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“We especially need imagination in science. It is not all mathematics, nor all logic, but it 

is somewhat beauty and poetry.” 
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Zusammenfassung 
 

In der vorliegenden Arbeit wurden die Selbstorganisation von hydrophilen Polymeren, 

verstärkte Hydrogele, sowie anorganische/Polymer Hybridmaterialien untersucht. Dabei 

beschreibt die Arbeit den Weg von Polymersynthese mittels verschiedener Methoden über 

Polymerselbstanordnung bis zur Herstellung von Polymermaterialien mit vielversprechenden 

Eigenschaften für zukünftige Anwendungen. 

Hydrophile Polymere wurden verwendet, um Mehrphasensysteme herzustellen, Wasser-in-

Wasser Emulsionen zu bilden und selbstangeordneten Strukturen zu erzeugen, z. B. 

Partikel/Aggregate oder hohle Strukturen aus komplett wasserlöslichen Bausteinen. Die 

Strukturbildung in wässriger Umgebung wurde ferner für supramolekulare Hydrogele mit 

definierter Unterstruktur und reversiblem Gelierungsverhalten eingesetzt. Auf dem Gebiet der 

Hydrogele wurde das anorganische Material graphitisches Kohlenstoffnitrid (g-CN) als 

Photoinitiator für die Hydrogelsynthese und als Verstärker der Gelstruktur beschrieben. 

Hierbei konnten Hydrogele mit herausragenden Eigenschaften generiert werden, z. B. hohe 

Kompressibilität, hohe Speichermodule oder Gleitfähigkeit. Die Kombinationen von g-CN mit 

verschiedenen Polymeren erlaubte es zudem neue Materialien für die Photokatalyse 

bereitzustellen. Als weiteres anorganisches Material wurden Metall-organische Gerüste 

(MOFs) mit Polymeren kombiniert. Es konnte gezeigt werden, dass die Verwendung von MOFs 

in der Polymersynthese einen starken Einfluss auf die erzeugte Polymerstruktur hat und MOFs 

als Katalysator für Polymerisationen verwendet werden können. Zuletzt wurde die MOF 

Synthese an sich untersucht, wobei Polymeradditive oder Lösungsmittel eingesetzt wurden um 

die kristalline Struktur der MOFs zu modulieren. 

Insgesamt wurden hier verschiedene Errungenschaften für die Polymerchemie beschrieben, 

z.B. neuartige hydrophile Polymere und Hydrogele, die zur Zeit wichtige Materialien im 

Polymerbereich durch ihre vielversprechenden Anwendungen im biomedizinischen Sektor 

darstellen. Außerdem ergab die Kombination von Polymeren mit Materialien aus anderen 

Bereichen der Chemie, z. B. g-CN und MOFs, neue Materialien mit bemerkenswerten 

Eigenschaften, die ebenfalls von Interesse für zukünftige Anwendungen sind, z. B. 

Beschichtungen, Partikeltechnologie und Katalyse. 

  



 

 

 

Abstract 
 

In the present thesis, self-assembly of hydrophilic polymers, reinforced hydrogels and 

inorganic/polymer hybrids were examined. The thesis describes an avenue from polymer 

synthesis via various methods over polymer self-assembly to the formation of polymer 

materials that have promising properties for future applications. 

Hydrophilic polymers were utilized to form multi-phase systems, water-in-water emulsions 

and self-assembled structures, e.g. particles/aggregates or hollow structures from completely 

water-soluble building blocks. The structuring of aqueous environments by hydrophilic homo 

and block copolymers was further utilized in the formation of supramolecular hydrogels with 

compartments or specific thermal behavior. Furthermore, inorganic graphitic carbon nitride (g-

CN) was utilized as photoinitiator for hydrogel formation and as reinforcer for hydrogels. As 

such, hydrogels with remarkable mechanical properties were synthesized, e.g. high 

compressibility, high storage modulus or lubricity. In addition, g-CN was combined with 

polymers for a broad range of materials, e.g. coatings, films or latex, that could be utilized in 

photocatalytic applications. Another inorganic material class was combined with polymers in 

the present thesis as well, namely metal-organic frameworks (MOFs). It was shown that the 

pore structure of MOFs enables improved control over tacticity and achievement of high molar 

masses. Furthermore, MOF-based polymerization catalysis was introduced with improved 

control for coordinating monomers, catalyst recyclability and decreased metal contamination 

in the product. Finally, the effect of external influence on MOF morphology was studied, e.g. 

via solvent or polymer additives, which allowed the formation of various MOF structures. 

Overall, advances in several areas of polymer science are presented in here. A major topic of 

the thesis was hydrophilic polymers and hydrogels that currently constitute significant 

materials in the polymer field due to promising future applications in biomedicine. Moreover, 

the combination of polymers with materials from other areas of research, i.e. g-CN and MOFs, 

provided various new materials with remarkable properties also of interest for applications in 

the future, e.g. coatings, particle structures and catalysis.  
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1 Introduction 
 
Polymers belong to the most important materials of our time as they play a crucial role in 
modern society mainly due to their valuable properties like lightweight, processability and low 
price that make them suitable for mass production. Nevertheless, disadvantages in terms of 
degradability and non-sustainable origin were discussed frequently in the last decade. As such 
the future of polymer science has two major routes to take: the development of sustainable 
and degradable commodity plastics as well as novel functional materials for high-end 
applications. 
For high-end applications of polymers several areas are discussed, e.g. the biomedical field, 
organic electronics or catalysis. While a significant amount of plastics is used in the biomedical 
field already, some high value applications remain highly sought after, namely drug delivery, 
implants and tissue engineering. The biomedical field is certainly a growing sector for example 
due to the increase world population and ageing society. Thus, the need for improved 
healthcare solutions is increasing. Drug delivery allows to distribute drugs with higher 
specificity, availability and more sustainability in the body, which can be performed via 
encapsulation into polymeric carriers for example. As such, drugs can be delivered more 
efficiently and in a targeted way. In addition, some drugs need improved delivery vectors to be 
utilized at all. Polymers are a useful solution as they are highly modular and - in the case of the 
right polymer choice - non-toxic and degradable under physiological conditions. Another 
important point is the development of novel therapeutics that requires new ways of 
stabilization or transport in the body, e.g. gene or protein delivery. In addition to the delivery 
of drugs, therapeutics could be also placed to remain in the body, for example, in enzyme 
therapy where specific metabolites are transformed in the body to treat enzyme-deficiency. 
In addition to drug delivery, tissue engineering and implants are further growing areas. Of 
course, a significant part of tissue engineering is based on cell biology. Nevertheless, also the 
scaffold material and its 3D structure have a significant impact on tissue growth, which is a 
challenge for polymer chemists in the end. Most often hydrogel scaffolds are utilized as 
growing medium for cells with the aim to grow tissue as a replacement for patients. Notably, 
implants like artificial knee joints are partly based on polymers already, albeit novel materials 
with enhanced properties could also be utilized to replace and improve the performance. 
Especially problems like fatigue, non-adaptivity, stiffness and immune response could be 
solved with polymer chemistry, e.g. via specific polymer coating, utilization of adaptive 
polymer scaffolds, lubricant surfaces or soft materials. 
In general, aqueous environment is a sustainable and biocompatible medium. Therefore, 
hydrophilic polymers and water-based polymer materials raise increased interest. Hence, 
mostly toxic organic solvents can be avoided, which is of course a significant driving force for 
biomedical applications, cosmetics and nutrition. Hydrophilic polymers are accompanied with 
synthetic as well as analytical challenges. Nevertheless, a plethora of future applications is 
awaiting, especially with respect to colloids. For example, defined nanostructures in dispersion 
give rise to new properties, e.g. in templating of biomaterials or as nanoreactor. In that regard 
recently, a new research area has been in the focus of research, namely synthetic biology. 
Synthetic biology uses tools from chemistry – and many of them belong to colloid chemistry – 
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to form structures that are similar to living cells and can fulfill similar tasks, e.g. 
compartmentalization and complex enzymatic syntheses. Here polymers can be utilized to 
form membranes for the compartments or to implement a synthetic cytoskeleton. 
Another promising field for applications of polymers is catalysis. Chemical reactions are 
essential for many indispensable processes in industry with direct consequences for prosperity 
and wealth in society. A common way to improve chemical processes is catalysis, e.g. to 
introduce better energy efficiency or higher selectivity. Hence, advances in catalysis play an 
important role in chemistry as a whole. In general, polymerization itself can be performed in 
catalytic processes. Naturally, polymer chemistry can be utilized to improve catalysis as well. 
Polymers can be utilized to improve catalyst performance in hybrid materials for example as 
catalyst supports. Thus, improved accessibility, more specific reaction trajectories, improved 
stability or recyclability can be obtained, which can be of tremendous importance for future 
developments in chemistry. 
In the present thesis some of these challenges are tackled and developments to improve the 
current state of the art are presented as well as new solutions are introduced. Namely, 
completely water-based polymer self-assemblies as well as hydrogels with remarkable 
mechanical properties are presented. Moreover, various catalytic processes regarding 
polymerization or polymer-based catalysts are investigated. 
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2 Outline 
 
Overall, the thesis focusses on material fabrication and synthesis, e.g. hydrogel formation, 
polymer synthesis and hybrid fabrication, as well as the investigation of self-assembly and 
materials properties. In the end the target is to obtain well-defined materials and elucidate 
structure-function relationships. 
The present thesis highlights three research areas that are interconnected (Scheme 2-1). First, 
aqueous two-phase systems (ATPS) as well as double hydrophilic block copolymer (DHBC) self-
assembly in water are investigated. A completely hydrophilic structure formation in aqueous 
environments via hydrophilic polymers is discussed. The formation of various colloidal 
structures is described, e.g. particles or emulsions as well as structured hydrogels. Moreover, 
the thesis targets to utilize – at best – biocompatible polymer building blocks. In turn, 
completely hydrophilic structures might have a significantly different interaction with the 
environment compared to traditionally used amphiphilic structures, e.g. regarding 
permeability towards molecules of various sizes. Thus, one of the challenges for amphiphilic 
self-assemblies can be tackled. Such materials might be useful for applications in the 
biomedical field, nutrition or cosmetics due to their compatibility with the aqueous 
environment. 
Hydrogels are an additional class of polymeric materials with significant relevance for 
biomedical applications. Hydrogel formation via graphitic carbon nitride (g-CN) as 
photoinitiator is described, which leads to reinforced hydrogels. In addition to the 
reinforcement of hydrogels, hydrogel properties are further expanded via other properties like 
compressibility or lubricity. Furthermore, g-CN itself is modified to improve dispersibility and 
again hydrogel properties as well as fabrication of polymer/g-CN hybrid materials. As g-CN is a 
very promising photocatalyst with broad application in pioneering areas such as visible light 
induced water splitting or CO2 reduction, a combination with polymers might have a significant 
impact on applicability, which is of significant interest for green chemical processes. 
While hydrogels are rather ill-defined from a molecular perspective and block copolymer self-
assembly addresses structures in the nanometer to micrometer range, control over polymer 
microstructure is an important direction as well that has significant influence on polymer 
properties. To obtain novel ways of polymer microstructure control, another class of materials 
that is exploited for polymer science in the present thesis is metal-organic frameworks (MOFs). 
For example, MOFs are utilized as polymerization environment or catalyst. Thus, MOFs act as a 
defined environment to improve the understanding of catalytic polymerization processes. 
Furthermore, the dispersibility of MOFs is increased via biomaterial/polymer hybrids, which in 
turn leads to improved catalytic performance. Especially, the major properties of MOFs, i.e. 
catalysis and well-defined porosity, can be utilized for polymer chemistry and vice versa as 
polymers can be applied to advance MOF properties. Finally, the MOF architecture can be 
modulated via DHBC mediation. Hence, the presented results could be a significant step in 
MOF as well as polymer research. 
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Scheme 2-1. Outline of the thesis showing an overview of the research areas and their 

relation. 
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3 Aqueous multi-phase systems and double hydrophilic 

block copolymer self-assembly1 

3.1 State of the art and theory 

3.1.1 Aqueous multi-phase systems 

ATPS have been discovered in 1896 by Beijerinck (Scheme 3-1a).1 Since 1960 ATPS were 

utilized frequently in biochemistry for the purification of proteins, which dates back to a report 

of Albertson.2-3 The advantage of ATPS is the utilization of a completely aqueous environment 

for the task of phase separation. Therefore, mixtures of hydrophilic polymers and/or salts are 

employed in aqueous solution in specific concentration ranges to obtain phase separation. 

Usually, quite high polymer concentrations are utilized, i.e. concentrations exceeding 10 wt.%. 

Notably, the phase separation is based on a partition of the respective polymers, i.e. 

enrichment in one phase and depletion in the other phase and vice versa for the other 

polymer component.4 In addition, the distinct molecular environment of the phases allows 

dissolved macromolecules to partition to the preferred phase, which is the base for 

purification tasks. Hence, albumin and α-amylase were partitioned via ATPS as well as 

nanoparticles with various densities or carbon nanotubes.5-8 A remarkable advantage of ATPS 

over common organic/aqueous extraction is the opportunity to implement more than two 

phases. For example, Whitesides and coworkers described an ATPS with five distinct phases,9 

which opens up a plethora of applications e.g. for complex separation tasks. The interface in 

ATPS has very low interfacial tensions below 10-2 mN m-1,10 which leads to a rather dynamic 

behavior and has a significant effect on molecular transport through the interface. In addition, 

the interfaces have larger length scales in the range of tens of nanometers,11 which enables 

movement of small water-soluble molecules without encountering a classical interface. 

 
1 Parts of the present chapter were discussed in the review. Adapted with permission from:  
Bernhard V. K. J. Schmidt, Macromolecular Chemistry and Physics 2018, 219, 1700494. 
Copyright John Wiley & Sons 2018. 
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Scheme 3-1. Overview of aqueous multi-phase systems: a) Aqueous two-phase system (ATPS) 

and b) water-in-water emulsion. 

There has been a growing interest recently in the utilization of ATPS for the formation of 

water-in-water emulsions (Scheme 3-1b). In contrast to common oil-in-water emulsions, 

water-in-water emulsions cannot be stabilized via small molecule surfactants as the boundary 

of the water-water interface spans over several nanometers that cannot be covered via small 

molecules or even block copolymers.10 Therefore, the stabilization with colloids – mostly 

particles – is the common way of water-in-water emulsion stabilization, i.e. Pickering 

emulsions. In the past years several types of Pickering stabilizers have been employed, for 

example poly(lactic acid) platelets,12 poly(styrene) (PS) particles,13 nanorods,14 clay platelets11 

or globular proteins.15 Water-in-water emulsions as such present a completely aqueous 

multicompartment system, which might be of interest for various application, e.g. in synthetic 

biology.16 Keating and coworkers studied the utilization of water-in-water emulsions as 

environment for enzyme catalysis.17 Moreover, a recently growing interest can be noted in the 

formation of defined droplet architectures via microfluidic approaches.18 In such a way, double 

emulsions can be formed as well as specific droplet loadings, e.g. with magnetic nanoparticles 

or cells.19-21 The utilization of ATPS and water-in-water emulsions provides several directions 

for application in various fields. Notably, all-aqueous systems feature significant 

biocompatibility and thus the biomedical field, food production or cosmetics are areas of 

interest.22 Especially applications in food manufacture as well as cosmetics are discussed, 

where fat/oil-free formulations are highly interesting for consumers and market placement. 

3.1.2 Synthesis and self-assembly of double hydrophilic block copolymers 

As various water-soluble polymers form aqueous multi-phase systems on a macroscopic scale, 

a separation on the microscopic scale should be achievable. Hydrophilic homopolymers 

undergo demixing in aqueous solution, when appropriate polymer types and concentrations 

are chosen. Therefore, hydrophilic block copolymers should demix on a microscopic scale as 

long as suitable blocks and concentrations are selected. A macroscopic demixing is suppressed 

via the covalent connection between the individual blocks. In comparison to amphiphilic block 

copolymers the self-assembly is not based on the hydrophobic effect. As water acts as non-
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selective solvent, the underlying mechanism for the formation of self-assemblies should be 

rather classified as hydrophilic effect.23 

DHBCs can be synthesized via various approaches, i.e. the macroinitiator approach or the 

coupling of two pre-synthesized building blocks via specific end-groups (Scheme 3-2). The 

macroinitiator approach avoids polymer impurities, yet it lacks modularity and characterization 

can be more difficult. The coupling approach has the advantage of easy characterization of the 

building blocks individually as well as modularity, which allows efficient combination of 

different blocks.24 As a disadvantage the coupling approach might lead to impurities with 

remaining non-coupled material. There are various sources for hydrophilic building blocks: 

Biopolymers and synthetic polymers. Biopolymers can be obtained from natural sources and 

are usually further modified or functionalized prior to application in the DHBC synthesis, e.g. 

introduction of reactive end groups. Regarding synthetic polymers, commonly reversible 

deactivation radical polymerization (RDRP) is utilized to synthesize the respective blocks, e.g. 

atom transfer radical polymerization (ATRP)25-26 or reversible addition fragmentation radical 

transfer (RAFT) polymerization.27-28 RDRP can be performed via initiation at a polymer chain 

end for polymerization to obtain a second block. As RDRP features control over end groups, 

reactive end groups for a coupling approach can be implemented as well. 

 

Scheme 3-2. Synthetic approaches towards DHBCs: a) Second polymerization via monomer 

addition, i.e. chain extension, and b) modular coupling. 

 

Notably, DHBCs can be utilized to form self-assembled structures via an amphiphilic pathway 

or a completely hydrophilic pathway. In the amphiphilic pathway a stimuli-responsive block is 

included that changes solubility from hydrophilic to hydrophobic after application if an 

external stimulus like temperature or change in pH is applied.29 Nevertheless, in the case of a 

stimuli-responsive block the self-assembly is not a pure double hydrophilic self-assembly, as at 

the moment of aggregation one of the blocks is rendered hydrophobic. In the present thesis, 

the focus will be on self-assemblies based on completely hydrophilic structures avoiding the 

application of external stimuli (Scheme 3-3). 

The formation of self-assembled structures from DHBCs is – just like ATPS – depending 

significantly on polymer concentration. Several reports described the formation of structures 
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at high concentration. Meier, Taubert and coworkers investigated the formation of 

mesophases formed from PEG-b-PMeOx (Poly(ethylene glycol)-b-poly(2-methyl-2-oxazoline)) 

in water at concentrations around 60-90 wt.%.30 In a similar way, Ryan and coworkers 

investigated the DHBC PEG-b-poly[2-(methacryloyloxy)ethyl phosphorylcholine).31 A variety of 

liquid crystalline phases were observed in the range of 50 to 70 wt.% as observed via small 

angle X-ray scattering. Vesicles of PEG-b-pullulan (PEG-b-Pull) and PEG-b-poly(sarcosine) were 

presented by Antonietti, Schlaad and Brosnan at concentrations of 20 wt.% or higher that 

could be imaged via optical microscopy and cryo scanning electron microscopy (SEM).23 A 

notable feature of the system is the dynamic behavior of the formed structures. For example, 

in situ observation via optical microscopy revealed the spontaneous formation, merging and 

splitting of self-assembled structures. 

 

Scheme 3-3. Overview of possible DHBC self-assembly structures. 

 

Moreover, self-assembly at lower concentrations in a range below 5 wt.% was investigated in 

the past as well. For example, Liang and coworkers studied the self-assembly of PEG-b-

poly(N,N-dimethylacrylamide) (PEG-b-PDMA) via light scattering methods.32 Taubert, Schlaad 

and coworkers studied the DHBC PEG-b-PMeOx via various methods, e.g. dynamic light 

scattering (DLS), analytical ultracentrifugation (AUC) or pulse-field gradient nuclear magnetic 

resonance (NMR) spectroscopy.33 Other block copolymer combinations have been described as 

well in particular utilizing glyco polymer blocks. Böker and coworkers showed the formation of 

DHBC micelles with poly(2-hydroxyethyl methacrylate)-b-poly(2-O-(N-acetyl-β-D-

glucosamine)ethyl methacrylate) (PHEMA-b-PAGMA).34 Self-assemblies from glyco polymer 

containing DHBCs have been described by Miura, Wu and Loos as well.35-37 In addition, the self-

assembly after application of external stimuli, i.e. temperature was investigated in these 

examples. Overall, it is quite obvious from the reports that the abundance of self-assembled 

structures is quite low in less concentrated solution. Thus, one of the current research 

questions is whether the abundance of formed aggregated structures can be improved via 

block copolymer design. 

Self-assembly of DHBCs is a rather underrepresented field in polymer science albeit offering 

unprecedented properties. A plethora of building blocks enables a broad range of structures. 

Nevertheless, various challenges have to be tackled, e.g. abundance of self-assembled 
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structures and stability against dilution, in order to bring DHBC self-assembly to the next level 

and closer to application. 

3.1.3 Theoretical considerations of double hydrophilic block copolymer self-

assembly 

The phase separation in systems containing two polymers and one solvent are described 

theoretically. The general phase behavior is defined by the interaction of the polymers, 

described by the interaction parameter (χ).38-39 On one hand the polymers can attract each 

other, which prevents the formation of ATPS. On the other hand, the polymers can have 

repulsive interactions that drives phase separation at high concentrations. The origin of DHBC 

self-assembly lies in the difference in water affinity,40 which leads to a gradient in hydration 

along the block copolymer backbone. Hence, differences in the local osmotic pressure of the 

polymer domains develop (ΠO=c R T), which has to be compensated via demixing of the 

polymers.31, 33 In addition, the Laplace pressure (ΠL=2 γ/r) affects the self-assembly formation 

via the interfacial tension (γ). Both effects have to be in equilibrium to form stable and size-

defined aggregates.33 

One of the important factors determining DHBC self-assembly is χ that has a significant effect 
on the structure formation. In turn, most DHBC self-assemblies described so far are based on 
blocks with significantly different chemistry, e.g. poly(saccharides) and poly(oxazolines). Stuart 
and coworkers showed the effect of the demixing behavior on the structure formation on the 
colloidal scale.41 PEG-b-poly(2-methylvinylpyridinium iodide) and poly(acrylic acid)-b-
poly(acrylamide) (PAA-b-PAAm) were combined to form double-faced micelles in aqueous 
solutions. Therefore, the poly electrolyte blocks were utilized to compose a coacervate core 
coupling the PEG and PAAm blocks. Due to demixing of the PEG and PAAm blocks two distinct 
corona phases were obtained and connected via the coacervate core. In addition to the 
interaction parameter, the degree of polymerization (DP) has a profound effect on structure 
formation as well, albeit in DHBC self-assembly no clear indication regarding the effect of DP 
on self-assembled morphologies has been described so far. Nevertheless, it can be expected 
that DHBCs with higher DP are more likely to form self-assemblies, as increased numbers of 
monomer units lead to increased difference in hydrophilicity.  
The formation of DHBC self-assemblies can be understood from the viewpoint of aqueous 
multi-phase systems, which is driven by differences in osmotic pressure due to differences in 
water affinity of the individual blocks. Nevertheless, further investigations on the micro 
structure formation as well as additional theoretical investigations are needed to gain deeper 
knowledge about DHBC self-assembly.  
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ABSTRACT: The formation of submicron particles consist-
ing of double hydrophilic diblock copolymers of poly(ethylene
oxide) and poly(N-vinylpyrrolidone) (PEO-b-PVP) in aque-
ous solution is described. Block copolymers were synthesized
via reversible deactivation radical polymerization using a PEO-
xanthate as macro RAFT/MADIX chain transfer agent.
Increasing polymer concentrations in aqueous solutions, the
block copolymer is able to self-assemble into spherical
structures with apparent hydrodynamic diameters in the
range between 200 nm and 2 μm. The self-assembly was
further improved by copolymerization with a more hydrophilic monomer, N-vinylimidazole (VIm). Submicron particles from
PEO-b-P(VP-co-VIm) were preserved via cross-linking utilizing imidazolium formation with a dihalogenide. Thus, submicron
double hydrophilic particles were obtained that are stable in organic solvents and under high dilution. Almost quantitative
formation of submicron particles with an average diameter of 200 nm can be afforded by the self-assembly in the polar organic
solvent DMF and subsequent crosslinking as well. Furthermore, the obtained particles show a promising ability to incorporate
various molecules for delivery and release, here exemplified with simple dyes.

■ INTRODUCTION

Self-assembly of small molecules to versatile supramolecular
structures is an essential criterion for life.1,2 From simple
organisms to highly specified cells of mammals, multicompart-
ment and segregation systems such as vesicles are built, for
instance, by the formation of membranes mainly consisting of
phospholipid bilayers. As a linkage between nature and applied
sciences, the self-assembly of low molecular weight compounds
like lipids as well as of block copolymers in aqueous solutions
into vesicular structures is of high interest.3−7 Meanwhile, so-
called polymersomes offer a broad range of possible
applications in biomedical , pharmaceutical ,8 ,9 and
cosmetic10,11 fields due to various combinations of polymers.
However, the use of amphiphilic block copolymers faces some
drawbacks for most of the amphiphilic block copolymer
compositions, e.g., limited biocompatibility12 and low mem-
brane permeability.13 A promising pathway to overcome these
limitations is the use of double hydrophilic block copolymers
(DHBCs) to form vesicular structures in the absence of
hydrophobic moieties.
Although known for quite a long period, the self-assembly of

DHBCs was rarely studied until the past decade. Unless treated
with external stimuli such as pH,14−16 salt addition,17 electric
field, or temperature,14,18−21 DHBCs were assumed to exist as
single molecules in dilute aqueous solution. The utilization of

DHBCs for self-assembly is based on the phase separation
between two hydrophilic polymers in concentrated aqueous
systems as a result from the competition for water, leading to
water in water emulsions. In such a way, two water-soluble
polymers, e.g. poly(ethylene oxide) (PEO) and Dextran, are
able to phase separate22,23 and form water in water Pickering
emulsions upon addition of small inorganic particles.24,25 Thus,
phase separation of suitable DHBCs is a valuable option, in
analogy to micelle26 or vesicle27 formation of amphiphilic block
copolymers as theoretical studies suggest as well.28 The first
observation of DHBC based phase separation in aqueous
solution without external triggers was reported by Taubert et
al.29 It was discovered that the double hydrophilic PEO-b-
poly(2-methyl-2-oxazoline) formed lyotropic mesophases at
high concentrations via incompatibility of the two blocks in
water. The formation of spherical aggregates without external
triggers was first reported by Ke et al.30 with the presence of
loose aggregates of PEO-b-poly(N,N-dimethylacrylamide) di-
block copolymers formed in water within a concentration range
of 0.6−2.0 mg/mL. Another example comes from the work of
Schacher and co-workers, who observed unexpected aggregates
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in PEO-b-poly(2-ethyl-2-oxazoline) star block copolymers.31

Double hydrophilic micelles of poly(2-hydroxylethyl methacry-
late)-b-poly(2-O-(N-acetyl-β-D-glucosamine)ethyl methacry-
late) were observed by Böker and co-workers.32 Casse et al.
demonstrated the ability of PEO-b-poly(2-methyl-2-oxazoline)
diblock copolymers to form spherical aggregates in dilute
aqueous solution.33 The formation of spherical shaped
aggregates was attributed to a difference in hydrophilicity of
the polymer blocks driving the self-assembly in water. A similar
effect was observed by Brosnan et al.34 demonstrating the
formation of giant vesicles by the self-assembly of purely
DHBCs. The use of polysaccharide−PEO diblock copolymers
led to the formation of vesicular structures with sizes between 2
and 20 μm. These “aquanelles” could be even observed with
optical microscopy. According to Brosnan et al. and similar to
previous publications, the difference in hydrophilicity of the
polymer blocks led to a segregation between the one and the
other (Scheme 1). Therefore, one block has to exhibit a
significantly higher hydrophilicity in comparison to the second
block in order to perform phase segregation of the DHBC.
However, the main driving forces of DHBC self-assembly are
not completely understood up to this point. Hydrophilicity is
regarded to play a crucial role within the phase segregation of
DHBCs, but also other factors such as a difference in chain
rigidity or volume fraction could possibly drive the different
blocks to perform self-assembly. Theoretical studies on the self-
assembly of DHBCs conducted by Wu et al.28 indicate that the
difference in the ability of water uptake and therefore the
difference in hydrophilicity are the major driving forces. Despite
depicting hollow spherical structures in the cryogenic SEM
micrographs, the structure of the membrane could not be
assessed yet.

Regarding possible applications of DHBC self-assembly in
biological and medical fields, PEO and poly(N-vinylpyrroli-
done) (PVP) are a viable choice.13,35 These polymers are highly
hydrophilic and show no thermoresponsive behavior in water
for the temperature range of interest. Furthermore, poly-
(ethylene oxide)monomethyl ether is commercially available
and can easily be transferred into a macroinitiator for reversible
deactivation radical polymerization (RDRP). Several attempts
in controlled polymerization of VP were reported using
organostibine-mediated radical polymerization,36 atom transfer
radical polymerization (ATRP),37−39 and more frequently
reversible addition−fragmentation chain transfer/macromolec-
ular design by interchange of xanthate (RAFT/MADIX)
techniques.37,40,41 The synthesis of block copolymers such as
PEO-b-PVP was mainly conducted using xanthates as macro
RAFT chain transfer agents. A novel access for DHBCs by an
aqueous ambient RAFT/MADIX polymerization was published
by Guinaudeau et al.,42,43 presenting a redox pair initiated
aqueous system that shows sufficient control over VP block
copolymerizations.
Cross-linking of polymeric aggregates such as dense particles,

core−shell particles (capsules), and polymersomes has been
proven to be a very versatile tool to improve or just preserve
the properties of these polymeric suprastructures.44−46

Especially for core−shell particles and polymersomes, cross-
linking gives access to new carrier systems for small molecules
on the micro- and nanometer scale.47−49 The cross-linked
polymer shell is more dense in comparison to non-cross-linked
carriers and prevents the target molecules from passing through
the polymer shell. Thus, utilization of reversible cross-linking
preserves the shell from leakage until an external trigger such as
pH, UV, or a redox system cleaves the cross-linked
polymers.50,51 Most cross-linkers (e.g., divinylbenzene) increase

Scheme 1. (a) Redox Initiated Aqueous RAFT/MADIX Polymerization of VP with a PEO-Macro Xanthate (PEO-X) as Chain
Transfer Agent; (b) Self-Assembly Scheme of DHBCs to Particles; (c) Redox Initiated Aqueous RAFT/MADIX
Copolymerization of VP and VIm with a PEO-Macro Xanthate (PEO-X) as Chain Transfer Agent
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hydrophobicity of the polymer shells, which is an undesired
effect for the self-assembly and cross-linking of DHBCs.
Decreasing the hydrophilicity of one block or turning it even
significantly hydrophobic can lead to a disturbed self-assembly
or even a collapse of the particle. Needless to say, significant
hydrophobic domains in the formed particles contradict the
whole concept of purely hydrophilic self-assembly.
Herein, we describe the formation of submicron particles

consisting of double hydrophilic PEO-b-PVP by self-assembly
in water (Scheme 1). The presence of these particles was
followed via dynamic light scattering (DLS) and laser scanning
confocal microscopy (LSCM) techniques. Functionalization of
the block copolymer with N-vinylimidazole (VIm) improved
the self-assembly and provided a possibility to cross-link the
particle shells. The cross-linked particles could be characterized
with cryogenic scanning electron microscopy (cryo SEM) and
cryogenic transmission electron microscopy (cryo TEM)
methods, were stable upon dilution, in organic solvent, and
after removal of free dissolved block copolymers.

■ EXPERIMENTAL SECTION
Chemicals. N-Vinylpyrrolidone (VP, 99%, Sigma-Aldrich) was

dried over anhydrous magnesium sulfate and purified by distillation
under reduced pressure. N-Vinylimidazole (VIm, 99%, Alfa Aesar) was
passed over a basic aluminum oxide column (Brockman I, Sigma-
Aldrich) prior to use. Acetone (analytical grade, J.T. Baker) and
dichloromethane (DCM, analytical grade, Acros Organics) were stored
over molecular sieves (3 Å) prior to use. Millipore water was obtained
from an Integra UV plus pure water system by SG Water (Germany).
Ammonium chloride (99%, Roth KG), 2-bromopropionyl bromide
(97%, Sigma-Aldrich), tert-butyl peroxide (70% solution in water,
Acros Organics), diethyl ether (ACS reagent, Sigma-Aldrich), N,N-
dimethylformamide (DMF, analytical grade, Sigma-Aldrich), ethyl
acetate (EtOAc, analytical grade, Chem Solute), hexane (analytical
grade, Fluka), magnesium sulfate (dried, Fisher Scientific), methanol
(MeOH, analytical grade, Fisher Scientific), poly(ethylene oxide)-
monomethyl ether (PEO, 20 000 g mol−1, Sigma-Aldrich), potassium-
O-ethyl xanthate (98% Alfa Aesar), pyridine (99% extra dry, Acros
Organics), Rhodamine B (Sigma-Aldrich), sodium bicarbonate (>99%,
Fluka), sodium iodide (anhydrous, Acros Organics), sodium sulfite
(97%, Acros Organics), tetraethylene glycol (99.5%, Acros Organics),
p-toluenesulfonyl chloride (Fluka), and triethylamine (Sigma-Aldrich)
were used as received. Spectra/Por dialysis tubes with MWCOs of
10 000 and 1 000 000 were purchased by Spectrum Laboratories. The
PEO macro chain transfer agent (PEO-X) and diethylene glycol bis(2-
iodoethyl) ether were synthesized according to the literature.41,52

Analytical Techniques. 1H and 13C NMR spectra were recorded
at ambient temperature at 400 MHz for 1H and 100 MHz for 13C with
a Bruker Ascend400. Dynamic light scattering (DLS) was performed
using an ALV-7004 multiple tau digital correlator in combination with
a CGS-3 compact goniometer and a HeNe laser (Polytec, 34 mW, λ =
633 nm in a θ = 90° setup to the photodetector (ALV/SO-SIPD)).
Sample temperatures were adjusted to 25 °C with a toluene bath
surrounding the cuvette. Apparent radii (Rapp) were determined by
DLS, and the data were fitted using the REPES algorithm. Cryogenic
scanning electron microscopy (cryo SEM) was performed with a Jeol
JSM 7500 F and the cryo-chamber from Gatan (Alto 2500). Cryogenic
transmission electron microscopy (cryo TEM) was performed utilizing
a Zeiss EM922 Omega EFTEM (Zeiss Microscopy GmbH, Jena,
Germany) with a cryotransfer holder (CT3500, Gatan, Munich,
Germany). Samples were frozen with the help of an automatic plunge
freeze device Leica GP (Wetzlar, Germany). Examinations were
carried out at temperatures around 90 K with an acceleration voltage
of 200 kV. Zero-loss filtered images (ΔE = 0 eV) were taken under
reduced dose conditions (100−1000 e/nm2). Size exclusion
chromatography (SEC) was conducted in N-methyl-2-pyrrolidone
(NMP, Fluka, GC grade) with 0.05 mol/L LiBr and BSME as internal

standard at 70 °C using a column system by PSS GRAM 100/1000
column (8 × 300 mm, 7 μm particle size) with a PSS GRAM
precolumn (8 × 50 mm) and a Shodex RI-71 detector and a
calibration with PEO standards from PSS. Laser scanning confocal
microscopy (LSCM) imaging was conducted with a Leica TCS SP5
(Wetzlar, Germany) confocal microscope, using a 63× (1.2 NA) water
immersion objective. The dye stained samples were excited with a
diode pumped solid-state laser at 561 nm, and the emission bands
were collected at 640 nm. Zeta potentials for 0.1 wt % solutions of
PEO-b-PVP, PEO-b-P(VP-co-VIm), and PEO-b-P(VP-co-VIm) cross-
linked in water and DMF were determined with a Malvern Zetasizer
ZS ZEN3500. pH values for 1.0 wt % solutions of PEO-b-PVP, PEO-b-
P(VP-co-VIm) and cross-linked PEO-b-P(VP-co-VIm) were deter-
mined with a inoLab pH 720 pH-meter by WTW.

Polymerization Procedures. All polymerizations were carried out
in dry, argon-purged Schlenk tubes or Schlenk flasks heated in an oil
bath. The polymerization mixture was degassed with at least three
freeze−pump−thaw cycles, followed by purging with argon. A typical
polymerization was conducted as follows.

Polymerization of VP for PEO500 Block Copolymer Synthesis. VP
(1.16 mL, 10.87 mmol, 870 equiv), t-BuOOH solution (0.8 mg of 70
wt % solution, 6.3 μmol, 0.5 equiv), and PEO-X (0.25 g, 0.013 mmol,
1 equiv) were dissolved in deionized water (2.5 mL). The solution was
frozen in liquid nitrogen, and sodium sulfite (1.1 mg, 8.8 μmol, 0.7
equiv) was added. The tube was sealed, allowed to thaw, and frozen
again. The flask was degassed via three freeze−pump−thaw cycles and
immersed in an oil bath at 30 °C. After 8 h, the polymerization was
quenched with liquid N2 and exposed to air. The polymer solution was
intensively dialyzed against deionized water (10 000 MWCO) and
lyophilized to afford PEO-b-PVP (PEO500-b-PVP225) as a white
powder (yield: 0.58 g; VP monomer incorporation (1H NMR) = 52
mol %, Mn,app,SEC = 42 000 g mol−1 (PEO equivalents in NMP), Đ =
1.3).

Copolymerization of VP and VIm for PEO500 Block Copolymer
Synthesis. VP (1.06 mL, 9.79 mmol, 783 equiv), VIm (0.1 mL, 1.09
mmol, 87 equiv), t-BuOOH solution (0.8 mg of 70 wt % solution, 6.3
μmol, 0.5 equiv), and PEO-X (0.25 g, 0.013 mmol, 1 equiv) were
dissolved in deionized water (2.5 mL). The solution was frozen in
liquid nitrogen, and sodium sulfite (1.1 mg, 8.8 μmol, 0.7 equiv) was
added. The tube was sealed, allowed to thaw, and frozen again. The
flask was degassed by three freeze−pump−thaw cycles and immersed
in an oil bath at 30 °C. After 9 h, the polymerization was quenched.
The polymer solution was intensively dialyzed against deionized water
(10 000 MWCO) and lyophilized to afford PEO-b-P(VP-co-VIm)
(PEO500-b-P(VP335-co-VIm55)) as a white powder (yield: 0.85 g; VP/
VIm monomer incorporation (1H NMR) = 48 mol %, Mn,app,SEC =
35 000 g mol−1 (PEO equivalents in NMP), Đ = 1.3).

Preparation of Aqueous PEO-b-PVP and PEO-b-P(VP-co-
VIm) Block Copolymer Solutions. The diblock copolymer solutions
of different weight percentages for DLS investigations were prepared
as follows. The block copolymers were precisely weighed into vials
according to the final weight percentage of the solution. Millipore
water was added, and the mixture was shaken until the block
copolymers were completely dissolved (see Table S1). The solutions
were filtered with hydrophilic 0.45 μm syringe filters (Satorius CA
filters) prior to DLS examination.

Cross-Linking of Aqueous PEO-b-P(VP-co-VIm) Block Co-
polymer Solutions. The filtered aqueous solutions of PEO-b-P(VP-
co-VIm) were treated with a solution of diethylene glycol bis(2-
iodoethyl) ether (1.0% solution in MeOH) according to the relative
amount of cross-linkable VIm units in the solution. The mixture was
shaken for 2 h and examined via DLS at 25 °C.

Self-Assembly and Cross-Linking of PEO-b-P(VP-co-VIm)
Block Copolymer in DMF. Block copolymer solutions of 0.1, 1.0,
and 2.5 wt % for DLS analysis were prepared as follows. According to
the resulting weight percentage in 1.9 g of DMF solution, 1.9, 19.0,
and 47.5 mg of PEO-b-P(VP-co-VIm) were dissolved in the
corresponding amount of DMF. The solution was filtered with
hydrophobic 0.45 μm syringe filters, and the samples were investigated
with DLS at ambient temperature. A 1.0% diethylene glycol bis(2-
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iodoethyl) ether solution in DMF was prepared, and 0.1, 1.0, and 2.6
μL were added to the corresponding solutions, respectively. The
samples were shaken for 2 h and investigated again with DLS at 25 °C.
In order to prepare cross-linked block copolymer samples for the

transformation to aqueous systems, a 5 wt % solution of PEO-b-P(VP-
co-VIm) (190 mg in 3.61 g of DMF) was prepared. 40 μL of a 5%
solution of diethylene glycol bis(2-iodoethyl) ether was added under
rapid stirring, and the mixture was slightly stirred for 2 h. The cross-
linked solution was then added dropwise to 20 mL of Millipore water
in order to afford a 1.0 wt % solution and transferred to a 1 000 000
MWCO dialysis tube and dialyzed against Millipore water for 3 days.
The dialyzed submicron particle solution with an approximate
concentration of 0.07 wt % (assuming that all block copolymers
formed particles and maintained in the solution) was then analyzed
with DLS at 25 °C and cryo SEM.
Preparation of Dye Labeled Cross-Linked Submicron

Particles. The Rhodamine B labeled submicron particles were
prepared similar to the ones used for the transformation to aqueous
systems. Instead of pure DMF, a 0.0026 wt % solution of Rhodamine
B in DMF was used. The incorporated solutions were transferred to
Millipore water after cross-linking and dialyzed against Millipore water
for 36 h. The dye labeled submicron particle solutions were then
investigated with a LSCM/DIC microscope.

■ RESULTS AND DISCUSSION

Synthesis and Self-Assembly of PEO-b-PVP Block
Copolymers. To facilitate future applications of DHBC self-
assembly in biological or medical fields, block copolymers of
PEO and PVP are a feasible choice.35 Nevertheless, the
polymerization of VP is known to be rather complicated with
RDRP,37,38,41 which is due to the occurrence of undesired side
reactions of VP, such as hydration of the double bond or
dimerization that irreversibly terminate active chain ends. Only
few research groups reported the successful RDRP of VP using
either ATRP or RAFT/MADIX. A controlled radical polymer-
ization technique that prevents side reactions due to its mild
conditions was reported by Guinaudeau et al. using a redox-pair
initiated aqueous RAFT/MADIX system.43 In the present
work, a similar system was utilized; namely a PEO-b-PVP block
copolymer was formed, starting from a PEO-xanthate macro
RAFT chain transfer agent.
All polymerization assessments were conceived to yield a

diblock copolymer ratio of PEO−PVP = 2:1 monomer units. In
order to ensure a controlled polymerization, the polymer-
izations were terminated at rather low conversions to avoid side
reactions. The molecular weight distributions of the synthesized
diblock copolymers listed in Table 1 display the results of some
selected block copolymerizations with a redox-pair initiated
MADIX polymerization technique. The polydispersity (Đ) is in
the range 1.3−1.4 with VP incorporation between 40 and 52
mol % as determined by 1H NMR.

In order to assess the self-assembly behavior of the
synthesized PEO-b-PVP block copolymers, PEO500-b-PVP225
was dissolved in Millipore water affording solutions with block
copolymer concentrations of 0.1, 0.5, 1.0, 2.5, 5.0, and 7.5 wt %
(Figure 1a and Figure S10). These solutions were investigated

with DLS to determine the average apparent hydrodynamic
radii (Rapp) of the formed aggregates. As depicted in Figure 1a,
the particle size distribution determined via DLS changed
drastically with increasing concentration. For low concen-
trations, e.g. 0.5 wt %, a bimodal distribution containing a major
peak at an average apparent radius of 7 nm and a small fraction
(25% relative abundance) with an average apparent radius of
170 nm was observed. The first peak corresponds to the
average apparent radius of free dissolved block copolymer
chains whereas the second peak already corresponds to
particles that were formed by the self-assembly of PEO-b-
PVP block copolymers. A 5-fold increase in block copolymer
concentration to 2.5 wt % changed the composition of the
solution to a trimodal particle size distribution. The majority in
the solution can be still attributed to free dissolved block
copolymer. A second peak at 25 nm appeared attributed to
small PEO-b-PVP aggregates and the third peak corresponding
to the self-assembled particles shifted to 315 nm. Furthermore,
the relative abundance of particles increased to 0.55.
The increase in the average apparent radius can be attributed

to increase of the aggregation number of the submicron particle
since more block copolymer is present to be incorporated and
less osmotic repulsion is present. A further increase of the PEO-
b-PVP concentration to 7.5 wt % shifted the particles to the
maximum in relative abundance and the average apparent
radius increased to 960 nm. This is rather typical for the self-

Table 1. SEC and 1H NMR Summary of Synthesized PEO-b-
PVP and PEO-b-P(VP-co-VIm) Block Copolymers

block copolymer
Mn,app,SEC

a

(g/mol) Đ
VP/VIm incorporation

(1H NMR)b (%)
Mn,NMR
(g/mol)

PEO500-xanthate 20 000 1.1 22 000
PEO500-b-PVP225 42 000 1.3 52 47 000
PEO500-b-
P(VP300-co-
VIm55)

30 000 1.4 40 60 300

aSEC average weight distributions were obtained in NMP using a PEO
calibration. b1H NMR were recorded in CDCl3 at 400 MHz and 25
°C.

Figure 1. (a) Intensity weighted particle size distributions of PEO500-
b-PVP225 in water measured via DLS at 25 °C. (b) Confocal
micrograph of a spherical particle stained with Rhodamine B. (c) The
corresponding DIC micrograph.
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assembly of DHBCs, as full demixing relies on higher overall
osmotic pressures. However, also the viscosity of the block
copolymer solution increased drastically with increasing block
copolymer concentration. Therefore, the apparent DLS values
of higher polymer content cannot be taken into strict account,
since viscosity and density of the solutions were not
determined. As a result of different density fluctuations of
higher concentrated solutions in comparison to diluted systems,
the autocorrelation function affords only apparent values for
concentrated solutions.
In order to image the formed aggregates, LSCM was

employed, using a Rhodamine B stained 7.5 wt % block
copolymer solution. The confocal/differential interference
contrast (DIC) micrographs in Figure 1b,c display spherical
particles in the micrometer range with high concentrations of
Rhodamine B at the particle’s outer membranes, which was
confirmed via axial scans (Figure S11 and SI Video).
With the application of LSCM and DLS measurements it can

be concluded that PEO-b-PVP is able to self-assemble to
spherical particles. Nevertheless, the self-assembly behavior is
not as efficient as described by Brosnan et al.34 A reason for this
is the low difference in hydrophilicity between PEO and PVP.
In order to afford efficient self-assembly, the difference has to
be significantly higher, as it was demonstrated for PEO and
polysaccharide block copolymers for instance. To improve the
self-assembly behavior of our PEO-b-PVP block copolymer and
decrease the tendency for disassembly upon dilution, the block
copolymer was further functionalized in the next step.
Synthesis, Self-Assembly, and Cross-Linking of PEO-

b-P(VP-co-VIm) Block Copolymers. In order to overcome
the drawbacks of PEO-b-PVP self-assembly, i.e., the lack of a
sufficient difference in hydrophilicity, a two-step approach was
developed to improve the self-assembly, allow a separation
from free block copolymers, and preserve formed submicron
particles in dilute solution, which is a prerequisite for future
applications.
An improvement of the self-assembly behavior of PEO-b-

PVP in aqueous media can only be achieved by increasing the
hydrophilicity of the PVP block. For that reason, a second
monomer, VIm, was introduced to this block. VIm possesses
several beneficial properties that fulfill the criteria to enhance
the self-assembly. The basic imine in the five-membered ring of
VIm leads to higher hydrophilicity compared to the less polar
amide group of VP. Furthermore, the imine nitrogen can be
protonated or undergo addition reactions that result in

imidazolium cations. In such a way the hydrophilicity of the
PVP block can be increased via incorporation of VIm and thus
enhance the self-assembly contrast. Furthermore, the possibility
to form quaternary nitrogens in the imidazole ring via
nucleophilic substitution of small dihalide molecules enables
cross-linking of the block copolymer chains in the self-
assembled spherical particles (Figure 3a).
In order to synthesize a block copolymer containing a certain

amount of VIm, the polymerization procedure for PEO-b-PVP
was modified in a rather simple way. A copolymer was formed
from PEO-X employing a molar ratio of VP/VIm of 9/1.
However, the basic character of the nitrogen in VIm can lead to
degradation of the RAFT O-ethyl xanthate groups. Therefore,
high concentrations of VIm could result in a higher rate of
irreversible chain termination during the polymerization,
causing a broad molecular weight distribution. To diminish
the side reaction, the amount of VIm was kept at 10 mol % of
the total monomer concentration.
The results of the copolymerizations with VIm are listed in

Table 1. The corresponding molecular weight distributions (see
Figure S9) display the predicted slight increased tailing toward
lower molecular masses. When comparing the apparent average
molecular masses of PEO-b-P(VP-co-VIm) with PEO-b-PVP
determined by SEC (Mn,app,SEC), it can be observed that the
average molecular masses were almost 30% lower for the block
copolymerization of PEO-b-P(VP-co-VIm) despite polymer-
ization conditions were kept the same. The polydispersities are
still in the range between 1.3 and 1.4, which is an indication
that the polymerization is still controlled and the broadening of
the peak is a result of RAFT end-group degradation caused by
VIm. Comparing the number of incorporated monomer units
as determined via NMR with the molecular masses determined
by SEC a difference of 50% was observed, which can be
attributed to the PEO calibration and a different behavior of
PEO-b-P(VP-co-VIm) on the column. The apparent mass
difference between PEO-b-P(VP-co-VIm) and PEO-b-PVP can
therefore be a result of the change in hydrodynamic volume of
the polymers after VIm incorporation. The pH values of
aqueous solutions of the two block copolymer solutions were
both in a neutral range (Table S2). Comparing the average
apparent size distributions with DLS of self-assembled PEO-b-
P(VP-co-VIm) (Figure 2a and Figure S12) with those of PEO-
b-PVP (Figure 1a) shows that incorporation of VIm improves
the self-assembly already at concentrations as low as 0.5 wt %.
The relative abundance increased by 20%, and a larger apparent

Figure 2. (a) Intensity weighted apparent particle size distributions of PEO-b-P(VP-co-VIm) block copolymer obtained via DLS at different
concentrations in Millipore water at 25 °C. (b) Observed submicron particles obtained by cryo SEM imaging at a concentration of 7.5 wt %.
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radius of 210 nm was obtained. The trend continues for
increasing assembly concentrations. The average apparent
radius increased to 400 nm for 2.5 wt % with a slightly
increased relative abundance and to an apparent size of 2500
nm at 7.5 wt % even displaying a switch in the relative
abundances between free dissolved block copolymer and self-
assembled particles.
The cryo SEM investigations conducted for the 7.5 wt %

solutions (Figure 2b) confirm the DLS size distribution curves
in the case of free dissolved block copolymer and spherical
particles. As visible from the micrographs, the majority of the
sample is present as free block copolymer. The tubular oriented
structures were created during the freezing process in liquid
nitrogen as reported previously.53 On the inside of these
tubular structures spherical particles with a submicron diameter
were found. A low amount of submicron particles indicates that
the self-assembly takes place, but still only in a minor amount.
The absence of spherical particles with average diameters
exceeding 1 μm as predicted from DLS emphasizes the role of
block copolymer immobilization at higher concentrations,
leading to apparently too large sizes in the DLS size distribution
curves (due to a wrongly assumed local viscosity) and therefore
by far too high Rapp. Another possible explanation could be the
bursting of larger particles during the freezing process, but no
clear particle fragments were found in the sample.
By incorporating the slightly more hydrophilic comonomer

VIm to the PVP block, the self-assembly of the DHBC was
improved. Despite spherical aggregates already being present at
low concentrations of block copolymer, the amount of free
dissolved chains is still significant. In addition, formed particles

cannot be extracted from the solution, since dilution or removal
of free block copolymer from the solution causes disassembly of
the particles.
In order to overcome the problem of disassembly upon

dilution, a cross-linking strategy was developed (Figure 3a).
Cross-linking of self-assembled particles should ensure the
preservation of these structures upon dilution and allows
removal of free dissolved block copolymer chains. Therefore,
advantage of the VIm’s ability to form a quaternary amine with
a suitable alkyl halide was taken. Diiodo compounds for
instance show a good reactivity toward nucleophilic tertiary
nitrogens forming quaternary imidazolium cations. Thus,
diethylene glycol bis(2-iodoethyl) ether was employed as a
cross-linking agent, ensuring that the linkage between two
imidazoles is still rather hydrophilic and possesses certain
flexibility. The amount of used cross-linker was adjusted
according to the theoretical percentage of VIm incorporated, 10
mol % of the P(VP-co-VIm) block.
The first investigation about the cross-linking procedure was

focused on the effect of the addition of diethylene glycol bis(2-
iodoethyl) ether on the apparent DLS particle size distribution
curve (Figure S13). Therefore, the prepared PEO-b-P(VP-co-
VIm) solutions with different concentrations were directly
treated with a cross-linking solution and investigated via DLS.
In order to possess a suitable way to compare the particle
solution before and after addition of cross-linker, a reference
solution of 2.5 wt % in DCM was prepared and investigated via
DLS before and after cross-linker addition.
As depicted in the particle size distribution curves in Figure

3b, the addition of cross-linker to a 2.5 wt % block copolymer

Figure 3. (a) Reaction scheme of the cross-linking procedure. (b) Intensity weighted apparent particle size distribution of a 2.5 wt % solution of
PEO-b-P(VP-co-VIm) in DCM and Millipore water before and after cross-linking determined via DLS at 25 °C. (c) The corresponding cryo SEM
micrograph of the cross-linked particles in a 7.5 wt % aqueous block copolymer solution depicting the formed submicron-sized particles.
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solution in water leads to a drastic increase in the average
apparent radius of the formed particles from 300 to 2000 nm as
well as an increase in relative abundance of submicron-sized
particles being the predominant species. In addition, a shift in
the zeta potential to positive values was observed (Table S3),
which is an indication of the formation of charged cross-linking
points. The increase in apparent radius and relative abundance
can be attributed to an increased tendency to form larger
particles as soon as block copolymer chains cross-link. On the
other hand, large apparent radii can be an indication of the
formation of aggregated particles as a direct result of the cross-
linking. Particles in close contact to each other have a certain
probability to form interparticle linkages via the cross-linking
agent and therefore may form large aggregates of several
particles. Indeed, aggregates of several particles were observed
in LSCM/DIC measurements of Rhodamine B stained
solutions (see Figure S14). In comparison to aqueous solutions
of non-cross-linked PEO-b-P(VP-co-VIm), a reference solution
of 2.5 wt % in DCM only displays one broad peak with in
average apparent radius of 11 nm. Cross-linking this solution
with the same amount of cross-linker used for the aqueous
sample results in a change toward a trimodal size distribution.
The two new signals appearing at apparent radii of 350 and
150 000 nm indicate that the formation of large aggregates can
be attributed to the formation of charges resulting in a decrease
in solubility of the block copolymer. In such a way, DHBC
based submicron particles were formed that are stable toward
organic solvents and dilution. Nevertheless, taking the positive
particle charge into account, a significant effect on the
applicability of the studied particles for biomedical applications
has to be considered for future studies.
Cryo SEM investigations of a 7.5 wt % solution of cross-

linked particles (Figure 3c) displayed a similar structure
compared to the non-cross-linked sample. Tubular structures
of free dissolved block copolymer (it cannot be distinguished if
they are interconnected or not) as well as spherical submicron
sized particles can be seen in the micrographs. Although the
overall content of particles in the solution was determined to be
higher according to DLS, the cryogenic SEM samples did not
indicate an increase of submicron sized particles only by cross-
linking. Analogue to the non-cross-linked samples, no large
particles exceeding a diameter of one micrometer were
observed for the cross-linked solutions. For that reason it can
be stated that the large signals in the DLS size distribution

curves correspond to aggregate formation of particles and
dynamic slowing down of block copolymer structures due to
concentration effects as shown via LSCM/DIC as well (Figure
S14). The peak broadening in the DLS curves for increasing
concentration of cross-linked PEO-b-P(VP-co-VIm) can be
attributed to these two phenomena.
Since the solutions of cross-linked block copolymer only

contain a minor amount of spherical particles, the removal of
free dissolved block copolymer and undesired aggregates is
highly interesting. In order to remove free dissolved block
copolymer, a 5.0 wt % solution of cross-linked block copolymer
was dialyzed against Millipore water with a 1 000 000 MWCO
dialysis tube for several days. The average pore size of these
dialysis tubes should be large enough to allow non-cross-linked
block copolymer as well as dimers and higher assemblies to
permeate through the membrane, preserving larger particles
above a diameter of 100 nm inside the tube.
Regarding the particle size distributions of PEO-b-P(VP-co-

VIm) determined via DLS after different treatments (Figure
4a), the efficiency of the cross-linking procedure can be stated.
In contrast to the particle size distribution of the non-cross-
linked PEO-b-P(VP-co-VIm) of 1.0 wt %, an increase in relative
abundance of self-assembled particles is visible directly after the
addition of cross-linker. Dialysis and dilution of 5.0 wt %
solution to 1.0 wt % inverts the DLS particle size distribution of
non-cross-linked block copolymer; thus, spherical particles
being the majority in abundance and the abundance of free
dissolved block copolymer decreased by 90% to 0.35. As a
consequence of cross-linking PEO-b-P(VP-co-VIm) at higher
concentrations prior to dialysis, the average apparent diameter
of the spherical particles increased to almost 1 μm. The
apparent particle size was preserved during the dialysis and
dilution process (Figure S15), which can be seen in the
apparent size distribution curve determined via DLS (Figure
4a). Cryo SEM micrographs of the unfiltered 1.0 wt % solution
in Figure 4b display that the majority of the sample consists of
spherical particles with average diameters ranging from 100 nm
to 1 μm. Larger aggregates could be observed in the
micrographs as well, though with minor abundance. Free
dissolved PEO-b-P(VP-co-VIm) polymer chains seem to
aggregate around the formed particles during the preparation
process. Thin slings of block copolymer are aligned between
submicron particles giving the appearance of pearls lined up on
a string. Higher amounts of free dissolved block copolymer

Figure 4. (a) Intensity weighted particle size distributions of 1.0 wt % solutions of PEO-b-P(VP-co-VIm) before cross-linking, after cross-linking and
after dialysis determined via DLS at 25 °C and (b) corresponding cryo SEM micrographs of PEO-b-P(VP-co-VIm) particles.
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seem to form tubular shaped walls as observed for non-cross-
linked solutions (Figure 2b).
Self-Assembly and Cross-Linking of PEO-b-P(VP-co-

VIm) in DMF. Unexpectedly, the block copolymer PEO-b-
P(VP-co-VIm) self-assembles almost exclusively into spherical
submicron sized particles in another nonselective solvent,
DMF, even though the individual blocks are well soluble in
DMF (Figure S16).
As seen in the DLS graph (Figure 5a and Figure S17), the

relative abundance of free dissolved block copolymer (Rapp 7
nm) is less than 5% for a concentration range from 0.1 to 2.5 wt
%. The average apparent radii of the size distribution curves are
ranging between 300 and 800 nm. The self-assembly behavior
PEO-b-P(VP-co-VIm) in DMF is significantly more efficient
compared to aqueous solution, which we attribute to a better
solvent contrast. Even for low concentrations of 0.1 wt %, only
a minor amount of free dissolved block copolymer was
observed. It can therefore be stated that the self-assembly
occurs nearly quantitatively, since the possibility of unreacted
macro RAFT CTA present in the block copolymer sample
cannot be excluded.

In order to transfer the submicron particles that self-
assembled in DMF to an aqueous system, a 5.0 wt % solution of
PEO-b-P(VP-co-VIm) in DMF was cross-linked with a
diethylene glycol bis(2-iodoethyl) ether solution (5% v/v) in
DMF. The solution of cross-linked particles was then slowly
added to Millipore water to afford a 0.1 wt % aqueous solution.
The mixture was dialyzed against Millipore water with a
1 000 000 MWCO dialysis tube for 2 days to ensure complete
removal of DMF and non-cross-linked block copolymers,
leading to a resulting aqueous solution with an approximate
polymer content of 0.07 wt %.
DLS size distributions in Figure 5b display that the

transformation of cross-linked PEO-b-P(VP-co-VIm) submi-
cron particles from DMF to water worked without problems.
The relative abundance of free dissolved block copolymer
maintained in the same range of approximately 5%. The
apparent particle size decreased slightly below 200 nm.
The successful transformation of cross-linked submicron

particles from a DMF to an aqueous solution proves two major
postulates of our work. Since the DLS apparent size
distribution shows almost no difference when comparing
DMF and aqueous system for very low concentrations after

Figure 5. (a) Intensity weighted apparent particle size distributions of PEO-b-P(VP-co-VIm) in DMF determined via DLS at 25 °C displaying the
predominant formation of spherical aggregates. (b) PEO-b-P(VP-co-VIm) particle size distribution after cross-linking and transfer to aqueous media.
(c) The corresponding cryo SEM. (d) Cryo TEM micrographs of the self-assembled particles and complex membrane structures.
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cross-linking and transformation, the success of the cross-
linking attempt can be stated. Non-cross-linked solutions of the
block copolymer would have shown the apparent size
distribution similar to those shown in Figure 2a. The second
more unexpected fact is the similarity in self-assembly behavior
of PEO-b-P(VP-co-VIm) in Millipore water and DMF. The
small difference in average apparent particle size before and
after transformation confirms that the structure of cross-linked
submicron particles is maintained during the change of solvent.
Cryo SEM micrographs of the unfiltered cross-linked

particles prepared in DMF after dialysis display a significant
amount of submicron particles as well as some aggregates. As
visible from the micrographs in Figure 5c, the submicron
particles possessed a rather broad size distribution with average
diameters between 100 nm and almost 1 μm. Most of the
visible larger aggregates are nonspherical but showed a tubular
structure with a spherical-shaped head (see Figure S18).
Cryo TEM micrographs (Figure 5d) displayed the presence

of spherical particles with average sizes between 100 and 200
nm as well as large complex membrane structures. As visible
from the micrograph, the particle membrane consists of phase
separated block copolymer multilayers (Figure S19). The
presence of these phase separated layers furthermore supports
the postulated structure of DHBC particles and vesicles in
Scheme 1.
Labeling of PEO-b-P(VP-co-VIm) Submicron Particles

with Rhodamine B. Since it is not clear up to this point how
these particles aggregates are built on a molecular level, we
decided to investigate the structure of the particle shells with
LSCM, which is widely used in pharmaceutical and medical
research. Benefiting from the fact that PEO-b-P(VP-co-VIm)
block copolymers form persistent spherical particles by cross-
linking, the particles were labeled with Rhodamine B via
substitution of residual iodides with the amine groups in the
Rhodamine B. For that a 5.0 wt % block copolymer solution in
DMF containing 0.1 mg of dye was prepared and cross-linked
with diethylene glycol bis(2-iodoethyl) ether according to the
previous description. Performing the block copolymer self-
assembly in dye enriched DMF should ensure reaction of

Rhodamine B with the particles, which are then fixed by cross-
linking and the dye is attached to the particles. As evident from
UV−vis spectra (Figure S20), the absorption peaks correspond-
ing to Rhodamine B at 580, 510, and 330 nm disappeared
almost completely after dialysis for 36 h with a 1 000 000
MWCO. It can therefore be assumed that Rhodamine B was
completely removed from the solution. LSCM measurements
of the dialyzed solution (Figure 6a,b) display that Rhodamine B
was indeed successfully attached to the submicron sized
particles. In the micrographs an enriched spherical shaped
area of Rhodamine B is present at the same area where the
corresponding DIC signal displays a spherical structure.
Furthermore, the exterior solution shows almost no fluo-
rescence in the confocal signal. With average diameters ranging
from 500 nm to 1.5 μm, the observed particles are larger than
the average determined via DLS. As a result of the resolution
limit of the used confocal objective, no smaller particles could
be observed.

■ CONCLUSIONS

In summary, we were able to demonstrate the self-assembly of a
purely hydrophilic block copolymer poly(ethylene oxide)-b-
poly(N-vinylpyrrolidone) in an aqueous system. The block
copolymers self-assembled to spherical-shaped submicron
structures. DLS and LSCM/DIC measurements displayed the
presence of these structures at higher block copolymer
concentrations. With the introduction of a small amount of
slightly more hydrophilic N-vinylimidazole into the poly(N-
vinylpyrrolidone) block the self-assembly behavior was
improved, and a method to preserve the spherical structures
by cross-linking the incorporated N-vinylimidazole moieties
with diethylene glycol bis(2-iodoethyl) ether was developed.
The cross-linked submicron sized particles maintained their
apparent radii upon dilution and in organic solvents.
Furthermore, imaging with cryo SEM and LSCM/DIC was
possible. The organic nonselective solvent DMF enhanced the
self-assembly to almost quantitative amounts of submicron
particles. These particles could be successfully cross-linked and
transferred to an aqueous solution without a change in their

Figure 6. Confocal/DIC micrographs of the dialyzed particle solution displaying a high concentration of Rhodamine B inside the particles.
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apparent size. Finally, the particles were labeled with dyes, and
the structure could be shown via LSCM/DIC after dialysis.
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Vesicles of double hydrophilic pullulan and
poly(acrylamide) block copolymers: a combination
of synthetic- and bio-derived blocks†

Jochen Willersinn, Anna Bogomolova, Marc Brunet Cabré and
Bernhard V. K. J. Schmidt*

The formation of vesicular structures with average diameters from 200 to 300 nm consisting of double

hydrophilic diblock copolymers pullulan-b-poly(N,N-dimethylacrylamide) (Pull-b-PDMA) and pullulan-b-

poly(N-ethylacrylamide) (Pull-b-PEA) in aqueous solution is described. Bio-derived pullulan was depoly-

merized and functionalized with alkyne endgroups. Furthermore, azide end functionalized acrylamide

blocks PDMA and PEA were synthesized via RAFT polymerization. Individual blocks were conjugated via

copper catalyzed azide alkyne cycloaddition (CuAAC) to afford defined double hydrophilic block copoly-

mers. Aqueous solutions of the synthesized block copolymers showed formation of completely hydro-

philic vesicles that were observed via various techniques including dynamic light scattering (DLS), static

light scattering (SLS), laser scanning confocal microscopy (LSCM), and cryogenic scanning electron

microscopy (SEM).

Introduction

Block copolymer self-assembly has been an important topic in
polymer science in the last few decades, e.g. in bulk or in solu-
tion.1,2 In solution micelles or vesicles of amphiphilic block
copolymers are commonly studied.3–5 Vesicles formed from
amphiphilic block copolymers – the so-called polymersomes –

are utilized for various applications e.g. in the biomedical
field6–9 or in sensors.10 Moreover, the polymersome interior or
the membrane has been utilized frequently as a reaction
environment.11,12 Another important direction in polymer-
some research is the functionalization of the outer surface,
which might be useful for molecular recognition in drug-
delivery applications.13–15 In addition, significant research
focusses on the formation of shape anisotropic polymersomes
that might have enhanced biomedical properties.13,16

Unlike amphiphilic block copolymers that self-assemble to
various structures in aqueous solution due to the insolubility
of the hydrophobic block in water,7,17 double hydrophilic
block copolymer (DHBC) self-assembly occurs due to a strong
difference in hydrophilicity.18,19 In fact, aqueous two-phase

systems can be formed from aqueous solutions including two
hydrophilic polymers at high concentrations.20,21 In such
aqueous multiphase systems the different polymer types
occupy one of the water phases, which is a well-known macro-
scopic demixing process. Therefore, a DHBC should induce
phase separation in the respective concentration range as
well. As the blocks are covalently bound in a DHBC no macro-
scopic self-assembly but a microscopic self-assembly occurs,
leading to particular structures in aqueous solution, which is
driven via the differences in osmotic pressure in the different
water-soluble blocks.19,22 In order to achieve efficient self-
assembly, the difference in hydrophilicity between the two
polymer blocks has to be significant, which was described as
a hydrophilic effect by Brosnan et al.18 The first ones who
observed the formation of lyotropic mesophases of poly(ethyl-
ene oxide)-b-poly(2-methyl-2-oxazoline) block copolymers
(PEO-b-PMeOx) in concentrated aqueous solutions were
Taubert et al.23 Later, Ryan and coworkers showed the self-
assembly of PEO-b-poly(2-(methacryloyloxy)ethyl phosphoryl-
choline) in concentrated aqueous solutions.22 Furthermore,
the investigations of diluted DHBC solutions of PEO-b-poly
(N,N-dimethylacrylamide) diblock copolymers (PEO-b-PDMA)
by Ke et al.24 showed the formation of loose aggregates at
block copolymer concentrations between 0.6 and 2.0 mg
mL−1. Among some other publications reporting the presence
of aggregates in double hydrophilic block copolymer solu-
tions with and without external triggers,25–29 the most strik-
ing discovery was made by Brosnan et al. with the formation

†Electronic supplementary information (ESI) available: Additional synthetic pro-
cedures, NMR, SEC, DLS and SLS data. See DOI: 10.1039/c6py02212j

Max-Planck Institute of Colloids and Interfaces, Department of Colloid Chemistry,
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of giant vesicles via self-assembly of double hydrophilic poly-
saccharide-PEO block copolymers pullulan-b-PEO and
dextran-b-PEO.18 These so called aquanelles had an average
size between 2 and 20 µm and were observed with cryo SEM
as well as optical microscopy. The complete hydrophilic
nature of DHBC-based self-assemblies leads to expectations
of their utilization as drug-delivery vehicles in the future. In
general, DHBC self-assembly leads to rather dynamic struc-
tures18 that need stabilization to be useful for future appli-
cations. Recent research in our group focused on the further
improvement of vesicular self-assembly of DHBCs via a PEO-
b-poly(N-vinylpyrrolidone-co-N-vinylimidazole) block copoly-
mer that was synthesized via aqueous reversible addition–
fragmentation chain transfer/macromolecular design by
interchange of xanthate (RAFT/MADIX) techniques starting
from a PEO macro chain transfer agent.30 The self-assembled
block copolymer could be cross-linked to preserve its spheri-
cal shape. However, the self-assembly of PEO-PVP block co-
polymers was not as efficient as was demonstrated for poly-
saccharide-b-PEO block copolymers.18,30

In order to further improve DHBC self-assembly and extend
the toolbox of purely hydrophilic block copolymer combi-
nations for future research, a modular and more versatile
approach towards block copolymer formation would be desir-
able. A very efficient and prominent route to form complex
macromolecular structures in a modular way is the so-called
click chemistry approach described by Sharpless et al.31

Taking advantage of the 1,3 dipolar cycloaddition of terminal
alkynes and azides first described by Huisgen et al.,32 block
copolymer synthesis can be facilitated.33–36 Furthermore, util-
ization of click chemistry as a tool allowed the formation of
other complex macromolecular architectures.37–39 Access to
hydrophilic homopolymers with end terminated azides and
alkynes can be given by reversible deactivation radical
polymerization (RDRP)40–42 or living polymerization tech-
niques.43,44 Moreover, several commercially available homo-
polymers such as bio-derived dextran and pullulan as well as
synthetic PEO can be easily post functionalized to be appli-
cable in copper catalyzed azide alkyne cycloaddition (CuAAC)
reactions, for example dextran and pullulan with alkyne
moieties45,46 or PEO with either azide or alkyne moieties.47,48

Furthermore, macromolecular ligation via CuAAC features
modularity, which easily allows the formation of various block
copolymer combinations with respect to polymer type or
degree of polymerization.33

Since pullulan block copolymers demonstrated efficient
self-assembly behavior with the less hydrophilic PEO, we
decided to investigate block copolymers of pullulan and hydro-
philic polyacrylamides as a combination of building blocks of
biological and synthetic origin. Pullulan is a prominent
example of biopolymers in macromolecular science.49–51

Pullulan is formed by the microorganism Aureobasidium
pullulans that produces a polysaccharide in order to protect
itself from external threats.52 The linear polysaccharide, which
consists of maltotriose repeating units that are linked via
α-(1,6) glycosidic bonds, has a broad spectrum of applications,
such as blood plasma substitutes,53 food manufacturing54 and
pharmaceutical applications.49 The second building blocks –

polyacrylamides with alkyne or azido functionalities – are
facile to synthesize via RDRP techniques starting from a suit-
able chain transfer agent.42 Functionalized homopolymers
such as PDMA were already used in the preparation of macro-
molecular suprastructures and complex architectures.40,55

In contrast to the DHBC self-assembly reported earlier in
the literature, where one polymer block possesses a certain
functionality, such as a lower critical solution temperature
(LCST) in a biophysical range, ionic functionalities or pH
responsive groups that trigger self-assembly upon external
changes into the desired fashion,26,56,57 the self-assembly of
non-ionic, purely hydrophilic block copolymers occurs
through a different, not yet completely understood, pathway.
Since only neutral water and no (mostly toxic) selective sol-
vents are used during the self-assembly process, DHBC vesicles
are considered to be a more valuable choice for future drug
delivery applications. Moreover, it is expected that the formed
particles present higher membrane permeabilities compared
with traditional polymersomes.

Herein, we present the synthesis of two novel double hydro-
philic block copolymers, namely Pull-b-PDMA and pullulan-b-
poly(N-ethylacrylamide) (Pull-b-PEA), which show the ability to
form vesicular structures in highly diluted purely aqueous
solutions without the involvement of external stimuli
(Scheme 1). The bio-derived pullulan block was obtained via
depolymerization. The polyacrylamide homopolymer blocks
were synthesized via RAFT polymerization and conjugated to
the respective pullulan building blocks via CuAAC. The pres-
ence of formed vesicular structures was investigated via cryo-
genic electron microscopy (cryo SEM), laser confocal scanning
microscopy (LSCM), static light scattering (SLS) and dynamic
light scattering (DLS) measurements.

Scheme 1 Conjugation and self-assembly scheme of double hydrophilic block copolymers in water.
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Experimental
Materials

Azobis(isobutyronitrile) (AIBN, 99%, Sigma Aldrich) was recrys-
tallized twice from methanol. Dichloromethane (DCM, 99.9%,
Acros Organics) and acetone (99%, J.T. Baker) were stored over
molecular sieves (3 Å) prior to use. N,N-Dimethylacrylamide
(DMA, 99%, TCI) was passed over neutral aluminium oxide
prior to use. N-Ethylacrylamide (EA, 99%, TCI) was distilled
under vacuum prior to use. Millipore water was obtained from
an Integra UV plus pure water system by SG Water (Germany).
Ammonium chloride (99%, Roth KG), ascorbic acid (98%, Alfa
Aesar), 2-bromo-2-methylpropanoic acid (98%, Sigma Aldrich),
2-bromopropionyl bromide (97%, Sigma Aldrich), 3-bromo-1-
propanol (97%, Sigma Aldrich), carbon disulfide (CS2, anhy-
drous 99%, Sigma Aldrich), chloromethyl polystyrene resin
(2.4 mmol g−1, TCI), copper sulfate (CuSO4, 99%, Carl Roth),
N,N′-dicyclohexylcarbodiimide (DCC, 99%, Sigma Aldrich), di-
ethylether (analytical grade, Sigma Aldrich), N,N-dimethyl-
aminopyridine (DMAP, 99%, Sigma Aldrich), dimethyl-
sulfoxide (DMSO, VWR Chemicals), dodecanethiol (98%, Alfa
Aesar), ethyl acetate (EtOAc, analytical grade, Chem Solute),
hexane (analytical grade, Fluka), hexylamine (>99%, Fluka),
hydrochloric acid (fuming, Carl Roth), magnesium sulfate
(dried, Fisher Scientific), methanol (MeOH, analytical grade,
Fisher Scientific), N,N,N′,N″,N″-pentamethyldiethylenetriamine
(PMDETA, 98%, Sigma Aldrich), potassium phosphate (K3PO4,
Sigma Aldrich), propargylamine (98%, Sigma Aldrich), pullu-
lan (Pull, pure, TCI), Rhodamine B (RhB, 99%, Sigma Aldrich),
Rhodamine B isothiocyanate (RITC, 99%, Sigma Aldrich),
sodium azide (>99.5%, Fluka), sodium bicarbonate (>99%,
Fluka), sodium cyanoborohydride (NaCNBH3, 95%, Sigma
Aldrich), sodium iodide (Acros Organics, anhydrous), tetra-
hydrofuran (THF, extra dry, Acros Organics) and triethylamine
(99.5%, Sigma Aldrich) were used as received. Azido functiona-
lized PS-resin, azido terminated PDMA, azido terminated
PEA, dodecylthiocarbonylthio-2-methylpropanoic acid 3′-azido-
propylester and pullulan alkyne were synthesized according to
the literature (refer to the ESI† for details).45,58,59

Methods
1H- and 13C-NMR spectra were recorded at ambient tempera-
ture at 400 MHz for 1H and 100 MHz for 13C with a Bruker
Ascend400. Dynamic light scattering (DLS) and static light
scattering (SLS) were performed using an ALV-7004 Multiple
Tau Digital Correlator in combination with a CGS-3 Compact
Goniometer and a HeNe laser (Polytec, 34 mW, λ = 633 nm at
θ = 90° setup for DLS and 30° to 150° with steps of 10° for
SLS). Sample temperatures were adjusted to 25 °C. Toluene
was used as immersion liquid. Apparent hydrodynamic radii
(Rapp) have been determined from fitting autocorrelation func-
tions by using REPES algorithms. Radii of gyration (Rg) were
determined via SLS with an ALV Stat ALV-5000 using a Guinier
plot. Cryogenic scanning electronic microscopy (cryo SEM) was
performed on a Jeol JSM 7500 F and the cryo-chamber from
Gatan (Alto 2500). Size exclusion chromatography (SEC) for

polyacrylamides was conducted in NMP (Fluka, GC grade) with
0.05 mol L−1 LiBr and BSME as internal standard at 70 °C
using a column system with a PSS GRAM 100/1000 column
(8 × 300 mm, 7 µm particle size) and a PSS GRAM precolumn
(8 × 50 mm) and a Shodex RI-71 detector and a PS calibration
with standards from PSS. Pullulan samples were analyzed in
acetate buffer containing 20% MeOH at 25 °C using a PSS
NOVEMA Max analytical system XL (pre column size 50 mm ×
8 mm – 10 µm, main column size 300 mm × 8 mm – 10 µm)
using a pullulan calibration with standards from PSS. Laser
scanning confocal microscopy (LSCM) measurements were con-
ducted with a Leica TCS SP5 (Wetzlar, Germany) confocal micro-
scope, using a 63× (1.2 NA) water immersion objective. The dye
stained samples were excited with a diode pumped solid-state
laser at 561 nm. The emission bands were collected at 640 nm.
Turbidimetry measurements to obtain the lower critical solution
temperature (LCST) were conducted with a T70+ UV/Vis
Spectrometer (PG Instruments Ltd) at a wavelength of 660 nm
and a temperature control system consisting of a Peltier
Temperature Controller PTC-2 and a Manson Switching Mode
Power Supply 1-36VDC-10A. Typically, 0.5 wt% solutions were
investigated with a heating rate of 1 K min−1 and the trans-
mission values were detected within a 5 second interval.

Synthesis procedures

CuAAC reactions. CuAAC coupling reactions were processed
by a derived procedure previously described by Bernard et al.46

Pull-b-PDMA. In a dry, argon purged 25 mL round bottom
Schlenk flask, pullulan alkyne (0.28 g, 0.018 mmol, 1.2 eq.)
was dissolved in deionized water (2.5 mL). CuSO4 (1.6 mg,
9.8 µmol, 0.7 eq.) and DMSO (5.0 mL) were added to the solution.
A solution of ascorbic acid (5.3 mg, 0.03 mmol, 2.0 eq.) in de-
ionized water (2.5 mL) was added to the reaction mixture.
PDMA-N3 (0.25 g, 0.015 mmol, 1.0 eq.) and PMDETA (4.7 µL,
0.0225 mmol, 1.5 eq.) were dissolved in DMSO (3.0 mL) and
added to the reaction mixture. The reaction mixture was stirred at
ambient temperature for 48 hours. Azido functionalized PS-resin
(8.0 mg, 0.018 mmol) and ascorbic acid (5.3 mg, 0.03 mmol, 2.0
eq.) were added and the reaction mixture was stirred for an
additional 48 h. The resin was filtered off and the solution was
dialyzed against deionized water for three days followed by lyophi-
lization to afford Pull-b-PDMA (0.481 g, 0.022 mmol, 91% recov-
ery, Mn = 21 500 g mol−1, pullulan standard in acetate buffer with
20% MeOH, Đ = 1.9) as a white powder.

Pull-b-PEA. In a dry, argon purged 25 mL round bottom
Schlenk flask, pullulan alkyne (0.140 g, 0.0084 mmol, 1.2 eq.)
was dissolved in deionized water (2.0 mL). CuSO4 (0.8 mg,
4.9 µmol, 0.7 eq.) and DMSO (2.0 mL) were added to the solu-
tion. A solution of ascorbic acid (2.5 mg, 0.014 mmol, 2.0 eq.)
in deionized water (1.0 mL) was added to the reaction mixture.
PEA-N3 (0.1 g, 0.007 mmol, 1.0 eq.) and PMDETA (2.2 µL,
0.0105 mmol, 1.5 eq.) were dissolved in DMSO (2.8 mL) and
added to the reaction mixture. The reaction mixture was
stirred at ambient temperature for 48 hours. Azido functiona-
lized PS-resin (4.0 mg, 0.009 mmol) and ascorbic acid (2.5 mg,
0.014 mmol, 2.0 eq.) were added and the reaction mixture was
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stirred for an additional 48 h. The resin was filtered off and the
solution was dialyzed against deionized water for three days fol-
lowed by lyophilization to afford Pull-b-PEA (0.227 g, 8.6 µmol,
95% recovery, Mn = 26 500 g mol−1, pullulan standard in acetate
buffer with 20% MeOH, Đ = 1.6) as a white powder.

Pull-b-PDMA-RhB. In a dry, argon purged 10 mL Schlenk
tube, pullulan alkyne (28.5 mg, 1.5 µmol, 1.2 eq.) was dissolved
in deionized water (1.0 mL). CuSO4 (0.1 mg, 0.8 µmol, 0.7 eq.)
and DMSO (1.5 mL) were added to the solution. A solution of
ascorbic acid (0.5 mg, 0.8 µmol, 2.0 eq.) in deionized water
(1.0 mL) was added to the reaction mixture. PDMA-N3-RhB
(25.0 mg, 1.25 µmol, 1.0 eq.) and PMDETA (0.4 µL, 1.88 µmol,
1.5 eq.) were dissolved in DMSO (1.0 mL) and added to the reac-
tion mixture. The reaction mixture was stirred at ambient temp-
erature for 48 hours. Azido functionalized PS-resin (1.0 mg,
0.002 mmol) and ascorbic acid (0.5 mg, 0.8 µmol, 2.0 eq.) were
added and the reaction mixture was stirred for an additional
48 h. The resin was filtered off and the solution was dialyzed
against deionized water for three days followed by lyophilization
to afford Pull-b-PDMA-RhB (0.053 g, 2.3 µmol, 99% recovery, Mn

= 22 600 g mol−1, pullulan standard in acetate buffer with 20%
MeOH, Đ = 2.7) as a purple powder.

Preparation of aqueous Pull-b-PDMA and Pull-b-PEA block
copolymer solutions. The diblock copolymer solutions of
different weight percentages for DLS investigations were pre-
pared as follows. The block copolymers were precisely weighed
into vials according to the final weight percentage of the solu-
tion. Millipore water was added and the mixture was shaken
until the block copolymers were completely dissolved (see
Table S1†). The solutions were filtered with hydrophilic 0.45 µm
syringe filters (Satorius CA filters) prior to DLS examination.

Preparation of dye stained block copolymer solutions of
Pull-b-PDMA and Pull-b-PEA. In order to image the vesicular
structures formed by the self-assembly of Pull-b-PDMA and
Pull-b-PEA in water, 2.5 wt% solutions of the corresponding
block copolymers (0.025 g block copolymer in 0.975 g
Millipore water) were stained with 10 µL of an aqueous
0.08 mmol L−1 Rhodamine B solution. The corresponding
solutions were then filtered with hydrophilic 0.45 µm syringe
filters (Satorius CA filters) and examined via LSCM.

Preparation of Pull-b-PDMA/Pull-b-PDMA-RhB solution. Pull-
b-PDMA (11.2 mg) was dissolved in Millipore water (0.4875 g).
The solution was filtered (0.45 µm CA syringe filters by
Satorius) and 10 µL of a 0.04 wt% solution of Pull-b-
PDMA-RhB was added. The solution was examined via LSCM.

Results and discussion
Synthesis of alkyne functionalized pullulan

Being a polysaccharide which is produced from starch by the
fungus Aureobasidium pullulans, commercially available pullu-
lan generally possesses a broad molecular mass distribution
with high average molecular masses. In order to afford pullu-
lan with a sufficient Đ below 2.0 and molecular masses in the
intended region, high molecular mass pullulan has to be de-

polymerized to a certain degree. Since pullulan predominantly
consists of maltotriose units that are linked via α-(1,6) glyco-
sidic bonds, the easiest access to depolymerized pullulan is a
cleavage between the maltotriose units. Ilic et al. described a
facile method to achieve a controlled depolymerization of pull-
ulan, using 0.025 M hydrochloric acid solution and elevated
temperatures in order to cleave α-(1,6) glycosidic bonds.58

Following that procedure commercial pullulan was depolymer-
ized to a Mn of 14 000 g mol−1 with a Đ of 1.8. Attempts to
further decrease the polydispersity of the obtained pullulan
were not successful with the employed starting material
without further decreasing the molecular mass, due to the
broad molecular mass distribution of the starting material.
Since efficient self-assembly of pullulan based block copoly-
mers with Đ values around 1.8 was shown earlier by Brosnan
et al.,18 further optimization was not attempted.

Fig. 1 (a) Synthesis scheme of pullulan-alkyne; (b) 1H-NMR comparison
of anomeric proton area of pullulan and pullulan alkyne recorded at
400 MHz in DMSO-d6; (c) corresponding molecular mass distribution
curves determined via SEC in acetate buffer solution against pullulan
standards.
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The alkyne functionalization of the depolymerized pullulan
was conducted in acetate buffer at 50 °C (Fig. 1a) via reductive
amination. In order to afford full conversion of the terminal
aldehyde group of the ω-glucose unit, a 100 fold excess of pro-
pargylamine and NaCNBH3 was used. Additionally, acetate
buffer and a high excess of reactants were utilized to ensure
the desired reaction pathway towards reductive amination and
diminish further depolymerization of pullulan. The presence
of the alkyne could not be directly detected by 1H-NMR due to
an overlap of propargyl proton signals with the signals corres-
ponding to pullulan. Nevertheless, the full disappearance of
the anomeric proton peaks (α-centered at 6.7 ppm and
β-centered at 6.3 ppm) is a strong indication of the complete
conversion of the terminal group (Fig. 1b and S1†). Regarding
the SEC elution curves of the alkyne functionalized pullulan
(Fig. 1c and Table S1†), only a very slight decrease in molecular
weight was observed. Therefore, it can be stated that there is
predominant reductive amination of the α-1-aldehyde at the
terminal glucose unit and no significant depolymerization.
Thus, the first part of the block copolymer – the bio-derived
alkyne containing block – was synthesized.

Synthesis of azide terminated acrylamide homopolymers

Azido terminated PDMA and PEA are easily accessible via
RAFT polymerization. An azido functionalized trithiocarbo-
nate, namely dodecylthiocarbonylthio-2-methylpropanoic acid
3′-azidopropylester,42 was used as chain transfer agent accord-
ing to a known procedure (Scheme 2).42,59

The afforded homopolymers PEA-N3 and PDMA-N3 pos-
sessed a narrow size distribution (Đ values from 1.26 to 1.37)
and molecular masses of 16 800 g mol−1 (PDMA-N3) and
13 900 g mol−1 (PEA-N3) (Fig. S3, S5 and Table S1†). Moreover,
the polymers were characterized via 1H-NMR (Fig. S2 and S4†).

The synthesized polyacrylamide homopolymers were well soluble
in water even without removal of the RAFT endgroup. However,
the presence of a certain amount of homopolymer aggregation
was observed for all blocks as shown via DLS (Fig. S6†).
Turbidimetry measurements proved their solubility up to 60 °C
in water (Fig. S7†) as well. Within the double hydrophilic block
copolymer systems of interest, PDMA and PEA are considered to
be the less hydrophilic part of the block copolymers, whereas
pullulan is the more hydrophilic block, respectively.

Conjugation of block copolymers via copper catalyzed azide
alkyne cycloaddition

The CuAAC reaction of homopolymers bearing terminal
alkynes and azides is a versatile and easy tool to form block
copolymers (Schemes 1 and 3).34 In order to conjugate two
hydrophilic polymers to a double hydrophilic block copolymer,
cycloaddition was conducted in a mixture of water and DMSO
to ensure complete solubility of all reagents. Since the absolute
molecular masses of the starting materials were not deter-
mined, the ratio between the homopolymers for a full conver-
sion of both polymer blocks can only be assessed via multiple
conjugation experiments. Thus, a different route was utilized.
A 1.2 molar excess of the alkyne terminated pullulan was used
to ensure a full conversion of the acrylamide blocks to the con-
jugated block copolymers. The excess of pullulan alkyne was
removed after a sufficient reaction time by employing an azido-
methyl polystyrene resin (Fig. S8†), which was added to the
reaction mixture. The resin particles with a mesh size of 100 to
200 can be easily removed after the cycloaddition reaction by
filtration, which facilitates the purification of the block copoly-
mers. The conjugated block copolymers were analysed with
1H-NMR and SEC in aqueous acetate buffer solution and com-
pared with mixtures of the corresponding homopolymers
(Table S1†).

Pullulan-b-PDMA. Comparing the SEC elution curves of the
single homopolymers, the polymer mixture and the conjugated
block copolymer in water, a shift in the elution volumes can
be clearly seen (Fig. 2b, S9 and Table S1†). Whereas PDMA and
the polymer mixture have a similar elution volume, the block
copolymer elutes at a lower volume, which is a good indication
for a successful conjugation of pullulan and PDMA.
Furthermore, pullulan elutes at a higher volume than any of

Scheme 2 RAFT polymerization procedure for the synthesis of azido
terminated polyacrylamides.

Scheme 3 CuAAC conjugation reaction scheme of pullulan alkyne and azide terminated acrylamides.
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the other samples. Additionally, the comparison of Pull-b-
PDMA and the homopolymer mixture shows that the polydis-
persity of the mixture and the block copolymer was 1.9 in both
cases. The difference between both elution curves is the
increased molecular weight of the block copolymer obtained
via conjugation. Mn increased by 25% from 17 300 g mol−1 to
21 500 g mol−1. Since an equimolar amount of resin was
applied to theoretically remove all alkyne blocks, a full conver-
sion of PDMA to the block copolymer can be assumed. The
1H-NMR spectrum of the conjugated block copolymer display-
ing the presence of the pullulan as well as the PDMA block
underlines this assumption, e.g. the signals of anomeric
protons in the pullulan block between 5.0 and 5.3 ppm and
the signals of the methyl sidegroups in the PDMA block
between 2.7 and 3.1 ppm (Fig. 2c) are clearly visible.

Pullulan-b-PEA. In contrast to Pull-b-PDMA the SEC elution
curves of the homopolymers, the mixture and the conjugated
block copolymer of Pull-b-PEA show a large difference (Fig. 3b,

S9 and Table S1†). The homopolymers elute significantly after
the conjugated block copolymer and the polymer mixture
elution curve appears to be a combination of the homopoly-
mer curves. With a well-defined molecular mass distribution
Mn of 26 500 g mol−1 and Đ = 1.6, Pull-b-PEA stands in clear
contrast to the mixture with a high polydispersity of 3.5 and an
apparent Mn of 6000 g mol−1. The 1H-NMR spectrum of the
block copolymer displays the presence of both blocks as well,
e.g. the signals of anomeric protons in the pullulan block
between 5.0 and 5.3 ppm and the signals of the methyl side-
groups in the PEA block between 0.9 and 1.1 ppm (Fig. 3c).
A full conversion of PEA to the block copolymer can be stated
here as well as for Pull-b-PDMA.

Aqueous self-assembly of pullulan-b-PDMA and pullulan-
b-PEA

DHBC self-assembly without the influence of external stimuli
such as pH or temperature requires certain properties of the

Fig. 2 (a) Chemical structure of Pull-b-PDMA, (b) SEC traces of conju-
gated Pull-b-PDMA, a homopolymer mixture and the homopolymers in
acetate buffer and (c) corresponding 1H-NMR spectrum of the block
copolymer in DMSO-d6 at 25 °C.

Fig. 3 (a) Chemical structure of Pull-b-PEA, (b) SEC traces of conju-
gated Pull-b-PEA, a homopolymer mixture and the homopolymers in
acetate buffer and (c) corresponding 1H-NMR spectrum of the block
copolymer in DMSO-d6 at 25 °C.
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block copolymer composition. In previous reports a strong
difference in hydrophilicity,18,60 i.e. the interaction of the
polymer with water molecules, was regarded as the key role for
successful self-assembly. Regarding this assumption, a com-
parison of the second virial coefficient A2 of the homopoly-
mers should be further taken into account. The A2 factor,
which can be determined via SLS can be seen as a quantitative
measure for solvent solute interactions.61 The second virial
coefficients for pullulan and PDMA in the molecular weight
range of interest were already studied in the literature and
determined to be 3.2 × 10−4 mol cm3 g−2 for pullulan,62 and
8.0 × 10−4 mol cm3 g−2 for PDMA, respectively.63 When com-
paring these two values, PDMA appears to possess a stronger
interaction with the solvent water than pullulan. Since PEA is a
quite similar polymer, its A2 factor should be in the same
range as that of PDMA. (It is assumed that phase separation of
the different hydrophilic polymer blocks occurs, when the
difference in hydrophilicity is large enough.) Furthermore,
chain rigidity is assumed to influence self-assembly behaviour,
too. Hydrogen bonding and the corresponding thermorespon-
sivity as well as phase separation of the backbone as was
observed for homopolymer self-assembly play only minor
roles.64,65 Furthermore, the functional groups of pullulan and
both polyacrylamide polymer blocks are not known to show
any thermoresponsive behavior (Fig. S6†) in the investigated
temperature range, which allows the formation of a pure
hydrophilic self-assembly. Nevertheless, PEA is known for its
LCST behavior at elevated temperatures above 70 °C.66 In fact,
PEA was chosen as a block due to this fact since the compari-
son between a block without LCST and a block with LCST at
elevated temperatures should give some insights into the fun-
damentals of DHBC aggregate formation. First, since the
mechanism of DHBC self-assembly has not been completely
understood yet, investigations of the dissolved DHBCs via DLS
were conducted.

Pullulan-b-PDMA. In order to investigate the self-assembly
behavior of Pull-b-PDMA block copolymers, aqueous solutions
of 0.1, 0.5 and 1.0 wt% were prepared and analysed via DLS at
25 °C to determine the apparent hydrodynamic radii (Rapp) of
the formed aggregates (Table S2†). As shown in Fig. 4a the
intensity averaged size distribution curves of the three concen-
trations display a majority of aggregates with an average hydro-
dynamic radius of approximately 100 nm (see Table S2†).
Furthermore, a species with a low relative abundance and a
Rapp of 6 nm was observed. Similar to previous reports on
DHBC self-assembly, the DLS size distribution curves of self-
assembled block copolymers show a certain relative abun-
dance of free dissolved block copolymers, especially at low con-
centrations. Therefore, the peak at 6 nm can be attributed to
free dissolved block copolymers. Nevertheless, in contrast to
previously investigated DHBCs, the amount of free dissolved
block copolymers with a relative abundance of 0.05 is very low.
Therefore the self-assembly of Pull-b-PDMA can be regarded as
quite efficient compared with similar systems in the litera-
ture.18,19,24,30 It should be noted that the discussed abundance
of self-assembled structures is based on intensity weighted

particle size distributions. Intensity weighted particle size dis-
tributions overestimate the quantities of large particle signifi-
cantly. Therefore, the actual number of self-assembled par-
ticles is significantly lower. When comparing the DLS size dis-
tribution curves of Pull-b-PDMA with the DLS size distribution
curves of the homopolymers pullulan and PDMA (Fig. S6†), a
strong difference between the abundance of free dissolved
homopolymer chains and aggregates can be seen. The size dis-
tribution of PDMA is very broad (1 nm to 1000 nm), whereas
the majority of pullulan is present as free polymer chains.
Despite aggregates of homopolymer being present for both
polymer blocks, block copolymer distributions display a clear
differentiation between free dissolved block copolymers and
aggregates. For that reason it can be stated that the observed
aggregates correspond to self-assembled block copolymers. As
a consequence of concentration effects, increased block co-
polymer concentrations result in a slight shift of the average
aggregate radius from approximately 85 nm at 0.1 wt% to
110 nm at 1.0 wt%. The performed SLS measurements (see

Fig. 4 (a) Intensity weighted particle size distributions of Pull-b-PDMA
in water measured via DLS at 25 °C; (b) cryo SEM micrograph of self-
assembled spherical particles at a concentration of 0.5 wt%.
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Fig. S10 and Table S3†) afforded a radius of gyration (Rg) of
108 nm, which is almost similar to the one determined via DLS.
Furthermore, the quotient of Rg and the average hydrodynamic
radius Rapp was determined to be 0.98, which is in analogy to
the ρ-ratio a value corresponding to hollow spheres,61 and there-
fore indicates the presence of vesicular structures.

In order to exclude an effect of the aliphatic RAFT-agent
backbone C12 unit on self-assembly behavior, a pullulan-b-
PDMA block copolymer was synthesized after oxidative
removal of the RAFT chain transfer group (Fig. S11†).40 As
visible from the particle size distribution curves in Fig. S15,†
the self-assembly behavior did not change drastically apart
from a slight increase in the hydrodynamic radius (Fig. S12†).
For that reason, an influence of the RAFT chain transfer group
towards enhancing the self-assembly behavior of Pull-b-PDMA
significantly can be excluded. Moreover, DLS measurements at
pH values of 5 and 8 did not show significant differences as
well (Fig. S13†). In addition the effect of filtration with cell-
ulose acetate filters was probed via DLS (Fig. S14†). No signifi-
cant differences were found for filters with 0.45, 0.8 and
1.2 µm pore sizes.

Subsequently, microscopy was utilized to image the formed
particles. The corresponding micrographs of the performed
cryo SEM investigations of the 0.5 wt% solution of Pull-b-
PDMA (Fig. 4b) display spherical particles with diameters in
the range between 80 nm and 250 nm. Since there are no rup-
tured particles visible in the micrographs, the particle’s mor-
phology cannot be assessed via cryo SEM only. In order to gain
deeper insight into the particle morphology, a 2.5 wt% block
copolymer solution in water was stained with Rhodamine B to
examine the spherical structures with LSCM techniques. The
solution of self-assembled Pull-b-PDMA was directly stained
with 10 µL of an aqueous 0.08 mM Rhodamine B solution. As
visible from the LSCM micrographs in Fig. 5a and b,
Rhodamine B is homogeneously distributed in the solution.
An increased concentration of dye was observed inside spheri-
cal micron sized structures.

The enrichment of Rhodamine B inside these structures
indicates a certain permeability of the membrane towards the
dye to diffuse inside the particle. Since the spherical particles
self-assembled before the addition of Rhodamine B,
permeation of the dye into the spherical structures is quite
likely. However, interactions of the block copolymer mem-
brane with Rhodamine B seem to prevent diffusion back to the
external media. Therefore, the observed enrichment inside the
particles may occur. As visible from the LSCM micrographs,
the diameter of the observed spherical particles exceeds the
one determined from DLS and cryo-SEM by almost five fold.
The increase in the diameter can be attributed to the particle
motion inside the solution, resulting in an uncertainty of the
image. Furthermore, the lower resolution level of LSCM instru-
ments within the range of the determined particle size pre-
vents a clear resolution and broadens the signal. Therefore,
the size of the depicted spherical particles has to be handled
with care. Moreover, the resolution of the LSCM instrument
prevents imaging of particles with smaller size. Besides the

spherical structures within the micrometer size, smaller
spherical particles without increased Rhodamine B concen-
tration are visible in Fig. 5a. These particles were observed
quite frequently but could not be resolved efficiently due to
the fast particle motion inside the solution. In order to further
investigate the interactions of dye and block copolymer via
exclusion of non-specific interactions, a PDMA-N3 homopoly-
mer was labelled with RITC and conjugated to a pullulan
alkyne via CuAAC that was analyzed via 1H-NMR and DLS
(Fig. S15 and S16†). The direct attachment of fluorescent dye
to the block copolymer should on the one hand ensure that
only spherical structures self-assembled from the DHBC were
investigated. On the other hand, the proposed membrane
structure should be further investigated, since the dye can only
be present in areas where the block copolymer is expected to
concentrate. The corresponding Rhodamine B labelled block
copolymer was added to a 2.5 wt% solution of Pull-b-PDMA
and investigated via LSCM. As visible from the micrographs in
Fig. 5c and d, the amount of fluorescent material is far lower
in comparison with the stained samples as expected.
Furthermore, spherical structures with a vesicular morphology
and average diameters of 1 to 2 µm could be observed, where
the fluorescent membrane can be clearly attributed to the
labelled Pull-b-PDMA block copolymer. This is a strong indi-
cation that the predicted vesicular structure is present in the
case of larger particles. However, the particle motion and
resolution limit of LSCM prevent a closer look at submicron
structures. Structures in the submicron-size range were
observed but could only be resolved as fluorescent spheres

Fig. 5 (a) LSCM micrographs of a 2.5 wt% Pull-b-PDMA solution
stained with 0.08 mM Rhodamine B solution; (b) magnification of dye
stained spherical particles; (c) LSCM micrographs of a 2.5 wt% Pull-b-
PDMA/Pull-b-PDMA-RhB solution and (d) magnification of Pull-b-
PDMA/Pull-b-PDMA-RhB based particles.
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because the volume excited by the laser is too small to be
resolved by the detector. In conclusion, it can be stated that
Pull-b-PDMA forms particular self-assembled structures in
aqueous solution with high abundance. Moreover, SLS and
LSCM with RhB labelled block copolymers indicate that
hollow structures are formed.

Pullulan-b-PEA. The self-assembly behavior of Pull-b-PEA
was investigated in the same fashion as for Pull-b-PDMA.
Block copolymer solutions of 0.1, 0.5 and 1.0 wt% were pre-
pared and investigated via DLS at 25 °C. As visible in Fig. 6a,
the efficiency of the self-assembly is even further increased
compared with Pull-b-PDMA (Fig. 4a). The apparent hydro-
dynamic radius is around 125 nm for the 0.1 wt% solution
and 180 nm for the 1.0 wt% solution and slightly higher as for
Pull-b-PDMA (Table S2†). The presence of free dissolved block

copolymer chains even further decreased to a relative abun-
dance of 0.02 in the particle size distribution. Here, the over-
estimation of larger structures compared with structures with
smaller size in the intensity weighted particle size distribution
should be kept in mind. Moreover, measurements at pH
values of 5 and 8 did not show significant differences with the
neutral samples (Fig. S13†). Filtration with cellulose acetate
filters showed no effect on the self-assembly behavior as
probed via DLS (Fig. S14†). No significant differences were
found for filters with 0.45, 0.8 and 1.2 µm pore size.

The enhanced self-assembly behavior of Pull-b-PEA leads to
the conclusion that the difference in hydrophilicity of pullulan
and PEA is even higher compared with pullulan and PDMA.
The secondary amide of the N-ethylacrylamide unit interacts
differently with water than the N,N-dimethylacrylamide unit of
PDMA. The difference in interaction can be seen as well in the
DLS particle size distributions of the homopolymers (Fig. S6†).
It seems that the incorporation of a block that features LCST
behavior at elevated temperatures – even if the LCST is signifi-
cant above the self-assembly temperature, resulting in less
hydrophilicity of the acrylamide-derivative block – improves
self-assembly. The value of Rg determined via SLS (Fig. S17
and Table S4†) for a concentration of 0.5 wt% is 129 nm and
the corresponding quotient of Rg and Rapp is 1.03 and in the
same range for hollow spheres as is the case for Pull-b-PDMA.
Again, a strong indication for vesicular structures is present.
A more outstanding difference can be seen from the cryo SEM
micrographs in Fig. 6b. Along with spherical particles with an
average diameter of up to 300 nm, several larger particles with
a ruptured membrane were observed (Fig. 6c). These ruptured

Fig. 6 (a) Intensity weighted particle size distributions of Pull-b-PEA in
water measured via DLS at 25 °C; (b) cryo SEM micrograph of self-
assembled spherical particles at a concentration of 0.5 wt% and (c) a
magnification of a ruptured vesicular structure.

Fig. 7 (a) LSCM overview of Rhodamine B stained Pull-b-PEA vesicles in
water. (b) Magnification displaying several spherical particles. (d) A mag-
nification of a vesicular structure. The distortion origins from the particle
motion through the solution. (c) Magnified spherical particle.
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particles strongly indicate that a vesicular structure is present.
The vesicular structures appear to be hollow, which is consist-
ent with cryo SEM observations of dextran-b-PEO block copoly-
mer vesicles displayed by Brosnan et al.18 The fact that such
small vesicular structures could be afforded with Pull-b-PEA is
quite astonishing.

LSCM measurements of Pull-b-PEA block copolymer solu-
tions stained with Rhodamine B display spherical vesicular
particles with an average diameter of 1 µm. The vesicular struc-
tures were observed either attached on the glass surface
(Fig. 7a and b) or in motion in the solution. The motion of the
vesicular structures caused a distortion of the particles when a
micrograph was recorded as seen in Fig. 7c. The magnification
of a vesicular structure (Fig. 7d) shows that Rhodamine B con-
centrates inside the structures similarly to the observed pullu-
lan-b-PMA structures. In conclusion, self-assembled particles
from Pull-b-PEA in aqueous solution are observed.
Investigations via SLS and cryo SEM imaging strongly indicate
formation of hollow vesicular structures.

Conclusions

In summary, we were able to extend the principle of double
hydrophilic self-assembly to novel polysaccharide–polyacryl-
amide block copolymers. The blocks were separately synthesized
either via depolymerisation of bio-derived pullulan or via RAFT
polymerization of acrylamide-derivatives. Subsequently, the
blocks were conjugated via CuAAC to afford the corresponding
DHBCs in an efficient manner. The block copolymers were
characterized via SEC and 1H NMR techniques. Furthermore, it
was demonstrated that such block copolymers perform self-
assembly in water to vesicular structures with average diameters
of 200 nm to 500 nm with high efficiency. The vesicular struc-
ture was visualized via cryo SEM. In addition LSCM was utilized
using Rhodamine B staining or Rhodamine B labelled block
copolymers. Interesting applications of the novel vesicular struc-
tures are expected, e.g. in the field of drug-delivery.
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ABSTRACT: The self-assembly of a novel double hydrophilic
block copolymer (DHBC) architecture is presented. By
combining linear biomacromolecule pullulan with biocompatible
poly(oligo(ethylene glycol) methyl ether) methacrylate) (P-
(OEGMA))-brush blocks via copper(I) catalyzed azide alkyne
cycloaddition, a novel DHBC linear-brush combination is
obtained. Self-assembly in water was observed via optical
microscopy and dynamic light scattering (DLS). Moreover,
DLS investigations showed that self-assembly efficiency
significantly relies on the degree of polymerization of the
brush-block. Furthermore, the self-assembly of the formed
particles was investigated with cryogenic scanning electron
microscopy (cryo-SEM). To preserve the aggregates at lower
concentrations, a biocompatible and FDA approved cross-
linking agent, namely, sodium trimetaphosphate (STMP), was utilized for cross-linking. The reaction of STMP and pullulan was
followed by 31P NMR, while the presence of the cross-linking agent within the particles could be detected via the combination
cryo-SEM and energy dispersive X-ray spectroscopy.

■ INTRODUCTION

The utilization of amphiphilic block copolymers for self-
assembly processes in solution is an important field in polymer
science and in the focus of polymer scientists for several
decades.1,2 Apart from major applications where the self-
assembly is applied like (nano)electronics,3,4 lithography,5,6 and
catalysis,7,8 one large area that is gathering attention of many
researchers is the employment of amphiphilic block copolymers
in the biomedical field. Here, the overwhelming desire is to
advance the capabilities of medical treatments and diagnostics,
which is a significant task in an aging society. Therefore, the
boundaries of knowledge in many areas of the biomedical field
such as imaging,9,10 biological sensing,11,12 and more out-
standing the broad field of drug delivery13−16 could be pushed
further and further. Breakthroughs could be achieved in two
ways. On one hand, a variety of chemistry could be introduced
to block copolymers,17 including the formation of so-called
smart aggregates that are able to respond to internal and
external stimuli such as pH-value,18−20 redox,21−23 light,24−26

and temperature27−29 have been in the focus of researchers
frequently. Moreover, poly(ethylene glycol) (PEG)-based
systems were described frequently.30,31 On the other hand, a
lot of effort was directed to investigate various morphologies to
achieve different nanostructures including spheres, rods,
lamellae, and vesicles in the past.1,32,33

Furthermore, the advantage of the amphiphilic system in
drug-delivery becomes evident by comparing drug containing
amphiphilic block copolymer aggregates showing sustained

release with burst drug release of free drugs.34 However, the
more pronounced and specific the strength of one approach,
the higher the probability of weaknesses toward other
applications. Hence, the main strength of the amphiphilic
block copolymer in aqueous solution is based on the
hydrophobic block leading to a restricted permeability and
therefore a delayed process of drug delivery.35 Especially,
applications relying on a high permeability, for example,
nanoreactors or medical enzyme treatment, are set back in
development by the approach of self-assembly via pure
amphiphilic block copolymers. Alternatively, to circumvent
the low-permeability, amphiphilic block copolymers are
equipped with expensive protein-channels to surpass the
limited permeability.36,37 To advance this field of research,
new self-assembly approaches might be a valuable option.
The self-assembly process of block copolymers goes back to a

simple and straightforward principle: Two polymers that phase
separate on a macroscopic scale, also phase separate on a
microscopic scale when these blocks are linked together
covalently.38,39 Thus, the most obvious approach to achieve a
self-assembly of block copolymer on a microscopic scale is to
couple a hydrophilic with a hydrophobic polymer. However, a
macroscopic phase separation is not only limited to amphiphilic
systems. In fact, it has been known for more than 50 years that
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PEG and dextran, both water-soluble polymers, form an
aqueous two phase system that was mainly utilized for protein
purification in the field of biochemistry.40 Taking the
macroscopic phase separation of purely hydrophilic polymers
into consideration Antonietti and co-workers could prove
polymer self-assembly toward large vesicles by linking PEG and
dextran covalently to each other.41 Therefore, it was illustrated
that self-assembly in water is not limited to amphiphilic block
copolymer combinations but can also be extended to double
hydrophilic block copolymers (DHBCs). The driving force for
DHBC self-assembly is the difference in water affinity,42 which
drives demixing to compensate differences in the osmotic
pressure for the individual block domains.43

The nature of DHBC self-assemblies in water is not fully
understood, and investigation in the field of DHBC structures
could be a significant advance for applications that rely on
permeable structures. The topic of DHBC can be approached
from two different directions: on one hand, charged hydrophilic
blocks like ionic blocks44 can be used to achieve a hydrophilic
state, while the approach of the present study is based on
nonionic hydrophilic block copolymers. So far, DHBC self-
assembly is mainly focused on the combination of linear−linear
block copolymer combinations, e.g., PEG-b-poly(2-methyl-2-
oxazoline).43,45 Other successful self-assembly processes of
DHBCs were conducted with pullulan-b-poly(acrylamides),
poly(2-ethyl-2-oxazoline)-b-poly(N-vinylpyrrolidone), or PEG-
b-poly(N-vinylpyrrolidone), illustrating that the concept is a

promising field for further explorations.46−48 Nevertheless, the
effect of polymer architecture has not been addressed so far,
although brush polymers might enhance the efficiency of the
self-assembly process, as it was observed for similar cases
employing amphiphilic block copolymers.49−51

In order to form efficient self-assemblies, the choice of the
individual blocks is crucial. Moreover, biocompatible polymer
blocks should be utilized to foster future applications in the
biomedical field. Blocks that fulfill these criteria are pullulan and
poly(oligo(ethylene glycol) methyl ether) methacrylate) (P-
(OEGMA)). Pullulan on one hand is a biobased polysaccharide
that cannot be cleaved by amylase and therefore cannot be
digested by humans.52 Together with the fact that it is tasteless,
pullulan is widely used in the food industry either for food
packaging or as food additive.53 Although P(OEGMA) is a
synthetic polymer, it is suspected to be biocompatible as
highlighted by Lutz and co-workers.54 Certainly, thorough
investigations are needed to prove the biocompatibility of the
block copolymer, although the individual blocks are biocom-
patible. Another important point is the stabilization of DHBC-
based self-assemblies to ensure preservation of the formed
structures under dilution, especially regarding biomedical
applications. Therefore, cross-linking at high concentration
seems to be an effective option.55,56 An FDA-approved cross-
linking agent is sodium trimetaphosphate (STMP), which can
be utilized to stabilize poly(saccharide) aggregates. STMP is
currently used in the food industry as it is nontoxic as reported

Scheme 1. Overview of the Self-Assembly Process of Linear-Brush-DHBC Pullulan-b-P(OEGMA) in Water Followed by Cross-
Linking of the Pullulan Blocks via STMP in the Self-Assembled State
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for cross-linked polymer scaffolds in vitro and in vivo in
rats.57,58 In addition, the cross-linking mechanism of STMP
with polysaccharides has been studied by Lack and co-workers
via 31P NMR, which provides convenient access to follow the
cross-linking reaction in situ.59 The fact that all three used
components are biocompatible put this system in a good
position for the utilization in biological systems as a
nanoreactor. One promising field is enzyme therapy, by
encapsulating an enzyme, protecting it from the biological
environment without circumventing the enzymatic catalysis,
and providing the necessary permeability toward water-soluble
compounds by using the double hydrophilic character of the
DHBC.
In the current work, we are presenting a DHBC based on the

linear biomacromolecule pullulan and biocompatible P-
(OEGMA)-brush blocks with three different backbone lengths,
which are coupled via copper(I)-catalyzed azide alkyne
cycloaddition (CuAAc). Thus, the field of DHBC is expanded
to a new linear-brush polymer architecture allowing studies on
the self-assembly process as a function of the backbone length
of the P(OEGMA)-brush. In order to assess the formed
structures dynamic light scattering (DLS), optical microscopy,
and cryogenic-scanning electron microscopy (cryo-SEM) are
performed. Finally, the formed particles are cross-linked via
biocompatible STMP (Scheme 1) and the reaction is followed
via 31P NMR. In addition, cryo-SEM is combined with energy
dispersive X-ray spectroscopy (EDX) to detect the presence of
phosphorus within particles.

■ EXPERIMENTAL SECTION
Materials. Ascorbic acid (98%, Alfa Aesar), 2-bromopropionyl

bromide (97%, Sigma-Aldrich), 4,4′-dinonyl-2,2′-dipyridyl (dNBipy,
97%, Sigma-Aldrich), chloromethyl polystyrene resin (2.4 mmol g−1,
TCI), copper(I)bromide (CuBr, 99.99%, Sigma-Aldrich), copper(II)-
sulfate (CuSO4, 99%, Carl Roth), dimethyl sulfoxide (DMSO, VWR
Chemicals), dichloromethane (DCM, ≥ 99.9%, Riedel-de Haen̈),
hexane (analytical grade, Fluka), hydrochloric acid (fuming, Carl
Roth), magnesium sulfate (dried, Fisher Scientific), N,N,N′,N″,N″-
pentamethyldiethylenetriamine (PMDETA, 98%, Sigma-Aldrich),
propargylamine (98%, Sigma-Aldrich), pullulan (Pull, pure, TCI),
sodium azide (>99.5%, Fluka), sodium cyanoborohydride (NaCNBH3,
95%, Sigma-Aldrich), sodium hydroxide (NaOH, 98%, Sigma-Aldrich),
sodium trimethaphosphate (STMP, 96%, Sigma-Aldrich), tetrahydro-
furan (THF, extra dry, Acros Organics), and toluene (analytical grade,
Fisher Chemical) were used as received. Poly(ethylene glycol) methyl
ether methacrylate (OEGMA, Sigma-Aldrich) was first dissolved in
THF, then passed over a basic aluminum oxide column (Brockman I,
Sigma-Aldrich) and subsequently precipitated in cold hexane, filtered
and dried under high vacuum for 24 h. 2-(2-(2-Azidoethyoxy)ethoxy)-
ethanol (AzTEG), alkyne-terminated pullulan, and azido-function-
alized PS-resin were synthesized according the literature (Figures S1−
S4).46,60,61

Synthesis of 2-(2-(2-azidoethoxy)ethoxy)ethyl 2-bromopro-
panoate-AzTEGBr. A solution of 2-bromopropionyl bromide (8.9
mL, 85.5 mmol) in anhydrous THF (100 mL) was added to a solution
of triethylamine (11.9 mL, 85.5 mmol) and AzTEG (10.00 g, 57
mmol) in anhydrous THF (180 mL) at 0 °C. The solution was stirred
at 0 °C for 1 h then left stirring overnight at ambient temperature.
Afterward methanol (30 mL) was added to react with the excess of 2-
bromopropionyl bromide. The mixture was filtered and concentrated
under vacuum. The residue was dissolved in dichloromethane (30
mL), washed three times with saturated ammonium chloride solution
(100 mL) and twice with water (100 mL). Afterward the solution was
dried over magnesium sulfate and concentrated. The residue was
purified via column chromatography on silica gel with hexane−ethyl
acetate (10:1). Yield 25%.1H NMR (400 MHz, CDCl3) δ (ppm): 4.42

(qd, J = 6.9, 2.9 Hz, 1H), 4.38−4.19 (m, 2H), 3.87−3.58 (m, 8H),
3.47−3.33 (m, 2H), 1.92−1.77 (m, 3H). 13C NMR (100 MHz,
CDCl3) δ (ppm): 40.0, 50.6, 61.6, 65.0, 68.8, 70.1, 70.7, 72.4, 170.3.

Exemplary Synthesis of Azide Terminated P(OEGMA)23 via
AzTEGBr. A stirring bar, AzTEGBr (62.0 mg, 0.2 mmol, 1 equiv),
dNbpy (165.0 mg, 0.4 mmol, 2 equiv) destabilized OEGMA (6.65 g, 7
mmol, 35 equiv) and toluene (7.7 mL) were placed in a Schlenk tube.
The tube was first sealed with a septum then the mixture was degassed
via three freeze, pump, and thaw cycles followed by a last freeze and
purging with Ar. While purging with Argon, CuBr (28.0 mg, 0.2 mmol,
1 equiv) was added to the frozen mixture and the Schlenk tube was
purged with Ar until the frozen solution thawed, and the solution color
changed to brown, indicating the formation of the copper-complex.
Subsequently, the reaction mixture was placed in an oil bath and
stirred at 60 °C for 11 h. The reaction was cooled to ambient
temperature, and the reaction was stopped by removing the septum
allowing oxygen to enter the mixture. The solution was then
concentrated and a NMR-sample was taken to determine the
conversion. The residue was dissolved in THF and passed through a
short column filled with neutral aluminumoxide. The resulting solution
was concentrated, and the polymers precipitated in cold hexane.
Subsequently, the solution was filtered and dried under high vacuum.
Since P(OEGMA) was used in the following coupling reaction with
pullulan, no dialysis was applied at this step to remove the remaining
monomer. 1H NMR (400 MHz, CDCl3) δ 4.11−4.05 (b, 2H), 3.66−
3.60 (m, 90H), 3.39 (s, 2H), 1.26 (bs, 2H), 0.89 (bs, 3H). The
synthesis of P(OEGMA)13/33-brushes was performed in a similar
manner and equivalents are listed in Table S1.

Synthesis Pullulan-b-P(OEGMA). The CuAAC coupling reac-
tions were processed by a derived procedure previously described by
Bernard et al.62 In a round-bottom Schlenk flask, pullulan alkyne
(0.509 g, 1.2 equiv), P(OEGMA)13 (0.23 g, 1.0 equiv), CuSO4 (2.1
mg, 0.65 equiv) and PMDETA (7.1 mg, 1.5 equiv) were dissolved in a
1:1 mixture of water:DMSO (10 g). Finally, ascorbic acid (7.2 mg, 2
equiv) was added to the mixture, and the reaction mixture was stirred
at ambient temperature for 72 h. Subsequently, azido-functionalized
PS-resin and ascorbic acid were added to bind the excess of pullulan-
alkyne. The reaction mixture was then stirred another 48 h.
Subsequently, the resin was filtered off, and the solution was dialyzed
against deionized water for 3 days followed by lyophilization to afford
pullulan-b-P(OEGMA)13. The synthesis of pullulan-b-P(OEGMA)23/33
was performed in a similar manner, and equivalents are listed in Table
S2.

Cross-Linking of Pullulan-b-P(OEGMA). The cross-linking
experiments were conducted by dissolving 60 mg of the DHBC in
2.5 mL of a 0.1 M NaOH solution to form a 2.5 wt % solution.
Thereafter, 60 mg of STMP were added to the DHBC-solution and
the cross-linking reaction was executed for 3 days. The cross-linked
particles were first analyzed via DLS and afterward dialyzed with a
cutoff of 1000 kDa to ensure removal of DHBC unimers and excess of
STMP. Subsequently, the solution containing the cross-linked particles
were used for further measurements, including an additional dilution
to 1.0 and 0.1 wt %.

Characterization. 31P-, 1H-, and 13C NMR spectra were recorded
at ambient temperature at 400 MHz for 1H and 100 MHz for 13C and
31P on a Bruker Ascend400. 13C NMR spectra of polymers were
recorded at 175 MHz on a Bruker Ascend700 at ambient temperature.
Dynamic light scattering (DLS) was performed using an ALV-7004
Multiple Tau Digital Correlator in combination with a CGS-3
Compact Goniometer and a HeNe laser (Polytec, 34 mW, λ = 633
nm at θ = 90° setup for DLS). Sample temperatures were adjusted to
25 °C, and toluene was used as immersion liquid. Apparent
hydrodynamic radii (Rapp) were determined from fitting autocorrela-
tion functions using the REPES algorithm. Cryogenic-scanning
electron microscopy (cryo SEM) was performed on a Jeol JSM
7500 F and the cryo-chamber from Gatan (Alto 2500). The EDX was
performed with two detectors (Oxford Instruments, X-MaxN 150
mm2) with a process time of 5 min and acceleration voltage of 5 kV
(software: Aztec Version 3.3). Size exclusion chromatography (SEC)
for pullulan and P(OEGMA) was conducted in NMP (Fluka, GC
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grade) with 0.05 mol L−1 LiBr and BSME as the internal standard at
70 °C using a column system with a PSS GRAM 100/1000 column (8
× 300 mm, 7 μm particle size), a PSS GRAM precolumn (8 × 50
mm), a Shodex RI-71 detector and a PEG calibration with standards
from PSS. SEC for pullulan and pullulan-b-P(OEGMA) block
copolymers was also performed on Suprema columns (serial
connection of 100 Å, 100−100 000 Da; 1000 Å, 100−1,000 000 Da;
and 3000 Å, 100−3,000 000 Da) in 0.1 M NaNO3 solution at 25 °C
using pullulan calibration with standards from PSS. SEC with
multiangle laser light scattering (MALLS) detection (DAWN
HELLEOS II MALLS detector, Wyatt) was performed with THF as
the eluent (flow rate: 0.5 mL·min−1) at room temperature. The
stationary phase used was a 300 × 8 mm2 PSS SDV linear M column
(3 μm particle size, molar mass range 102−106 Da). Turbidimetry
measurements to obtain the lower critical solution temperature
(LCST) were conducted with a T70+ UV/vis Spectrometer (PG
Instruments Ltd.) at a wavelength of 660 nm, a temperature control
system consisting of a Peltier Temperature Controller PTC-2 and a
Manson Switching Mode Power Supply 1-36VDC-10A. Typically, 1 wt
% solutions were investigated with a heating rate of 1 K min−1 ,and the
transmission values were detected within a 5 s interval.63,64

■ RESULTS AND DISCUSSION
Synthesis of Pullulan-b-P(OEGMA). The biomacromole-

cule pullulan is a natural product with a broad mass dispersity
(Đ) around 15 and a Mn of 25000 g mol

−1. Therefore, pullulan
was first depolymerized according to the literature,46 by using a
0.025 M hydrochloric acid solution at 85 °C to cleave the α-
(1,6) glycosidic bonds between the maltotriose units, achieving
an appropriate Mn of 21 700 g mol−1 with a decent Đ of 2.09.
Subsequently, propargylamine was attached to the terminal
aldehyde group of pullulan via reductive amination to afford an
alkyne end-functionalized pullulan as displayed in Scheme 2
(Figure S1).
To obtain a high-density brush block copolymer, the

grafting-through method was chosen, allowing a graft on
every repeating unit. In order to ensure a proper entanglement
during the self-assembly process, a relatively high molecular
mass macromonomer was chosen, namely, oligo(ethylene
glycol) methyl ether) methacrylate (OEGMA) with Mn of
950 g mol−1. Furthermore, to control the polymerization and
the degree of polymerization, OEGMA was polymerized via

atom transfer radical polymerization (ATRP) to achieve three
different backbone lengths of the P(OEGMA)-brush (Table 1

and Scheme 2). In addition, an azide functionalized hydrophilic
initiator, namely, of 2-(2-(2-azidoethoxy)ethoxy)ethyl 2-
bromopropanoate (AzTEGBr), was synthesized to cap the
polymer with an azide end group. In order to form brush block
copolymers with a low degree of polymerization (DP) and low
Đ, the polymerization was slowed down (Table S1). Therefore,
the polymerization was conducted in dilute toluene solution
and terminated below full conversion. Unimodal molecular
weight distributions with Đ between 1.06 and 1.21 were
obtained having Mn of 19 300, 27 900, and 35 700 g mol−1

according to SEC with PEG calibration (Table 1). However,
the fact that the hydrodynamic volume of brush polymers is
significantly lower at a given molecular weight compared to
their linear analogues has to be taken into account. Therefore,
SEC molecular weights were not utilized for further calculations
but only to investigate polydispersity of the synthesized
P(OEGMA)13/23/33. On the other hand, 1H NMR was used
to determine the conversion resulting in a theoretical Mn

Scheme 2. ATRP of OEGMA via AzTEGBr to Achieve the Corresponding P(OEGMA)13/23/33-Brush Polymer Block;
Depolymerization of Pullulan Followed by Propargylamine End-Functionalization; Copper(I)-Catalyzed Cycloaddition of the
P(OEGMA)-Brush Polymers and Alkyne-Terminated Pullulan to Afford Pullulan-b-P(OEGMA) Linear-Brush Block
Copolymers

Table 1. Overview of the Utilized Building Blocks and Block
Copolymers

sample
Mn,SEC

[g mol−1] Đ
Mn,theo

[g mol−1]
pullulan/P(OEGMA)

[mol mol−1]

P(OEGMA)13 19 300a 1.15a 12 660c --
P(OEGMA)23 27 900a 1.06a 22 160c --
P(OEGMA)33 35 700a 1.21a 31 660c --
pullulan-alkyne 24 700a 1.80a -- --

21 700b 2.09b --
pullulan-b-
P(OEGMA)13

18 100b 3.26b -- 1:0.21c,d

pullulan-b-
P(OEGMA)23

20 900b 3.40b -- 1:0.43c,d

pullulan-b-
P(OEGMA)33

25 500b 4.60b -- 1:0.61c,d

aObtained via SEC in NMP and PEG calibration. bObtained via SEC
in NaNO3 buffer and pullulan calibration. cObtained via 1H NMR in
CDCl3.

dObtained via 1H NMR in DMSO-d6.
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(Table 1 and Figure S5). Moreover, SEC with MALLS
detection in THF was performed to obtain absolute molecular
weights for P(OEGMA) brushes (Figure S6 and Table S2). To
show incorporation of the azide group, 13C NMR was
performed (Figure S7), which showed a signal corresponding
to the methylene group adjacent to the azide (around 52 ppm).
Finally, the alkyne end-functionalized pullulan block and the

azido end-functionalized P(OEGMA)-brush were conjugated
via CuAAc in a mixture of water and DMSO based on the
procedure of Bernard and co-workers.62 To ensure a full
conversion an excess of alkyne-terminated pullulan was utilized,
whereas after 3 days of reaction, azido-methyl polystyrene resin
was added to the reaction mixture to capture the excess of
pullulan (Table S3).46 To confirm the successful conjugation

reaction both, SEC and 1H NMR were performed (Figure 1
and S6). Due to the nature of brush block copolymer and the
fact of using two hydrophilic block copolymers, SEC
measurements are facing difficulties to resolve a clear shift of
the elution curves of block copolymer in comparison to the
homopolymer. For the DHBC instead of using SEC with NMP
as eluent receiving a narrow Đ, SEC with aqueous eluent was
conducted to detect a more significant shift of the polymers in
comparison to the DHBC (Table 1, Figure 1b and S8). It
should be noted that Đ from aqueous SEC is very likely
overexpressed as the individual blocks have broader dispersity.
Furthermore, the 1H NMR spectrum of the conjugated block
copolymer is displaying both the presence of the pullulan block
as well as the P(OEGMA)-brush block polymer, e.g., via the

Figure 1. (a) 1H NMR spectrum of pullulan-b-P(OEGMA)23 block copolymer recorded at 400 MHz in D2O (signals from pullulan in red, signals
from P(OEGMA) in blue, signals from the backbone in gray). (b) molecular weight distributions of pullulan-alkyne, P(OEGMA)23 and pullulan-b-
P(OEGMA)23 determined via SEC in NaNO3 buffer against pullulan calibration (pullulan in black, P(OEGMA) in red and pullulan-b-P(OEGMA)
in blue).

Figure 2. (a) Particles from pullulan-b-P(OEGMA)13 observed via optical microscopy at 10 wt %. (b) Intensity-weighted particle size distribution of
pullulan-b-P(OEGMA)13/23/33 in Millipore water measured via DLS at 25 °C at a concentration of 1 wt %. (c−e) cryo-SEM of pullulan-b-
P(OEGMA)13/23/33 DHBC at a concentration of 1 wt %.
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signals between 5.0 and 5.3 ppm that indicate the presence of
anomeric protons of the pullulan and the signal at 3.4 ppm
representing the methylene-groups of the P(OEGMA)-brush
block copolymer. To investigate the success of the click
reaction, 13C NMR was performed (Figure S7) showing the
disappearance of the methylene signal adjacent to the azide
group.
It is well-known that POEGMA is a thermoresponsive

polymer that has a coil to globule transition at elevated
temperatures. In order to exclude the effect of a transition
toward hydrophobic POEGMA blocks during self-assembly, the
thermoresponsive properties of the utilized POEGMA blocks
were assessed via turbidimetry. In all cases, no coil to globule
transition was observed in the temperature region of interest
below 60 °C (Figure S9).
Aqueous Self-Assembly of Pullulan-b-P(OEGMA). The

self-assembly experiments conducted during the study show the
simplicity of the approach. Self-assembly can even be observed
via optical microscopy at high concentrations of 10 wt %
(Figure 2a) only by dissolving a certain amount of the
synthesized DHBC into Millipore water.
The pullulan-b-P(OEGMA) block copolymers were inves-

tigated in terms of their ability to self-assemble. Therefore, DLS
was first used to determine the efficiency of the self-assembly
process by comparing an aqueous solution of 1.0 wt % of each
DHBC (pullulan-b-P(OEGMA)13/23/33). The efficiency of the
self-assembly can be illustrated by using the DLS measurement
and comparing the fraction of the unimers to the fraction of
aggregates formed.
As visible from the DLS graph in Figure 2b, the self-assembly

behavior of the three used DHBC differ significantly. At the
same concentration, the self-assembly efficiency decreases with
the backbone-lengths of the P(OEGMA)-brush block. Short
brush blocks can rather be described as star-blocks than as
brush-blocks because of the fact that the brush is longer than
the backbone. In the case of the shortest brush-block
(P(OEGMA)13) almost only the presence of aggregates with
an apparent radii (Rapp) of 125 nm (Figure 2b) is observed. By
increasing the degree of polymerization from 13 to 23, the self-
assembly process is noticeably hindered as it can be seen by the
peak visible in the region around Rapp of 6 nm indicating a
significant amount of free polymers. While the self-assemblies
have very similar radii to the pullulan-b-P(OEGMA)13 (Rapp =
158 nm). The third linear-brush DHBC with an average degree
of polymerization of 33 shows an even higher shift toward
unimers. Taking into consideration that large particles

preponderate in the DLS experiment, it can be concluded
that in the case of pullulan-b-P(OEGMA)33 self-assembled
structures are present only to a minor extent. Certainly, the
other results from intensity-weighted distributions have to be
considered with care as well, and it should be noted that larger
species are significantly overexpressed in intensity-weighted
distributions. The observed strong dependency between the
length of P(OEGMA)-brush and the resulting self-assembly
efficiency is a consequence of the general behavior of brush-
polymers. It could be shown in the literature that the ratio
between brush-length and length of the backbone is an
important parameter to predict how brushes interact with each
other. Higher backbone to brush-length ratios lead to more
rigid and inelastic brush polymers. On the contrary, shorter
backbones and longer brush-lengths leads to star-polymer
behavior.65−67 Therefore, the DHBC with longer P(OEGMA)-
brush blocks is less likely to entangle with other brushes, while
the DHBC with shorter P(OEGMA)-brushes behaves more
like a star polymer allowing a better intermolecular interaction,
resulting in a significant increase in self-assembly efficiency.
Hence, by changing the degree of polymerization of the brush-
polymer from 13 to 33, a whole spectrum of self-assembly
efficiency can be achieved, from an excellent self-assembly and
less free polymer to a predominantly free-polymer state.
Although the utilized DHBCs have a rather high Đ due to the
depolymerization-derived pullulan block, self-assembly is
possible. Certainly, enhanced self-assembly efficiency might
be obtained from DHBCs with lower Đ.
To confirm the results from DLS, cryo-SEM was conducted.

However, self-assembly efficiency can be determined only to a
minor extent via cryo-SEM. Nevertheless, the size and shape of
the formed particles is accessible via cryo-SEM. The images
indicate that the particles obtained in water are all in the
submicron range (Figure 2c−e) and resemble the results from
DLS. The shape of the submicron particles is very similar,
which can be seen as a hint that pullulan is the predominant
factor in adjusting the shape and size of the aggregates.
Another significant effect on the self-assembly process of the

synthesized polymers is the concentration of the aqueous
DHBC in solution (Figure 3). In the case of the short brush-
block copolymer, even at a concentration of 0.1 wt %, almost
no unimer fraction can be detected in intensity by DLS. On the
other hand, linear-brush-block copolymers with less efficient
self-assembly P(OEGMA)23/33 show a significant change in
their self-assembly in dependence on the concentration. By
decreasing the concentration from 1 wt % to 0.1 wt % the

Figure 3. Intensity-weighted particle size distribution of pullulan-b-P(OEGMA)13/23/33 in Millipore water measured via DLS at 25 °C at different
concentrations to compare stability upon dilution.
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equilibrium between unimers and aggregate formation is shifted
highly toward free polymers. In addition, the behavior also
depends on the initial self-assembly efficiency, in the case of the
P(OEGMA)23 the unimer to aggregate fraction is 0.85:1, while,
in the case of P(OEGMA)33, the ratio is shifted to the unimer
side 1:0.8. On the other hand, by increasing the concentration
to 2.5 wt % the polymers are forced to self-assemble, resulting
in a decrease of unimer fraction, as it can be followed in Table
2.

Cross-Linking of Pullulan-b-P(OEGMA)-Aggregates.
The self-assembly process displays a high dependency on the
concentration. In order to preserve the formed particles under
dilution and to shift the equilibrium in the direction of
aggregates, the particles were cross-linked with STMP (Scheme
3).68 The cross-linking experiments were conducted by
dissolving the DHBC in 0.1 M NaOH solution and subsequent
addition of STMP. In order to ensure complete cross-linking,
the solution was kept at room temperature for 3 days.
STMP is not only able to react with the hydroxyl-groups of

the added pullulan as shown in Scheme 3, but also with itself
after activation by NaOH, resulting in a number of possible

compounds and therefore complicated 31P NMR spectra. The
mechanism of the reaction of STMP with carbohydrates has
been studied via 31P NMR.69 Therefore, the optimum ratio
between STMP and pullulan can be determined by following
the cross-linking process via 31P NMR. For the cross-linking
experiments the peak region from −2 ppm to 5 ppm in the 31P
NMR spectrum is the most relevant as it indicates the presence
of organic phosphates. Indeed, the comparison of STMP in
aqueous NaOH solution and the cross-linking mixture of
pullulan-b-P(OEGMA), peaks in the region of −4 ppm to 5
ppm could be observed (Figure 4) indicating successful cross-

linking. Although, the integration of the peaks in the region
between −2 and 5 ppm is not showing a significant change after
24 h, the cross-linking reaction was kept for 3 days to ensure a
full conversion before the samples were further investigated.

Table 2. DLS Results of Pullulan-b-P(OEGMA) Illustrating
the Efficiency of the Self-Assembly by Comparing the Ratio
between the Abundance of the Unimer Fraction (1st Peaks)
and Aggregate Fraction (2nd Peak)

ratio

sample
conc.
(wt %)

Rapp 1st
peak (nm)

Rapp 2nd
peak (nm)

1st
peak :

2nd
peak

pullulan-b-
P(OEGMA)33

2.5 7.9 199.5 0.46 : 1
1 7.9 158.5 0.73 : 1
0.1 7.9 199.5 1 : 0.81

pullulan-b-
P(OEGMA)23

2.5 6.3 199.5 0.16 : 1
1 6.3 158.5 0.2 : 1
0.1 7.9 125.9 0.85 : 1

pullulan-b-
P(OEGMA)13

2.5 3.2 251.2 0.02 : 1
1 4.0 125.9 0.03 : 1
0.1 4.0 100.0 0.03 : 1

Scheme 3. Reaction of the Pullulan-b-P(OEGMA) with STMP Resulting in a Cross-Linking of the Particles

Figure 4. 31P NMR spectra of STMP in 0.1 M NaOH solution (red)
in comparison to a solution including STMP and pullulan-b-
P(OEGMA) in 0.1 M NaOH solution (black) recorded after 24 h
mixing at 400 MHz in D2O.

Biomacromolecules Article

DOI: 10.1021/acs.biomac.7b01094
Biomacromolecules 2017, 18, 3695−3705

3701

3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly

41

http://dx.doi.org/10.1021/acs.biomac.7b01094
http://dx.doi.org/10.1021/acs.biomac.7b01094
http://dx.doi.org/10.1021/acs.biomac.7b01094
http://dx.doi.org/10.1021/acs.biomac.7b01094


In the case of pullulan-b-P(OEGMA)13, the self-assembly was
very efficient showing almost no unimer fraction in the DLS
already before cross-linking (Figure 5). Nevertheless, a decrease
in the size of the aggregates could be observed during the
dilution from 2.5 wt % to 0.1 wt %. While at a concentration of
2.5 wt %, the aggregates showed a size around 250 nm, and the
size decreases to 160 nm (1.0 wt %) and 100 nm (0.1 wt %),
respectively. After the cross-linking of the sample at 2.5 wt %
and diluting the sample to 0.1 wt % no decrease in particle size

could be observed (Figure 5). In fact, an increase of the particle
size from 251 to 316 nm could be determined illustrating that
the cross-linking reaction was successful. The increase in
particle size can be explained by the ionic character of STMP
leading to a swelling effect, which results in a larger particle in
comparison to the sample without the addition of STMP. The
sample was also investigated via cryo-SEM showing the
presense of particles with a comparable size to the cryo-SEM
micrographs before the cross-linking.

Figure 5. (a) Intensity-weighted particle size distribution of pullulan-b-P(OEGMA)13, before and after cross-linking in Millipore water, measured via
DLS at 25 °C. (b) The observed particles of pullulan-b-P(OEGMA)13 DHBC obtained by cryo-SEM microscopy at a concentration of 1.0 wt %.

Figure 6. (a,c) Intensity-weighted particle size distribution of pullulan-b-P(OEGMA)23/33 in Millipore water measured via DLS at 25 °C at different
concentrations before and after cross-linking to compare their stability against dilution. (b,d) The observed particles of pullulan-b-P(OEGMA)23/33
DHBC obtained by cryo-SEM at a concentration of 1.0 wt %.
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Comparing the self-assembly behavior before cross-linking of
pullulan-b-P(OEGMA)13 to pullulan-b-P(OEGMA)23/33, no
significant change in size during the dilution could be observed
(Figure 4). However, instead, a significant change in the
equilibrium between unimers and aggregate formation could be
determined by DLS measurements. After the cross-linking of
pullulan-b-P(OEGMA)23/33 with STMP at a concentration of
2.5 wt %, no substantial change in the ratio of unimer-fraction
to aggregate formation could be observed. However, when the
cross-linked DHBC was dialyzed with a cutoff of 1000 kDa to
allow the separation of the unimers from the aggregates, the
ratio between the unimers and aggregates decreased signifi-
cantly, as shown in Figure 6. In fact, after the cross-linking, the
amount of the unimer-fraction of the 0.1 wt % sample was
lower than the unimer-fraction of the 2.5 wt % sample before
cross-linking. Hence, the cross-linking reaction is not shifting
the equilibrium between unimers and the self-assembly process
but is only preserving the assembled aggregates under diluted
conditions. Nevertheless, a shift toward lower particle sizes was
observed after prolonged dialysis, which might be due to
leaching of non-cross-linked polymer chains. The cryo-SEM
micrographs (Figure 6) confirm the conclusion by showing no
significant change of particle size or morphology after cross-
linking.
Furthermore, the cross-linked particles were investigated via

a combination of cryo-SEM and EDX. The advantage of cryo-
SEM-EDX is the possibility of determining the presence of
elements in a chosen spot. The cross-linking agent, STMP
consists of three elements (phosphorus, sodium and oxygen)
where two of them (phosphorus and sodium) are exclusively
available in STMP and not in the DHBC. Therefore, cryo-
SEM-EDX is an excellent method to prove the presence of
STMP within the particles. Above all, the presence of
phosphorus within the particle is not only an indication for
the presence of STMP but also a proof that the cross-linking
reaction between STMP and pullulan-b-P(OEGMA) block
copolymers has taken place, because it proves that, even after
the dialysis with a cutoff of 1000 kDa, STMP is incorporated in
the particles, an indication that the remaining STMP is
covalently attached.
Therefore, the dialyzed samples were investigated via EDX in

cryo-SEM: particles and particle-free areas (Figure 7 and S10−

13) were analyzed. As presumed, no elements of interest could
be detected in particle free areas (except for oxygen). On the
other hand, when particles were investigated, the spectrum
displays the presence of oxygen, carbon, phosphorus, and
sodium proving that STMP is incorporated in the particles. The
measured weight content of each element is varying as a result
of the intrinsic limitation of the resolution of EDX-analysis
including the penetration depth of the beam which is up to 1
μm, while the particles have a submicron dimension. Therefore,
the presence but not the exact amount of phosphorus should be
taken as evidence of STMP inside the particles.

■ CONCLUSION

In the present contribution P(OEGMA)-brush blocks with
three different degrees of polymerization (P(OEGMA)13/23/33)
were coupled with depolymerized and alkyne-terminated
biomacromolecular pullulan via CuAAc. The self-assembly of
the three linear-brush block copolymers in aqueous solution
was investigated via DLS. A significant effect of the length of
the P(OEGMA)-brush on the self-assembling efficiency was
observed. While pullulan-b-P(OEGMA)13 shows an excellent
self-assembly behavior, the efficiency decreases significantly
toward longer P(OEGMA)-brush blocks, showing almost no
self-assembly in the case of pullulan-b-P(OEGMA)33. Fur-
thermore, the particles of all three DHBCs could be cross-
linked via biocompatible STMP in 0.1 M aqueous solution, as
shown via DLS. The successful cross-linking chemistry could be
proven by three methods, namely, 31P NMR and cryo-SEM
before and after cross-linking as well as combining cryo-SEM
with EDX. Therefore, the presence of phosphorus within the
particles could be shown, while no phosphorus could be
determined in the surrounding medium.
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Figure 7. Cryo-SEM in combination with EDX for pullulan-b-P(OEGMA)13/23/33 including the measured element composition at the corresponding
spot in the cryo-SEM micrograph.
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ABSTRACT: The self-assembly of a novel double hydrophilic

block copolymer in water without the application of external

triggers is described, namely pullulan-b-poly(2-ethyl-2-oxazoline)

(Pull-b-PEtOx). The biomacromolecules, Pull (8–38 kg mol21), is

modified and conjugated to biocompatible PEtOx (22 kg mol21)

via modular conjugation. Moreover, the molecular weight of the

Pull blocks are varied to investigate the effect of molecular

weight on the self-assembly behavior. Spherical particles with

sizes between 300 and 500 nm are formed in diluted aqueous

solution (0.1–1.0 wt %) as observed via dynamic light scattering

and static light scattering. Additionally, cryo scanning electron

microscopy and laser scanning confocal microscopy are per-

formed to support the finding from light scattering. The block

ratio study shows an optimum ratio of Pull and PEtOx of 0.4/0.6

for self-assembly in water in the concentration range of 0.1–1.0

wt %. At higher concentrations of 20 wt %, vesicular structures

with sizes above 1 mm can be observed via optical microscopy.

VC 2017 Wiley Periodicals, Inc. J. Polym. Sci., Part A: Polym.
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INTRODUCTION Self-assembly of various amphiphiles such as
lipids and block copolymers in selective solvents is known to
lead to the formation of spherical structures, for example,
micelles, particles, or vesicles.1,2 The structural outcome of
the self-assembly depends on several properties of the
amphiphiles such as the ratio between hydrophobic and
hydrophilic part, chain rigidity, and the curvature between
the hydrophobic–hydrophilic interface.1,3 Vesicles based on
amphiphilic block copolymers—the so-called polymer-
somes—have been investigated in polymer science fre-
quently due to vast potential applications, for example, in
drug delivery,4,5 as nanoreactors6,7 or sensors.8 Particularly,
biomacromolecules have been utilized in that regard, for
example, polysaccharides like dextran,9 poly(lactic acid),10 or
proteins.11 Recently, control over polymersome morphology
has been in the focus of research.12,13 Therefore, shape
anisotropic particles are of interest that can be generated via
various methods including polymerization induced self-
assembly14 or out-of-equilibrium self-assembly.15 Further-
more, external factors for instance, a rapid change in temper-
ature can lead to variations in the morphology of vesicular
structures.16 In that regard, Mui et al.3 demonstrated various
vesicular morphologies with rotational symmetry such as
spheres and tubes. Zhang et al.17 showed that the addition
of salt or acid can have tremendous effects on the

morphological shape of polystyrene-b-poly(acrylic acid)
block copolymers.

A recent development in polymer self-assembly is the utiliza-
tion of purely double hydrophilic block copolymers (DHBCs)
for the formation of particle structures in aqueous solution.
In order to obtain such self-assembled structures, the indi-
vidual blocks in the DHBC have to be chosen carefully and
usually high polymer concentrations have to be applied. One
block has to feature a significantly higher hydrophilicity com-
pared to the other block. Moreover, the less hydrophilic
block has to be water-soluble as well to obtain complete
hydrophilic structures. A phase separation can occur due to
differences in concentration of the polymer blocks on the
microscopic scale as the osmotic pressure has to be bal-
anced. As shown by Brosnan et al.,18 the formation of self-
assembled structures relies significantly on polymer concen-
tration and the polymer interfaces scale in the order of tens
of nanometers. Therefore, giant vesicles were formed from
polysaccharide-based DHBCs at concentrations above 10 wt %,
namely pullulan-b-PEO and dextran-b-PEO.18 Certainly, no
phase transition from the hydrophilic coil to the hydrophobic
globule state can be utilized in pure DHBC self-assembly as the
case of solubility switches rather lead to amphiphilic systems,19

for example, in the case of poly(N-isopropylacrylamide)20,21 or

Additional Supporting Information may be found in the online version of this article.
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poly(N,N-diethylacrylamide).22,23 In the case of pure DHBC self-
assembly, a reasonable number of examples exist in the litera-
ture, for example, poly(2-methyl-2-oxazoline)-b-poly(ethylene
oxide)24,25 or poly(N,N-dimethylacrylamide)-b-poly(ethylene
oxide).26 Our team recently showed the formation of particles
via self-assembly of poly(ethylene oxide)-b-poly(N-vinylpyrroli-
done)27 and poly(2-ethyl-2-oxazoline)-b-poly(N-vinylpyrroli-
done) (PEtOx-b-PVP).28 The formation of micelles was
described by B€oker and coworkers29 for the system poly(2-
hydroxylethyl methacrylate)-b-poly(2-O-(N-acetyl-b-D-glucosami-
ne)ethyl methacrylate) as well as Bronich and coworkers30 for
the system poly(ethylene oxide)-b-poly(methacrylic acid). In the
latter case micelles of the block copolymer were formed via
addition of Ca21 and the micellar structure utilized as template
for crosslinking via amide formation. Moreover, the combina-
tion of pullulan with poly(acrylamides) has shown to be an
efficient system for DHBC self-assembly.31 A possible applica-
tion for DHBC-based self-assemblies might be in the biomedical
sector as completely hydrophilic and mostly biocompatible
blocks are utilized. Due to the completely water-swollen struc-
tures, enhanced permeability is expected, which might be use-
ful for drug delivery or nanoreactors.

In here the DHBC pullulan-b-PEtOx (Pull-b-PEtOx) is pre-
sented, which is—to the best of our knowledge—a novel
block copolymer combination. Especially, poly(oxazolines)
have been utilized frequently in the formation of complex
structures in aqueous solution,32 for example, crystalline
microspheres,33 protein conjugation,34 or anisotropic hybrid
materials.35 Moreover, the high biocompatibility of poly(oxa-
zolines) makes them ideal candidates for research in the
direction of biomedical applications.36,37 In that regard, drug
delivery is a very promising direction.38,39 As most of the
poly(oxazolines) show reversible coil-to-globule transforma-
tion upon heating,40,41 a thorough investigation on that mat-
ter has to be performed in order to have a pure DHBC self-
assembly system. The formation of DHBC-based poly(ethyl-
ene oxide)-b-PEtOx nanospheres was shown by Mat�ej�ıček
and coworkers.42 The size could be controlled via the

preparation method but the inner structure kept a homoge-
nous polymer distribution in the particles. Moreover, the par-
ticles were crosslinked via a metallacarborane. In a similar
way, particles from PEtOx-b-PVP were described by our
group recently.28 Pullulan, on the other hand, does not show
thermoresponsive solubility. Being a polysaccharide, it is
formed from maltotriose units that are connected via a-1,6-
glycosidic connections. Moreover, Pullulan is biocompatible
and utilized in vast applications in the food and biomedical
sector, for example, for blood plasma substitutes,43 food
manufacturing,44 and pharmaceutical applications.45 Com-
mercial Pullulan is a biomacromolecule that is derived from
the microorganism Aureobasidium pullulans. The block
copolymers can be formed via copper(II) catalyzed azide
alkyne cycloaddition (CuAAc),46 which is a modular high effi-
cient technique for block conjugation that has found signifi-
cant utilization in polymer chemistry.47,48 As both building
blocks are biocompatible, applications for self-assembled
structures in the biomedical field are certainly possible.
According to findings of Whitesides and coworkers,49 dex-
tran, which is similar to Pull, and PEtOx form an aqueous
two phase system. Such a macroscopic demixing is a signifi-
cant hint toward formation of self-assembled structures via
DHBCs (Scheme 1).

Herein, the aqueous self-assembly of the novel
biomacromolecule-derived DHBC Pull-b-PEtOx is investigated
(Scheme 1). After synthesis of individual azide or alkyne end
functionalized PEtOx or Pullulan building blocks, respec-
tively, CuAAc is utilized for the formation of block copoly-
mers with varied molecular masses of the Pullulan block.
Block copolymer formation is studied via size exclusion chro-
matograph (SEC) and 1H NMR. Subsequently, self-assembly
in water is studied with respect to the different molecular
masses of the Pullulan block via dynamic light scattering
(DLS) and static light scattering (SLS). Moreover, cryo scan-
ning electron microscopy (cryo SEM) and laser scanning con-
focal microscopy (LSCM) are utilized to image the formed
particular aggregates as well as angle dependent DLS
measurements.

SCHEME 1 (a) Image of the mixture of Pull and PEtOx in water at a concentration of 10 wt % after mixing (left) and after 5 min

(right) at ambient temperature (a red dye was added for visualization) and (b) overview of the self-assembly process of Pull-b-

PEtOx DHBC. [Color figure can be viewed at wileyonlinelibrary.com]
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EXPERIMENTAL

Materials
Ascorbic acid (98%, Alfa Aesar), CuSO4 (99%, Roth KG),
dimethylsulfoxide (DMSO, analytical grade, VWR Chemicals),
hydrochloric acid (HCl, fuming, Roth KG), N,N,N0,N0 0,N0 0-pen-
tamethyldiethylenetriamine (PMDETA, 98%, Sigma Aldrich),
propargyl amine (98%, Sigma Aldrich), Pluronic P-123 (plur-
onics, Sigma Aldrich), Pullulan (TCI), Rhodamine B (Sigma
Aldrich), sodium azide (>99.5%, Fluka), and sodium cyano-
borohydride (NaCNBH3, 95% Sigma Aldrich) were used as
received. Millipore water was obtained from an Integra UV
plus pure water system by SG Water (Germany). Acetate
buffer was prepared via the dissolution of 30.0 g acetic acid
and 41.0 g sodium acetate in 500 mL deionized water. Aceto-
nitrile (Sigma Aldrich, 99.5%), 2-ethyl-2-oxazoline (Acros,
99%), and methyl tosylate (Fluka, 97%) were dried over
CaH2 (Acros, 93%) and distilled under argon prior to use.
Azido functionalized PS-resin, depolymerized Pullulan, and
Pullulan-alkyne were prepared according to the literature
(refer to the SI for details, Supporting Information Tables S1
and S2 and Supporting Information Fig. S1).31

Synthesis of PEtOx22k-N3

According to the literature,28 in a dry 250 mL ampoule,
methyl tosylate (152 mg, 0.82 mmol, 1.0 equiv.) was dis-
solved in dry acetonitrile (70 mL) that was cryo distilled
into the ampoule. Subsequently, dry freshly distilled 2-ethyl-
2-oxazoline (15 mL, 148.60 mmol, 181.2 equiv.) was added
via syringe. The ampoule was sealed and heated to 80 8C for
3 days under stirring. After cooling down to ambient tem-
perature, sodium azide (628 mg, 9.66 mmol, 11.8 equiv.)
was added under argon flow and the mixture stirred at 80
8C overnight. The product was precipitated into cold diethyl
ether, filtered, and further purified via dialysis against deion-
ized water (MWCO 3500). The product was obtained after
evaporation in vacuo as a white solid (9.35 g, 0.42 mmol,
64% recovery Mn 5 22,200 g mol21, Ð51.24) as a white
powder.

Exemplary Synthesis of Pull17k-b-PEtOx22k
In a dry, argon purged 25 mL round bottom Schlenk flask,
pullulan-alkyne17k (0.29 g, 0.015 mmol, 1.2 equiv.) was dis-
solved in deionized water (2.5 mL). CuSO4 (1.3 mg, 8.1 mmol,
0.65 equiv.) and DMSO (5.0 mL) were added to the solution.

A solution of ascorbic acid (4.4 mg, 0.025 mmol, 2.0 equiv.)
in deionized water (2.0 mL) was added to the reaction mix-
ture. PEtOx22k-N3 (0.25 g, 0.0125 mmol, 1.0 equiv.) and
PMDETA (4.0 mL, 0.019 mmol, 1.5 equiv.) were dissolved in
DMSO (3.0 mL) and added to the reaction mixture. The reac-
tion mixture was stirred at ambient temperature for 48 h.
Azido functionalized PS-resin (8.0 mg, 0.018 mmol), ascorbic
acid (4.4 mg, 0.025 mmol, 2.0 equiv.) was added and the
reaction mixture was stirred for additional 48 h. The resin
was filtered off and the solution was dialyzed against deion-
ized water for 3 days followed by lyophilization to afford
Pull17k-b-PEtOx22k (0.53 g, 0.015 mmol, 95% recovery
Mn 5 35,200 g mol21, pullulan standard in acetate buffer
with 20% MeOH, Ð5 1.7) as a white powder.

Preparation of Aqueous PEtOx-b-Pull Block Copolymer
Solutions for DLS Investigations
The diblock copolymer solutions of different weight percen-
tages for DLS investigations were prepared as follows. The
block copolymers were precisely weighed into vials accord-
ing to the final weight percentage of the solution. Millipore
water was added and the mixture was shaken until the block
copolymers were completely dissolved (see Supporting Infor-
mation Table S4). The solutions were filtered with hydro-
philic 0.45 mm syringe filters (Satorius CA filters) prior to
DLS examination.

Characterization Methods
1H and 13C NMR spectra were recorded at ambient tempera-
ture at 400 MHz for 1H and 100 MHz for 13C with a Bruker
Ascend400. DLS and SLS were performed using an ALV-7004
Multiple Tau Digital Correlator in combination with a CGS-3
Compact Goniometer and a HeNe laser (Polytec, 34 mW,
k 5 633 nm at h 5 308–1508 with steps of 108 for DLS and
SLS). Sample temperatures were adjusted to 25 8C. Toluene
was used as immersion liquid. Apparent hydrodynamic radii
(Rapp) were determined from fitting autocorrelation functions
by using REPES algorithm. Radii of gyration (Rg) were deter-
mined via SLS with ALV Stat ALV-5000 using a Guinier plot.
Cryogenic scanning electronic microscopy (cryo SEM) was
performed on a Jeol JSM 7500 F and the cryo-chamber from
Gatan (Alto 2500). Size exclusion chromatography (SEC) for
PEtOx was conducted in NMP (Fluka, GC grade) with 0.05
mol L21 LiBr and BSME as internal standard at 70 8C using a

TABLE 1 Properties of the Utilized Polysaccharides and Pull-b-PEtOx Block Copolymers

Polymer MnSEC (g mol21)a -Da Block Copolymer MnSEC (g mol21)a -Da Molar Ratio Pull/PEtOxb

Pull-alkyne7.9k 7,900 2.9 Pull7.9k-b-PEtOx22k 21,300 1.9 0.21/0.79

Pull-alkyne14k 16,000 1.8 Pull16k-b-PEtOx22k 27,400 1.7 0.37/0.63

Pull-alkyne19k 17,000 1.9 Pull17k-b-PEtOx22k 35,200 1.7 0.38/0.62

Pull-alkyne24k 24,000 2.3 Pull24k-b-PEtOx22k 28,700 1.9 0.44/0.56

Pull-alkyne30k 30,000 2.4 Pull30k-b-PEtOx22k 22,700 2.0 0.51/0.49

Pull-alkyne38k 38,000 2.7 Pull38k-b-PEtOx22k 36,100 2.6 0.58/0.42

a Obtained via SEC in acetate buffer containing 20% methanol against

pullulan standards.

b Determined via 1H NMR in DMSO-d6.
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column system of PSS GRAM 100/1000 column (8 3

300 mm, 7 mm particle size) with a PSS GRAM precolumn (8
3 50 mm) and a Shodex RI-71 detector and a poly(methyl
methacrylate) calibration with standards from PSS. Pullulan
samples were analyzed in acetate buffer containing 20%
MeOH at 25 8C on a PSS NOVEMA Max analytical system XL
(pre column size 50 mm 3 8 mm, 10 mm; main column size
300 mm 3 8 mm, 10 mm) using a pullulan calibration with
standards from PSS. LSCM measurements were conducted
with a Leica TCS SP5 (Wetzlar, Germany) confocal microscope,
using a 633 (1.2 NA) water immersion objective. The dye
stained samples were excited with a diode pumped solid-state
laser at 561 nm and the emission bands were collected at
640 nm. Turbidimetry measurements to obtain the lower crit-
ical solution temperature (LCST) were conducted with a
T701 UV/Vis Spectrometer (PG Instruments Ltd) at a wave-
length of 660 nm and a temperature control system consisting
of a Peltier Temperature Controller PTC-2 and a Manson
Switching Mode Power Supply 1–36VDC-10A. Typically, 0.5 wt
% solutions were investigated with a heating rate of 1
K min21 and the transmission values were detected within a
5 s interval. Optical microscopy was performed on a Leica
DVM6 digital microscope with a PLANAPO FOV 3.6 objective
and a transmitted light adaptor by Leica (Germany). Remain-
ing copper in polymer products was determined by induc-
tively coupled plasma optical emission spectrophotometer
(ICP-OES), and the measurement was performed on Perkin
Elmer Optima 8000, calibrated with standard solutions. Fou-
rier transform infrared (FTIR) spectra were acquired on a
Nicolet iS 5 FT-IR spectrometer.

RESULTS AND DISCUSSION

Synthesis of Homopolymer Building Blocks
The Pull-b-PEtOx diblock copolymers were formed via
CuAAc. Therefore, the individual Pull-alkyne and PEtOx-N3

blocks were synthesized at the beginning. To allow self-
assembly studies with respect to differences in block molec-
ular masses, the molecular mass of Pull-alkyne blocks was
varied. At first, commercial pullulan precursor was depoly-
merized under acidic conditions with specific reaction times
to afford depolymerized pullulan with designed molecular
mass. Next, the aldehyde end group of depolymerized pullu-
lan was reacted with propargyl amine in a reductive amina-
tion reaction to obtain the alkyne functional pullulan
building block. Thus, pullulan-alkyne with MnSEC according to
pullulan standards ranging from 7900 to 38,000 g mol21

and -D of 1.7–2.6 was synthesized (Table 1). Monomodal dis-
tributions were obtained. To investigate the success of
alkyne functionalization, 1H NMR was conducted (Supporting
Information Fig. S1). Due to the overlap of the propargyl
related signals with signals from the pullulan backbone, the
alkyne addition could not be verified directly. Nevertheless,
the signals corresponding to the a-glycosidic protons at 6.7
and 6.3 ppm vanish, which is a strong indication of reductive
amination taking place (Supporting Information Fig. S2). The
synthesis of the PEtOx-N3 block was carried out via cationic
ring-opening polymerization of 2-ethyl-2-oxazoline at 80

8C.28 The azide functionalization was afforded via termina-
tion of the cationic chain ends with the azide anion.50 The
incorporation of an azide end group was verified via 1H
NMR displaying the methylene peaks adjacent to the azide
group around 1.8 and 3.7 ppm (Supporting Information Fig.
S3). The incorporation of azide end groups was further con-
firmed via FTIR spectroscopy (Supporting Information Fig.
S4). The NAN stretching band was observed at 2100 cm21.
Moreover, the molecular mass distribution of PEtOx-N3 was
determined via SEC analysis against poly(methyl methacry-
late) calibration in NMP. A monomodal distribution with -D of
1.24 was obtained and the MnSEC estimated to be 22,200
g mol21 (Fig. 1). Next, the obtained alkyne and azide func-
tionalized building blocks were conjugated via CuAAc.

FIGURE 1 Analysis of Pull17k-b-PEtOx22k block copolymers: (a)
1H NMR spectrum measured at 25 8C in DMSO-d6 and (b) SEC

traces measured in acetate buffer containing 20% methanol.

[Color figure can be viewed at wileyonlinelibrary.com]
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Synthesis of Pull-b-PEtOx Block Copolymers
The conjugation of the building blocks was performed via
CuAAc with CuSO4 and ascorbic acid as reagents (Scheme 2).
To ensure complete reaction, an excess of the pullulan block
was added and after the reaction, an azide functionalized
resin was added to bind unreacted Pullulan-alkyne for easy
removal. DHBC formation was studied via 1H NMR in order
to confirm the presence of both polymer blocks (Fig. 1 and
Supporting Information Figs. S5–S9). Peaks corresponding to
protons from both blocks are visible, for example, the
anomeric protons of the pullulan backbone at 5.0 ppm and
the side-chain methyl peaks of PEtOx22k at 0.9 ppm. Further-
more, the integral ratio of the different blocks was deter-
mined via 1H NMR, which is in-line with the expectations
from the estimated DPs of the individual blocks.

Moreover, the block copolymer products were analyzed via
SEC in acetate buffer containing 20% methanol (Fig. 1 and
Supporting Information Figs. S10–S14). For Pull7.9k-b-
PEtOx22k, Pull16k-b-PEtOx22k, and Pull17k-b-PEtOx22k, a signif-
icant shift of the molecular mass distribution toward lower
retention time was evident compared to the starting materi-
als as well as the mixture of starting materials. Moreover, a
shift in MnSEC is calculated from pullulan calibration. Inter-
estingly, in the case of Pull24k-b-PEtOx22k, Pull30k-b-PEtOx22k,
and Pull38k-b-PEtOx22k, the elution trace of the block copoly-
mer resembles the trace of the pullulan starting material.
Therefore, the estimated molecular mass MnSEC from pullulan
calibration does not match the expectations as well. Never-
theless, NMR results state the presence of both polymer
blocks and the molar ratio obtained via NMR integration
matches the expectations. Furthermore, mono modal distri-
butions are obtained in SEC, no PEtOx starting material is
observed and excess pullulan-alkyne should have reacted
with the resin. Therefore, the unexpected elution and MnSEC

for the three samples with high pullulan content might be
due to a chromatographic effect, for example, interactions
with the column. The block copolymer products were stud-
ied via FTIR spectroscopy as well (Supporting Information
Fig. S4). In the product no azide band is present, which is
another indication of a successful CuAAc reaction. In order
to assess the utilization of the polymers for future applica-
tions, residual copper contents were measured via induc-
tively coupled plasma optical emission spectrometry (ICP-
OES) for some block copolymer samples. A residual amount
of 0.98–1.37 mg/g of copper was found (Supporting Infor-
mation Table S3). Certainly, for biomedical applications, the
block conjugation method has to be changed.

PEtOx is well known for its thermo response, which is indi-
cated by a coil-to-globule transition at the LCST. Therefore,
turbidimetry was studied to ensure no coil-to-globule transi-
tion of the PEtOx block takes place in the investigated tem-
perature range during the self-assembly process. It could be
shown that no phase transition occurs from 20 to 60 8C and
thus thermo response effects in the self-assembly studies
can be excluded (Supporting Information Fig. S15). Visual
assessment showed a LCST of 82 8C for PEtOx-N3, while for
the block copolymer, a LCST of 87 8C was observed (Support-
ing Information Fig. S16). The shift toward increased tem-
peratures is in-line with the addition of a hydrophilic block
and another hint toward block copolymer formation.

Self-Assembly of Pull-b-PEtOx Block Copolymers
After confirmation of Pull-b-PEtOx block copolymer synthe-
sis, self-assembly of the DHBC in aqueous solution was
probed (Scheme 1). Therefore, the block copolymers were
dissolved in the predetermined amount of water and the
mixture shaken until the solid was dissolved. In order to
investigate the formation of self-assembled structures in

TABLE 2 DLS Intensity Weighted Results from Pull-b-PEtOx Block Copolymers

Polymer

Rapp (nm)a

Fast Diffusing Species

Rapp (nm)a

Slow Diffusing Species

Abundanceb

Slow/Fast Diffusing Species

Pull7.9k-b-PEtOx22k 5.3 161.4 0.05/0.93

Pull16k-b-PEtOx22k 5.2 195.1 0.15/0.85

Pull17k-b-PEtOx22k 5.7 221.8 0.05/0.95

Pull24k-b-PEtOx22k 5.1 179.6 0.09/0.91

Pull30k-b-PEtOx22k 5.4 170.0 0.05/0.95

Pull38k-b-PEtOx22k 8.0 252.2 0.10/0.90

a Obtained via DLS at a scattering angle of 908 at a temperature of 25 8C

and a concentration of 1.0 wt % intensity weighted.

b Intensity weighted at a concentration of 1.0 wt %.

SCHEME 2 Overview of Pull-b-PEtOx block copolymer synthesis.
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aqueous solution, DLS was utilized (Supporting Information
Table S4). The obtained particle size distributions show a
significant influence of the Pullulan molecular mass on the
self-assembly behavior at a scattering angle of 908 (Table 2
and Fig. 2).

In all cases, bimodal particle size distributions are observed
(Fig. 2 and Supporting Information Fig. S14). Small particles
with Rapp around 5 nm are obtained for all cases except of
Pull38k-b-PEtOx22k, where a particle Rapp of 8.0 nm is calcu-
lated (Table 2). The small particles correspond to a fast diffus-
ing species that shows sizes in the range of small micellar
aggregates or single block copolymer chains. The slower diffu-
sion species have Rapp in the range of 161–252 nm (Table 2).
In comparison with the corresponding homopolymers, for
example, Pull16k and PEtOx22k, a significant difference is obvi-
ous (Supporting Information Fig. S15). First of all, the homo-
polymers do not show any species with Rapp above 180 nm.
While PEtOx22k does not show any large species, Pull16k shows
homopolymer aggregates with Rapp around 180 nm that is still
significantly smaller than the smallest block copolymer particle
Rapp. Second, the observed Rapp of PEtOx22k (6.8 nm) and the
fast diffusing species of Pull16k (6.9 nm) is in the range of 3–
10 nm, which points to the conclusion that the small diffusion
species in block copolymers investigations are due to single
block copolymer chains. Moreover, from the particle size

distributions for different block copolymer samples a signifi-
cant concentration dependence of the self-assembly can be
concluded (Fig. 2 and Supporting Information Fig. S14). As
expected, at higher DHBC concentrations an increased amount
of self-assembled particles are formed. Nevertheless, even at
concentrations around 1 wt % a significant amount of par-
ticles is formed, for example, an abundance of 95% polymer
particles in intensity for Pull17k-b-PEtOx22k. Moreover, at 0.1
wt % particle structures are found to a similar extent, for
example, an abundance of 10% free polymer chains in inten-
sity for Pull17k-b-PEtOx22k. Nevertheless, the concentration
dependence is relying significantly on the polymer block vol-
ume ratios as discussed in the preceding section. Furthermore,
the average observed particle radius Rapp shifts with concen-
tration. While the apparent radius is similar for concentrations
of 0.5 and 1 wt % for all samples, a significant shift toward
lower radii is observed upon dilution to 0.1 wt %, for example,
from 221.8 to 185 nm in the case of Pull17k-b-PEtOx22k (Fig.
2). The DLS results discussed here are based on intensity
weighted distributions. As larger particles show significantly
enhanced scattering they are overexpressed in intensity
weighted distributions. Therefore, abundances from intensity
weighted distributions have to be considered with care.

In order to get a deeper insight into the formed structures in
solution, SLS was investigated in the case of Pull17k-b-

FIGURE 2 DLS investigations of Pull-b-PEtOx self-assembly affording intensity weighted particle size distribution at different

concentrations calculated from scattering at an angle of 908. [Color figure can be viewed at wileyonlinelibrary.com]
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PEtOx22k (Supporting Information Fig. S19 and Supporting
Information Table S5). A Rg value of 106.1 nm was found,
which is a rather low value compared to the Rapp value of
222 nm. The quotient of both radii Rg/Rapp is with the
value of 0.48 lower than the theoretical value for a dense
sphere. Probably the Rg value is underestimated due to the
presence of fast diffusing block copolymer chains, which is
also reflected in the low Mw of the self-assemblies (Sup-
porting Information Table S5). Furthermore, the Rapp value
of 222 nm in the case of Pull17k-b-PEtOx22k states that the
formed self-assembled structure is too large to be a micel-
lar aggregate as the contour length of Pull17k-b-PEtOx22k is
around 147 nm (117 3 0.57 nm1 224 3 0.36 nm).25,51

The formation of a vesicular structure cannot be excluded.
Nevertheless, the presence of significant amounts of fast dif-
fusing species prevents the final elucidation of the matter.
Therefore, the self-assembled aggregates are rather called
nanoparticles.

Additionally, effects of external stimuli on the self-assembly
was probed (Supporting Information Fig. S20). Changes in
pH to 5 or 9 as well as utilization of 2 M NaCl solution did

not lead to changes in the particle size distributions of
Pull30k-b-PEtOx22k. Nevertheless, utilization of 2 M urea solu-
tion led to slight increased abundance of self-assembled
particles. A similar effect was observed, when 0.04 wt % of
pluronics (Pluronic P-123) were added to the solution,
although a significant shift to lower Rapp (114 nm) of the
slow diffusing species was observed.

Particle formation can be visualized via cryo SEM as well as
LSCM imaging. In cryo SEM, mostly spherical aggregates are
visible consisting of Pull-b-PEtOx DHBCs at a concentration of
0.5 wt % (Fig. 3 and Supporting Information Figs. S21 and
S22). The observed particles diameters resemble the results
from DLS measurements of around 200–300 nm but also a
smaller fraction of larger particles is visible. Moreover, imag-
ing via LSCM shows spherical particles as well (Fig. 4 and
Supporting Information Fig. S20). Particle sizes of 500 nm to
1.5 mm are observed. Smaller particles are hardly to find due
to the limited resolution of LSCM as well as particle motion.
Overall, the microscopy results support the findings from DLS
that state particle formation of Pull-b-PEtOx in aqueous
solution.

FIGURE 4 Optical microscopy imaging of Pull24k-b-PEtOx22k self-assembled particle structures at a concentration of 20 wt % and

25 8C.

FIGURE 3 Cryo SEM imaging of Pull-b-PEtOx self-assembled structures at a concentration of 0.5 wt %: (a) Pull16k-b-PEtOx22k, (b)

Pull17k-b-PEtOx22k, (c) Pull24k-b-PEtOx22k, and (d) Pull30k-b-PEtOx22k. [Color figure can be viewed at wileyonlinelibrary.com]
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As shown by Brosnan et al., at high concentration giant
DHBC vesicles are accessible. Therefore, self-assembly forma-
tion at high concentrations, namely 20 wt %, was studied.
Certainly, light scattering is not a suitable technique to study
the self-assembly at very high concentrations. Nevertheless,
the formation of spherical structures from Pull24k-b-PEtOx22k
could be imaged via optical microscopy (Fig. 4). Spherical
structures with diameters around 1 mm are visible that cor-
respond to particles of significant size.

The formation of aqueous multiphase systems can be utilized
to gain a preview on the self-assembly process. Whitesides
and coworkers49 showed macroscopic demixing of aqueous
solutions of PEtOx and dextran, which is similar to Pull.
Therefore, microscopic self-assembly of a DHBC driven by
the incompatibility of the individual blocks in water is possi-
ble. A hint toward the reason for the formation of self-
assembled DHBC structures can be obtained via a compari-
son of the second virial coefficient A2 of the individual
blocks. From the literature, A2 values around 8.7 3 104

cm3 mol g22 can be found for PEtOx with a molecular mass
of 12,000 g mol21 at 30 8C.52 For Pullulan, A2 ranging from
4.9 to 13.2 3 104 cm3 mol g22 in the molecular mass range
from 10,000 to 50,000 g mol21 can be found for aqueous
solutions at ambient temperature.53 The significantly different
A2 values indicate a significantly different interaction of the
respective blocks with water, which is one reason for the for-
mation of self-assembled DHBC structures. A similar conclusion
can be drawn from the demixing of homopolymer solutions
[Scheme 1(a)] that shows the incompatibility of Pull and PEtOx
in water at increased concentrations. Furthermore, it was pre-
viously shown that thermoresponsive polymer blocks lead to
efficient self-assemblies, although the self-assembly takes place
far beyond the cloud point of the respective blocks.31 The
LCST effect is connected to water–polymer interactions and
thus might be a hint toward efficient DHBC self-assembly with-
out utilization of the thermo trigger. Moreover, due to the LCST
behavior of PEtOx, it can be assumed that the PEtOx block is

the less hydrophilic block in the Pull-b-PEtOx block copolymer
and thus preferentially on the outside of the self-assembled
structures. The assumption is further supported by zeta poten-
tial measurements that show a similar zeta potential for the
block copolymer and Pull homopolymer (Supporting Informa-
tion Table S6).

Overall, DHBC particle formation can be stated and the
extent of particle formation is depending on polymer concen-
tration as expected. Furthermore, particle formation is
depending on the ratios of the utilized blocks, which will be
discussed in the next section.

Effect of Block Ratio on Self-Assembly of Pull-b-PEtOx
Block Copolymers
Taking all investigated particle size distributions into
account, the abundance of self-assembled structures is most
significant in the case of Pull17k-b-PEtOx22k (Fig. 2). A maxi-
mum of self-assembled structures is found for Pull17k-b-
PEtOx22k, while for higher volume fractions and lower volume
fractions of the pullulan block less abundance of self-
assembled structures is observed. Thus, the measurement
clearly points to the conclusion that there is an optimum ratio
of pullulan to PEtOx blocks for the formation of DHBC self-
assemblies. Moreover, Pull17k-b-PEtOx22k shows no significant
change in the abundance of small particles with dilution. For
the other cases, dilution leads to increased amounts of small
species with Rapp around 5 nm. Interestingly, the optimum
molar block ratio is around 0.38/0.62 Pull/PEtOx (Supporting
Information Fig. S24). Obtained particle sizes also show strong
dependence on the designed block ratios. Analog to the abun-
dance of self-assembled structures, a maximum of the par-
ticles size is found for Pull17k-b-PEtOx22k that shows a Rapp of
221.8. The maximum points again to the conclusions that
there is an optimum block ratio for the formation of self-
assembled structures. Similar to the case of fast diffusing spe-
cies, Pull38k-b-PEtOx22k is an exception with a Rapp of
252.2 nm that is significantly larger than the size of Pull17k-b-

FIGURE 5 LSCM imaging of Pull-b-PEtOx self-assembled structures at a concentration of 2.5 wt %: (a) Pull16k-b-PEtOx22k and

(b) Pull17k-b-PEtOx22k. [Color figure can be viewed at wileyonlinelibrary.com]
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PEtOx22k based particles and might be due to the formation
of more complex membrane structures.

Cryo SEM imaging shows the formation of spherical particles
at a concentration of 2.5 wt % in all cases (Fig. 3 and Sup-
porting Information Figs. S21 and S22). Nevertheless, in the
case of Pull30k-b-PEtOx22k, aggregates of spherical particles
connected via polymer slings are found (Supporting Informa-
tion Fig. S21). In the case of Pull7.9k-b-PEtOx22k, particles
with less defined surface are visible (Supporting Information
Fig. S21). Imaging via LSCM shows spherical particles
regardless of pullulan chain length (Fig. 5 and Supporting
Information Fig. S23).

Moreover, cryo SEM investigations show formation of non-
spherical worm-like aggregates in the case of some block
ratios, namely Pull16k-b-PEtOx22k, Pull17k-b-PEtOx22k, and
Pull24k-b-PEtOx22k, albeit to a low extent (Fig. 3 and Supporting
Information Figs. S21 and S22). Similarly, in LSCM, anisotropic
and spherical particles are visible (Fig. 5a). Nevertheless, only
minor amounts of anisotropic particles are formed, which is
also evident in angle dependent DLS measurements. The plot
of C q21 against q2 for the slowly diffusing species shows
almost a horizontal line that clearly indicates the formation of
spherical particles (Supporting Information Fig. S25).54

Although nonspherical particles are observed in the range of
pullulan block molar masses between 14,000 and 24,000
g mol21, there is no indication that an increased fraction of
nonspherical particles can be formed via changes in the molar
mass of the pullulan block in that range. Nevertheless, the
observed effect of nonspherical particle formation is unprece-
dented and certainly opens up new opportunities for future
research, for example, studies for combinations with other
hydrophilic polymers or experimental conditions to induce
nonspherical DHBC particle formation. While light scattering
did not finally answer whether hollow particles or dense par-
ticles are formed in the self-assembly process, cryo SEM sug-
gests that actually hollow particles are formed as visible in
Figure 3c and Supporting Information Figure S22. Broken
tubular particles seem to be hollow, which indicates the forma-
tion of worm-like vesicular structures.

Overall, variations in the molar ratio of the different blocks
lead to significant changes in the formed assemblies espe-
cially when self-assembly efficiency is considered. Neverthe-
less, the observed changes do not resemble the structural
possibilities amphiphilic block copolymers offer.1

CONCLUSIONS

The self-assembly of novel DHBC Pull-b-PEtOx in water was
investigated. The block copolymer was formed from modi-
fied biomacromolecule Pull and biocompatible PEtOx in a
modular CuAAc conjugation. Moreover, the molecular
weight of the Pull block was varied in order to study the
dependency of the self-assembly behavior from molecular
weight. Spherical self-assembled structures were found in
aqueous solution with sizes between 300 and 500 nm with-
out the application of external triggers as determined via

DLS as well as SLS. Moreover, the formed structures could
be visualized via cryo SEM and LSCM. A significant influ-
ence of the molar content of the individual blocks was
observed with an optimum around 40 mol % of the Pull
block. At high concentrations (20 wt %) particle structures
with sizes around 1–2 mm were observed via optical
microscopy. Overall, self-assembled structures from
completely water-soluble biocompatible polymers are
formed that might find biomedical applications or as con-
tainer for nanoreactors in the future.
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Abstract: The self-assembly of a novel combination of hydrophilic blocks in water is presented,
namely poly(2-ethyl-2-oxazoline)-b-poly(N-vinylpyrrolidone) (PEtOx-b-PVP). The completely
water-soluble double hydrophilic block copolymer (DHBC) is formed via copper-catalyzed polymer
conjugation, whereas the molecular weight of the PVP is varied in order to study the effect of block
ratio on the self-assembly process. Studies via dynamic light scattering, static light scattering as
well as microscopy techniques, e.g., cryo scanning electron microscopy or laser scanning confocal
microscopy, show the formation of spherical particles in an aqueous solution with sizes between 300
and 400 nm. Particles of the DHBCs are formed without the influence of external stimuli. Moreover,
the efficiency of self-assembly formation relies significantly on the molar ratio of the utilized blocks.
The nature of the formed structures relies further on the concentration, and indications of particular
and vesicular structures are found.

Keywords: double hydrophilic block copolymers; self-assembly; polymer interface; water soluble
polymers

1. Introduction

Block copolymer self-assembly is one of the most prominent fields in polymer science with plenty
of applications such as lithography [1,2], drug-delivery [3,4], nano reactors [5] or compatibilization
of polymer blends [6,7]. In the dispersed state, block copolymers unleash their potential in the
formation of nano particles with various shapes [8–10], vesicles [11,12] or micelles [13,14], which
are mostly based on amphiphilic block copolymers. A key factor for the formation of defined block
copolymer self-assemblies are polymer-polymer interfaces and the polymer-solvent interfaces [15].
Specifically, self-assemblies of amphiphilic block copolymers rely significantly on solvent-polymer
interactions, where one of the blocks is, in contrast to the other block, insoluble in the solvent.
In such a way, self-assembly formation is easily attainable via addition of the respective solvent.
Moreover, the morphology of the formed structure can be changed, i.e., inverted, depending on
the solvent. A frequently used way to form self-assembled structures in an aqueous solution is to
change the solubility of one block via external stimuli, e.g., via temperature [16–19], pH [19–21] or
redox [22,23]. In such a way, completely soluble block copolymers can be turned into an amphiphilic
block copolymer, which results in the formation of self-assembled structures. Therefore, dynamic
switches between colloidal states of polymer self-assemblies are possible as well as dissolution or
formation of self-assembled structures.

In contrast to the self-assembly of amphiphilic block copolymers, including the utilization of
stimuli to render the solubility of one block, e.g., to turn it hydrophobic via thermal stimuli [16,24,25],
double hydrophilic block copolymers (DHBCs) can form self-assembled structures in an aqueous
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solution as well [26]. Considering two hydrophilic homopolymers, macroscopic demixing can be
observed depending on polymer concentration and type [27,28]. Therefore, aqueous two phase systems
are formed that can be utilized for protein [29] or nano particle [30] purification. These completely
aqueous multi-phase systems have been focused on recently regarding all aqueous emulsions via
various stabilization methods [31,32] and utilized as all aqueous bioreactors [33] or in conjunction
with giant unilamellar vesicles [34]. The interface between the aqueous phases is not perfectly defined
and can have dimensions of tens of nanometers, which is larger than the correlation length of the
polymer solutions [32] that allow small water-soluble molecules to pass without encountering an
interface in the classical sense [35]. Instead of a sharp change in the concentration of the polymer in
one phase, a gradient of polymer concentration is observed. Moreover, interface tensions between
different aqueous phases are below 10−2 mN·m−1 [35], which points towards a low stability of the
multiphase system.

From aqueous two phase systems, the step towards DHBC self-assembly seems to be straightforward
as the blocks cannot demix on a macroscopic scale anymore. Therefore, microphase separation should
be induced. Nevertheless, rather high polymer concentrations have to be utilized and the choice of
the blocks is crucial for a successful self-assembly, as a significant difference in hydrophilicity of the
blocks has to be present to drive the system towards phase separation [26]. The phase separation
itself is driven via differences in the osmotic pressure in the polymer domains due to differences
in water uptake/swelling. As the system compensates the differences in osmotic pressure, the
polymer domains demix and form self-assembled structures [36,37]. A variety of self-assembled
structures from DHBCs have been described in the literature, e.g., the systems poly(ethylene
oxide)-b-poly(N-vinylpyrrolidone) (PEO-b-PVP) [38], pullulan-b-poly(N,N-dimethylacrylamide) [39],
PEO-b-pullulan [26], PEO-b-poly(2-methyl-2-oxazoline) [36,40], PEO-b-poly(2-(methacryloyloxy)ethyl
phosphorylcholine) [37], poly(2-hydroxyethyl methacrylate)-b-poly(2-O-(N-acetyl-β-D-glucosamine)ethyl
methacrylate) [41] as well as PEO-b-poly(2-ethyl-2-oxazoline) (PEO-b-PEtOx) 8-arm star polymers [42].
Nevertheless, the morphology of the polymer-polymer interface as well as the polymer-water interface
is still unknown.

A DHBC combination that has not been investigated yet is PEtOx-b-PVP, which is—to the
best of our knowledge—a novel block copolymer. A previously investigated combination between
PEtOx and PVP were hydrogels formed from PEtOx macromonomers and VP [43]. Both blocks are
considered quite biocompatible [44,45] and therefore are interesting with respect to future applications
in biomedicine. Therefore, PEtOx is utilized in hydrogel formation or drug-encapsulation [46] as well
as in bio- or surface conjugation [47–49]. PVP can be utilized as a reductant in metal nano particle
synthesis [50], for drug-delivery [51], as a biocompatible surface coating [52] or as a blood plasma
substitute [52]. As the synthesis of PEtOx-b-PVP involves two substantially different polymerization
methods, a post polymerization conjugation is an efficient way to generate PEtOx-b-PVP (Scheme 1).
One of the most common methods for polymer conjugation is copper catalyzed azide alkyne
cycloaddition (CuAAc) [53,54], which is a versatile, efficient and convenient method for polymer
conjugation. The PEtOx block can be synthesized via cationic ring opening polymerization
(CROP) employing 2-ethyl-2-oxazoline as monomer [55]. Moreover, useful azide endgroups can
be incorporated via termination with sodium azide [56]. On the other hand, PVP is accessible
via the reversible addition-fragmentation chain transfer (RAFT)/macromolecular architectures via
the interchange of xanthates (MADIX) process [38,57]. The introduction of an alkyne endgroup
complimentary to the azide endgroup in PEtOx can be performed via an alkyne functionalized chain
transfer agent. In such a way, the PEtOx-b-PVP block copolymer can be generated easily.

Herein, the self-assembly of a novel DHBC, namely PEtOx-b-PVP, in an aqueous solution
is investigated. First, individual PEtOx and PVP building blocks are synthesized via CROP or
RAFT/MADIX polymerization. Moreover, the degree of polymerization of PVP block is varied
to study the effect of block length on the self-assembly behavior. The respective blocks are conjugated
via CuAAc and subsequently the self-assembly process is studied via dynamic light scattering (DLS)

3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly

57



Polymers 2017, 9, 293 3 of 15

and static light scattering (SLS). In addition, imaging techniques like optical microscopy, laser scanning
confocal microscopy (LSCM) in conjunction with differential interference contrast (DIC) microscopy
as well as cryo scanning electron microscopy (SEM) are utilized to visualize the formed structures
in solution.
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Ammonium chloride (99%, Roth KG, Karlsruhe, Germany), ascorbic acid (98%, Alfa Aesar,
Karlsruhe, Germany), CuSO4 (99%, Roth KG), 2-bromopropionyl bromide (97%, Sigma Aldrich,
Steinheim, Germany), t-butyl hydroperoxide (70% solution in water, Acros Organics, Geel, Belgium),
diethyl ether (ACS reagent, Sigma Aldrich), N,N-dimethylformamide (DMF, analytical grade,
Sigma Aldrich), dimethylsulfoxide (DMSO, analytical grade, VWR Chemicals, Darmstadt, Germany),
ethyl acetate (EtOAc, analytical grade, Chem Solute, Berlin, Germany), hexane (analytical grade,
Fluka, Schwerte, Germany), magnesium sulfate (dried, Fisher Scientific, Schwerte, Germany),
methanol (MeOH, analytical grade, Fisher Scientific), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
(PMDETA, 98%, Sigma Aldrich), potassium-O-ethyl xanthate (98%, Alfa Aesar), propargyl alchol (99%,
Sigma Aldrich), pyridine (99% extra dry, Acros Organics), Rhodamine B (Sigma Aldrich), sodium
azide (>99.5%, Fluka), sodium bicarbonate (>99%, Fluka), sodium sulfite (97%, Acros Organics) and
triethylamine (99.5%, Sigma Aldrich) were used as received. Acetonitrile (Sigma Aldrich, 99.5%),
2-ethyl-2-oxazoline (EtOx, 99%, Acros Organics) and methyl tosylate (97%, Fluka) were dried over
CaH2 (93%, Acros) and distilled under argon prior to use. N-Vinylpyrrolidone (VP, 99%, Sigma Aldrich)
was dried over anhydrous magnesium sulfate and purified by distillation under reduced pressure.
Acetone (analytical grade, J.T. Baker, Schwerte, Germany) and dichloromethane (DCM, analytical grade,
Acros Organics) were stored over molecular sieves (3 Å) prior to use. Millipore water was obtained
from an Integra UV plus pure water system by SG Water (Hamburg, Germany). Azido functionalized
PS-resin (Figure S1), PEtOx22k-N3 and prop-2-yn-1-yl 2-((ethoxycarbonothioyl)thio) propanoate
(alkyne-CTA) were prepared according to the literature (refer to the SI for details) [39,58]. Spectra/Por
dialysis tubes with MWCOs of 10,000 and 1,000,000 Da were purchased from Spectrum Labs
(Los Angeles, CA, USA).

2.2. Synthesis of PVP14k-alkyne

In a dry argon, purged 25 mL Schlenk tube, alkyne-CTA (0.035 g, 0.15 mmol, 1.0 eq.) was dissolved
in deionized water (3.36 mL). N-vinylpyrrolidone (6.67 g, 60.0 mmol, 400 eq.) and t-BuOOH solution
(0.0069 g of 70 wt % solution, 0.054 mmol, 0.36 eq.) were added to the solution. The mixture was frozen
in liquid nitrogen and sodium sulfite (0.0068 g, 0.054 mmol) was added. The flask was degassed via
three freeze-pump-thaw cycles and immersed in an oil bath at 25 ◦C. After 6 h, the polymerization
was quenched with liquid N2 and exposed to air. Water was removed via reduced pressure and the
crude polymer was dissolved in a small amount of MeOH. The mixture was precipitated twice into
cold diethyl ether to afford alkyne terminated PVP (PVP-alkyne) as a white powder. (Yield: 5.54 g,
0.332 mmol, Mn,app,SEC = 13,700 g·mol−1 (PEO equivalents in NMP), Ð = 1.4).
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2.3. Synthesis of PVP14k-b-PEtOx22k

The conjugation reaction was performed according to the literature [59]. In a dry, argon purged
25 mL round bottom Schlenk flask, PVP alkyne (0.21 g, 0.015 mmol, 1.2 eq.) was dissolved in deionized
water (5.0 mL). CuSO4 (1.3 mg, 8.0 µmol, 0.65 eq.) and DMSO (5.0 mL) were added to the solution.
A solution of ascorbic acid (4.4 mg, 0.025 mmol, 2.0 eq.) in deionized water (2.5 mL) was added
to the reaction mixture. PEtOx-N3 (0.25 g, 0.013 mmol, 1.0 eq.) and PMDETA (4.0 µL, 0.019 mmol,
1.5 eq.) were dissolved in DMSO (2.0 mL) and added to the reaction mixture. The reaction mixture
was stirred at ambient temperature for 48 h. Azido functionalized PS-Resin (8.0 mg, 0.018 mmol)
and ascorbic acid (4.4 mg, 0.025 mmol, 2.0 eq.) were added and the reaction mixture was stirred for
additional 48 h. The resin was filtered off and the solution was dialyzed against deionized water
for three days followed by lyophilization to afford PVP-b-PEtOx (0.35 g, 0.021 mmol, 77% recovery
Mn = 16,900 g·mol−1, pullulan standard in acetate buffer with 20% MeOH, Ð = 1.9) as a white powder.

2.4. Investigations of Self-Assembly of PVPxxk-b-PEtOx22k in Water

The preparation of the aqueous block copolymer solutions with different concentrations are listed
in Table S1. The according masses of block copolymer sample and Millipore water were weighed
precisely into vials and filtered with 0.45 µm CA syringe filters into DLS vials unless otherwise stated.
The samples for optical microscopy were prepared in the same way and 100 µL of the corresponding
solution was drop casted on a glass slide and investigated with the microscope immediately. 2 mL of the
2.5 wt % solutions were stained with 10 µL of a 0.08 mmol Rhodamine B solution prior to the
investigation via confocal microscopy. 60 µL of the stained solution were drop casted on a glass slide
and sealed with a rubber ring and a second glass slide and placed into the microscope.

2.5. Characterization Methods

1H and 13C NMR spectra were recorded at ambient temperature at 400 MHz for 1H and 100 MHz
for 13C with an Ascend400 (Bruker, Billerica, MA, USA). Dynamic light scattering (DLS) and static
light scattering (SLS) was performed using an ALV-7004 Multiple Tau Digital Correlator (ALV,
Langen, Germany) in combination with a CGS-3 Compact Goniometer (ALV, Langen, Germany)
and a HeNe laser (Polytec, 34 mW, λ = 633 nm at θ = 30◦ to 150◦ with steps of 10◦ for DLS and
SLS). Sample temperatures were adjusted to 25 ◦C. Toluene was used as immersion liquid. Apparent
hydrodynamic radii (Rapp) have been determined from fitting autocorrelation functions by using
REPES algorithm. Radii of gyration (Rg) were determined via SLS with ALV Stat ALV-5000 using
a Guinier plot. Cryogenic scanning electron microscopy (cryo SEM) was performed on a Jeol JSM
7500 F (Jeol, Tokio, Japan) and the cryo-chamber from Gatan (Alto 2500, Gatan, Munich, Germany).
Size exclusion chromatography (SEC) for PEtOx and PVP was conducted in NMP (Fluka, GC grade)
with 0.05 mol·L−1 LiBr and BSME as internal standard at 70 ◦C using a column system by PSS
GRAM 100/1000 column (8 × 300 mm, 7 µm particle size) with a PSS GRAM precolumn (8 × 50 mm)
and a RI-71 detector (Shodex, Munich, Germany) and a poly(methyl methacrylate) calibration with
standards from PSS (PSS, Mainz, Germany). SEC for block copolymers was conducted in acetate buffer
containing 20% MeOH at 25 ◦C using a PSS NOVEMA Max analytical system XL (pre column size
50 mm × 8 mm–10 µm, main column size 300 mm × 8 mm–10 µm) using a pullulan calibration with
standards from PSS. Laser scanning confocal microscopy (LSCM) measurements were conducted with
a TCS SP5 (Leica, Wetzlar, Germany) confocal microscope, using a 63× (1.2 NA) water immersion
objective. The dye stained samples were excited with a diode pumped solid-state laser at 561 nm and
the emission bands were collected at 640 nm. Turbidimetry measurements to obtain the lower critical
solution temperature (LCST) were conducted with a T70+ UV/Vis Spectrometer (PG Instruments Ltd.,
Leicestershire, UK) at a wavelength of 660 nm and a temperature control system consisting of
a Peltier Temperature Controller PTC-2 (custom build, Potsdam, Germany) and a Manson Switching
Mode Power Supply 1-36VDC-10A (Manson, Hong Kong, China).Typically, 0.5 wt % solutions were
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investigated with a heating rate of 1 K·min−1 and the transmission values were detected within a 5 s
interval. Optical microscopy was performed on a Leica DVM6 digital microscope with a PLANAPO
FOV 3.6 objective and a transmitted light adaptor by Leica (Wetzlar, Germany). Fourier transform
infrared (FT-IR) spectra were acquired on a Nicolet iS 5 FT-IR spectrometer (Thermo Fisher Scientific,
Schwerte, Germany).

3. Results

In order to study the self-assembly behavior of PEtOx-b-PVP in aqueous solution, block
copolymers were formed via a CuAAc approach and subsequently self-assembly was studied via DLS
and microscopy techniques.

3.1. Synthesis of PEtOx22k-b-PVPxxk

The synthesis of PEtOx-b-PVP was performed in two steps (Scheme 2). At first, the individual
homopolymers were synthesized with specific end groups that could be coupled subsequently.
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Scheme 2. Synthesis route for the formation of PEtOx-b-PVP block copolymers via RAFT/MADIX
polymerization, CROP and CuAAc.

The PEtOx building block was synthesized via CROP of 2-ethyl-2-oxazoline with methyl tosylate
(MeOTs) as initiator at 80 ◦C in acetonitrile. To introduce an azide functionality as end group, the
CROP was terminated with solid sodium azide. Finally, PEtOx with Mn of 22,200 g·mol−1 and Ð of
1.24 was obtained (Table 1 and Figure S2). The PVP building blocks were formed via RAFT/MADIX
polymerization of VP with redox initiation in H2O/DMSO mixture at 25 ◦C. The alkyne end group
was incorporated via utilization of an alkyne functionalized chain transfer agent (Scheme 2 and
Figures S3–S5). In order to study the self-assembly behavior depending on the volume fractions of
the individual blocks, different molecular weights of PVP, namely 10,000, 14,000 and 32,000 g·mol−1,
were targeted. Moreover, narrow molecular weight distributions with Ð of 1.1 to 1.4 were obtained
(Figures S3–S5).

Table 1. Results of polymerizations and block copolymer formations.

Polymer Mn [g·mol−1] a,b Ð a,b Ratio PVP/PEtOx [mol·mol−1] c

PEtOx22k-N3 22,200 1.24 a -
PVP10k 9400 a 1.4 a -
PVP14k 13,700 a 1.37 a -
PVP32k 31,500 a 1.12 a -

PEtOx22k-b-PVP10k 18,900 b 2.15 b 0.48
PEtOx22k-b-PVP14k 17,000 b 1.8 b 0.60
PEtOx22k-b-PVP32k 38,800 b 2.0 b 1.42

a measured in NMP at 70 ◦C against poly(ethylene oxide) calibration; b measured in acetate buffer at 25 ◦C against
pullulan calibration; c obtained via 1H NMR in CDCl3.
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The block copolymer formation was performed via CuAAc of the azide and alkyne end
functionalized blocks. As no absolute molecular weights were obtained via SEC, an azide functionalized
resin was added after the CuAAc reaction in order to avoid tedious purification or test reactions for
stoichiometry assessment (Figure S1) [39]. Therefore, the alkyne functionalized building block was added
in excess to ensure complete conversion of the azide block. Afterwards, the resin was utilized to capture
remaining alkyne blocks and filtered off. To investigate the efficiency of the CuAAc reaction and the
removal of unreacted alkyne functionalized polymer via the resin, FTIR and 1H NMR was performed.
FTIR shows the removal of the azide band at around 2100 cm−1 (Figure S6), which supports the
reaction of the PEtOX-block. Moreover, 1H NMR shows the complete shift of the methylene protons
next to the alkyne in the PVP block at 4.8 ppm (Figure S7) as well as the shift of the methine proton at
3.4 ppm (Figure S7). Subsequently, the block copolymers were analyzed via SEC in acetate buffer that
showed a shift of the elugram towards lower retention times as compared with the mixture of both
homopolymers, which corresponds to higher molecular weights (Figure 1a and Figures S8 and S9).
Moreover, unimodal distributions were obtained suggesting successful block copolymer formation.
The block copolymer Mn from 17,000 to 38,800 g·mol−1 obtained via SEC do not match the expectation
of the sum of both homo polymer Mn. A reason for the deviation might be interactions with the
column in aqueous SEC. Furthermore, a significant increase of Ð to 1.8 to 2.2 was observed in the SEC
measurements of the block copolymers, which might be due to interactions with the column and the
change to aqueous SEC. Already the homopolymers show a significant increase of Ð compared to SEC
in NMP (Table S2).
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Figure 1. (a) SEC traces of PVP14k, PEtOx22k and PEtOx22k-b-PVP14k block copolymer recorded in
acetate buffer with 20% MeOH and (b) 1H-NMR spectrum of PEtOx22k-b-PVP14k recorded at 400 MHz
in CDCl3.

As the SEC results only state an unimodal molecular weight distribution, 1H NMR
spectroscopy was performed in order to investigate the block copolymer composition (Figure 1b and
Figures S10 and S11). Signals corresponding to both blocks are visible in the spectrum, which indicates
incorporation of both building blocks. For example, the backbone protons of PEtOx around 3.5 ppm
can be assigned as well as the signals from the pyrrolidone ring at 2.0, 2.3 and 3.2 ppm. Together with
the elugrams from SEC, successful block copolymer formation can be stated. Moreover, integration
of the respective peaks in the 1H NMR spectra allows quantification of the amount of the respective
blocks in the material (Table 1), which clearly states the formation of the targeted block copolymers
with the respective composition derived from the sum of both building blocks. For PEtOx22k-b-PVP10k
a molar ratio of 0.48 was obtained, which is in accordance with the expectations (theoretical 0.4 from
SEC of the homopolymers). Moreover, a molar ratio of 0.6 was calculated for PEtOx22k-b-PVP14k by
1H NMR (theoretical 0.56 from SEC of the homopolymers) and for PEtOx22k-b-PVP32k a ratio of 1.42
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was calculated (theoretical 1.29 from SEC of the homopolymers). Both ratios are in-line with theoretical
considerations. Thus, the formation of the intended block copolymers can be stated.

3.2. Self Assembly of PEtOx22k-b-PVPxxk in Water

At first, the self-assembly of PEtOx-b-PVP in aqueous solution was probed via DLS. Therefore, the
block copolymers were dissolved in pre-determined concentrations in water at ambient temperature.
Subsequently, the solutions were analyzed via DLS at 25 ◦C (Table 2).

Table 2. Summary of apparent intensity weighted average hydrodynamic radii of PEtOx22k-b-PVPxxk

determined via DLS.

Block copolymer Rapp [nm] a peak 1 Abundance peak 1 [a.u.] Rapp [nm] a peak 2 Abundance peak 2 [a.u.]

PEtOx22k-b-PVP10k 5.0 0.06 140 1.0
PEtOx22k-b-PVP14k 4.0 0.01 197 1.0
PEtOx22k-b-PVP32k 7.0 0.53 190 1.0

a obtained via DLS in deionized water at 25 ◦C and a concentration of 1.0 wt %.

Bimodal distributions with slow and fast diffusing species corresponding to larger and smaller
structures were observed that might correspond to self-assembled DHBC particles and unimers
respectively (Figure 2). The abundance of the species depends only weakly on polymer concentration
with increasing abundances of unimers at lower concentrations. Particle sizes from 95 to 240 nm were
obtained (Table 2 and Table S3). A significant effect of PVP volume fraction on the efficiency of the
self-assembly is evident. An optimum is observed in the case of PEtOx22k-b-PVP14k with an abundance
of self-assembled particles of 99% at a concentration of 1.0 wt %. On the other hand, PEtOx22k-b-PVP10k
has an abundance of 94% of particles at a concentration of 1.0 wt %, while only very few amounts of
self-assembled structures are observed for PEtOx22k-b-PVP32k. It should be noted that the values given
are obtained from the intensity weighted particle size distributions and therefore larger particle sizes
are significantly overexpressed due to the increased scattering of larger particles compared to smaller
particles. With increasing polymer concentration, the sizes of the self-assembled structures increase as
well, e.g., from 183 nm at 0.1 wt % to 240 nm at 2.5 wt % for PEtOx22k-b-PVP14k. Comparing the different
block copolymers with respect to the volume fraction of the PVP block at a given concentration of
1.0 wt %, similar particle sizes of the self-assembled structures between 140 and 197 nm are obtained in
all cases. Although, the abundance of self-assembles structures significantly differs with different PVP
content. Overall, DLS measurements point towards self-assembly of PEtOx-b-PVP block copolymers
in aqueous solution. Moreover, a comparison between abundance of unimers and particles allows us
to predicate self-assembly efficiency for the various block ratios.

In order to gain deeper insight into the nature of the formed structures, SLS was performed for
PEtOx22k-b-PVP14k (Figure S12 and Table S4). A radius of gyration (Rg) of 119.5 nm was obtained,
supporting the findings from DLS that particle structures are formed in solution. Nevertheless, the
value of 119.5 nm is significantly below obtained Rh values from DLS. The quotient Rg/Rh gives
a value of approximately 0.61, which might correspond to solid spheres. Nevertheless, the SLS results
might be biased due to remaining unimers in solution especially at low concentrations. The obtained
Mw from SLS is with 9412·kg·mol−1 also quite low for the obtained particle sizes.

PEtOx is well-known for its lower critical solution temperature (LCST) behavior, which leads
to coil-to-globule transitions at the cloud point when aqueous PEtOx solutions are heated. In order
to ensure that the LCST behavior has no effect on the self-assembly formation, turbidimetry was
performed. It could be shown that no phase transition towards hydrophobic globules takes place
for the utilized PEtOx22k up to temperatures of 60 ◦C (Figure S13), which is significantly above the
temperatures of the present self-assembly investigations. Therefore, an effect of the LCST behavior of
PEtOx can be excluded in the present DHBC self-assembly.
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In order to support the findings from DLS, microscopy techniques were utilized as well.
At first, optical microscopy was employed to investigate polymer particle formation at high
concentration [26]. Spherical particles are observed via optical microscopy, which indicate self-assembly
of PEtOx22k-b-PVP14k at a concentration of 20 wt % (Figure 3a,b) and a temperature of 25 ◦C. Moreover,
the particles appear to be hollow (Figure 3b), pointing towards vesicle formation as solid spheres
would have significantly increased contrast. The observed particles have diameters from 1 to 3 µm.
The system PEtOx22k-b-PVP10k has similar behavior as shown via optical microscopy as well (Figures
S14 and S15). At a concentration of 20 wt %, particles with hollow interior, i.e., vesicles, with diameters
between 3 and 10 µm are visible. A decrease in concentration leads to smaller particles with sizes
between 1 and 2 µm for 10 wt % and particles sizes between 1 and 4 µm for 15 wt %, while at 5 wt %
particles are barely visible anymore. To enhance the magnification, LSCM/DIC imaging was utilized.
Therefore, the particles formed from PEtOx22k-b-PVP14k were stained with Rhodamine B which adsorbs
at the surface of the particles. Again, spherical particles were observed in the fluorescence channel and
via DIC (Figure 3c,d). The particles show sizes around 1 to 3 µm at a concentration of 2.5 wt % and
a temperature of 25 ◦C. Moreover, particle aggregation could be observed as well (Figure 3d), e.g., via
elongated structures that seem to be formed from various spherical subunits.
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Figure 3. (a,b) optical microscopy images of PEtOx22k-b-PVP14k at a concentration of 20 wt % in water
at 25 ◦C and (c,d) overlay of LSCM/DIC images from PEtOx22k-b-PVP14k at a concentration of 2.5 wt %
in water stained with Rhodamine B at 25 ◦C.

A deeper insight into the particle structures can be gained via cryo SEM. Therefore, aqueous
solutions of the PEtOx-b-PVP block copolymers are frozen and the structures investigated in the
SEM. So, a sample droplet is frozen in liquid nitrogen and subsequently fractured and sputtered
in order to investigate the samples interior at a more natural state in comparison to conventional
electron microscopy. In correspondence to the other imaging methods, spherical particles are observed
(Figure 4). Block copolymer concentrations of 0.5 wt % were utilized. In contrast to the other microscopy
methods, smaller particles in the range of 500 nm to 1 µm are observed via cryo SEM, which are
similar sizes to the ones obtained from DLS. The comparison of micrographs obtained from block
copolymers with different PVP content shows significant differences. In the case of PEtOx22k-b-PVP10k
and PEtOx22k-b-PVP32k larger structures and connecting string like structures between particles are
observed, while for PEtOx22k-b-PVP14k these structures are not observed or only to an insignificant
extent. The larger structures and strings might be due to remaining non-assembled unimers in solution
that were observed in a significant amount via DLS as well. Overall, cryo SEM shows a distinct
interface between self-assembled polymer particles and the surrounding environment. Nevertheless,
no direct comparison and assumptions towards the solution state are possible.

3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly

64



Polymers 2017, 9, 293 10 of 15
Polymers 2017, 9, 293 10 of 15 

 

 
Figure 4. Cryo SEM images of block copolymers at a concentration of 0.5 wt % in water: (a) PEtOx22k-
b-PVP10k; (b,c) PEtOx22k-b-PVP14k and (d) PEtOx22k-b-PVP32k. 

4. Discussion 

In order to form self-assembled structures of DHBCs in aqueous solution both blocks should 
have significant difference in hydrophilicity [26], as the self-assembled structures are formed due to 
differences in the osmotic pressure in the polymer domains, which is caused by different swelling 
properties [36,37]. To compensate the differences in osmotic pressure, the polymer domains demix 
and form self-assembled structures. An option to gain insight into the interactions of polymer with 
the solvent is the second virial coefficient A2. For the present system second virial coefficients for 
PEtOx (A2,PEtOx = 8.7 × 10−4 mol·mL·g−2 [60]) and for PVP (A2,PVP = 9.3–11.2 × 10−4 mol·mL·g−2 [61]) are 
reported in the literature that show a slight difference pointing to different quality of water-polymer 
interactions. Moreover, the PEtOx block entails a LCST, which points to partial hydrophobic 
character. Albeit, the investigated self-assembled structures are observed at temperatures 
significantly below the cloud point of the PEtOX block, the less hydrophilic nature of the PEtOx block 
might support the formation of DHBC self-assemblies in water. A significant contrast in 
hydrophilicity between polymers exhibiting a LCST and completely water-soluble polymers can be 
assumed, which is similar to previous results [39]. Therefore, it can be assumed that the PVP block is 
preferably present on the outside of the formed structures. Interestingly, a significant influence of the 
molecular weight of the PVP block on the efficiency of the self-assembly was observed, which clearly 
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4. Discussion

In order to form self-assembled structures of DHBCs in aqueous solution both blocks should
have significant difference in hydrophilicity [26], as the self-assembled structures are formed due to
differences in the osmotic pressure in the polymer domains, which is caused by different swelling
properties [36,37]. To compensate the differences in osmotic pressure, the polymer domains demix and
form self-assembled structures. An option to gain insight into the interactions of polymer with the
solvent is the second virial coefficient A2. For the present system second virial coefficients for PEtOx
(A2,PEtOx = 8.7 × 10−4 mol·mL·g−2 [60]) and for PVP (A2,PVP = 9.3–11.2 × 10−4 mol·mL·g−2 [61]) are
reported in the literature that show a slight difference pointing to different quality of water-polymer
interactions. Moreover, the PEtOx block entails a LCST, which points to partial hydrophobic character.
Albeit, the investigated self-assembled structures are observed at temperatures significantly below
the cloud point of the PEtOX block, the less hydrophilic nature of the PEtOx block might support the
formation of DHBC self-assemblies in water. A significant contrast in hydrophilicity between polymers
exhibiting a LCST and completely water-soluble polymers can be assumed, which is similar to previous
results [39]. Therefore, it can be assumed that the PVP block is preferably present on the outside
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of the formed structures. Interestingly, a significant influence of the molecular weight of the PVP
block on the efficiency of the self-assembly was observed, which clearly states optimization potential.
Moreover, these findings might be a hint towards architecture dependent tuning of self-assembly
efficiency. Compared to other examples from the literature [38], increased efficiency is observed for
PEtOx22k-b-PVP14k, which clearly supports that the combination of blocks has a significant influence
on the self-assembly efficiency. Nevertheless, one has to keep in mind that the efficiency was assessed
via DLS from the intensity weighted distributions that overestimate larger structures. Interestingly,
the obtained particle sizes seem to be almost independent from PVP molecular weight. A major
question is particle morphology in solution. While SLS results point towards solid spheres, the
molecular weight obtained from SLS points towards loose aggregated structures. The contour length of
PEtOx22k-b-PVP14k can be calculated to 111 nm (224 × 0.36 nm + 123 × 0.25 nm) [36,62]. Particle sizes
obtained from DLS and microscopy do not support the formation of micelles as the obtained particles
with diameters measured via DLS around 394 nm are significantly too high for micelle formation in the
lower concentration regime up to 2.5 wt %. Up to this point it cannot be clarified if loose aggregates [63]
or vesicular structures [26] are present in solution. At higher concentrations (10–15 wt %), particular
structures are formed as well and around 20 wt % a shift towards hollow structures might be the case
as optical microscopy suggests, which is a similar effect to what was observed for pullulan-b-PEO [26].
In general, the molar ratio of the different blocks determines the efficiency of the self-assembly.
Therefore, a significant effect of the more hydrophilic block, namely PVP, on self-assembly efficiency is
the case. On the other hand, the concentration of the block copolymer seems to determine the type
of formed structure from particle to vesicle. A reason for the concentration dependency of the inner
particle structure might be the increased width of the polymer interfaces as well as multi lamellar
morphologies that hinder bending of the polymer structure. Regarding the distribution of the formed
structures, it can be stated that at high concentrations a broader range of particle sizes are formed as
visible via optical microscopy. At lower concentrations, more uniform particles are formed as shown
via DLS and cryo SEM.

5. Conclusions

In this paper, the self-assembly of a novel DHBC, namely PEtOx-b-PVP, in aqueous solution is
shown. PEtOx and PVP building blocks were synthesized via CROP or RAFT/MADIX polymerization
and conjugated via CuAAc. Subsequently, the self-assembly process was studied via DLS. In addition,
imaging techniques like optical microscopy, LSCM in conjunction with DIC microscopy as well as cryo
SEM were utilized and particular structures could be visualized in solution. Moreover, the volume
ratio of the PVP block was varied in order to study the effect of block length on the self-assembly
behavior. A significant effect on the efficiency of the self-assembly process was found and an optimum
molar ratio of PVP and PEtOx was assigned via relative comparison of unimer and particle abundance
from DLS results. Moreover, polymer concentration has a profound effect on the structures formed.
It seems that particular structures are formed at lower concentrations (2.5 wt % and lower), while
vesicular structures are obtained at higher concentrations (20 wt %).

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/9/7/293/s1,
Figure S1: IR spectrum of azidomethyl polystyrene resin recorded at 25 ◦C, Figure S2: 1H NMR spectra of
PEtOx22k recorded at 400 MHz in CDCl3, Figure S3: SEC elution curve of PVP10k recorded in NMP at 70 ◦C
and corresponding 1H NMR spectra of PVP10k recorded at 400 MHz in CDCl3, Figure S4: SEC elution curve of
PVP32k recorded in NMP at 70 ◦C and corresponding 1H NMR spectra of PVP32k recorded at 400 MHz in CDCl3,
Figure S5: SEC elution curve of PVP14k recorded in NMP at 70 ◦C and corresponding 1H NMR spectra of PVP14k
recorded at 400 MHz in CDCl3, Figure S6: FTIR traces of PVP-alkyne PEtOx22k-N3 and PEtOx22k-b-PVP10k block
copolymer, Figure S7: 1H-NMR overlay of PEtOx22k-b-PVP10k and PVP10k-alkyne recorded at 400 MHz in CDCl3,
Figure S8: SEC traces of PVP10k, PEtOx22k and PEtOx22k-b-PVP10k block copolymer recorded in acetate buffer
with 20% MeOH, Figure S9: SEC traces of PVP32k, PEtOx22k and PEtOx22k-b-PVP32k block copolymer recorded
in acetate buffer with 20% MeOH, Figure S10: 1H-NMR spectrum of PEtOx22k-b-PVP10k recorded at 400 MHz
in CDCl3, Figure S11: 1H-NMR spectrum of PEtOx22k-b-PVP32k recorded at 400 MHz in CDCl3, Figure S12:
SLS Guinier plot of PEtOx22k-b-PVP14k with extrapolation of c→0, Figure S13: Turbidimetry measurements
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of PEtOx22k homopolymer, Figure S14: Optical microscopy images of PEtOx22k-b-PVP10k in water at 25 ◦C:
(a,b) at a concentration of 10 wt %, (c,d) at a concentration of 15 wt % and (e,f) at a concentration of 20 wt %,
Figure S15: Optical microscopy image of PEtOx22k-b-PVP10k in water at 25 ◦C at a concentration of 5 wt %;
Table S1: Weights utilized for DHBC self-assembly investigations, Table S2: Homopolymer data obtained via
SEC in aqueous acetate buffer at 25 ◦C against pullulan calibration, Table S3: Intensity weighted particle size
distribution results obtained via DLS at various concentrations in water at 25 ◦C, Table S4: Calculated values of
the quantities of PEtOx22k-b-PVP14k determined via the Guinier plot.
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Abstract: Supramolecular hydrogels play a prominent role in contemporary research of hydrophilic
polymers. Especially, hydrogels based on α-cyclodextrin/poly(ethylene glycol) (α-CD/PEG)
complexation and crystal formation are studied frequently. Here, the effect of double hydrophilic
block copolymers (DHBCs) on α-CD/PEG hydrogel properties is investigated. Therefore, a novel
DHBC, namely poly(N-vinylpyrrolidone)-b-poly(oligo ethylene glycol methacrylate) (PVP-b-POEGMA),
was synthesized via a combination of reversible deactivation radical polymerization and modular
conjugation methods. In the next step, hydrogel formation was studied after α-CD addition.
Interestingly, DHBC-based hydrogels showed a significant response to thermal history. Heating of the
gels to different temperatures led to different mechanical properties after cooling to ambient temperature,
i.e., gels with mechanical properties similar to the initial gels or weak flowing gels were obtained.
Thus, the hydrogels showed thermoadaptive behavior, which might be an interesting property for future
applications in sensing.

Keywords: double hydrophilic block copolymer; cyclodextrin; hydrogel; supramolecular chemistry

1. Introduction

Hydrogels comprise an important class of crosslinked soft materials due to their resemblance to
biological tissues with remarkable properties like swelling and elasticity [1,2]. Likewise, hydrogels
hold great promises for future applications in biomedicine or biomimetic materials. Thus, hydrogels
have been in the focus of research in particular regarding tissue engineering [3], cell culture scaffolds [4]
or wastewater treatment [5]. Crosslinking is one of the major factors to tune hydrogel properties,
in particular via the applied crosslinking chemistry and crosslinking density. In principle, there are
various ways to form hydrogels via crosslinking reactions, for example via photopolymerization [6,7]
or free radical polymerization as well as mechanical interlocking [8,9]. The mechanical properties of
hydrogels strongly depend on crosslinking density and hydrogel architecture [10–12] as well as the
addition of reinforcer compounds [13,14].

In recent years, supramolecular motifs were introduced in the field of hydrogels [15], e.g.,
cucurbiturils [16], hydrogen bonds [17], coacervation [18,19], or metal complexes [20]. One remarkable
feature of supramolecular chemistry and likewise supramolecular hydrogels are self-healing and
adaptivity to the environment [15,21–23]. Especially, cyclodextrins (CDs) have been utilized frequently
in polymer science for complex macromolecular architectures [24,25] and most significantly in the
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formation of supramolecular hydrogels or networks [25]. Due to the supramolecular nature of the gels,
intriguing properties were described, e.g., redox responsive gels [26], macroscopic self-assembly [27],
shape-memory materials [28], or self-healing materials [29]. Such hydrogels can be utilized for
applications including cleavable gels for cell culture [30] or hydrogel actuators [31]. In addition
to hydrogels formed via simple host/guest association, hydrogels formed with crosslinks from
mechanical interlocking/rotaxane formation were studied often, e.g., slide-ring gels [8,9]. A prominent
class of CD-based hydrogels is formed from α-CD/poly(ethylene glycol) (PEG) rotaxanes that form
crystalline domains via hydrogen bonding as crosslinking points [32,33]. These α-CD-based hydrogels
feature injectability [34], biocompatibility, [35] and thermo response [36], i.e., they dissolve at higher
temperatures. Recently, Loh and coworkers showed the formation of an α-CD/PEG-based hydrogel
via lignin precursors [37]. A PEG side chain macromonomer, oligo ethylene glycol methacrylate
(OEGMA), was utilized to form grafts on hydrophobic lignin, and finally α-CD was added to generate a
supramolecular hydrogel. In another study, Li and coworkers showed the hydrogel formation between
PEG-b-poly(3-hydroxybutyrate)-b-PEG and α-CD [38]. Biodegradable hydrogels were obtained that
might be useful for application in the field of drug delivery.

Recently, double hydrophilic block copolymers (DHBCs) have been studied for self-assembly in
aqueous solution [39,40]. The self-assembly is based on the different hydrophilicity of the individual
blocks, leading to a difference in osmotic pressure and demixing of the blocks, which has been termed the
hydrophilic effect [41]. In such a way, the formation of particles, vesicles or micelles was shown without
utilization of external stimuli [40]. For example, our team could show the formation of DHBC vesicles from
pullulan-b-poly(N-ethylacrylamide) [42]. Böker and coworkers described the formation of DHBC-based
micelles from poly(2-hydroxyethyl methacrylate)-b-poly(2-O-(N-acetyl-β-D-glucosamine)ethyl
methacrylate) [43]. Moreover, poly(N-vinylpyrrolidone)-b-poly(2-ethyl-2-oxazoline) (PVP-b-PEtOx)
DHBC particles were described [44]. One of the main drawbacks of DHBC self-assembly is the
rather low efficiency compared to amphiphilic block copolymer-based self-assembly and the low
stability against dilution. Therefore, crosslinking is frequently investigated, leading to hydrogel
domains. In such a way, crosslinking of a pullulan-b-POEGMA was performed with sodium
trimetaphosphate [45]. Schubert and coworkers reported the formation of core crosslinked nanogels
based on poly(2-oxazoline) DHBCs via crosslinking in organic solution [46]. Hydrogels from a double
hydrophilic star block copolymer were presented by Ito and coworkers, who utilized crosslinking of a
poly(acrylic acid) block via Ca2+ [47]. Moreover, DHBCs were utilized in the formation of mesocrystals,
e.g., for minerals or metal-organic mesocrystals, showing a significant effect of DHBC addition
on crystal growth [48,49]. Nevertheless, the effect of DHBCs on the formation of supramolecular
hydrogels has not been in the focus of research so far.

Scheme 1. Overview of the formation of double hydrophilic block copolymer (DHBC)-mediated
thermoadaptive supramolecular hydrogels.
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Herein, we describe the effect of a DHBC, namely PVP-b-POEGMA, on the formation of
α-CD-based hydrogels via supramolecular rotaxane formation followed by crystallization (Scheme 1).
Soft hydrogels are obtained and the phase diagram of gel formation studied. The hydrogels show
remarkable thermoadaptive features, i.e., the mechanical properties of the hydrogels depend on the
thermal history. In such a way, the hydrogel can be heated to the point when sol is formed and cooled
to ambient temperature, which leads to flowing gels. On the other hand, heating above the cloud point
of the gels and cooling to ambient temperature leads to hydrogels with mechanical properties similar
to the properties of the initial gels. The gels are characterized via rheology, powder X-ray diffraction
(XRD), and (cryo) scanning electron microscopy (SEM).

2. Materials and Methods

2.1. Chemicals

α-Cyclodextrin (α-CD, 98%, Roth, Karlsruhe, Germany), ammonium chloride (99%, Roth),
ascorbic acid (98%, Alfa Aesar, Karlsruhe, Germany), 2-bromopropionyl bromide (97%, Sigma
Aldrich, Steinheim, Germany), t-butyl hydroperoxide (70% solution in water, Acros Organics, Geel,
Belgium), chloromethyl polystyrene resin (2.4 mmol g−1, TCI), copper(I)bromide (CuBr, 99.99%,
Sigma Aldrich), copper(II)sulfate (CuSO4, 99%, Roth), diethyl ether (ACS reagent, Sigma Aldrich),
N,N-dimethylformamide (DMF, analytical grade, Sigma Aldrich), dimethylsulfoxide (DMSO, analytical
grade, VWR Chemicals, Darmstadt, Germany), 4,4′-dinonyl-2,2′-dipyridyl (dNBipy, 97%, Sigma
Aldrich), ethyl acetate (EtOAc, analytical grade, Chem Solute, Berlin, Germany), hexane (analytical
grade, Fluka, Schwerte, Germany), magnesium sulfate (dried, Fisher Scientific, Schwerte, Germany),
methanol (MeOH, analytical grade, Fisher Scientific), N-methylpyrrolidone (NMP, GC grade, Fluka),
N,N,N′,N”,N”-pentamethyldiethylenetriamine (PMDETA, 98%, Sigma Aldrich), potassium-O-ethyl
xanthate (98%, Alfa Aesar), propargyl alcohol (99%, Sigma Aldrich), pyridine (99% extra dry, Acros
Organics), sodium azide (>99.5%, Fluka), sodium bicarbonate (>99%, Fluka), sodium sulfite (97%,
Acros Organics), and triethylamine (99.5%, Sigma Aldrich) were used as received. N-Vinylpyrrolidone
(VP, 99%, Sigma Aldrich) was dried over anhydrous magnesium sulfate and purified by distillation
under reduced pressure. Oligo(ethylene glycol) methyl ether methacrylate (OEGMA, 900 g mol−1,
Sigma Aldrich) was first dissolved in tetrahydrofuran (THF), then passed over a basic aluminum
oxide column (Brockman I, Sigma Aldrich) and subsequently precipitated in cold hexane, filtered
and dried under high vacuum for 24 h. Acetone (analytical grade, J.T. Baker, Schwerte, Germany)
and dichloromethane (DCM, analytical grade, Acros Organics) were stored over molecular sieves
(3 Å) prior to use. Millipore water was obtained from an Integra UV plus pure water system
by SG Water (Hamburg, Germany). Azido functionalized PS-resin (Figure S1), prop-2-yn-1-yl
2-((ethoxycarbonothioyl)thio) propanoate (alkyne-CTA), alkyne end functionalized PVP41k (Figure
S2) and azide end functionalized POEGMA22k (Figure S3) were prepared according to the literature
(refer to the SI for details) [42,45,50]. Spectra/Por dialysis tubes with MWCO of 10,000 were purchased
from Spectrum Labs (Los Angeles, CA, USA).

2.2. Synthesis of PVP41k-b-POEGMA22k

The conjugation reaction was performed according to the literature [51]. In a dry, argon-purged
25 mL round bottom Schlenk flask, alkyne end functionalized PVP41k (0.143 g, 0.015 mmol, 1.2 eq.)
was dissolved in deionized water (5.0 mL). CuSO4 (1.3 mg, 8.0 µmol, 0.65 eq.) and DMSO (5.0 mL)
were added to the solution. Azide end functionalized POEGMA22k (0.25 g, 0.0125 mmol, 1.0 eq.) and
PMDETA (4.0 µL, 0.0188 mmol, 1.5 eq.) were dissolved in DMSO (2.0 mL) and added to the reaction
mixture. Finally, ascorbic acid (4.4 mg, 0.025 mmol, 2.0 eq.) was added twice, once directly at the
beginning of the reaction then after 24 hr. The reaction mixture was stirred at ambient temperature
for 48 hr. Azido-functionalized PS-Resin (8.0 mg, 0.018 mmol) and ascorbic acid (4.4 mg, 0.025 mmol,
2.0 eq.) were added, and the reaction mixture was stirred for additional 48 hr. The resin was filtered
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off and the solution was dialyzed against deionized water for three days, followed by lyophilization to
afford PVP41k-b-POEGMA22k (0.348 g, 0.018 mmol, 88% recovery Mn,SEC = 51,000 g·mol−1, PMMA
standard in NMP, Ð = 1.42) as a white powder.

2.3. Exemplary Formation of Thermoadaptive PVP41k-b-POEGMA22k-Based Supramolecular Hydrogel

In a vial, PVP41k-b-POEGMA22k (100.0 mg) was dissolved in Millipore water (300 mg).
Subsequently, a 12 wt.% solution of α-CD in MiliQ water (2.6 mL) was added and mixed. After one
minute, the solution started to turn turbid and viscous. The viscosity increased over the next 5 min
until a hydrogel was obtained. Heating to 65 ◦C led to a viscous sol that had the character of a flowing
gel after cooling to ambient temperature. Heating to 85 ◦C resulted in a clear solution that formed a
hydrogel after cooling to ambient temperature. In subsequent experiments, the concentrations and
ratios of the reactants were varied to assess the boundaries of hydrogel formation.

2.4. Characterization Methods

1H spectra were recorded at ambient temperature at 400 MHz with a Bruker Ascend400 (Billerica,
MA, USA). Scanning electron microscopy (SEM) and cryogenic scanning electron microscopy (cryo
SEM) was performed on a Jeol JSM 7500 F (Tokyo, Japan) equipped with an Oxford Instruments
X-MAX 80 mm2 detector (Abingdon-on-Thames, UK) and the cryo-chamber from Gatan (Alto 2500,
Munich, Germany). Size exclusion chromatography (SEC) for POEGMA and PVP was conducted
in NMP with 0.05 mol L−1 LiBr and BSME as internal standard at 70 ◦C using a column system
by PSS GRAM 100/1000 column (8 × 300 mm, 7 µm particle size) with a PSS GRAM precolumn
(8 × 50 mm), a Shodex RI-71 detector (Munich, Germany) and a poly(methyl methacrylate) calibration
with standards from PSS. Fourier transform infrared (FT-IR) spectra were acquired on a Nicolet iS
5 FT-IR spectrometer (Thermo Fisher Scientific, Schwerte, Germany). For rheological investigations
hydrogels were characterized with an Anton Parr MCR 301 rheometer (Graz, Austria) equipped with
a cone plate 12 (CP-12). Measurements were performed at constant angular frequency of 10 rad/s
with strain range from 0.1–100% with 31 measuring points and a 0.02 mm gap. Frequency dependent
measurements were performed at constant strain of 1% with a frequency range from 1–100 rad/s
with 0.02 mm gap. X-ray diffraction (XRD) patterns were obtained using Bruker D8 Advance X-ray
diffractometer (Billerica, MA, USA) via Cu-Kα radiation. Differential scanning calorimetry (DSC)
was performed with a Netzsch DSC204 system (Selb, Germany). Glass transition temperatures (Tg)
were determined using the Netzsch Proteus software (Selb, Germany). Measurements were carried
out under nitrogen atmosphere. Samples were first heated from ambient temperature to 300 ◦C,
then cooled to −70 ◦C, then heated to 300 ◦C, and then cooled to −70 ◦C to erase thermal history.
Samples were then heated to 300 ◦C to analyze thermal behavior. Measurements were carried out
with a heating rate of 10 K min−1 and a holding time of 10 min in between the heating/cooling steps.
The theoretical inclusion ratio (α-CD/guest ratio) was calculated according to the molecular weight of
the POEGMA block, the respective degree of polymerization (DP), the molecular weight of the grafts,
the DP of the grafts and the literature-known optimum ratio of α-CD/EG units of 1:2 [33].

3. Results and Discussion

3.1. Synthesis of DHBC PVP-b-POEGMA and Formation of Supramolecular Hydrogels

To study the effect of DHBC on α-CD-based supramolecular hydrogels, PVP-b-POEGMA was
synthesized. Therefore, azide end-functionalized PVP was conjugated to alkyne end-functionalized
POEGMA via a copper catalyzed azide-alkyne cycloaddition (CuAAc) (Scheme 2) [42].
Azide end-functionalized PVP was synthesized via reversible addition-fragmentation chain transfer
polymerization of VP employing an azide-functionalized xanthate chain transfer agent (1) [44].
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Scheme 2. Synthesis of poly(N-vinylpyrrolidone)-b-poly(oligo ethylene glycol methacrylate)
(PVP-b-POEGMA) via copper catalyzed azide-alkyne cycloaddition (CuAAc).

For the PVP building block, a Mn,SEC of 40,600 g mol−1 with a Ð of 1.43 according to a
DP of 365 was obtained. The complimentary POEGMA block was synthesized via atom transfer
radical polymerization of OEGMA with a Mn of 900 g mol−1 and an alkyne functionalized initiator
(2) [45]. A Mn,SEC of 21,700 g mol−1 and a Ð of 1.06 were achieved, which corresponds to a DP of
24. Subsequently, both building blocks were coupled via CuAAc employing the CuSO4/PMDETA
and ascorbic acid system. The purification of the product was performed via addition of an azide
functionalized resin and subsequent dialysis. The product formation could be verified via 1H NMR
and SEC (Figure 1). 1H NMR shows the occurrence of both building blocks, e.g., the signal for
the OEG sidechain at around 3.5 ppm and the signal for methylene protons next to the nitrogen in
the VP at around 3.2 ppm. Furthermore, the signal for the triazole proton was visible (at around
8 ppm). Moreover, SEC showed a clear shift towards lower retention times, indicating successful block
copolymer formation. A Mn,SEC of 51,000 g mol−1 with a Ð of 1.42 according to PMMA calibration
was obtained for the block copolymer. A comparison of FT-IR spectra of the building blocks and
the product supported successful coupling as the stretching band corresponding to the azide moiety
(around 2100–2150 cm−1) was not present in the product (Figures S4 and S5).

Figure 1. Characterization of PVP41k-b-POEGMA22k: (a) Size exclusion chromatography (SEC) in NMP
at 70 ◦C (red trace: POEGMA22k; blue trace: PVP41k; black trace: PVP41k-b-POEGMA22k) and (b) 1H
NMR of PVP41k-b-POEGMA22k measured in DMSO-d6, inset shows the signal for the triazole proton.

In a subsequent step, the formed DHBC was combined with α-CD to form supramolecular hydrogels.
Therefore, an aqueous solution of DHBC was mixed with an aqueous solution of α-CD. Depending on
DHBC and α-CD concentration, hydrogel or sol formation was observed (Table 1, Figure 2).
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Table 1. Rheological properties and transition temperatures of DHBC-based supramolecular hydrogels.

Polymer Polymer Content
[wt.%]

α-CD Content
[wt.%]

Guest/α-CD
Ratio State 1 G’ [Pa] 2 G” [Pa] 2 Tsp [◦C] 1 Tcp [◦C] 1 Thermo-Adaptive 1

PVP41k-b-POEGMA22k 0.9 10.7 0.33 sol 26 28 - 64 -
PVP41k-b-POEGMA22k 1.7 10.6 0.62 weak gel 50 36 - 65 -
PVP41k-b-POEGMA22k 2.2 10.5 0.81 gel 60 22 27 68 x
PVP41k-b-POEGMA22k 3.3 10.4 1.22 gel 235 35 45 69 x
PVP41k-b-POEGMA22k 6.5 10.0 2.51 gel 842 170 59 71 -
PVP41k-b-POEGMA22k 3.3 5.2 2.45 flowing gel 57 32 - 54 -
PVP41k-b-POEGMA22k 3.3 8.0 1.59 gel 83 54 31 60 x
PVP41k + POEGMA22k 1.7 + 1.7 10.4 1.26 gel 1110 253 45 71 x

POEGMA22k 1.7 10.4 1.80 gel 3040 964 55 72 -
PVP41k 1.7 10.4 - solution - - - - -

1 Obtained via macroscopic inspection, 2 obtained via rheology at 0.1% strain after gel formation and standing for
24 h without temperature treatment.

The combination of various DHBC and α-CD concentrations allowed assembly of a phase diagram
(Figure 2). From the inspection of the formed materials, three states could be observed. A clear
transition between flowing gel/sol and hydrogel could be observed above 2 wt.% of DHBC as well as
4 wt.% of α-CD. Accordingly, hydrogels were formed at higher DHBC and/or α-CD concentrations.
Very soft flowing gels were obtained at the boundary between the phase spaces. Thus, the formation
of hydrogels could be easily tailored via the employed concentration of components. Another point
that had to be considered was the inclusion ratio of guest groups and α-CD.

Certainly, the mechanical properties of the formed hydrogels are the most important feature.
Therefore, rheology was probed subsequently. Overall, DHBC-based hydrogels were rather soft
with G’ values below 1 kPa, e.g., 235 Pa in the case of 3.3 wt.% PVP41k-b-POEGMA22k/10.4 wt.%
α-CD. On the other hand, reference gels from OEGMA homopolymer or the blend of PVP/POEGMA
showed significantly increased G’ values above 1 kPa. Significant strain dependence was observed
for all hydrogels (Figure 3c,d and Figures S6–S14). Especially, reference gels (pure POEGMA-based
or PVP/POEGMA blend-based) that had quite a high modulus to start with, showed a significant
strain dependency on moduli. For example, in the case of 1.7 wt.% POEGMA22/10.4 wt.% α-CD
hydrogel a decrease from 3040 Pa to 195 Pa was observed when increasing the strain from 0.1% to
1.3%. Moreover, at a strain of around 1.3 %, the hydrogel was transformed into a sol, which occurred
at significantly lower strains than for the DHBC-based hydrogel. Overall, the hydrogels softened
up to the point, when G” exceeds G’ leading to a sol, which is a significant feature regarding future
applications [35]. In addition, frequency dependency of G’ was probed for two hydrogel examples
(Figures S15 and S16). A significant effect of strain frequency was observed for DHBC-based gels,
for example 3.3 wt.% PVP41k-b-POEGMA22k/10.4 wt.% α-CD that showed an increase in modulus at
low frequencies and a significant decrease at frequencies above 60 rad s−1. Reference hydrogels from
POEGMA did not show significant effects of strain frequency. The reference sample of pure PVP block
with α-CD neither formed hydrogel nor sol.

Taking the inclusion ratio into account, some other conclusions could be extracted. In general,
G’ and G” increase with increasing inclusion ratio as long as the amount of DHBC increases, i.e., the
amount of guest groups increase with respect to available α-CD. Nevertheless, in the case of increasing
α-CD content with constant DHBC incorporation the hydrogel weakens, i.e., the amount of α-CD
increases with respect to available guest groups. Therefore, it can be concluded that a certain threshold
of α-CD incorporation is needed to strengthen the hydrogels and to obtain a strong network structure
that spans through the solution.

3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly

76



Polymers 2018, 10, 576 7 of 16

Figure 2. Phase diagram of PVP41k-b-POEGMA22k/α-CD mixtures: blue data points correspond to
hydrogel and red data points correspond to sol.

Heating of all hydrogels as well as sols leads to transparent solutions at the cloud point Tcp.
The Tcp strongly depends on the α-CD concentration (Table 1), as observed via visual inspection of
the solution after heating, i.e., Tcp deceases with decreased α-CD concentration. The observed Tcp

are in the range of 54 to 71 ◦C. The clearing of the hydrogels can be explained with the complete
cleavage of α-CD/PEG crystals. The hydrogels dissolve as the crystals form the crosslinks in the
system [33]. Due to the thermoresponsive behavior of CD complexes, expulsion of PEG from α-CD
might happen as well, which has implications for mechanical properties after cooling (see below).
More interestingly the studied hydrogels feature a temperature at which the gels start to flow—the sol
point Tsp. Tsp is connected to the DHBC concentration, i.e., for lower concentration Tsp is decreases.
A broader temperature range from 27 to 59 ◦C is covered by Tsp. Such a behavior can be attributed to
the emerging cleavage of α-CD/PEG crystals. Nevertheless, the crystals do not dissolve completely up
to Tcp as the formed sols are still turbid, which is an indication of the presence of α-CD/PEG crystals.

The effect of transformation from the hydrogel to the sol and finally the solution state has
significant implication on the mechanical properties. Interestingly, not only the mechanical properties
at elevated temperatures are affected but also after cooling, mechanical properties depend on the
previous change in physical state of the materials.

3.2. Thermoadaptive Properties of DHBC-Mediated Supramolecular Hydrogels

The thermal behavior of the formed supramolecular hydrogels leads to another striking effect
(Scheme 3). As described earlier, heating of the hydrogels above Tsp led to the formation of a flowing
gel. Unexpectedly, cooling to ambient temperature did not yield hydrogels with the initial properties.
Significantly softer hydrogels were obtained after cooling with G’ around 100 Pa compared to G’
around 235 Pa before heat treatment. Thus, the hydrogels showed a thermoadaptive behavior being
able to adapt mechanical properties depending on external thermo stimulus. Thermoadaptive behavior
was observed in the case of PVP41k-b-POEGMA22k/α-CD 2.2 wt.%/10.5 wt.%, 3.3 wt.%/8.0 wt.% and
3.3 wt.%/10.4 wt.%. Interestingly, thermoadaptive behavior was also observed in the case of the
polymer blend PVP+POEGMA/α-CD 1.7 wt.% + 1.7 wt.%/10.4 wt.%. Apparently, thermoadaptivity
was strongly affected by the presence of the PVP block. Interestingly, the thermoadaptive behavior was
observed only for certain inclusion ratios between 0.8 and 1.6 (guest groups/α-CD). Such a behavior is
in contradiction to the effect of the inclusion ratio on the mechanical properties that showed gradual
increase or decrease of mechanical strength depending on the change of the composition. Probably, the
hydrogels were too weak at low inclusion ratios to show thermoadaptive behavior at all, while in the
case of high inclusion ratios the hydrogels were too strong for a pronounced thermoadaptive effect.
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Scheme 3. Thermoadaptive properties of DHBC-mediated supramolecular hydrogels observed on a
macroscopic scale (3.3 wt.% PVP41k-b-POEGMA22k, 10.4 wt.% α-CD).

The thermoadaptive behavior showed a weak influence of the applied temperature on the
mechanical properties of the obtained flowing gels (Figure 2a and Figures S17–S19). As long as
the gels were heated in the range between Tsp and Tcp, similar G’ and G” around 100 Pa and 30 Pa
were obtained respectively, which was significantly lower than the values for the initial gel. In contrast,
heating above Tcp led to gels with similar strength after cooling (G’ 242 Pa and G” 40 Pa). Therefore, the
thermoadaptivity can be reset after heating above Tcp.

On the other hand, the effect of time on the mechanical properties after heating was investigated
(Figure 2b and Figures S20–S23). One hour after heating and cooling, weak hydrogels were obtained
(G’ 21.9 Pa). After six hours the gels increased in strength (G’ 74 Pa) and a plateau was reached. Similar G’
values were observed after 16, 24 and 48 h, showing the rather long-term stability of the formed flowing
gels. Therefore, it is suggested that the formed flowing state of the hydrogel is kinetically trapped.

Figure 3. Rheological characterization of PVP41k-b-POEGMA22k (3.3 wt.%)/α-CD (10.4 wt.%) hydrogel:
(a) after heating to various temperatures, subsequent cooling to 25 ◦C and standing for 24 h; (b) after
heating to 65 ◦C, subsequent cooling to 25 ◦C and standing for indicated times; (c) strain dependency after
heating to 65 ◦C and cooling to 25 ◦C; (d) strain dependency after heating to 85 ◦C and cooling to 25 ◦C.
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It seems that the hydrogels significantly reacted on the heating above Tsp or Tcp. Heating above
Tsp leads to a softening, while the materials kept the gel structure with increasing strain up to
60%. Interestingly, in the back process G’ at 0.1% strain exceeded the initial value significantly.
The strengthening effect might be due to shift of the system out of the kinetically trapped state via
introduction of mechanical stress. On the other hand, heating above Tcp led to the opposite effect
with similar gels after heating and a significant softening up to the formation of a sol at a strain of
around 40%. Such a softening property is highly important for injectable gels as shown in Figure 4d.
It can be concluded that the hydrogel thermoadaptivity does not only lead to an effect on the value of
G’ but also on the strain dependency. Interestingly, DHBC-based hydrogels heated above Tsp or Tcp

showed distinct differences in the modulus dependency on frequency (Figures S24 and S25). In the
case of heating above Tcp a similar behavior to the non-temperature treated hydrogels is the case
(increase at low frequencies, weak decrease above 60 rad s−1). For hydrogels heated above Tsp, a
gradual increase of modulus up to a doubled value with frequency was observed from 0 to 100 rad s−1.
The difference of hydrogels in frequency dependent modulus measurements might be another hint
towards a difference in microstructure.

Of particular interest are the control samples. The sample of POEGMA and α-CD did not
show significant thermoadaptive behavior, while the blend of PVP/POEGMA and α-CD showed
thermoadaptive behavior. The effect might be explained via inhibition of crystal formation due
to PVP polymers in solution, similar to the recently observed effect of PVP homopolymers on
metal-organic crystal formation. Accordingly, the DHBC also interacts with crystallization kinetics as
shown previously [48].

Repeated heating above Tcp and cooling to ambient temperature did not lead to a strengthening
effect in the case of DHBC-based hydrogels (Figure 4a and Figure S27). Heating and cooling up to
six cycles did not reveal a significant difference in mechanical properties. Interestingly, a significant
strengthening was observed from the blend sample PVP+POEGMA/α-CD. G’ values up to 66,000 Pa
were obtained after six heating/cooling cycles compared to 1100 Pa before heating (Figure 4b).
Probably, repeated heating above the Tcp led to a consecutive reorganization of the domains, leading to
a stronger material afterwards. The effect in the blend can be attributed to the enhanced expulsion of
the PVP homopolymer, while in the block, copolymer PVP is bound to the crystal-forming POEGMA
block. In addition, a significant strain dependency was observed with a decrease in G’ to 4000 Pa
at a strain of 8% (Figure 4c). At this point G” exceeds G’ and a sol is formed, which is a significant
feature for injectability. A similar strengthening effect after heating above Tcp was observed for the
POEGMA/α-CD hydrogel sample (Figure S26).

As the hydrogels show a significant strain dependency, injectability was probed. Therefore, hydrogel
was introduced into a syringe and small dots of hydrogel formed after pressing through a 20 gauge
needle (Figure 4d). The strain inside of the syringe was sufficient to liquefy the hydrogel and form
hydrogel dots with various sizes. Moreover, the hydrogels could be injected directly into water as well,
to form fiber-like gels or gel droplets. Nevertheless, the structures formed in such a way did not show
long-term stability in water. Interestingly, the blend hydrogels were injectable as well, even though
rather strong gels were obtained (Figure 4e), which is attributed to the significant strain dependency of
the mechanical properties.
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Figure 4. (a) Mechanical properties of 3.3 wt.% PVP41k-b-POEGMA22k/10.4 wt.% α-CD hydrogel
after consecutive heating/cooling cycles between Tcp and ambient temperature, (b) Mechanical
properties of 1.7 wt.% PVP41k + 1.7 wt.% POEGMA22/10.4 wt.% α-CD blend hydrogel after consecutive
heating/cooling cycles between Tcp and ambient temperature, (c) strain dependency of 1.7 wt.% PVP41k

+ 1.7 wt.% POEGMA22/10.4 wt.% α-CD blend hydrogel after 6 heating/cooling cycles, (d) investigation
of injectability for 3.3 wt.% PVP41k-b-POEGMA22k/10.4 wt.% α-CD hydrogel and (e) investigation of
injectability for 1.7 wt.% PVP41k + 1.7 wt.% POEGMA22/10.4 wt.% α-CD blend hydrogel.

3.3. Microscopic Characterization of Thermoadaptive Hydrogels

A way to study the underlying crystal formation in the gelation process is powder X-ray diffraction
(XRD) [33]. The crystalline nature of α-CD/PEG hydrogels is well-known and results are similar to the
literature are obtained from DHBC-based hydrogels as well [38].

Thus, XRD of freeze-dried DHBC-based hydrogels was studied. A sharp and strong reflex was
observed at 2θ = 20.0◦ (d = 4.4 Å) as well as a weak reflex at 22.7◦ (d = 4.0 Å) (Figure 5a and Figure
S28). The reflexes were not found in the starting materials, which indicated a transformation after
inclusion complex and hydrogel formation. Both reflexes were attributed to the 210 and 300 reflexes
from hexagonal lattices with a = 13.6 Å [52]. The strong [210] reflex is typically observed for
α-CD/PEG-based hydrogels, which resembles the electron density of the α-CD core with a radius
of ~5 Å. From the literature it is known that α-CD/PEG hydrogels are formed from channel-like
crystallites due to the elongated PEG guest polymers. As seen from the XRD pattern of the pure
POEGMA block, crystallinity was observed as well, which is due to the semi-crystallinity of PEG-based
systems. In the hydrogel materials, the crystal formation of pure POEGMA domains was suppressed.
Dynamic scanning calorimetry (DSC) supported the findings from XRD (Figure 5b). For the pure
POEGMA22k block, crystallization is observed around Tc 41.2 ◦C. On the other hand, PVP41k has a
glass transition temperature (Tg) at around 182.7 ◦C. The DHBC PVP41k-b-POEGMA22k possesses
a combination of both transition temperatures, i.e., Tc of 35.1 ◦C and Tg of 177.5 ◦C. The thermal
properties of freeze dried hydrogels were studied subsequently. The POEGMA-based α-CD hydrogel
as a reference showed a Tc around 38.7 ◦C. Thus, crystallization is still possible, although complexation
occurred during gel formation, which points to the fact that complexation might be not complete.
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Nevertheless, the crystallization peak was significantly less pronounced compared to the pure
POEGMA block. In the case of freeze dried DHBC-based hydrogel, no crystallization and glass
transition were observed. Thus, almost complete complexation of the POEGMA block was indicated.

Figure 5. Microscopic characterization of hydrogels: (a) X-ray diffraction (XRD) patterns of hydrogels
and individual components and (b) DSC traces of DHBC-based and OEGMA-based reference hydrogel.

SEM imaging of freeze dried hydrogels shows the difference between DHBC-based hydrogels and
POEGMA-derived hydrogels (Figure 6). In the case of DHBC-based hydrogels layered structures are
obtained, which might be due to the interplay of crystalline domains and demixing of the DHBC blocks.
The layers are porous featuring pores in the sub 50 nm range (Figure 6a inset). On the other hand
POEGMA-based hydrogels show a porous structure with large macropores in the micrometer range and
small pores in the sub-50 nm range. Similarly layered structures were observed for trehalose-methyl
cellulose-block copolymer-based hydrogel [53]. In a similar way, cryo SEM was utilized to image the
hydrogel structure in a more native state (Figure 7). The porous structure of the gel can be observed
clearly. In contrast to SEM images, the structures were less compact, which might be due to the
suppression of drying effects. The network was formed from connected uneven wave-shaped walls.
Again, the control sample of a POEGMA hydrogel showed distinct different features. A structure
of interconnected flake-like plates was observed. The microscopic morphology of both hydrogels
might also explain the enhanced mechanical properties of the reference compared to the DHBC-based
hydrogel. In the case of the reference, a denser network of crosslinks was observed, which is a strong
indication for enhanced rheological properties.
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Figure 6. Scanning electron microscopy (SEM) imaging of freeze dried hydrogel samples:
(a) PVP41k-b-POEGMA22k (3.3 wt.%)/α-CD (10.4 wt.%) initial hydrogel, (b) PVP41k-b-POEGMA22k

(3.3 wt.%)/α-CD (10.4 wt.%) after heating to 65 ◦C and cooling to 25 ◦C, (c) PVP41k-b-POEGMA22k

(3.3 wt.%)/α-CD (10.4 wt.%) after heating to 85 ◦C and cooling to 25 ◦C and (d) POEGMA22k

(1.7 wt.%)/α-CD (10.4 wt.%) after heating to 85 ◦C and cooling to 25 ◦C.

Figure 7. Cryo SEM imaging of hydrogel samples: (a) PVP41k-b-POEGMA22k (3.3 wt.%)/α-CD
(10.4 wt.%) and (b) POEGMA22k (1.7 wt.%)/α-CD (10.4 wt.%).
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4. Discussion

The formation of α-CD/PEG-based hydrogels is well known, as well as the utilization of POEGMA
for α-CD inclusion complex formation. In a similar way, DHBC-based supramolecular hydrogels can
be formed via utilization of a POEGMA block. Compared to a POEGMA reference softer hydrogels
are obtained in the case of DHBC. The hydrogels are formed via crystal formation between PEG
and α-CD units that act as crosslinking points. Softer hydrogels might be formed due to the PVP
blocks that hinder effective crystal formation via modulation of crystal nucleation and crystallization
kinetics [48]. Thus, there is a significant effect of DHBC addition on the crystalline α-CD/PEG domain
and consequently the mechanical properties of the formed gel materials are altered. The change in
mechanical properties via heating above Tsp and cooling to ambient temperature can be attributed to a
long-term hysteresis of mechanical properties. The hydrogels become significantly softer compared
to the initial state, similar to other studies where CD complexes were utilized to modify the thermal
properties of polymers with a time-delay [54,55].

The addressability of the two different mechanical states via heating above Tsp and Tcp might
be due to the crystalline substructure of the hydrogel. Heating above Tcp leads to dissolution of the
microcrystals and cooling to a substructure that is similar to the initial structure. On the other hand,
heating above Tsp does not break the microcrystals completely. Upon cooling, the formation of a
crystal structure similar to the initial microstructure might be kinetically hindered due to the PVP
block that forms a steric barrier.

It seems that the hydrogels significantly react on the heating above Tsp or Tcp. Heating above Tsp

leads to a softening, while the materials keep the gel structure with increasing strain. On the other
hand, heating above Tcp leads to the opposite effect with stronger gels after heating, and a significant
softening up to the formation of a sol with increasing strain. Such a softening property is highly
important for injectable gels as shown in Figure 4c,d. Moreover, the hydrogel thermoadaptivity does
not only lead to an effect on the value of G’ but also on the strain dependency.

The crystalline sub-structure of the hydrogels could be verified via XRD, and is in-line with the
literature [33]. Nevertheless, only minor differences between the different thermal treatments were
observed. Moreover, DSC confirms the inclusion complex formation that leads to supramolecular
gelation and the dangling PVP chains. From SEM imaging, the porous structure of the hydrogels
can be verified. Interestingly, both cryo SEM and SEM show distinct differences in the pore structure
between DHBC-based hydrogel and POEGMA-based hydrogel. Thus, the differences in mechanical
properties can be correlated with the microstructure of the hydrogels, e.g., loose pore structure in the
DHBC-case and a denser interconnected structure in the POEGMA-case.

5. Conclusions

The utilization of DHBC for the formation of supramolecular α-CD rotaxane host/guest hydrogel
has a significant effect on the hydrogel properties. Soft hydrogels are obtained that show unprecedented
thermal properties. Interestingly, the mechanical properties of the hydrogels depend on the thermal
history of the material, which is probably due to the DHBC-mediated modulation of crystallization.
Heating of the DHBC-based hydrogel above Tsp and cooling to ambient temperature leads to weak
flowing gels. On the contrary, heating above Tcp and cooling to ambient temperature leads to gels with
properties similar to the initial hydrogels. Thus, the DHBC-based hydrogels show thermoadaptive
behavior. Moreover, the hydrogels feature shear thinning behavior, which leads to injectable gels.
Overall, DHBC-based α-CD hydrogels show a promising platform for future developments in
supramolecular hydrogels. Especially, thermoadaptive properties might be an interesting feature
for future applications in sensing.
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Pure hydrophilic block copolymer vesicles with
redox- and pH-cleavable crosslinks†

Jochen Willersinn and Bernhard V. K. J. Schmidt *

The self-assembly of a novel double hydrophilic block copolymer consisting of biocompatible blocks,

namely pullulan-b-poly(N-vinylpyrrolidone), is presented. Completely hydrophilic spherical structures

with an average apparent radius of 800 nm at increased concentrations in water are observed via dynamic

light scattering as well as cryo scanning electron microscopy and confocal laser scanning microscopy

techniques. Moreover, the pullulan block is converted to present aldehyde groups acting as anchor point

for crosslinker attachments. It is demonstrated, that the oxidized self-assembled particles could be cross-

linked via the bifunctional crosslinker cystamine forming dynamic covalent imine linkages with aldehyde

groups. The afforded vesicles with an average diameter of 700 nm are stable upon high dilution and could

be observed via cryo scanning electron microscopy and transmission electron microscopy. Furthermore,

it is possible to cleave the crosslinking bonds with the treatment of acid or the application of a reducing

agent. The responsivity is a key feature taking future applications in the biomedical sector into account.

Introduction

Block copolymer self-assembly has significant impact on
polymer science as well as chemical science in general.1–3

Plenty of utilizations of block copolymer self-assemblies are
found in various chemical disciplines, e.g. block copolymer
templating in mesoporous silica synthesis,4,5 energy related
materials6 or nano structure engineering.7,8 One of the most
frequently utilized types of block copolymers for self-assembly
are amphiphilic block copolymers that can be used for the for-
mation of micelles,9–11 cylindrical micelles12,13 or vesicles14,15

in aqueous environment. Concomitantly colloidal structures
from amphiphilic block copolymers have found broad interest
with respect to applications, e.g. as drug delivery vehicles,14,15

hybrid materials,16 photoluminescent materials17 or
membranes.18

In contrast to the self-assembly of amphiphilic block co-
polymers in aqueous solution, pure hydrophilic block copoly-
mers, e.g. double hydrophilic block copolymers (DHBCs), can
form self-assembled structures in aqueous solution as well. On
one hand stimuli-responsive blocks were employed to form
such structures. Usually a stimulus like temperature or pH
change is utilized to render the solubility of one block in the

DHBC to hydrophobic.19 Certainly, a triggered self-assembly
has several advantages but in this case the self-assembly is
due to the hydrophobic effect and the block copolymer not a
pure DHBC at the time of self-assembly. On the other hand
self-assembly of pure DHBC in water without external triggers
is possible as shown by several researchers, e.g. giant vesicles
of pullulan-b-poly(ethylene oxide) (Pull-b-PEO),20 vesicles from
Pull-b-poly(N-ethylacrylamide),21 particles from poly(2-ethyl-2-
oxazoline)-b-poly(N-vinylpyrrolidone) (PEtOx-b-PVP),22 micelles
from poly(2-hydroxyethyl methacrylate)-b-poly(2-O-(N-acetyl-
β-D-glucosamine)ethyl methacrylate)23 or lyotropic mesophases
from PEO-b-poly(2-methyl-2-oxazoline).24 Certainly, depending
on the choice of the blocks DHBCs might feature significant
biocompatibility.25

The synthesis of DHBCs can be performed via reversible de-
activation radical polymerization strategies, e.g. the reversible
addition-chain transfer fragmentation (RAFT)/macromolecular
architecture design via the interchange of xanthates (MADIX)
process,26 as well as modular conjugation reactions such as
the copper catalyzed azide alkyne cycloaddition reaction.27

While the block copolymer formation is straightforward, the
self-assembly process of DHBCs is not completely understood.
Although there are theoretical investigations,28 the microstruc-
ture of the formed self-assemblies is still unknown. In general
relatively high polymer concentrations are required for the for-
mation of self-assembled structures, which renders them on
the other hand unstable in dilute environment. In order to pre-
serve the completely hydrophilic self-assemblies crosslinking
in aqueous solution is a valid option as it has been utilized
frequently in nano particle29,30 and hydrogel formation.31,32 In

†Electronic supplementary information (ESI) available: Additional synthetic pro-
cedures, NMR, SEC, DLS, CLSM/DIC and electron microscopy data. See DOI:
10.1039/c7py01214d

Max-Planck Institute of Colloids and Interfaces; Department of Colloid Chemistry,

Am Mühlenberg 1, 14476 Potsdam, Germany.

E-mail: Bernhard.schmidt@mpikg.mpg.de
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the case of DHBC-based systems crosslinking has been per-
formed with self-assemblies from PEO-b-poly(N-vinylpyrroli-
done) (PEO-b-PVP)33 and PEO-b-PEtOx.34

A bio-derived building block that has proven to be useful in
DHBC self-assembly so far is Pull,20,21 which is a linear non-
ionic poly(saccharide) consisting of α-1,6-linked maltotriose
units.35 It entails significant biodegradability,35 biocompatibil-
ity36 and can be end functionalized easily.20,37 A combination
with the likewise biocompatible PVP38 seems to be an efficient
combination with respect to future application in biomedical
science. In such a way a novel DHBC is generated that can be
investigated regarding self-assembly processes in water
(Scheme 1). According to research by Whitesides and co-
workers, PVP and dextran homopolymers form multiphase
systems in water.39 Therefore, a dextran-b-PVP block copolymer
might form self-assemblies in aqueous solution, which is an
indication that Pull-b-PVP forms self-assemblies as Pull is
structurally related to dextran.

As stated above, crosslinking of the formed self-assembled
structure is beneficial for stabilization and a significant
requirement for utilization in applicable concentration ranges.
In that regard oxidation of the Pull backbone for the formation
of aldehyde moieties allows crosslinking via the formation of
pH responsive dynamic covalent imine bonds40,41 together
with a diamine molecule, e.g. cystamine. Therefore, pH cleava-
ble crosslinking is reached. Moreover, utilization of the func-
tional diamine cystamine entails the system with another
feature of triggered cleavage. As cystamine contains a disulfide
bond, cleavage can be induced in reductive environment.42,43

In such a way DHBC-based crosslinked self-assemblies are
obtained that can be cleaved via pH or redox triggers and
intentionally disassembled at high dilution (Scheme 1).

Here a novel DHBC, namely Pull-b-PVP, undergoing self-
assembly in aqueous solution is presented. The block co-
polymer is synthesized via a Pull macro chain transfer agent
suitable for chain extension with VP via RAFT polymerization.
Subsequently, the formation of self-assembled structures was

probed via dynamic light scattering (DLS), cryo scanning elec-
tron microscopy (SEM), confocal laser scanning microscopy
(CLSM) and differential interference contrast microscopy (DIC)
showing particles in the range of 150 nm to 1 µm. Moreover,
the Pull block could be oxidized and crosslinked via addition
of cystamine. Therefore, stable structures could be generated
and analyzed via DLS, cryo SEM and transmission electron
microscopy (TEM). As shown via cryo SEM hollow spheres are
obtained indicating vesicular structures in solution.
Additionally, the formed crosslinks could be cleaved via pH
due to the dynamic covalent nature of the imine bond or redox
triggers due to the incorporated disulfide moiety leading to
degraded vesicles at high dilution.

Experimental
Chemicals

N-Vinylpyrrolidone (VP, 99%, Sigma Aldrich) was dried over
anhydrous magnesium sulfate and purified by distillation
under reduced pressure. Acetone (analytical grade, J.T. Baker)
and dichloromethane (DCM, analytical grade, Acros Organics)
were stored over molecular sieves (3 Å) prior to use. Millipore
water was obtained from an Integra UV plus pure water system
by SG Water (Germany). Ammonium chloride (99%, Roth KG),
2-bromopropionyl bromide (97%, Sigma Aldrich), t-butyl per-
oxide (70% solution in water, Acros Organics), cystamine di-
hydrochloride (96%, Sigma Aldrich), diethylene glycol (99%,
Fischer Chemical), diethyl ether (ACS reagent, Sigma Aldrich),
N,N-dimethylformamide (DMF, analytical grade, Sigma
Aldrich), dimethylsulfoxide (DMSO, analytical grade, VWR
Chemicals), ethyl acetate (EtOAc, analytical grade, Chem
Solute), hexamethylene diamine (96%, Sigma Aldrich), hexane
(analytical grade, Fluka), hydrochloric acid (HCl, fuming, Roth
KG), N-hydroxy succinimide (NHS, 98%, Sigma Aldrich), mag-
nesium sulfate (dried, Fisher Scientific), methanol (MeOH,
analytical grade, Fisher Scientific), potassium-O-ethyl xanthate
(98% Alfa Aesar), pyridine (99% extra dry, Acros Organics),
Rhodamine B (Sigma Aldrich), sodium bicarbonate (>99%,
Fluka), sodium cyanoborohydride (NaCNBH3, 95%, Sigma
Aldrich), sodium (meta)periodate (NaIO4, pure, VWR
Chemicals), sodium sulfite (97%, Acros Organics), triethyl-
amine (Sigma Aldrich) and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP, >98%, Roth KG) were used as received.
Spectra/Por dialysis tubes with MWCOs of 10 000 and
1 000 000 were purchased from Spectrum Labs. 2,5-
Dioxopyrrolidin-1-yl-2-bromopropanoate was synthesized
according to the literature (see ESI† for details).44 Pullulan was
depolymerized and conjugated with an amine according to the
literature (see ESI† for details).37,45

Analytical techniques
1H- and 13C-NMR spectra were recorded at ambient tempera-
ture at 400 MHz for 1H and 100 MHz for 13C with a Bruker
Ascend400. Size exclusion chromatography (SEC) was con-
ducted in N-methyl-2-pyrrolidone (NMP, Fluka, GC grade) with

Scheme 1 Overview for self-assembly of Pull-b-PVP, crosslinking via
cystamine and pH or redox induced cleavage.
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0.05 mol L−1 LiBr and BSME as internal standard at 70 °C
using a column system by PSS GRAM 100/1000 column (8 ×
300 mm, 7 µm particle size) with a PSS GRAM precolumn (8 ×
50 mm) and a Shodex RI-71 detector and a calibration with
PEO standards from PSS. Pullulan samples were analyzed in
acetate buffer containing 20% MeOH at 25 °C using a PSS
NOVEMA Max analytical system XL (pre column size 50 mm ×
8 mm – 10 µm, main column size 300 mm × 8 mm – 10 µm)
using a pullulan calibration with standards from PSS.
Dynamic light scattering (DLS) was performed using an
ALV-7004 Multiple Tau Digital Correlator in combination with
a CGS-3 Compact Goniometer and a HeNe laser (Polytec,
34 mW, λ = 633 nm in a θ = 90° setup to the photo-detector
(ALV/SO-SIPD)). Sample temperatures were adjusted to 25 °C
with a toluene bath surrounding the cuvette. Apparent radii
(Rapp) were determined by DLS and the data were fitted using
the REPES algorithm, which is similar to the CONTIN algor-
ithm and suitable for multi modal distributions. Cryogenic
scanning electron microscopy (cryo SEM) was performed with
a Jeol JSM 7500 F and the cryo-chamber from Gatan (Alto
2500). Confocal laser scanning microscopy (CLSM) imaging
was conducted with a Leica TCS SP5 (Wetzlar, Germany)
confocal microscope, using a 63× (1.2 NA) water immersion
objective. The dye stained samples were excited with a diode
pumped solid-state laser at 561 nm and the emission bands
were collected at 640 nm. Transmission electron microscopy
(TEM) was performed with a Zeiss EM 912 Ω microscope oper-
ated at an acceleration voltage of 120 kV. The samples were
cast on a carbon coated copper TEM grid and freeze dried for
analysis.

2,5-Dioxopyrrolidin-1-yl 2-((ethoxycarbonothioyl)thio)pro-
panoate (NHS-xanthate). According to the literature,46 in a dry,
argon purged 250 mL round bottom flask 2,5-dioxopyrrolidin-
1-yl-2-bromopropanoate (2.0 g, 9.04 mmol, 1.0 eq.) was dis-
solved in DCM (100 mL). Dry pyridine (1.09 mL, 13.56 mmol,
1.5 eq.) was added and the reaction mixture was cooled to
0 °C. Potassium O-ethyl xanthate (2.21 g, 13.56 mmol, 1.5 eq.)
was added portion wise. The reaction mixture was allowed to
warm to ambient temperature and stirred overnight. A white
salt was filtered off and DCM (200 mL) was added. The organic
phase was washed with 1 M aqueous HCl solution (4 × 50 mL),
deionized water (4 × 75 mL), saturated aqueous brine solution
(1 × 25 mL) and dried over anhydrous magnesium sulfate. The
solvent was removed under reduced pressure. The crude
product was purified by flash column chromatography (EtOAc/
hexane = 1 : 2, Rf = 0.27) on silica gel to afford 2,5-dioxopyrroli-
din-1-yl 2-((ethoxycarbonothioyl)thio)propanoate (NHS-
xanthate) (1.1 g, 3.87 mmol, 42% yield). 1H NMR (400 MHz,
CDCl3, δ:) 4.67 (dq, 2J1,2 = 2.3 Hz, 3J2,3 = 7.1 Hz, 2H, 2-H), 4.61
(q, 3J = 7.4 Hz, 1H, 4-H), 2.83 (s, 4H, 8-H, 9-H), 1.70 (d, 3J =
7.4 Hz, 3H, 5-H), 1.42 (t, 3J = 7.1 Hz, 3H, 1-H). 13C-NMR
(100 MHz, 300 K, CDCl3, δ:) 13.5 (1-C), 16.5 (5-C), 25.6 (8-C, 9-C),
44.2 (4-C), 70.9 (2-C), 167.6 (7-C, 10-C), 168.7 (6-C), 209.9 (3-C).

Xanthate functionalized pullulan (Pull-X). In a dry argon
purged 50 mL round bottom Schlenk flask pullulan-NH2

(2.4 g, 0.150 mmol, 1 eq.) was dissolved in dry DMSO (25 mL).

A solution of NHS–xanthate (0.218 g, 0.75 mmol, 5 eq.) in dry
DMSO (2.5 mL) was added drop wise to the reaction mixture.
The reaction mixture was stirred for two days at ambient temp-
erature. Deionized water (25 mL) was added slowly and the
mixture was extensively dialyzed against deionized water
(SpectraPor 3.5 kDa MWCO tube) for four days. The dialyzed
product was lyophilized to afford xanthate terminated pullulan
(Pull-X) (2.3 g, 0.14 mmol, 96% recovery) as a white solid.

Polymerization of VP for pullulan block copolymer synthesis
with co-solvent DMSO. In a dry argon purged 25 mL round
bottom Schlenk flask pullulan xanthate (0.25 g, 0.016 mmol,
1.0 eq.) was dissolved in a mixture of deionized water (5.5 mL)
and DMSO (2.5 mL). N-Vinylpyrrolidone (1.44 mL,
13.52 mmol, 870 eq.) and t-BuOOH (0.7 mg, 8 µmol. 0.5 eq.)
were added and the reaction mixture was frozen in liquid nitro-
gen. Na2SO3 (15.0 mg, 12 µmol. 0.75 eq.) was added and the
polymerization mixture was degassed by three freeze–pump–
thaw cycles. The flask was purged with argon and immersed into
an oil bath at 25 °C and stirred for 6 hours. The polymerization
mixture was frozen in liquid nitrogen, exposed to air and allowed
to thaw. The crude mixture was dialyzed against deionized water
(10 000 MWCO Spectra Por) and lyophilized to afford Pull-b-PVP
(1.47 g, 0.025 mmol) as white powder. Mn,app,SEC = 58 800 g mol−1

(PEO equivalents in NMP), Đ = 1.77.
Selective oxidation of Pull124-b-PVP263. The synthesis was

performed according to a procedure reported by Maia et al.47

In a 50 mL round bottom flask, Pull124-b-PVP263 (1.0 g,
0.17 mmol) was dissolved in deionized water (15.7 mL) to afford a
12.5 wt% solution. The solution was separated into 2 parts con-
taining 7.7 mL of the Pull124-b-PVP263 solution. Subsequently, an
aqueous solution of NaIO4 (0.011 g, 0.05 mmol in 1 mL deionized
water for 5% oxidation and 0.021 g, 0.10 mmol in 1 mL deionized
water for 10% oxidation) was added to the pullulan sample and
the reaction mixture was stirred for 20 hours at room temperature.
Diethylene glycol (5 µL, 0.005 mmol for 5% oxidation and 10 µL
for 10% oxidation, respectively) was added and the reaction
mixture was stirred 1 hour, followed by dialysis and lyophilization
to afford 5% and 10% oxidized Pull124-b-PVP263 (5% oxidation:
0.439 g, 0.017 mmol, Mn,app,SEC = 14 100 g mol−1, PEO equivalents
in NMP, Đ = 2.1; 10% oxidation: 0.433 g, 0.011 mmol, Mn,app,SEC =
39 200 g mol−1, PEO equivalents in NMP, Đ = 1.8) as a white
powder.

Crosslinking of oxidized Pull124-b-PVP263 self-assemblies.
Oxidized Pull124-b-PVP263 (0.050 g) with 5% and 10% oxidation
degree was dissolved in Millipore water (0.95 mL) and filtered
with a 0.45 µm CA syringe filter. Addition of crosslinker, i.e. a
cystamine dihydrochloride stock solution (0.01 g in 0.5 mL
Millipore water), proceeded as follows:

1.9 µL (3.8 µL for the 10% oxidized block copolymer,
respectively) of the stock solution was added to the Pull124-b-
PVP263 solution and the reaction mixture was shaken for
2 days. The reaction mixture was diluted to 0.1 wt% (100 µL of
crosslinked solution was added to 5 mL Millipore water) and
dialyzed against Millipore water with a 1 000 000 MWCO dialy-
sis tube for 3 days. The resulting solution was analyzed via
DLS at 25 °C.
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Acid induced disassembly of oxidized Pull124-b-PVP263 self-
assemblies. Hydrochloric acid (150 µL, 0.1 mol L−1) was added
to 2 mL of a 0.1 wt% solution of crosslinked and dialyzed
Pull124-b-PVP263 oxidized to 5%. The vial was sealed and
immersed in a water bath at 40 °C for 24 h. The pH induced
disassembly was monitored via DLS at 25 °C.

Redox induced disassembly of oxidized Pull124-b-PVP263 self-
assemblies. A 0.1 wt% solution of crosslinked and dialyzed
Pull124-b-PVP263 oxidized to 5% was degassed with argon for
10 minutes. TCEP (20.0 mg, 0.08 mmol) was added and the
sealed vial was immersed in a water bath at 40 °C for 24 h. The
redox induced disassembly was monitored via DLS at 25 °C.

Results and discussion
Synthesis of ω-functionalized pullulan-xanthate

In order to synthesize a Pull macroinitiator for the block co-
polymer synthesis of Pull-b-PVP, natural Pull precursor was
depolymerized according to the literature (see ESI for details,
Fig. S1 and Table S1†). In a subsequent step the depolymerized
Pull was end functionalized with hexamethylene diamine to
introduce an amine functionalization (see ESI for details,
Fig. S2 and S3†).

After the successful transformation of the ω-aldehyde to a
primary amine,37 the attachment of a RAFT/MADIX chain
transfer agent was performed in the next step (Scheme S1†).
Therefore, a N-succinimidyl xanthate, namely 2,5-dioxopyrroli-

din-1-yl 2-((ethoxycarbonothioyl)thio)propanoate was syn-
thesized via literature known procedures (Fig. S4 and S5†).44,46

The active ester route was chosen to avoid side reactions, e.g.
aminolysis of the RAFT agent as well as multiple attachments.
The synthesis of the pullulan chain transfer agent was carried
out in DMSO at ambient temperature to ensure complete dis-
solution of pullulan amine and the xanthate transfer agent.
The xanthate functionalized pullulan was dialyzed and
lyophilized after the reaction to remove DMSO and unreacted
xanthate transfer agent from the solution (Scheme S2†). An
apparent average molecular weight of 26 500 g mol−1 with Đ of
1.7 was obtained (Table S1 and Fig. S6†). 1H-NMR displays the
successful attachment of the xanthate group to pullulan
amine. The proton signals corresponding to the xanthate and
the hexamethylene group could be assigned via the magnifi-
cation of the area with a low chemical shift (Fig. S7†).
Subsequently, block copolymer formation via chain extension
with VP was performed.

Block copolymer formation of Pull-b-PVP

Block copolymer formation via RAFT polymerization of VP in
aqueous solution according to our previous method33 led to
unsatisfying results. Therefore, the system was diluted with
another polar but aprotic solvent, namely DMSO (Fig. 1a).
DMSO is a good solvent for monomer and macro RAFT/MADIX
chain transfer agent. The polymerization was performed at
25 °C with the redox couple sodium sulfite/t-butyl hydro-
peroxide as initiator. A Pull124-b-PVP263 block copolymer with

Fig. 1 (a) Polymerization scheme for Pull-b-PVP block copolymer formation in water/DMSO mixture, (b) SEC traces of pullulan xanthate and
Pull124-b-PVP263 block copolymer synthesized in water/DMSO mixtures recorded in NMP at 70 °C and (c) 1H-NMR of pullulan xanthate and Pull124-
b-PVP263 recorded at 400 MHz in DMSO-d6.
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an apparent number weighted molecular mass of 58 800
g mol−1 and Đ of 1.8 was obtained.

Nevertheless, the SEC traces (Fig. 1b) display slight tailing,
which can be explained with the broad molecular weight distri-
bution of pullulan. Additionally, increased interactions with
the SEC column as well as the occurrence of dead chains
during the polymerization can play a role for the observed
tailing. The 1H-NMR spectrum (Fig. 1c) further displays the
successful block copolymerization with the proton signals of
both polymer blocks between 4.4 ppm and 5.7 ppm for
pullulan and from 1.2 ppm to 2.1 ppm for PVP, being present
in the spectrum. According to the integration of the protons
corresponding to the a-OH group of pullulan (Fig. 1c) and the
relation to the integral of the protons corresponding to the
PVP backbone, indexed as f (Fig. 1c) in the 1H-NMR spectrum,
a VP incorporation of 263 repeating units was calculated. The

block copolymer composition was therefore assessed to be
Pull124-b-PVP263. In the next step the self-assembly behavior of
Pull-b-PVP was investigated in diluted aqueous solutions.

Self-assembly of Pull-b-PVP block copolymers in aqueous
solution

After the successful synthesis of Pull124-b-PVP263, the self-
assembly behavior was investigated. Therefore, solutions con-
taining 0.1, 0.5, 1.0, and 2.5 wt% of Pull124-b-PVP263 in
Millipore water were prepared, filtered with 0.45 µm CA
syringe filters, and analyzed via DLS. In order to compare the
block copolymer with the pullulan homopolymer, a pullulan
solution containing 0.1 wt% in Millipore water was prepared
as well and investigated via DLS (Table 1).

The intensity weighted size distributions of pullulan and
Pull124-b-PVP263 at 0.1 wt% in Fig. 2a (Fig. S8†) display a strong

Table 1 Summary of apparent average hydrodynamic radii of pullulan and Pull124-b-PVP263 determined via DLS at 25 °C

Polymer Concentration (wt%) Peak 1 Rh,app (nm) Rel. abund. Peak 2 Rh,app (nm) Rel. abund.

Pullulan 0.1 7 1.0 180 0.7
Pull124-b-PVP263 0.1 25 1.0 — —

0.5 16 1.0 750 0.12
1.0 11 1.0 350 0.66
2.5 7 0.42 800 1.0

Fig. 2 (a) Intensity weighted size distributions of pullulan and Pull-b-PVP at 0.1 wt%; (b) intensity weighted size distributions of Pull-b-PVP at
higher concentrations in Millipore water measured via DLS at 25 °C; (c) cryo SEM micrographs of a 0.5 wt% Pull124-b-PVP263 solution and (d) differ-
ential interference contrast (DIC) image with confocal laser scanning microscopy (CLSM) overlay displaying the particle structure of Pull-b-PVP at
2.5 wt% stained with 0.08 mM Rhodamine B.
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difference. Pullulan shows a bimodal particle size distri-
bution with the first peak being the most abundant species
with an average apparent radius of 7 nm. The peak can be
attributed to free dissolved pullulan macromolecules. The
second peak possesses an average apparent radius of 180 nm
with a relative abundance of 0.7, which corresponds to weak
aggregates of pullulan chains. The aggregates presumably form
because of hydrogen bonding between hydroxyl groups and
entanglement of the pullulan chains. Due to the intensity
weighted particle size distribution, the actual abundance of
these aggregates is 10−5 times lower compared to the free dis-
solved polymer. In contrast to free pullulan, the block copoly-
mer only displays a unimodal particle size distribution with an
average apparent radius of 25 nm. This is a further indication of
the successful block copolymer formation as the self-assembly
behavior in solution is significantly different from the pullulan
homopolymer. Despite this fact, the self-assembly of Pull124-b-
PVP263 block copolymers is not as efficient as expected for low
concentrations. Instead of large structures that would indicate
the presence of particles or vesicular structures, only one signal
corresponding either to free dissolved block copolymer or small
aggregates could be observed. Since the average apparent radius
is with 25 nm quite large for free dissolved block copolymer
chains, the presence of small aggregates of a low amount of
block copolymer chains is more conceivable.

An increase in concentration to 0.5 wt% already has a decent
effect on the self-assembly behavior of the block copolymer
(Fig. 2b and Fig. S8†). In contrast to the 0.1 wt% sample, a
bimodal particle size distribution is present with a second peak
with an apparent average radius of 750 nm and a relative abun-
dance of 0.12. The decrease in the average apparent radius of the
small species and the formation of very large aggregates indicates
a concentration dependent tendency to form larger structures.
A similar behavior was already observed for PEO-b-PVP block
copolymers, however with a lower tendency of self-assembly.33 An
increase in the block copolymer concentration to 1.0 wt% and
2.5 wt% further decreases the average apparent radius and the
abundance of particle species increases. With an average appar-
ent radius of the large species of 800 nm at 2.5 wt%.

The cryo SEM measurements of a 0.5 wt% solution of
Pull124-b-PVP263 display an increased amount of spherical
particles with average diameters between 150 nm and almost
1 µm (Fig. 2c). Moreover, tubular structures containing free
dissolved block copolymer can be observed (Fig. S9†). The
tubular structures form due to the growth of ice crystals
during the freezing process in liquid nitrogen pushing the free
dissolved block copolymers to the crystal border, where they
concentrate and form tubular alignments.48 Furthermore,
string-like connections between a significant amount of
smaller particles can be observed, e.g. the particles are aligned
in the fashion of pearls that are lined up on a string composed
of block copolymer (Fig. S9†). The occurrence of these inter-
particle connections is not completely understood yet and is
possibly an artifact of the cryo SEM process. Nonetheless, a
high amount of spherical particles could be confirmed via cryo
SEM measurements. In agreement to the intensity weighed

particle size distribution of the 0.5 wt% solution from DLS,
the amount of free dissolved block copolymer is significantly
present in the cryo SEM sample as tubular shaped structures.

Subsequently CLSM measurements were carried out with a
Rhodamine B stained 2.5 wt% solution of Pull124-b-PVP263 in
order to support the structure formation postulated by DLS
and cryo SEM. Therefore, the polymer solution was stained
with a 0.08 mM Rhodamine B solution and investigated with
CLSM techniques. Spherical particles with a diameter between
600 nm and 1 µm could be observed in the confocal micro-
graphs (Fig. 2d and S10†). Moreover, the DIC micrographs
with fluorescence overlay show that the particles are highly
enriched with Rhodamine B (Fig. 2d and S10†). In addition to
observed single particles, agglomerates of several particles
were observed as well (Fig. S10†). Since the structures were
imaged directly at the surface of the glass slide in order to
decrease blurring effects due to increased particle motion, the
occurrence of the particle agglomerates can be explained by a
continuous sinking of particles from the solution onto the
same area of the glass surface. The highly increased amount of
dye inside the spherical structures compared to the surround-
ing solution can be attributed to the same phenomenon as
recently described for Pull-b-PDMA and Pull-b-PEA block co-
polymer solutions.21 Rhodamine B can permeate through the
membrane structure inside the self-assembled particles, but
remains inside the structure due to an increased interaction
between dye molecules and block copolymer.

A comparison of the obtained average diameters from
CLSM/DIC and cryo SEM with the average apparent radii
obtained from DLS shows significant differences at the corres-
ponding concentrations. The average apparent diameters cal-
culated from DLS exceed the diameters determined via
microscopy about a factor of 30–50%, which might be due to
the intensity weighted particle size distribution. As larger par-
ticle are overexpressed in contrast to smaller ones in the distri-
bution curve. Nevertheless, particle formation of completely
hydrophilic block copolymers in aqueous solution is evident.
In order to stabilize the particles against dilution and open up
opportunities for future applications, crosslinking of the
particles was studied subsequently.

Oxidation of Pull-b-PVP and crosslinking of Pull-b-PVP vesicles

The confirmation of spherical particles self-assembled from
Pull-b-PVP block copolymers already displays the potential of
this system. In order to preserve the structures and generate
more applicable systems for future utilization in drug delivery, a
crosslinking strategy has to be developed. Since the application
of polysaccharides in biomedical and pharmaceutical field as
hydrogel components is well studied, several techniques to
crosslink polysaccharides with or without the application of
reversible crosslinking agents were reported.47,49–52 The rever-
sibility of the crosslinking was usually enabled via crosslinkers
bearing redox responsive groups such as dithiols or a pH sen-
sitive linkage with the polysaccharide, such as imines.51 To
enable imine formation with polysaccharides such as dextran
or pullulan, the cyclic hexoses need to be oxidized to alde-
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hydes. The most frequently reported pathway to accomplish a
mild oxidation of polysaccharides without the destruction of
the backbone is carried out with sodium (meta)periodate in
aqueous solutions (see ESI† for details).49,50 Maia et al.
reported a facile oxidation and crosslinking method for
dextran.47 In order to investigate the possibility of selective
pullulan oxidation to a pullulan dialdehyde, test oxidations
with depolymerized pullulan with different percentages of
NaIO4 as oxidizing agent were conducted (Table S2†). The state
of oxidation was characterized via 1H-NMR spectroscopy
(Fig. S11 and Table S3†). Furthermore, SEC measurements
should indicate depolymerization or degradation of oxidized
pullulan (Fig. S12†). In addition to the formation of aldehyde
units, a decrease in pullulan molecular weight was observed
for high NaIO4 equivalents that might be due to fractured
polymer chains. For that reason, oxidations exceeding 10% of
NaIO4 were not conducted with the Pull124-b-PVP263 block
copolymers.

In order to oxidize the pullulan moieties of a Pull-b-PVP
block copolymer, the DHBC was dissolved in Millipore water
and the corresponding amount of NaIO4 was added to oxidize
5% and 10% of the pullulan units to dialdehyde (Fig. 3a). As
visible from the 1H-NMR spectra in Fig. 3b, the oxidation of
glucose units of Pull124-b-PVP263 can be regarded as successful.
The appearance of the anomeric aldehyde protons in the area
between 6.1 ppm and 7.5 ppm confirms a successful oxidation
procedure. The integrals normalized to the internal standard
DMF display an increase from the control sample with an inte-
gral of 0.04 to 0.67 and 1.35 for the 5% and 10% oxidation,
respectively. However, absolute values of oxidized units cannot
be determined via the previous method because the exact
molecular mass of the block copolymer is unknown and only
the apparent average number weighted molecular masses
were determined. Therefore, no clear statement on the actual
oxidation state can be given, but from the comparison of the
integrals corresponding to 5% oxidation and 10% oxidation a

Fig. 3 (a) Schematic oxidation of Pull124-b-PVP263 with NaIO4; (b)
1H-NMR spectra of oxidized Pull124-b-PVP263 emphasizing on the anomeric

proton peaks of the oxidized glucose units recorded at 400 MHz in DMSO-d6; (c) corresponding SEC elution curves recorded in NMP at 70 °C.
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two fold increase in the absolute value of anomeric aldehyde
protons can be stated.

The SEC elution curves in Fig. 3c display a decent change of
the elution curves upon oxidation with NaIO4. The oxidized block
copolymers elute with a significantly broader curve compared to
the initial block copolymer. The drastic change in the appearance
of the elugrams can be attributed to a different interaction of the
oxidized block copolymer with the solvent NMP resulting in a
peak broadening towards higher elution volumes and a slightly
more pronounced tailing. Another reason for tailing towards
longer retention times might be chain degradation after the
oxidation as species of lower molecular weight are present.
Nevertheless, polymer chain fracture or depolymerization occurs
only to a minor extent as seen from the elugrams and a successful
oxidation of pullulan is indicated. Therefore, the appearance of
the anomeric proton signals in the 1H-NMR spectrum and the
SEC results both point towards a successful oxidation.

As already indicated by SEC measurements a change in the
chemical behavior of the block copolymer is induced by oxi-
dation of the Pull backbone, which is also indicated by DLS
measurements of aqueous solutions of Pull124-b-PVP263 and its

oxidized derivatives at 0.1 wt%. As visible from the particle size
distribution in Fig. 4 the unimodal average apparent particle
size distribution of Pull-b-PVP at 0.1 wt% turned to a bimodal
distribution for both oxidized species. The apparent average
particle size distributions of the oxidized block copolymers
show an increased tendency for self-assembly already at lower
concentrations in contrast to non-oxidized Pull-b-PVP. The
origin of the increased tendency can be referred to a change in
the hydrophilicity of pullulan. As oxidation of alcohols to alde-
hydes decreases hydrophilicity and increases the probability of
hydrogen bonding of pullulan, microphase separation is
encouraged. An enhanced self-assembly is very beneficial for
the attempted crosslinking step. As shown for higher concen-
trated solutions of Pull-b-PVP (Fig. 2b), the tendency to form
structures such as particles increases with raising concen-
tration. Conclusively, a higher amount of self-assembled struc-
tures should be present for the oxidized species at more concen-
trated solutions than it was the case for general Pull-b-PVP.

Due to the enhanced amount of self-assembled structures
at higher block copolymer concentrations, the crosslinking
procedure was conducted at a highly concentrated state of

Fig. 4 Intensity weighted particle size distributions of 0.1 wt% solutions of initial Pull124-b-PVP263, oxidized block copolymer before and after cross-
linking and dialysis with (a) 5% of oxidized pullulan and (b) 10% of oxidized pullulan in Millipore water measured via DLS at 25 °C. Cryo SEM micro-
graphs of Pull124-b-PVP263 particles at a concentration of 0.1 wt% after crosslinking and dialysis with (c) 5% of oxidized pullulan and (d) 10% of oxi-
dized pullulan. (e) TEM image of 10% oxidized Pull124-b-PVP263 after crosslinking and freeze drying on a copper grid.
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5.0 wt%. Cystamine dihydrochloride was selected as cross-
linking agent. The crosslinker can reversibly attach to the oxi-
dized glucose units of the pullulan block via imine formation
with aldehyde groups. Furthermore, the disulfide bridge can
be cleaved redox chemically by the application of suitable
reducing agents, such as tricarboxyethyl phosphine (TCEP).
Thus, two different triggers, pH and redox, can be applied for
disassembly and probably release applications. To conduct the
crosslinking, an aqueous solution containing 5 wt% of Pull124-
b-PVP263 was prepared and a 0.044 mmol mL−1 cystamine
dihydrochloride solution was added. The mixture was shaken
for 36 hours in order to achieve a high crosslinking density
(Scheme 2). The DLS distributions do not show significant
differences before and after crosslinking (Fig. S13†). In order
to remove free dissolved block copolymer as well as dimers
and lower aggregates, the crosslinked solution was diluted to
0.1 wt% and dialyzed for three days with an 1000 000 MWCO
dialysis tube against Millipore water. The high MWCO of the
dialysis membrane and the long dialysis time should ensure a
complete removal of smaller species, but trap the larger cross-
linked aggregates inside the tube.

As visible from the intensity weighted particle size distri-
butions of the oxidized Pull-b-PVP block copolymer before,
after crosslinking and dialysis (Fig. 4a), crosslinking and dialy-
sis drastically shifted the average apparent particle size distri-
bution towards the large species. At the same concentration of

0.1 wt% the amount of unimers would be significantly
increased without crosslinking. Thus, crosslinking preserves
larger particles under diluted conditions. The relative abun-
dance of the free dissolved 5% oxidized block copolymer
species decreased by 80% from 1.0 to 0.2 while maintaining
the average apparent radius of 14 nm. Nevertheless, complete
removal of unimer species was not possible via dialysis.
Moreover, the average apparent radius of the large particle
species increased to 340 nm being the most abundant species
by intensity weighting. However, free dissolved block copoly-
mer is still present in the solution. Due to the intensity
weighted size distribution, the abundance of the free dissolved
block copolymer species appears to be significantly lower than
it is the case in reality. Therefore, it can be stated that dialysis
was not able to completely remove all free dissolved species.
One explanation for this inability could be the reversibility of
the imine formation due to concentration and entropic
reasons leading to slight disassembly with time which may
result in free dissolved block copolymer still being abundant
in the solution of crosslinked structures. The crosslinked and
dialyzed sample of Pull124-b-PVP263 oxidized to 10% displays a
similar bimodal intensity weighted particle size distribution
with average apparent radii of 14 nm for the free dissolved
block copolymer and 340 nm for the crosslinked structures
(Fig. 4b and Table S4†). Again, complete removal of small
species was not possible via dialysis.

Scheme 2 Schematic crosslinking procedure of oxidized Pull-b-PVP self-assemblies with cystamine in Millipore water, pH or redox induced dis-
assembly of crosslinked Pull-b-PVP vesicles.
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In addition, the cryo SEM micrographs of the crosslinked
and dialyzed sample of Pull124-b-PVP263 oxidized to 5% display
spherical particles and a small amount of vesicular structures
(Fig. 4c and S14†). Moreover, no tubular alignments of free dis-
solved block copolymer are visible as before (Fig. S14†). The
crosslinked and dialyzed particles possess average diameters
between 250 nm and 1.2 µm. Larger spherical structures with
diameters between 700 nm and 1.2 µm often show a ruptured
morphology with a hollow interior indicating vesicle for-
mation. Moreover, some ruptured smaller particles with dia-
meters around 250 nm could be observed (Fig. S14†) which
indicate a hollow structure as well. The presence of vesicular
structures increases with a higher oxidation state of pullulan
at 10%. The cryo SEM micrographs (Fig. 4d and S15†) display a
high amount of vesicular structures with average diameters
ranging between 250 nm and 1.2 µm. Only a small amount of
small structures without vesicular shape could be observed
(Fig. S15†). An even more impressive observation can be seen
in Fig. S15† with the presence of anisotropic structures, which
could possibly origin from two structures that merged during
the crosslinking process. Such a merging of vesicles is not un-
likely due to the high concentration of 5.0 wt% during the
crosslinking procedure, which results in close proximity of the
spherical structures and entanglement of block copolymer
chain is possible. The magnification of a crosslinked Pull-b-
PVP vesicle (Fig. 4d) gives some more insight into its interior
displaying an interpenetrating network of crosslinked block
copolymer which increases in density towards the outer border
to form a closed shell. Despite the insight into the vesicular
structure, the cryo SEM technique prevents a clear postulation
about the origin of the observations. These network structures
can either be an intrinsic feature of the vesicles or be artifacts
of the sample preparation, especially during the freezing and
sputtering process.

TEM imaging of 10% oxidized Pull124-b-PVP263 after cross-
linking and freeze drying on a copper grid (Fig. 4e and S16†)
shows spherical particles with diameters between 100 and
500 nm. The particles might appear smaller than expected as
drying of the samples certainly leads to collapsed structures.
Moreover, some particles seem to have ruptured shells
(Fig. S16b†), which is another indication for vesicular struc-
tures being present in solution.

Despite the uncertainties regarding the interior vesicle
structure, the self-assembled and crosslinked vesicles already
mark a significant step towards a model drug delivery cargo
system. The vesicular structures encourage an encapsulation of
target molecules. Therefore, a triggered cleavage of the cross-
linked structures would be beneficial, e.g. via a pH or redox
trigger (Scheme 2).

In order to assess pH triggered disassembly of the self-
assembled and crosslinked Pull-b-PVP vesicles, 2.0 mL of
0.1 wt% solutions of the 5% oxidized and crosslinked samples
were treated with HCl. The pH of the solution was adjusted to
3 (150 µL of a 0.1 mol L−1 HCl solution) and the solution was
heated to 40 °C overnight. Reduction triggered disassembly
was performed via TCEP addition to self-assembled and cross-
linked Pull-b-PVP vesicles, 2.0 mL of 0.1 wt% solutions of the
10% oxidized and crosslinked samples were treated with
20 mg TCEP for the cleavage of the disulfide bridges.
Therefore, the solution containing the crosslinked vesicles was
placed in a DLS vial and argon was bubbled through to remove
the oxygen inside the solution. Subsequently, TCEP was added
and the sealed vial was heated in a water bath at 40 °C over-
night. In both cases heat treatment was necessary to generate
a certain activation energy which is required to accelerate the
desired reaction pathway and encourage the disassembly
process. After the addition of the cleavage agent and heat treat-
ment, the two samples were investigated via DLS and com-

Fig. 5 Comparison of intensity weighted particle size distributions of 0.1 wt% solutions in Millipore water measured via DLS at 25 °C of (a) 5% oxi-
dized Pull124-b-PVP263, oxidized block copolymer after crosslinking and dialysis and after treatment with HCl; (b) 10% oxidized Pull124-b-PVP263, oxi-
dized block copolymer after crosslinking and dialysis and after treatment with TCEP.
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pared with the particle size distribution of the oxidized and
the crosslinked samples (Fig. 5).

The DLS results of the acid treatment of the crosslinked
Pull-b-PVP vesicles (Fig. 5a) display a significant disassembly
of the crosslinked structures. The relative abundance of the
free dissolved species increased by four-fold to 0.77 and the
average apparent radius decreased by 27% from 340 nm to
250 nm (Table S4†). Nevertheless, complete disassembly was
not observed but the observed distribution is close to the
initial distribution after oxidation. Moreover, in the case of
TCEP treatment as visible from the intensity weighted apparent
average particle size distribution (Fig. 5b) the addition of TCEP
to the crosslinked vesicle solution resulted in disassembly of
the vesicular structures as well. The relative abundance of the
peak corresponding to the free dissolved block copolymer
increased by four fold from 0.2 to 0.92. Taking the intensity
weighing into account, the increase in relative abundance is
already very significant and a decent success in disassembly can
be stated. Nevertheless, quantitative disassembly was not the
case, yet the apparent size distribution is close to the initial size
distribution after oxidation. Furthermore, the average apparent
radius decreased by 30% from 340 nm to 240 nm (Table S4†).
When comparing the average apparent particle size distribution
of the oxidized species with the crosslinked one after TCEP
addition, a complete disappearance of the aggregated species
can probably not be achieved because the oxidized species dis-
plays a certain tendency to form aggregates as well. Overall, acid
and TCEP addition display a facile pathway towards the dis-
assembly of the crosslinked DHBC vesicles.

Conclusions

Herein, a novel DHBC Pull-b-PVP was synthesized via RAFT/
MADIX techniques starting from the biomacromolecule pullulan
and the related macro RAFT/MADIX chain transfer agent. The
block copolymer self-assembled to spherical structures with an
average apparent radius of 800 nm at increased concentrations in
water. Furthermore, spherical structures could be observed with
cryo SEM and CLSM techniques. The pullulan block could be
successfully converted to present aldehyde groups acting as
anchor point for crosslinker attachments. It was demonstrated,
that the oxidized self-assembled particles could be crosslinked
via the bifunctional crosslinker cystamine forming dynamic
covalent imine linkages with aldehyde groups. The afforded vesi-
cles with an average diameter of 700 nm were stable upon high
dilution and could be observed via cryo SEM and TEM.
Furthermore, it was possible to cleave the crosslinking bonds
with the treatment of acid or the application of the reducing
agent TCEP. The triggered cleavage is a key feature taking future
applications in the biomedical sector into account.
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.
 Poly(ethylene glycol) brush-b-poly(N-
vinylpyrrolidone)-based double hydrophilic block
copolymer particles crosslinked via crystalline a-
cyclodextrin domains†

Noah Al Nakeeb,a Zdravko Kochovski, b Tingting Li,‡ac Youjia Zhang,a Yan Lu bd

and Bernhard V. K. J. Schmidt *a

Self-assembly of block copolymers is a significant area of polymer science. The self-assembly of completely

water-soluble block copolymers is of particular interest, albeit a challenging task. In the present work the

self-assembly of a linear-brush architecture block copolymer, namely poly(N-vinylpyrrolidone)-b-

poly(oligoethylene glycol methacrylate) (PVP-b-POEGMA), in water is studied. Moreover, the assembled

structures are crosslinked via a-CD host/guest complexation in a supramolecular way. The crosslinking

shifts the equilibrium toward aggregate formation without switching off the dynamic equilibrium of

double hydrophilic block copolymer (DHBC). As a consequence, the self-assembly efficiency is improved

without extinguishing the unique DHBC self-assembly behavior. In addition, decrosslinking could be

induced without a change in concentration by adding a competing complexation agent for a-CD. The

self-assembly behavior was followed by DLS measurement, while the presence of the particles could be

observed via cryo-TEM before and after crosslinking.
o
c
o
o
e
n
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o
c
ro
p
b
vi
Introduction

Block copolymer self-assembly has been in the focus
researchers in recent decades. In particular, amphiphilic blo
copolymers have gained signicant attention for the purpose
self-assembly, e.g. in the formation of micelles,1,2 vesicles3–5

more complex structures.6,7 Various applications are propos
for these kinds of structures, e.g. for drug-delivery,8,9 na
reactors,10,11 articial cells12 or as templates for nanoparticle
Another option is to utilize a double hydrophilic block cop
ymer (DHBC) that features a stimuli responsive block. Su
a stimuli responsive block is capable of switching from hyd
philic to hydrophobic upon application of heat,14,15

change16,17 or redox reactions18,19 to facilitate a self-assem
process. In this case the self-assembly is rather driven
hydrophobicity induced aggregation.
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Recently, the self-assembly process could be extended
towards completely hydrophilic block copolymers without the
need of a triggered solubility change.20 The self-assembly can be
understood from the formation of aqueous two phase systems
from two hydrophilic homopolymers in water at elevated
concentrations. The connection of both homo polymers –

leading to a DHBC – diminishes macroscopic demixing but
facilitates microscopic self-assembly. In such a way, various
examples of DHBC self-assembled structures were described,
e.g. vesicles,21,22 micelles23–25 or particles.26–28 In addition, mes-
ophases of DHBCs in water were observed at high concentra-
tions.29,30 For future applications the fact that DHBC-based self-
assemblies are formed from completely water-soluble blocks
might open up novel opportunities due to enhanced perme-
ability in comparison to self-assemblies from amphiphilic block
copolymers. In the case of amphiphilic block copolymers
several strategies are utilized to tackle the permeability chal-
lenge, e.g. utilization of articial protein channels31 or respon-
sive swellable domains.32,33 In contrast, for DHBC self-
assemblies such strategies might not be necessary to ensure
permeability. Therefore, the resulting aggregates should be
permeable towards water soluble compounds which make this
class of material an excellent candidate for applications such as
nanoreactors. Furthermore, there are more hydrophilic poly-
mers proven to be FDA approved than hydrophobic polymers
which allows the application of potential nanoreactors in the
biomedical eld as bioreactors.34
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It could be shown that the self-assembly process depends
DHBC architecture, e.g. for a brush-linear DHBC enhanced s
assembly was observed compared to a linear–linear DHBC
Moreover, the efficiency of self-assembly depends signican
on the concentration of DHBC, and in general rather h
concentrations are needed to drive self-assembly forward.
The higher the concentration, the more favorable the state
aggregation is in comparison to the unimer state. Dilution
the DHBC solution results in an instant shi in the equilibriu
causing the disassembly of the aggregates. Thus, stabilizat
of the aggregates towards changing concentration is a ma
challenge that has to be accomplished before approach
applications. In order to gain control over the equilibrium a
stabilize the DHBC particles for further uses, it is inevitable
crosslink the DHBC particles as reported recently.35,36

general, there are several crosslinking approaches: covale
dynamic covalent and physical/supramolecular crosslinki
Covalent bonding is non-reversible, which enhances the lo
term stability of crosslinks but excludes adaptivity of
system. On the other hand, dynamic covalent bonding allo
further changes to the system or triggered cleavage with
allowing instant changes. Finally, supramolecular crosslink
features reversibility as well as dynamic equilibration over
crosslinked structure. The focus in this study is to connect
dynamic nature of DHBC with the likewise dynamic nature
physical crosslinking approach.

A well-known way to crosslink polymers in aqueous solut
is cyclodextrin (CD)-based host/guest chemistry,37 e.g. for
formation of slide ring-gels,38,39 self-healing gels40,41 or stim
responsive gels.42 In particular a-cyclodextrin (a-CD) is wid
used in the literature for the gelation of poly(ethylene glyc
(PEG) containing polymers.43,44 The crosslinking of a-CD a
PEG is proceeding via inclusion complexation of a-CD and P
followed by crystallization of the complexes and formation
crystalline domains that act as crosslinking points in aqueo
solution.45,46 However, in this study no complete gelation of
solution is desired, but rather crosslinking in a dened space
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Scheme 1 The self-assembly process of the linear-brush DHBC PV
dextrin in order to physically crosslink the POEGMA-brush block. Fin
(AA).
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the self-assembled DHBC-particles. In addition, CDs have been
widely utilized in various applications, e.g. drug delivery,47,48

nano-structures,43,49 supramolecular polymers,50,51 amphi-
philes52,53 or bioactive materials.54,55 Moreover, CD is a biocom-
patible and FDA approved compound which makes it highly
interesting for research in the direction of biomedical applica-
tions. Recently, we could show the formation of supramolecular
bulk hydrogels from a-CD and the DHBC poly(N-vinyl-
pyrrolidone)-b-poly(oligoethylene glycol methacrylate) (PVP-b-
POEGMA), which is related to the present work.56 The formed
hydrogels featured remarkable thermoresponsive behavior, yet
at increased concentration compared to the present work.

The focus of the present study lies on the effect of the
crosslinking agent a-CD on the self-assembly behavior of the
DHBC PVP-b-POEGMA (Scheme 1) with linear-brush architec-
ture under diluted conditions# 2.0 wt%, which is of signicant
difference to a linear-linear architecture both for self-assembly
as well as synthesis. Thus, one of the goals of the study is to
gain further pieces of information regarding linear-brush
DHBC self-assembly. At rst the linear-brush PVP-b-POEGMA
DHBC is synthesized, then the self-assembly behavior is studied
before and aer the addition of different amounts of a-CD. The
effect on self-assembly efficiency is studied via dynamic light
scattering (DLS). Cryo-TEM and cryo-SEM are utilized to image
the aggregates before and aer crosslinking. Subsequently, the
supramolecular nature of the crosslinking with a-CD is exploi-
ted by using anthranilic acid (AA) as a competitive guest
compound for a-CD in order to induce decrosslinking.

Experimental part
Materials

Anthranilic acid (AA, 98+, Alfa Aesar), ammonium chloride
(99%, Roth KG), ascorbic acid (98%, Alfa Aesar), 2-bromopro-
pionyl bromide (97%, Sigma Aldrich), t-butyl hydroperoxide
(70% solution in water, Acros Organics), chloromethyl poly-
styrene resin (2.4 mmol g�1, TCI), copper(I)bromide (CuBr,

Paper
P-b-POEGMA in water followed by a crosslinking approach via a-cyclo-
ally, a decrosslinking process is induced by the addition of anthranilic acid

This journal is © The Royal Society of Chemistry 2019
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and stirred overnight. Before DLS measurement the solution
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99.99%, Sigma Aldrich), copper(II)sulfate (CuSO4, 99%, C
Roth), a-cyclodextrin (a-CD, >90%, Carl Roth), dichlorometha
(DCM, analytical grade, Acros Organics), diethyl ether (A
reagent, Sigma Aldrich), N,N-dimethylformamide (DM
analytical grade, Sigma Aldrich), dimethylsulfoxide (DMS
analytical grade, VWR Chemicals), 4,40-dinonyl-2,20-dipyri
(dNBipy, 97%, Sigma Aldrich), ethyl acetate (EtOAc, analyti
grade, Chem Solute), hexane (analytical grade, Fluka), hyd
chloric acid (fuming, Carl Roth), magnesium sulfate (dri
Fisher Scientic), methanol (MeOH, analytical grade, Fish
Scientic), N,N,N0,N00,N00-pentamethyldiethylenetriam
(PMDETA, 98%, Sigma Aldrich), potassium-O-ethyl xanth
(98%, Alfa Aesar), propargyl alcohol (99%, Sigma Aldric
pyridine (99% extra dry, Acros Organics), sodium azide (>99.5
Fluka), sodium bicarbonate (>99%, Fluka), sodium sulte (97
Acros Organics) and triethylamine (99.5%, Sigma Aldrich) w
used as received. N-Vinylpyrrolidone (VP, 99%, Sigma Aldri
was dried over anhydrous magnesium sulfate and puried
distillation under reduced pressure. Oligo(ethylene glyc
methyl ether methacrylate (OEGMA, 900 g mol�1, Sig
Aldrich) was rst dissolved in THF, then passed over a ba
aluminum oxide column (Brockman I, Sigma Aldrich) a
subsequently precipitated in cold hexane, ltered and dr
under high vacuum for 24 h. Millipore water was obtained fr
an Integra UV plus pure water system by SG Water (German
Azido functionalized PS-resin (Fig. S1†), prop-2-yn-1-yl
((ethoxycarbonothioyl)thio) propanoate (alkyne-CTA), alky
end functionalized PVP (Fig. S2†) azide end functionaliz
POEGMA (Fig. S3†) and PVP-b-POEGMA (Fig. S4–S8†) w
prepared according to the literature.21,27,56,57 Spectra/Por dialy
tubes with MWCO of 10 000 were purchased from Spectru
Labs.

Procedure for the preparation of solutions for DLS
investigation

For the DLS measurement 50 mg of DHBC were dissolved
2.5 g of Millipore water in order to receive a 2.0 wt% DH
solution. Before conducting the DLS measurement the solut
was passed through a 1.2 mm lter. The solutions contain
0.5 wt% and 0.1 wt% of DHBC were obtained by diluting
2.0 wt% solution with water accordingly.

Crosslinking of PVP-b-POEGMA via a-CD

In order to crosslink the PVP-b-POEGMA aggregates 500 mg
a 10.0 wt% DHBC solution were mixed with a certain amoun
a-CD (25 mg, 50 mg, 75 mg, 100 mg corresponding to 5, 10,
and 20 wt% respectively). The mixture was stirred overnight a
then diluted to 2.0 wt%. The 2.0 wt% solution was then utiliz
for several investigation methods, like cryo-SEM, cryo-TEM, a
DLS. For the DLS measurement the 0.5 wt% and 0.1 w
solutions could be obtained by diluting the 2 wt% solut
accordingly.

Decrosslinking of PVP-b-POEGMA via AA

In order to induce decrosslinking of the a-CD crosslink
PVP-b-POEGMA aggregates, rst the DHBC was crosslink
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with a-CD according to the procedure reported above.
Subsequently, AA 15 mg, (1.05 : 1 molar ratio of AA : a�CD)
were added to the PVP-b-POEGMA solution (2 wt%, 2.5 mL)
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was passed through a 1.2 mm lter.

Characterization methods
1H- and 13C-NMR spectra were recorded at ambient temperature
at 400 MHz for 1H and 100 MHz for 13C with a Bruker
Ascend400. Diffusion-ordered spectroscopy (DOSY) was per-
formed at 600 MHz (Agilent Premium Shielded) with the
dppste_cc pulse sequence. Dynamic light scattering (DLS) was
performed using an ALV-7004 Multiple Tau Digital Correlator in
combination with a CGS-3 Compact Goniometer and a HeNe
laser (Polytec, 34 mW, l ¼ 633 nm at q ¼ 90� setup for DLS).
Sample temperatures were adjusted to 25 �C. Toluene was used
as immersion liquid. Apparent hydrodynamic radii (Rapp) were
determined by LV-Correlator Soware Version 3.0. Autocorre-
lation functions measured at a scattering angle of 90� were
analyzed using cumulant and CONTIN methods. Cryogenic
scanning electronic microscopy (cryo-SEM) was performed on
a Jeol JSM 7500 F and the cryo-chamber from Gatan (Alto 2500).
Size exclusion chromatography (SEC) for PVP, POEGMA and
PVP-b-POEGMA were conducted in NMP (Fluka, GC grade) with
0.05 mol L�1 LiBr and BSME as internal standard at 70 �C using
a column system with a PSS GRAM 100/1000 column (8 � 300
mm, 7 mm particle size), a PSS GRAM precolumn (8 � 50 mm),
a Shodex RI-71 detector and a PMMA or PEO calibration with
standards from PSS. Fourier transform infrared (FT-IR) spectra
were acquired on a Nicolet iS 5 FT-IR spectrometer. Samples for
cryogenic transmission electron microscopy (cryo-TEM) were
prepared by applying a 4 ml droplet of sample suspension to
lacey carbon copper grids (200 mesh, Science Services) and
plunge frozen into liquid ethane using a Vitrobot Mark IV (FEI,
Eindhoven, Netherlands) set at 4 �C and 95% humidity. The
grids were mounted on a cryo transfer holder (Gatan 914, Gatan,
Munich, Germany) and transferred into a JEOL JEM-2100 (JEOL
GmbH, Eching, Germany) transmission electronmicroscope for
imaging. The microscope was operated at an acceleration
voltage of 200 kV and micrographs were recorded with
a bottom-mounted 4 � 4k CMOS camera (TemCam-F416,
TVIPS, Gauting, Germany) at a magnication of 50 000�, cor-
responding to a pixel size of 2.32 Å at the specimen level. Total
electron dose for each micrograph was kept below 15 e� Å�2.
d
d
d

n

d
d

Results and discussion
Synthesis and self-assembly of linear-brush PVP-b-POEGMA

As shown previously, PVP-b-POEGMA with linear-brush archi-
tecture can be synthesized via a two-step process. At rst indi-
vidual homopolymers were synthesized via RAFT
polymerization and ATRP, respectively (Table S1†).26,27 Alkyne
end functionalized PVP was synthesized via RAFT polymeriza-
tion employing an alkyne functionalized chain transfer agent.
In addition, azide end functionalized POEGMA was synthesized
via ATRP with an azide functional initiator. Both polymers were
RSC Adv., 2019, 9, 4993–5001 | 4995
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3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly
characterized via SEC and NMR before further steps were p
formed (Fig. S2 and S3†). Unimodal SEC chromatograms w
observed and Đ in the range of 1.08 to 1.43 (Table S1†). T
molecular weights were varied to allow investigation of s
assembly according to molecular weights (38, 30, 24 and 14
mol�1 for PVP; 13 and 9 kg mol�1 for POEGMA). In order
obtain the DHBC, both blocks were coupled via copper ca
lyzed azide alkyne cycloaddition (CuAAc) according to
literature.56 To enable increased purity of block copolymer,
excess of the alkyne functional block was utilized and n
reacted amounts were removed via resin coupling followed
ltration. The linear-brush block copolymers were charact
ized via FTIR, SEC and NMR as well (Table S2, Fig. S4–S10†).
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SEC, a clear shi towards lower elution volume was observed fo

Fig. 1 (a) Overview of the self-assembly process of the linear-br
POEGMA13k (magenta curve), PVP30k-b-POEGMA13k (blue curve), P
Millipore water measured viaDLS at 25 �C at a concentrations of 2.0 w
in Millipore water measured via DLS at 25 �C at different concentratio
and e) cryo-TEM images of PVP24k-b-POEGMA13k at a concentr
a concentration of 2.0 wt%.
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example in comparison to the mixture of homopolymers
(Fig. S4†). In addition, blends of block copolymer and homo-
polymers were investigated to ascertain the purity of the formed
block copolymers. Minor differences in the elugrams of block
copolymer sample and blends are observed even at homo
polymer contents of 10 wt%, which indicates a purity of 90% or
better for the block copolymers. Moreover, the presence of both
blocks was observed in the NMR spectrum (Fig. S7†) and
a similar diffusion coefficient was determined for both blocks in
DOSY (diffusion-ordered spectroscopy) (Fig. S8†), which indi-
cates block copolymer formation.

Subsequently, self-assembly of the formed block copolymers
was probed (Fig. 1a). Recently, it was shown that linear-brush

Paper
r block copolymers feature enhanced self-assembly compared to

ush DHBC, (b) intensity weighted particle size distribution of PVP38k-b-
VP24k-b-POEGMA13k (red curve) and PVP14k-b-POEGMA9k (black curve) in
t%, (c) intensity weighted particle size distribution of PVP24k-b-POEGMA13k

ns (red curve: 2.0 wt%, blue curve: 0.5 wt% and magenta curve: 0.1 wt%), (d
ation of 1.0 wt%, and (f) cryo-SEM images of PVP24k-b-POEGMA13k at
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3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly
the linear-linear block copolymer analogues.27 Atrst DLS stud
of the self-assembly/aggregation of the block copolymer w
performed, suggesting particle sizes between 100 nm and 1 m

The DLS results indicate a strong correlation between aggre
tion and Mn of the individual blocks (Fig. 1b). The efficien
increases with decreasing Mn of the PVP block from 38 to 24
mol�1 (at constantMn of POEGMA of 13 kg mol�1). At shorter
of both blocks, i.e. PVP14k-b-POEGMA9k, the efficiency is sign
cantly enhanced. An explanation for the observed behavior mi
be the decreased steric demand of the blocks that facilita
aggregation. Moreover, PVP-b-POEGMA shows a very stro
correlation between polymer concentration and self-assem
efficiency as observed in the case of PVP24k-b-POEGMA
(Fig. 1c). A signicant decrease of self-assembled structures
observed upon dilution of the DHBC solution as expected fr
literature.35 It should be noted that intensity averaged parti
distributions are plotted, where larger structures
overexpressed.

To further elucidate the self-assembly process and supp
the observations from DLS, cryo-TEM studies were perform
(Fig. 1d/e). Circular structures with sizes in the range of 3
50 nm can be observed under cryo-TEM, which indicates
presence of spherical particles in solution. In addition
spherical particles, particles with less dened structures w
sizes in the range of 20–100 nm can be observed as well that
most likely agglomerates (Fig. S11†). Moreover, cryo-SEM w
performed that shows spherical particles as well. Particle si
between 50 and 500 nm are observed, whichmatches the resu
from DLS (Fig. 1f).
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Fig. 2 X-ray diffraction (XRD) of freeze-dried samples of the linear-
brush DHBC PVP24k-b-POEGMA13k before crosslinking at a concen-
tration of 2.0 wt% (red curve) and after crosslinking with a-CD at
a DHBC and a-CD concentration of 2.0 wt% (blue curve).
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Crosslinking of linear-brush PVP-b-POEGMA via a-
cyclodextrin (a-CD)

In the next step, crosslinking of PVP24k-b-POEGMA13k with a-
was investigated. Therefore, a 10.0 wt% solution of PVP24k
POEGMA13k was prepared and various amounts of a-CD w
added. The nal solution was stirred over-night and diluted
reach a nal DHBC concentration of 2.0 wt% while the a-
concentration was varied between 4.0 wt%, 3.0 wt%, 2.0 wt
and 1.0 wt% respectively. In the optimization of the cro
linking process caution was taken to ensure particles perfo
intra particle crosslinking only. The presented proced
features crosslinking at higher DHBC concentrations, which
a common strategy for DHBC systems as self-assembly e
ciency strongly depends on concentration. In such a way, s
assemblies can be crosslinked and preserved in dilu
conditions.

It is well known that a-CD and PEG form crystalline inc
sion complexes which can be illustrated as necklace-l
supramolecular structures.58 Therefore, the a-CD crosslink
DHBC was freeze-dried and the crystal formation was stud
via X-ray diffraction (XRD). As a result a relevant peak could
identied at 20.1� (0.44 nm), which can be assigned to the [2
reex of hexagonal lattices with a ¼ 13.6 Å and resembles the
CD core in a channel-like organization.59 The peak was abs
prior crosslinking indicating the formation of a-CD/POEGM
crystalline structures. The reexes at 24� in the native DH
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are due to the semi-crystalline nature of the POEGMA block that
disappear in the crosslinked product as POEGMA crystallization
is hindered aer a-CD complexation (Fig. 2).

As linear-brush PVP-b-POEGMA shows a very strong corre-
lation between polymer concentration and self-assembly effi-
ciency, changes in the self-assembly behavior upon a-CD
addition were investigated. In order to study the effect of a-CD
on the self-assembly behavior of PVP24k-b-POEGMA13k ve
different samples were prepared to correlate a-CD content and
self-assembly behavior. Each sample contains 2.0 wt%
aqueous DHBC solution with a different amount of a-CD
(4.0 wt% a-CD, 3.0 wt% a-CD, 2.0 wt% a-CD, 1.0 wt% a-CD and
0 wt% a-CD) and then studied via DLS measurements. The
dynamic nature of the self-assembly behavior of pure PVP-b-
POEGMA could be already illustrated via DLS measurements,
as polymer concentration affects strongly the self-assembly
efficiency. The higher the DHBC concentration, the more the
ratio shied from unimers towards aggregate formation.
Adding a-CD which itself builds a dynamic non-covalent
interaction results in a highly tunable, predictable and
unique property for DHBC (Fig. 3b).

The main effect of a-CD addition on the self-assembly
behavior follows the same trend in all concentration ranges,
the stepwise increase of a-CD results in a stepwise increase in
the self-assembly efficiency. Considering the self-assembly
behavior of DHBC at 2.0 wt%, the addition of a-CD shows
a clear improvement in the ratio of unimers fraction to aggre-
gate formation (Fig. 3b). While the addition of 1.0 wt% a-CD has
only a slight impact on the self-assembly process, as the
normalized intensity of the unimer fraction decreases from 0.18
to 0.16 (Table S3†), the further addition of 2.0 wt% a-CD results
in a substantial decrease to 0.06. This signicant change in the
self-assembly behavior can also be seen by the increase of the
particle size of the small sized fraction. While pure DHBC shows
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3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly
a signal at 5.0 nm that can be interpreted as an unimer fracti
the signal shis to 8.0 aer the addition of 2.0 wt% a-
indicating that the solution contains already polymer associa
instead of free polymers. Further decrease of the unimer fr
tion can be observed when the amount of a-CD is increas
Aer addition of 3.0 wt% a-CD unimer species are absent a
a transition to a system of small probably micellar aggrega
(size around 17 nm) and large aggregates around 374 nm
indicated via DLS. Finally, aer the addition of 4.0 wt% a-
the rst aggregate peak shis from 17 to 86 nm, which rep
sents clearly the formation of another aggregate species pr
ably an aggregate of micelles. Thus, at an a-CD content of 3 w
and 4 wt% the unimers fraction is diminished in the intens
weighted DLSmeasurement indicating a complete crosslinki
Hence, no unimers are found for 3 and 4 wt% a-CD but sm
aggregates, which probably represent micelles and aggrega
of micelles. Moreover, the particle fraction that was pres
from the beginning also shows a stepwise increase in size w
the increased addition of a-CD, starting from Rapp ¼ 230 n
without any a-CD to a Rapp ¼ 463 nm when 4.0 wt% a-CD
added (Table S3†).

In the next step, the self-assembly behavior aer a-
addition was probed upon dilution to allow the investigation
the dynamic equilibrium between unimer fraction and agg
gates formation. First the solutions were diluted to 0.5 wt% a
further to 0.1 wt% DHBC content. The self-assembly behavior
the other two concentration regions (0.5 wt% and 0.1 wt
shows some similarities but also differences. While the amou
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Fig. 3 (a) Schematic overview of the crosslinking process of the line
PVP24k-b-POEGMA13k in Millipore water and the addition of a-CD (4
(c) intensity weighted particle size distribution of PVP24k-b-POEGM
concentrations (2.0 wt%; 0.5 wt%; 0.1 wt%) measured via DLS at 25
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of free polymer does decrease aer each addition of a-CD
stepwise (Fig. S12†) indicating that a-CD is inducing a self-
assembly of the DHBC, there is still a noticeable amount of
unimer fraction even aer a starting concentration of 4.0 wt% a-
CD (nal concentration 1.0 wt% at 0.5 wt% DHBC and 0.2 wt%
at 0.1 wt% DHBC). Conclusively, the a-CD induced self-
assembly process at 2.0 wt% is partially reversible when the
sample is diluted, which strongly differs from other previous
reported DHBC crosslinking systems where the crosslinking
agent could stabilize the particles against dilution.21,36 In
contrast, the present supramolecular crosslinking strategy
introduces an additional equilibrium to enhance the self-
assembly process but sustaining the dynamics of the DHBC
system.

The stepwise decrease in the unimers fraction can also be
observed when the solution is further diluted to 0.1 wt% DHBC
(Fig. S8†), as the intensity decreases steadily from 0.82 when no
a-CD was present to 0.16 aer the addition at 0.2 wt% of a-CD. It
is thus noteworthy that the highly diluted DHBC solution
(0.1 wt%) with 0.2 wt% of a-CD (Table S3†) shows a better self-
assembly efficiency than the initial pure DHBC solution at
2.0 wt% (Table S3†). Therefore, the addition of 4.0 wt% a-CD
can overcompensate the concentration-depended decrease in
self-assembly efficiency.

Fig. 3c compares different concentration ranges with
similar amounts of a-CD. Here, an interesting trend can be
observed. a-CD does not only affect the self-assembly effi-
ciency by decreasing the amount of unimer fraction but it has

Paper
ar-brush DHBC, (b) intensity weighted particle size distribution of 2.0 wt%
.0 wt%, 3.0 wt%, 2.0 wt%, 1.0 wt% and 0 wt%) measured via DLS at 25 �C and
A13k in Millipore water with six a-CD (4.0 wt% to 0.1 wt%) and three DHBC
�C.
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3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly
a signicant impact on the particle size of the aggregat
When keeping the amount of a-CD constant, a reduction
polymer concentration leads to a decrease in particle size in
cases. Using 4.0 wt% a-CD as a starting point a decrease fr
Rapp ¼ 463 nm (2.0 wt%) to Rapp ¼ 226 nm (0.5 wt%)
observed and, nally Rapp ¼ 140 nm at a polymer concent
tion of 0.1 wt%. Moreover, within a certain polymer conc
tration the amount of a-CD has also a signicant effect on
particle size. The more a-CD was used the larger partic
could be obtained. A higher concentration of a-CD leads
larger particles, as shown for the case of 2.0 wt% and 4.0 w
of a-CD in Fig. 3c.

In order to study the a-CD stabilized aggregates in m
detail, cryo-TEM and cryo-SEM were performed. The presen
of particles could be proven aer the addition of 2.0 wt% a
4.0 wt% of a-CD. Also aer the addition of a-CD spheri
particles in the size range of 30–50 nm could be observ
(Fig. 4a/c). In addition, polymer particles in the range of
4 nm were observed that can be attributed to remain
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unimers. However, the particles observed aer the addition o

Fig. 4 (a) Cryo-TEM images of PVP24k-b-POEGMA13k at a concentra
tion of 2.0 wt% crosslinked with 2.0 wt% a-CD, (b) cryo-SEM images
PVP24k-b-POEGMA13k at a concentration of 2.0 wt% crosslinked wi
2.0 wt% a-CD and (c) cryo-TEM images of PVP24k-b-POEGMA13k

a concentration of 2.0 wt% crosslinked with 4.0 wt% a-CD.
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a-CD show a smaller particle size than indicated by the DLS
measurement. This may be due to the reason that the DHBC
does not build a dense shell in contrast to amphiphilic block
copolymers due to the water solubility of both blocks.
Furthermore, cryo-SEM showed spherical particles in the
range of 50 to 500 nm (Fig. 4b), which is in line with DLS
measurements.

Decrosslinking of the linear-brush DHBC aggregates

The reversal of crosslinking is a very interesting process, as long
as it is controlled and induced in purpose in order to break-
down the aggregates aer the fulllment of the desired func-
tion. Especially in the biomedical eld, it is inevitable to
introduce a certain mechanism of decrosslinking, otherwise the
aggregates could accumulate in the body. For this reason, the a-
CD crosslinked linear-brush PVP24k-b-POEGMA13k particles
were treated with anthranilic acid (AA) as a competitive guest
compound for a-CD. AA shows a high affinity towards a-CD,60

while it is a natural product and sometimes referred to as
vitamin L1. However, aer adding AA to a 2.0 wt% DHBC
solution containing 4.0 wt% of a-CD, decrosslinking can be
observed (Fig. 5). Comparing the disassembled sample with the
crosslinked DHBC and the initial sample before crosslinking
a signicant change could be observed. The addition of AA
induces decrosslinking as indicated by a signicant fraction of
unimers aer the addition of AA, as AA is successfully
competing with POEGMA for the complexation with a-CD.
However, AA is not able to complex all of a-CD, although AA was
added with a ratio of 2 : 1 (AA : CD), as the dilution to 0.5 wt%
(Fig. S13†) and 0.1 wt% (Fig. S13†) shows a substantial differ-
ence in the amount of unimer fraction compared to the DHBC
sample before crosslinking.
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Fig. 5 Comparison of intensity weighted particle size distribution
measured via DLS at 25 �C at different concentrations of the linear-
brush PVP24k-b-POEGMA13k before and after the crosslinking proce-
dure with 4.0 wt% a-CD and the subsequent decrosslinking process
via anthranilic acid (AA) at 2.0 wt% DHBC.
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Conclusions

In the present work, we could show the successful crosslink
of linear-brush PVP-b-POEGMA via a-CD. Moreover, a-
presents an interesting crosslinking behavior that shis
equilibrium toward aggregate formation without switching
the dynamic equilibrium of linear-brush DHBC. As a con
quence, the self-assembly efficiency is improved without ext
guishing the unique DHBC self-assembly behavior, as dilut
still causes a small but noteworthy shi in the equilibriu
towards decrosslinking. Moreover, decrosslinking could also
induced without a change in concentration by adding AA
a competing complexation agent for a-CD. The self-assem
behavior was followed by DLS measurement, while the pr
ence of the particles could be observed via cryo-TEM before a
aer crosslinking. These aggregate structures might be
interest for various applications in the future including en
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Abstract: The self-assembly of block copolymers in aqueous solution is an important field in
modern polymer science that has been extended to double hydrophilic block copolymers (DHBC)
in recent years. In here, a significant improvement of the self-assembly process of DHBC in
aqueous solution by utilizing a linear-brush macromolecular architecture is presented. The improved
self-assembly behavior of poly(N-vinylpyrrolidone)-b-poly(oligo(ethylene glycol) methyl ether
methacrylate) (PVP-b-P(OEGMA)) and its concentration dependency is investigated via dynamic
light scattering (DLS) (apparent hydrodynamic radii ≈ 100–120 nm). Moreover, the DHBC assemblies
can be non-covalently crosslinked with tannic acid via hydrogen bonding, which leads to the
formation of small aggregates as well (apparent hydrodynamic radius ≈ 15 nm). Non-covalent
crosslinking improves the self-assembly and stabilizes the aggregates upon dilution, reducing the
concentration dependency of aggregate self-assembly. Additionally, the non-covalent aggregates can
be disassembled in basic media. The presence of aggregates was studied via cryogenic scanning
electron microscopy (cryo-SEM) and DLS before and after non-covalent crosslinking. Furthermore,
analytical ultracentrifugation of the formed aggregate structures was performed, clearly showing the
existence of polymer assemblies, particularly after non-covalent crosslinking. In summary, we report
on the completely hydrophilic self-assembled structures in solution formed from fully biocompatible
building entities in water.

Keywords: block copolymer self-assembly; analytical ultracentrifugation; tannic acid

1. Introduction

Block copolymer self-assemblies play a prominent role in current polymer science [1,2].
Self-assemblies are applied in many fields of research such as (nano)-lithography [3,4], nanoparticle
formation [5,6], and catalysis [7,8], but also in the biomedical field, where applications such as imaging [9,10],
biological sensing [11,12], and drug delivery [13–15] are investigated. Amphiphilic block copolymers
are utilized frequently for these tasks in an aqueous environment, e.g., via self-assembly to micelles,
vesicles, or more complex structures [16,17]. Recently, the formation of amphiphilic self-assembled
structures was shifted to the polymerization process [18,19]. In such a way, the aforementioned and
more complex structures can be accessed in one step via the adjustment of monomer conversion.
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Notwithstanding, self-assemblies of amphiphilic block copolymers in aqueous solution face some
disadvantages, e.g., low permeability [20]. Particularly, in the prospected applications of nanoreactors,
permeability is a key property to enable efficient reaction progress. One solution to this problem
is the introduction of artificial protein channels [21,22]. Another option is the implementation of
stimuli-responsive blocks that allow selective swelling/deswelling of the hydrophobic domain [23,24].

Another way would be to switch from an amphiphilic block copolymer to a completely
water-soluble block copolymer. Frequently, one of the utilized blocks is stimuli-responsive,
which facilitates self-assembly. As the solubility changes after stimulus application in most cases,
the self-assembled structures are not purely hydrophilic anymore. In the case of self-assembly based
on the hydrophilic effect, no stimulus is employed to form self-assembled structures via a change
in solubility. The self-assembly process of double hydrophilic block copolymers (DHBCs) in water
can be related to the macroscopic two-phase formation of hydrophilic homopolymer mixtures [25],
e.g., poly(ethylene glycol) (PEG) and dextran—two water soluble polymers that were utilized to purify
proteins [26]—or in the formation of water-in-water emulsions [27,28]. As the blocks are connected
covalently in the DHBC, no macroscopic demixing is possible; rather, a microphase separation
occurs, which is termed the hydrophilic effect [29]. The process of demixing, and consequently weak
aggregation, is related to the difference in hydrophilicity that leads to non-symmetric solvation.
Therefore, a difference in osmotic pressure is present between the respective polymer domains,
which has to be compensated via the aggregation of the polymer domains. Certainly, the architecture
of the individual blocks has a significant effect as well due to interactions between the blocks
and their structure in space, which can also be related to varying solvation. Recently, several
examples of DHBC self-assembly were introduced, e.g., pullulan-b-poly(N,N-dimethylacrylamide) [30],
poly(2-ethyl-2-oxazoline)-b-poly(N-vinylpyrrolidone) (PEtOx-b-PVP) [31], PEG-b-glycopolymer [32],
poly(oligo(ethylene glycol) methyl ether methacrylate)-b-glycopolymer (POEGMA-b-glycopolymer) [33,34]
or PEtOx-b-PEG [35]. Moreover, the effect of DHBC architecture was investigated, and it could be
shown that a linear-brush DHBC showed significantly enhanced self-assembly behavior, i.e., the system
pullulan-b-P(OEGMA) [36]. In addition, DHBCs were utilized in the formation of inorganic and
metal–organic mesocrystals [37,38]. Considering the possible future application of DHBC in the
biomedical field, a focus is on the utilization of biocompatible polymers, namely PEG and (PVP as
a possible combination of particular interest [20,39]. For example, PVP is frequently used in drug
formulations [40]. However, the self-assembly of linear PEG-b-PVP showed rather limited success [41].
Therefore, exchanging PEG with P(OEGMA) is a useful alternative, as recently shown by our group [42].
Nevertheless, one of the major challenges for DHBC self-assembly is the highly dynamic and thus poor
stability of aggregates, especially under conditions of dilution. The stability of DHBC aggregates can
be expressed with an equilibrium-like state between assembled aggregates and unimers in aqueous
solution. The equilibrium strongly depends on concentration, and thus disassembly is observed in
diluted solution. An option to circumvent the dynamics of DHBC self-assembly is the crosslinking of
the formed structures at higher concentration, which renders the aggregates stable under dilution [41].
So far, covalent crosslinking was the focus of research, which essentially freezes the dynamics of the
DHBC self-assembly system without the option of disassembly. A triggered disassembly could be
achieved via dynamic covalent chemistry based on disulfide or imine bonds [43]. To obtain a true
adaptive system, non-covalent crosslinking chemistries have to be introduced, i.e., supramolecular
bonding, for example via hydrogen bonds.

The concept of supramolecular chemistry allows the introduction of dynamics into molecular
systems [44,45], e.g., via hydrogen bonding [46], host–guest complexes [47], or metal complexation [48].
Supramolecular interactions are particularly interesting for reversible crosslinking [49,50]. In that regard,
tannic acid (TA) is a very useful compound to non-covalently crosslink the formed self-assemblies
from PVP-b-P(OEGMA), as the interaction of tannic acid and PVP is well known not only from science,
but also from the fining of red wine. It readily forms hydrogen bonds due to its acidic phenolic
hydroxyls with a significant number of molecules, such as proteins and polymers, including PVP [51],
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which can be exploited in the formation of nanostructures [52–54]. Moreover, TA belongs to the group
of tannins and can be found in wine, beer, tea, and nuts. Therefore, TA represents a natural and
renewable product that is also approved by the Food and Drug Administration. Therefore, TA gained
a lot of attention recently, last but not least because of its utilization in biomedical applications [55,56].

Herein, the self-assembly of PVP-b-P(OEGMA) and crosslinking via biocompatible TA in aqueous
solution is described (Scheme 1). The DHBC is synthesized via a combination of reversible deactivation
radical polymerization and copper (I) catalyzed azide alkyne cycloaddition (CuAAc). Subsequently,
dynamic light scattering (DLS), cryogenic scanning electron microscopy (cryo-SEM), and analytical
ultracentrifugation (AUC) are utilized to investigate the desired aggregate formation. The selection of
these techniques was based on the different insights provided based on the physical principle of their
operation. Therefore, self-assembly efficiency and aggregate sizes are studied as well as the dynamics
of the formed aggregates before and after non-covalent crosslinking.
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Scheme 1. Overview of the concept utilized in the present work. (a) The self-assembly process of the
linear-brush double hydrophilic block copolymers (DHBC) poly(N-vinylpyrrolidone)-b-poly(oligo(ethylene
glycol) methyl ether methacrylate) (PVP-b-P(OEGMA)) in water, followed by (b) crosslinking of the
poly(N-vinylpyrrolidone) (PVP) blocks via tannic acid (TA), and finally (c) the disassembly process via
the addition of NaOH. Inset: Structures of PVP-b-P(OEGMA) and TA (idealized).

2. Materials and Methods

Methods: 1H- and 13C-NMR spectra were recorded at ambient temperature at 400 MHz for 1H
and 100 MHz for 13C with a Bruker Ascend400 (Bruker, Billerica, MA, USA). Dynamic light scattering
(DLS) was performed using an ALV-7004 Multiple Tau Digital Correlator (ALV, Langen, Germany) in
combination with a CGS-3 Compact Goniometer (ALV, Langen, Germany) and a HeNe laser (Polytec,
34 mW, λ = 633 nm at θ = 90◦ setup for DLS). Sample temperatures were adjusted to 25 ◦C and
toluene was used as the immersion liquid. Apparent hydrodynamic radii (Rapp) were determined by
LV-Correlator Software Version 3.0. Autocorrelation functions measured at a scattering angle of 90◦
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were analyzed using Constrained Regularization Method for Inverting Data (CONTIN). Cryogenic
scanning electronic microscopy (cryo-SEM) was performed on a Jeol JSM 7500 F (Tokio, Japan) and the
Alto 2500 cryo-chamber from Gatan (Munich, Germany). Size exclusion chromatography (SEC) for PVP,
P(OEGMA), and PVP-b-P(OEGMA) were conducted in N-methyl pyrrolidone (NMP) (99%, Carl Roth)
with 0.05 mol L−1 of LiBr and methyl benzoate as internal standard at 70 ◦C using a column system
with a GRAM 100/1000 column (8 × 300 mm, 7-µ particle size) from PSS (Mainz, Germany), a GRAM
precolumn (8 × 50 mm) from PSS, a Shodex RI-71 detector, and a poly(methyl methacrylate) (PMMA)
calibration with standards from PSS. Fourier transform infrared (FT-IR) spectra were acquired on
a Nicolet iS 5 FT-IR spectrometer (Thermo Fisher Scientific, Schwerte, Germany).

Sedimentation velocity experiments were performed with a ProteomeLab XL-I analytical
ultracentrifuge (Beckman Coulter Instruments, Brea, CA, USA), using double-sector epon centerpieces
with a 12-mm optical path length. The cells were placed in an An-50 Ti eight-hole rotor. A rotor speed
of 42,000 rpm was used. The cells were filled with 420 µL of sample solution and with 440 µL of water
as the reference. The experiments were conducted for 24 h at a temperature of T = 20 ◦C. Sedimentation
profile scans were recorded with the interference optics (refractive index (RI)) detection system with
respect to time at 2-min intervals. A suitable selection of scans was used for data evaluation with
Sedfit using the ls-g*(s) model [57], i.e. by least squares boundary modeling with the implemented
Tikhonov-Phillips regularization procedure and by assuming non-diffusing species. This model results
in an apparent differential distribution of sedimentation coefficients, s.

Materials: Ammonium chloride (99%, Carl Roth, Karlsruhe, Germany), ascorbic acid (98%, Alfa
Aesar, Karlsruhe, Germany), 2-bromopropionyl bromide (97%, Sigma Aldrich, Steinheim, Germany),
t-butyl hydroperoxide (70% solution in water, Acros Organics, Geel, Belgium), chloromethyl polystyrene
resin (2.4 mmol g−1, TCI, Eschborn, Germany), copper (I) bromide (CuBr, 99.99%, Sigma Aldrich),
copper (II) sulfate (CuSO4, 99%, Carl Roth), dichloromethane (DCM, analytical grade, Acros Organics),
diethyl ether (ACS reagent, Sigma Aldrich), N,N-dimethylformamide (DMF, analytical grade, Sigma
Aldrich), dimethylsulfoxide (DMSO, analytical grade, VWR Chemicals, Darmstadt, Germany),
4,4′-dinonyl-2,2′-dipyridyl (dNBipy, 97%, Sigma Aldrich), ethyl acetate (EtOAc, analytical grade,
Chem Solute, Renningen, Germany), hexane (analytical grade, Fluka, Schwerte, Germany), hydrochloric
acid (fuming, Carl Roth), magnesium sulfate (dried, Fisher Scientific, Schwerte, Germany), methanol
(MeOH, analytical grade, Fisher Scientific), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA,
98%, Sigma Aldrich), potassium-O-ethyl xanthate (98%, Alfa Aesar), propargyl alcohol (99%, Sigma
Aldrich), pyridine (99% extra dry, Acros Organics), sodium hydroxide (NaOH, 98%, Sigma Aldrich),
sodium azide (>99.5%, Fluka), sodium bicarbonate (>99%, Fluka), sodium sulfite (97%, Acros Organics),
tannic acid (Alfa Aesar), tetrahydrofuran (THF, analytical grade, Fisher Scientific), and triethylamine
(99.5%, Sigma Aldrich) were used as received. N-Vinylpyrrolidone (VP, 99%, Sigma Aldrich) was dried
over anhydrous magnesium sulfate and purified by distillation under reduced pressure. Oligo(ethylene
glycol) methyl ether methacrylate (OEGMA, 900 g mol−1, Sigma Aldrich) was first dissolved in THF,
and then passed over a basic aluminum oxide column (Brockmann I, Sigma Aldrich) and subsequently
precipitated in cold hexane, filtered, and dried under high vacuum for 24 h. Millipore water was obtained
from an Integra UV plus pure water system by SG Water (Hamburg, Germany). Azido functionalized
poly(styrene)-resin, prop-2-yn-1-yl 2-((ethoxycarbonothioyl)thio) propanoate (alkyne-CTA), alkyne
end-functionalized PVP (Figure S1), and azide end functionalized P(OEGMA) (Figure S2) were prepared
according to the literature [30,36,58]. Spectra/Por dialysis tubes with a molecular weight cut-off of
10,000 were purchased from Spectrum Labs (Los Angeles, CA, USA).

Procedure for the preparation of DHBC aqueous solutions for DLS investigation: For the DLS
measurements, 50.0 mg of DHBC were dissolved in 2.5 g of Millipore water in order to obtain a 2.0 wt.%
DHBC solution. Before conducting the DLS measurement, the solution was passed through a 1.2 µm
filter. The solutions containing 0.5 wt.% and 0.1 wt.% of DHBC were obtained by diluting the initial
2.0 wt.% DHBC solution with Millipore water accordingly.
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Crosslinking of PVP-b-P(OEGMA) via TA: In order to crosslink the PVP-b-P(OEGMA) aggregates,
a 0.5 wt.% TA solution was added to a 10.0 wt.% PVP-b-P(OEGMA) solution to form a 2.0 wt.%
PVP-b-P(OEGMA)-TA-solution. Then, the mixture of TA with the polymer was characterized via DLS,
cryo-SEM, and AUC. The 0.5 wt.% and 0.1 wt.% solutions were obtained by diluting the 2.0 wt.%
solutions accordingly.

Disassembly of PVP-b-P(OEGMA) TA crosslinking via NaOH: In order to induce a disassembly
of the PVP-b-P(OEGMA) aggregates, first, a crosslinking reaction was applied as reported in previous
sections receiving 2 g of a 2.0 wt.% crosslinked DHBC solution. Subsequently, 40 mg of NaOH was added
to the solution to obtain a 0.5-m NaOH solution. The solution was stirred for 1 h before it was passed
through a 1.2-µm filter followed by its investigation via DLS and cryo-SEM. The 0.5 wt.% and 0.1 wt.%
solutions for the DLS investigations were obtained by diluting the 2.0 wt.% solution accordingly.

AUC measurements of PVP-b-P(OEGMA): For the AUC measurements, two stock solutions were
used. The 2.0 wt.% stock solution of pure DHBC in Millipore water was diluted further to afford
the following polymer concentrations: 2.0 wt.%, 1.0 wt.%, 0.5 wt.%, 0.2 wt.%, 0.1 wt.%, 0.05 wt.%,
and 0.03 wt.%. The diluted samples as well as the stock solutions were utilized for sedimentation
velocity experiments to investigate the sedimentation behavior of pure DHBC PVP-b-P(OEGMA). In the
case of TA crosslinked PVP-b-P(OEGMA), the stock solution is reported in the respective paragraph.

3. Results

3.1. Synthesis of PVP-b-P(OEGMA)

The synthesis of PVP-b-P(OEGMA) was conducted in two steps according to the literature [59].
First, the individual homopolymers were synthesized (Figures S1 and S2); then, the blocks were
coupled via CuAAc (Figure S3). Another option of block copolymer formation would be the utilization
of switchable chain transfer agents, as reported recently [60]. Although PVP is a widely used polymer
and is produced on a large scale, controlled polymerization is quite challenging [61]. Reversible
addition–fragmentation chain transfer polymerization employing tert-butylhydroperoxide and sodium
sulfite as redox initiators was performed at ambient temperature with an alkyne functionalized chain
transfer agent to obtain alkyne end-functionalized PVP (Ð = 1.25; Mn = 34,000 g mol−1, determined
via SEC utilizing a PMMA calibration). On the other hand, P(OEGMA) was synthesized via atom
transfer radical polymerization using 2-azidoethyl 2-bromoisobutyrate (Ð = 1.06; Mn = 21,000 g mol−1,
determined via SEC utilizing a PMMA calibration). Finally, the alkyne end-functionalized PVP block
and the azido end-functionalized P(OEGMA) brush were conjugated via CuAAc in a mixture of water
and DMSO according the literature [62]. To ensure full conversion, first, an excess of alkyne terminated
PVP was used, whereas after 3 days of reaction, an azido-methyl polystyrene resin was added to
the reaction mixture to capture the excess of PVP [30]. The presence of both blocks was verified via
1H-NMR (Figure S3b), which shows the characteristic signal of the proton assigned to the triazole
at 8.1 ppm, and thus demonstrates the success of the coupling reaction. Moreover, the successful
conversion to the desired DHBC could be shown by a clear shift in the SEC molar mass distribution
(Ð = 1.42; Mn = 59,000 g mol−1, determined via SEC utilizing a PMMA calibration) (Figure S3c).

3.2. PVP-b-P(OEGMA) Aggregate Formation

After synthesis of the PVP-b-P(OEGMA), intended self-assembly in aqueous solution was
investigated (Table S1). As known from the literature, the self-assembly of DHBCs in water is strongly
dependent on polymer concentration [25]. To study the self-assembly behavior of PVP-b-P(OEGMA),
DLS was conducted to identify the presence of aggregate formation on the one hand, and, on the
other hand, to qualitatively compare the fraction of the unimers to the fraction of aggregates formed
as a possible hint toward intended self-assembly. After dissolving PVP-b-P(OEGMA) in Millipore
water, DLS measurements in intensity mode clearly show the formation of aggregates with apparent
hydrodynamic radii in the range of 100 to 250 nm (Figure 1, Table S1), which is supported by cryo-SEM
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images (Figure 1 and Figure S4). DLS data in intensity mode show not only the existent self-assembly
of PVP-b-P(OEGMA), but also the strong dependence on concentration in solution. While diluting the
solution from 2.0 wt.% to 0.5 wt.%, and finally to 0.1 wt.%, the apparent fraction of the non-assembled
polymers increases pronouncedly. This indicates a highly dynamic aggregate formation, depending
on concentration. Furthermore, we note that the displayed intensity-weighted size distributions and
obtained abundances are overestimating larger structures, which is a well-known issue of DLS analysis
in solution. Thus, only a small fraction of self-assembled structures exists in solution, which can be
nonetheless observed clearly in the intensity distribution. Due to the small amount of aggregates
in solution, in the further course of the project, ways to improve the situation were studied. Hence,
non-covalent crosslinking and stabilization of the structures was performed subsequently to investigate
whether the equilibrium of aggregates and unimers can be shifted toward aggregates.
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Figure 1. Intensity-weighted size distribution of PVP-b-P(OEGMA) in Millipore water measured via
dynamic light scattering (DLS) at 25 ◦C and at concentrations between 0.1–2.0 wt.%. Inset: Cryogenic
scanning electron microscopy (cryo-SEM) imaging of PVP-b-P(OEGMA) DHBC at a concentration of
2.0 wt.%, indicating existence of larger structures.

Compared to the analogous linear–linear block copolymer PVP-b-PEO [41], a significant increase in
the apparent self-assembly efficiency, as probed by intensity-weighted DLS, can be observed (Figure 1).
While in the case of a 2.5 wt.% linear–linear DHBC, DLS shows the presence of double the free polymer
than of self-assembled aggregates [41]. Changing the polymer architecture to linear-brush DHBC shows
a three times higher presence of aggregates than unimers at 2.0 wt.% in the DLS intensity. Therefore,
a significant effect of polymer architecture on the properties can be concluded. This highlights the
importance of structure–property relationships in DHBC self-assembly and aggregate formation.

3.3. Crosslinking of DHBC Aggregates via Tannic Acid

In order to shift the equilibrium between unimers and aggregates toward aggregate formation
by an enhanced self-assembly stability, the aggregates were attempted to be crosslinked with TA
(Figure 2a). TA is well-known for its supramolecular complexation with PVP polymers [63]. Crosslinking
experiments via hydrogen bonding were conducted by diluting a 10 wt.% PVP-b-P(OEGMA) solution
to 2.0 wt.% via a 0.5 wt.% aqueous TA solution (see SI for details). The crosslinking reaction takes
place instantly, and is visually observed by a slight turbidity of the solution. Noteworthy, adding a TA
solution of higher concentration (0.6 wt.%) resulted in sedimentation of the polymer–TA aggregates.
This shows the strong supramolecular complexation of TA with the PVP of DHBC, while a diluted
TA solution (0.3 wt.%) does not show a significant promotion of large aggregate formation. Rather,

3 Aqueous multi-phase systems and double hydrophilic block copolymer self-assembly

113



Nanomaterials 2019, 9, 662 7 of 15

a disassembly is observed due to dilution after addition of the TA solution. Thus, a ratio of 1:7
(PVP-b-P(OEGMA):TA) indicates a strong non-covalent crosslinking. While diluting, the phenolic
hydroxide groups undergo strong hydrogen bonding with the peptide-like functional groups of
PVP located within the DHBC. Complex formation appears not only fast, but also appears stable
up to the boiling point of water. This may qualify for a simple and straightforward technique to
stabilize the DHBC aggregates. Non-covalent crosslinking could also be followed via Fourier transform
infrared (FT-IR) spectroscopy (Figure S5). A clear broadening of the OH-stretching vibration of TA
after crosslinking indicates the existence of hydrogen bonds stabilizing aggregate formation.
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Figure 2. (a) Schematic overview of the non-covalent crosslinking reaction of PVP-b-P(OEGMA)
with tannic acid (TA). (b) Intensity-weighted aggregate size distribution of PVP-b-P(OEGMA) after
crosslinking with TA in Millipore water, measured via DLS at 25 ◦C (Inset: Cryo-SEM image of
PVP-b-P(OEGMA) at a concentration of 2.0 wt.% after crosslinking with TA). (c) Intensity-weighted
size distributions of PVP-b-P(OEGMA) measured via DLS at 25 ◦C before and after the non-covalent
crosslinking procedure via TA, and the subsequent disassembly of aggregates via the addition of NaOH
at 2.0 wt.%.

After the successful crosslinking of PVP-b-P(OEGMA) via TA, significant changes of the
self-assembly could be observed via DLS in intensity-weighted size distributions (Figure 2b).
Most notably, the intensity-weighted abundance of unimers decreases after the addition of
TA. The self-assembly process is a highly dynamic equilibrium which leads to an ongoing
self-assembly/disassembly of the unimers toward aggregates, as well as the possible exchange
of unimers in aggregates by unimers in solution. The addition of TA to the DHBC solution appears
to “freeze” the existent self-assembled aggregates via hydrogen bonding interactions. Moreover,
the formation of smaller aggregates in size is observed, which were apparently absent before the
addition of TA. The consolidated self-assembly after TA addition and stabilization of the formed
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aggregates can be observed in two different manners. First, prior to crosslinking, aggregate stability
shows a strong concentration dependency resulting in a pronounced unimer fraction when diluted,
which appears to not be the case after non-covalent crosslinking. For example, at 0.1 wt.% of polymer,
almost no unimer fraction can be detected after crosslinking, but the DHBC solution shows the presence
of free polymer with an apparent abundance of up to 84% according to the intensity-weighted particle
size distribution. Second, the stabilizing effect of TA can also be considered from the concentration
dependency of the apparent aggregate size. Before crosslinking, the particle size decreases with
decreasing concentration; a similar dynamic behavior cannot be observed after crosslinking. On first
sight, this may lead to a stabilized aggregate size upon dilution, indicating the non-covalent crosslinking
ability of TA. Furthermore, the cryo-SEM imaging appears to underline the intensity-weighted DLS
results by the presence of aggregates with apparent overall sizes around 300–400 nm (Figure 2b and
Figure S6). As well, small aggregates with a hydrodynamic radius of around 15 nm can be observed,
which may correspond to the smaller aggregates formed after crosslinking.

3.4. Base-Induced Disassembly of Crosslinked PVP-b-P(OEGMA) Aggregates

As TA is building hydrogen bonds with the lactam group within PVP, a change in the pH value
via the addition of base leads to the suppression of such interactions, as the deprotonated TA cannot
undergo hydrogen bonding with the lactam groups in PVP [64]. Nevertheless, it has been shown
that the PVP–TA complex can be stable up to a pH of 10 [65]. TA crosslinked PVP-b-P(OEGMA)
aggregates could be disassembled by the addition of sodium hydroxide (NaOH), as illustrated via
DLS (Figure 2c and Figure S7). The self-assembly behavior of pure and TA crosslinked aggregates
were compared to the self-assembly behavior of DHBC aggregates that were first crosslinked via
TA and afterwards disassembled via the addition of NaOH. The samples were diluted from their
initial polymer concentration (2.0 wt.%) to 0.5 wt.% and 0.1 wt.% in order to observe the re-introduced
dynamics of the aggregates (Figure S7). Notably, no aggregates of pure TA were observed via DLS
after deprotonation with NaOH.

While the solution of non-covalently crosslinked aggregates shows decreased amounts of unimers,
and only small aggregates with a hydrodynamic radius of around 15 nm as well as large aggregates with
a radius in the range of 100 nm, the addition of NaOH led to the disassembly of the small aggregates
and the appearance of unimers. Therefore, the increase in pH value directly resulted in a breakdown of
parts of the hydrogen bonds between TA and the PVP block. The existence of some reversibility of the
crosslinking can be observed particularly after diluting the sample from the initial 2.0 wt.% to 0.5 wt.%
(Figure S7) and 0.1 wt.% (Figure 2c). While the crosslinked DHBC does not show a major change in
the self-assembly during dilution (Figure 2b), pure DHBC shows substantial changes as the unimer
fraction is increased after each dilution step. Such dynamics are typical for non-crosslinked aggregates,
as the concentration directly affects the ratio of unimers and aggregates. Aggregates that were first
crosslinked via TA and afterwards treated with NaOH show a similar behavior as the unimer fraction
increased with each dilution step. However, the non-covalent crosslinking is not fully reversible, as the
initial fraction of unimers in pure DHBC is significantly higher than the unimer fraction after NaOH
treatment (Figure 2c).

3.5. PVP-b-P(OEGMA) Aggregate Characterization via Analytical Ultracentrifugation

Another solution-based analytical method to study colloidal structures is analytical
ultracentrifugation (AUC). AUC is a well-known method that enables following the sedimentation of
colloidal structures in the dispersed or dissolved state. The method can provide absolute information of
the colloid distribution based on typically employed concentration-sensitive detection. In recent reports,
AUC failed in the identification of aggregates that were observed by the utilization of other analytical
methods in studying pure DHBC and its aggregates so far [29,35]. In the present study, we utilized
concentration-sensitive RI detection for the observation of sedimentation boundaries in sedimentation
velocity experiments. Figure 3a clearly shows the apparent observation of a single boundary of aqueous
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PVP-b-P(OEGMA) solutions at 2 wt.% concentration. Notwithstanding, after non-covalent crosslinking,
aggregates of DHBC were clearly identified via AUC at the same concentration (Figure 3c).
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abundance of larger structures in solution. In most of the recent studies, intensity-weighted DLS 
investigations have been utilized as well, demonstrating the necessity of other in-depth studies to 
reconcile the dynamics in solution; most prominently, analytical ultracentrifugation failed [29,35]. 
The present study indicates the existence of aggregates under certain conditions. Furthermore, 
considering the timescale of the sedimentation velocity experiments, together with the dynamic 
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Figure 3. (a) Selected sedimentation velocity profiles of aqueous PVP-b-P(OEGMA) solution at
2.0 wt.% concentration with highlighted profiles more close to the beginning of the experiment
(red), at an intermediate timescale (green), and close to the end (blue). (b) Sedimentation coefficient
distribution, ls-g*(s), of PVP-b-P(OEGMA) with varying concentrations (0.03 wt.% (black), 0.05 wt.%
(red), 0.1 wt.% (green), 0.2 wt.% (blue), 0.5 wt.% (magenta), 1.0 wt.% (brown), 2.0 wt.% (orange)).
(c) Sedimentation velocity profiles of aqueous PVP-b-P(OEGMA) solution after the non-covalent
crosslinking with TA was performed at 2.0 wt.% polymer concentration with highlighted profiles as
in (a). (d) Sedimentation coefficient distribution, ls-g*(s) of PVP-b-P(OEGMA) after the non-covalent
crosslinking reaction with various dilutions (0.03 wt.% (black), 0.05 wt.% (red), 0.1 wt.% (green), 0.2 wt.%
(blue), 0.5 wt.% (magenta), 1.0 wt.% (brown), 2.0 wt.% (orange)), inset: magnification for the range of
low sedimentation coefficients.

Again, the sedimentation velocity profiles of non-crosslinked PVP-b-P(OEGMA) has a one-step
profile, which roughly corresponds to a single population of species in solution (Figure 3a). Surprisingly,
we found the absence of larger structures. This could be explained by their overrepresentation in
DLS-derived intensity-weighted size distributions that over-express the abundance of larger structures
in solution. In most of the recent studies, intensity-weighted DLS investigations have been utilized
as well, demonstrating the necessity of other in-depth studies to reconcile the dynamics in solution;
most prominently, analytical ultracentrifugation failed [29,35]. The present study indicates the existence
of aggregates under certain conditions. Furthermore, considering the timescale of the sedimentation
velocity experiments, together with the dynamic nature and the weak hydrophilic–hydrophilic
interactions of the aggregates, may make the observation of a distinct population abundance in AUC
with RI detection impossible. Interestingly, decreased concentrations of the polymer (Figures 3b
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and 4a) led to a shift of the sedimentation coefficient distribution toward larger values, which is
a strong indication of non-ideality observed at these rather high concentrations of the polymer in
solution (Figures 3b and 4b) [66,67]. However, the sedimentation profiles of non-covalently crosslinked
aggregates with TA show a step in the sedimentation velocity profiles. This could only be the result of
two clearly distinct species moving at distinctly different speeds in the centrifugal field (Figure 3c).
The apparent sedimentation coefficient distribution of suspected “unimers” and the non-covalently
crosslinked aggregates is shown in Figure 3d. The first population at an apparent sedimentation
coefficient of 2.5 S (signal weight average), and being largely independent of concentration appears to
be the result of PVP-b-P(OEGMA) “unimers” (Figure 4b). The apparent second population located
at ca. 60 S (signal weight average) indicates the existence of non-covalently crosslinked aggregates
formed by the DHBC and TA (Figures 3d and 4b). In contrast to Figure 3b, the sedimentation coefficient
distributions of species located around 3 S shows less concentration dependency (as seen by the
magnification in the inset of Figure 3d and in Figure 4b). The population of species observed at higher
sedimentation coefficients indicates the existence of aggregates with increased abundance at increased
concentrations of polymer in solution (Figure 4a, empty circles versus half-filled circles). Interestingly,
the total amount of material observed in sedimentation velocity experiments appears readily similar
(Figure 4a, filled circles and filled squares), indicating the overall correctness of the mass balance.
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two populations observed by non-covalent crosslinking with TA, sedimenting with lower 
sedimentation coefficients (half-filled circles, see Figure 3d) and higher sedimentation coefficients 
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Apparently, comparison of the sedimentation velocity results via AUC with DLS-derived 
intensity-weighted size distributions displays a modified picture of non-covalently crosslinked 
structures, although both methods show the occurrence of DHBC unimers and aggregates. 
Experiments at varying concentrations show that below 0.3 wt.%, no distinction between smaller 
and larger species appears possible (Figure 4) in AUC experiments. However, above 0.3 wt.%, 
distinction is clearly possible, with the aggregates increasing in abundance and the smaller colloid 
fraction decreasing in abundance. The overall mass balance of material by summing both signals 
appears, on first sight, only slightly affected, if at all (Figure 4a). Additionally, the apparent 
sedimentation velocity of the crosslinked aggregates does not show a pronounced effect on 
concentration (Figure 4b, empty circles), which clearly underlines their persistence, once observed in 
AUC. Translation of the signal (weight) average sedimentation coefficients to an apparent size is 

Figure 4. (a) Total refractive index (RI) intensities from peak areas of differential sedimentation coefficient
distributions, ls-g*(s), for DHBC at varying concentrations (filled squares: without TA; filled circles:
with TA) as well as RI peak areas of the population sedimenting at lower sedimentation coefficients
(half-filled circles, see Figure 3d) and the abundant larger species (empty circles, see Figure 3d)
appearing when non-covalent crosslinking with TA is performed. (b) Concentration dependence of
the weight-average sedimentation coefficients (filled squares: without TA) and the two populations
observed by non-covalent crosslinking with TA, sedimenting with lower sedimentation coefficients
(half-filled circles, see Figure 3d) and higher sedimentation coefficients (empty circles, see Figure 3d).

Apparently, comparison of the sedimentation velocity results via AUC with DLS-derived
intensity-weighted size distributions displays a modified picture of non-covalently crosslinked
structures, although both methods show the occurrence of DHBC unimers and aggregates. Experiments
at varying concentrations show that below 0.3 wt.%, no distinction between smaller and larger species
appears possible (Figure 4) in AUC experiments. However, above 0.3 wt.%, distinction is clearly
possible, with the aggregates increasing in abundance and the smaller colloid fraction decreasing in
abundance. The overall mass balance of material by summing both signals appears, on first sight,
only slightly affected, if at all (Figure 4a). Additionally, the apparent sedimentation velocity of the
crosslinked aggregates does not show a pronounced effect on concentration (Figure 4b, empty circles),
which clearly underlines their persistence, once observed in AUC. Translation of the signal (weight)
average sedimentation coefficients to an apparent size is possible via the hydrodynamic equivalent
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sphere concept dh = 3
√

2
√
[s]υwith [s] = sη/(1− υρ0) with ρ0 being the solvent density, η being the

solvent viscosity, and υ being the partial specific volume of the objects in solution. υ was determined
via densimetry, resulting in values of υ = 0.81 cm3g−1 for the polymeric system without TA and
υ = 0.72 cm3g−1 for the system containing TA (see Figure S8). Utilization of these values leads to
an apparent hydrodynamic radius of 2.5 nm for the unimers at 2 wt.% polymer without TA, 2.4 nm
for the unimers, and 11 nm for the aggregates of solutions containing TA. Here, we assume solid
spheres without hydration and modified friction when comparing to an ideal sphere under solution
conditions at the respective concentrations. We note that the solution conditions are far away from
high dilution, which is required for correct size estimations. Notwithstanding, AUC supports the
findings from DLS in terms of the presence of unimers and aggregates that are similar in size when
considering the volume-weighted DLS distribution (Figure S9). As indicated by DLS and cryo-SEM,
the small abundance of large aggregates (in size around 100 nm) occur only in low concentrations,
and thus are difficult to find in AUC measurements. This aspect is not surprising concerning the
physical methodology used for deriving apparent hydrodynamic sizes in non-ideal solutions based
on concentration-sensitive detection. The relatively small aggregates may also be gauged from the
cryo-SEM images (e.g., Figure 2b inset and Figures S4 and S6 at high magnification).

4. Conclusions

In the present work, we could show an apparent improvement in the self-assembly process
of double hydrophilic block copolymers in aqueous solution by non-covalent crosslinking with TA
and by utilizing a linear-brush macromolecular double hydrophilic architecture. The improved
self-assembly behavior of PVP-b-P(OEGMA) and its concentration dependency could be shown
by DLS-derived intensity-weighted size distributions (apparent hydrodynamic radii ≈ 100–120 nm).
Moreover, the DHBC assemblies could be non-covalently crosslinked via TA, which led to the additional
formation of small aggregates (apparent hydrodynamic radii ≈ 15 nm). The crosslinking improved the
self-assembly and apparently stabilized the aggregates upon dilution, diminishing the pronounced
concentration dependency of self-assembly of the initial DHBC polymer. The presence of the aggregates
could be observed via cryo-SEM before and after non-covalent crosslinking. Furthermore, particularly,
the DLS results could be supported with AUC results, showing the existence of both aggregates and
unimers, which was practically impossible in recent studies. Although the quantitative agreement
between analytical methods is difficult to grasp momentarily, our study as well hints toward the
necessity of the use of complementary analytical methods in solution to obtain a comprehensive picture
of non-covalent assemblies, as the different methods provide an orthogonal clue about the physical
chemistry in solution.
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ABSTRACT: All aqueous multiphase systems have attracted
significant attention recently, in particular water-in-water
Pickering emulsions. In here, polydopamine nanoparticles
(PDP) are investigated as stabilizers for dextran and
poly(ethylene glycol) (PEG)-based aqueous emulsions.
Remarkably, stable emulsions are obtained from the all-
biocompatible materials that can be broken either via dilution
or surfactant addition. Further cross-linking of PDP via
poly(acrylic acid) and carbodiimide strengthens the stability
of emulsion droplets in a colloidosome-like structure. After
cross-linking, demulsification via dilution or surfactant
addition was largely hindered. The PDP-mediated formation
of all aqueous emulsions is expected to be generalized to
different types of water-in-water emulsions with other polymers and o ffers new opportunities in surface modification as well as
microencapsulation.

■ INTRODUCTION

Water-based polymer systems are not only omnipresent in
biology but also in synthetic polymer science and many
consumer products rely to a large extent on the utilization of
biomacromolecules in water. Recent highlights are illustrating
the shift of interest toward this segment of polymer science,
including the synthesis of stimuli-responsive hydrophilic
polymers and materials, 1−3 smart hydrogels,4,5 or block
copolymer self-assembly in water. 6,7 Moreover, applications
in the biomedical field such as drug-delivery, 8,9 nanoreactors10

or tissue-engineering11 have recently driven the research
toward water-based polymer systems.
A water-based polymer system of particular interest and with

unexpected potential is the aqueous two-phase system (ATPS)
that can be prepared via mixing of two aqueous solutions of
water-soluble polymers, which turn biphasic when exceeding a
critical polymer concentration. 12−14 ATPSs are utilized
commonly in the literature for the partitioning and puri fication
of enzymes as well as other biological vectors for other
separation tasks or in biotechnology. 15−20 Tightly related to
ATPSs are water-in-water (w/w) emulsions that found
significant attention recently due to their potential applications
in cosmetics or food, possibly as an alternative to deliver
ingredients with preferred solubility in the dispersed phase.
Several examples of ATPS-based emulsions have been
described in the literature. The dextran/poly(ethylene glycol)
(PEG) system is a model case and has been studied frequently
for the formation of all aqueous emulsions. In an earlier
investigation of w/w emulsions formed by mixing aqueous
solutions of dextran and PEG, it was shown that latex particles

adsorbed spontaneously at the interface. 21 Moreover, ultrathin
plate-like colloidal particles, 22 polysaccharides,23 and cellulose
nanocrystals24 can be used to stabilize the dextran/PEG
emulsion system as well. An example of particular interest is
the spontaneous adsorption of protein microgels at the w/w
interface that led to very efficiently stabilized water compart-
ments.12,25 Notably, also other polymer mixtures were
investigated, for example, xyloglucan/amylopectin 26 as well as
the study about phase separation behavior of di fferent
components in ATPS by Whitesides and co-workers. 27

For ATPS, the interface between the two phases is rather
undefined and spans a region larger than the characteristic
correlation length of the polymer solutions. Thus, in
comparison to oil−water emulsions, w/w emulsions cannot
be stabilized by surfactants, as they miss the scale of the phase
boundary.21,23,25,28−31 On the contrary, solid particles
adsorbed at the interfaces can be exceptionally e fficient
stabilizers forming so-called Pickering emulsions, 32,33 and
nanoparticles can bridge the correlation length of polymer
solutions and are thereby the best option for w/w emulsions.
The presence of the solid particles at the interface inhibits
coalescence of droplets, leading to effi cient stabilization. Even
though the interfacial tension between two aqueous polymer
solutions is orders of magnitude smaller than between oil and
water,34,35 their binding energy is orders of magnitude larger
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than the thermal energy. Hence particles located between two
aqueous phases are incapable of leaving spontaneously. It was
shown that submicrometer solid particles adsorb irreversibly to
the interface of the two aqueous phases opening up the
possibility to create stable water-in-water emulsions without
gelling one of the phases.23,25,34 Contrary, another option to
stabilize water-in-water emulsions is by gelling one or both of
the phases.
Recently, poly(dopamine) (PD) has turned into an

interesting choice for polymer and materials chemistry. 36,37

For example, it was employed in the formation of capsules 38,39

or as coating on various surfaces. 38,40,41 In such a way, Caruso
and co-workers formed PD capsules for drug-delivery 42 that
could be used to transport and release Doxorubicin via
intracellular pH trigger. One remarkable feature of PD is its
biocompatibility43 and its adhesion to almost every surface
because of a combination of high hydrophobicity and
polycationic character. Nevertheless, one has to keep in mind
that the molecular structure of PD is rather ill-de fined.44,45 In
the present study, such biocompatible poly(dopamine)
particles (PDP) are applied to stabilize water-in-water
emulsions, where PDP acts as solid stabilizer adsorbed at the
interface. As a result, control of shell characteristics requires
understanding of the process of colloidal assembly at
interfaces. In addition, the system was further developed
toward colloidosome formation via cross-linking (see Scheme
1).

Colloidosomes, microcapsules made up by a shell of
colloidal particles, are well-studied potential carriers of active
compounds for various applications as such. Commonly,
colloidal shell synthesis can be conducted via the self-assembly
of appropriate nanoparticles at oil−water interfaces and
subsequent cross-linking.46−49 Specifically, the colloidosome
shell is composed of impermeable regions (the particles) and
permeable ones (the interstitial volume). In many cases, they
are stabilized through fusion, 50 whereas in others they are
adsorbed irreversibly onto a polymer gel sca ffold.51−53

Recently, Mann and co-workers utilized ATPS to form
colloidosomes from poly(styrene) latex particles. 54

Herein, the formation o f all aqueous dextran−PEG
emulsions in the presence of PDP is investigated employing
biocompatible components only. Studies of the formed
emulsions are performed via confocal laser scanning micros-
copy (CLSM), optical microscopy (OM), cryo-scanning
electron microscopy (cryo-SEM), and tensiometry. The
stability of the formed emulsions is studied with respect to
pH, dilution, and addition of surfactants. To inhibit
demulsification of the Pickering emulsion, cross-linking of
the solid PDP by using poly(acrylic acid) (PAA) and water-
soluble 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) is performed to lock-in the surface structure of
emulsion droplets. After cross-linking, the stability of the
colloidosome-like structure is probed again. Such types of
aqueous emulsions and colloidosomes could potentially
provide new opportunities for applications, for example, in
cosmetics or food products, possibly as an alternative to deliver
ingredients with preferred solubility in the dispersed aqueous
phase.

■ EXPERIMENTAL PART
Materials. Cetyltrimethylammonium bromide (CTAB; analytical

grade, Fluka), dimethyl sulfoxide (DMSO; Acros, extra dry, 99%),
dextran (40k, analytical grade; 100k, analytical grade, all from Sigma-
Aldrich), dopamine (98%, Sigma-Aldrich), ethylenediamine resin
(polymer-bound, 4.0−5.7 mmol/g, Sigma-Aldrich), 1-ethyl-3-(3-
(dimethylamino)propyl carbodiimide hydrochloride (EDC; >98%,
Sigma-Aldrich), fluorescein isothiocyanate (FITC; 90%, Sigma-
Aldrich), hydrochloric acid (HCl; fuming, Carl Roth), poly(acrylic
acid) (PAA; 450k, analytical grade; 1250k, analytical grade, all from
Sigma-Aldrich), poly(ethylene glycol) (PEG; 20k, analytical grade;
35k, analytical grade, all from Sigma-Aldrich), poly(ethylene glycol)
diamine (NH2−PEG−NH2; 20k, analytical grade, Sigma-Aldrich),
sodium hydroxide (NaOH; 98%, Sigma-Aldrich) and sodium dodecyl
sulfate (SDS; analytical grade, Fluka) were used without further
purification. Milli-Q water was obtained from an Integra UV plus pure
water system by SG Water (Germany).

Preparation of Polydopamine Particles (PDP) .55 In a typical
synthesis of PDP, aqueous ammonia solution (NH 4OH, 0.75 mL,
28−30%) was mixed with ethanol (40 mL) and deionized water
(90 mL) under mild stirring at room temperature for 30 min.
Dopamine hydrochloride (0.5 g) was dissolved in deionized water (10
mL) and then injected into the mixture. The color of this solution
immediately turned to pale brown and gradually changed to dark
brown. The reaction was allowed to proceed for 30 h under air. The
PDP was obtained by centrifugation and washed with water for three
times. The fabricated PDP was dried in the oven at 80 °C for 24 h
(yield: 0.38 g PDP). For the use as Pickering stabilizer a stock of PDP
suspension was prepared applying ultrasound (Elmasonic S30H).

FITC-Labeled PEG. In a dry, argon purged 25 mL round-bottom
Schlenk flask, NH2−PEG−NH2 (20k, 0.5 g, 0.025 mmol, 1 equiv) was
dissolved in dry DMSO (6 mL). At first, FITC (9.735 mg, 0.05 mol,
2 equiv) was dissolved in dry DMSO (1.0 mL) in the dark and then
added to the reaction mixture. The reaction mixture was stirred at
ambient temperature for 24 h. Ethylenediamine resin (polymer-
bound, 100 mg) was added and the reaction mixture was stirred for an
additional 24 h. The reaction mixture was filtered and the solution
was dialyzed against deionized water for 3 days followed by
lyophilization to afford FITC labeled PEG (0.189 g, 10.2 μmol,
38% recovery, Mn = 18 400 g mol−1, PEG standard in THF, Đ = 1.3)
as an orange powder.

Exemplary Preparation of Water-in-Water Emulsions.
Solutions of dextran and PEG were prepared by dissolving the
powder in Milli-Q water at neutral pH with stirring. Concentrations of
PEG (CPEG) and dextran (CDex) are indicated as weight percentages.

Scheme 1. Overview of the Dextran/PEG Water-in-Water
Emulsion Formation Employing Poly(dopamine) Particles
(PDP) and Crosslinking with Poly(acrylic acid) (PAA)/1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) a

aInsets: Structures of dextran (idealized), PEG, PD (idealized), PAA,
and EDC.
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An example emulsion was formed by mixing PEG 35k (CPEG = 7 wt %,
0.90 g) and dextran40k (CDex = 3 wt %, 0.40 g) in PDP suspension
(0.2 g/L, 3 mL). After mixing, the mixtures were shaken by hand. In
this way, a stable dextran-in-PEG emulsion with broad distribution of
droplet sizes could be achieved. In order to decrease dispersity of
droplet sizes, the procedure was evaluated further. Vortex treatment
for 30 s led to emulsion with improved droplet size dispersity. Other
emulsions were formed according to Table S1.
Preparation of Cross-Linked Water-in-Water Emulsions. A

stock solution of PAA450k (100 mM) and freshly prepared EDC
(120 mM) was prepared in Milli-Q water. To obtain cross-linked
PDP in water phases, PAA and EDC solution were added into as-
formed emulsions stabilized by PDP. First, PEG 35k (CPEG = 7 wt %,
0.90 g)/dextran40k (CDex = 3 wt %, 0.40 g) emulsions were prepared
and then PAA450k solution (0.5 mL) and several droplets of fresh EDC
solution (0.4 mL) were added into stable PEG/dextran emulsions,
cross-linked PDP surrounding emulsion droplets were fabricated via
vortex for 15 s.
Demulsification of Various Types of Emulsions. Here, PEG

(CPEG = 7 wt %, 0.90 g)/dextran (CDex = 3 wt %, 0.40 g) water-in-
water solutions were stabilized by PDP as mentioned above. A droplet
of the emulsion (∼0.2 mL) was placed on a microscopy slide and
Milli-Q water (∼0.2 mL) was added to dilute the emulsion. In the
case of surfactants, SDS or CTAB (4 mM, 0.3 mL) were added to
3 mL of non-cross-linked emulsions as well by directly mixing with
original emulsions.
Characterization Methods. The interfacial tensions between

polymer solutions and water were determined by the pendant drop
method through droplet shape profile analysis (OCA instrument,
Dataphysics ES, Germany) (Figure S7). First, the water solution with
lower density, dextran solution or PEG solution was poured into a
cuvette and a volume of about 20 μL aqueous solution containing
PDP, and a distinct concentration of the other solution was injected
by a syringe. Then, the droplet shape profile was analyzed to acquire
the value of interfacial tension. At least three independent
measurements were performed. To measure the three-phase contact
angle of PDP at the air−water interface, a silicon wafer was immersed
into PDP suspension and left to equilibrate for 24 h. After
equilibration, the wafer was washed by distilled water to remove
excess particles and dried prior to use. The wafer was placed at the
bottom of the stage and about 2 μL water droplet was placed gently
on the wafer. The three-phase contact angle was recorded using the
same OCA instrument. 56 The contact angle was obtained by
measuring three different spots on a wafer.
The size and zeta potential of PDP under di fferent pH values were

measured by using a Zeta Nanosizer instrument (Malvern Instru-
ments, U.K.) at a fixed scattering angle of 90°. All measurements were
repeated at least three times. For the size of PDP, the volume
weighted particle size distribution was employed. Fourier transform
infrared (FTIR) spectrometer (Tensor 27, Bruker, Germany) was
used to characterize the PDP synthesized before and after cross-
linking. TEM (JEM-2100, JEOL, Japan) and SEM (JSM-7500F) were
used to visualize the morphology of PDP before and after cross-
linking. Cryo-SEM technique was used to visualize the emulsion
droplet surface with a cryo chamber from Gatan (ALTO 2500). The
prepared fresh dispersion was applied to a copper sample holder, and
then the sample holder was put into the chamber. Finally, the sample
was fractured and imaged. Fluorescent images were obtained by a
confocal laser scanning microscope (CLSM, TCS SP5, Leica,
Germany). Prior to visualization, FITC-labeled PEG (<1 × 10−5

mol/L) was dissolved in the dextran-in-PEG emulsion to fluorescently
label the PEG phase. The prepared emulsions were imaged by optical
microscopy (OM, DM1000 LED, Leica, Germany). The droplets
sizes were estimated by Nano Measurer software. More than 100
droplets were evaluated from three individual microscopy images to
obtain a number-average droplet size. Powder X-ray di ffraction
(XRD) patterns were obtained using Bruker D8 Advance X-ray
diffractometer (Billerica, MA, U.S.A.) via Cu− Kα radiation.

■ RESULTS AND DISCUSSION
PDP Stabilized Water-in-Water Pickering Emulsions.

The PDP to stabilize aqueous two-phase system (ATPS)
emulsions was easily obtained by air-promoted oxidative
condensation of dopamine at basic pH. In a typical synthesis,
PDP with an average size of around 400 nm was obtained and
characterized via SEM and TEM ( Figure S1). As common
ATPS components, dextran and poly(ethylene glycol) (PEG)
were employed, and the two phase system was emulsi fied by
addition of 0.2 g/L PDP (Figure 1). The optical microscopy

images indicate droplet formation, which corresponds to a
water-in-water emulsion system as known from literature. 21,22

The formed droplets show a dispersity of droplet sizes that is
in the range of 1 to 20 μm with a number-average of around
15.21 μm in a stable emulsion (Figure 1c). Clearly, a bimodal
distribution of droplet sizes can be observed in the optical
microscopy image, which is only marginally re flected in the
number-average of the droplet sizes. The dispersity might be
due to the emulsion formation method that was based on hand
shaking only. A more in-depth investigation of the formed
droplets was performed via cryo-SEM imaging that reveals
droplet formation as well (Figure 1f,g), which is in contrast to
reference samples without PDP addition ( Figure S2). The
observed droplets show a partly rough surface, which might be
due to the freeze fracture process, hydration of the droplet
surface, as well as polymers in the surrounding. On the other
hand, rough particle-loaded holes could be observed from the
inverse structure of a freeze-fractured sample ( Figure S3). The
PDP-based emulsions show a long-term stability for at least 16
weeks (Figure 1e).
To further verify the formation of a w/w emulsion stabilized

by PDP, FITC-labeled PEG was introduced into a dextran-in-
PEG emulsion and imaged via CLSM ( Figure 2b). The visible
dark liquid droplets and clear bright continuous phase region
show the presence of fluorescently labeled PEG continuous
phase outside the emulsion droplets, which indicates the near
complete separation of PEG and dextran, as expected. CLSM
images show larger droplets than observed in optical
microscopy, which can be explained via addition of FITC-

Figure 1. Images of the PEG35k (7 wt %)/dextran40k (3 wt %) water-
in-water system formed via shaking by hand. Optical images of (a) an
aqueous two-phase system (stained with red dye for visualization),
(b) PDP (0.2 g/L) stabilized emulsion and (d) a long-term stable
emulsion after 16 weeks; optical microscopy images of (c) emulsion
droplets and (d) long-term stable emulsion droplets; cryo-SEM
images (f) emulsion droplets and (g) magni fication of a single
emulsion droplet.
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labeled PEG solution (0.5 mL) causing 12.5% dilution of the
entire emulsion.
Once stable emulsions were prepared in addition to the

emulsion phase on top, another phase on the bottom was
observed as well. To verify the nature of the bottom phase,
optical microscopy, and CLSM were performed ( Figure S4).
No obvious droplets could be observed, which clarifi es that the
lower phase is not the emulsion phase.
Further Studies of Pickering Emulsion Formation. As

mentioned before, emulsions with considerable dispersity were
formed with hand shaking. In order to decrease dispersity of
droplet sizes, the procedure was evaluated further. Vortex
treatment for 30 s led to decreased dispersity of emulsion
droplets and generally smaller droplet sizes (Table S1), also
shown in an exemplary droplet size histogram ( Figure S5). For
further analysis of the ATPS Pickering emulsion formation via
PDP, various ATPSs were investigated regarding their droplet
sizes employing different PEG and dextran molecular weights
and different ratios (Table S2). Total weight percentage of
(PEG + dextran) was kept at 10 wt % in all cases. In most
cases, stable emulsions are formed as expected from the
literature. For the combination of low molecular weight
PEG20k and dextran40k, with addition of 0.2 g/L PDP ( final
concentration) at a concentration of PEG from 4 wt % to 2 wt
% and a concentration of dextran from 6 wt % to 8 wt %, stable
emulsions could not be obtained. As expected the molecular
weight of PEG20k is too low to obtain emulsions at low PEG
concentrations, which is due to the well-known e ffect of
molecular weights on ATPS formation. At concentrations of
PEG20k above 4 wt % emulsions could be obtained.
Accordingly, once other conditions are employed (PEG 20k/
dextran100k and PEG35k/dextran40k) for water-in-water emul-
sions with 0.2 g/L PDP, stable emulsions could be formed in
the range of 8 wt % to 2 wt % and 2 wt % to 8 wt % for PEG
and dextran respectively (Table S2). Moreover, these water-in-
water emulsions were stable for more than 16 weeks. Overall, a
variation of droplet sizes was observed for the emulsions with
different composition, parts of them even have di fferences in

the number-average diameter of up to 14 μm (Table 1 and
S2).
However, PDP plays an effective role in stabilizing ATPS in

all cases as well. Even when changing the concentrations of
PDP from 0.2 g/L to 0.4 g/L and 0.6 g/L, a PDP-stabilized
Pickering emulsion could be obtained ( Table 1 and Table S3).
As expected, the droplet size decreases when the concentration
of PDP suspension is increased. Nevertheless, droplet sizes
depend significantly on PEG and dextran concentrations.
While increasing the concentration of PDP from 0.2 g/L to
0.6 g/L, the average size of droplets reduces by 10 μm in the
case of PEG35k (3 wt %)/dextran40k (7 wt %). For PEG35k (5
wt %)/dextran40k (5 wt %) the droplet sizes decreased around
5 μm, when the PDP concentration was increased from 0.2 g/
L to 0.6 g/L. Contrary, in the case of emulsions based on
PEG35k (7 wt %)/dextran40k (3 wt %) no significant changes in
droplet size were observed, when the PDP concentration was
changed.
Previous studies show that the average droplet size of solid-

stabilized emulsions decreases with increasing particle
concentration as more particles are available to stabilize the
higher interface of smaller droplets. 57−59 It seems reasonable to
assume that for given homogenization conditions the phase
being broken down into droplets is fragmented initially to the
same extent, irrespective of the particle concentration.
Depending on the amount of particles adsorbed on the
droplet surfaces, the drops will coalesce, reducing the total
droplet surface area until the particle coverage is su fficient to
stabilize the droplets against further coalescence. 60 The
coverage with particles can be estimated via the total volume
of the emulsion, average droplet sizes, and concentration of
particles assuming complete accumulation of PDP on droplet
surfaces. The amount of PDP that actually takes part in
emulsion stabilization differs from the initially added amount
as some PDP is left at the bottom after emulsi fication. Thus,
the concentration of PDP has to be corrected according to the
amount of precipitate. By the volume of emulsion and the
average droplet size, the interface can be obtained. Finally, via
the corrected amount of particles that take part in stabilization,
the surface coverage is calculated (refer to the Supporting
Information for details on the calculation, eqs S1−S4). For
emulsion PEG35k (7 wt %)/dextran40k (3 wt %) with 0.2 g/L
PDP, the surface coverage of the interface layer is 1.168 ×
10−6 g/cm2.
PDP was synthesized under alkaline conditions and contains

basic amine groups. Hence, it is important to analyze the
applicability of PDP at different pH values for emulsifying
Pickering emulsions. A regular tendency of droplet sizes with
respect to pH change is observed for various ratios of PEG and
dextran (Figure 3). As the pH value is increases, especially
approaching alkaline condition, the size of emulsi fied droplets
decreases by 20%. To elucidate the eff ect of pH on emulsion
droplet size, zeta potential, and hydrodynamic diameter of

Figure 2. Emulsion images of the system PEG35k (5 wt %)/dextran40k
(5 wt %) formed via shaking by hand; dextran-in-PEG. Photograph of
(a) two phase system and (b) CLSM image of emulsion droplets via
utilization of FITC-labeled PEG.

Table 1. Dependence of PEG35k/Dextran40k Water-in-Water Emulsion Droplet Size on PDP Suspension Concentration with
Standard Deviationa

PDP Concentration (g/L) CPEG = 3 wt % CDex= 7 wt % CPEG = 5 wt % CDex= 5 wt % CPEG = 7 wt % CDex= 3 wt %

0.2 16.01 ± 0.88 μm 10.72 ± 0.91 μm 4.62 ± 1.03 μm
0.4 12.3 ± 1.06 μm 10.01 ± 1.01 μm 4.96 ± 0.83 μm
0.6 5.81 ± 0.93 μm 6.02 ± 0.94 μm 5.01 ± 0.86 μm

aEmulsions obtained via vortex for 30 s.
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pristine PDP were investigated at first. Under alkaline
condition, PDP has negative zeta potential, but with decreasing
pH, the zeta potential value first turns less negative, then a
positive zeta potential is reached below pH 6 ( Figure S6). In
addition, we found that pH dependent dynamic aggregation
behavior of PDP can greatly affect the emulsifying capability of
PDP. Acidic conditions lead to insigni ficant aggregation of
PDP in water, which is confirmed by the decreased
hydrodynamic diameter of PDP. The observed PDP sizes
increase gradually with increasing pH from 2 to 11 ( Figure
S6). PDP sizes between 500 nm and 1.0 μm for different pH
indicate that PDP tends to form aggregates in suspension,
considering the size of as-made PDP ∼ 400 nm observed from
SEM.
In order to obtain further information about the observed

multiphase system, interfacial tensions of the individual
aqueous phases were measured via the pendant drop method
(Figure S8). Influence of pH on the interfacial tension was
measured between PEG35k (3 wt %) and dextran40k (7 wt %)
solution in the presence of PDP. A minor decrease in
interfacial tension from 70 to 60 mN/m moving from pH 2 to
pH 11 was observed (Figure S7). A more significant change
can be observed in the case of contact angles of PDP between
PEG35k and dextran40k solution (Figure S8). The contact angle
is approaching 90° with increasing pH value, which is in line
with the interfacial tension of PDP suspension (0.2 g/L) that
gradually decreases at increased pH. Compared to aqueous
solution with the absence of PDP, the presence of PDP in
aqueous solution reduces interfacial tension only marginally at
the same pH value, for example, at the pH value of 7, the
interfacial tension between PEG35k and dextran40k solution is
70.41 and 66.60 mN/m without and with PDP, respectively.
Also the interfacial tension is decreasing when raising the pH
value (Figure S7). The approximately 90° of contact angle and
decreasing interfacial tension both contribute to the observed
stable emulsions with droplets of smaller size.
Demulsification Studies. The effective emulsification

process occurs without addition of other external compounds.
However, the long-term stability of dextran-PEG emulsions, as
for all colloidal systems, is limited. Several studies have
reported the demulsification of stable two-phase systems, and

the disassembly of particles at the phase interface. Never-
theless, triggered demulsification is of particular interest as
well. Therefore, a number of methods to demulsify PDP-
stabilized emulsions were studied in here. 56,61 First, a
dextran40k-in-PEG35k emulsion (3 wt %, 7 wt %, respectively)
was prepared with 0.2 g/L PDP as the stabilizer. These
emulsions were very stable and no obvious phase separation
was observed over 16 weeks (Figure 1e). One option to
demulsify the emulsion is dilution ( Figure 4a−d) as the phase

diagram of dextran/PEG ATPS features only a two-phase
region at high polymer concentrations. When the as-formed
emulsion phase on top was diluted by 50%, the emulsion
breaks as no droplets can be observed via optical microscopy
anymore. Moreover, phase separation occurs yielding two
phases again as initially observed without stabilizer addition.
Further dilution by 200% leads to the formation of a one-phase
system, which matches the expectations from the phase
diagram. As dilution below the binodal line leads to a remixing
of the polymer phases, that is, the water-in-water interface
resolves pulling the PDP particles to it. Demulsi fication can be
also obtained by applying charged surfactants ( Figure 4/S9).
Therefore, 4 mM of SDS was introduced into the PDP-
stabilized dextran-in-PEG emulsions. Then, the mixture was
vortexed for 30 s. Optical microscopy images of separated two
phases confirm the successful demulsification of water-in-water
emulsions. The introduction of negatively charged SDS has a
profound effect on PDP. The hydrophobic part of surfactant
interacts with the PDP surface, which leads to electrostatic
repulsion between individual PDPs and thus droplet
coalescence is initiated as the solid-stabilizer is expelled from
the droplet surface. A similar result was obtained with the
cationic surfactant CTAB (Figure S9). Thus, it is indicated that
demulsification via surfactant addition is possible regardless of
the sign of surfactant charge.

Cross-Linking of PDP Stabilized Emulsions. To prevent
demulsification of the Pickering emulsion, stabilization of the
interface layer toward colloidosomes can be considered.
Therefore, interparticle cross-linking of the PDP at the
boundary layer was attempted by using PAA and water-soluble
carbodiimide EDC to strengthen the surface structure of
emulsion droplets. As a test reaction, cross-linking of PDP only
was performed, which resulted in the formation of cross-linked

Figure 3. pH dependence of emulsion droplet size for di fferent ratios
of PEG35k and dextran40k via vortex for 30 s (3 wt % of PEG35k; 7 wt %
of dextran40k, 5 wt % of PEG35k; 5 wt % of dextran40k, 7 wt % of
PEG35k; 3 wt % of dextran40k).

Figure 4. Demulsification of a PEG35k (7 wt %)/dextran40k (3 wt %)
emulsion via vortex for 30 s: Optical images of (a) and (e) dextran-in-
PEG emulsions, (b,c,f) phase separation after dilution by 50%, 200%,
and SDS addition, respectively; optical microscope images of (d,g) of
demulsified suspensions.
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structures via amide formation ( Figure S10). Moreover, amide
formation was observed in FT-IR spectroscopy via the
appearance of the carbonyl stretching band around
1640 cm−1 (Figure S11).
Subsequently, emulsion droplets were cross-linked with

PAA450k to form a colloidosome-like structure. Therefore, to a
dextran-in-PEG emulsion, PAA 450k (100 mM) and EDC
(PAA/EDC, 1:1.2) were added. The cross-linked emulsion
droplets are stable enough to be depicted via cryo-SEM
(Figure 5a/S12). The rough surface of the colloidosome and a

protuberant thorn-like structure reaching from the surface
indicate the cross-linked structure of PDP. The structures look
crystal-like. Therefore, XRD measurements of cross-linked
reference PDP were performed after water removal ( Figure
S13). In XRD, no signals indicating incorporation of crystalline
structures were found. Furthermore, cryo SEM investigations
of cross-linked reference PDP without polymer addition did
not show any crystalline structures ( Figure S10). It can be
assumed that the sharp structures in the cryo SEM image of
cross-linked emulsion droplets originate from crystals formed
in the cryo process and are related to the added polymers,
most likely to semicrystalline PEG. Furthermore, for di fferent
molecular weight of PAA1250k and dextran/PEG ratios (Figure
S14), cross-linked emulsion droplets could be obtained as well.
Again, FITC labeled PEG was applied to locate the PEG phase
in CLSM (Figure 5b). The bright continuous phase region
shows the presence of fluorescently labeled PEG outside of
cross-linked emulsion droplets.
After cross-linking, the same demulsifi cation methods as

before were applied to study the stability. For dilution, in
contrast to the previous non-cross-linked Pickering emulsion,
the droplets remained intact upon dilution with water but
exhibited increased size due to swelling, which is another
indication for successful cross-linking. Nevertheless, partial
coalescence was observed as well ( Figure 6c), leading to
enlargement of droplets to sizes around 20 μm. Besides, after
addition of SDS or CTAB, no change in emulsion stability was
observed (Figures 6f and S15) indicating the formation of
cross-linked emulsion droplets.

■ CONCLUSIONS
Overall, stable all-aqueous dextran− PEG Pickering emulsions
were obtained via the utilization of PDP as well as
colloidosomes-like structures after cross-linking of the particles.

Pickering emulsions were formed with various polymer
contents at different pH and various PDP contents that were
used to tailor droplet sizes. As expected, dilution of this
emulsion with water below the level required for formation of
the ATPS resulted in disassembly of the emulsion droplets. In
a similar way, demulsification could be performed via
surfactant addition. To prevent demulsi fication of the
Pickering emulsion, cross-linking of the solid PDP by PAA
and water-soluble carbodiimide EDC was performed strength-
ening the outer surface structure of emulsion droplets. After
cross-linking, in contrast to the previous Pickering emulsion,
the capsules remained intact after surfactant addition and upon
dilution with water although minor swelling of the droplets was
observed. These results demonstrate the enhanced stability of
the emulsion. Such types of aqueous emulsions could
potentially provide new opportunities for a wide variety of
emerging applications, for example, in cosmetics or food
products, possibly as an alternative to deliver ingredients with
preferred solubility in the dispersed phase.
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Figure 5. Emulsion images after cross-linking with PAA 450k/EDC of
the system PEG35k (7 wt %)/dextran40k (3 wt %) with 0.2 g/L PDP as
stabilizer formed via shaking by hand: Optical microscopy images of
(a) dextran-in-PEG emulsion droplets (insert cryo-SEM images of
cross-linked emulsion droplets); optical images of (b) dextran-in-PEG
emulsion (7 wt % of PEG35k; 3 wt % of dextran40k), and CLSM images
of (c) dextran-in-PEG emulsion droplets with FITC-labeled PEG.

Figure 6. Demulsification trials of PEG35k (7 wt %)/dextran40k (3 wt
%) system via vortex for 30 s after cross-linking with PAA/EDC.
Optical images of (a,d) emulsions before attempted demulsi fication,
(b,e) the mixture after attempted demulsi fication emulsions; optical
microscopy images of (c,f) after attempted demulsi fication.
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ABSTRACT: Compartmentalized hydrogels constitute a signi ficant research area, for example, for catalytic and biomedical
applications. As presented here, a generic method is used for compartmentalization of supramolecular hydrogels by using water-
in-water emulsions based on aqueous two-phase systems. By forming the supramolecular hydrogel throughout the continuous
phase of all-aqueous emulsions, distinct, microcompartmentalized materials were created. The basis for the presented
compartmentalized water-in-water hydrogels is polydopamine particle-stabilized water-in-water emulsions from dextran and
poly(ethylene glycol) (PEG). Addition of α-cyclodextrin (α-CD) led to supramolecular complexation with PEG and
subsequent hydrogel formation showing no signs of creaming. Due to the supramolecular nature of the compartmentalized
hydrogels, selective network cleavage could be induced via competing guest addition, while keeping the emulsion substructure
intact.

■ INTRODUCTION

Compartmentalization contributes an important role in a
variety of biological and industrial processes. 1 For instance, it
allows organelles to perform synthetic tasks simultaneously
inside eukaryotic cells by prohibiting mutual interference. 2

Thus, the natural concept of compartmentalization has become
a significant research topic in polymer and colloid science, e.g.,
in the endeavor for synthetic cells. 3,4 Additionally, compart-
mentalization is crucial for encapsulation, drug delivery, and
release of active flavor ingredients, as well as for structuring
different materials through templating and scaff olding.5,6 For
synthetic processes, compartmentalization is generally achieved
either by emulsification of immiscible phases or through
encapsulation of soft matter inside of vesicles. 7−9 However,
there are some limitations in the common approaches. For
example, emulsification techniques are widely used for
constituting hydrophobic domains in aqueous phases but are
inherently limited in terms of the possible number of accessible
types of compartments.10,11 On the other hand, vesicle-based
approaches can effectively encapsulate various aqueous phases
within their membranes and can be used to create numerous
different coexisting microcompartments with excellent control
over their composition.12 Nonetheless, while hydrophobic
lipid- or polymer-based membranes grant vesicles their

outstanding properties, they also seriously limit the transport
of many polar solutes. Furthermore, in contrast to emulsions,
which can be generated and stabilized relatively easily even on
a large scale, preparation of loaded vesicles can be a long, not
easily scalable process. Therefore, there is a need for a simple
and elegant approach that allows the formation of micro-
compartments containing polar molecules without introducing
any barriers.
One of the most promising directions for barrier-less

structuring of aqueous media is to employ aqueous two-
phase systems (ATPS).13,14 ATPS are two-component water-
based mixtures generally containing two incompatible
polymers and/or salts that can form distinct macroscopic
aqueous phases.15,16 Aqueous two-phase systems are widely
used in biotechnology for extraction and separation of
biomolecules, organelles, and even living cells, as they o ffer a
large number of mild, fully aqueous environments. 17 Recently,
Keating and co-workers exploited aqueous-phase separation as
a tool for compartmentalizing biomolecules by encapsulating
aqueous two- and three-phase systems within lipid vesicles to
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create prototype artificial cells.18−20 Several other examples of
stabilization of water-in-water emulsions using various nano-
particles have also been reported. 21−23 However, these
methods have some limitations and cannot be speci fically
applied to form every stable arbitrary ATPS emulsion. An
alternative surfactant-free route to stabilize emulsions has been
recently demonstrated by the group of Ulijn, who have
generated stable oil-in-water emulsions by creating an
interfacial compartmentalized gel network around the dis-
persed droplets.24,25 Therefore, formation of a supramolecular
hydrogel network within ATPS emulsions should allow
capturing their fine structure, resulting in microcompartmen-
talized, fully aqueous hydrogel materials. 26 For example, van
Esch and co-workers presented a completely water-based
compartmentalized hydrogel formed from hydrazine hydro-
gelators.27 In a similar way, Nicolai and co-workers recently
showed water-in-water hydrogels stabilized by cellulose
nanocrystals.28 Also, this structuring approach offers control
over the composition of each compartment type by directing
the partitioning of objects to be encapsulated, which is useful
for the introduction of specific molecules, e.g., enzymes.
Certainly, it would be of practical interest if the same

particles that stabilize the dispersed droplets against
coalescence can also be used to produce compartmentalized
hydrogels and thus stabilize against creaming or sedimentation.
It was recently shown that this can be done successfully for w/
w emulsions formed by mixing aqueous solutions of dextran
and poly(ethylene glycol) (PEG) in the presence of protein
microgels.29 Excess microgels in the continuous phase could be
induced to aggregate and form a network by adding salt or
reducing the pH, which reduces the electrostatic repulsion
between the microgels. The w/w emulsions formed by mixing
aqueous solutions of pullulan and PEG 21 or gelatin and
dextran23 in the presence of clay particles were found to be
stable against the sedimentation of the dispersed droplets
because aggregated clay particles attached to the droplet
surface connected the droplets into a space- filling network.
Compartmentalized hydrogels can be prepared via solid
particle-stabilized w/w emulsions, which is promising as an
encapsulating structure as well as a sca ffold for tissue
engineering.30 Moreover, this kind of multicompartment
structure offers specific spaces for encapsulation of cargo for
drug delivery.31

Additionally, various kinds of polymer inclusion complexes
(PICs) formed by noncovalent host−guest interactions have
been extensively reported and investigated as useful building
blocks for constructing supramolecular structures in hydrogel
preparation.32−35 Particularly, cyclodextrins (CDs) have been
the most widely used host molecules. They have been the
subjects of extensive investigation; one of the most notable

features is that they form inclusion complexes with a wide
variety of low-molecular-weight compounds ranging from
nonpolar hydrocarbons to polar carboxylic acids and amines.
So they are water-soluble and capable of selectively including a
wide range of guest molecules. 36,37 Harada and co-workers
have introduced many PICs (or pseudo-polyrotaxanes) by a
series of combinations between CDs, usually α-, β-, and γ-CD,
which consist of 6, 7, and 8 glucose units, respectively, and the
corresponding linear polymers.32 Huh and co-workers have
also studied supramolecular-structured hydrogels on the basis
of the inclusion complexation between PEG-grafted dextran
and α-CDs in aqueous media. 38 They have fabricated
polymer−polymer composites and blends with normally
incompatible polymers using such a PIC formation. Our
group recently showed the formation of a thermoadaptive
hydrogel via α-CD complexation of poly(vinylpyrrolidone)- b-
poly(oligo ethylene glycol methacrylate). 39 The gel formation
of α-CD and PEG is based on PIC formation and
crystallization of the complexes via hydrogen bonding. As
such, the crystalline domains act as crosslinking points in the
hydrogel system.40

Polydopamine particles (PDP) are negatively charged
particles produced by the alkaline hydrolysis of dopamine.
The fabrication and broad applications of poly(dopamine)
(PD) have rapidly advanced in recent years; PD displays many
striking properties in polymer and material science, and, most
importantly, it processes excellent biocompatibility. For
instance, Cui et al. applied PD-coated capsules by emulsion
templating to immobilize pH-cleavable polymer−drug con-
jugates for intracellular drug delivery. 41 PD has impressive
features for its surface modification. However, the exact
structure of PD is still not clear yet. 42 Notably, PDP can be
used for emulsifying the aqueous two-phase system, speci fic for
PEG and dextran.43 As shown before, PDP adsorb at the w/w
phase boundary and effectively inhibit coalescence of dispersed
aqueous emulsion droplets via the process of colloidal
assembly at the interfaces. Particles can stabilize w/w
emulsions by forming a layer at the interface, which reduces
the free energy. The stabilization of interfaces with particles is
known as the Pickering effect and has been practically
irreversible for w/w interfaces. 22,23

In the present contribution, we present a generic method for
compartmentalizing aqueous media using aqueous-phase
separation of incompatible polymers and the formation of a
supramolecular hydrogel to obtain fixed compartments
(Scheme 1). Therefore, PEG-dextran w/w emulsions are
formed in the presence of PDP and gelation via α-CD is
investigated. By forming the supramolecular hydrogel through-
out the continuous phase of all-aqueous emulsions stabilized
by PDP, distinctly, compartmentalized complexation between

Scheme 1. Schematic Overview of Compartmentalized Hydrogel Formation
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PEG and α-CD is formed. Studies of the formed complexes are
performed via X-ray diffraction (XRD), and the mechanical
properties of the hydrogels are measured with oscillatory shear
rheology. Moreover, we present the triggered disassembly of
the hydrogels via competitive guest addition, while the
emulsion stays intact keeping mobile compartmentalization
of the solution. The emulsion can be demulsifi ed in a further
step leading to a complete loss of structuring. The hydrogels
and emulsions are assessed via optical microscopy (OM) and
confocal laser scanning microscopy (CLSM) showing a
supramolecular compartmentalized hydrogel that can be
selectively disassembled on various levels of structuring.

■ EXPERIMENTAL SECTION
Materials. Anthranilic acid (reagent grade, ≥98%, Sigma Aldrich),

α-cyclodextrin (α-CD; ≥98%, Roth), dextran (40k, analytical grade;
100k, analytical grade, all from Sigma Aldrich), dimethylsulfoxide
(DMSO, extra dry, Acros Organics), dopamine hydrochloride (98%,
Sigma Aldrich), ethylenediamine resin (polymer-bound, 4.0 −5.7
mmol/g, Sigma Aldrich), fluorescein isothiocyanate (FITC; 90%,
Sigma Aldrich), hydrochloric acid (HCl; fuming, Carl Roth),
poly(ethylene glycol) (PEG; 20k, analytical grade; 35k, analytical
grade; 40k, analytical grade, all from Sigma Aldrich), poly(ethylene
glycol) diamine (NH2−PEG−NH2; 2k, analytical grade, Sigma
Aldrich) were obtained as indicated. Milli-Q water was obtained
from an Integra UV plus pure water system by SG Water (Germany).
PDP42 and FITC-labeled PEG43 were obtained according to the
literature (refer to Supporting Information).
Preparation of Compartmentalized Hydrogel. An example

compartmentalized hydrogel was formed by mixing PEG 35k (cPEG = 7
wt %, 0.90 g) and dextran40k (cDex = 3 wt %, 0.40 g) with PDP-α-CD
suspension (0.2 mg/mL of PDP, 140 mg/mL of α-CD, 3 mL). After
mixing, the mixture was ultrasonicated for 2 h for dissolving and
emulsification (Elmasonic S30H). Then, the sample was heated to 65
°C and cooled to ambient temperature for hydrogel formation. To
study the temperature sensitivity, the procedure was evaluated further.
After ultrasonication for 2 h, the mixture was directly heated to 90 °C
and then cooled to ambient temperature.

Stability of Emulsions and Compartmentalized Hydrogel.
Dilution Study. Here, PEG (cPEG = 7 wt %, 0.90 g)/dextran ( cDex = 3
wt %, 0.40 g) w/w α-CD solutions were stabilized by PDP as
mentioned above. After ultrasonication, before heating and hydrogel
formation a droplet of the emulsion (∼0.2 mL) was placed on a
microscope slide and Milli-Q water (∼0.2 mL) was added to dilute
the emulsion, which breaks the emulsion. However, the dilution by
50% could not demulsify the emulsion.

Competitive Guest Addition. After hydrogel formation, a
competitive guest was added. Anthranilic acid in Milli-Q water (10
mM, 0.5 mL) was mixed with compartmentalized hydrogels (3 mL)
and vortexed for 30 s, which led to a sol. Here, there was no
demulsification observed under an optical microscope. Finally, the
following targeted complete disassembly was performed by diluting
∼0.2 mL of the mixture solution by 100% with Milli-Q water ( ∼0.2
mL). When the mixture solution was diluted, a droplet of the solution
was directly placed on a microscope slide and complete
demulsification was observed (Figure 5d).

Characterization Methods. Freeze drying was applied for
hydrogels over 24 h (LSCbasic, Christ, Germany) to obtain solid
samples for observation. Scanning electron microscopy (SEM) (JSM-
7500F) was used to visualize the morphology of compartmentalized
hydrogels after freeze-drying. The Cryo SEM technique was used to
visualize the emulsion droplet with a cryo chamber from Gatan
(ALTO 2500). Therefore, the sample was frozen, fractured, and
imaged. Fluorescent images were obtained by a confocal laser
scanning microscope (CLSM, TCS SP5, Leica, Germany). Prior to
visualization, FITC-labeled PEG (<1 × 10−5 mol/L) was dissolved in
the dextran-in-PEG emulsion to fluorescently label the PEG phase.
Moreover, the prepared emulsions and compartmentalized hydrogels
were imaged by optical microscopy (OM, DM1000 LED, Leica,
Germany). The droplet sizes were estimated by ImageJ software. All
droplets from one microscopy image were evaluated with the software
to obtain a number-average droplet size. Powder X-ray di ffraction
(XRD) patterns were obtained using Bruker D8 Advance X-ray
diffractometer (Billerica, MA) via Cu K α radiation. For rheological
investigations, compartmentalized hydrogels (or sol after guest
addition) were cut into small disc shapes and investigated with an
Anton Parr MCR 301 rheometer equipped with a cone plate 12 (CP-
12) (d = 0.02 mm). Measurements were performed at a constant
angular frequency (10 rad/s) with strain range from 0.1 to 100% with

Figure 1. Images of the PDP (0.2 g/L)-stabilized PEG 35k (7 wt %)/dextran40k (3 wt %) water-in-water system (140 mg/mL of α-CD): Optical
images of (a) a PDP-stabilized emulsion and (d) compartmentalized hydrogel after heating to 65 °C and cooling to ambient temperature,
respectively; optical microscopy images of (b) emulsion droplets at ambient temperature and (e) emulsion droplets within a compartmentalized
hydrogel; cryo-SEM image (c) of emulsion droplets; SEM image (f) of emulsion droplets within a compartmentalized hydrogel.
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31 measuring points and 0.02 mm gap. Frequency-dependent
measurements were performed at a constant strain (0.1%) with
changing frequency in the range of 1−100 rad/s. Viscosity
measurements were performed at ambient temperature with changing
shear rate between 1 and 20/s. The relative error from rheology was
estimated to be 2.5%.

■ RESULTS AND DISCUSSION

Compartmentalized Hydrogels via PDP-Stabilized
Water-in-Water Emulsions. PDPs were prepared by a facile
method under alkaline conditions 43 to produce compartmen-
talized hydrogels. In a typical experiment, PDPs were
fabricated to achieve uniform particles with a size of 400 nm,
as previously reported.43 Compartmentalized hydrogels were
prepared via gelation of w/w emulsions stabilized by PDP (0.2
g/L) containing various weight ratios of PEG and dextran as
well as different molecular weights of PEG and different
concentrations of α-CD. At first, a PDP suspension was
prepared in an α-CD solution. Solutions of dextran and PEG
were prepared by dissolving the solid in Milli-Q water at
neutral pH with stirring. Finally, the polymer solution was
added to the PDP/α -CD mixture (final concentration, 0.2 g/L
of PDP) for emulsification via ultrasonication and to obtain a
hydrogel (Figure 1d). In this way, a compartmentalized
hydrogel with well-dispersed compartments could be achieved.

A color difference between emulsions and hydrogels was
observed, which was due to slight di fferences in imaging
conditions of optical microscopy as the compartmentalized
hydrogel (Figure 1a) is less transparent compared to the
emulsion (Figure 1d).
Previously, it has been indicated that PDP-based emulsions

show long-term stability for at least 16 weeks. 43 After
ultrasonication, the emulsions were heated to 65 °C and
then cooled to ambient temperature to obtain compartmen-
talized hydrogels. Investiga tion via optical microscopy
indicated droplet formation inside the hydrogel, which
corresponds to a w/w emulsion system, as known from
previous studies. However, before cooling to ambient temper-
ature, the mixture was observed under OM and also frozen for
cryo-SEM (Figure 1b,c) to prove the stability of the emulsion
inside the hydrogels as the droplets exist during hydrogel
formation. Hence, compartmentalized hydrogels were formed
as observed via OM showing w/w droplets in the hydrogels
(Figure 1e), which shows that the w/w emulsion was stable
through the hydrogel formation process, i.e., at a higher
temperature. The droplet size inside the hydrogel shows
dispersity from 1 to 25 μm and the average droplet size is 4 ±
4.0 μm (Figure 1e), which matches the observed droplet sizes
in corresponding emulsions (the average droplet size ∼5 ± 2.4
μm in Figure 1b; it should be noted that the high standard

Figure 2. Emulsion droplet images within a compartmentalized hydrogel of the system PEG 35k (7 wt %)/dextran40k (3 wt %); dextran-in-PEG:
Bright field images of (a) emulsion droplets within a compartmentalized hydrogel and (b) CLSM image of emulsion droplets within a
compartmentalized hydrogel via utilization of FITC-labelled PEG (2k).

Figure 3. Characterization of compartmentalized hydrogels via PDP (0.2 g/L)-stabilized PEG 35k (7 wt %)/dextran40k (3 wt %) water-in-water
system (140 mg/mL of α-CD): (a) X-ray diffraction (XRD) patterns of compartmentalized hydrogels and emulsions; (b) strain dependency after
heating to 65 °C and cooling to ambient temperature; and (c) G′ and G″ values of hydrogel against frequency with constant strain (0.1%).
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deviation is due to the broad dispersity of droplet sizes),
showing there is no obvious change during the hydrogel
formation even if the temperature varies. To gain further
insight on the formed droplets inside the hydrogels and their
stability, SEM imaging after freeze-drying of the hydrogel was
applied (Figure 1f). Spherical compartments with sizes in the
range of 1−25 μm were observed, which shows the stability of
the compartmentalized architecture even in the dry state.
To further verify the existence of a w/w emulsion stabilized

by PDP inside the compartmentalized hydrogels, FITC-
labelled PEG (2k) was introduced into a dextran-in-PEG
emulsion-based hydrogel and imaged via CLSM ( Figure 2).
The visible dark liquid droplets and clear bright continuous
phase region shows the presence of fluorescently labeled PEG
continuous phase outside the emulsion droplets, which
indicates the separation of PEG and dextran in the hydrogel
state, as expected. Confocal microscopy o ffered a dependable
trend for the phase separation contained within the emulsion
droplets of a different polymer phase. However, without PDP
addition, the droplet structure cannot be observed in the
compartmentalized hydrogels (Figure S1), which also confirms
the role of PDP as a stabilizer in the w/w emulsion. Di fferent
characterization methods were applied to show the structure of
emulsion droplets and compartmentalized hydrogel; in this
way, we can investigate the stability of the compartmentalized
hydrogel and give a broader insight into the structure of the
fabricated materials.
To gain additional insights into the crosslinking mechanism,

XRD measurements of compartmentalized hydrogels were
performed after water removal (Figure 3a).44 To characterize
the crystalline structure of aggregations in the hydrogels, we
measured the XRD patterns of a compartmentalized hydrogel
in the freeze-dried state and compared them with those from
well-dried emulsions without the addition of α-CD. In
contrast, no signals indicating incorporation of crystalline
structures were found for the normal emulsions after freeze-
drying (Figure 3a). However, the diffraction pattern of the
hydrogel exhibits a number of sharp re flections including
strong ones at 2θ = 20.0° (d = 4.44 Å) and 22.7° (d = 3.96 Å).
These are assigned to the 210 and 300 re flections from the
hexagonal lattice with a = 13.6 Å. The strong reflection is a
typical peak observed for PICs with α-CD,39,45 according to
the electron density distribution of the core of the α-CD
molecules with a radius of ∼5 Å. It is a well-known fact that
PEG/α-CD PICs have a channel-type crystalline structure due
to the long-chain nature of the guest molecules. These
characteristic reflections, which appeared in the pro files from
the freeze-dried hydrogels, indicate that the compartmentalized
hydrogels are formed via the supramolecular crosslinking.
Thus, such crystalline aggregations induced by inclusion
complexation formation can be considered to play a major
role in the gelation.
Moreover, oscillatory shear rheology was used to investigate

the network formation between α-CD and PEG. In the case of
PDP. The w/w emulsion-based hydrogel G′ exceeds G″ in the
range of 0.1−100% of strain, which is a strong indication of
hydrogel formation. Albeit the absolute values of G′ (59.5 Pa at
0.1% strain) show that rather soft hydrogels are obtained
(Figure 3b). The formed hydrogels show signi ficant shear-
thinning behavior, which is another feature of the supra-
molecular soft hydrogels. Frequency-dependent rheology
measurements in the presence of the hydrogel network did
only show a slight change in the region between 0 and 20 rad/s

for both G′ and G″, which is due to slow relaxation. However,
in the range above 40 rad/s, the loss modulus increased
remarkably and finally exceeded G′ (Figure 3c). Thus, at high
frequencies, the supramolecular network turned into a sol. 46

Besides, viscosity only changed at shear rates between 0 and
10/s, and then no obvious variation was observed for higher
shear rates because the gel phase turned into a sol ( Figure
S2a). However, in the case of emulsions without the addition
of α-CD, there was no hydrogel formation, which was
confirmed by G″ exceeding G′ in the range of 0.1−100% of
strain (Figure S2b). Compared with the compartmentalized
hydrogels, solely PEG-based hydrogels ( Figure S2c) without
dextran addition are stable as well. In fact, PEG-based
hydrogels were stronger than the compartmentalized hydrogel
with dextran. Apparently, the addition of dextran weakened the
strength of the hydrogel network but not to an extent to break
the network.

Further Studies of Compartmentalized Hydrogel
Formation. To investigate the formation of compartmental-
ized hydrogels further, the parameters of polymer molecular
weights were investigated as well as α-CD concentration. For
the case of PEG with molecular weight less or equal than 3000
g/mol, no stable hydrogels with α-CD were observed (Figure
S3a),47 which was confirmed by rheology results (Figure S4a)
as G″ exceeds G′ in the range of strain from 0 to 10%.
Nevertheless, precipitate formation at the bottom of the glass
vessels was observed. The low molecular weight of PEG is
probably not sufficient to support enough α-CD for hydrogel
formation. Therefore, the formation of hydrogels via inclusion
complexes with highly ordered secondary structures should be
related to the structural length of PEG in the present system.
In previous works, it was shown that to form an α-CD and

PEG network, a minimal concentration of α-CD of about 50
mg/mL is required to obtain a hydrogel with sufficient stiffness
to form a self-standing gel.47 At lower concentrations (Figure
S3b), the emulsion-based α-CD network formed with PEG
(40k, 7 wt %) is not strong enough and does not reach a
sufficiently high density to resist gravity. The creaming mixture
flow at the α-CD concentration of 50 mg/mL indicates that no
strong hydrogel network is formed at a concentration below
cα‑CD ≤ 50 mg/mL. In the case of the emulsions, the stability of
the w/w emulsion droplets is enhanced with PDP as stabilizers
that attach to the droplets for emulsi fication. Therefore,
creaming was observed instead of sedimentation. On the other
hand, when the concentration of α-CD is increased, raised
amounts of α-CD/PEG aggregates are formed. The enhanced
aggregate accumulation results from an increase in the amount
of inclusion complex formation between the PEG chains and
α-CD molecules. Therefore, the density of the network at
steady state increases with raised α-CD concentration. If, in
addition, this complexation between α-CD and PEG is
sufficiently strong to resist the buoyancy, creaming no longer
takes place. Moreover, it appears from our observations that
the network with the embedded emulsion droplets was not
sufficiently strong to resist the buoyancy of the droplets for
cα‑CD ≥ 200 mg/mL. The collapsed precipitate forms a layer at
the bottom of the glass vessels (Figure S3b). Also, no hydrogel
formation could be observed in rheology ( Figure S5) for cα‑CD
≥ 200 mg/mL. Thus, multicompartment hydrogel formation is
observed in the range of 50 mg/mL ≥ cα‑CD ≥ 200 mg/mL,
with no network formation at low concentration and demixing
at high concentrations.
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Furthermore, PEG−dextran aqueous system containing α-
CD (140 mg/mL) and PDP (0.2 g/L) was prepared with
different ratios of PEG and dextran and hydrogels formed with
α-CD (Figure S3c). At these compositions, the systems were
fully phase-separated with two water phases. 43,48 Nevertheless,
the polymers are not fully separated but enriched in one or the
other phase.49 Figure S3c shows how the compartmentalized
hydrogels in α-CD−PDP aqueous system evolved visually with
changing PEG/dextran weight ratios. At all weight ratios with
dextran in the dispersed phase and PEG in the continuous
phase, compartmentalized hydrogels are formed, which is
consistent with rheology results (Figure S6). Unexpectedly,
hydrogels are also formed in the case of dextran in the
continuous phase. Apparently, the residual amount of PEG in
the dextran phase is sufficient to form a crosslinked hydrogel
although dextran forms the major part of the continuous phase.
As shown via a reference experiment, hydrogels can be formed
in a dextran phase extracted from PEG/dextran ATPS:
Therefore, a PEG/dextran ATPS was formed and the dextran
phase-separated (Figure S3d). After addition of α-CD,
hydrogels were formed, while no hydrogel formation was
observed for pure dextran/PDP solutions. After standing
overnight, the hydrogels reached a steady state that does not
change anymore, indicating that all PEG/dextran ratios in the
α-CD-PDP aqueous system had produced compartmentalized
hydrogels. In addition, there is no obvious e ffect of the mixture
composition on the droplet size (Figure S3e−g). As such, no
significant changes in volume fraction and concentration of the
two phases were observed (18 ± 12.6 μm for PEG35k (3 wt
%)/dextran40k (7 wt %), 7 ± 3.9 μm for PEG35k (5 wt
%)/dextran40k (5 wt %) and 11 ± 5.0 μm for PEG35k (7 wt
%)/dextran40k (3 wt %); it should be noted that the high
standard deviation is due to the broad dispersity of droplet
sizes).
Stability of Compartmentalized Hydrogels and

Targeted Disassembly. Due to the supramolecular nature
of the hydrogel, the application of external stimuli can be
utilized to modify the structure. Therefore, a number of
methods have been applied here. The hydrogel formation was
performed at temperatures around 65 °C. The aqueous
dispersion of the polymers, α-CD, and PDP became cloudy
instantaneously after 2 h of ultrasonication for emulsi fication,
and the hydrogel formed after heating to 65 °C and then
cooling to ambient temperature. Moreover, these compart-
mentalized hydrogels featured a phase transition from hydrogel
to a clear solution after heating to 65 °C, which is a reversible

process as hydrogels formed again at ambient temperature.
Another option is to increase the temperature during hydrogel
formation, i.e., after ultrasonication, the samples were heated to
90 °C and then cooled to ambient temperature. Compart-
mentalized hydrogels could be formed as well, which can be
seen from rheology as G′ exceeds G″ and strong hydrogels are
obtained with respect to high absolute values of G′ (27 000
Pa) (Figure 4). However, the transition to a solution does not
occur again. The compartmentalized hydrogels formed after
heat treatment at 90 °C were heated again but instead of a
transparent solution, a turbid sol was observed, which is a
suspension containing small presumably crystallite particles.
Regarding repeated heating/cooling, rheology was measured
after repeated heating to 65 °C and G′ reached the same level
after cooling. In addition, there was no change for repeated
heating and cooling when the hydrogel was prepared after
heating to 90 °C. Nevertheless, cooling to ambient temper-
ature resulted in hydrogel formation, which demonstrates that
high temperature improves inclusion complex formation as the
aggregates do not break completely after heating as observed in
the turbid sol character. The increased stability also manifests
in the frequency dependency that does not show a crossing of
G′ and G″ at increased frequencies as it was evident for the
hydrogel prepared after heating to 65 °C. However, the
compartmentalized hydrogels could not be formed at heating
temperatures below 65 °C (Figure S7a). In addition, no
significant impact of heating time on the hydrogel formation
was found. Emulsions kept at an elevated temperature (65 °C)
for different times, 1, 5, 10 and 30 min ( Figure S7b), turned all
into hydrogels.
Disassembly of the compartmentalized hydrogels can be also

obtained by applying the addition of competitive guests
(Figure 5a). Therefore, 10 mM anthranilic acid was introduced
into the supramolecular compartmentalized hydrogels and the
mixture was vortexed for 30 s. The obtained flowing turbid
liquid confirms the successful destruction of the hydrogel
network structure. The introduction of competitive guest, i.e.,
anthranilic acid, has a profound competitive e ffect on the α-
CD/PEG PICs. As the addition of additional guests interacts
with the present α-CD capacities the equilibrium is shifted,
which leads to inclusion complexations between α-CD and
anthranilic acid. Thus, the hydrogel disassembly of the
hydrogel is initiated as the PEG is expelled from the α-CD
cavities. Hence, it is indicated that disassembly of the hydrogel
structure via competitive guest addition is possible. Most
importantly, the aqueous two-phase emulsions are still stable

Figure 4. Characterization of the compartmentalized hydrogel via PDP (0.2 g/L)-stabilized PEG 35k (7 wt %)/dextran40k (3 wt %) w/w system (140
mg/mL of α-CD) after heating to 90 °C and cooling to ambient temperature: Optical images of (a) compartmentalized hydrogel; optical
microscopy images of (b) emulsion droplets within a compartmentalized hydrogel; (c) strain dependency after heating to 90 °C and cooling to
ambient temperature; and (d) G′ and G″ values of hydrogel against frequency with constant strain (0.1%).
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after hydrogel disassembly (Figure 5b). In order to quantify
the required amount of anthranilic acid to break the hydrogels,
the concentrations of anthranilic acid were screened between 4
and 12 mM (Figure S8). It could be shown that a minimum of
10 mM anthranilic acid is needed to disassemble the hydrogels.
However, after addition of competitive guest and dilution by
100%, the emulsion breaks as no droplets can be observed via
optical microscopy anymore (Figure 5c,d), which is expected
due to the shift out of the two-phase region in the phase
diagram.43 Moreover, the oscillatory shear rheology indicates
hydrogel cleavage as G″ exceeds G′ (Figure S9). The confocal
images showed disassembly and demulsi fication after guest
addition and dilution as well ( Figure S10). No complete
droplets could be observed via confocal microscope anymore.
However, ill-defined aggregates were visible, which might be
corresponding to various α-CD complexes. Therefore, the state
of the system can be tailored from compartmentalized
hydrogel to emulsion and further to solution.

■ CONCLUSIONS
A facile, generic approach is presented for the fabrication of
compartmentalized completely hydrophilic materials by
forming a supramolecular hydrogel within mixtures of aqueous
phase-separating polymers, in the presence of Pickering-type
PDP stabilizers, dextran, PEG, and α-CD. PEG is found to
form inclusion complexes with α-CD molecules in the
continuous phase, resulting in hydrogel formation, and in
physical compartments from emulsion droplets. The compart-
mentalized hydrogels were assessed via SEM, OM, and CLSM
for morphology. The origin of hydrogel formation was
confirmed via XRD and the gelation followed by oscillatory
shear rheology. By varying the different constituent parts of the
hydrogels, e.g., the molecular mass of the utilized polymers, the
polymer concentration, and α-CD concentration as well as the
temperature, the properties of the structure could be varied.

After the addition of a competitive guest, the original network
can be disassembled. Notably, after disassembly of the
hydrogel via competitive guests, the emulsion stays intact
and the emulsion finally breaks after significant dilution. As
such, the system can be tuned in a multilevel way from
hydrogel to emulsion to solution via external manipulations.
Overall, this method can be applied to several all-aqueous
emulsions. Such types of compartmentalized hydrogels could
potentially provide new opportunities for a wide variety of
aqueous multiphase systems, in the design of novel biomimetic
hydrogel catalysts, as the templates of porous soft materials or
in the fabrication of supramolecular hydrogel scaff olds for
tissue engineering.
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3.3 Results and Discussion 

3.3.1 Aqueous two-phase systems 

As stated in the theoretical part (Section 3.1.3), DHBC self-assembly can be understood from 

the viewpoint of ATPSs.  

 

Scheme 3-4. Poly(dopamine) nanoparticle (PDP)-based water-in-water emulsion and 

crosslinking of Pickering surfactant (colloidosome formation) or continuous phase (hydrogel 

formation). 

 

In order to form a Pickering emulsion in the dextran/PEG ATPS, poly(dopamine) particles (PDP) 

were utilized. Poly(dopamine) (PD) is a common polymer utilized for coatings or fabrication of 
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nanoshells, yet it is rather ill-defined.42-44 Nevertheless, PD features significant 

biocompatibility,45 which renders PDP suitable as Pickering stabilizer for biocompatible ATPS 

emulsions. PDP were synthesized via oxidative polymerization of dopamine under air in basic 

water solution to yield particles with sizes on the range of 200 nm.46 Subsequently, PDP were 

utilized to stabilize emulsions from an ATPS from PEG and dextran (Scheme 3-4). Optical 

microscopy revealed the formation of droplets in a 10 wt.% polymer solution via gentle hand 

shaking. Moreover, the formed droplets could be observed via cryo-SEM as well as confocal 

laser scanning microscopy (CLSM) via utilization of fluorescein-labeled PEG. In addition, the 

droplet size could be adjusted via the concentration of PDP in the range of 5-16 µm. The 

formed emulsions were stable over several weeks with only minor signs of agglomeration. 

Demulsification of the formed all aqueous emulsions is a major point, e.g. with regard to 

degradability. In order to break the formed emulsions various triggers were investigated. 

Obviously, dilution is an easy way to break the emulsion as the ATPS is stable only at high 

polymer concentrations. Thus, the emulsions were diluted by a factor of 200%, which led to a 

one phase system. Nevertheless, not only dilution can be utilized for demulsification, but 

addition of surfactants could be used as well. In such way, cetyl trimethylammonium bromide 

(CTAB) and sodium dodecyl sulfate (SDS) were added to the emulsions and in both cases the 

droplets coalesced. The breakdown of the Pickering emulsion via surfactants could be due to 

interactions of the hydrophobic tail of the surfactants with the PDP, which leads to additional 

repulsion due to surfactant charges. Thus, the stabilizing PDP are expelled from the droplet 

surface and coalescence is observed. As PDPs contain non-crosslinked amino groups as well as 

secondary amines in the structure, a stabilization of the structure via crosslinking with 

amidation was investigated. Thus, PAA was added as well as 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) to activate the carboxylic acid groups for amide 

formation. In such a way, the Pickering stabilizers are crosslinked to form a stable shell around 

the droplets, which is a colloidosome-like structure. Due to the crosslinking, demulsification via 

dilution or addition of surfactants was suppressed, which indicates the formation of stable 

capsules.  

On one hand crosslinking of the stabilizer leads to colloidosomes with a stable shell. On the 

other hand, crosslinking of the outer phase leads to hydrogels with incorporated droplet 

compartments. Thus, an emulsion of dextran-based droplets in PEG-based continuous phase 

was fabricated via PDP stabilization. Next, α-cyclodextrin (α-CD) was added, which is a 

common gelator for PEG due to the formation of supramolecular inclusion complexes of PEG 

and α-CD in a rotaxane fashion.47-49 These rotaxanes crystallize via hydrogen bonds to form a 

crosslinked network. Thus, the continuous phase could be gelled (Scheme 3-4). The 

persistence of dextran-based droplets inside of the supramolecular hydrogel was verified via 

optical microscopy and CLSM with fluorescently labeled PEG. As the network is based on 

supramolecular interactions it is dynamic and can be altered or cleaved via external stimuli. 
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Hence, a competing guest molecule, i.e. anthranilic acid, was added to the hydrogel that shifts 

the equilibrium towards anthranilic acid/α-CD complexes. As a second trigger dilution of the 

hydrogels was utilized to break the structure as well. Interestingly, the system can be broken in 

two steps. At first the hydrogel is cleaved due to a shift in the equilibrium via competing guest 

addition keeping the emulsion itself intact. Further, dilution leads to a complete dissolution of 

the system. 

Crosslinking enables to address specific entities of the Pickering emulsions, i.e. continuous 

phase or Pickering stabilizer. Thus, various architectures or rather structuring can be targeted, 

which has significant implications for future applications. In addition, the ATPS-based systems 

allow a glance on the possibilities of DHBC-based systems. Especially the introduced 

crosslinking methods open up new opportunities for stabilization of DHBC self-assemblies. 

 

3.3.2 Double hydrophilic block copolymer self-assembly 

DHBC offer an interesting opportunity to obtain novel self-assembled structures in aqueous 

environment (Scheme 3-3). A broad range of hydrophilic blocks is available and the 

investigation of favorable block combinations is a first step towards an improved 

understanding of the self-assembly process and tailored structures. Therefore, several block 

combinations were investigated regarding self-assembly. The utilized DHBCs in the present 

thesis can be classified into Pull-containing or PVP-containing. 

 

Pullulan-based DHBCs 

Poly(saccharides) are a common component in ATPS formation. Thus, utilization of 

poly(saccharides) as a building block for DHBC self-assembly is an obvious choice. Moreover, 

many poly(saccharides), including Pull, are discussed as biocompatible polymers.50 For 

example, Pull is derived from the microorganism Aureobasidium pullulans, which forms the 

polysaccharide as a protection from external threats.51 Pull is a linear polysaccharide consisting 

of maltotriose repeating units that are linked via α-(1,6) glycosidic bonds. It has a wide 

applicability, e.g. as blood plasma substitute,52 in food manufacture53 and pharmaceutical 

applications.50 In order to study the self-assembly of Pull-based DHBCs, several building blocks 

were combined with Pull. Hence as a first step, pieces of information regarding appropriate 

block combination were obtained, e.g. Pull-b-poly(N-vinylpyrrolidone) (Pull-b-PVP), Pull-b-

poly(2-ethyl-2-oxazoline) (Pull-b-PEtOx), Pull-b-poly(oligo ethylene glycol methacrylate) (Pull-b-

POEGMA), Pull-b-PDMA and Pull-b-poly(ethylacrylamide) (Pull-b-PEA). Furthermore, a 

variation in block lengths allowed in depth studies of the self-assembly process.  
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Scheme 3-5. Synthetic approaches towards Pull containing DHBCs: a) Pull-b-PVP, b) Pull-b-

PEtOx, c) Pull-b-POEGMA and d) Pull-b-PDMA or Pull-b-PEA. 

 

PVP is a well-known biocompatible polymer that has been in use in medicine for several 

decades.54-55 Thus, PVP was chosen as a building block to be combined with Pull. For the 

synthesis of Pull-b-PVP, a macro chain transfer agent (CTA) approach was utilized (Scheme 

3-5a). Therefore, Pull with a molecular weight of 26.5 kg mol-1 was end functionalized with an 

amine and a xanthate RAFT agent was attached via active ester chemistry. In the following N-

vinylpyrrolidone (VP) was polymerized from the macro CTA and Pull-b-PVP with a molecular 

weight of 58.8 kg mol-1 was obtained. Subsequently, aggregate formation in water was 

investigated via cryo-SEM and confocal laser scanning microscopy (CLSM), showing the 

formation of spherical particles in the size range of 150 nm to 1 µm. Additionally, DLS was 

performed to get a deeper insight into aggregate formation. In accordance with the 

microscopy techniques, DLS particle size distributions show a range of 200 nm to 1.2 µm with 

an apparent hydrodynamic radius of 800 nm. Notably is the strong dependency of the 

aggregate formation on the concentration of the DHBC in solution, i.e. at lower concentrations 
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a decreasing amount of aggregates is observed. Nevertheless, the discussed observations rely 

on intensity weighted distributions that overestimate larger structures. The significant 

concentration dependency suggests that self-assembled aggregate structures are in 

equilibrium with unimers. Such a dynamic behavior is one of the key features of DHBC self-

assemblies and has been observed before.23  

In the case of Pull-b-PEtOx a modular copper(I) catalyzed azide alkyne cycloaddition (CuAAc) 

approach was utilized to form the DHBC from alkyne end functionalized Pull and azide end 

functionalized PEtOx (Scheme 3-5b). PEtOx was chosen due to its biocompatible nature as well 

as a well-known controlled synthetic availability.56 Moreover, the modular approach allows to 

utilize Pull with various chain lengths effectively. Chain lengths of 8, 16, 17, 24, 30 and 38 kg 

mol-1 for Pull were combined with 22 kg mol-1 for PEtOx. After synthesis, self-assembly of the 

three DHBCs was studied in aqueous solution in the concentration range of 1 to 0.1 wt.%. 

Cryo-SEM and CLSM showed the formation of spherical particles with sizes around 250 nm, 

which was also indicated by DLS. Again, it should be noted that the DLS intensity distributions 

overestimate larger structures. Nevertheless, a qualitative comparison of the DLS results 

reveals interesting features. First of all, the formation of self-assembled structures depends on 

the chain length. An optimum seems to be around equal molecular weights of both blocks, 

which corresponds to a molar ratio of Pull/PEtOx monomer units of 0.38. Apparently, lower 

and higher molecular weights of the Pull block disfavors aggregation. Secondly, broad particle 

size distributions are observed in the range of 30 to 800 nm. Moreover, the observed apparent 

hydrodynamic radii Rapp varied only slightly between different DHBC samples. Thirdly, only 

minor concentration dependency was observed in the range of 1-0.1 wt.%, which was 

expressed in a shift towards smaller Rapp.  

A DHBC of particular interest is Pull-b-POEGMA, which adds another dimension to the block 

copolymer architecture as POEGMA is a brush-like block.57 Thus, Pull-b-POEGMA is a DHBC 

that combines a linear with a brush block. POEGMA was not only chosen due to its 

architectural feature but also due to its biocompatibility. To avoid problems with the 

thermoresponsive nature of POEGMA,57 OEGMA monomers with 900 g mol-1 were utilized in 

an ATRP with an azide functionalized initiator and targeted for various chain lengths (19.3 kg 

mol-1, 27.9 kg mol-1 and 35.7 kg mol-1). Coupling via the CuAAc route including alkyne 

functionalized Pull (22 kg mol-1) led to the DHBC with various POEGMA chain lengths (Scheme 

3-5c). In the next step the DHBC self-assembly was investigated in water. At a high 

concentration of 10 wt.% spherical structures were observed with optical microscopy and sizes 

around 20 µm, similar to previous results.23 Smaller structures were observed at lower 

concentrations, e.g. 1.0 wt.%. Cryo-SEM revealed spherical particles with sizes in the range of 

200 nm to 1 µm, which was also indicated by DLS. The intensity weighted distribution showed 

a significant increment in the abundance of self-assembled structures compared to the 

aforementioned Pull-b-PEtOx and Pull-b-PVP block copolymers. Nevertheless, it has to be 
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noted that this evaluation is based on intensity weighted distributions. More interesting is the 

comparison of DLS results of blocks copolymers with different POEGMA chain length. A 

significant effect of POEGMA block length on self-assembly behavior was observed at a 

concentration of 1 wt.%. The shortest POEGMA block with 19.3 kg mol-1 led to the best self-

assembly. Thus, a clear influence of the architecture on self-assembly can be deduced. As for 

the shortest block, rather a miktoarm-like architecture is present than a brush-linear structure, 

which is most likely the case for the DHBCs with higher molecular weight of the POEGMA 

block. Moreover, investigations at different concentrations, e.g. 2.5, 1.0 and 0.1 wt.%, showed 

another feature of the system. With longer chain length of the POEGMA block a more 

significant effect of concentration on self-assembly was observed leading to a more 

pronounced presence of unimers at lower concentrations. For the block copolymer Pull22k-b-

POEGMA19k no effect of concentration on the amount of unimers was observed, yet the 

apparent hydrodynamic radius (Rapp) decreased at lower concentrations from 251 to 100 nm. 

Such a behavior is an indication of aggregate particle formation rather than vesicle formation. 

At lower concentration less amount of polymer is present to form the particle structure, which 

leads to smaller particles. 

The combination of Pull with acrylamide-based polymers, i.e. PDMA and PEA that are easily 

accessible via RAFT polymerization,58 was investigated as well. Again, a CuAAc-based strategy 

was utilized via alkyne end functionalized Pull (22 kg mol-1) and RAFT polymerization derived 

PDMA (16.8 kg mol-1) or PEA (13.9 kg mol-1) with azide end group. After block copolymer 

synthesis (Scheme 3-5d), self-assembly was probed in water. In both cases, spherical particles 

were observed via cryo-SEM as well as CLSM with sizes in the range of 50 – 250 nm. 

Investigations via DLS showed the formation of particles as well with sizes in the range of 20 to 

300 nm. Compared to Pull-b-PEtOx and Pull-b-PVP the abundance of aggregates was rather 

high. Interestingly, the particle size distributions did not show a significant change upon 

dilution both in abundance of unimers and particles as well as observed particle sizes, which 

could point to a more organized structure. In order to gain additional pieces of information on 

the formed structure in solution, Rhodamine B labeled PDMA was utilized to confirm the 

presence of the PDMA block in the structures via CLSM. Interestingly, an accumulation of the 

Rhodamine B fluorescence was observed at the edges of the particles, which indicates the 

formation of a hollow structure. Moreover, in the case of PEA, hollow particles were observed 

via cryo-SEM, which is a hint towards vesicle formation. For both DHBCs formation of a hollow 

structure was further supported by static light scattering (SLS) measurements via a comparison 

of hydrodynamic radius and the radius of gyration.  
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Poly(N-vinylpyrrolidone)-based DHBCs 

As already mentioned, PVP constitutes one of the gold-standards of biocompatible polymers 

and has been in use in medicine for over 50 years.54-55, 59 Therefore, novel PVP-based block 

copolymers were studied in order to evaluate possibilities in DHBC self-assembly. Again, the 

two routes, i.e. macroinitiator approach or post-polymerization coupling, can be applied to 

generate PVP-based DHBCs. Several reports are found in the literature dealing with RDRP of VP 

mentioning the challenging polymerization of this less activated monomer due to decreased 

radical stability at the chain end as well as side reactions, e.g. hydration and dimerization.60-62 

Thus, for the synthesis of PVP via RDRP methods RAFT polymerization is the only option and 

lower reaction temperatures are proposed. A literature known approach is the RAFT 

polymerization of VP via xanthate-based chain transfer agents and redox initiation.63 

 

Scheme 3-6. Synthetic approaches towards PVP containing DHBCs: a) PEG-b-PVP, b) POEGMA-

b-PVP and c) PEtOx-b-PVP. 

 

At first the block combination of PEG and PVP was investigated. As already mentioned, PEG is 

well-known for its biocompatibility and widely used in drug delivery. PEG-b-PVP was 

synthesized via the macroinitiator approach starting from xanthate end functionalized PEG 

with a molar mass of 20 kg mol-1 (Scheme 3-6a). The second PVP block with 22 kg mol-1 was 

grown via RAFT polymerization with Na2SO3/t-BuOOH as initiator. After addition of water, 

particle formation was observed via CLSM employing staining with Rhodamine B showing a 

halo with a diameter of 4 – 5 µm. Subsequently, DLS was performed to obtain additional 

information on self-assembly. Only minor amounts of particles were found next to significant 
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amounts of unimers in the intensity weighted particle size distribution. Even at concentrations 

as high as 7.5 wt.% only minor amounts of particles were observed. Moreover, the particle 

formation exhibited a strong dependency on polymer concentration.  

In order to study the effect of block copolymer architecture on the self-assembly of PEG-b-PVP, 

linear PEG was substituted with the brush-like POEGMA. Utilizing the modular CuAAc 

approach, several blocks were combined to obtain more insights into the system (Scheme 

3-6b). Self-assembly of the synthesized DHBCs was analyzed via cryo-SEM and cryo-TEM (cryo 

transmission electron microscopy) showing particle formation. DLS studies confirmed the 

microscopy results indicating particle formation in the size range of 50 nm to 1 µm at 

concentrations between 0.1 and 2.0 wt.%. The intensity weighted particle size distributions 

indicate the presence of unimers, yet to a lesser extent than in the case of the linear-linear 

DHBC. Overall, POEGMA-b-PVP confirms the earlier reported trend of enhanced self-assembly 

when switching from a linear-linear to a linear-brush block copolymer. Much like Pull-b-

POEGMA the best results were obtained with rather short brush-like blocks pointing towards a 

miktoarm star polymer. 

The combination of PVP and PEtOx appeared to be very promising. To obtain the DHBC a 

CuAAc-approach was implemented, making use of alkyne end functionalized PVP and azide 

end functionalized PEtOx (Scheme 3-6c). The molar mass of the PVP block was varied to gain 

additional pieces of information on the self-assembly system. A PEtOx block with 22.2 kg mol-1 

was combined with PVP of 9.4 kg mol-1, 13.7 kg mol-1 and 31.5 kg mol-1. Aggregation of the 

block copolymers in water was observed via DLS showing particle formation in the size range 

of 30 to 600 nm, which was supported by CLSM and cryo-SEM. Aggregate formation was 

dependent on concentration albeit to a lesser extent than the other PVP-based block 

copolymers mentioned before. The lowest abundance of unimers in the intensity weighted 

particle size distribution was found in the case of PEtOx22k-b-PVP14k highlighting the importance 

of block ratios on aggregation behavior once more.  

 

Crosslinking of DHBC self-assemblies 

As discussed in the previous sections, some of the investigated DHBCs show a significant 

dynamic self-assembly behavior, i.e. the self-assembled structures break/disassemble in the 

course of dilution (Scheme 3-7). In order to facilitate applications in the future, stabilization of 

the structures is a major goal. A promising approach could be crosslinking64 as stable particle 

structures are of utmost importance for processing and utilization in vivo. On one hand, 

structures can be stabilized against dilution. On the other hand, DHBC self-assemblies can be 

preserved in non-aqueous environments this way. A rather important fact is related to the 

degradation of the crosslinked DHBC systems as the formed structures should not accumulate 

in the body or in nature after their task is fulfilled. As DHBC-based self-assembly is significantly 
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driven by concentration, degradation of the self-assembly itself is somewhat straightforward. 

Thus, the crosslinking should preferably lead to a temporary stabilization. In order to tackle the 

dynamics of the system various crosslinking methods were investigated.  

 

Scheme 3-7. Rationale for DHBC crosslinking indicating the response to dilution in the non-

crosslinked, crosslinked and crosslink-cleaved state. 

 

In general, the crosslinking methods can be categorized according to their stability. The most 

stable type of crosslinking is covalent crosslinking, which is hard to cleave and likewise to 

degrade.64-65 A less stable crosslinking approach is based on dynamic covalent bonds, which 

can be cleaved via chemical stimuli for example changes in pH or redox reactions. Hence, the 

crosslinked structures can be broken at will.66 Well-known functional groups for dynamic 

covalent bonds are imines or disulfides. The least stable crosslinking approach makes use of 

supramolecular chemistry, which is greatly dynamic and rather easy to cleave.67 In 

supramolecular chemistry bonds are usually formed via hydrogen bonding, host-guest 

complexes or metal complexation.68-71 These interactions can be broken via addition of 

competing reactants for instance. 
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Scheme 3-8. Approaches for DHBC crosslinking. Covalent crosslinking: a) Nucleophilic 

substitution via diiodo compound and b) phosphate ester formation via STMP shown for two 

maltotriose units. Dynamic covalent crosslinking: c) Imine-bond formation and disulfide 

incorporation via cystamine shown for two maltotriose units. Supramolecular crosslinking: d) 
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Hydrogen bonding via tannic acid/PVP and e) PEG/α-CD inclusion complex and crystal 

formation. 

 

As mentioned in the previous section, PEG20k-b-PVP22k forms aggregates in aqueous solution 

albeit at low abundance and with significant concentration dependence. In order to stabilize 

the structure, the DHBC was modified via exchange of the PVP block with a copolymer of VP 

and N-vinylimidazole (VIm). The VIm unit can be utilized as a nucleophile to react with 

bifunctional oligo ethylene glycol iodides forming covalent crosslinks (Scheme 3-8a). Hence, 

crosslinking points result via formation of quaternary ammonium salts. Investigations via DLS 

showed the formation of stable crosslinks, i.e. the abundance of unimers and particles did not 

change significantly upon dilution. Additionally, the unimers could be removed via dialysis with 

a high molecular weight cut-off (MWCO) of 1000 kDa as observed via DLS measurements. 

Finally, the particles were imaged via cryo-SEM and cryo-TEM indicating the formation of 

spherical particles with complex inner-structure. Another covalent crosslinking was performed 

with the Pull-b-POEGMA DHBCs utilizing sodium trimetaphosphate (STMP) to crosslink the 

poly(saccharide) block after self-assembly formation in basic medium (Scheme 3-8b).72 The 

formation of crosslinking points was followed via 31P NMR, which showed the formation of 

phosphate esters. Moreover, cryo-SEM of crosslinked particles in connection with electron 

dispersive X-ray spectroscopy allowed to locate phosphorous inside of the particles. Studies 

with DLS revealed an improved stability of particles against dilution both from stable 

abundance of unimers and particle size.  

The mentioned covalent crosslinking systems do not allow cleavage of the crosslinks. Thus, a 

dynamic covalent crosslinking was investigated subsequently (Scheme 3-8c).73 To crosslink the 

Pull block in Pull-b-PVP an imine formation was performed. Therefore, the Pull block was partly 

oxidized via NaIO4 to introduce aldehyde groups. In a subsequent step, cystamine was added 

at relatively high polymer concentration of 5 wt.% to form the imine. The crosslinking was 

verified via DLS that showed stability against dilution and dialysis with MWCO 1000 kDa to 

purify the structures. Finally, the formed structures were investigated via cryo-SEM and regular 

TEM showing spherical hollow particles. As imine bonds are sensitive to acidic pH, acidification 

was probed to break the structures. Changing the pH to 3 led to disassembly of the structures 

at low concentrations. Moreover, cysteamine contains a disulfide in the middle, which is 

another trigger to cleave the crosslinks. Therefore, tris(2-carboxyethyl)phosphine was utilized 

to break the disulfide bonds at a low concentration of 0.1 wt.% to degrade the structures. 

Hence, a dual cleavable DHBC structure was designed. 

In the realm of supramolecular crosslinking POEGMA-b-PVP was utilized. As one example, 

tannic acid was employed as crosslinker, which is well-known for forming hydrogen bonds with 

PVP (Scheme 3-8d).74 The crosslinking led to stable structures as observed via various 
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analytical methods. Both larger structures with sizes in the range of 30 nm and 100 nm as well 

as unimers were observed via DLS intensity weighted particle size distribution. Interestingly, 

the structures around 30 nm were not observed before tannic acid addition, which might refer 

to the formation of smaller tannic acid-derived aggregates interacting with unimers. The 

formed large structures were observed via cryo-SEM as well. Additionally, analytical 

ultracentrifugation (AUC) was performed that showed a distinct difference between 

crosslinked and non-crosslinked structures. As the abundance and stability of self-assembled 

structures is rather low no aggregates were found via AUC in the non-crosslinked state. This 

effect might be also due to the dynamic nature of the self-assemblies that are in equilibrium 

with the unimers during the sedimentation process and are thus not found during the 

measurement. In contrast, aggregates were found after crosslinking albeit the larger 

aggregates with sizes around 100 nm could not be verified in AUC. Nevertheless, the 

aggregates with medium sizes around 30 nm were observed, which verifies the crosslinking 

process. Due to the supramolecular nature of the crosslinking, the structures could be cleaved 

via screening of the hydrogen bonds with NaOH.  

The block copolymer POEGMA-b-PVP enables crosslinking via the POEGMA block as well. As 

mentioned before, α-CD undergoes complexation of PEG via host-guest inclusion complexes.47, 

49 The complexes crystallize via hydrogen bonding to form crosslinks. This approach was 

utilized to crosslink the POEGMA block at low concentrations of 2.0 wt.% (Scheme 3-8e). The 

supramolecular approach allowed to shift the equilibrium towards aggregates. The aggregates 

could be cleaved via addition of anthranilic acid, which acts as a competing guest molecule. 

Thus, a supramolecular and dynamic crosslinking system was approached. At high 

concentrations around 25 wt.% hydrogels were obtained that showed remarkable thermal 

behavior. Heating of the hydrogels to 60 °C led to a sol, which formed a hydrogel again after 

cooling back to ambient temperature. In contrast, heating to 85 °C led to complete dissolution 

of the gels and cooling to ambient temperature did not afford hydrogels again but a sol was 

formed instead. As such, the DHBC-based hydrogels showed a thermo-adaptive behavior as 

depending on the thermal history different mechanical properties were obtained. It was 

suggested that the thermo-adaptive behavior is due to the effect of the dangling PVP block on 

the crystallization behavior of the α-CD-PEG complexes, which affects the crosslinking density 

and strength of the hydrogels significantly. 

3.3.3 Discussion 

As a first step towards self-assembly of completely water-soluble block copolymers in water is 

the demixing of water-soluble homo polymers at high polymer concentrations, which is a well-

known effect3, 16 that can be utilized for protein purification or nanoparticles. ATPS can be 

further utilized to identify suitable block combinations for DHBC self-assembly.23, 75 From the 

viewpoint of colloid chemistry, water-in-water emulsions are of particular interest. In the 
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present thesis, one Pickering stabilizer was investigated, namely PDP, which enabled water-in-

water emulsions with significant stability. Considering the current literature in the field, the 

utilization of PDP is of importance as it endows the emulsions with pH response and the 

residual amine can be utilized for further chemistry. For example, the amine-containing PDP 

particles could be crosslinked to form colloidosome-like structures. The crosslinking could be 

verified via dilution experiments, albeit information about the microscopic structure of the 

formed colloidosome shell and its permeability are still required to develop the system in the 

direction of applications. Furthermore, in the case of PEG-based continuous phase α-CD could 

be used as a crosslinker, which shows the spatially controllable crosslinking via solution 

compartmentalization. The α-CD-based crosslinking was utilized later on in DHBC crosslinking 

as well. These structures can be related to DHBC self-assemblies as they are also completely 

based on water-soluble polymers. 

The switch from ATPS to DHBC self-assembly is based on the covalent connection of the 

macroscopically demixing blocks to enable microscopic demixing.75 From all investigated 

blocks poly(saccharides) constitute a leading role, which might be due to the significant 

hydrophilicity and also more rigid backbone compared to vinyl polymers, for example Pull that 

is facile to end functionalize and has a non-branched nature.76-78 Nevertheless, synthetic blocks 

constitute an useful combination with Pull. For example, combinations with POEGMA, PDMA 

or PEA provide self-assembled structures. Moreover, PVP-based block copolymers can form 

self-assembled structures as well, e.g. with POEGMA or PEG, but in most cases less abundance 

of self-assemblies is observed. One exception is the case of PVP-b-PEtOx that showed a 

remarkable abundance of aggregates. It seems as if only the combination of block types 

determines the abundance of aggregate formation and not the individual block types. As such 

the whole assumption of DHBC self-assembly being driven by the difference in water affinity of 

the different blocks is verified. Nevertheless, it can be stated that poly(saccharides) are 

capable of very abundant aggregation. Another observation in that regard is the improved 

aggregate formation in case one of the blocks features a lower critical solution temperature. 

Although the self-assemblies are studied at ambient temperature – significantly below the 

lower critical solution temperature (LCST) of the studied blocks – improved aggregation of the 

DHBC was observed. To rationalize, LCST polymer blocks are as such usually less hydrophilic 

than common water-soluble polymers, which leads to an increased hydrophilic contrast 

between the blocks and thus improved self-assembly behavior. 

Another important point is the ratio of block length or more precisely the volume fraction of 

the respective blocks. In several examples it could be shown that the abundance of aggregates 

has a maximum at a specific block length of one polymer block if the other block is kept 

constant, while longer or shorter blocks led to decreased aggregate formation. Therefore, it 

can be assumed that not only the choice of blocks determines the aggregate formation but the 

DHBC structure as well. This fact can be understood from the viewpoint of the self-assembly 
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driving force as the water affinity and the swelling related volume fraction of the respective 

blocks has to be balanced to facilitate self-assembly. Moreover, the DHBC architecture has a 

significant effect on self-assembly efficiencies. In the case of linear-brush block copolymers a 

significant improvement of self-assembly was observed, e.g. in the case of PVP-b-PEG and PVP-

b-POEGMA. In addition, the shift from a linear-brush to a miktoarm star architecture in the 

case of short brush-like blocks leads to a further improvement, which underpins the argument 

of significant effect of block volume fractions on self-assembly behavior. 

In general, DHBC self-assembly shows a significant concentration dependency, albeit the 

dependency is more or less pronounced depending on the block copolymer. From the results 

one can conclude that aggregates and unimers are in an equilibrium that shifts according to 

the concentration of DHBC. In the self-assembly of amphiphilic block copolymers such an 

equilibrium state is commonly not observed due to the significant driving force for the 

aggregate formation of hydrophobic blocks. Thus, the DHBC equilibrium is of specific interest 

for understanding the self-assembly process. Due to the weaker interactions such an 

equilibrium can be observed and shifted via concentration as well as altered via crosslinking. 

From all the DHBCs studied in the present thesis PVP-based block copolymers showed the 

most pronounced concentration dependency. Regarding the structural features of DHBC self-

assembled structures, so far mostly particle like structures were observed albeit one has to 

consider that an in-depth observation of the microstructure could not be achieved so far. It 

could well be that the DHBC particles contain ordered structures inside. For example, in the 

case of Pull-b-PEA and Pull-b-PDMA indications of hollow particles, i.e. vesicular structures, 

were observed. 

As mentioned before, the stability of DHBC aggregates is only limited at low – application 

relevant – concentrations. Thus, crosslinking was studied to improve the stability even under 

diluted conditions. The crosslinking of completely hydrophilic self-assemblies has hardly been 

reported in the literature so far and as such the process itself is of interest. Moreover, 

crosslinked DHBC assemblies are easier to study due to their increased stability under analysis 

conditions. One can expect hydrogel-like domains obtained after crosslinking, which implies 

permeability towards various molecular moieties. Unfortunately, further investigations are 

required to obtain further knowledge about permeability and microscopic structure of the 

crosslinked domains. Several crosslinking strategies were probed, e.g. covalent, dynamic 

covalent and supramolecular crosslinking. In such a way, crosslinking with different stability 

and effect on the equilibrium was utilized. On one hand, covalent crosslinking was performed 

via nucleophilic substitution or phosphorous-based transesterification and showed a 

significant stability against dilution, for example in dialysis or against organic solvents. On the 

other hand, dynamic covalent crosslinking showed stability against dilution and hence a frozen 

equilibrium but cleavage could be induced via external stimuli. In the moment of cleavage, the 

equilibrium was turned on again and a shift to unimers was observed in diluted conditions. 
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Supramolecular crosslinking via tannic acid also facilitated significant stability against dilution 

probably due to the high complexation constants of the multiple hydrogen bond donor tannic 

acid and the VP monomer unit. Nevertheless, the TA crosslinking could be broken via addition 

of base. The weakest crosslinking investigated was the supramolecular host/guest complex-

based crosslinking of POEGMA and α-CD. The crosslinked structures did not show a high 

stability against dilution probably due to the rather low association constants of α-CD and PEG. 

Hence, the crosslinking shifted the equilibrium to aggregates but not ultimately. At some point 

the dilution also led to cleavage of α-CD/PEG complexes, cleavage of the crosslinks and a shift 

back to unimers. Notably, the crosslinking could be cleaved at higher concentrations with 

addition of a competing guest molecule. The supramolecular crosslinking via α-CD/PEG nicely 

supports the statement from DHBC self-assembly studies, i.e., an equilibrium between unimers 

and aggregates exists. Moreover, the equilibrium can be affected by crosslinking. In 

comparison, the different crosslinking techniques offer a broad range of tailorable stability but 

also changes in the physical state, e.g., the introduction of charged groups. Overall, 

crosslinking provides an efficient way to improve the stability of DHBC aggregates and to 

circumvent the equilibrium shift towards unimers at lower concentrations. Certainly, 

crosslinking is the major avenue for application development of DHBCs and more complex 

systems in the future. 
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4 Carbon-nitride-based polymer materials2 

4.1 State of the art and theory 

4.1.1 Graphitic carbon-nitride 

Graphitic carbon-nitride (g-CN) is a sheet-like material formed from a periodic arrangement of 

tri-s-triazine units (Scheme 4-1).79-80 It features a band gap between 1.6 and 2.7 eV, which 

enables light absorption in the visible range.81 Thus, g-CN is utilized frequently as a 

photocatalyst in the visible range, for example for organic transformations,82-83 hydrogen 

evolution84 or CO2 reduction.85-87 Moreover, g-CN is utilized in ion transport membranes,88-89 

photoelectrochemistry or in organic photovoltaics90-91 as well as emulsion stabilization.92 The 

synthesis of g-CN is usually performed via nitrogen-rich and oxygen-free compounds, for 

example cyanamide, guanidine hydrochloride, melamine or cyanuric acid.93 The process 

proceeds via a thermal condensation reaction around 550 °C under inert atmosphere. A 

common way to obtain well-defined g-CN is the utilization of a supramolecular precursor 

complex of cyanuric acid and melamine that already resembles the final g-CN structure.94-95 

One of the significant features of g-CN is the ease of modification, for example via utilization of 

different precursor compounds. As such, porosity,96-98 surface charge,99 light absorption and 

band gap100 can be tailored according to the needs. Recently, also the overall shape of g-CN 

could be tuned via various synthetic methodologies, e.g. a control over precursor crystal 

structures/shapes.101-104 

 

Scheme 4-1. Synthesis and structure of g-CN. 

 

 
2 Parts of the present chapter were discussed in the review (published under CC-BY):  
Qian Cao, Baris Kumru, Markus Antonietti, Bernhard V. K. J. Schmidt, Materials Horizons 2020, 
7, 762.  
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A major issue of g-CN is its poor dispersibility, which hampers the range of applications. Due to 

the van der Waals interactions (- stacking) between g-CN sheets dispersibility in organic as 

well as aqueous environment is rather low.105 Thus, processing via spin coating and the like is 

not really available. In order to form g-CN films rather elaborate methods like chemical vapor 

deposition have to be utilized.106 A route to disperse g-CN is via additives or physical 

treatment, e.g. via addition solvents in the dispersion step107-108 or hydrothermal treatment.109 

Another way to increase dispersibility of g-CN is functionalization, e.g. pre-carbonization or 

post-carbonization of the precursors. In the case of pre-carbonization the monomer mixture is 

adjusted, for example additional phenyl moieties are introduced into the system.110 Another 

option is post-carbonization functionalization that allows the introduction of various functional 

groups via chemical treatment, e.g. oligoEG,111 hydroxylamine via plasma treatment,112 sulfonic 

acid,113 hydroxyl114 or aromatic groups.115 Recently, methyl vinyl thiazole was grafted onto g-

CN, which led to a significant improvement of organo dispersibility via an intrinsic electrostatic 

stabilization mechanism.116  

Most notably, g-CN can be utilized as photoinitiator for polymerization reactions. For example, 

Yagci and coworkers utilized g-CN as initiator for ATRP or free radical polymerization.117-118 

Therefore, amines were added as cocatalyst. Qiao and coworkers utilized g-CN as initiator for a 

RAFT polymerization.119 Furthermore, a combination of g-CN with polymers might be useful, as 

properties of both material classes can be coupled.120 Due to g-CN, photocatalytic properties 

are obtained, while polymers feature improved processability or conductivity. For example, 

Weber and coworkers reported the formation of g-CN/polymer hybrids via an aerosol 

polymerization process.121 Therefore, g-CN was deposited on a surface, monomer continuously 

added via the gas phase and polymerized in proximity of g-CN via photoinitiation. In another 

study, Chen and coworkers combined g-CN with poly(aniline) to improve conductivity and gold 

nanoflowers for sensing.122 A combination of g-CN with dextran and bovine serum albumin to 

obtain a electrochemiluminescence sensor for concanavalin A was reported by Wei and 

coworkers.123 Other polymers utilized together with g-CN comprise poly(pyrrole)124 and 

poly(acrylonitrile),125 to obtain hybrids for hydrogen evolution from water. 

 

4.1.2 Carbon-nitride-based hydrogels 

Hydrogels constitute an important class of polymeric materials due to their unique features, 

e.g. swelling properties, soft character or shape persistence.126 Consisting of a crosslinked 

hydrophilic network, hydrogels contain significant amounts of water. Their similarity to natural 

tissues is another important point for the frequent investigation of hydrogels, especially with 

the purpose of biomedical applications like tissue-engineering or drug-delivery.127-128 Other 

discussed applications comprise actuators,129 self-healing130 or shape-memory materials.131 
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Commonly, hydrogels possess rather weak mechanical properties but research has introduced 

reinforced hydrogels (Scheme 4-2). Therefore, several methods are utilized to improve 

mechanical properties, e.g. double network hydrogels,132-133 topological (slide-ring) gels,134-135 

nanofiber reinforced hydrogels136 or the introduction of charged supports.137-140 Especially, the 

introduction of particles as reinforcer provides increased stress dissipation through layers of 

reinforcers, in some cases charge–charge repulsion between the single sheets leads to an 

additional stabilization especially against compression.141 One of the common examples is clay 

nanosheets that combines ionic interaction and hydrogen bonding with polymeric chains 

acting as additional crosslinking points.142-143 Aida and coworkers utilized negatively charged 

titanate nanosheets as initiator and reinforcer in hydrogels incorporating inorganic structures 

into the polymeric network.144 

 

Scheme 4-2. The strategies of hydrogel reinforcement. 

 

As mentioned before, g-CN can be utilized as photoinitiator for polymerization reactions. As 

such g-CN can be utilized as well for the formation of hydrogels under visible light. Most 

notably, these hydrogels incorporate g-CN, which might have various effects on materials 

properties e.g. incorporation of photocatalyst.145 Liu and coworkers showed the formation of a 

reinforced thermoresponsive g-CN/NIPAM (N-isopropylacrylamide) hydrogel.146 In a similar 

way, Dong and coworkers obtained acrylamide hydrogels for light filtering applications, i.e. for 

UV shielding.147 Tu and coworkers introduced another application of g-CN based hydrogels. An 

acrylamide/acrylic acid-based hydrogel was formed that could be utilized as sensor for Ag+ 

ions.148 g-CN does not only act as photoinitiator but it also acts as reinforcer. The 

reinforcement effect is due to the extended g-CN sheets that are able to dissipate mechanical 

stress throughout the network and thus improve mechanical properties just like the previously 

mentioned clay nanosheets. 

In addition to covalent hydrogels formed via polymerization, g-CN was incorporated into 

hydrogels via blending or supramolecular interactions as well. For example, Park and 

coworkers showed the combination of g-CN and peptide gelators.149 The incorporation of an 

enzyme facilitated a combination of photo and enzymatic catalysis. A remarkable hydrogel was 

described by Fan and coworkers, who combined g-CN with the Ca2+/alginate supramolecular 
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hydrogel and 3D printing.150 Hence, 3D hydrogel scaffolds were obtained that could be utilized 

for photocatalytic tasks. Thus, the gel architecture could be utilized to tailor the catalysis 

effectivity via enhanced substrate transport. Ayajan and coworkers presented a gel from g-CN 

and ionic liquids forming an amphiphilic network that were utilized as H2S gas sensors at 

ambient temperature.151 A hydrogel solely formed from g-CN was investigated by Zhang and 

coworkers.152 Therefore, g-CN was partially hydrolyzed in sodium hydroxide solution. The 

obtained material formed reversible hydrogel structures via bubbling with CO2 or N2 that could 

be utilized for selective dye absorption. 
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ABSTRACT: A facile route to synthesize hydrophilically or
hydrophobically grafted graphitic carbon nitride (g-CN) is
reported. For this purpose, functionalized olefinic molecules
with a low polymerization tendency are utilized for grafting
onto the surface to preserve the features of g-CN while
improving its dispersibility. One-pot, visible light-induced
grafting yields highly dispersible g-CNs either in aqueous or
organic media. Moreover, functional groups such as amines
can be introduced, which yields pH-dependent dispersibility in
aqueous media. Compared with unfunctionalized g-CN, low
sonication times are sufficient to redisperse g-CN. In addition, because of increased dispersion stability, higher amounts of
functionalized g-CN can be dispersed (up to 10% in aqueous dispersion and 2% in organic dispersion) when compared to
unfunctionalized g-CN.

■ INTRODUCTION

Graphitic carbon nitride (g-CN) is a metal-free photocatalytic
material significantly active in the visible light range between
390 and 480 nm.1,2 It is generally composed of repeating tri-s-
triazine rings,3 and its properties can be adjusted by changing
the synthesis conditions, such as the polymerization temper-
ature4,5 and utilized precursors.6,7 As a heterogeneous catalyst,
it raised interest, for example, in CO2 reduction,8 water
splitting,9−11 designed organic reactions,12 and photodegrada-
tion13,14 and very recently as an amphiphile and a Pickering
emulsion−dispersion stabilizer.15 The high chemical and
thermal stabilities of g-CN as well as its convenient synthesis
and low-cost precursors also make it a promising candidate for
many photocatalytic applications.16 Lately, g-CN was inves-
tigated as a radical initiator in polymerization reactions together
with tertiary amines as the cocatalyst.17 Therein, researchers
successfully integrated g-CN as the radical initiator in free-
radical and controlled polymerizations of styrene as well as
methyl methacrylate. Moreover, Weber et al. investigated the
formation of polymer-mesoporous g-CN composites by aerosol
polymerization using N-methyldiethanolamine as the cocata-
lyst.18 Recently, our group investigated the role of g-CN in the
formation of reinforced hydrogels and photocatalytically active
hydrogels without any cocatalyst.19,20 All of these experiments
suggested the formation of radicals on the surface of g-CN,
which are capable of initiating free-radical polymerization.
Modification of g-CN is relevant when the activity of

unmodified g-CN is not at the desired level. There are two
routes toward modification, either via changing synthesis
conditions or postsynthesis modification.21 Changing the
synthesis conditions such as preorganization of monomers,22,23

solvent addition,24 and polymerization temperature4,25 yields
g-CNs with different specific surface areas26 and functional
groups.27,28 Postsynthetic methods that can be considered are
protonation of g-CN,29 doping,30 and macromolecular
grafting.31 For heterogeneous catalysis systems, formation of
active centers and their interaction with the solvent are
important factors for the rate of reaction.32 These modified g-
CNs are used in enhanced visible light photodegradation33 and
room-temperature esterification of fatty acids to yield
biodiesels.34 However, the main drawback for the utilization
of g-CN is weak dispersibility because strong van der Waals
attractions (π−π stacking) of sp2 carbons cause reagglomera-
tion in solvents.35 Therefore, the use of dispersed g-CN is
limited, and only limited amounts of g-CN can be dispersed in
time-consuming processes as reaggregation is a colloidal
process, which is highly concentration-dependent. The main
approaches to enhance dispersibility are hydrophilic modifica-
tion of g-CN36 or utilization of additives, such as surfactants or
strong acids, during the dispersion step.37 Yet these additives
can be undesirable for aimed reaction conditions and thus
decrease the applicability; for example, surfactants are
challenging to remove after the reaction and strong acids can
interfere with the reactants or with the reaction mechanism.
Recently, Wang and co-workers reported the modification of g-
CN nanosheets with the oxygen plasma treatment to introduce
hydroxylamine groups to enhance the degree of protonation.38

The reaction conditions required long ultrasonication times to
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yield nanosheets first, followed by plasma treatment under
high-pressure and microwave irradiation. Yet to the best of our
knowledge, there are no reports on g-CN dispersion in organic
media or pH-dependent g-CN dispersion in aqueous medium.
Inspired by our recent work on CN photoinitiation for

hydrogel formation,19,20 we here attempt to utilize radicals on
the CN surface for modification: radicals are created on the
surface of g-CN via visible light, and various functionalities are
integrated. To suppress the polymerization, functional non-
propagating allyl compounds were utilized, as depicted in
Scheme 1.
Functionalities such as sulfonic acids, alkane chains, amino

groups and fluoro groups are introduced to g-CN, which was
synthesized from the cyanuric acid−melamine (CM) complex.
Facile light-induced syntheses together with a convenient
purification process yield highly dispersible g-CNs. It is shown
that g-CNs modified with various functionalities enable quick
dispersion times and increased solid contents in the respective
solvents compared to the nonfunctionalized reference g-CN
(up to 10 wt % in water and 2 wt % in acetone). Moreover, it is
possible to introduce pH-dependent functionalities via grafting
of allylamine.

■ EXPERIMENTAL SECTION
Materials. The following materials were used as purchased unless

noted otherwise: acetone [high-performance liquid chromatography
(HPLC) grade, Sigma-Aldrich], allylamine (98%, Sigma-Aldrich), 3-
allyloxy-2-hydroxy-1-propanesulfonic acid sodium salt solution (40 wt
%, AHPA, Sigma-Aldrich), cyanuric acid (98%, Sigma-Aldrich), 1-
decene (94%, Sigma-Aldrich), deuterated chloroform (CDCl3, Sigma-
Aldrich), deuterium oxide (D2O, Sigma-Aldrich), dichloromethane
(DCM, anhydrous 99.8%, Sigma-Aldrich), hexafluorobenzene (99%,
Alfa Aesar), hexane (anhydrous, 95%, Sigma-Aldrich), hydrochloric
acid (0.1 N, Alfa Aesar), hydrogen peroxide solution (50 wt %, Sigma-
Aldrich), isopropyl alcohol (IPA, 99.7%, Sigma-Aldrich), melamine
(99%, Sigma-Aldrich), 1H,1H,2H-perfluoro-1-decene (99%, Alfa
Aesar), sodium hydroxide (Sigma-Aldrich), tetrahydrofuran (THF,
anhydrous, 99.9%, Sigma-Aldrich), triethanolamine (99%, Sigma-
Aldrich), and toluene (anhydrous 99.8%, Sigma-Aldrich). Visible
light irradiation was performed via two 50 W light-emitting diode

(LED) chips (Foxpic High Power 50 W LED Chip Bulb Light DIY
White 3800LM 6500 K) connected to a self-made circuit and cooling
system. Ultraviolet (UV) light irradiation was performed via 5 W LED
stripes (ChiliTec, CLS-100UV) containing 30 UV SMD LEDs (type
5050, λ = 395 nm). Sonication was performed in a sonication bath
from Elma (Transsonic T310). g-CN was synthesized from the CM
complex according to the literature.39

Characterization. The zeta potential and size [by dynamic light
scattering (DLS), λ = 633 nm at θ = 90°, Z-averaged diameters are
presented] measurements of colloidal suspensions of CMs were
performed with a Zetasizer Nano ZS90 from Malvern. X-ray diffraction
(XRD) patterns were obtained using a Bruker D8 Advance X-ray
diffractometer via Cu Kα radiation. Scanning electron microscopy
(SEM) was performed using a JSM-7500F (JEOL) microscope
equipped with an Oxford Instruments X-Max 80 mm2 detector for
the determination of the elemental composition of CM samples. The
structures of the materials were also examined by transmission electron
microscopy (TEM) using an EM 912 Omega microscope at 120 kV.
Fourier transform infrared (FT-IR) spectra were acquired on a Nicolet
iS 5 FT-IR spectrometer. Solid-state ultraviolet−visible (UV−vis)
spectroscopy was performed via a Cary 500 Scan spectrophotometer
equipped with an integrating sphere. Atomic force microscopy (AFM,
Digital Instruments) was performed by dispersing samples in water
and drying on mica. Elemental analyses of the samples were recorded
by a vario Micro device. Photoluminescence spectra of the samples
were obtained by a Hitachi F-7000 spectrometer. Proton nuclear
magnetic resonance (1H NMR) spectra were recorded at an ambient
temperature at 400 MHz with a Bruker Ascend 400 spectrometer.
Sedimentation videos were prepared by taking images of dispersions
continuously with a Logitech camera connected to a computer in a
custom-made setup; then they were transformed into a short video.

Time-Dependent Synthesis of AHPA-Grafted CM. CM (50
mg) was weighed in a glass vial with a magnetic stirrer, and 1 g of
AHPA solution (40 wt % in water) and 1 g of deionized water were
added. The mixture was sonicated for 10 min, and nitrogen was
flushed through the mixture for 3 min for the removal of dissolved
oxygen. The mixture was put between two 50 W LED daylight sources
(20 cm apart from each other) and stirred continuously for the desired
reaction time. Afterward, the mixture was vacuum-filtered, washed
three times with water (3 × 50 mL), and washed once with acetone
(20 mL). After filtration, the solid sample was dried under vacuum at
60 °C overnight, and the product was obtained in a nearly quantitative
yield.

Scheme 1. Overview for g-CN Modifications Based on Light-Induced Graftinga

aIPA: isopropanol.
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Synthesis of 1-Decene-Grafted CM. CM (50 mg) was weighed
in a glass vial with a magnetic stirrer, and 1 g of 1-decene and 1 g of
IPA were added. The mixture was sonicated for 10 min, and nitrogen
was flushed through the mixture for 3 min for the removal of dissolved
oxygen. The mixture was put between two 50 W LED daylight sources
(20 cm apart from each other) and stirred continuously for the desired
reaction times at 50 °C. Afterward, the mixture was vacuum filtered,
washed three times with IPA (3 × 40 mL), and washed once with
acetone (20 mL). After filtration, the solid sample was dried under
vacuum at 60 °C overnight, and the product was obtained in a nearly
quantitative yield.
Synthesis of Allylamine-Grafted CM. CM (50 mg) was weighed

in a glass vial with a magnetic stirrer, and 1 g of allylamine and 1 g of
ethanol were added. The mixture was sonicated for 10 min, and
nitrogen was flushed through the mixture for 3 min for the removal of
dissolved oxygen. The mixture was put between two 50 W LED
daylight sources (20 cm apart from each other) and stirred
continuously for 48 h at 40 °C. Afterward, the mixture was vacuum
filtered, washed three times with ethanol (3 × 40 mL), and washed
once with acetone (20 mL). After filtration, the solid sample was dried
under vacuum at 60 °C overnight, and the product was obtained in a
nearly quantitative yield.
Synthesis of 1H,1H,2H-Perfluoro-1-decene-Grafted CM. CM

(50 mg) was weighed in a glass vial with a magnetic stirrer, and 1 g
1H,1H,2H-perfluoro-1-decene and 1 g THF were added. The mixture
was sonicated for 10 min, and nitrogen was flushed through the
mixture for 3 min for the removal of dissolved oxygen. The mixture
was put between two 50 W LED daylight sources (20 cm apart from
each other) and stirred continuously for 48 h at 50 °C. Afterward, the
mixture was vacuum filtered, washed three times with THF (3 × 40
mL), and washed once with acetone (20 mL). After filtration, the solid
sample was dried under vacuum at 60 °C overnight, and the product
was obtained in a nearly quantitative yield.

■ RESULTS AND DISCUSSION

Photoinduced g-CN Functionalization. To perform
photoinduced g-CN functionalizations, allyl-containing mole-
cules were chosen as the allyl bond forms stable radicals
because of resonance structures. Thus, propagation is sup-
pressed, and only single-radical additions take place. A one-pot
visible light-induced grafting method was utilized to integrate
the allyl compounds onto the surface of g-CN, which was
synthesized from the CM complex. Hydrophilic grafting via the
AHPA molecule (50 mg CM and 20 wt % AHPA solution in
water) increases the negative charge as well as the S, O, and Na
atoms on the g-CN structure. Table 1 shows the initial analysis

results of unmodified and AHPA-modified CM with respect to
the particle size, zeta potential, and elemental analysis. Particle
size measurements and zeta potential measurements were
performed in aqueous dispersion. As the grafting time increases,
the particle sizes decrease from 2448 to 1468 nm. However, the
number-averaged diameters show significantly decreased
particle sizes, as expected (Table S1). As grafting with AHPA
introduces additional negative charges to the CN structure,
increased repelling force between layers might be caused.
Therefore, decreased particle sizes are observed in the case of
CM−AHPA. Grafting onto the surface also causes a spacing
effect, which may be another reason for the smaller particle size
as the grafting time increases. Moreover, a significant increase
in negative zeta potentials was also observed over the course of
the grafting reaction because of grafted sulfonic acid groups
from the AHPA molecule, whereas unmodified CM has a zeta
potential of −27.5 mV; a change up to −53.5 mV is observed
via increase of negative surface charges. Longer reaction times
provide increased grafting densities, as shown by the sulfur
content observed via the elemental analysis, and more stable
zeta potentials occur at the same time (Figure 1). The relation

of the reaction time with the size and C/N ratio of the modified
material can be seen in Figure S1, where longer grafting times
result in a lower size and a higher C/N ratio.
The double-bond activity of AHPA is sufficient to achieve

grafting at room temperature via visible light-induced grafting,
and as can be compared from the sulfur amount, it is possible to
increase the sulfur content by a factor of 10 after 24 h of
reaction, namely from 0.7% up to 8.74 wt %. Assuming a sheet
model consisting of g-CN sheets with complete grafting of an
AHPA layer, the sheet thickness can be estimated from the
elemental analysis data acquired from the sample with the
highest grafting density. Considering the length of AHPA, the
maximum overall coating thickness can be estimated to be 2
times 1.2 nm for the top and bottom of the hybrid sheet. The
theoretical S-weight content for the AHPA layer is 14.7 wt %.
Therefore, the overall hybrid sheet thickness can be estimated
to be maximum 4.1 nm for the grafted structure, which leaves
1.7 nm for the inner g-CN part. Theoretical assumption
calculated via the S-weight content also fits with the height
profiles from the AFM results (Figure S2). Thus, this functional
delamination can be regarded as very effective.

Table 1. Properties of Unmodified and AHPA-Modified
CMsa

sample
time
(h)

Dn
(nm)b

zeta
potential
(mV)

S content
(wt %)c

C/N
ratioc

CM 2448 −27.5 0.712 0.6025
CM−AHPA2 2 2105 −35.7 3.997 0.8478
CM−AHPA4 4 1944 −42.9 5.574 0.8518
CM−AHPA6 6 1712 −51.7 5.648 0.9125
CM−AHPA12 12 1610 −52.2 7.345 1.0997
CM−AHPA24 24 1468 −53.4 8.743 1.2244
CM−AHPA refd 12 2278 −27.6 0.697 0.6032

aReaction parameters: 50 mg CM, 1 g 40 wt % AHPA solution in
water, 1 g deionized water, visible light, and ambient temperature.
bDLS measurements were performed in water (0.05 wt %), and Z-
averaged diameters are presented. cObtained via elemental analysis.
dReference based on mixing of the reactants without visible light
irradiation and subsequent purification.

Figure 1. Relation of grafting time with the sulfur content and zeta
potential of modified CMs.
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To exclude physical adsorption of AHPA on the surface,
reference experiments were performed. The reference reaction
was based on the mixing of reactants without visible light
irradiation and subsequent purification. After 12 h, the same
purification steps were applied as for the irradiated samples, and
the obtained material was characterized via elemental analysis
(Table 1). However, no change was observed for the non-
irradiated samples, which indicates that the reaction proceeds
on the surface of g-CN through photoexcitation. The reference
experiment suggests that AHPA is grafted onto the surface
instead of simple physical adsorption. Addition of a radical
scavenger such as hydroquinone also inhibits the reaction as no
change in the elemental analysis was observed, as shown in
Table S2, which indicates a radical mechanism for the grafting
reaction. No change was observed in the elemental analysis and
particle size while mixing just CM in water under visible light
irradiation. AHPA-grafted CM was also dispersed in D2O and
mixed thoroughly for 2 h; then, it was filtered, and 1H NMR
spectra of the solution were recorded, as shown in Figure S3.
Existence of only the solvent peak states that the AHPA
molecule is grafted onto the surface chemically instead of being
adsorbed in the pores of CN and that the applied purification
method is sufficient to remove any unreacted starting material.
To observe the effect of concentration on grafting experiments,
variations in the allyl compound concentration were conducted,
as explained in the Experimental Section. Compared to the
initial attempted concentration of 20 wt % AHPA, a lower
concentration of 10 wt % as well as an increased concentration

of 40 wt % was utilized (Table S3). The obtained results match
with the results retrieved from time-dependent grafting, for
example, smaller sized particles and decrease in zeta potential
values are obtained for increased AHPA concentrations.
Moreover, a less concentrated medium (10 wt %) leads to a
decreased sulfur content compared to higher concentration, as
expected (3.676 wt %). Also, as expected, it is possible to graft
increased amounts of AHPA on g-CN with a higher
concentration of the allyl compound (40 wt %), as shown by
the elemental analysis and the increase in the weight percentage
of the sulfur atom (up to 9.277 wt %).
Electron microscopy techniques were also used to visualize

the structures after modification, as depicted in Figures S4 and
S5. TEM and SEM images show that the material structures are
similar before and after grafting, whereas the particle size
decreases after grafting reactions. Elemental analysis via the
energy-dispersive X-ray (EDX) technique shows a uniform
appearance of S, O, and Na atoms throughout the surface of
CM−AHPA.
XRD profiles show a change in peak positions (Figure 2a),

which may be due to a potential positioning of the positively
charged sodium atom between layers. The region between 17
and 20° can be assigned to the layer−layer stacking, and an
increase in these peaks after modification can be the result of
weak scattering due to delamination. Solid UV−vis spectra
follow the same pattern as those of unmodified CM, with a
slight increase in the region between 350 and 430 nm (Figure
2b), suggesting preservation of activity toward photocatalytic

Figure 2. (a) XRD profiles of unmodified and AHPA-modified CM, (b) solid UV−vis spectra of unmodified and AHPA-modified CM, and (c)
elemental mapping of CM−AHPA24 via EDX.
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applications. Certainly, photocatalytic properties depend on the
layer thickness, g-CN size, and surface functionality. Therefore,
detailed investigations on photocatalysis have to be performed
in future works. Elemental mapping via EDX of CM−AHPA24
(Figure 2c) indicates the existence of S, O, and Na atoms
throughout the surface, originating from grafted AHPA
molecules. Therefore, homogenous grafting of AHPA on this
length scale is to be assumed. FT-IR spectra of CM and AHPA
as well as AHPA-modified CM (Figure S6) can be utilized to
identify the grafted species. After modification, all dominant
peaks of CM are still present, with a slight new peak at 2900
and 1050 cm−1, which can be attributed to the asymmetric CH2
stretching and sulfoxide bond, respectively. Similar results are
obtained for concentration-dependent experiments, as can be
seen in Figure S7.
For the introduction of organosoluble moieties, 1-decene was

grafted onto the surface of CM. Initial experiments were
performed at room temperature at a 1-decene concentration of
50 wt % in IPA. Even though the dispersion quality in organic
solvents increased, changes in the molecular structure could not
be proven, which might be due to a low double-bond activity of
1-decene leading to a low grafting density at an ambient
temperature. To increase the grafting density, experiments were
conducted at 50 °C, as delineated in the Experimental Section.
The particle size, zeta potential, and elemental analysis of
unmodified CM compared to 1-decene-modified CM (Table 2)

confirm successful grafting under the altered conditions. DLS
measurements in acetone dispersion showed decreased particle
sizes with increasing reaction times, which can be due to
anchoring of the long chain molecule to the surface of CM.
Zeta potential measurements were performed in acetone
dispersion, which is a complicated task. Moreover, the results
show only insignificant differences to unmodified CM, which
has to be considered carefully. In our opinion, the observation
of only minor changes in the zeta potential might be due to the
polar aprotic solvent acetone, which is an uncommon solvent
for zeta potential measurements because of its poor properties
in the stabilization of charged particles. The carbon/nitrogen
ratio increases over reaction time, which is an indication of
aliphatic grafting. Only small changes in the hydrogen weight
percentage could be observed (from 1.923% up to 2.377 wt %).
The illustrated relation between the reaction time, particle size,
zeta potential, H amount, and C/N ratio can be found in Figure
S8.
XRD profiles of CM and 1-decene-modified CMs follow a

similar pattern and show only small differences in peak
intensities (Figure 3a). The differences in the XRD profiles
can be attributed to a slight distortion in the g-CN framework.
Moreover, solid UV−vis spectra of 1-decene-modified CM
show absorption bands similar to those of unmodified CM.
Therefore, one of the most important features of g-CN, namely
light absorption in the visible range, is retained in the modified
product (Figure 3b). SEM and TEM images of 1-decene-
grafted CM show a structure similar to that of CM−AHPA and
support the assumption that the structure of the modified CM
is basically unchanged after the grafting reaction (Figure S9).
As expected, EDX shows no significant changes as no new
elements are introduced. To check if there was any physical
adsorption, 1-decene-modified CM was put into CDCl3 and
mixed for 2 h. It was then filtered, and 1H NMR spectrum was
recorded, which showed only the solvent peak (Figure S10).
Moreover, a reference sample was prepared without light
irradiation but the same purification, which showed only
insignificant differences from the untreated CM. Thus, the
efficiency of the washing process can be stated, as well as
physisorption of 1-decene can be excluded.
Photoluminescence spectra of CM, AHPA-modified CM, and

1-decene-modified CM follow the exact same pattern, which
indicates preservation of CM photoproperties in the grafted
products (Figure S11a). Moreover, the appearance of the

Table 2. Properties of Unmodified and 1-Decene-Modified
CMsa

sample
time
(h)

Dn
(nm)b

zeta
potential
(mV)

H content
(wt %)c

C/N
ratioc

CM 2581 −4.6 1.923 0.6013
CM−decene2 2 2377 −5.1 2.203 0.6431
CM−decene4 4 2215 −5.5 2.272 0.6840
CM−decene6 6 2098 −7.0 2.345 0.7056
CM−decene12 12 1968 −7.2 2.361 0.7372
CM−decene24 24 1896 −7.5 2.377 0.7582
CM−decene refd 12 2365 −4.6 1.905 0.6024
aReaction conditions: 50 mg CM, 1 g 1-decene, 1 g IPA, visible light,
50 °C. bDLS measurements were performed in acetone (0.05 wt %)
and Z-averaged diameters are presented. cObtained via elemental
analysis. dReference reaction based on mixing reactants without visible
light irradiation and subsequent purification.

Figure 3. (a) XRD and (b) solid UV−vis spectra of unmodified and 1-decene-modified CM.
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modified material is very similar to that of the starting material,
where modified samples became a bit paler compared to the
unmodified CM (Figure S11b) because of the “dilution” with
organic compounds.
Mechanistic studies for the photodegradation process via g-

CN have been reported. Irradiation of g-CN results in electron
excitation and hole formation. Interestingly, either hole
oxidation or photoreduction can take place depending on the
counter molecule. Methyl orange degradation via g-CN is
attributed to the photoreduction process with hole oxidation
providing a minor contribution, whereas rhodamine B (RhB)
degradation was solely conducted via hole oxidation.40,41 The
mechanism suggested in the literature for g-CN with double
bonds under visible light is based on the theory of formation of
OH radicals and related to valence band values of possible
intermediate species.42 Regarding the mechanism of grafting,
the most probable pathway seems to be radical recombination.
Upon irradiation, electrons in the valence band of g-CN can be
excited, leading to an exciton state with the adjacent electron
hole. Subsequently, the formed radical can react with the
respective ene in the radical addition. Finally, the other leftover
radical on the surface can recombine with the radical formed at
the ene after radical addition, which leads to a new covalent
bond between the g-CN surface and the ene molecule. Whether
the first addition to the ene stems from the electron hole or the
excited electron can only be speculated at the current point. As
the utilized enes are quite electron-rich, it is likely that the first
addition originates from the formed electron hole on the g-CN
surface, that is, the grafting agent is first oxidized and then
recombines to close the photocatalytic cycle. To observe the
effects of hole formation and excited electrons on grafting,
several control experiments were performed by addition of
triethanolamine as a hole scavenger or hydrogen peroxide as an
electron scavenger for AHPA grafting, as explained in the
Supporting Information. Interestingly, after 4 h of reaction, a
slight increase in sulfur amounts in the final products can be
observed. Yet significantly lower grafting compared with CM−
AHPA4 was observed, and no grafting took place when both
hydrogen peroxide and triethanolamine were present (Table
S4). These results suggest that grafting can also be achieved via
only electron hole or excited electron-based mechanism.
Nevertheless, significantly lower grafting rate is observed after
addition of hole or electron scavengers. Efficient grafting may

take place via a process combining both mechanisms. A hole
can abstract an electron from the double bond, leaving the
cation and radical on the molecule that recombines with the
electron for grafting. Moreover, a hole can react with a water
molecule to form a hydroxyl radical that reacts with the double
bond. The formed radical can recombine on the surface as well.
For the mechanism from the excited electron, formation of the
hydroxyl radical (either from water or oxygen after chain
reactions) is an essential step. The hydroxyl radical can perform
an addition to the double bond, leaving another radical on the
molecule, which can recombine on the surface as well. In a
recent article investigating the mechanism of water splitting
with g-CN, it was theoretically shown that the water molecule
forms a complex with heptazinyl rings of g-CN, and after
irradiation and abstraction, radical formation takes place on the
heptazinyl ring and a hydroxyl radical is formed.43 Thus, the
hydroxyl radical could react with the double bond, and a
recombination with the heptazinyl radical could take place for
grafting.

Dispersion Properties. Sulfonic acid group is known to be
an excellent hydrophilic functional group.44 Therefore, the
introduction of sulfonic acid functionality to g-CN is expected
to result in enhanced dispersibility in water. To test the
dispersibility of the AHPA−modified CM, various conditions
were tried. Pure CM precipitates directly from water
(Supporting Video 1) and requires long times of sonication
(as much as 24 h) for the formation of uniform dispersions.
However, CM−AHPA is immediately dispersible in water even
via gentle shaking by hand (Supporting Video 2). While
preparing the CM dispersion in water, even after 30 min of
sonication, still most of the CM is present at the bottom of the
vial, as depicted in Figure 4a. On the other hand, CM−AHPA
disperses in water after 5 min of sonication (Figure 4b); the
dispersion is uniform, and solid particles are not visible in the
system. To check the stability of water dispersion, the
sedimentation of CM and CM−AHPA (1 wt % in water,
both sonicated for 5 min) was investigated. In the case of
AHPA-modified CM, the solid particles are still dispersed in the
water phase after 3 days (Figure 4c), whereas CM sediments
completely after 8 h (Supporting Video 3).
To analyze the sedimentation process, initial heights of

dispersions (H0) as well as the heights of the dispersed phases
in specific time intervals (Ht) were measured to yield a

Figure 4. (a) CM in water before and after 30 min of sonication, (b) AHPA-modified CM in water before and after 5 min of sonication, and (c)
sedimentation graph of unmodified and AHPA-modified CM in water over 3 days.
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sedimentation graph, as shown in Figure 4c. Moreover,
sedimentation images of CM and AHPA-modified CM over
defined times can be found in Figure S12. All of these results
confirm the stability of the CM−AHPA dispersion along with
benign dispersion preparation. Dispersions of AHPA-modified
CM from control experiments with hole or electron scavengers
also show stability over 3 h (Figure S13a), where the product
from both the electron and hole scavenger reactions has poor
dispersibility comparable to nonmodified g-CN (Figure S13b).
In addition, only small amounts of nonmodified g-CNs can be
dispersed (as low as 0.05 wt %). By contrast, the hydrophilic
character of AHPA-modified CM also allows to disperse
increased amounts of g-CN in water. Therefore, enhanced
activity of g-CN might be the case. To confirm the stability of
high amount of CM−AHPA dispersions, 10 and 20 wt % water
dispersions of AHPA-modified CM were prepared (Supporting
Video 4). The video illustrates that the 20% solid content
system yields a really thick dispersion, which prevents
sedimentation imaging. Nevertheless, sedimentation set in
after 3 h. In the case of 10% solid content system,
sedimentation was observed gradually over a day while
standing. Overall, grafting of sulfonic acid groups onto the
surface of g-CN improved the dispersion properties of g-CN in
water significantly. Dispersions can be prepared in shorter
times, which are stable over much longer periods; increased
amounts of g-CN can be introduced into the dispersion, which
is of significant interest for various applications of g-CN.
Some applications such as organic coupling require an

organic solvent as the medium. However, g-CN usually entails
poor organic dispersibility. Therefore, the medium chain alkene
1-decene was used to improve the dispersion in organic media.
In the case of CM, only poor dispersibility in organic solvents
exists, for example, in acetone before and after 30 min of
sonication, where most of the material remains nondispersed
(Figure 5a). On the other hand, 1-decene-modified CM yields
good dispersions in acetone after 5 min of sonication (Figure
5b). The stability of acetone dispersions (1 wt %) was assessed
via sedimentation (Supporting Video 5). The 1-decene-
modified CM stays dispersed over a significantly longer period
than the unmodified CM (Figure S14). The images of
unmodified and 1-decene-modified CM dispersions in acetone
and their sedimentation over distinct periods confirm the
partial stability of 1-decene-modified CM dispersions in

acetone. Other common organic solvents were also inves-
tigated, as shown in Figure 5c,d. The addition of 1-decene-
modified CM to acetone, DCM, THF, and toluene leads to
uniform dispersions after 10 min of sonication in all examined
cases. Moreover, it could be shown that the solid content of
CM−decene could be increased up to 2 wt % in organic
dispersions. Overall, grafting with 1-decene enhances the
organic character of g-CN, which is beneficial for the
preparation of organic dispersions and might be useful for a
variety of applications.

Introduction of Functionalities. To show the generality
of the approach, functionalities were introduced as well, namely
amine and fluoro functionalities via allylamine and perfluoro-1-
decene, respectively. Possessing an amino group, allylamine can
be protonated under acidic conditions, which leads to cationic
but pH-sensitive materials. On the other hand, fluorinated 1-
decene might lead to fluorophilic materials. In addition, the
fluorinated molecule allows easy detection of grafting as
fluorine is a marker atom. Reactions were performed as
explained in the Experimental Section in a one-pot procedure
under visible light. Allylamine grafting was achieved in ethanol
at 40 °C, and fluoro-modification was performed in THF at 50
°C. Initial results did not show a significant size change or
altered zeta potential values (Table 3). However, increased C/
N ratios were observed in both cases. Because g-CN has better
absorption in the UV range, grafting with 1-decene or
perfluoro-1-decene was also investigated via UV light
irradiation at a wavelength of 395 nm. It was concluded that

Figure 5. (a) CM in acetone before and after 30 min of sonication, (b) 1-decene-modified CM in acetone before and after 5 min of sonication, (c) 1-
decene-modified CM in four different organic solvents before sonication, and (d) 1-decene-modified CM in four different organic solvents after 10
min of sonication (0.8 wt %).

Table 3. Properties of Unmodified and Allylamine- and
Perfluoro Decene-Modified CMs

sample Dn (nm)a zeta potential (mV) C/N ratiob

CM 2448 −27.5 0.6025
CM−AA 2265 −28.9 0.7433
CM−F 2198 −6.4 (in acetone) 0.6617
CM−AA referencec 2376 −26.9 0.6112
CM−F referencec 2407 −4.7 (in acetone) 0.6054

aDLS measurements were performed in water (CM-AA) or acetone
(CM-F) (0.05 wt %), and Z-averaged diameters are presented.
bObtained by elemental analysis results. cReference reaction based on
mixing reactants without visible light irradiation and subsequent
purification.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02441
Langmuir 2017, 33, 9897−9906

9903

4 Carbon-nitride-based polymer materials

167

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_005.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_006.avi
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02441/suppl_file/la7b02441_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b02441
http://dx.doi.org/10.1021/acs.langmuir.7b02441


grafting via UV light is indeed more effective with enes that
show an otherwise low activity, which is in line with the already
discussed recombination mechanism that is most likely the base
for the grafting reaction. In the case of UV light-induced
grafting, lower reaction temperatures can be utilized (Table
S5).
SEM images of CM−AA and CM−F materials again did not

show any significant structural differences on the particle level
(Figure S15a,b). Elemental mapping of perfluoro decene-
grafted CM clearly indicates the existence of fluorine atoms on
the surface (Figures 6a and S15c).
Introduction of fluorine atoms provides fluorophilic character

to g-CN, which allows dispersibility in fluorosolvents. For
example, hexafluorobenzene was used as the solvent, and 0.4 wt
% nonmodified CM and fluoro-modified CM were dispersed
(Figure 6b,c). Sonication for 30 min does not lead to dispersion
of nonmodified CM as almost all of the material remains
nondispersed at the bottom of the vial. A similar result was
observed when CM−decene was utilized in hexafluorobenzene
(Figure S16). On the other hand, CM−F has better dispersion
properties and yields a uniform dispersion. However, it is
important to note that sedimentation of this dispersion starts
after 5 min and sediments completely after 1 h. Theoretically,
the increased density of hexafluorobenzene should slow
sedimentation down. Nevertheless, fast sedimentation was
observed that might be due to the low dielectric constant of the
solvent hexafluorobenzene, which promotes Hamaker forces
between the sheets. Yet it is easy to redisperse the material even
via gentle shaking by hand. Therefore, the fluoro-grafted
material can be of great interest as with a catalyst within
fluorinated solvents under continuous mixing.
pH-Dependent Dispersion. Allylamine functionality was

introduced to illustrate the option of a pH-dependent
dispersibility in aqueous media. In acidic pH (pH = 4),
allylamine-modified CM yields uniform dispersions via
protonation of amino groups. On the other hand, increasing
the pH value of the medium to the basic range (pH = 9) causes
immediate precipitation of solid particles because of deproto-
nation of amino groups (Figure 7). Reacidification of the
medium leads to uniform dispersions once again, and hence the
dispersion process is reversible. Addition of acid to a basic
dispersion of allylamine-modified CM (1 wt %) can be found in
the Supporting Video 6. In aqueous media, allylamine-modified

CM shows high pH sensitivity and can be effective when acidic
conditions are needed. Moreover, ease of separation after base
addition makes this material highly beneficial for pH-dependent
reaction media and recycling of the catalytic material. Another
attractive application that might be accessible via ionically-
modified CM is the anion−cation-driven layer-by-layer
deposition, which is a method that generates well-defined
superstructures on surfaces and in dispersion.45,46

■ CONCLUSIONS
Overall, we introduced a visible light-induced, one-pot grafting
approach for g-CN for enhanced dispersion features while
keeping the photoproperties unchanged. Using molecules with
allylic double bonds avoids monomer polymerization and
provides monolayer dispersion stabilization. The sulfonic acid
group of AHPA provides excellent hydrophilicity, and grafting

Figure 6. (a) Elemental mapping of perfluoro decene-grafted CM via EDX, (b) CM and fluoro-modified CM (CM−F in hexafluorobenzene before
sonication, and (c) CM and CM−F in hexafluorobenzene after 30 min of sonication.

Figure 7. Allylamine-modified CM in water (1 wt %) at acidic pH (pH
= 4), observation of immediate precipitation after base addition (pH =
9), complete sedimentation after standing for 2 h, and redispersion
after reacidification (pH = 4).
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1-decene provides significant organo-dispersibility for g-CN.
These changes result in minimal times for dispersion
preparation and higher dispersion stability, increasing the
possible highest solid content (e.g., or hybrid formation) of
dispersed systems significantly. It is also possible to introduce
pH-dependent dispersion stability on CM via allylamine groups
or fluorophilic character by integrating the perfluoro-1-decene
molecule. To the best of our knowledge, this research is the
most detailed approach for the enhanced dispersibility of g-
CNs in different media. The presented method can help to
expand the whole g-CN field as dispersibility is a significant
aspect for heterogeneous catalysis systems.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.lang-
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Additional synthetic procedures and analytical data
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Addition of CM into deionized water followed by gentle
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by gentle shaking via hand and formation of dispersion
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(right) in deionized water and monitoring the
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of dispersion (AVI)
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ABSTRACT: Here we report a facile synthesis of carbon nitride-based hydrogels with adjustable shapes, ranging from cylinder
to tube and thin sheet, by photopolymerization process in confined templates. The fabricated hydrogel shows enhanced
mechanical properties compared to the reference gel without carbon nitride incorporation, good adsorption capacity, and
promising photocatalytic activity toward hydrogen production. Meanwhile, the hydrogel also exhibits selective pollutants
adsorption properties that could be attributed to the negative-charged carbon nitride as well as relatively high stability alongside
enhanced light harvesting. The novel carbon nitride-based hydrogels offer a facile approach as photocatalyst and open up many
opportunities for smart-catalyst design with adjustable reaction sites.

KEYWORDS: carbon nitride, hydrogel, selective adsorption, photodegradation, hydrogen production

Soft materials, including liquids, polymers, foams, gels,
colloids, granular materials, as well as most soft biological

materials,1−3 are materials that can be easily utilized in the
formation of shape-persistent, free-standing objects as their
exceptionally great mechanical strength and rapid self-healing
behavior.4−6 One of the most familiar soft materials is plant
chloroplasts, which can colocalize molecules involved in light
absorption, charge transport and catalysis to create chemical
bonds with solar energy.2,3 Inspired by this, photosynthetic or
photocatalytic soft materials are widely investigated to generate
storable fuels,7 reducing the world’s dependency on fossil fuel.
Among all the soft materials, hydrogels are a major class of
materials, which are wet and soft, defined as a cross-linked-
polymer network involving large volumes of water.1,8,9 Such
systems could experience substantial swelling and collapsing as
the most remarkable properties of these materials, in contrast to
most industrial materials such as metals and plastics. Thus,
hydrogels show a lot of advantages as potential hydrophilic
adsorbents,10 active sensors,11 and modulators for delivery of
drugs.12 By virtue their different functional groups, hydrogels

have found extensive applications in water and wastewater
treatment.13 Usually, hydrogels are formed via free radical
polymerization in water with cross-linker addition,14 physical
cross-linking,15 or mechanical cross-linking.9,16 The formation
mechanism has a significant impact on the final properties of
the hydrogels, e.g., high mechanical strength for double
network hydrogels,17 high stretchability for slide-ring gels,16

or self-healing properties in the case of supramolecular gels.18

Recently, carbon nitride (C3N4) has widely attracted
attention because of its unique chemical, electronic, and
(photo) catalytic properties alongside its low price and the
easy synthesis, which makes it a proper alternative for metal-
based catalysts for energy related applications19−22 or as
initiator for polymerizations.17

Up to date, carbon nitride was mainly used as a powder for
photocatalytic reactions as photodegradation of pollutants and
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for solar fuel production (i.e., reduction of water and carbon
dioxide) thanks to the acquirement of high surface area and
good dispersion in different solvents.23,24 Very recently, the
concept of photoactive hydrogels was introduced.6 The
hydrogel structure as a substrate for photoinduced reactions
holds the opportunities to (1) control the reaction sites, (2)
improve loading of adsorbate, (3) facilitate the catalyst
recycling, and (4) enhance its mechanical properties. In
addition, the photoactive material can act as an initiator for
the polymerization process in the gel formation, thus allowing
good photocatalyst distribution within the hydrogel in one
step.4,5 Furthermore, hydrogels can be formed in various shapes
in perfect adjustment to the intended application, e.g., tubes,
spheres, or thin films.
In this work, we report the facile synthesis of a carbon

nitride-based hydrogel with adjustable shape, i.e., cylindrical
and tubelike, based on N,N-dimethylacrylamide (DMA)

through photopolymerization in the presence of well-dispersed
CNB (carbon nitride calcined from CMB, cyanuric acid-
melamine-barbituric acids) as initiator in aqueous solu-
tion.23,25−27 Figures S1 and S2 provide the basic morphology
and structure of CMB and CNB, separately. The self-standing
carbon nitride-based hydrogel (CNB-G) presents higher
mechanical strength, enhanced deformation restorability and
better stability compared to the reference hydrogel without
carbon nitride incorporation. Furthermore, the CNB-G shows
good catalytic activity toward the H2 production as well as
strong adsorption capacity and high catalytic activity for the
degradation of various cationic dyes.
Cylindrical CNB-G was designed in inerratic injectors under

light irradiation, as illustrated in Figure 1a and Figure S3. An
aqueous colloidal dispersion of the semiconducting CNB
produces radicals on its surface which induce in situ radical
polymerization of added mono functional acrylamide deriva-

Figure 1. (a) Proposed mechanism for hydrogelation. (b, c) Cryo-SEM images of ref.-G (hydrogels formed via conventional photoinitiator without
carbon nitride incorporation), inset is the digital photo of untreated ref.-G. (d, e) Cryo-SEM images of CNB-G with 0.03 wt % CNB, inset is the
digital photo of untreated CNB-G.

Figure 2. (a, b) UV−vis and PL spectra of ref.-G (1), Bulk-G (2) and CNB-G (3) with 0.03 wt % carbon nitrides inside, respectively. (c) Digital
photos of ref.-G (1), Bulk-G (2), and CNB-G (3) without and with excitation at 254 nm. (d) CNB-G (3) supporting a 500 g counterweight without
structural collapse, and the digital photos of ref.-G (1) and CNB-G before and after supporting the counterweight.
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tives, namely DMA and bifunctional cross-linker, namely N,N′-
methylenebis(acrylamide), to afford cross-linked hydrogel
network in one step that is reinforced via the CNB structures.28

The stability of the CNB dispersion was confirmed via
photoluminescence (PL) measurements and TEM images as
shown in Figure S4. The transparency of the CMB sheets
suggested that CNB sheets are well-dispersed in aqueous
solution. In addition, The PL spectra do not change during
time, promising that the hydrogel contains well-dispersed CNB
sheets. We note that photopolymerization without cross-linker
also led to the formation of hydrogels, albeit with a significant
lower mechanical strength (Figure S5). This behavior is an
indication that the CNB is actually incorporated into the gel
structure, as shown in Figure 1a.
After fabrication, the fresh CNB-G and ref.-G were taken out

of the injectors and put into deionized water for 1 week to get
the swelling equilibrium state. Water content, equilibrium
swelling degree (ESD) and gel phase percentage were
calculated in Table S1. The high water content and good
swelling capacity encourage us to use the hydrogel for
wastewater treatment, e.g., in dye adsorption and as photo-
catalyst.
Cryogenic scanning electron microscopy (Cryo-SEM) of the

ref.-G (hydrogels without carbon nitride incorporation, formed

via photopolymerization with a standard photoinitiator, see the
Supporting Information for details) and CNB-G with differing
CNB contents are displayed in Figure 1b−e and Figure S6. The
transparent ref.-G gradually turned to yellow with increasing
CNB amounts. Besides, the pore size of CNB-G is much more
narrow and uniform than the ref.-G, especially the one with
0.03 wt % CNB. Such three-dimensional porous structure will
efficiently anchor the CNB particles, substantially inhibit their
aggregation or stacking. After introduction of increased
amounts of CNB, the pores of CNB-Gs further grew due to
the carbon nitride’s limited solubility in water. Thus, 0.03 wt %
CNB-G was selected as the basic research object in the
following investigations.
Alongside the CNB-G and ref.-G, Bulk-G (carbon nitride-

based hydrogel formed with carbon nitride calcined from
melamine only) was synthesized via the same method for
comparison. SEM images and surface areas of the correspond-
ing freeze-dried hydrogels are shown in Figure S7. The good
dispersion of the CNB-G leads to more homogeneous structure
compared to the Bulk-G. Figure S8 also provides the XRD and
FTIR spectra of the freeze-dried hydrogels. However, only the
features of the monomer and cross-linker could be obtained
and no distinct differences can be discovered.

Figure 3. (a) Adsorption capacity of CNB-G on MB, RhB or MO, inset is the digital photos of CNB-Gs before and after adsorption. (b) Adsorption
capacity of CNB-G on mixed dyes. (c) PL spectra of CNB-Gs before and after adsorption equilibrium, inset is the digital photos of these four gels
without (left) or with (right) 254 nm excitation. (d) Photodegradation of CNB-G on MB, RhB or MO. (e) Photodegradation of CNB-G on various
dyes (congo red, crystal violet, methyl orange, methylene blue, and rhodamine B, from left to right).
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CNB-G, ref.-G, and Bulk-G were further investigated via
UV−vis spectra in Figure 2a. Unlike the powder form, the
absorption of CNB-G is much stronger and red-shifted
compared to the other samples.25 Another evidence for the
good distribution and the lack of materials aggregation is given
by the enhanced emission, accompanying with the gradual
color changing thanks to the genuine carbon nitride, of the
hydrogel compared to the powder form (Figure 2b, c). The
latter also emphasizes the possible utilization of g-CN hydrogel
for other opto-based devices, e.g., sensors.
The mechanical property of CNB-G was valued through a

simple compression test with an applied pressure of 500 g
counterweight. As shown in Figure 2d and Figure S9, CNB-G
shows attractive deformation restorability integrity and better
mechanical strength compared to the ref.-G, which can be
attributed to the strong repulsion between the negatively
charged carbon nitride layers (zeta potential of −25.5 mV)
under compression as was shown for TiO2 sheets as well as the
reduced mobility of the polymer chains due to the inter-
penetrating carbon nitride sheets.28−30 Moreover, rheological
measurements of as synthesized CNB-G showed a storage
modulus (G′) of 840 Pa at 0.1% strain as well as a loss modulus
(G″) of 274 Pa at 0.1% strain, which underpins the improved
mechanical properties of the hydrogel. However, in the present
study, we mainly focused on the photocatalytic activity and
adsorption properties while the elucidation of the detailed
mechanical properties is still under investigation.

The superior swelling capacity and good stability of the
three-dimensional CNB-G positions it as a perfect candidate for
pollutant removal. Therefore, the original cylindrical CNB-G
was sliced in several pieces with the same volume of 1 mL
(Figure S3) and the adsorption of different dyes was checked.
Figure 3a describes the adsorption capacity of CNB-Gs for
methylene blue (MB), rhodamine B (RhB) and methyl orange
(MO), which can be visually discovered through the changes in
gels’ colors. CNB-G shows the highest adsorption capacity for
MB, almost 2-fold to RhB or MO, indicating a selective
adsorption of cationic dyes in the gel, speaking for the
preservation of the negative CNB charge. The latter indicates
that the dye adsorption is not only diffusion driven (due to the
concentration difference) but strongly bound due to chemical
interaction between the adsorbate and the CNB. Figure S10
also provides the adsorption capacity of ref.-G on mixed dyes
for reference.
Taking the advantage of the strong ionic interaction,

qualitative testing of its adsorption selectivity was evaluated
through an intelligent separation of multifarious dyes’ mixture
in Figure 3b and Figure S10. With CNB-Gs immersed in RhB/
MB mixture and MB/MO mixture for 5 h, the color of the
solutions turned from purple to pink and green to yellow,
respectively. And there was no discernible color changing in the
RhB/MO system. The ref-G shows similar dyes adsorption, but
without any selectivity. The latter further confirms the better
adsorption affinity of the hydrogel with carbon nitride. Both of
the above efficiently prove our previous hypothesis, the CNB-G

Figure 4. (a) Time courses of H2 production from water with FD-CNB-G, CNB-G, Bulk-G, ref.-G, and ref.-G-CNB under white LED irradiation.
(b) Cycling measurements of H2 generation of wet CNB-G, inset is the photo of CNB-G before and after H2 production. (c, d) Cryo-SEM images of
CNB-G before and after H2 production. (e) Tubelike CNB-G design.
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shows selective adsorption of cationic dyes like MB, especially
in the mixture with different kinds of ionic dyes (Figure 3b). To
further support the above-mentioned assumption, cationic red
x-GRL, acid black and neutral dark yellow were further chosen
as differing dyes to prove the assumptions above (Figure S11).
PL spectra of original CNB-G and CNB-Gs after adsorption

equilibrium with various dyes (MB, RhB, MO) are shown in
Figure 3c. In comparison with the original CNB-G, CNB-G/
RhB, or CNB-G/MO, only CNB-G/MB suffered a strong
quenching, which might be contributed to the strong
interaction between hydrogels and specific cationic dyes,
which allows the direct charge transfer between the CNB and
the dye.8

Such selective adsorption and separation via CNB-G also
gives rise to more opportunities in the photocatalytic fields.
Figure 3d, e displays the photocatalytic activity of CNB-G
under white LED irradiation. Analogous to the adsorption
results, CNB-G also exhibited superior photocatalytic abilities
in the degradation of cationic dyes, which is usually driven by
direct electron injection from the photoexcited CNB to MB,
further accentuating the direct contact between the CNB to the
cationic dyes. The degradation intermediates were investigated
by LC-MS and TOC as shown in Figure S12. The unique
properties of the hydrogel opens up the opportunity to first
load the pollutants (for example overnight) and to remove it
during day light. The good stability and the easy recycling of
the hydrogel allows repeating the process many times.
Moreover, taking into account its chemical interactions, the
gels can be used for smart materials release design based on its
ionic interactions.
The application of CNB-G can be further extended to the

hydrogen production under illumination. The morphology of
the hydrogel results in much more active sites, which can lead
to better H2 production. Figure 4a shows the H2 production
from water with freeze-dried CNB-G (FD-CNB-G), CNB-G,
Bulk-G, ref.-G, or ref.-G with adequately adsorbed CNB
suspension (ref.-G-CNB) under white light irradiation.
Obviously, CNB-G displays the highest activity compared to
the other wet gels. In the freeze-dried CNB-G system, water
affinity is much more significant than that of untreated gels,
thus water, triethanolamine (TEOA) and platinum ions may
diffuse into the dried gel rapidly. Sufficient active sites, with
available water in the surroundings, accelerate the speed of H2
production. While in the untreated CNB-G system, TEOA and
platinum ions will slowly enter into the wet gel, retarding the
reaction to some extent. As a result, the freeze-dried CNB-G
system shows 2-fold increased activity compared to the
untreated CNB-G. The cycle performance of CNB-G is
displayed in Figure 4b, even after 3 cycles, the H2 production
was still higher than 85%. Cryo-SEM images of CNB-G before
and after reaction revealed no significant differences, further
indicating its favorable stability (Figure 4c, d).
Although the hydrogen production is not yet as high as the

most active powder form mostly because of the diffusion
limitation, it is possible to increase the efficiency by adjusting its
configuration via hydrogel thickness and structure. As a proof of
principle, we therefore also designed and fabricated a tubelike
hydrogel, as exhibited in Figure 4e. In general, the great
simplicity of the system encompasses the opportunity to shape
the photoactive hydrogel according to the desired application.
For example, the tubelike structure opens possibilities for flow-
chemistry and even sequential catalysis by employing multi-
functional groups along the tube. The latter offers a new model

for integrated chemical systems that can be applied in the
environmentally interesting chemical transformations, produc-
tion of solar fuels or artificial systems.
In summary, three-dimensional carbon nitride-based hydro-

gel was generated through photopolymerization of acrylamide
derivatives in inerratic injectors under white LED illumination
in an easy, cheap, and versatile fashion, leading to materials with
strong mechanical strength and deformation restorability.
Motivated by the advantages of CNB-G, like attractive swelling
capacity, enhanced light absorption properties, remarkable
stability and facile recycling, it was successfully applied in
selective dyes’ adsorption and photodegradation, especially for
specific cationic dyes. Furthermore, we showed as a proof of
principle that CNB-G hydrogel can act as an efficient
photocatalyst for hydrogen production. The carbon nitride-
based hydrogel offers many new possibilities in the field of
smart catalysis, sensors, and mechanical-based devices.
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ABSTRACT: The utilization of graphitic carbon nitride (g-
CN) as photoinitiator for hydrogel formation is reported. On
top of the photochemical activity, g-CN entails the role of a
reinforcing agent. Hydrogels formed via g-CN (0.6 wt % g-CN
and 11 wt % solid content in total) possess significantly
increased mechanical strength, around 32 times stronger
storage moduli (from 250 Pa for the reference sample up to
8300 Pa for g-CN derived hydrogels) than the ones initiated
with common radical initiators. In addition, the g-CN derived
hydrogels show mechanical properties that are pH dependent.
Therefore, g-CN acts as a photoinitiator for hydrogel formation and as reinforcer at the same time.

■ INTRODUCTION
Soft hydrogel materials find broad attention in material sciences
due to their extraordinary properties, e.g., lightweight, elasticity,
and their feature to mimic natural tissues.1,2 In addition, high
water content, biocompatibility, shape persistence, and
mechanical properties are desirable to address.3,4 Various
topical applications of hydrogels are discussed, such as drug
delivery,6 bioadhesives,7 microfluidic systems,8 and as chemical
sensors.9 Variation of the hydrogel-forming monomers allows
to impart stimuli responsiveness to the gels, e.g., toward
temperature,10 pH,11 or light.12 Significant efforts have been
invested to design hydrogels with advanced properties, such as
the formation of “walking” hydrogels,13 self-healing hydrogels,14

anisotropic hydrogels,15 or mechanically reinforced hydro-
gels.16,17 Mimicking natural tissues requires a high water
content within the hydrogel, which is a challenge for synthetic
systems as sufficient mechanical stability has to be maintained.
In most cases, synthetic hydrogels demonstrate low strength
when fully swollen18 due to cracking of the cross-linked chains
under applied stress. The gels stability at high water content
can be enhanced, as in tissue, by the distribution of stress
throughout the structure via addition of reinforcing units, such
as nanofibers and nanosheets. Nevertheless, high loads of
reinforcer lead to the loss of ideal hydrogel behavior. Double
network (DN) hydrogels are one of the first examples of
reinforced hydrogels19 that have good compressive strength but
very low fatigue resistance. Recently, reinforcement by
nanofibers20 or introducing negatively charged inorganic
supports such as clay have been reported,21,22 and the
mechanical properties at high water contents were remarkably
improved. For an ideal hydrogel, the reinforcing agent should
only weakly change its swelling properties but merely enhance
the mechanical properties of the modified hydrogel. Recent
works show that materials with high aspect ratios such as
nanosheets are excellent reinforcers due to better stress

dissipation throughout layers and charged layer−layer inter-
actions.23 Up to now, sheetlike graphitic carbon nitride (g-CN)
was not analyzed in depth but seems to be a promising
candidate as it is lightweight, cheap, and has adjustable
properties which give rise to modification of the mechanical
properties of the hydrogels.
G-CN is usually composed of tri-s-triazine repeating units

and is a highly functional catalyst for a variety of reactions.24

Because of g-CN’s low price, facile synthesis, good light
harvesting and catalytic properties, and its tunable and
nonhazardous properties positioned, it as a promising material
for various applications,25 ranging from photo and heteroge-
neous catalysis to fuel cells.26 Moreover, g-CN systems
represent a large family of materials where the elements ratio
and spatial organization can be tuned by copolymerization,
which in turn alter their photophysical, chemical, and catalytic
properties. In addition, g-CN structure and reactivity can be
designed via careful choice of the precursor building blocks.27 g-
CNs can be synthesized in various morphologies such as sheets
or rods,28,29 with the possibility to control surface area30,31 and
surface electronegativities,32 all by altering the elements ratio
and spatial organization.33−36 Furthermore, g-CN has been
utilized as photoinitiator for polymerization reactions, e.g., of
styrene, methyl methacrylate, and butyl acrylate. Nevertheless,
tertiary amines were introduced as co-initiators.37,38 Another
recent work used g-CNs as photoinitiator to create polymer/g-
CN composites by a continuous aerosol method.39 Therefore,
spherical mesoporous carbon nitride was used in photo-
polymerization of butyl acrylate using N-methyldiethanolamine
as a co-initiator, while g-CN acts as initiator and filler. Since
most of the reinforcing tectons reported in the literature for
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hydrogels carry negative charges, the utilization of highly
negatively charged, layered g-CN as reinforcer and initiator
might provide tough hydrogels. Furthermore, the tunable
properties of g-CN provide opportunity to generate hydrogels
with vast functional properties, depending on the utilized g-CN
photoinitiator, e.g., for photocatalytic applications.40

Herein, we report a facile and simple one-step procedure to
prepare g-CN based hydrogels with very high mechanical
strength compared to a reference hydrogel. Our results show
that the sheet-like g-CN functions indeed as both the
photoinitiator and reinforcing agent. We carefully studied the
relation between the g-CN composition, surface charges, and
chemical properties to the hydrogel formation and final
mechanical strength. Moreover, the effect of g-CN incorpo-
ration on the swelling properties and the effect of pH on the
mechanical properties were probed.

■ EXPERIMENTAL METHODS
Detailed information on the materials used and synthesis methods are
given in the Supporting Information. Different types of graphitic
carbon (g-CN) nitrides were synthesized from different monomers,
such as cyanuric acid−melamine (CM), cyanuric acid−melamine−
barbituric acid (CMB 0.1 and CMB 0.25), and cyanuric acid−2,4-
diamino-6-phenyl-1,3,5-triazine (CMp), and from crystalline urea (u-
CN) with proper heating conditions under a N2-protected
atmosphere.41−44

Preparation of g-CN Derived N,N-Dimethylacrylamide
(DMA) Hydrogels. Inspired from the literature by Aida and co-
workers,45 9.2 g of distilled water and 60 mg of related g-CN (CM,
CMB 0.1, CMB 0.25, CMp or u-CN) were mixed in a vial. The
mixture was ultrasonicated at 50 amplitude for 10 min (2 min
portions, 5 times) to yield a dispersion. After the dispersion was
transferred into a 20 mL glass vial, 0.8 g of DMA and 0.06 g of N,N′-
methylenebis(acrylamide) (MBA) were added. Nitrogen was flushed
through the system for 3 min, and the vial was capped. The mixture
was put between two 50 W LED daylight sources (20 cm distance
between light sources) to initiate gelation via uniform irradiation. After
gelation was completed, which occurs in different amount of times
depending on the g-CN type used, the gel was removed from the vial

and put into 40 mL of distilled water for purification for 2 days by
changing the water daily.

Preparation of G-CN Derived Poly(ethylene glycol) Methyl
Ether Methacrylate (PEGMEMA) Hydrogels. Inspired from the
literature by Aida and co-workers,45 9.2 g of distilled water and 60 mg
of related g-CN (CM, CMB 0.1, CMB 0.25, CMp, or u-CN) are mixed
in a vial. The mixture is ultrasonicated at 50 amplitude for 10 min (2
min portions, 5 times) to yield a dispersion. After the dispersion was
transferred into a 20 mL glass vial, 0.8 g of poly(ethylene glycol)
methyl ether methacrylate 300 (PEGMEMA) and 0.06 g of
poly(ethylene glycol) dimethacrylate 750 (PEGDMA) were added.
Nitrogen was flushed through the system for 3 min, and the vial was
capped. The mixture was put between two 50 W LED daylight sources
(20 cm distance between light sources) to initiate gelation via uniform
irradiation. After gelation was completed, which occurs in different
amount of times depending on the g-CN type used, the gel was
removed from the vial and put into 40 mL of distilled water for
purification for 2 days by changing the water daily.

Characterization. Zeta potential measurements of colloidal
suspensions of g-CN were performed with a Zetasizer Nano ZS90
from Malvern. X-ray diffraction (XRD) patterns were obtained using
Bruker D8 Advance X-ray diffractometer via Cu Kα radiation.
Scanning electron microscopy (SEM) was performed using JSM-
7500F (JEOL) equipped with an Oxford Instruments X-MAX 80 mm2

detector for the determination of the morphology of g-CN samples.
Fourier transform infrared (FT-IR) spectra were taken on Nicolet iS 5
FT-IR spectrometer. Solid state ultraviolet−visible (UV−vis) spec-
troscopy was recorded via a Cary 500 Scan spectrophotometer
equipped with an integrating sphere. Porosimetry was performed using
Quantachrome Quadrasorb instrument with N2 gas after g-CN
samples were degassed at 100 °C overnight. Surface areas of the g-
CN samples were estimated via the Brunauer−Emmett−Teller (BET)
method. Elemental analysis of the samples was recorded via a Vario
Micro device. Cryogenic scanning electron microscopy (Cryo-SEM) of
the hydrogel samples were taken by using Jeol JSM 7500 F and the
cryo-chamber from Gatan (Alto 2500). Swelling and rheological
analysis of hydrogel samples was performed as follows. To obtain the
swelling ratios of hydrogel samples manually 100 mg (Wd) of freeze-
dried hydrogel sample was put into a flask which contains 5 mL of
distilled water and left to stand for 24 h. Swollen hydrogels are
weighed (Ws) and swelling ratio is calculated by using the formula

=
−

×
W W

W
swelling ratio 100%s d

d

To obtain the swelling graphs of the samples, 30 mg of freeze-dried
hydrogel samples was weighed into a porous metal cell and put into
custom-made instrument based on Sartorius Practum 5101-1S balance
with an USB interface for direct data transfer.46 A pressure lever of the
instrument was put inside the cell, and defined pressure (3 g on scale)
was applied. After the system was settled for about 5 min, 3 mL of
distilled water was put into the cell, and the measurement was
performed for 24 h. For rheological investigations, purified and
swollen hydrogels were cut into small disc shapes and investigated with
an Anton Parr MCR 301 rheometer equipped with a cone plate 12
(CP-12). Measurements were performed at constant angular
frequency (10 rad/s) with strain range from 0.1 to 100% with 31
measuring points and 0.02 mm gap.

■ RESULTS AND DISCUSSION
In order to investigate the effect of g-CN type on the
mechanical strength of hydrogels, five different types of g-CNs,
with altered morphologies, elements ratio, surface area, and
surface electronegativity, were synthesized (Figure S1). All the
materials were analyzed via scanning electron microscopy
(SEM), solid state ultraviolet visible spectroscopy (UV−vis), X-
ray diffraction (XRD), and Fourier transform infrared spec-
troscopy (FT-IR) (Figures S2−S9). The g-CNs parameters are
given in Table 1. In the next step, g-CNs were utilized as

Scheme 1. Overview over Hydrogel Formation via Visible
Light Irradiation, Reactants, and Exemplary Pictures of
Resulting Hydrogels
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initiators for hydrogel formation and parameters against
gelation time are plotted in Figure 1.

At first g-CN was dispersed in water. Subsequently,
monomer and cross-linker were added to the dispersion and
nitrogen was flushed through the system. The gel formation
was initiated by illuminating the mixture with two 50 W white
LED until gelation was achieved. g-CN is a photoactive material
under visible light irradiation, and 0.6 wt % g-CN content is
sufficient to accomplish the gelation, while the total solid
content including monomer and cross-linker is 11 wt %. This
underlines the nanoscopic dispersion of the g-CN, as the
average distance between sheets has to be bridged by a polymer
to create a gel. For comparison, a reference hydrogel was
prepared utilizing hydrogen peroxide−potassium peroxodisul-
fate (KPS) redox couple initiation. From Table 1 and Figure 1
it can be concluded that the gelation times decrease with

increased surface area. Nevertheless, not only the surface area
affects the gelation rate. As seen from Table 2 and Figure 1, u-

CN has lower surface area than CMB 0.1, yet much faster
gelation is observed. To explain this phenomenon, other values
have to be compared as well, and it seems that a better
dispersion and photoactivity46 and lower C:N ratio also lead to
improved gelation.
From a mechanistic point of view the main question is the

role of g-CN in the system. First, we investigated whether the
polymerization reaction is driven by the formation of radicals.
The radical scavenger hydroquinone was added to the reaction
medium, and complete inhibition of gelation was observed. We
assume that the radicals are formed on the g-CN surface upon
phototreatment. Furthermore, in the case of the presence of
oxygen, an ∼3 fold longer gelation time was observed, which is

Table 1. Properties of g-CNs and Gelation Times

g-CN type
BET surface
areaa (m2/g)

surface zeta
potential (mV)

C:N
ratiob

gelation
time (h)

CM 108.0 −38.5 0.6025 1
u-CN 63.6 −40.9 0.5920 1.5
CMB 0.1 80.3 −28.3 0.6652 4.5
CMB 0.25 27.6 −26.7 0.6746 8
CMp 34.7 −24.1 0.9146 8

aObtained via porosimetry and the BET method. bObtained by
elemental analysis.

Figure 1. Parameters of g-CN against gelation time (a−c) and solid state UV−vis spectra of reference DMA hydrogel compared with u-CN derived
DMA hydrogel and native u-CN (d).

Table 2. Comparison of g-CN Properties with Reaction
Time and Storage Moduli of Resulting Hydrogels at
Different Strain

g-CN type
BET surface
area (m2/g)

zeta
potential
(mV)

gelation
time (h)

G′ at 0.1%
strain (Pa)

G′ at 50%
strain
(Pa)

reference 1 227 188
CM 108.0 −38.5 1 6040 4140
u-CN 63.6 −40.9 1.5 8320 4270
CMB 0.1 80.3 −28.3 4.5 4500 3190
CMB 0.25 27.6 −26.7 8 4120 3080
CMp 34.7 −24.1 8 5110 4020
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due to the photoreaction of the catalyst with oxygen that
thereby acts as an inhibitor and/or transfer agent for the
polymerization. Another important question is how g-CN is
integrated into the hydrogels. Previous reports regarding the
utilization of g-CN as catalyst in photopolymerization and
controlled atom transfer radical polymerization (ATRP) stated
that g-CN remains unchanged as utilization of co-initiator led
to radical transfer from g-CN to the co-initiator and thus
initiation in solution.37,38 The co-initiators used so far were
basic amines, where the nitrogen atom was responsible of
reacting with the radical formed on the g-CN surface. To prove
the direct participation of g-CN in the hydrogelation, the
system was altered to exclude molecules with nitrogen atoms.
Thus, monomer and cross-linker were changed to PEGMEMA
and PEGDMA (Scheme S2). Indeed the nitrogen free system
also yielded hydrogels, indicating that initiation of the
polymerization for hydrogel formation can happen at the g-
CN surface directly without necessity of any soluble co-
initiator. SEM, XRD, and FT-IR results of the purified non-
nitrogen-containing hydrogels can be found in Figures S10−
S16. FT-IR of the PEGMEMA derived hydrogels (Figure S16)
shows peaks originating from g-CN around 1600 cm−1, which is
an indication of g-CN incorporation into the gels.
The stable incorporation of g-CN into the hydrogel is

another indication that the reaction initiates on the g-CN
surface. As seen via solid UV−vis spectroscopy in Figure 1d, the
reference DMA gel absorbs light between 260 and 400 nm. The
g-CN derived hydrogel u-CN shows strong absorption in a
similar range as the respective g-CN powder. Furthermore, the
other g-CN derived hydrogels show the same resemblance
between the powders and corresponding hydrogels in the UV−
vis spectra (Figure S17). Imaging via cryo-SEM for reference
and g-CN derived DMA hydrogels (Figures S18−S23) shows
the microscopic structure of hydrogel networks. Cryo-SEM
imaging of the reference hydrogel (Figure S18) shows the
porous structure and smooth surface. In the cases of g-CN
derived hydrogels (Figures S19−S23) porous structures are
observable as well. Moreover, particles are present at the pore
walls that might be attributed to g-CN particles.
Radicals can be generated on the surface of the g-CN which

also acts as anchoring points for the monomer. Ideally, chain
growth starts from surface of g-CN particle and ends at the
surface of another g-CN particle (or by recombination with
another surface generated polymer chain); this provides
increased cross-linking density throughout the network. By
those mechanisms, g-CN acts as a colloidal cross-linker as well.
In order to investigate the relative effect of g-CN as a cross-
linking unit, gelation was performed without the addition of
molecular cross-linker MBA in the presence of CM. After 5 h, a
softer but insoluble material was obtained, which appeared to
be a hydrogel. Rheology measurements show that it has a more
viscoelastic character, as shown in Figure S24. Moreover, u-CN
was utilized to assess the effect of CN concentration on the
gelation behavior. Therefore, two additional blank experiments
were performed utilizing u-CN (0.8 and 0.5 wt %) with DMA
(25 wt %), yet without MBA addition. Gelation took place in
3 h, and rather strong hydrogels were obtained. Rheology
results show that hydrogels with high G′ values were obtained,
i.e., 7500 Pa for 0.5 wt % u-CN incorporation and 4000 Pa 0.8
wt % u-CN incorporation at 0.1% strain (Figures S25 and S26).
The formation of strong hydrogels without external cross-linker
clearly hints toward covalent attachment of polymer chains on
the g-CN. In order to exclude other cross-linking mechanisms,

several control polymerizations were performed; e.g., without
addition of CN or MBA, redox initiation did not lead to
hydrogel formation. Moreover, irradiation of a DMA and MBA
mixture did not form any gel showing that initiator addition is
needed to form hydrogels. Furthermore, no hydrogel was
afforded in the case of redox initiation in the dark with CN
addition but without MBA addition, supporting the fact that
light irradiation is needed to form hydrogels via polymer
attachment to CN.
Since the g-CN initiator is a stiff polymeric filler, it also acts

as a potential reinforcing agent in the hydrogels, providing extra
strength. Interestingly, the mechanical properties of the
hydrogels are directly related to the g-CN concentration. In
general, g-CN derived hydrogels show much higher storage
modulus (G′), around 40 times, and loss moduli (G″)
compared to the reference hydrogel (Figure 2, Figures S27−
S32). In spite of the relative low concentration of filler particles,
this increase is remarkable and underlines an altered cross-
linking topology.

While the reference DMA hydrogel has G′ values around
240 Pa, g-CN reinforced hydrogels have G′ values in a range of
3800−8300 Pa. Storage moduli can be directly related to the
mechanical strength of the hydrogel. The integration of g-CN
into the hydrogel system and the resulting strength are
comparable to the cases in the literature with other anisotropic,
solid initiators (Table S2).45 The significant difference in
hydrogel strength can be explained by the model of rubber
elasticity, quantitatively attributed to an increased number of
mechanically active cross-linking points in the hydrogels. By the
incorporation of the solid nanofillers, also a better distribution
of stress in the network is possible that may be one of the
reasons for increased stability even under extreme deformations
(no gel fracture).47,48 In addition, repulsion of negatively
charged g-CNs in the hydrogel system may add to the higher
moduli as reported by Aida and co-workers in the case of
negatively charged titanate nanosheets in hydrogels.45 Com-
pared to titanate nanosheets, incorporation of g-CN promises
wider optical absorption range and adjustable electronic
character via the variation of g-CN species. Moreover, g-CN
possesses increased negative surface charge than titanate
nanosheets. Comparing the different types of g-CN by the
resulting values of G′, it is obvious that zeta potential has the

Figure 2. Comparison of average storage (G′) and loss modulus (G″)
values of reference and g-CN derived DMA hydrogels at 0.1% strain.
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strongest influence on the mechanical strength compared to
other parameters such as surface area or C/N ratio (Figure 3).

For example, u-CN with the lowest zeta potential has the
highest value of G′ while the second lowest zeta potential
belongs to CM that has the second highest G′ value. In turn,
the hydrogel made from CMp, which has the highest C:N ratio,
medium zeta potential, and low surface area, shows higher
values of G′ than CMB for instance. CMp was chosen also due
to possibility to modify its properties easily. Overall, one can
conclude that g-CN with high negative surface charge leads to
the formation of stronger hydrogels.
The light absorption properties of g-CN hydrogels were also

investigated. A freeze-dried reference hydrogel was put into a g-
CN dispersion and left to swell. Very small change in UV−vis
spectra and no change in rheology were observed, which means
that g-CN can hardly infiltrate the hydrogel once the hydrogel
is formed. Formation of u-CN embedded hydrogel via redox
initiation in the dark leads to hydrogels with G′ around 3000 Pa
at 0.1% strain. Thus, u-CN is incorporated even without any
photoinitiation, however creating a weaker gel due to dangling
chains. Compared to the reference gel without g-CN addition,
already this mode of incorporation results in a significantly
improved mechanical strength. Nevertheless, g-CN initiation
and thus introduction of additional topological cross-links via g-
CN further enhance the mechanical strength significantly.
The effect of g-CN incorporation can be nicely observed via

strain-dependent rheological measurements. For the reference
DMA hydrogel without g-CN incorporation a slight decrease of
G′ with increasing strain is observed (from 227 Pa at 0.1%
strain to 174 Pa for 100% strain), which is the common shear
thinning effect observed for polymer samples (Figure 4a).
Addition of g-CN without covalent incorporation into the gel
structure leads to an increase in the storage moduli (G′)
compared to reference hydrogel and a more significant strain
dependence of the modulus (from 2865 Pa at 0.1% strain to
1042 Pa for 100% strain for u-CN derived hydrogel). In
addition to the shear thinning effect of the polymer network
itself, the embedded g-CN sheets cause significant shear
thinning due to alignment of the g-CN sheets upon shear
stress (Figure 4b). The strain-dependent decrease of G′ is well-
known for hydrogels that include inorganic support as in the

hydrogel two different networks are formed, a soft polymeric
and a rigid inorganic network from sheet−sheet contacts.49

Furthermore, yield stress is observed as the system does not
return to the initial value of G′ at 0.1% strain. The yield stress
stems from the required energy to align the g-CN sheets in the
hydrogel when stress is applied. More importantly, the covalent
incorporation of g-CN increases the mechanical strength

Figure 3. Surface zeta potentials of g-CN types against storage moduli
(G′) values of hydrogels derived from g-CNs at 0.1% strain.

Figure 4. Comparison of storage (G′, black and orange) and loss
modulus (G″, red and green) values of reference (a), u-CN embedded
without covalent bonding (b), and u-CN derived (c) DMA hydrogels
against strain, back (open) and forth (filled) process.
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further. Moreover, a significant shear thinning effect is observed
(from 8320 Pa at 0.1% strain to 3060 Pa for 100% strain),
which can be explained by the alignment of g-CN sheets with
the application of strain stress. In addition, the yield stress
coupled with the shear thinning effect can be observed by the
nonfully reversible dependency of G′ with strain, which is a
typical effect for reinforced hydrogels (Figure 4c).
XRD profiles and FT-IR results of g-CN derived hydrogels

show the related peaks both from DMA polymeric network and
from g-CN (Figures S33 and S34). G-CNs have dominant
peaks between 1630 and 1250 cm−1 due to CN and C−N
stretching. These peaks are also observable in hydrogel samples.
Moreover, the strong peak around 1700 cm−1 can be attributed
to the carbonyl group stretching of DMA. Because of the high
water content of hydrogels, observation of order from XRD
profiles is challenging. Such porosity causes a huge peak
formation between 15° and 25° 2Θ, which is observable for all
of the samples. However, highly crystalline g-CN as CMp still
leads to signals at 28° 2Θ in the XRD profiles from hydrogels.
Swelling is one of the most important properties of

hydrogels. Addition of solid structures like g-CN is expected
to decrease the swelling ratio of hydrogel since the number of
cross-linking points increases. Figure 5 shows the swelling
behavior of freeze-dried hydrogel samples in the custom-made
setup and the swelling ratios calculated by the mass change of
swollen and dry hydrogel.
Obviously, the reference gel demonstrates much higher

swelling compared to g-CN derived hydrogels. For the
reference gel swelling by a factor of 2 is observed, while for
the g-CN derived swelling factors of around 1.2−1.7 as
compared to the state of synthesis are observed. The swelling
behavior is again in-line with the expectation for reinforced
hydrogels as the presence of g-CN leads to additional covalent
cross-linking points and tectonic sheet−sheet contacts that lead
to decreased swelling properties.
Since g-CNs entail a surface charge, swelling was also

performed in acidic/basic media, but no significant change was
observed, which proves that the swelling property is mainly
controlled by the cross-linking density and less by colloidal
interactions (Figures S35 and S36).
Moreover, pH of the swelling medium should affect the

mechanical strength. In order to investigate the effect of pH
onto mechanical strength, freeze-dried u-CN derived DMA
hydrogels were left to swell in basic (0.5 M) and acidic (0.5 M)
medium. Storage moduli values of u-CN derived DMA
hydrogels swollen in different media at 1% strain are given in
Figure S37. Rheology results (Figure 6a,b) show a relation
between pH of the swelling medium and strength of hydrogels
which makes hydrogels pH dependent.
The initial G′ value for pure water swollen u-CN derived

DMA hydrogel drops from 8300 to 3000 Pa when it is swollen
in acidic medium (Figure 6a), yet it decreases only in minor
amount with increased strain. Apparently, the amount of
protons in the gel networks can change the order of the surface
zeta potential of g-CN, which causes a significant decrease in
the mechanical strength. On a microscopic level the effect can
be explained via screening of negative charges at the edges of g-
CN and weakened sheet−sheet interactions constituting the
stacked-card house structure. Correspondingly, the gels show a
weak sheer thinning effect and less strength. However, swelling
in basic medium leads to an increase in mechanical properties
(Figure 6b), showing a strong dependence on the strain. The
decrease of G′ at high strain becomes significant (around 2500

Pa), and the back process loses a significant amount of strength.
In contrast to acid treatment, addition of base leads to further
deprotonation of the charges at the edges of g-CN. Therefore,
sheet−sheet interactions are expressed stronger. Thus, indeed a
significant shear thinning effect and increased strength at 0.1%
strain are observed. Overall, the g-CN derived hydrogels show
pH dependency due to the incorporation of charged g-CN
moieties. The relationship between surface area, zeta potential,
gelation time, g-CN type, and G′ values at different strain can
be found in Table 2.
As discussed above, the utilization of g-CN as photoinitiator

and reinforcer yields strong hydrogels. Connection of
polymeric network to g-CN layer causes improved distribution
of stress throughout the hydrogel network. Results are
comparable with reinforced hydrogels in the literature, such
as 2000 Pa for 0.8 wt % titanate nanosheets reinforced
hydrogels45 and 8300 Pa for 0.6 wt % u-CN derived hydrogels
(Table S2). The strength of the hydrogels seems to be
governed most significantly by surface electronegativity of g-
CN, probably due to repulsion of layers upon compression.
Covalent incorporation of g-CN as a cross-linker yields
stronger materials than physically dispersed g-CN in the
hydrogel. Providing random anchoring points decreases the
swelling properties of hydrogels but not significantly. Since g-
CN is highly charged, g-CN derived DMA hydrogels are pH
dependent due to interactions of ions with the surface of g-CN.

Figure 5. Swelling behavior (a) and swelling ratios at equilibrium of
hydrogel samples with a white dashed line at 900% referring to the as
synthesized state (b).
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Therefore, g-CN surface charges are screened that lead to less
g-CN sheet−sheet interactions and a decreased reinforcement.

■ CONCLUSION
In the present contribution g-CN was utilized as photoinitiator
for hydrogel formation that can significantly increase the
mechanical strength of the obtained hydrogels (up to 8300 Pa
with 0.6 wt % g-CN content and 11 wt % solid content in
total). The g-CN reacts as initiator and reinforcing agent in the
one pot, photoinduced hydrogelation process. Utilization of
visible light for the gelation makes reaction conditions mild and
convenient. Mechanical strength of g-CN derived hydrogels
was found to be directly related to the surface zeta potential
values of g-CNs. Covalent incorporation of g-CN in the
hydrogel was found to be significant for the advanced
mechanical properties, as blending hydrogels with g-CN in a
noncovalent way led to a significant decrease of the mechanical
strength. Moreover, swelling properties of hydrogels do not
change in acidic or basic media, but pH has significant effect on
the mechanical properties. The latter accentuates that the g-CN
is acting as a cross-linker. We believe that this work opens the
possibility to utilize g-CN based hydrogels with tunable
mechanical properties for a number of advanced applications,
e.g., via instrumentation of their photocatalytic properties.
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Tough high modulus hydrogels derived from
carbon-nitride via an ethylene glycol co-solvent
route†

Baris Kumru,a Valerio Molinari,a Menny Shalom, *ab Markus Antoniettia and
Bernhard V. K. J. Schmidt *a

High concentration formulations of graphitic carbon nitride (g-CN) are utilized as photoinitiator and

reinforcer for hydrogels. In order to integrate significant amounts of g-CN, ethylene glycol (EG) is

employed as a co-solvent for the gel formation, which enables stable dispersion of up to 4 wt% g-CN.

Afterwards, EG can be removed easily via solvent exchange to afford pure hydrogels. The diverse gels

possess remarkably high storage moduli (up to 650 kPa for gels and 720 kPa for hydrogels) and

compression moduli (up to 9.45 MPa for 4 wt% g-CN EG gel and 3.45 MPa for 4 wt% g-CN hydrogel).

Full recovery without energy loss is observed for at least 20 cycles. Moreover, gel formation can be

performed in a spatially controlled way utilizing photomasks with desired shapes. Therefore, the

suggested method enables formation of hybrid gels by optical lithography with outstanding mechanical

properties very similar to natural cartilage and tendon, and opens up opportunities for future

applications in photocatalysis, additive manufacturing of biomedical implants and coating materials.

Introduction

Hydrogels belong to the most studied polymeric materials,
which is mainly due to their ability to be composed of
significant amounts of water.1 Hydrogels comprise a soft net-
work structure with high flexibility when they incorporate high
amounts of water, but to mimic natural tissues,2 e.g. tendons
and cartilages,3 significant compressive strength beyond the
abilities of a simple hydrogel is needed. Materials with high
water content but at the same time similar performance as their
biological originals could be applied in tissue replacement and
repair.4,5 In addition, various other applications for hydrogels
are discussed, e.g. as drug delivery agents,6,7 actuators,8 and
smart materials with self-healing or shape memory properties.9,10

As already stated, typical hydrogels feature insufficient mechanical
strength due to poor distribution of applied stress throughout
the polymer network. Therefore, improvement of mechanical
properties of hydrogels, mainly through hybrid formation has
been a significant interest in recent years.9,11 Especially addi-
tion of fiber-like or plate-like reinforcement agents is a way to

enhance mechanical strength via a more equal distribution of
the applied stress through the network. At the same time,
addition of the reinforcing agent increases the crosslinking
density resulting in stronger interactions. Common approaches
for improvement of hydrogels mechanical properties utilize
double network systems,12–14 nanofibers,15 tetra armed-PEG
crosslinked systems,16,17 3D printing,18 slide-ring gels,19,20

and introduction of charged supports.11,21,22 Double network
systems are one of the first examples of reinforced hydrogels
that consist of a tightly crosslinked first network and a loosely
crosslinked secondary network.12 In such a way good compressive
strength could be obtained while keeping a low fatigue resistance
at the same time. Nanostructures reinforcing particles provide
increased stress dissipation through reinforcer layers, some-
times additionally assisted by charge–charge repulsion between
the single sheets.23 A well-known example is the incorporation
of clay that bases on a combination of ionic interaction and
hydrogen bonding with polymeric chains, which act as addi-
tional crosslinking points.24 Recently, Aida and coworkers
presented negatively charged titanate nanosheets as reinforcer
and initiator incorporating inorganic structures into the
polymeric network.25 Moreover, gelation was performed under
magnetic field to provide anisotropic microstructures. In a
similar approach, we utilized graphitic carbon nitride (g-CN)
as reinforcer and polymerization initiator to generate photo-
active26 and strong hydrogels with storage moduli up to 8 kPa at
0.6 wt% reinforcer incorporation.27
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g-CN is a highly functional 2D material composed of a
polymeric structure via repeating tri-s-triazine units.28,29 Due
to convenient synthesis from low-cost precursors, good light
absorption and tunable properties, g-CN qualifies as a promis-
ing (photo)catalytic material.30 Importantly, g-CN properties,
namely surface area, surface electronegativity, surface function-
alities and band-gap can be tailored by changing the C/N ratio
in the final materials31 via covalent grafting of allyl compounds
for enhanced dispersibility32 or via non-covalent modification.33

Therefore, several prospective applications of g-CNs are discussed,
e.g. photochemical water splitting,34,35 CO2 reduction,36,37 organic
coupling reactions,38,39 and very recently emulsion stabilization.40

More close to the present subject, g-CN was utilized in the
formation of polymeric materials, i.e. as initiator for free radical
and controlled photopolymerization reactions41,42 as well as in the
formation of polymer/g-CN composites via continuous aerosol
method under visible light irradiation.43 In such a way, monomers
like styrene, methyl methacrylate and butyl acrylate were polymer-
ized. Recently, temperature sensitive hydrogels were formed via
g-CN initiated photopolymerization employing exfoliated g-CN
sheets (0.03 wt%) and N-isopropylacrylamide (NIPAM).44 Assembly
of g-CN particles with CO2 as trigger yields reversible hydrogel
formation which can be used as dye absorbent.45 Moreover,
reversible hydrogel formation via interaction of g-CN layers and
ionic liquids was described.46 Very recently, g-CN was used in the
supramolecular hydrogel formation via peptide self-assembly
through non-covalent interactions.47 In our earlier report, rein-
forced hydrogels were formed via g-CN with 0.6 wt% loading.27

In there, mechanical properties of hydrogels were related to the
properties of incorporated g-CN. The strength of hydrogel was
found to be correlated with the surface charges of g-CN due to the
repulsion between the layers upon applied stress. Nevertheless, the
effect of g-CN on the mechanical strength was limited in the past
due to restricted dispersibility of g-CN in water that arises from
strong p–p interactions.48 On the other hand, it can be expected
that increased g-CN content in hydrogel systems will yield signifi-
cantly stronger materials, which may be applied as rather stiff
aquamaterials that act as photoinitiator and photocatalysts at the
same time.

Herein, a strategy to improve the mechanical properties of
g-CN based hydrogels by the incorporation of a significantly
enhanced g-CN content is presented. The high amount of
incorporated g-CN in the system is accomplished via an

approach using ethylene glycol (EG) as co-solvent, which enhances
the dispersibility of g-CN in the reaction medium significantly.
One pot visible light induced gelation of the mixture is applied
to yield tough EG hybrid gels via photopolymerization of
N,N-dimethylacrylamide (DMA) and N,N-methylenebisacrylamide
(MBA) (Scheme 1). The EG additive can be removed via washing
with deionized water to yield pure hydrogels. Both gel types, EG
hybrid and hydrogels, are characterized regarding their mechanical
properties (rheology and compression) and swelling behavior.
Moreover, gels can be formed in soaked tissues and under spatial
control. Thus, photo patterned structures can be obtained via
utilization of photomasks.

Experimental part
Materials

Al2O3 basic (Sigma Aldrich), ascorbic acid (AscA, 99%, Sigma
Aldrich), cyanuric acid (98%, Sigma Aldrich), ethylene glycol
(EG, 99%, Fluka), hydrogen peroxide (30% in water, Sigma Aldrich),
melamine (99%, Sigma Aldrich), N,N-methylenebisacrylamide
(MBA, 99%, Sigma Aldrich), Pluronic F127 (Sigma Aldrich), Triton
X 305 solution (70 wt% in water, Sigma Aldrich) were used as
received. N,N-Dimethylacrylamide (DMA, 99%, TCI) was passed
through basic alumina column prior to use. Tissue paper samples
were cut from Kimtech Science brand tissue paper. 50 W LED chips
(Foxpic High Power 50 W LED Chip Bulb Light DIY White 3800LM
6500 K) were connected to a self-made circuit and cooling system.
g-CN was prepared by using cyanuric acid–melamine complex as
precursor according to the literature.49

Exemplary synthesis of g-CN derived DMA gels with EG
(2 wt% g-CN). 4.5 g deionized water, 4.5 g EG and 200 mg of
g-CN (2 wt%) were mixed in a plastic centrifuge tube. The
mixture was ultrasonicated at 50% amplitude for 40 minutes
(2 minute portions, 20 times) to yield a dispersion. Subsequently,
the dispersion was transferred into a 20 mL glass vial, 0.8 g DMA
(8 wt%) and 0.06 g MBA (0.06 wt%) were added. Nitrogen was
flushed through the system for 3 minutes and the vial was capped.
The mixture was put between two 50 W LED daylight sources
(20 cm apart from each other) to initiate gelation. Gelation was
completed in 30 minutes, the gel was removed from the vial and
put into 40 mL deionized water for 2 hours for purification.

Scheme 1 Overview for EG gel formation via visible light irradiation and washing of hybrid gel network to obtain pure hydrogels (DMA: N,N-
dimethylacrylamide; MBA: N,N-methylenebisacrylamide; EG: ethylene glycol).
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Removal of EG from EG gel samples. All EG gel samples
with different g-CN concentrations were immersed in 100 mL
deionized water. The gels were kept in the water for 4 days and
the water was exchanged 3 times a day.

Freeze drying of hydrogel samples. After standing in
distilled water for 4 days; the hydrogels were cut into smaller
pieces, transferred into a flask and dried by pump thaw cycles
until the moisture droplets on the flask were not visible
anymore. In this frozen form, they were immediately put into
Lyotech GT 2E freeze dryer overnight. Resulting products are
rubber-like EG gels or brittle hydrogels which retain their pores
on the microscopic level.

Characterization

Zeta potential measurement of colloidal suspension of g-CN
was performed with a Zetasizer Nano ZS90 from Malvern. X-Ray
diffraction (XRD) patterns were obtained using Bruker D8
Advance X-ray diffractometer via Cu-Ka radiation. Scanning elec-
tron microscopy (SEM) was performed using JSM-7500F (JEOL)
equipped with an Oxford Instruments X-MAX 80 mm2 detector for
the determination of the morphology of g-CN. Fourier transform
infrared (FT-IR) spectra were taken on Nicolet iS 5 FT-IR spectro-
meter. Solid state ultraviolet-visible (UV-vis) spectroscopy was
recorded via a Cary 500 Scan spectrophotometer equipped with
an integrating sphere. Porosimetry was performed using Quanta-
chrome Quadrasorb instrument with N2 gas after g-CN samples
were degassed at 100 1C overnight. Surface area of the g-CN was
estimated via the Brunauer–Emmett–Teller (BET) method. Thermo-
gravimetric analysis (TGA) was performed via TG 209 Libra from
Netzsch in nitrogen atmosphere with a heating rate 10 K min�1

using aluminum crucible for samples. Remaining EG incorpora-
tion after freeze drying was calculated from the mass loss between
120–200 1C (in order to exclude water elimination). Ultrasonication
was performed via an ultrasonicator at 50% amplitude (Branson
D450). Elemental analysis of g-CN was recorded via a Vario Micro
device. Swelling and rheological analysis of gels and hydrogel
samples was performed as follows. To obtain the swelling ratios
of gels and hydrogel samples manually 100 mg (Wd) freeze dried gel
or hydrogel sample were put into a flask which contains 5 mL
distilled water and left to stand for 24 hours. Swollen gels or
hydrogels are weighed (Ws) and swelling ratio is calculated by using
the formula:

Swelling ratio ¼Ws �Wd

Wd
� 100%

For rheological investigations, purified and swollen hydro-
gels (or EG gels after reaction) were cut into small disc shapes
and investigated with an Anton Parr MCR 301 rheometer
equipped with a cone plate 12 (CP-12). Measurements were
performed at constant angular frequency (10 rad s�1) with strain
range from 0.1–100% with 31 measuring points and 0.02 mm gap.
Frequency dependent measurements were performed at constant
strain (0.1%) with changing frequency in the range of 1–100 rad s�1.
Cyclic rheology was performed immediately after 1st measurement
was completed. The relative error from rheology was estimated
to be 2.5%. Compression measurements were measured on a

Zwick mechanical tester zwickiLine Z2.5 equipped with a
loadcell of 10 N or 1 kN. Measurements were recorded after a
preload of 0.1 N (speed pre-load 40 mm s�1) and the test was
performed at 0.05 mm s�1. The cycling tests were performed
until 6 mm of maximum strain (on specimens of 10 mm in
height) before the stress was removed to restart the cycle
(20 times). Compression modulus was calculated at 10% of strain
before break for every specimen. All the compression measure-
ments were recorded using the software TestXpert II V3.71.

Results and discussion
g-CN properties and dispersibility

In order to conduct photoinitiated gel formation, g-CN was
synthesized according to previous reports utilizing cyanuric
acid-melamine as precursor.49 Synthesized g-CN possesses a
decent negative surface charge and porosity (Table S1 and
Fig. S1, ESI†). As g-CN has low dispersibility in aqueous media,
hydrogels with g-CN incorporation above 0.6 wt% were not
accessible so far.27 Addition of surfactants (1 wt%) yields
seemingly nice dispersions after ultrasonication for 20 minutes,
however sedimentation takes place within 10 minutes for 2 wt%
g-CN in water (Fig. S2, ESI†). In order to increase dispersibility of
g-CN, utilization of a co-solvent in addition to water was investi-
gated. Addition of common water miscible solvents such as
acetone, alcohols and N-methyl-2-pyrrolidone had negative effects
on g-CN dispersibility leading to immediate precipitation. Inter-
estingly, addition of ethylene glycol (EG) to water in a ratio of 1 : 1
w/w significantly increased the dispersibility of g-CN (Fig. S3, ESI†),
while variation in EG : water ratio showed negative effect for the
preparation of dispersions (Fig. S4, ESI†). Utilization of pure
ethylene glycol as dispersion medium for g-CN was reported in
the literature in order to synthesize doped g-CN quantum dots,
where experimental investigations reported that upon ultrasonica-
tion, C–N bond between melem units break and ethylene glycol
acts as radical scavenger, yielding smaller sized particles50 or
recently for the formation of thin g-CN films.51 A similar effect
was reported for hexagonal boron nitride nanosheet dispersions.52

The reason for enhanced dispersibility is two-fold.53 First of all,
polar solvents are effective in exfoliation of carbon nitride sheets
via intercalation in the stacked structure and hydrogen bonding.
Moreover, an efficient exfoliation can be obtained when surface
energy of solvent and carbon nitride are in a similar range, which
is the case for EG. The co-solvent approach allows the preparation
of dispersions with solid contents of g-CN up to 4 wt%. Higher
contents of g-CN led to non-uniform dispersions containing non-
dispersed solid particles after ultrasonication (Fig. S5, ESI†).
Therefore, dispersions containing 2, 3 and 4 wt% g-CN were
prepared via ultrasonication for further studies. To avoid side
reactions, initial dispersions were prepared without monomer and
crosslinker. A visual inspection of the formed dispersion was
performed before and after ultrasonication of mixtures (Fig. S3,
ESI†) showing uniform dispersions that could be utilized for the
photocrosslinking step. The stability of dispersions was confirmed
via no observation of sedimentation of g-CN particles over 4 hours,
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where sedimentation occurs at g-CN concentrations above 4 wt%.
Thus, a maximum of 4 wt% g-CN was added to ensure dispersion
throughout hydrogel formation, which is described in the follow-
ing section.

Photoinitiated gel formation

In the next step, the formed g-CN EG–water dispersions were
used for gel formation (Scheme 1). For that, monomer and
crosslinker were added, nitrogen was flushed through the
mixtures, and polymerization was initiated via illumination
with two 50 W white LED sources. Due to the photoactivity of
g-CN, complete gelations were achieved in less than 1 h.
Compared to the literature26,27 a significantly faster gelation
rate was observed that is attributed to the enhanced amount of
g-CN in the system. Furthermore, a reference DMA EG gel
crosslinked with MBA was synthesized using AscA–H2O2 redox
couple (1 wt%) as a radical initiator. In order to investigate the
mechanical properties, rheology measurements of EG gel
samples were performed (Table 1, Fig. 1 and Fig. S6, ESI†),
e.g. 4% g-CN EG hybrid gel has a remarkable G0 value of 645 �
1.6 kPa at 0.1% strain. In the presence of g-CN, gels show
significantly increased G0 values due to the reinforcement effect
from g-CN when compared to the reference gel (Fig. S7, ESI†).
Very typical for such systems, increasing amounts of g-CN
improve the G0 values at low strain but cause more significant
shear thinning at high strains. Frequency dependent rheology
measurements in the presence of EG did not show significant
change in the region between 0–10 rad s�1, (Fig. S6, ESI†),
as well as 4% g-CN EG gel and 4% g-CN hydrogel between
1–100 rad s�1 (Fig. 1c).

As discussed previously,27 the utilization of g-CN as initiator
leads to the formation of radicals on its surface and chain
growth starts from g-CN surface. Hence, g-CN acts as colloidal
crosslinker in the system. In order to study the effect in the
co-solvent approach, polymerization was performed for 2%
g-CN EG gel system without external crosslinker (MBA) addi-
tion. After 4 hours, a highly viscoelastic liquid that has gel
character as shown via rheology was obtained (Fig. S8, ESI†).
For this system G0 value of 2.0 � 0.005 kPa and G00 values of
0.5 � 0.001 kPa at 0.1% strain were obtained, suggesting that in
the presence of EG, g-CN also acts as crosslinker and yields
relatively strong gels compared with non-g-CN based reference
gel even without addition of a small molecule crosslinker. To
confirm the statement, control reactions were performed. Gel
formation does not take place in the presence of redox initiator
and g-CN in dark but without MBA. This clearly indicates the

necessity of light irradiation to form gels via attachment of
polymeric chains to g-CN. Moreover, redox couple initiation
without MBA addition does not yield crosslinked systems, in a
similar way as irradiation of just monomer and crosslinker
without radical source does not yield a hydrogel. The addition
of radical scavengers such as hydroquinone completely inhibits
gel formation, which points to the radical mechanism of gel
formation. The effect of covalent bonding on reinforcement
was investigated via performing gelation reactions with related
g-CN amounts with redox initiators in dark. Therefore, g-CN
remains as unreacted particles buried in the gel network.
Dramatic decrease in G0 values for all concentrations were
observed, up to 98% (Fig. S9, ESI†). Clearly covalent reinforce-
ment plays an important role to yield strong hydrogels. Reach-
ing higher g-CN concentrations and performing gelation with
non-dispersed particles significantly decreases G0 value of gel
compared to dispersed systems, which is an important indica-
tion for the importance of dispersed particles on reinforcement
(Fig. S10, ESI†).

The removal of EG from hybrid gels was performed via
solvent exchange as previously reported for other solvents.54

Hybrid gels were washed with water via immersion and fre-
quent solvent exchange, which yields swollen hydrogels in a
convenient way. No particles were observed in solution during
washing process which hints to a covalent bonding of g-CN and
polymeric network. The solvent exchange was monitored via
FT-IR measurements of freeze-dried samples after various
periods of time. Rheology measurements of hydrogels without
EG were performed (Fig. S11, ESI†) to assess the effect of EG
incorporation on mechanical properties (Table 1). Storage
moduli similar to EG gels were obtained, e.g. 4% g-CN hydrogel
has a G0 value of 729� 1.8 kPa at 0.1% strain. Again, significant
shear thinning behavior was evident as G0 values decrease in all
samples as strain increases. In any case, the reference DMA
hydrogel possesses significantly lower G0 values of 0.3 kPa at
any strain compared with the g-CN reinforced hydrogels. Redox
initiated g-CN hydrogels possess much lower G0 and G00 values
at any strain, by showing an increase in G0 values with
increased g-CN concentration (Fig. S12, ESI†). Therefore,
strength of hydrogel also depends on the incorporated g-CN
amount itself. Overall, covalent incorporation of g-CN in hydro-
gels provides increased mechanical strength due to reinforcing
effect of g-CN, which can be attributed to increased number of
mechanically active crosslinking points and an increased repul-
sion between g-CN layers upon compression. To the best of our
knowledge the obtained G0 values by incorporation of g-CN

Table 1 Overview of the storage moduli (G0) and loss moduli (G00) values of g-CN EG gels and hydrogels at different strain

Sample G0 at 0.1% strain (kPa) G00 at 0.1% strain (kPa) G0 at 20% strain (kPa) G00 at 20% strain (kPa)

2% g-CN-EG gel 96.5 � 0.2 18.1 � 0.05 11.7 � 0.03 9.9 � 0.02
3% g-CN-EG gel 460 � 1.2 75 � 0.19 58.1 � 0.15 41.6 � 0.10
4% g-CN-EG gel 645 � 1.6 93.7 � 0.23 53.2 � 0.13 45 � 0.11

2% g-CN hydrogel 88.3 � 0.2 20.4 � 0.05 25.8 � 0.06 20.4 � 0.05
3% g-CN hydrogel 430 � 1.1 35.1 � 0.09 78.4 � 0.20 45 � 0.11
4% g-CN hydrogel 729 � 1.8 74.4 � 0.19 70.7 � 0.18 59.7 � 0.15
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belong to the highest for reinforced hydrogels reported up to
date55 (a comparison with G0 values from literature are pre-
sented in Table S2, ESI†).25,27,56–58

Decrease of G0 with increasing strain is a common effect
when inorganic supports are used.59 The hydrogels are
composed of 2 different networks, namely the polymeric net-
work and the inorganic network from sheet–sheet interaction.
Upon increased strain, shear-induced deformation of these
networks occurs and G0 decreases.60 In particular, sheet–sheet
interactions (strong p–p interaction between g-CN sheets due to
aromatic repeating units of g-CN)33 are broken due to the shear
stress, leading to alignment of g-CN sheets with the shear flow.
Thus, shear thinning is observed. At high g-CN concentration
the mechanical properties of the gel increase due to the
enhanced sheet–sheet interaction. At the same time more
pronounced strain dependency of storage and loss moduli are
obtained. The non-linear increase of G0 with increasing g-CN
content might be due to significantly enhanced sheet–sheet
contacts in the gels with higher g-CN amount. Accordingly, the
storage modulus rapidly decreases with strain the most for gels
with the highest amount of g-CN as the interactions of g-CN is

broken due to shear force. In EG hybrid gels, the decrease in
G0 is more significant than for hydrogels. Moreover, lower G0

values were observed for hydrogels compared to EG hybrid gels,
which is due to weakened charge dissociation in EG gels. After
significant increase of strain, the sheet–sheet interaction net-
work is disturbed and a stable network could not be formed
again on the time scale of the back process. A comparison of G0

values for both systems at 0.1% and 10% strain shows that
except for 4% g-CN systems, EG gels possess higher G0 values at
very low strains and hydrogels possess higher G0 values at
higher strains (after around 4% strain) (Fig. S13, ESI†), which
can be explained with the decreased charge dissociation and
sheet–sheet interactions in EG gels that lead to a stronger strain
dependency.

Another property of hydrogels of key importance is compressi-
bility with stress and durability in cyclic compression. Classical
hydrogels as soft polymeric networks often fail upon gentle
compression due to a loss of mobility of the entanglements of
chains and poor distribution of applied stress, and then the
broken system is useless in tissue repair. However, reinforced
hydrogels are expected to dissipate the stress through the

Fig. 1 Comparison of storage (G0, black and orange squares) and loss modulus (G00, red and green circles) of (a) 4% g-CN EG and (b) 4% g-CN hydrogel
against strain, back (open) and forth (filled) process, (c) G0 and G00 values of 4% g-CN EG gel and 4% hydrogel against frequency with constant strain (0.1%)
and (d) images of free standing g-CN derived gels.
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reinforcer more effectively, and increased compression stress can
be usually applied before failure of the crosslinked structure.

g-CN derived hybrid gels and hydrogels show excellent
compression properties (Fig. 2 and Table 2). Especially, EG
hybrid gels show high elongation at break values, e.g. 84% for
2% g-CN EG gel. Moreover, compression tests show that 2%
g-CN EG gel possesses the highest compression modulus (Emod)
of 9.45 MPa compared to the other EG gel samples. In addition,
2% g-CN EG shows the highest strength in the series with an

average fracture stress of 316 kPa. Increased amounts of EG
lead to decreased charge dissipation of g-CN sheets, which
provides more flexibility to the gels.61

As g-CN is covalently bound to the polymer network, no g-CN
particle leakage was observed during the washing process.
Moreover, g-CN particles incorporation in the gels is indicated via
UV-vis spectroscopy as discussed in the next section. Another
indication for covalent binding is the formation of gels without
addition of external crosslinker (MBA). The mechanism of bond

Fig. 2 Compression test results of (a) EG gels and (b) hydrogels and cyclic compression graphs of (c) 2% g-CN EG gel and (d) 2% g-CN hydrogel
for 20 cycles.

Table 2 Overview of compression test results of EG gels and hydrogels

Sample
Strain at which Emod

was calculateda (%)
Average
Emod (MPa)

Average fracture
strain (%)

Average fracture
stress (kPa)

2% g-CN-EG gel 72–73 9.45 � 0.9 84 316 � 57
3% g-CN-EG gel 71–72 7.70 � 0.2 81 199 � 62
4% g-CN-EG gel 64–65 6.45 � 0.9 74 210 � 46

2% g-CN hydrogel 56–57 1.27 � 0.5 67 39 � 21
3% g-CN hydrogel 56–57 3.10 � 0.2 66 83 � 20
4% g-CN hydrogel 58–59 3.55 � 0.7 68 86 � 42

a Emod was calculated at strain values equal to 10% before break of specimen via the slope of the stress–strain curve.
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formation has been investigated recently.32 After removal of EG
from the system, lower compression moduli and fracture strain
values are observed. In contrast to EG gels, the hydrogels show an
improvement in compression modulus as g-CN content increases,
and the 4% g-CN hydrogel is the strongest hydrogel with 3.55 MPa
compression modulus value. Moreover, hydrogels show less
strength as indicted by the average fracture stress of 39 to 86 kPa.
In comparison, EG gels possess much higher fracture stress and
compression modulus values than hydrogels, possibly due to less
charge dissipation of g-CN sheets. Absence of EG also results in
lower flexibility and causes lower strain at fracture values for
hydrogels. Thus, calculation of compression modulus values was
performed at different elongations (Table 2). As several samples
were investigated to obtain the average result for each sample,
compression test results of each sample for EG gels and hydrogels is
given in the ESI† (Fig. S14–S19). A comparison of Emod values of gels
with literature is presented in Table S3 (ESI†).3,13,14,62–64

To investigate the fatigue resistance of EG gels and hydro-
gels, consecutive cyclic compression tests were performed.
Standard force was recorded against true strain, which is the
absolute change in plate distance, with an elongation of 50%. A
total of 20 compression cycles were conducted for each sample
of EG gels and hydrogels. Overall, cyclic compression showed
no significant non-recoverable damages for all hybrid gel and
hydrogel samples (Fig. 2 and Fig. S20–S23, ESI†). Recovery of
the initial strength shows that after compression, alignment of
a non-damaged polymeric network and reinforcer was achieved
successfully leading to the same behavior as the initial synthe-
sized structures. In comparison with hydrogels, EG gels show
higher net force upon compression. Reversible recovery profiles
are important for applicability of covalently bound reinforced
hydrogels as broken crosslinking points cannot be regenerated
after compression. Therefore, it can be concluded that direct
covalent bonds between g-CN and polymeric network are strong
enough to bear compression at elongations of up to 50%.

Moreover, the gels have the capacity to recover their original
structure without any energy loss in the system even after 20
consecutive compression cycles. As summary, tough and
mechanically stable hydrogels could be formed via covalent
reinforcement.

As g-CNs are active under visible light, sunlight is also an
efficient source to initiate gelation. Hence, a vial containing the
polymerization mixture was put outside on a sunny day and
during 1 hour gelation was completed (Fig. S24, ESI†) showing
the facile approach of g-CN initiated gelation.

Swelling and photophysical properties of g-CN derived gels

The swelling ratio defines the capacity of 3D crosslinked
hydrophilic networks for water uptake, which is an important
property of hydrogels. Addition of solid reinforcers, such as
clays and titanates, lead to decreased water uptake in the
system due to hydrophobic interactions.65 Moreover, increasing
number of crosslinks lead to restrictions in the swelling as
lengths of chain segments decrease accordingly, which limits
elongation of the gel. Hence, a challenging aspect for rein-
forced hydrogels is the preservation of the swelling property of
the material, while enhancing mechanical properties at the
same time. In the present case, swelling behavior of gels and
hydrogels were calculated via using the formula given in
experimental section from the masses of dry samples from
freeze-drying and swollen samples after immersing dried sam-
ples in water (Fig. 3).

After the freeze drying process, EG is still present in the gel
network occupying the pores. Quantification via TGA of freeze
dried g-CN EG gel samples indicates that samples contain
around 40 wt% EG after freeze drying (Fig. S25 and Experi-
mental Part, ESI†). Consequently, molecular water uptakes of
EG gel samples with respect to the overall weight are expected
to be lower than for hydrogel samples due to remaining EG
after freeze drying. Thus, swelling ratios of 250 to 150% were

Fig. 3 Swelling ratios at equilibrium in water after 24 hours of (a) EG gels after freeze drying (40% remaining EG) and (b) hydrogels after freeze drying.
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observed for EG gels. In the case of hydrogel samples, higher
swelling ratios are obtained, e.g. 1100% for 2% g-CN hydrogel.
Nevertheless, reference hydrogels show an increased swelling
by a factor of 2 compared to g-CN-derived hydrogels as g-CN
provides increased crosslinking density.

As g-CN has characteristic absorption bands in the UV-vis
range (Fig. S26, ESI†), g-CN derived EG gels and hydrogels
show similar absorption profiles which points towards g-CN
incorporation in the gels as well as unaltered photophysical
properties (Fig. S27, ESI†). FT-IR and XRD methods are also
useful to determine the functional group presence and crystal-
line structures of the samples (Fig. S28 for g-CN, Fig. S29 for
g-CN EG gels and Fig. S30 for g-CN hydrogels, ESI†), e.g. g-CN
shows dominant bands between 1630 and 1250 cm�1 in FT-IR
which are due to CQN and C–N stretching, respectively. In EG
gels and hydrogel samples g-CN characteristic bands are pre-
sent as well as a band around 1700 cm�1 that is due to carbonyl
group stretching of the monomers. Moreover, in EG gel samples
the existence of strong broad bands around 3200 cm�1 are present
due to hydroxyl groups of EG, which are almost absent in hydrogel
samples. Crystalline profile of g-CN possesses a strong peak in
XRD at 271 (Fig. S30b, ESI†), which is clearly observable in EG gel
samples as well. However, after EG removal, a large peak formation
between 15–301 was observed which is due to amplified sheet–
sheet interactions.66 As already mentioned, EG gels have less
dissociated charges, which lead to weakened sheet–sheet inter-
actions. Consequently, sheet–sheet interactions are enhanced after
EG removal.

Spatial control over gel formation

As gelation occurs via visible light, spatially controlled poly-
merization was investigated as well, i.e. photopatterning
(Fig. 4). Illumination of certain parts in the system yields gels
with patterned shapes. To illustrate the concept, the polymer-
ization mixture was poured into a plastic dish, covered with a
patterned mask and irradiated directly from the top while
keeping the temperature of the mixture stable in order to avoid
heat-assisted polymerization. In order to evaluate the approach,
different patterns were used and partial illumination resulted in
desired structures of free standing gels (Fig. 4 and Fig. S31, ESI†).

In a half-illuminated system, the illuminated half forms gel and
the other half remains liquid. Moreover, symbols from deck of
cards were patterned via various masks as presented in Fig. 4 and
Fig. S31 (ESI†). Further investigation regarding photopatterning
was conducted via formation of patterned thin gels on the surface
of glass slides (Fig. 4).

Another feature is photopolymerization around preformed
gels that allows formation of a singular network after a previous
gelation. First, a thick gel was created and put into plastic Petri
dish, where the dish was filled with monomer mixture around
precursor gel network. After gelation was completed, the system
yielded a single gel network which can be seen from the
difference in thickness (Fig. S32, ESI†). Overall, patterning
and formation of single networks after second gelation may
be a hint for future applications in additive manufacturing
technologies.

In order to broaden the scope of gel formation, the gelation
was performed within structure scaffolds with near-medical
application profile. Flexible, thin, porous, but robust structures
like thin lab tissue paper were utilized as a matrix for gel
formation, with the final goal to have a thin sliceable supported
hydrogel, e.g. for wound coverage. Thus, tissue paper was
soaked with the initial EG mixture and treated with visible
light. After 1 hour, the tissue paper was taken and washed with
deionized water continuously for the removal of unreacted
monomers. Finally, a pale yellow tissue was obtained. Under
UV light, it is possible to observe fluorescence on the tissue due
to g-CN incorporation. In contrast a reference sample tissue
remains dark (Fig. S33, ESI†). Such photoactive tissue/hydrogel
hybrids might be a promising material for photocatalytic
applications like artificial photosynthesis or as antimicrobial
surface via photocatalytic generation of biocidal reactive oxygen
species. Moreover, applications as cartilage or tendon replace-
ment are in reach, as the presented novel materials have
compressive moduli in a similar order as mentioned natural
tissues,67,68 e.g. storage moduli of 880 kPa and compression
moduli of 0.08–2.1 MPa for cartilage. In such a way application
as components for intervertebral disc implants are expected,
especially when additive manufacturing methods such as 3D
printing are utilized. Nevertheless, biocompatibility of the

Fig. 4 Spatial control of hybrid gel formation: (a) schematic overview, (b) formation of a self-standing half-circle after rinsing with water, (c) formation of
a self-standing club shape after rinsing with water and (d) photopatterning of stripes on a glass slide after rinsing with water.
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formed hydrogels has to be assessed in order to facilitate
biology or medicine related applications.

Conclusions

This contribution described a procedure how significantly
increased amounts of g-CN nanosheets (up to 4 wt%) could
be stabilized in aqueous monomer mixtures to form hybrid
hydrogels. The g-CN can subsequently be utilized as photo-
initiator and reinforcer for gel formation under visible light in a
one pot process. EG together with water was used as a
co-solvent to enhance dispersibility of g-CN. The EG-containing
hybrid gels could be transformed into hydrogels via simple solvent
exchange. Both types of networks show remarkable storage moduli
(up to 650 kPa for hybrid gels and 720 kPa for hydrogels) and
compression moduli (up to 9.45 MPa for gels and 3.45 MPa for
hydrogels), i.e. are of the order of cartilage or tendon. Cyclic
compression tests of both gels and hydrogels after 20 consecutive
cyclic compressions state recovery of the initial state without
energy loss. Moreover, application of spatially controlled optical
patterning was investigated via simple, home-made photomasks.
The present work is to our opinion an important step in the design
of reinforced hydrogel materials with significant mechanical pro-
perties via a new and facile approach for advanced applications
such as medical coatings, fillers and cartilage or tendon implants,
photocatalytic products, or the synthesis of hydrogels in additive
manufacturing technologies.
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Polymer grafted graphitic carbon nitrides as
precursors for reinforced lubricant hydrogels†

Baris Kumru,a Valerio Molinari,a Markus Hilgart,b Florian Rummel, b

Michael Schäfflerb and Bernhard V. K. J. Schmidt *a,c

Hydrogels constitute an important class of polymeric materials, mainly due to their promising applications

in the biomedical field. Particularly, mechanical properties are a limiting factor for applications, and

reinforcement and improved wear resistance are major directions in current research. In here, graphitic

carbon nitride (g-CN)-based hydrogels are presented. The hydrogels are formed in a two-step procedure.

In the first step, a prepolymer is synthesized that leads to a significantly improved g-CN dispersibility and

stability of g-CN dispersions. Hence, the g-CN content in the final hydrogels can be increased to obtain

tough hydrogels. More importantly, hydrogels from charged monomers can be formed as well, which

leads to lubricant properties. As such, the investigated route opens up new opportunities to fabricate

functional hydrogels with significant toughness, compressibility and lubricity.

Introduction

Water is an essential component of biological tissues that
encompass soft properties or tough properties, e.g. in the case
of skin or cartilage, respectively. Articular cartilage, for
example, consists of 70% water and collagen type II fibers
which can mainly be found in joints.1 Despite the fact that the
composition sounds simple, articular cartilage has amazing
mechanical properties, e.g. it can withstand enormous
amounts of cyclic compressions arising from the mobility in
daily life.2 The stress load on joints depends on the type of
mobility, such as walking or running that result in different
amounts of load.3 A smart solution provided by nature for
extraordinary mechanical performance is not just the stiffness
of articular cartilage, but also its lubricity. The composition of
joint materials comprises charged surfaces due to proteogly-
cans that provide ultra-low friction between the layers in syno-
vial fluid. Hence, joints have significant wear resistance.
Unfortunately, the ultra-low friction properties do not last
forever as aging and diseases like osteoarthritis decrease the
lubricity in joints which causes significant damage and affects
the daily life routine negatively.4 Therefore, joint replacement

became an important issue, which requires materials with
similar mechanical performance to articular cartilage.

Current technology makes use of ultra-high molecular
weight polyethylene in combination with metal alloys. However
the life-time of current solutions is limited as the material
wears off and revision treatment is needed.5 At this point,
hydrogels are proposed to be one of the main candidates for
artificial cartilage replacement due to their water content and
adjustable mechanical properties.6 In order to fabricate hydro-
gels with adequate properties, reinforcement of the usually soft
materials is needed, e.g. via addition of a reinforcer,7–9 use of
tetra-PEG systems,10,11 fiber addition,12,13 and use of slide-ring
gels14,15 or double network systems.16,17 The double network
approach provides rigid and tough hydrogels with compressive
strength in the range of a few MPas by using two independent
networks.18 The employment of combination of monomers
(neutral or charged) as well as the addition of a reinforcer pro-
vides a library of materials with different mechanical properties
and lubricity.19,20 However, there is a long way to go before a
material that mimics articular cartilage perfectly is obtained.

Graphitic carbon nitride (g-CN), a metal-free photocatalyst,
emerged as a promising material owing to its absorption in
the UV and visible light range.21 g-CN is composed of repeat-
ing triazine or tri-s-triazine units which can be formed from
low cost and abundant precursors while its properties are
tunable.22–24 Moreover, the g-CN surface can be functionalized
via several chemical approaches, e.g. photochemical, nucleo-
philic substitution or cross-coupling.25–28 The aromatic semi-
conductor structure forms excitons and holes upon visible
light irradiation, making it possible to apply photo-based
applications such as water splitting,29,30 dye degradation,31,32

†Electronic supplementary information (ESI) available: Additional experimental
procedures, measurement data and video materials. See DOI: 10.1039/
c9py00505f

aMax-Planck Institute of Colloids and Interfaces, Department of Colloid Chemistry,
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sensors33 and CO2 reduction.34–36 Recently, g-CN was intro-
duced in polymer chemistry. As a heterogeneous catalyst, g-CN
can be utilized as a photoinitiator in free radical or reversible
deactivation radical polymerization systems such as atom
transfer radical polymerization and reversible addition frag-
mentation chain transfer polymerization.37–39 Continuous
aerosol photopolymerization utilizing g-CN creates spherical
poly(butylacrylate) composites via a hard template approach.40

Contrarily, utilizing g-CN in aqueous systems requires good
dispersions and results in interesting materials such as
photoactive hydrogels and smart sensors.41–43 Hence, g-CN
(0.6 wt%) was reported to be a photoinitiator and a reinforcer
for hydrogel systems showing a significant increase in
mechanical properties.44 Radicals created on the surface via
photoexcitation result in covalent bonding between g-CN and
monomers, such as in the case of hydrogel reinforcement. Due
to the 2-D sheet-like structure, g-CN can be utilized for hydro-
gel formation without commercial crosslinkers yielding self-
standing soft hydrogels. Strong π–π interactions between g-CN
sheets lead to the self-assembly and formation of weak hydro-
gels in water even without a monomer and crosslinker.45 The
increase in the g-CN amount up to 4 wt% in hydrogels via the
formation of organohydrogel intermediates showed promising
results for tough aquamaterials.46 Moreover, the utilization of
sulfonic acid functionalized g-CN enabled the formation of
soft hydrogels with extraordinary compressibility, showing that
the surface properties of g-CN are a key to access hydrogels
with a variety of properties.47 Our group recently introduced a
g-CN based prepolymer via photografting 2-hydroxyethyl meth-
acrylate in water–ethylene glycol (EG) media, which can
further be thermally crosslinked by citric acid for photoactive
robust film formation.48 In such a way, the prepolymer
approach facilitates improved colloidal stability of g-CN disper-

sions and control over g-CN weight content. In addition, a
combination of g-CN and biomacromolecules for the for-
mation of hydrogels was presented, e.g. with peptides and
polysaccharides.49,50

Another significant property of hydrogels is lubricity. As
mentioned before, lubricity is of crucial importance for
various applications, especially in the biomedical field.
Inspired by natural lubricant materials that are based on
charged surfaces, researchers have focused on charged
brushes on surfaces to obtain ultra-low friction behavior.51,52

Hydrogels with low friction properties have been investigated
as well, e.g. a double network hydrogel by Gong and co-
workers.53 Another efficient solution might be the combi-
nation of g-CN-based hydrogels with charged polymers.
Finding a balance between toughness and lubricity in hydro-
gels utilizing g-CN might provide a novel class of materials for
joint replacement. So far CN-based hydrogel fabrication could
not give access to charged monomers and lubricity due to the
immediate sedimentation of charged g-CN particles in dis-
persion after the addition of charged monomers.

Herein, a solution to the problem of colloidal stability of
g-CN dispersions in a high ionic strength environment is pre-
sented. An injectable g-CN based prepolymer with advanced col-
loidal stability is prepared and utilized for hydrogel formation.
In the first step, synthesis and analysis of the g-CN based prepo-
lymer is performed. The prepolymer formulation can be mixed
with a monomer, water and crosslinker of desired amounts,
without an external photoinitiator for hydrogel formation under
visible light, providing a diverse class of novel tough aquamater-
ials (Scheme 1). The employment of charged monomers, for the
first time for g-CN dispersions, results in tough and lubricant
hydrogels that are carefully evaluated regarding friction coeffi-
cient (γ) and mechanical properties.

Scheme 1 Schematic overview for the synthesis of a g-CN based prepolymer and its utilization as a precursor in hydrogel fabrication (abbreviations:
DMA: N,N-dimethylacrylamide, SPMA: 3-sulfopropyl methacrylate potassium salt, MBA: N,N’-methylenebis(acrylamide) and EG: ethylene glycol).
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Experimental
Materials

Al2O3 basic (Sigma Aldrich), ascorbic acid (AscA, 99%, Sigma
Aldrich), cyanuric acid (98%, Sigma Aldrich), ethylene glycol
(EG, 99%, Fluka), hydrogen peroxide (30% in water, Sigma
Aldrich), melamine (99%, Sigma Aldrich), N,N′-methylenebis
(acrylamide) (MBA, 99%, Sigma Aldrich) and 3-sulfopropyl
methacrylate potassium salt (SPMA, 98%, Sigma Aldrich) were
used as purchased. N,N-Dimethylacrylamide (DMA, 98%) was
purchased from Acros and passed through a basic alumina
column prior to use to remove the inhibitor. 50 W LED chips
(Foxpic High Power 50 W LED Chip Bulb Light DIY White
3800LM 6500 K) were connected to a self-made circuit and
cooling system. g-CN was synthesized via a cyanuric acid–mela-
mine complex as a precursor according to the literature.54

Synthesis of g-CN based prepolymers

200 mg g-CN was dispersed in a mixture of 4.5 g water and
4.5 g EG and ultrasonicated at 50% amplitude for 20 minutes
(10 × 2 minute portions) to yield a g-CN dispersion. Afterwards,
0.8 g DMA was added to the dispersion and the mixture was
placed between two 50 W LED daylight sources (20 cm apart
from each other) and reacted for certain times (1, 3, 6 and
12 hours, coded later as g-CN pre1h, g-CN pre3h, g-CN pre6h,
g-CN pre12h) with mild stirring. For the synthesis of g-CN
2pre3h, 1.6 g DMA were employed in the reaction instead.

Exemplary synthesis of tough organohydrogel (touA)

1 g g-CN pre3h (obtained after 3 h of irradiation) was mixed
with 1 g water, 2 g DMA, and 100 mg MBA and stirred for
10 minutes. Subsequently, the mixture was flushed with nitro-
gen for 3 minutes and the mixture was placed between two
50 W LED daylight sources (20 cm apart from each other) for
1 hour to obtain opaque crosslinked organohydrogel
materials.

Synthesis of lubricant organohydrogel (lubA)

1 g g-CN pre3h was mixed with 2 g water, 1 g DMA, 0.8 g
SPMA, and 75 mg MBA and stirred until the dissolution of the
solid monomer. Subsequently, the mixture was flushed with
nitrogen for 3 minutes and the mixture was placed between
two 50 W LED daylight sources (20 cm apart from each other)
for 1 hour to obtain opaque crosslinked organohydrogel
materials.

Removal of EG from organohydrogels

All tough organohydrogel samples with different compositions
were first immersed in 30 mL acetone overnight and then in
50 mL deionized water for 2 days by changing water 2 times
per day. Lubricant organohydrogels can be treated in the same
way to yield highly swollen hydrogels, or they can be freeze
dried after the reaction, swollen in water overnight and freeze
dried again. Certain amounts of water can be added to the dry
hydrogel for a desired amount of swelling.

Freeze drying of hydrogel samples

Hydrogels were cut into smaller pieces, transferred into a flask
and frozen via liquid nitrogen. In this frozen form, they were
immediately put into a Lyotech GT 2E freeze dryer overnight.
The resulting products are stiff hydrogels which retain their
pores on the microscopic level.

Characterization

Zeta potential measurements of colloidal dispersion of g-CN
were performed with a Zetasizer Nano ZS90 from Malvern.
X-ray diffraction (XRD) patterns were obtained using a Bruker
D8 Advance X-ray diffractometer via Cu-Kα radiation. Scanning
electron microscopy (SEM) was performed using a JSM-7500F
(JEOL) equipped with an Oxford Instruments X-MAX 80 mm2

detector for the determination of the morphology of g-CN.
Fourier transform-infrared (FT-IR) spectra were obtained on a
Nicolet iS 5 FT-IR spectrometer. Solid state ultraviolet-visible
(UV-Vis) spectroscopy was performed via a Cary 500 Scan
spectrophotometer equipped with an integrating sphere.
Thermogravimetric analysis (TGA) was performed via a TG 209
Libra from Netzsch under a nitrogen atmosphere with a
heating rate of 10 K min−1 using an aluminum crucible for
samples. Ultrasonication was performed at 50% amplitude
(Branson D450). Elemental analysis of g-CN was performed via
a Vario Micro device. To obtain the swelling ratios, 100 mg
(Wd) freeze dried hydrogel samples were put into a flask which
contains 5 mL distilled water and left to stand for 24 hours.
Swollen gels or hydrogels are weighed (Ws) and the swelling
ratio was calculated with the formula:

Swelling ratio ¼ Ws �Wd

Wd
� 100%

For rheological investigations of g-CN prepolymers, an
Anton Paar MCR 301 rheometer equipped with a cone plate 12
(CP-12) was used. Measurements were performed at a constant
angular frequency (10 rad s−1) with a strain range from 0.1–100%
with 31 measuring points and 0.02 mm gap. Frequency depen-
dent measurements were performed at a constant strain (0.1%)
with changing frequency in the range of 1–100 rad s−1. Viscosity
measurements were performed at ambient temperature with
changing shear rates between 1–20 s−1. Compression was
measured on a Zwick mechanical tester zwickiLine Z2.5
equipped with a loadcell of 1 kN. Measurements were recorded
after a preload of 0.1 N (speed pre-load 40 mm s−1) and the test
was performed at 0.05 mm s−1. The cycling tests were performed
until 0.5 MPa maximum force and recovered until 1 mm of
strain (on specimens of 10 mm in height) before the stress was
removed to restart the cycle (50 times). Elastic modulus was
manually calculated at 10% of strain before break and at break
for every specimen. All the compression measurements were
recorded using the software TestXpert II V3.71.

Measurement of friction coefficient (γ)

First of all, lubRef, lubA and lubB samples were chosen to
investigate the tribological properties. Each sample was pre-
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pared in a syringe and cut as cylinders with a diameter of
1.5 cm. In addition, each sample was prepared in a Petri dish
(60 mm diameter and 3 mm height) as well. Organohydrogel
samples were transformed into pure hydrogels via washing
with water as described previously. Finally, the friction of
hydrogel cylinders against a hydrogel disc was measured after
the addition of water to obtain complete coverage (Fig. S1†).
Stribeck curves were measured with a T-PID/44 Pin-on-disc
sample holder on an MCR 302 Tribometer from Anton Paar.
The measurement was performed at a normal force of 1 N
according to 1/3 N per contact in the sliding velocity range of
10−7 to 0.1 m s−1 in the rotation mode at ambient temperature.
A total of 91 data points were collected with a logarithmic dis-
tribution of measurement time per data point from 10 s (at
10−7 to 0.1 m s−1) to 3 s (at 0.1 m s−1).

Results and discussion
Synthesis and characterization of g-CN based prepolymers

At first, g-CN was synthesized according to the literature54 and
characterized via UV-Vis, powder XRD, FT-IR, surface zeta
potential as well as elemental analysis (Fig. S2 and Table S1†).
Previous work showed that g-CN forms radicals on the surface
during visible light illumination,25 and the 2-D sheet like
structure provides crosslinking points for polymeric networks.
Combining the radical formation with significant dispersibility
of g-CN in a water–EG mixture, g-CN grafted with PDMA
(g-CN prepolymer) was synthesized via the addition of DMA to

g-CN water–EG dispersion and irradiation with visible light
(Fig. 1a). After 3 hours a viscoelastic and injectable g-CN-based
material was obtained that exhibited increased viscosity (g-CN
pre3h) but could be transferred into a sol state after dilution.
Furthermore, TEM was utilized to image the formed
g-CN-PDMA-hybrids, showing the dispersed g-CN particles in
clusters (Fig. S3†). TGA investigations with g-CN pre3h indicate
a mass loss profile due to the evaporation of water–EG solvents
(up to 150 °C) and loss of organic networks (around 420 °C)
(Fig. S4†), which is expected due to the composition of the
g-CN-precursor polymer. For understanding the prepolymer
formation, irradiation was applied for different time intervals
and the conversion of DMA was elucidated via 1H NMR. A
DMA conversion of 12% and 32% was observed after 3 and 6 h
respectively, which shows the gradual increase of DMA con-
version with time. To gain insight into the properties of
PDMA grafted g-CN, 1 mL g-CN pre3h sample was diluted
with 10 mL water and centrifuged at 6000 rpm for
30 minutes. The sedimented PDMA-g-CN hybrid was col-
lected and dried overnight in vacuo at 60 °C. Elemental ana-
lysis results show a significant increase in the C : N ratio,
which can be attributed to the grafting of carbon-rich DMA
to g-CN sheets (Table S2†). Surface zeta potential of DMA
grafted g-CN particles remained similar to the initial g-CN,
as no charges were introduced through grafting (Table S2†).
Light absorption of PDMA grafted g-CN particles showed a
similar pattern to parental g-CN, indicating the likely photo-
activity of the precursor (Fig. S5a†). In addition, FT-IR
spectra present the appearance of new peaks arising from

Fig. 1 (a) Schematic representation of g-CN precursor formation, (b) storage and loss moduli values of g-CN pre3h against strain and (c) storage
and loss moduli values of g-CN pre3h under dilution with water at 0.1% strain.
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PDMA (Fig. S5b†) for example the carbonyl stretching peak
around 1700 cm−1.

Furthermore, the rheology of samples from different time
points of polymerization was investigated (1, 3, 6 and 12 h).
Storage moduli values (G′) increased dramatically during the
reaction, i.e. more than 100 times between 1 h and 12 h reac-
tion time, yet similar strain dependency was observed in all
cases (Table 1, Fig. 1b, Fig. S6–8†). The increase can be attribu-
ted to the grafting and growth of PDMA chains on the surface
of g-CN particles that leads to increased entanglement of
chains and probably also increased crosslinking. In order to
investigate the aforementioned effect, the prepolymer with a
double amount of DMA was prepared, irradiated for 3 hours
and its rheology was investigated (g-CN 2pre3h; Fig. S9†). In
comparison with the previous recipe, increasing the organic
content in prepolymer formulation resulted in a much stron-
ger material where G′ exhibits a value of 118 kPa at 0.1% strain
(10 times increased compared to g-CN pre3h). The increased
value might be due to increased particle–particle crosslinking
and indeed an organohydrogel formation. Increased DMA
amounts (g-CN 2pre3h) result in stronger network formation,
which diminishes the opportunity to utilize g-CN 2pre3h as a
precursor for further reactions. As the grafting time increases,
the active sites and accessibility of g-CN sheets decrease,
which hinders the capacity for the gelation in the next step
and therefore g-CN pre3h is chosen as an ideal precursor to be
utilized in the next step.

Furthermore, frequency dependent rheology measurements
were investigated for g-CN pre3h. Frequency sweeps showed a
slight increase in G′ values with increasing frequency, confirm-
ing the stable covalent incorporation of the polymers
(Fig. S10†). Due to the intention of identifying a suitable – and
at best injectable – precursor for further processing, the vis-
cosity of the prepolymers was investigated. As grafting takes
place, viscosity of the prepolymer increases as well. In accord-
ance with the G′ values, higher viscosity values of the prepoly-
mer are obtained for longer irradiation times as indicated
from viscosity measurements (Table 1, Fig. S11–15†).
Particularly, doubling the concentration of the DMA monomer
resulted in more than 100 fold increase in viscosity. The
increase is attributed to polymer formation, entanglement and

grafting to the g-CN surface. From a mechanistic point of view,
the formation of photoinitiated g-CN prepolymers suggests a
covalent connection between g-CN and polymer chains. The
covalent incorporation of g-CN into hydrogels after light
irradiation has been stressed before, e.g. in hydrogel formation
without additional crosslinkers, hydrogelation in the illumi-
nated area and no radical transfer to area in the dark. g-CN
acts as a photoinitiator triggering radical polymerization
which is initiated from the g-CN surface, therefore forming a
covalent bond with vinyl molecules.

One of the main aspects is the colloidal stability of the pre-
polymer. Although hydrogen bonding and π–π interactions are
present, no sedimentation was observed in the g-CN based pre-
polymer after 2 months of standing (Fig. S16†), which can be
attributed to prepolymer formation that is based on the graft-
ing of hydrophilic polymers onto well dispersed g-CN corres-
ponding to a steric stabilization mechanism. As g-CN is nega-
tively charged, overall an electrosteric stabilization mechanism
is present. Such a significant colloidal stability of g-CN-based
compounds could be highly practical for industrial appli-
cations. The addition of water to the prepolymer is expected to
result in changes in the rheological profile and a transition
from the gel to sol state. Therefore, the prepolymer mixture
was diluted with water in different ratios to determine the con-
centration of transition from gel to sol. As expected, the
addition of water caused a significant decrease in G′ values in
g-CN pre3h where a 1 : 1 dilution led to a transition to the sol
state (G″ > G′) (Fig. 1c, Fig. S17–21†), which corresponds to a
composition of 72.5 wt%, 22.5 wt% and 5 wt% for water, EG
and g-CN-PDMA, respectively. Overall, a homogeneous, highly
dispersible (Fig. 1a), injectable (Fig. S22†) and highly stable
g-CN based viscoelastic prepolymer was formulated and
employed for the exemplary formation of tough hydrogels in
the next step.

Synthesis of tough hydrogels employing g-CN based
prepolymer

Hydrogel synthesis using a g-CN prepolymer was chosen as an
exemplary application using g-CN pre3h. Previously, our group
reported the integration of g-CN particles as a reinforcer and a
visible light photoinitiator in hydrogel synthesis.44 The utiliz-
ation of a prepolymer as a primary network and further mixing
it with a monomer and a crosslinker is a similar approach to
double network hydrogels, where the first network is a non-
solid viscous prepolymer. To show the versatility of the
approach three concentrations were chosen (touA, touB, touC,
touRef, Table S3†). The main advantage of the prepolymer
approach is the presence of dispersed g-CN particles that can
initiate a second photopolymerization without the addition of
an extra photoinitiator, which also confirms the retained
photoactivity of the synthesized g-CN prepolymers. The prepo-
lymer was mixed with water, DMA and MBA in different con-
centrations and organohydrogel formation took place via short
term visible light irradiation (approx. 20 minutes). The remain-
ing EG can be easily removed from the organohydrogel
network via washing with water to afford pure hydrogels.46

Table 1 Storage, loss modulus and viscosity values of prepolymers
(summarized from rheology experiments)

Prepolymer
Irradiation
time (h) G′c (Pa) G″c (Pa)

Viscosityd

(Pa s)

g-CN pre1ha 1 267 41 0.88
g-CN pre3ha 3 11 100 870 5.32
g-CN pre6ha 6 28 200 2370 23.9
g-CN pre12ha 12 36 050 2340 163
g-CN 2pre3hb 3 118 000 9500 770

a Composed of 2 wt% g-CN, 45 wt% water and EG, 8 wt% DMA.
b Composed of 2 wt% g-CN, 41 wt% water, 41 wt% EG, 16 wt% DMA.
c At 0.1% strain. d At 1 s−1 shear rate.
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After freeze drying of hydrogels, solid state analyses of touA
were performed. As g-CN shows a characteristic absorption
pattern in UV spectra (Fig. S2a†), similar absorption was
observed, while the reference hydrogel shows no significant
absorption (Fig. S23a†). Moreover, g-CN is composed of a crys-
talline structure due to interplanar tectonics and intraplanar
domains. Thus, powder XRD was investigated for hydrogels
(Fig. S23b†). The reference hydrogel shows a broad peak
between 12–21° which might be attributed to the undefined
porous network, where the g-CN based hydrogel possesses a
pronounced broad peak between 13–25° which is due to
sheet–sheet interactions. The FT-IR spectra of both reference
and g-CN prepolymer based hydrogel present a strong carbonyl
stretching band around 1700 cm−1 and C–N stretching around
1200 cm−1, and it is possible to observe triazine motifs around
800 cm−1 for the g-CN prepolymer based hydrogel (Fig. S23c†).
The SEM image of the freeze dried g-CN prepolymer based
hydrogel shows small particles on the smooth polymeric
surface which might be related to g-CN particles within the
polymer structure (Fig. S23d†). In order to gain a deeper
insight into the network structure, swelling was probed. The
swelling ratio of touA was slightly lower than the swelling of
the reference sample (touRef) as g-CN particles in touA
provide extra crosslinking resulting in a decreased amount of
water uptake (Fig. S24†).

In the next step, both organohydrogels and hydrogels were
characterized via mechanical compression tests (Fig. 2,
Fig. S25 and Table S4†). The sample touA showed the highest
strength against compression up to 2.67 MPa and a com-
pression of 34%, while the compressibility decreased with
increasing water content. A reference organohydrogel without
g-CN incorporation showed the weakest performance (up to
0.14 MPa). In addition, elastic moduli, Emod, were determined
at 10% strain before break. For the touA organohydrogel (with
the highest organic content) the highest Emod of 11.9 MPa was
obtained as expected, while doubling of the water content

decreased Emod down to 6 MPa. Similar compression tests were
also performed on hydrogels after EG removal. Commonly in
the case of all samples hydrogels after EG removal deform at
lower elongations compared to organohydrogels. In the case of
swollen hydrogels, the touA hydrogel showed the highest Emod

values at 9.9 MPa (10% before break) and a maximum stress of
2.36 MPa, whereas hydrogels with other compositions were
much weaker. The incorporation of EG influences the mechan-
ical properties of hydrogels, mainly in elasticity as it was
observed in previous studies.46 EG enables deformation at
higher elongation rates with higher Emod values compared to
hydrogels. In the literature several types of reinforced tough
hydrogels are described, for example double network hydrogels
or gels containing hydrophobic domains.16,55,56 Albeit, a fair
comparison of hydrogels in the literature originating from
different methods is difficult to undertake, e.g. due to differ-
ences in the solid content, our hydrogels perform in a similar
region to the common compressible hydrogels (fracture stres-
ses and Emod in the MPa range). Overall, the first step of
employing a g-CN based prepolymer strategy opens up a new
platform for the photopolymerization based synthesis of tough
hydrogels. A broad range of mechanical properties can be
adjusted with this approach of hydrogel formation utilizing
tailored compositions, which would allow targeting a variety of
properties for various biomechanical systems in the future.

Synthesis of lubricant hydrogels employing a g-CN based
prepolymer

Extending the functionality of hydrogels beyond toughness
has been of significant interest.57 Inspired from the compo-
sition of articular cartilage, lubricity should be accompanied
by the toughness for the fabrication of functional hydrogels.
Lubricity could be achieved via utilization of charged mono-
mers in hydrogels. Extensive research has been conducted and
charged monomers were investigated to provide lubricity in
hydrogel systems. Significant knowledge about the friction
mechanism between the charged monomer and water inter-
face was obtained.53 Previous attempts to utilize charged
monomers in g-CN dispersions failed as colloidal stability of
g-CN in water was diminished upon the addition of charged
compounds. As shown above, g-CN based prepolymers provide
excellent colloidal stability, which enables the study of lubri-
city in g-CN based hydrogels. For the synthesis of g-CN pre3h,
DMA and SPMA were applied (Fig. 3a, Table S5;† lubA, lubB,
lubC, lubRef). g-CN pre3h based mixtures were illuminated via
visible light and gelation was achieved in 1 hour. Moreover, EG
can easily be removed via washing with water or two washing–
freeze drying cycles.

After freeze drying of hydrogels, analyses of the dried
samples were performed (exemplary with the sample lubA).
The absorption pattern of parent g-CN can be observed after
lubricant hydrogel synthesis, which indicates g-CN incorpor-
ation and photophysical properties (Fig. S26a†). XRD shows
insignificant crystallinity of the freeze dried reference gel, i.e.
lubA hydrogels show a peak at 27° which might be arising
from g-CN sheets in the structure (Fig. S26b†). The FT-IR

Fig. 2 Compression test results of swollen reference hydrogels and
g-CN pre3h based hydrogels with different compositions.
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spectra of both reference and g-CN pre3h-based hydrogel
present a strong carbonyl stretching band around 1700 cm−1

and the SvO stretching band around 1200–1300 cm−1 corres-
ponding to the sulfonate, where triazine peaks of g-CN can be
observed around 800 cm−1 for the g-CN pre3h-based hydrogel
(Fig. S26c†). The SEM image of the freeze dried lubA hydrogel
shows a highly porous network with a smooth surface and at
higher magnification, particles can be observed within the
polymeric network that might correspond to incorporated g-CN
(Fig. 3b). The swelling ratio of the reference hydrogel (lubRef)
was slightly higher than that of lubA, as g-CN particles in lubA
provide additional crosslinking points which result in a lower
amount of water uptake (Fig. S24†), yet the lubricant hydrogel
shows superhydrophilic character due to the charged SPMA
units in the structure. Visible light initiation and synthesis
from abundant and accessible chemicals allow scale-up syn-
thesis conditions where lubricant hydrogels can be synthesized
in any shape and size such as disc-like or tube-like (Fig. 3c).

Subsequently, organohydrogels and hydrogels were charac-
terized via compression tests to obtain mechanical properties
(Fig. 4a and b, Fig. S27 and 28†). Investigating the com-
pression of organohydrogels, lubB which consists of only DMA
as a secondary network shows the highest Emod values (around
3.1 MPa) and lubC (consisting of only SPMA as a secondary
network) shows the lowest (around 1.27 MPa). The perform-
ance of lubA, by means of Emod value, falls exactly between
them (around 2.52 MPa), which shows the adjustable pro-
perties of lubricant g-CN-based organohydrogels (Table S6†).

After EG is removed from the organohydrogel networks,
further investigations were performed to understand the
mechanical properties of pure hydrogels. The pure lubA hydro-
gel consists of two different monomers, namely DMA and
SPMA. DMA was chosen to adjust toughness, while SPMA was
chosen to enable and adjust lubricity. The compression test
results of hydrogels showed similar profiles to the tough
hydrogels. The reference hydrogel formed without g-CN incor-
poration (lubRef) shows inferior compression behavior com-
pared to hydrogels based on g-CN incorporation (maximum
stress of 0.29 MPa), which clearly shows the reinforcer role
played by g-CN in the system. Thus, as an example the pure
hydrogel sample of lubA shows a significant compressibility
with a maximum stress of 0.47 MPa (Fig. 4a, Fig. S28†). It is
important to note that the lubC hydrogel which consists of
SPMA as a secondary network was slimy and almost non-self-
standing. Thus, no reliable compression measurements could
be performed with lubC. Except that, the lubB hydrogel can
withstand the highest amount of load, as expected, and the
lubA hydrogel has a performance that lies between lubB and
lubC. Accordingly, elastic moduli values of the hydrogels point
in the same direction (Table S6†). First of all, compared to the
lubRef hydrogel, the lubA hydrogel loses its flexibility and
breaks at lower strain. lubB shows the highest Emod values at
any elongation rate, and lubA presents much higher Emod

values at break compared to the reference. Overall, the com-
pression tests support the necessity to include g-CN as a rein-
forcer and DMA as a mechanical adjuster in the composite

Fig. 3 (a) Schematic overview of lubricant hydrogel formation, (b) SEM image of freeze dried lubA hydrogels and (c) images of lubA hydrogels fabri-
cated in different shapes and sizes.
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hydrogel system. As durability against continuous compression
is important in cartilage like systems, cyclic compression was
performed with the lubA hydrogel (Fig. 4b). Therefore, cyclic
compression was performed up to a strain 5% below break,
which corresponds to a load of 0.5 MPa. No signs of fracture
were observed after 100 cycles and the compression curve
shows only a minor shift, indicating the durability of the syn-
thesized hydrogel.

The incorporation of SPMA endows the hydrogel with low
friction properties albeit rather strong mechanical properties
are retained. The lubricity of the lubA hydrogel can be
observed directly by its sliding properties on an inclined plane
compared to a reference hydrogel without SPMA incorporation
(lubB) (refer to Videos S1 and S2†). In addition, tribological
measurements were performed to quantify the lubrication pro-
perties, i.e. expressed in the friction coefficient (γ). Lubricity
was investigated via extended Stribeck curves in the sliding vel-
ocity range of 10−7 to 0.1 m s−1. At 0.1 m s−1 γ of 0.03 was
observed for lubA and lubRef reference hydrogels, while γ of
0.04 was observed for the lubB hydrogel. The obtained values
are in good agreement with the literature materials.58,59

Notably, the low friction properties are combined with high
compressibility in the lubA material. Also the shape of the
extended Stribeck curve is in agreement with the literature60,61

and can be explained with the adsorption–repulsion model.62

In the present case, the friction of hydrogel on hydrogel
was investigated (Fig. S27†). The increase of γ at low sliding vel-
ocities can be explained with the elastic friction arising from

elastic stretching due to attraction of the dangling polymer
chains between the two hydrogel surfaces. At higher sliding vel-
ocities, the hydrogel surface polymer chains that were adsorbed
first, desorb and the movement is too fast to form new adsorp-
tion sites. Therefore, hydrodynamic lubrication takes over,
which increases with velocity in a monotone way. The local
maximum at a sliding velocity of 10−6 m s−1 in the extended
Stribeck curve of sample lubB is another literature known
effect, which has been attributed to the onset of macroscopic
motion.61 Overall, for the first time, charged monomers can be
employed together with g-CN for visible light induced gelation
which allows a variety of functions to be investigated in future.

Conclusions

Herein, g-CN was introduced into colloidally stable dispersed
systems via the synthesis of g-CN based prepolymers. An inject-
able prepolymer was synthesized via visible light irradiation
and possesses high stability over long periods as well as facile
processing. As an exemplary application, the g-CN based
prepolymer was employed as the first network in hydrogel syn-
thesis yielding tough hydrogels where g-CN acts as a reinforcer
and photoinitiator. Colloidal stability of the g-CN based pre-
polymer allows the introduction of charged monomers as well,
yielding tough and lubricant hydrogels via a photoinitiated
reaction without an external initiator. Initial attempts to syn-
thesize g-CN based cartilage-like tough and lubricant hydro-

Fig. 4 (a) Compression profiles of lubA hydrogels, (b) cyclic compression (100 times) profiles of lubA hydrogels, (c) and (d) Stribeck curves for lubri-
cant hydrogels.
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gels were successful and further attempts to investigate lubri-
city, accelerate the gelation rate and bio-related studies are
underway. These might reveal visible light photo-polymeriz-
ation based injectable cartilage-replacement formation, which
would entirely change the treatment for such problems from
periodical and painful surgeries to affordable and facile injec-
tion methods.
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provide excellent mechanical properties. 
However, their drawbacks are tedious 
synthesis procedures and insufficient 
water content, which is an important 
factor for possible bioapplications. Metal 
coordinated reinforcements provide sig-
nificant compressibility yet still have 
water deficiencies. On the other hand, 
creative ways of covalent reinforcement 
might lead to novel materials with excep-
tional properties. Design of a covalently 
reinforced hydrogel, which does not 
break under compression at all, would 

eliminate the doubts regarding negative perspectives of cova-
lent reinforcement.

Graphitic carbon nitride (g-CN) is a metal-free visible light 
active photocatalyst with tunable properties, which is composed 
of repeating tri-s-triazine units.[17,18] It is synthesized from 
low cost precursors and possesses high activity in applications 
such as water splitting,[19] CO2 reduction,[20] emulsion stabiliza-
tion,[21] and designed organic reactions.[22,23] Reversible assembly 
of g-CN particles in water was shown to provide hydrogel-like 
3D networks, presenting dye absorption and degradation plat-
forms.[24] Recently, it was employed in polymer chemistry to 
perform photo polymerization[25,26] or fabricate hydrogels.[27–31] It 
was shown that g-CN sheets act as reinforcer and photoinitiator 
in radical mediated hydrogel formation with surface charge being 
one of the important parameters regarding hydrogel strength.[27] 
Our group recently developed a one pot grafting method to 
anchor functional groups on the surface of g-CN, showing excel-
lent dispersions in aqueous and organic media.[32] In such a way, 
3-allyloxy-2-hydroxy-1-propanesulfonic acid (AHPA) groups can 
be grafted onto the g-CN surface (g-CN-AHPA) for enhanced 
dispersibility in water and lower surface zeta potential, which 
may lead to the formation of strong hydrogels.

Herein, novel hydrogel materials with outstanding com-
pressibility, cut and shock resistance as well as tissue adhesive 
properties with moderate flexibility and little to no toxicity are 
reported. The hydrogels are based on g-CN-AHPA as reinforcer 
and initiator, activated via visible light irradiation (Scheme 1). 
Common reinforcements generally target tough and stiff hydro-
gels with strong mechanical properties. However, a novel type of 
reinforcement is introduced here, which enables us to synthe-
size soft hydrogels with outstanding mechanical performance 
as well as tuned mechanical properties via variation of the g-CN-
AHPA content. Overall, an easy approach is presented to fab-
ricate extremely compressible hydrogels in one step via visible 
light and encompassing a high water content of around 90%.

Hydrogels

Extremely compressible hydrogels are fabricated in one pot via sulfonic-acid-
modified graphitic carbon nitride (g-CN-AHPA) as a visible light photoinitiator 
and reinforcer. The hydrogels show unusual compressibility upon applied 
stress up to 12 MPa, presenting temporary physical deformation, and remain 
undamaged after stress removal despite their high water content (90 wt%). 
Cyclic compressibility proves the fatigue resistance of the covalently and 
electrostatically reinforced system that possesses tissue adhesive properties, 
shock resistance, cut resistance, and little to no toxicity.

Hydrogels are crosslinked materials that absorb significant 
amounts of water and possess mechanical features similar 
to biological systems, such as soft tissue and cartilage.[1] 
Being weak under regular synthesis conditions, signifi-
cant effort was invested in reinforcing hydrogels to increase 
their mechanical properties and to mimic natural systems.[2] 
Common approaches for reinforcement utilize double net-
work systems,[3–5] nano composite hydrogels,[6–8] host–guest 
systems,[9,10] and solid reinforcer additions.[11–13] Reinforcers 
act as a stress absorbing material and ideally distribute the 
stress equally through the polymeric network. From a chem-
ical perspective, reinforcement can be achieved via covalent 
bonding, ionic or π–π interactions between reinforcer and 
polymer network.[14] Even though covalently reinforced mate-
rials may show high compression strength, covalent bonding 
causes low fatigue resistance and no self-healing as it is not 
possible to recover the damaged bond. Aforementioned rea-
sons led researchers to investigate more complex systems, 
for example, via ionic interactions, to create materials with 
high compressibility with a drawback of less water content 
or usage of high-value chemicals.[15,16] Interpenetrating net-
works and supramolecular reinforcements are well-known to 
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Sulfonic acid functionalized g-CN (g-CN-AHPA) was syn-
thesized via cyanuric acid-melamine complex and surface 
modification as reported in literature.[32,33] Modification of 
g-CN with AHPA was confirmed via elemental analysis and 
zeta potential (Table S1, Supporting Information), as well as 
transmission electron microscopy (Figure S1, Supporting 
Information), energy-dispersive X-ray spectroscopy map-
ping in scanning electron microscopy (SEM) (Figure S2, 
Supporting Information) and spectroscopy (Figure S3, Sup-
porting Information). In the next step, different concentra-
tions of g-CN-AHPA were employed for one pot, visible light 
induced synthesis of hydrogels with acrylamide (AAm)/N,N-
dimethylacrylamide (DMA) monomer mixtures (3:1) with 
N,N′-methylenebis(acrylamide) (MBA) crosslinker in water 
(Table 1, details in Supporting Information). Hydrogels with 
water contents between 87% and 92% were synthesized and 
characterized via rheology.

The formed materials are in gel state at any strain (storage 
moduli (G′  ) > loss moduli (G″  )) and G′ values show a slight 
increase with increased frequency (Figure S4, Supporting Infor-
mation). Materials show a decrease in G′ values with increasing 
strain due to shear thinning effect, which is more pronounced 
with high g-CN-AHPA content (5 wt%, 38% decrease in G′ 
value at 20% strain). The softest hydrogel with the lowest G′ 
value is 2 wt% g-CN-AHPA hydrogel, however it shows excel-
lent recovery in G′ and G″ values at any strain (Figure 1a). 
Upon rotational compression in the rheometer, the self-
standing 2 wt% g-CN-AHPA hydrogel shows an outstanding 
compressibility, remaining undamaged after removal of stress 
(Video S1, Supporting Information).

Solid state analysis shows the incorporation of g-CN-AHPA 
into the hydrogels (Figure S5, Supporting Information), for 
example, UV–vis spectra of freeze dried hydrogels follow 
the characteristic absorption of g-CN-AHPA (220–480 nm). 

X-ray diffraction shows signal around 27°, 
which is assigned to the typical aromatic 
interlayer stacking of g-CN sheets and the 
intensity correlates with the incorporated 
amount of g-CN-AHPA. In addition, FT-IR 
results show bands from both g-CN (bands 
between 1630–1230 cm−1 from CN and 
C-N stretching) and monomers (around 
1750 and 2900 cm−1 as carbonyl and N-H 
stretching). SEM image of freeze dried 
2 wt% g-CN-AHPA and relative elemental 
mapping clearly shows the incorpora-
tion of sulfur atoms arising from sulfonic 
acid groups of g-CN-AHPA, which are 
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Scheme 1. Overview for the synthesis of g-CN-AHPA hydrogel and images of final hydrogel product.

Table 1. Overview of mechanical properties of g-CN-AHPA hydrogels.

g-CN-AHPA  
content [wt%]

Water content  
[wt%]

G′  
[Pa]c)

G″  
[Pa]c)

G′  
[Pa]d)

Change in G′ after back 
process [%]c)

Emod  
[MPa]e)

0.35a) 99 469 69.4 387 −13  0.41

1b) 91 584 130 645  15  0.92

2b) 90 114 44.1 123  14  1.63

3.5b) 89 5840 1300 6450  17 10.76

5b) 87 44 300 3940 27 100 −42  0.21

a)composed of 0.45 wt% AAm, 0.15 wt% DMA and 0.05 wt% MBA; b)composed of 6 wt% AAm, 2 wt% DMA 
and 0.03 wt% MBA; c)at 0.1% strain; d)at 20% strain; e)calculated at 10% strain before the break or at 10% 
before maximum strain.
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homogenously distributed through the porous hydrogel net-
work (Figure S6, Supporting Information).

Subsequently, compression tests were performed for more 
information on the mechanical properties of hydrogels. Inter-
estingly, 0.35 wt%, 1 wt% and 5 wt% g-CN-AHPA containing 
hydrogels show mechanical failure at low forces (<1 MPa) and 
resulted in cracking under compression (Figure 1b). The inter-
mediate hydrogel with 3.5 wt% g-CN-AHPA shows resistance 
up to 12 MPa but breaks at a strain around 50%. Remarkably, 
2 wt% g-CN-AHPA containing hydrogel showed excellent 
compressibility even at forces of 10 MPa. The soft material 
shows almost no resistance to compression up to 70% strain 
but shows significant response at high strain values (10 MPa), 
remaining undamaged after removal of stress (Figure 1b). The 
cylindrical shaped material shows remarkable elastic prop-
erties as it transforms into a thin and flat form upon strong 
compression. The original shape is immediately retained 
after the removal of stress (Figure 1e), even when the stress 
is not equally received (Video S2, Supporting Information). 
Herein, another important factor to discuss is absorption of 
the applied stress. In most of the known hydrogel systems 
nonuniform stress causes dramatic damage via unequal stress 
distribution, which is in contrast to the presented g-CN-AHPA 
hydrogel. Elastic modulus values showed quite low results 
for 0.35, 1, and 5 wt% g-CN-AHPA hydrogels, while 2 and 
3.5 wt% g-CN-AHPA hydrogels possess the highest elastic 
modulus values (Table 1). These calculations were performed 
at 10% strain before the break or at 10% before maximum 
strain. However, 2 and 3.5 wt% g-CN-AHPA hydrogels pos-
sess different compression profiles as they show a non-gradual 

increase. Therefore, elastic moduli values were also calcu-
lated right before the break, which follow the same trend as 
10% before the break. Especially 2 and 3.5 wt% g-CN-AHPA 
hydrogels show very high elastic moduli (64.1 and 68.7 MPa, 
respectively) (Table S2, Supporting Information). 2 wt% g-CN-
AHPA hydrogel is flexible enough under compression and can 
withstand stress up to 2 MPa, even when the force is received 
nonuniformly. Due to physical changes upon compression 
(regardless of initial shape and surface area), a rough calcu-
lation of the compressive strength value for the presented 
hydrogel yields approximately 10 MPa, which is remarkable 
for a covalent hydrogel, especially when compared to systems 
with non-covalent reinforcements and having the high water 
content of the presented hydrogel in mind (Table S3, Sup-
porting Information).[4,6,15,16,34] The mechanical performance 
of the hydrogel is clearly in the range to meet the criteria for 
tough cartilage-joint systems where the average cyclic stress 
ranges from 6 MPa up to 14 MPa with daily activities like 
walking or running.[35,36] One important, distinct character-
istic of the presented hydrogel lies beneath its softness, which 
allows improved stress load distribution compared to tough 
hydrogels.

Cyclic compression of 2 wt% g-CN-AHPA hydrogel at high 
forces shows recovery of the material properties, which proves 
the durability of the hydrogel system (Figure 1d). Durability 
of a material containing a covalently bonded reinforcer is an 
important factor, as possible damages are non-healable. The 
2 wt% g-CN-AHPA hydrogel shows excellent performance at 
2 MPa of applied stress, going from completely thin and flat 
structure back to original shape for at least 50 cycles (Video S3, 
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Figure 1. a) Rheology results of 2 wt% g-CN-AHPA hydrogel (black squares: G′ forth process; orange squares: G′ back process; red circles: G″ forth 
process; green circles: G″ back process), b) Compression test results of g-CN-AHPA hydrogels (red: 0.35 wt%; blue: 1 wt%; black: 2 wt%; violet: 
3.5 wt%; green: 5 wt%), c) magnification of compression test results of g-CN-AHPA hydrogels, d) cyclic compression (50 cycles) test results of 2 wt% 
g-CN-AHPA hydrogel and e) images of 2 wt% g-CN-AHPA hydrogel during (left) and after (right) compression.
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Supporting Information), which is a clear statement for the 
fatigue resistance of the material.

2 wt% g-CN-AHPA hydrogel has other interesting properties 
as well, for example, it is quite resistant against compression 
with a scalpel (Figure 2a), remaining undamaged even after 
repetitive compressions (Video S4, Supporting Information). 
For such a soft hydrogel with covalent as well as electrostatic 
reinforcement, resistance to compression with sharp materials 
shows the strength of the network. In addition, the hydrogel is 
also flexible enough to cover surfaces such as poly(propylene) 
(PP) caps (Figure 2b) or bending the circular shaped hydrogel 
around a finger (Video S5, Supporting Information).

In order to elucidate future applications in the biomedical 
field, first investigations regarding toxicity of the present hydro-
gels were conducted as toxic effects might arise from residual 
unreacted monomer moieties or the incorporation of g-CN. 
Pure g-CN has previously been presented as a metal-free vis-
ible light active disinfecting agent, suggesting that the obtained 
hydrogels may be toxic to microbial and mammalian cells.[37] To 
test for possible toxicity of the hydrogel system, bacterial cul-
tures (Escherichia coli) were grown in the presence of hydrogel 
pieces under ambient light. In one experiment, the hydrogel 
was added to the culture medium right after synthesis without 
purification. Alternatively, the hydrogel was washed extensively 
with ultrapure water to remove non-crosslinked material. Bacte-
rial growth curves from these two experiments were compared 
to a negative control where no hydrogel was added (Figure 2c). 
Upon addition of the non-purified hydrogel, insoluble aggre-
gates appeared in the culture medium and the optical den-
sity at 600 nm (OD600) increased in the first few minutes. We 
attribute this to g-CN leaching out of the hydrogel into the 
culture medium (Figure S7 and Table S4, Supporting Informa-
tion). Afterwards, no further increase in the OD600 value was 

observed, suggesting that the non-crosslinked g-CN is indeed 
toxic to the bacteria. In contrast, the washed hydrogel did not 
inhibit bacterial growth when compared to the control without 
hydrogel. This is a strong indication that the investigated 
hydrogels are nontoxic when non-crosslinked g-CN is removed 
via extensive washing. The investigation of potential bio-related 
applications as well as mammalian cell compatibility will be 
studied in more detail in future projects.

The presented hydrogel strongly adheres to tissue, for 
example, to skin after gentle touch (Figure S8, Supporting 
Information). Skin-like feeling and bioadhesive properties 
may be of interest for biomedical applications, such as wound 
dressings and surgical sealants.[38,39] The hydrogel does not 
only adhere to skin, but also to a variety of surfaces such as 
glass, metal, paper, and PP (Figure S9, Supporting Informa-
tion). During compression experiments, the force is applied 
at a gradual rate, giving the material the chance to absorb 
the stress with time. In a shock-type compression, stress is 
received non-gradually and immediately, which is a property 
that needs to be improved for hydrogels.[40] To visualize shock 
absorption, the present hydrogel was hit with a 3 kg hammer 
(Video S6, Supporting Information), and no sign of fracture 
was observed.

Swelling in water is an important property of hydrogels. Usu-
ally, addition of reinforcer (such as clay) decreases water uptake 
due to increased crosslinking density and hydrophobic interac-
tions.[41] Hence, it is a challenging task to improve mechanical 
and preserve swelling properties of hydrogels simultaneously. 
For the swelling properties, interestingly 2 wt% g-CN-AHPA 
showed the highest swelling ratio with 2476%, yet still showing 
a similar rheology profile and compressibility to the one right 
after gelation (Figure 3a). The preservation of mechanical prop-
erties in the presence of high amounts of water is a significant 
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Figure 2. 2 wt% g-CN-AHPA hydrogel a) under compression with blade, b) hydrogel covering the PP cap of a centrifuge tube, c) bacteria growth 
tests, showing an increase in the optical density at 600 nm (OD600) in the presence of the washed hydrogel, whereas growth is inhibited for the non-
purified hydrogels used directly after synthesis (blue data: 2 wt% g-CN-AHPA hydrogels without washing; green data: washed 2 wt% g-CN-AHPA 
hydrogels; orange data: control samples) The data represents the mean and the standard deviation obtained from four independent experiments.
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feature of the presented hydrogel material. 5 wt% g-CN-AHPA 
swells the least (254%) due to a higher amount of reinforcer 
and increased crosslinking, and 0.35 wt% g-CN-AHPA has 
a swelling ratio of 1750%, which is still considerably high for 
hydrogel systems. Interestingly, swelling in acidic or basic 
media significantly affects the hydrogel structure. In the case 
of 2 wt% g-CN-AHPA hydrogel, swollen in 0.1 m HCl and 0.1 m 
NaOH solutions, rheology of both hydrogels showed a signifi-
cant decrease in G′ and G″ values, yet showing a similar strain 
dependency (Figure S10a,b, Supporting Information). The 
swelling ratio in basic media is almost 3 times higher than in 
acidic media (3855% to 1310%) (Figure S8c, Supporting Infor-
mation), which can be attributed to the incorporated sulfonic 
acid group.

To gain a deeper understanding of the toughening mecha-
nism of 2 wt% g-CN-AHPA hydrogel, control reactions were 
performed. First of all, a comparison with hydrogels formed 
from a single monomer was investigated. 2 wt% g-CN-AHPA 
hydrogel from AAm shows a soft rheology profile with good 
recovery (G′ 30 Pa at 0.1% strain). On the other hand, hydrogel 
from DMA is almost five times stronger than the 3:1 mon-
omer mixture (550 Pa at 0.1% strain), while a significant 
strain dependency and a yield stress of approximately 150 Pa 
is observed (Figure 3a; Figure S11, Supporting Information). 
The utilization of monomer mixtures increases the G′ values of 
the DMA hydrogel compared to the AAm hydrogel (effect from 
DMA). In addition, a preserved recovery profile is obtained 
(effect from AAm). However, hydrogels from individual mono-
mers break at gentle compression. Performed control experi-
ments provide a hint for the necessity of using monomer mix-
tures with certain g-CN-AHPA ratio, which leads to a softening 
of the gel and a significant decrease in shear thinning behavior. 
Thus, the applied compression force can be effectively distrib-
uted over the whole network.

As shown in compressions tests, there was a nonlinear 
increase in G′ and G″ values with increased g-CN-AHPA 
content, which may be due to amplified sheet–sheet interac-
tions. Similar to the optimum monomer ratio, there is also 
an optimum amount of g-CN-AHPA incorporation to bal-
ance between stiffness of the hydrogel and elasticity. Con-
clusively the negative charge on the g-CN surface plays an 
important role for reinforcement.[27] Thus, swelling of 2 wt% 

g-CN-AHPA hydrogels in salt solutions (0.2 m in NaCl or 
CaCl2) was performed. Compared with the water swollen 
hydrogel, swelling in salt media significantly increases G′ 
and G″ values by gaining highly shear thinning behavior, 
which may be due to possible cluster formation, originating 
from cation of salt-anion on g-CN-AHPA surface interactions 
(Figure S12, Supporting Information).[42] Another reason for 
the increased G′ values are increased sheet–sheet interac-
tions, which is in-line with zeta potential measurements of 
g-CN-AHPA in salt solution (Table S5, Supporting Informa-
tion). However, hydrogels swollen in salt solution are easy-to-
break upon compression at forces around 100 N (Figure 3c). 
Also, the elastic modulus values of salt swollen hydrogels 
are similar to the water swollen reference (1.15 MPa for fully 
water swollen, 0.64 MPa for NaCl swollen, and 1.47 MPa 
for CaCl2 swollen hydrogel). Zeta potential measurements 
of aqueous dispersions of g-CN-AHPA were monitored at 
different pH and with different salts (Table S5, Supporting 
Information). Indeed, changing pH or introducing salt 
affects surface charges of g-CN, which ultimately affects the 
strength of the hydrogel network. For example, after salt 
addition the zeta potential of pure g-CN-AHPA increases, 
which leads to less repulsion of the g-CN sheets in the 
hydrogel and thus less compressibility. Preserving negative 
charge on g-CN surface inside the hydrogel possibly plays 
the most important role for the extreme compressibility due 
to strong repulsion of negatively charged sheets upon stress. 
Decreasing g-CN-AHPA content increases polymer net-
work density per sheet, which may hinder the repulsion of 
sheets upon stress. Oppositely, increasing g-CN-AHPA con-
tent decreases the polymer network density per sheet, and 
π–π interactions of g-CN sheets become more pronounced 
and provide toughness (increased G′ values), yet still fail to 
improve compression upon stress.

Overall, we report novel reinforced soft hydrogel materials. 
The hydrogels feature outstanding mechanical properties such 
as compressibility, cut and shock resistance as well as tissue 
adhesive properties with moderate flexibility. Sulfonic acid mod-
ified g-CN is utilized as photoinitiator and covalent reinforcer 
under visible light for one pot hydrogel synthesis. Different con-
centrations of g-CN-AHPA can be introduced while retaining 
high amounts of water (up to 99 wt%). A weight content of 

Macromol. Rapid Commun. 2019, 40, 1800712

Figure 3. a) Rheology of 2 wt% g-CN-AHPA hydrogel from different monomers (black squares: AAm/DMA mixture; violet squares: pure AAm; green 
squares: pure DMA), b) Rheology of fully swollen 2 wt% g-CN-AHPA hydrogel (black squares: in water; red squares: NaCl solution; blue squares: 
CaCl2 solution) and c) compression profiles of fully swollen 2 wt% g-CN-AHPA hydrogels (black line: in water; red line: NaCl solution; blue line: CaCl2 
solution).

4 Carbon-nitride-based polymer materials

209



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800712 (6 of 6)

www.advancedsciencenews.com www.mrc-journal.de

Macromol. Rapid Commun. 2019, 40, 1800712

2 and 3.5 wt% g-CN-AHPA leads to hydrogels that possess excel-
lent compressibility and withstand loads up to 12 MPa (800 N) 
and show elastic behavior without loss for 50 cycles at 2 MPa 
(100 N) loading. The presented hydrogels show similar resist-
ance when the stress is received nonuniformly. We believe that 
the presented hydrogel can be of great interest in bioapplications 
such as soft tissue engineering, wound healing, joint replace-
ment, and surgical sealant. Due to the skin-like soft feeling, the 
g-CN-AHPA hydrogel might replace poly(dimethylsiloxane) in 
wearable electronics in the near future.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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ABSTRACT: Metal-free graphitic carbon nitride (g-CN) has attracted signifi cant attention recently due to its multiple
applications, such as photocatalysis, energy storage and conversion, and biomaterials, albeit formation of g-CN films is
challenging. Herein, a “grafting to” route to graft polymer brushes onto g-CN via visible-light irradiation is described. Afterward,
g-CN/polymer films can be obtained through spin coating on glass substrates. As such, the present material provides an
improved process toward further application of g-CN in thin films. Moreover, an improved dispersibility in organic solvent was
realized after grafting and functional groups (such as epoxides) were introduced to g-CN. Subsequently, the epoxy groups were
utilized for further functionalization to adjust the surface polarity.

■ INTRODUCTION

Recently, metal-free graphitic carbon nitride (g-CN) has been
widely investigated,1 due to its promising properties for many
applications.2,3 It consists of repeating tri- s-triazine rings and
features a band gap of about 2.7 eV absorbing visible light.
Generally studied as a heterogeneous photocatalyst, g-CN can
be used in water splitting, 4−6 CO2 reduction,

3,7 and pollution
photodegradation.8−10 The unique optical properties such as
photoluminescence11−13 and biocompatibility 14 make g-CN an
ideal candidate for bioimaging 15,16 and biomedical17 applica-
tions. Recently, two-dimensional g-CN films have been
frequently studied18 and have broad applications in solar
cells,19 ionic devices,20 and sensing.21 In the past, various
approaches targeted for the fabrication of g-CN films via
chemical vapor deposition (CVD), 22 thermal vapor condensa-
tion,23 or magnetron sputtering24 were investigated, during
which g-CN directly grows from the substrate under suitable
conditions, and usually uniform films can be obtained after
these processes. For example, Xu et al. fabricated continuous
polymeric CN thin films for solar cell application, 19 and Xiao
et al. used CVD-fabricated CN for ion transport. 20 However,
problems such as being costly, complicated processing, and
high time requirements are disadvantages of these technolo-
gies. Solution processing would be an useful method for film
formation, albeit the weak dispersibility of g-CN in most
solvents caused by strong van der Waals attractions is the main

problem for the solution approach. Hence, it is challenging to
employ solution-based common methods, like spin coating 25

or drop casting26 to form uniform g-CN films. Moreover, g-CN
shows limited selectivity toward CO 2 photoreduction because
of unfavorable surface properties, which require further
modification.27,28

In general, several strategies were attempted to improve the
physiochemical properti es of g-CN, such as doping, 29

morphology changing,2 precursor functionalization, 30 copoly-
merization,31 and surface grafting.32,33 For example, Xu et al.
grafted n-bromobutane onto mesoporous CN for heteroge-
neous catalysis.34 Bu et al. modified g-CN with hydroxylamine
groups by treating with oxygen plasma, thus forming g-CN
with excellent hydrophilicity. 35 Very recently, our group
investigated the photoinitiated surface modi fication of g-CN,
e.g., to introduce hydrophilic or hydrophobic moieties. 36,37 In
this process, g-CN promoted radical formation under visible-
light irradiation that was utilized to initiate polymerizations 38,39

or hydrogel formation as well. 40,41 Among the modification of
g-CN, polymers obtained more and more attraction, due to
their versatile properties (e.g., flexibility, easy functionalization,
and affordability).42 For example, poly(glycidyl methacrylate)
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(PGMA) is widely utilized because of the epoxy group that can
be easily functionalized in different ways, e.g., Abedul and co-
workers employed PGMA as a tunable platform to modify
microfluidic devices. 43 Usually utilized as an economical
alternative to polycarbonate , poly(methyl methacrylate)
(PMMA) possesses moderate properties of easy handling
and processing, while poly(isobornyl acrylate) (PIBA) is
commonly applied on microfluidic devices44 due to the
properties of inertness and transparency. Thus, the surface
properties of g-CN might be facilely adjusted by functionalized
polymers while preserving its inherent catalytic features.
However, to the best of our knowledge, grafting polymer

brushes onto g-CN has not been reported before, which in turn
might lead to an improvement of interface properties of g-CN.
Polymer brushes are surface coatings that consist of polymers
tethered to a substrate, which can be realized by physisorption
or covalent attachment. There are two ways for the covalent
attachment, one is “grafting from”, where a controlled
polymerization45 is performed and the polymer chains grow
via monomer propagation on the surface. Another approach is
grafting to; in this process, an end-functionalized polymer is
reacted with a substrate surface. Several factors have an eff ect
on the final grafting density, such as polymer molecular weight,
surface coverage, solvent quality, and steric hindrance. 46−48

Grafting of polymer brushes is commonly used for fabrication
of hybrid structures, 49 where polymers are tethered on a
substrate, e.g., inorganic materials such as silicon, gold,
hexagonal boron nitride, or silica, 50−52 so that organic−
inorganic films can be patterned as well, which can be applied
for biotechnology,53 microelectronics,54,55 microreaction ves-
sels,56 and electrical devices. 57 In this perspective, g-CN as a
functional material might be an ideal option for polymer
grafting, and a combination of polymer with g-CN might
simplify the process for g-CN utilization in various
applications.
In the present work, the grafting to method is utilized to

graft ene-functional polymers onto g-CN. Ene-functional
polymers with different side groups, such as PMMA, PGMA,
and PIBA were synthesized by atom transfer radical polymer-
ization (ATRP), and ene-modi fied initiator 10-undecenyl 2-
bromopropionate (Un-EBrP) was used during polymerization,
as depicted in Scheme 1. The very common and affordable CM
(formed from cyanuric acid and melamine as precursors) was
utilized as the substrate. Due to the formation of surface
radicals under visible light, the CM surface was employed for
grafting. The polymer-grafted CM (polymer/CM) was

characterized via elemental analysis (EA), thermal gravimetric
analysis (TGA), and Fourier transform infrared spectroscopy
(FT-IR). Afterward, polymer/CM film materials can be facilely
obtained via spin coating and analyzed with an atomic force
microscope (AFM) and a scanning electron microscope
(SEM). Moreover, PGMA-grafted CM can be utilized to
tune the material via further modi fication. Surface properties
after modification was subsequently determined by contact
angle and SEM−energy-dispersive X-ray spectroscopy (SEM−
EDX).

■ EXPERIMENTAL SECTION
Materials. Acetic acid (glacial, ≥99.9%, Sigma-Aldrich), Al 2O3

basic (Sigma-Aldrich), 2-bromopropionyl bromide (98%, Sigma-
Aldrich), cyanuric acid (98%, Sigma-Aldrich), deuterated chloroform
(CDCl3, 99.96%, Sigma-Aldrich), ethanol (absolute, 95%, Sigma-
Aldrich), ethyl acetate (99.8%, Sigma-Aldrich), hexane (95%, Sigma-
Aldrich), melamine (99%, Sigma-Aldrich), ethyl 2-bromopropionate
(EBrP, 98%, Sigma-Aldrich), pyridine (99.8%, Sigma-Aldrich),
N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA, ≥98%,
Sigma-Aldrich), 1H,1H,2H,2H-perfluorodecanethiol (pFDe, ≥97%,
Sigma-Aldrich), sodium 2-mercaptoethanesulfonate (MESNA, ≥98%,
Sigma-Aldrich), tetrahydrofuran (THF, ≥99.9%, inhibitor-free,
Sigma-Aldrich), silica gel (for column chromatography, Sigma-
Aldrich), methanol (≥99.9%, Sigma-Aldrich), hydrochloric acid
(HCl, 37%, Sigma-Aldrich), and 10-undecen-1-ol (98%, Sigma-
Aldrich) were used as received. Copper(I) bromide (Cu(I)Br, 98%,
Sigma-Aldrich) was purified by stirring in glacial acetic acid overnight,
filtered, and washed with absolute ethanol. Isobornyl acrylate (IBA,
98.5%, Sigma-Aldrich), glycidyl methacrylate (GMA, 97%, Sigma-
Aldrich), and methyl methacrylate (MMA, 99%, Sigma-Aldrich) were
passed through a basic alumina column prior to use. 50 W Light-
emitting diode (LED) chips (Foxpic High Power 50 W LED Chip
Bulb Light DIY White 3800LM 6500 K) were connected to a self-
made circuit and cooling system. Sonication was performed in a
sonication bath from Elma (Transsonic T310). The initiator 10-
undecenyl 2-bromopropionate (Un-EBrP) was synthesized following
the work of Matyjaszewski and co-workers, 58 and the utilized g-CN
(CM) was synthesized from the cyanuric acid −melamine complex
according to the literature. 59

ATRP Employing Un-EBrP as an Initiator. General Procedure.
Cu(I)Br was added to a 25 mL round bottom flask in an ice bath, and
the flask was sealed with a rubber septum and flushed with argon for
30 min. Subsequently, deoxygenated monomers and deoxygenated
PMDETA were added via a syringe. After Cu(I)Br/PMDETA
complex formation, the solution turned light green and the initiator
Un-EBrP was added via a syringe, the ice bath was removed and the
mixture was stirred at the noted temperature and time. Subsequently,
the flask was removed from the oil bath and a sample of the raw
products was subjected to 1H NMR for calculation of monomer

Scheme 1. Overview of Atom Transfer Radical Polymerization and Grafting of Polymer Brushes onto g-CN under Visible-
Light Irradiation
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conversion. The reaction mixture was diluted in THF and passed
through an aluminum oxide column to remove the oxidized catalyst.
The polymer was purified by precipitation into methanol, filtered,
dried, and finally the polymer was obtained as a white solid. Reference
polymerizations with EBrP were performed in the same way.
Polymerization of MMA. PMMA was obtained according to the

general procedure with the following equivalents: MMA (3.76 g,
0.0376 mol, 376 equiv), Cu(I)Br (7.5 mg, 0.05 mmol, 0.5 equiv),
PMDETA (8.6 mg, 0.05 mmol, 0.5 equiv), and Un-EBrP (32 mg, 0.1
mmol, 1 equiv). The reaction was carried out at 45 °C for 30 min
(conversion = 65%). (Mn,SEC = 21.5 kg/mol, Đ = 1.21.)
Polymerization of GMA. PGMA was obtained according to the

general procedure with the following equivalents: GMA (5.4 g, 0.04
mol, 200 equiv), Cu(I)Br (0.15 mg, 0.1 mmol, 0.5 equiv), PMDETA
(17 mg, 0.1 mmol, 0.5 equiv), and Un-EBrP (64 mg, 0.2 mmol, 1
equiv). The reaction was carried out at 25 °C for 25 min (conversion
= 33%). (Mn,SEC = 25.9 kg/mol, Đ = 1.75.)
Polymerization of IBA. PIBA was obtained according to the

general procedure with the following equivalents: IBA (6.23 g, 0.03
mol, 150 equiv), Cu(I)Br (30 mg, 0.2 mmol, 1 equiv), PMDETA (34
mg, 0.2 mmol, 1 equiv), and Un-EBrP (64 mg, 0.2 mol, 1 equiv). The
reaction was carried out at 65 °C for 90 min (conversion = 96%).
(Mn,SEC = 21.3 kg/mol, Đ = 1.41.)
Grafting Polymer Brushes onto g-CN (Polymer/CM). CM (30

mg) and 15 mL of THF were mixed in a round bottom flask and
sonicated for 1 h to yield a CM dispersion. Afterward, 300 mg of the
related polymer (PMMA, PGMA, or PIBA) were added to the CM
dispersion; the flask was sealed with a rubber septum and flushed with
argon for 30 min. The mixture was put between two 50 W LED
daylight sources (20 cm distance between light sources) to initiate the
grafting. After 2 days, the mixture was washed two times with THF
and dried under vacuum.
The control samples were prepared by the same process but treated

only with stirring for 2 days without light irradiation.
The study of the CM/PMMA weight ratio was performed with 75,

150, 200, and 300 mg of PMMA and CM (30 mg), respectively.
Preparation of the Films. Polymer/CM films were prepared via

spin coating. At first, 4 mg of the as-prepared PIBA/CM was
dispersed in 1 mL of THF to obtain a PIBA/CM dispersion. Glass
slides were used as substrates. The initially stationary glass was
flooded with PIBA/CM solution until the entire surface was covered,
then accelerated to the desired rotation rate. Acceleration times were
10 s, total spin times were 60 s, and the spin speed was 3000 rpm.
Afterward, the glass slides were placed under vacuum at ambient
temperature for 2 h to obtain the final dry films.
Modification of PGMA/CM. MESNA−PGMA/CM. In a 15 mL

glass vial, 2 mL of THF, 5 mg of PGMA/CM, and 50 mg of MESNA
were mixed and cooled with an ice bath. Then, 3 mg of LiOH was
added slowly, the cooling was removed, and the resulting reaction
mixture was stirred at ambient temperature for 3 h. Afterward, the
mixture was diluted with 2 mL of H 2O three times and centrifuged.
The precipitate was dried under vacuum, and finally, 4.5 mg of dry
products were obtained.
pFDe−PGMA/CM. In a 15 mL glass vial, 2 mL of THF, 7 mg of

PGMA/CM, and 300 μL of pFDe were mixed and cooled with an ice
bath. Then, 3 mg of LiOH was added slowly, the cooling was
removed, and the resulting reaction mixture was stirred at ambient
temperature for 1 h. Afterward, the mixture was diluted with 3 mL of
THF three times and centrifuged. The precipitate was dried under
vacuum, and finally, 5 mg of dry products were obtained.

As a reference, PMMA/CM was utilized together with pFDe and
MESNA in the same process as with PGMA/CM.

Characterization. Fourier transform infrared (FT-IR) spectra
were measured on a Nicolet iS 5FT-IR spectrometer. Elemental
analysis (EA) for measuring the polymer/CM sample was recorded
via a Vario Micro device. Thermogravimetric analysis (TGA) was
carried out from ambient temperature to 1000 °C at a heating rate of
10 °C/min using a thermos microbalance TG 209 F1 Libra (Netzsch,
Selb, Germany) in an air atmosphere, and data was recorded and
analyzed by the Proteus (6.1.0) software package. Proton nuclear
magnetic resonance (1H NMR) and carbon nuclear magnetic
resonance (13C NMR) spectra were recorded at ambient temperature
on a Bruker Ascend 400. Size exclusion chromatography (SEC) for
PGMA, PIBA, and PMMA was conducted in THF with toluene as an
internal standard using PSS 1260-Iso as a pump, a column system of
PSS SDV column (8 × 300 mm2) with a PSS SDV precolumn (8 × 50
mm2), PSS-SECcurity-VWD, and PSS-SECcurity-RID as detectors
and a calibration with PMMA standards from PSS. The theoretical
number-averaged molecular weight was calculated according to the
equation (Mn,theo = [monomer]0/[I]0 × conversion × Mmonomer).
Scanning electron microscopy (SEM) was performed using JSM-
7500F (JEOL) equipped with an Oxford Instruments X-MAX 80
mm2 detector for imaging of the film. The SEM−energy-dispersive X-
ray spectroscopy (EDX) measurements were conducted by using a
JEOL JED-2300 detector in a JEOL JSM-5600 at an accelerating
voltage of 15 kV. Atomic force microscopy (AFM) was performed
with a Nanoscope IIIa Scanning Probe Microscope Controller and
NanoWorld Arrow-NCR probes from Digital Instruments. The size of
polymer-grafted g-CN was determined by a Zeta Nanosizer
instrument (Malvern Instruments, U.K.) at a fixed scattering angle
of 90°. All measurements were repeated at least three times. The
three-phase contact angle of the polymer-grafted g-CN films was
recorded by sessile drop analysis (OCA instrument, Dataphysics ES,
Germany); the polymer-grafted g-CN was placed at the bottom of the
stage, and about 2 μL of water droplet was placed gently on the
sample, and three different spots on the film were measured. X-ray
diffraction (XRD) patterns of polymer/CM and CM powders were
obtained using a Bruker D8 Advance X-ray di ffractometer via Cu Kα
radiation. Solid state ultraviolet−visible (UV−vis) spectra of
polymer/CM and CM were recorded via a Cary 500 Scan
spectrophotometer equipped with an integrating sphere.

■ RESULTS AND DISCUSSION

Synthesis of Ene-Functionalized Polymer. To obtain
ene end-functionalized polymers for g-CN modi fication, a
double-bond-functionalized initiator Un-EBrP was prepared
following the work of Matyjaszewski and co-workers, 58 which
was used for atom transfer reaction polymerization (ATRP)
with Cu(I)Br as the catalyst and PMDETA as the ligand. 1H
NMR and 13C NMR (Figure S1) characterized the successful
synthesis of Un-EBrP, with signals from the double bond at
about 5 ppm. Three different monomers, namely MMA, IBA,
and GMA, were used in the polymerization. The obtained
polymers, PMMA, PIBA, and PGMA were characterized via
SEC (Table 1). According to PMMA calibration, Mn,SEC values
of 21.3 kg/mol for PIBA, 25.9 kg/mol for PGMA, and 21.5 kg/
mol for PMMA were obtained, which indicates the successful
polymerization of PGMA, PIBA, and PMMA, with Un-EBrP as

Table 1. SEC Results for Ene-Functionalized Polymers Obtained via ATRP

ene-polymer monomer/initiator aconversion (%) bMn,theo (kg/mol) cMn,SEC(kg/mol) dĐ

PGMA 200:1 33 16 25.9 1.75
PIBA 150:1 96 29 21.3 1.41
PMMA 376:1 65 24 21.5 1.21

aCalculated via 1H NMR. bCalculated according to the Experimental Section. cDetermined via SEC in THF based on PMMA calibration. dĐ =
Mw/Mn.
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an initiator. Unimodal molecular mass distributions were
obtained (Figure S2), yet the ene-functionalized polymers
show relatively broad molecular mass distributions with Đ of
1.41 for PIBA, 1.75 for PGMA, and 1.21 for PMMA. The
reason might be chain transfer events during the polymer-
ization, although test polymerizations with EBrP led to similar
results (Table S1). In addition, the obtained molecular masses
were in reasonable agreement with Mn,theo. Moreover, the
double-bond incorporation was con firmed via 1H NMR
(Figure 1) as the signals from the ene end-group can be
found around 5 ppm.
Ene-Polymer-Grafted CM. After synthesis of ene-

functionalized polymers, grafting of CM was attempted. CM
is readily producing radicals under visible-light irradiation,
which can be exploited for photoinitiation. Thus, the double
bond at the end of the polymer can be effectively attacked by
those radicals and grafting proceeds as expected from the
literature-known reactivity of g-CN and ene-functional
molecules.38,60 By these means, functional polymer brushes
onto CM were installed. Bulk CM was dispersed in THF and
sonicated in advance to increase the accessibility of CM sheet
structures (Figure S3a). Afterward, the as-prepared ene-
polymers PMMA, PIBA, and PGMA were added, respectively.
Irradiation with visible lights led to radical formation. Thus,
polymers can be introduced to CM via radical addition, namely
PIBA/CM (Figure S3b), PGMA/CM (Figure S3c), and
PMMA/CM (Figure S3d). The grafting was followed by FT-
IR spectroscopy (Figure 2a). Compared to CM precursor
spectra, PIBA/CM, PGMA/CM, and PMMA/CM IR spectra

show an additional peak originating from CO stretching at
about 1730 cm−1, which corresponds to the carbonyl group in
the methacrylic polymers. Moreover, the corresponding ene-
polymer FT-IR spectra with a direct comparison ( Figure S4),
indicated the grafting of PIBA, PGMA, and PMMA on CM,
respectively. Subsequently, elemental analysis ( Figure 2b)
results showed a significant increase of the C/N ratio
compared to the CM precursor, whereas CM only had a C/
N ratio of 0.57, a change up to 1.88 (PIBA/CM), 1.00
(PGMA/CM), and 3.75 (PMMA/CM) was observed after
grafting (Table S2), demonstrating successful ene-polymer
grafting. Notably, only minor changes were observed for the
reference samples, which were prepared via the same process
without light irradiation, i.e., C/N ratios of 0.61 (ref PIBA/
CM), 0.71 (ref PGMA/CM), and 0.61 (ref PMMA/CM) were
observed. Hence, it can be confirmed that only slight physical
attachment was present during mixing of polymers and CM,
while a chemical bond was formed under visible-light
irradiation.
The amount of grafted polymers differs for the respective

polymers, and thus thermogravimetric analysis (TGA, Figure
2c) was performed. The weight loss of polymers was analyzed
during heating: 18.3% weight loss of PIBA/CM on heating at
220−300 °C, 23.4% loss of weight of PGMA/CM on heating
at 250−380 °C, and 53.3% loss of weight of PMMA/CM on
heating at 260−400 °C, respectively. Afterward, the amount of
grafted ene-polymer grafting was calculated 61 as shown
specifically in Table S3. Therefore, a CM unit is defined
consisting of seven nitrogen atoms and six carbon atoms.
According to this calculation, PIBA- and PGMA-grafted CM
show almost the same grafting density of 1 polymer chain
grafted per 526 CM units (1.11 × 10−2 mmol/g) and 500 CM
units (1.18 × 10−2 mmol/g), respectively. On the other hand,
PMMA/CM shows a significantly higher grafting density of
4.46 × 10−2 mmol/g, meaning 1 PMMA chain per 132 units of
CM. Demonstrating that even with almost the same molecular
weight, a difference of the grafting density from different
polymers is obtained. In the literature, it was stated that the
cross-sectional area of a polymer chain with a similar Mn and in
good solvent is around 170 Å2,62 which might be larger than
the spaces between active species on the g-CN surface. Hence,
only a limited amount of active radicals are utilized in the
grafting to process. Moreover, steric hindrance di ffers
according to the polymer sidechains, as PGMA with an
epoxide group and PIBA with a cycloalkyl group cause larger
steric hindrance than PMMA (only with methyl and
methylcarboxylate groups), which also might result in higher
PMMA grafting density.
To further elucidate the grafting process, utilization of

different mass ratios of CM to PMMA was attempted ( Figures
S5 and S6). With a certain amount of CM (30 mg), simply

Figure 1. 1H NMR of ene end-functionalized PGMA (a), PIBA (b), and PMMA (c) (peak a corresponds to CHCl 3 and peak b to water).

Figure 2. (a) FT-IR spectra of the CM precursor and ene-polymer-
grafted CM. (b) C/N ratio of the CM precursor and ene-polymer-
grafted CM obtained via elemental analysis. (c) TGA of the CM
precursor and ene-polymer-grafted CM. (d) Photographs of PGMA/
CM dispersed in THF over 2 days.
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adjusting the PMMA from 75 to 300 mg, an increased weight
loss of PMMA with thermal treatment and increased C/N
ratio from elemental analysis were found. Thus, it is indicated
that with the introduction of increased amounts of PMMA,
increased numbers of surface active species were utilized for
grafting. In such a way, it can be concluded that the active sites
on the surface are not saturated employing the initial ratios of
PMMA and CM. Moreover, XRD (Figure S7a) and ultraviolet
absorption spectrum (Figure S7b) show no significant changes
compared to CM after grafting, which indicated that the
inherent structural and absorption properties of CM were still
preserved enabling further applications of the grafted materials.
Dispersibility and Film Fabrication. Commonly, g-CN

has poor dispersibility, which limits its application, for example
in solvent processing. Thus, further deposition is restricted,
e.g., spin coating results in complicated processing for further
applications as film materials, e.g., solar cells, fuel cells and
organic light-emitting diodes. Therefore, the dispersibility of
ene-polymer-grafted CM in organic media was investigated. As
an example, PIBA/CM was dispersed in THF ( Figures 2d and
S8) over 2 days and chloroform (Figure S9) over 20 h,
respectively, and only minor sedimentation was found. In
comparison, the CM precursor does not form a stable
dispersion at all, which confirms an improved stability of
polymer/CM dispersions in organic solvent. Furthermore,
dynamic light scattering (Table S4) in THF shows a significant
decrease of CM hydrodynamic diameters after grafting,
because CM is a sheetlike structure, and during the visible-
light-inducing process, repelling force, and steric hindrance
between two polymer chains causing the exfoliation of the CM
layer structure, thus resulting in a smaller size after grafting.
Subsequently, the polymer-brush-grafted CM was utilized to

form films via the solution-based deposition method of spin
coating, e.g., a PIBA/CM film on a glass substrate was
demonstrated (Figure 3a). A transparent film was obtained and

compared to opaque CM films (Figure S10a), without an
obvious change of the UV−vis absorption (Figure S11). The
structure of the PIBA/CM film was characterized by scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) images (Figure 3b,c), and a smooth thin film structure
was confirmed, with a surface roughness of 1.49 nm ( Figure
S12). Besides, with the same condition for spin coating of CM
precursors, no clear film structure was found via AFM
investigation (Figure S10b,c). On the one hand, improved

dispersibility in organic solvent promoted better film
formation. On the other hand, PIBA possesses excellent
adhesion63 and film-forming properties, which has been
recognized as a commercial coating material, 64 as accelerated
film formation contributes to a better film structure. The
thickness of the PIBA/CM film was characterized via section
analysis (Figure 3d,e). The corresponding micrograph
indicates a thickness of the PIBA/CM film of approximately
62 nm, and the thickness of the CM film (Figure S13) was
approximately 20 nm. Thus, the diff erence in thickness
between PIBA/CM and CM might be the thickness of
polymer brushes as a rough assumption. Moreover, PIBA can
be used as a polymer dielectric, and such thickness of thin films
is appropriate for the electric gate function. 65 As mentioned
before, the structural and absorption properties of CM were
still preserved after grafting. Hence, an improved process
toward g-CN utilization as an energy conversion device, solar
cell, and other film materials is provided.

PGMA/CM Surface Modification. In addition to the facile
formation of thin films via spin coating, the functional groups
such as epoxides in PGMA can be utilized for further
modification. Hence, the surface properties of PGMA/CM
brush materials can be readily adjusted. As a proof of concept,
the thiol−epoxy addition reaction of PGMA/CM with sodium
2-mercaptoethanesulfonate (MESNA) and per fluorodecane-
thiol (pFDe) was attempted, respectively. The functionaliza-
tion was carried out following the work of De and Khan, 66

using LiOH as a catalyst at ambient temperature and reaction
for 3 and 1 h, respectively (Figure 4a). The obtained

MESNA−PGMA/CM and pFDe−PGMA/CM materials
were characterized via several methods, e.g., FT-IR ( Figure
S14a). For example, compared to reference experiments with
PMMA/CM (Figure S14b), C−F stretch and SO stretch
bands were found from the related FT-IR spectra, respectively.
As MESNA is more hydrophilic and pFDe is more hydro-
phobic, PGMA/CM films (Figures S15 and S16) with opposite
polarity were obtained (Figure 4b). The surface properties
were characterized via contact angle measurements ( Figures 4c
and S17). MESNA−PGMA/CM was highly hydrophilic
(contact angle 32°), and pFDe−PGMA/CM showed a highly
hydrophobic property (contact angle 120° ), whereas PGMA/

Figure 3. (a) Digital picture of the PIBA/CM film after spin coating
on a glass substrate. (b) SEM image of the PIBA/CM film after spin
coating. (c)−(e) show the AFM profile of spin-coated PIBA/CM film,
thickness, and thickness distribution with three lines in detail,
respectively.

Figure 4. (a) Modification of PGMA/CM via thiol-addition-mediated
epoxy ring-opening. (b) Illustration of PGMA/CM modi fied with
sodium 2-mercaptoethanesulfonate (a, MESNA) and 1 H,1H,2H,2H-
perfluorodecanethiol (b, pFDe), respectively. (c) Contact angle of
MESNA−PGMA/CM, PGMA/CM, and pFDe−PGMA/CM from
left to right, respectively.
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CM showed a relatively hydrophilic property with a contact
angle of 75° as expected. Further investigation was performed
by SEM (Figure S18a,b), which showed no change in
morphology after modification. Moreover, energy-dispersive
X-ray (EDX) (Figure S18c,d) indicated the appearance of C,
N, O, Na, and S throughout the surface of MESNA −PGMA/
CM and C, N, O, F, and S throughout the surface of pFDe −
PGMA/CM, indicating successful functionalization.

■ CONCLUSIONS
In conclusion, a grafting to method was utilized to realize the
grafting of defined polymers on g-CN. Thus, polymer/g-CN
hybrid materials were fabricated. Functional polymers were
prepared via ATRP from an initiator with ene functionality,
and visible light was used to perform photoinduced grafting.
Thus, functional polymers namely PIBA, PGMA, and PMMA
were grafted onto g-CN. However, varied grafting density was
observed for the different polymers probably due to different
steric hindrance. The as-prepared polymer/g-CN has improved
dispersibility in organic solvent, which simpli fies the further
processing toward film fabrication. Compared to CM, PIBA/
CM films on a glass substrate were facilely obtained via the
spin coating deposition method. Film thicknesses in the range
of 60 nm and surface roughness around 1.49 nm were
observed, with a relatively smooth surface and ideal thickness
toward further application as film materials. Moreover, the
epoxide group of PGMA/CM was utilized for further
modification. Thus, the surface properties of PGMA/CM
brush materials were readily adjusted to be either hydrophilic
or hydrophobic according to the attached species. Overall,
polymer-grafted g-CN provides a novel way for combination of
polymers with g-CN. On one hand, improvement of the
process toward g-CN utilization in film materials was achieved,
as such materials might be of interest for solar cells, electric
devices, or photocatalysis. On the other hand, g-CN-containing
films with adjustable hydrophobicity were provided, which
might be a promising material for photocatalysis with
improved selectivity.
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Visible-light induced emulsion photopolymerization
with carbon nitride as a stabilizer and photoinitiator†

Qian Cao,a Tobias Heil, a Baris Kumru,a Markus Antoniettia and
Bernhard V. K. J. Schmidt *a,b

Photopolymerization is a common method in the synthesis of polymers with various applications. Herein,

a simple and effective route for surfactant-free emulsion photopolymerization (EPP) under visible light

irradiation is described. Therein, graphitic carbon nitride (g-CN) was utilized as an stabilizer and a photo-

initiator at the same time. As such, g-CN provides the starting point for polymer chain growth and particle

formation. Notably, the as-prepared polymer latexes are directly crosslinked by g-CN, and the existence

of g-CN is confirmed inside of the particle, as well as outside, where it forms relatively stable latexes.

Moreover, surface functionalized g-CN was utilized to tailor the g-CN/monomer interactions for

improved particle formation. g-CN quantum dots with enhanced photoluminescence properties were

introduced in EPP as well, providing polymer latexes with enhanced photoluminescence. The obtained

polymer nanoparticles might be promising candidates for bioimaging applications.

1. Introduction

Photopolymerization is an important area due to its wide
application in industry, such as in coatings,1 inks,2 optical
technologies3 and microelectronics.4 Very recently, with the
rapid development of 3D printing, the photopolymerization
process has also been applied for fabrication of 3D objects.5,6

Compared to thermally initiated polymerization, photo-
polymerization has several advantages, such as low polymeriz-
ation temperature, low energy consumption, low environ-
mental pollution, and spatial control.7–9 The utilized light
sources can be classified according to the wavelength, com-
monly UV and visible light. However, issues such as ozone
generation and safety concerns restrict broader utilization of
UV light.10 Thus, various visible light initiating systems have
been developed for free radical polymerization,11 cationic
polymerization12 and controlled polymerization.13,14 UV light
is frequently investigated for microemulsion, miniemulsion or
Pickering emulsion polymerization,15–18 as in all three cases
the light can reach the small organic droplets. Nevertheless for
emulsion polymerization, environmentally harmless visible
light shows better performance, due to less light scattering

and absorption by large organic droplets,19 which has been
investigated to a lesser extent in emulsion photo-
polymerization.19 For such an industrially relevant and envir-
onmentally friendly process, it is of high value to investigate
the application of affordable visible light initiation systems
instead of thermal initiation due to its low energy consump-
tion and thermal load on molecules. In particular, Lacote and
co-workers19 photopolymerized a polystyrene latex with a large
particle size via visible light, using triazolylidene-borane and
disulfide, producing a thiyl radical during the process.
Moszner and co-workers9 studied bulk and emulsion polymer-
ization of styrene using bis(acyl)germane or phosphine oxide
as the photoinitiator (PI). Another area of growing interest in
emulsion polymerization is surfactant-free emulsion polymer-
ization as it helps to reduce the effect of potentially harmful
surfactants;20,21 especially, reversible deactivation radical
polymerization methods have been utilized in that regard.22,23

Regarding visible light photopolymerization, the initiator
plays a significant role.24–26 An efficient PI features a suitable
absorption spectrum that matches well with the visible light
emission spectrum to obtain higher photo-initiation
efficiency. Thus, over the past few decades various researchers
contributed to developing new initiators with lower energy
requirements and longer wavelength sensitivity during
processing.27–29 Most of the common PIs are organic mole-
cules with a low molecular weight and are usually
accompanied by relatively strong odor. Notably, new cleavable
PIs have been reported, e.g., incorporating salt,30,31 amine11 or
chloro triazine32 functions into the existing structures, in
order to generate initiating radicals. For example, Pączkowski
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and co-workers investigated photoinitiation based on a three
component PI system, consisting of a cyanine dye, borate and
salt.31 Jean and co-workers added bis(trichloromethyl)-substi-
tuted-1,3,5-triazine to a dye/amine PI system and obtained an
increased polymerization efficiency.33 However, problems such
as complicated processing and material degradation might
take place during processing.34

Recently, graphitic carbon nitride (g-CN) was introduced as
a PI. Generally investigated as a metal-free photocatalyst,35,36

g-CN attracted significant interest due to its high physico-
chemical stability, appropriate electronic band gap structure
and facile preparation.37 Since it was found that visible light
irradiation can produce radicals via g-CN, researchers
employed it as a radical initiator for free-radical or reversible
deactivation radical polymerization. In particular, Yagci and
co-workers applied mesoporous g-CN, combined with amine
as a co-initiator, for free radical photopolymerization under
visible light8 or together with copper(II) species and a ligand
for reversible deactivation radical polymerization.38 Qiao and
co-workers introduced g-CN as a photoinitiator for RAFT
polymerization, producing linear polyacrylate and polyacryl-
amide without prior deoxygenation.39 The capability of photo-
initiation was utilized in hydrogel formation as well.40–42

Grafting of polymer chains on the g-CN surface was realized
during photografting and consumption of monomers in solu-
tion (HEMA), and g-CN entailing HEMA groups was employed
for photoactive film formation.43 Later on, the very unique
amphiphilic property of g-CN was found by Xu,44 indicating
that g-CN presents remarkable stabilization of oil and water
mixed interfaces. As a proof of concept, g-CN was previously
applied as a stabilizer for thermally initiated emulsion
polymerization to fabricate PS latexes with a tunable particle
size.45

Inspired by these studies, we attempt here to utilize g-CN as
an initiator and stabilizer for surfactant-free emulsion photo-
polymerization (EPP), as depicted in Scheme 1. Firstly, g-CN
acts as a stabilizer for a monomer in a water emulsion system.
The emulsion is subsequently illuminated with visible light,
radicals are generated by g-CN under irradiation, and thus
g-CN acts as a locus for initiation. Finally, polymer latexes are
formed. Different species of g-CN are studied in this EPP
process. The as-prepared polymer latex is crosslinked and
characterized via scanning electron microscopy (SEM) and

dynamic light scattering (DLS). The existence of g-CN in g-CN
derived latex particles is further confirmed by scanning trans-
mission electron microscopy (STEM), high-resolution trans-
mission electron microscopy (HRTEM) tilt investigations and
zeta potential measurements. Because of the inherent photo-
luminescence properties of g-CN, polymer latexes with fluo-
rescence properties are obtained.

2. Experimental section
2.1 Materials

Al2O3 (basic, Sigma Aldrich), 2,2′-azobis(2-methyl-
propionamidine)dihydrochloride (AIBA, 97%, Sigma Aldrich),
acetone (high-performance liquid chromatography (HPLC)
grade, Sigma-Aldrich), 3-allyloxy-2-hydroxy-1-propanesulfonic
acid sodium salt solution (40 wt%, AHPA, Sigma-Aldrich),
benzyl methacrylate (96%, 50 ppm monomethyl ether hydro-
quinone as an inhibitor, Sigma Aldrich), cyanuric acid (98%,
Sigma-Aldrich), 1-decene (94%, Sigma-Aldrich), 2,4-diamino-6-
phenyl-1,3,5-triazine (Mp, 97%, Sigma-Aldrich), isopropyl
alcohol (IPA, 99.7%, Sigma-Aldrich), 4-methyl-5-vinylthiazole
(vTA, 97%, Sigma Aldrich), methyl methacrylate (MMA, 99%,
≤30 ppm MEHQ as an inhibitor, Sigma Aldrich), melamine
(99%, Sigma Aldrich), and styrene (St, ≥99%, 4-tert-butylcate-
chol as stabilizer, Sigma Aldrich) were used. All the monomers
were filtered through basic aluminium oxide to remove the
inhibitor. Visible light irradiation was performed via two 50 W
light-emitting diode (LED) chips (Foxpic High Power 50 W LED
Chip Bulb Light DIY White 3800LM 6500 K) connected to a
self-made circuit and a cooling system. Sonication was per-
formed in a sonication bath from Elma (Transsonic T310).
Various g-CN materials were utilized: CM (derived from the
cyanuric acid/melamine complex),46 CMD (1-decene grafted
CM),47 CMSO3 (AHPA modified CM),47 PhCMp (derived from a
phenyl group modified cyanuric acid/melamine complex),48

and vTA-CMp (vTA grafted PhCMp)49 were synthesized accord-
ing to the cited procedures.

2.2 Preparation of g-CN/H2O suspensions

To obtain a well dispersed g-CN water suspension, ultra-
sonication was used to exfoliate the bulk carbon nitride. 40 mg
g-CN of different types (CM, CMD PhCMp, vTA-CMp and
CMSO3) and 20 mL of H2O were added to a 50 mL plastic cen-
trifuge tube, the mixtures were treated with ultrasound with a
power of 50% amplification and sonicated for 1 h, and
2 mg mL−1 of g-CN in H2O suspension (g-CN/H2O) were
obtained for further utilization.

2.3. EPP of polymers with g-CN

Firstly, 4 mL g-CN/H2O dispersion (2 mg mL−1) was mixed
with 1 mL of monomers in a 15 mL round bottom flask. Then,
under gentle stirring on a magnetic stirrer, a monomer emul-
sion formed quickly. Afterwards, the flask was sealed with a
rubber septum, and the mixture was deoxygenated by purging
with argon for 30 min. Then the emulsion was put between

Scheme 1 The overall process of emulsion photopolymerization (EPP)
with g-CN as a stabilizer and photoinitiator.
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two 50 W LED daylight sources (20 cm apart from each other)
and stirred continuously overnight. After reaction, a milky
polymer latex including different g-CN species was obtained.
Herein, g-CN/H2O dispersions of CM/H2O, CMD/H2O, PhCMp/
H2O, vTA-CMp/H2O and CMSO3/H2O were utilized, and
styrene, benzyl methacrylate (BMA) and methyl methacrylate
(MMA) were chosen as monomers, respectively.

2.4 Characterization

Zeta potential and particle size distribution of the latexes were
determined using a Zeta Nanosizer instrument (Malvern
Instruments, UK) at a fixed scattering angle of 90°. All
measurements were repeated three times. Transmission elec-
tron microscopy (TEM) images were acquired using a Zeiss
LEO 912 Omega TEM. Size exclusion chromatography (SEC)
for the PS (CM)/THF solution was conducted in THF with
toluene as an internal standard using a PSS 1260-Iso as a
pump, a column system of a PSS SDV column (8 × 300 mm)
with a PSS SDV precolumn (8 × 50 mm), a PSS-SECcurity-VWD
and a PSS-SECcurity-RID as detectors and a calibration with PS
standards from PSS. High resolution transmission electron
microscopy (HR-TEM) and scanning transmission electron
microscopy (STEM) images were acquired using a double Cs-
corrected JEOL ARM200F, equipped with a cold field emission
gun and an EDX detector. For the investigation, the accelera-
tion voltage was set to 200 kV, the emission was set to 10 μA in
order to reduce beam damage, and a condenser aperture with
a diameter of 30 µm was used. With these settings, the micro-
scope reaches a lattice resolution below 1 Å. The tilt images
were acquired at 0°, 20°, 35°, −20°, and −35° tilt. Scanning
electron microscopy (SEM) images for the determination of
the morphology of the colloidal particles were obtained using
a JEOL-7500F SEM equipped with an Oxford Instruments
X-MAX 80 mm2 detector. Fluorescence images were obtained
by confocal laser scanning microscopy (CLSM, TCS SP5, Leica,
Germany). Surface tension of the emulsions was determined
by ring RI 12 analysis using a LCD 4 × 40, 5 × 7 mold (KRÜSS,
Germany). Solid state ultraviolet-visible (UV-Vis) spectroscopy
for g-CN powders was performed via a Cary 500 Scan spectro-
photometer equipped with an integrating sphere. g-CN sus-
pensions were obtained via ultrasonication using a Sonifier
450 D (Branson). The surface tension of the final latex was
determined with a Krüss tensiometer (Krüss, Hamburg) utiliz-
ing the du Noüy ring method. Elemental analysis was per-
formed with a Vario ELIII device.

3. Results and discussion

As a proof of concept, the very common and accessible CM
(formed from cyanuric acid and melamine as precursors) was
used as stabilizer and PI for EPP. CM was firstly dispersed in
water and ultrasonicated, and a CM/H2O suspension with CM
nanosheets of 160 nm (Fig. S1a, e and Table S1†) was
obtained, absorbing all light between 250 and 440 nm
(Fig. S1c†). Styrene and benzyl methacrylate (BMA) were

chosen as monomers, and emulsions were formed by magneti-
cally stirring monomers and g-CN/H2O to generate oil in water
(oil/water) emulsions. EPP was carried out by using two 50 W
LEDs as visible light sources. After overnight reaction, latexes
were obtained, named PS (CM) and PBMA (CM). The mor-
phology of PS (CM) and PBMA (CM) latexes was characterized
via SEM (Fig. 1a and b); both of them consist of spherical par-
ticles with a relatively uniform size distribution. The specific
size of PS (CM) and PBMA (CM) particles was further deter-
mined via DLS (Table S2†), with a hydrodynamic diameter of
about 170 nm and 320 nm, respectively. To study the effect of
g-CN surface chemistry, 1-decene modified CM (CMD)
(Fig. S1b–d and Table S1†),47 which is organo dispersible, was
employed for EPP as well. After the same EPP process as CM,
the latexes PS (CMD) and PBMA (CMD) were successfully
obtained (Fig. 1d and e). The particle sizes are about 150 nm
and 740 nm (Table S2†), respectively. These results demon-
strate the ability of g-CN to fulfill two different roles, a stabil-
izer and a PI during EPP, which effectively facilitates the
process. From the uniformity of the obtained latex particles
one can conclude very effective nucleation of the particle for-
mation,50 which will be discussed in detail below.

Interestingly, in the case of MMA in contrast to aromatic
monomers, no latex could be formed employing CM as a PI
(Fig. 1c). We assume that the structure of the monomer signifi-
cantly influences the g-CN initiated EPP process. In the case of
phenyl containing monomers, there might be interactions
between CN tri-s-triazine rings and the phenyl moiety, which
contributes to a relatively stable emulsion and interaction of
g-CN and monomer. As such, the phenyl containing mono-
mers support the delamination of g-CN due to π–π inter-
actions. Thus, polymerization can proceed via an adlayer
process. In contrast, MMA does not contain functional groups
capable of favored interactions with g-CN; thus, less stable
emulsions were formed. This was further confirmed by simply
adjusting the ratio of styrene and MMA as a co-monomer with
CM as an emulsifier and PI. PS/PMMA latex particles with a
well-defined shape were obtained when the ratio was 9 : 1
(styrene : MMA) (Fig. S2a†). Only slight amounts of amorphous
PMMA/PS were obtained when the ratio changed to 1 : 9; no
particles were observed with TEM (Fig. S2b†). Besides, with
organo dispersible CMD as an emulsifier and PI, the EPP of
MMA could be successfully conducted (Fig. 1f), leading to
uniform PMMA latexes with a particle size of about 320 nm
(Table S2†). A possible explanation for this might be that CMD
itself has an improved tendency to delaminate due to the
grafted decyl groups,47 which is beneficial for the interaction
between MMA and CMD. Moreover, it contributes to an
improved and stable emulsion system for polymerization.

Usually, in order to achieve crosslinked products in emul-
sion polymerization, an additional heating process or addition
of a cross-linker is required to crosslink the active species in
the particles.51 As reported before, g-CN produces radicals
under visible irradiation and can act as a cross-linker for
hydrogel formation,42 even if the surface properties are tai-
lored photochemically in a step ahead.52 Therefore, we investi-
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gated whether g-CN-based EPP leads to cross-linked latexes
directly. After dispersing the dry PS (CM) latex in THF, a dis-
persion was formed instead of a solution (Fig. 2a and Fig. S3†)

in contrast to the control sample (Fig. 2c) that formed a trans-
parent solution. Thus, it can be confirmed that particles were
crosslinked due to the existence of CM. Afterwards, the PS
(CM)/THF dispersion was precipitated into H2O and stirred for
24 h to evaporate the THF completely. Subsequently, a recon-
stituted PS (CM) latex with a well-defined spherical particle
shape was observed via SEM (Fig. 2b). In comparison, the
control sample (Fig. S4†) showed an amorphous morphology
and the particles dissolved in THF completely (Fig. 2d).
Therefore, it was confirmed that CM also acts as a cross-linker
during the polymerization, and a crosslinked PS (CM) latex
was obtained without further cross-linker addition or heating
processes. However, free polymers formed as well, probably
due to radical transfer reactions with the monomer or solvent
as well as initiation via hydroxyl radicals. The formation of free
polymer chains was confirmed by measuring the SEC of the PS
(CM)/THF solution after filtering the particles using a syringe
filter (100 nm, PTFE) (Fig. S5†). The mass loss was 50% after
filtering, which indicates that there was significant formation
of free polymers.

As g-CN plays such a significant role in the EPP process, the
whereabouts of g-CN in the final PS latex were further investi-
gated. As shown with scanning transmission electron
microscopy (STEM) (Fig. 3a), a region with increased electron
contrast was found in the center of the PS (CM) latex.
Corresponding elemental mapping of nitrogen (Fig. 3b) and
carbon (Fig. 3c) showed a significant nitrogen signal
coinciding with the higher density region in the particles. The
related EDS analysis also showed a nitrogen signal (Fig. S6†),
thus demonstrating the existence of CM in the final PS par-

Fig. 1 SEM images of PS (CM) (a) and PBMA (CM) (b) latex particles. (c) Ill-defined PMMA obtained from CM initiation. (d), (e) and (f) are SEM images
of PS (CMD), PBMA (CMD) and PMMA (CMD) latex particles.

Fig. 2 PS (CM) (a) and control sample PS (c) particles dispersed in THF.
SEM images of PS (CM) (b) and control sample PS (d) after precipitation
of the dispersion in water and evaporation of THF, respectively.
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ticles. Moreover, the amount of g-CN inside the particles was
approximately 2.6% according to elemental analysis.
Subsequently, the location of CM was confirmed via tilt investi-
gation. With the sample holder tilted from 0° to −35° (Fig. 3d),
−20° (Fig. 3e), 20° (Fig. 3f), and 35° (Fig. 3g), CM remains in
the center of the PS latex, which indicates that the CM is
located inside the PS latex. Further, from the STEM images the
size of incorporated CM can be estimated as around
50–100 nm. The same phenomenon was also observed in the
CMD stabilized and initiated PS latex (Fig. S7 and S8†). Thus,
with g-CN as a stabilizer and PI, a PS latex with g-CN incorpor-
ation, defined as a PS–g-CN core–shell structure, was obtained.
Moreover, the obtained PS (CM) latex emulsion showed signifi-
cant stability. Over 90 days of observation (Fig. S9†), no coalesc-
ence and sedimentation was found. The extended stability of
the latex is an indication for ongoing stabilization by g-CN.
Therefore, in addition to g-CN introduction in the core of latex
particles, a coverage of the surface with g-CN is indicated.

As for emulsion polymerization, it has been known for
many years that adsorbed ions at the particle–water interface
have significant effects on the latex stability, and emulsifiers
and initiators usually attach to the surface of the latex to form
a stable latex emulsion.53 These assumptions were then con-
firmed by zeta potential measurements. The surface zeta
potential of final latex products usually depends on the zeta
potential of the initiator or surfactant. The control sample
which was formed with the azo-initiator AIBA for emulsion

polymerization without a surfactant showed a zeta potential of
34 mV (Table S3†). CMSO3, (AHPA modified CM, −30 mV),
namely a g-CN species with significant negative charge, was
employed for EPP, which leads to a PS latex with a zeta poten-
tial of −30 mV. Moreover, with CM and CMD that have a zeta
potential of −24 mV and −28 mV (Table S1†), the corres-
ponding polymer latexes of PS (CM), PBMA (CM), PS (CMD),
PBMA (CMD) and PMMA (CMD) emulsions have a zeta poten-
tial ranging from −20 to −30 mV. On top, the PS (CM) features
the same surface tension (68.89 mV m−1, Table S4†) as the
Pickering stabilizer CM; that is, it is proven that no low mole-
cular weight amphiphilic species are created. Thus, we have to
assume that a small amount of CM is also located on the
surface of particles, and a stable particulate colloidal dis-
persion was formed using g-CN as a Pickering stabilizer at the
particle–water interface. It should be noted that the measured
surface tension is remarkably close to that of water itself,
which is a strong indication for the surfactant-free polymeriz-
ation process without in situ surfactant formation.
Remarkably, although a surfactant-free process is performed
rather small particles are formed.

The polymerization mechanism and particle formation
during the EPP process in such Pickering systems free of low
molecular weight surfactants are interesting to analyze as
well.54–56 g-CN was generally employed as a photocatalyst, due
to its suitable band gap that can generate electrons and holes
under light excitation. The electrons and holes could be

Fig. 3 (a) Dark-field STEM image of PS (CM) and (b) and (c) corresponding elemental mapping of nitrogen and carbon, respectively. Dark-field
STEM images of PS (CM) with the sample holders tilted at the angles of −35° (d), −20° (e), 20° (f ) and 35° (g).
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employed for formation of radicals (i.e., • OH, O2
−, and HO2

• ),
which could initiate EPP. Hydrogen peroxide and triethanol-
amine were used as an electron scavenger (ES) and a hole sca-
venger (HS) to elucidate the polymerization process. With the
addition of hydrogen peroxide to the system, PS particles can
still be found (Fig. S10a†), while in the presence of triethanol-
amine, less polymer products were produced and no particles
formed (Fig. S10b†). Thus, it is indicated that the radical
polymerization process is mostly hole initiated; that is, the
radical is created by oxidation. According to the mechanism of
emulsion polymerization, the particle formation nucleates in
CM stabilized micelles and in the course of polymerization the
micelles swollen with the solubilized monomer are growing to
form latex particles. To get further insight into the mechanism
of the polymerization process, the EPP process was observed
with SEM over different reaction times. In the case of styrene
EPP with CM, after 30 min irradiation, no particles were
formed (Fig. S11a†). After 1 h, random particles could be
observed (Fig. S11b†). The amount of particles continuously
increased with reaction times of 2.5 h (Fig. S11c†) and 4 h
(Fig. S11d†), whereas the ill-defined particles could well be CM
stabilizers. After an overnight reaction, uniform latexes were
successfully formed (Fig. S11e†). With the kinetic observation,
it seems like most of the particles grow around g-CN, which
goes hand in hand with an adlayer polymerization mecha-
nism. During the particle growth, the emulsifier g-CN stabil-
izes monomer droplets and provides a stabilizer for the micel-
lar polymerization environment, which is indicated by the
incorporation of CM in latex particles and cross-linking. As
such, the common emulsion polymerization mechanism is fol-
lowed, stating that the polymerization takes place inside the
micelles.

Previously it was suggested that g-CN adhered to the
monomer droplets, and formed a 3D network structure in the
continuous water phase to form a stable emulsion.45 Thus, the
adhered g-CN on monomer droplets might also act as loci for
monomers to add on a free radical from g-CN and initiate
chain growth, until it is terminated by interaction with
another similarly produced radical chain. This process consti-
tutes only a minor part of polymerization events, which is in
accordance with the general emulsion polymerization mecha-
nism. At the same time, as g-CN features an inhomogeneous
size/diameter in the region from 50 nm to 500 nm (Fig. S1d
and e†), larger size particles suspend in the continuous
phase,45 smaller particles with diameters around 50 nm to
100 nm enter the particles and very small particles act as
surface stabilizers, which was observed in STEM, cross-linking
and zeta potential measurements. From a mechanistic point
of view, the g-CN mediated EPP can be divided into various
steps (Scheme 2a). First nucleation of latex particles proceeds
at the surface of dispersed g-CN particles via hole driven
adlayer polymerization. Polymer formation leads to a signifi-
cant hydrophobization of the g-CN surface, which leads to a
self-assembly process and formation of micellar structures.
This process is very fast compared to the polymer propagation
as indicated by the narrow particle size distributions.50 In the

course of the reaction, monomers diffuse from the monomer
droplets to swell the polymerization particles and facilitate
continued particle growth. As such, g-CN forms the center of
the latex particles. Moreover, dispersed g-CN originating either
from the shrinking monomer droplets or from the continuous
phase enables stable latex formation, as shown by zeta poten-
tial and surface tension measurements. From a mechanistic
perspective (Scheme 2b), either free polymers or crosslinked
polymers are formed during the polymerization process. On
the one hand, radicals like • OH are produced with visible
light excitation, which can directly initiate free radical
polymerization and is in accordance with gravimetry results
after THF treatment. On the other hand, reactions between the
g-CN surface and monomers contribute to crosslinked
particles. The crosslinking is due to the multifunctional
nature of g-CN that contains various initiation sites due to its
extended size.

As mentioned before, no latex was observed for the
polymerization of MMA with CM, whereas latex formation was
observed for BMA. Therefore, it appeared that the monomer/
g-CN interaction has a profound effect on the polymerization
process. CMD polymerized MMA due to its improved tendency
of delamination and monomer/g-CN interaction. To elucidate
the process in more detail, the polymerization of styrene and
MMA with CMD was followed kinetically as well. In the case of
styrene, essentially the same growth phenomenon was
observed as discussed above (Fig. S12†). Particles start to form
after photoexcitation for 4 hours and a similar latex product is
produced. However, with MMA (Fig. S13†), first signs of
polymer formation were observed after 14 h reaction time and
particles were finally formed after 17 h of polymerization.
Apparently, the monomer structure has a significant impact
on the photopolymerization process. As suggested before that
phenyl containing molecules adhere to g-CN because of π–π
interaction,44 there might be interactions between monomers
and g-CN that profoundly affect the polymerization process,
thus leading to a different reaction time. Herein, we assume
that although CMD improved the balance of the monomer/
water emulsion compared to CM, the slower conversion might
be due to the still imperfect contact/interaction of MMA and
CMD.

As g-CN has been widely recognized for its inherent optical
properties, polymer latexes with in situ photoluminescence
properties can be obtained without additional fluorescent
labelling. Herein, two different g-CN materials with high
quantum yields were employed for stabilizing and initiating
the EPP process. One is phenyl group doped CMp (with cyanu-
ric acid and 2,4-diamino-6-phenyl-1,3,5-triazine as precursors),
named PhCMp (Fig. S14a, c and e†). The introduction of the
phenyl group inhibits chain growth in the carbon nitride
sheets and contributes to higher luminescence. The other one
is 4-methyl-5-vinylthiazole (vTA) grafted CMp, named vTA-CMp
(Fig. S14b–d†), with high green light luminescence around
540 nm. The EPP processes were similar to that observed
before, and latexes of PS (PhCMp, Fig. 4a) and PS (vTA-CMp,
Fig. 4b) were obtained, respectively. However, with vTA-CMp
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stabilized and initiated polymerization, a rather monodisperse
latex with a dispersity of 0.038 was obtained. This might be
due to the delocalized surface charge of vTA-CMp in the
organic phase that caused an increased dispersibility of
vTA-CMp in organic media. Thus, a more stable emulsion was
formed before polymerization, which also benefits the swelling
equilibrium, monomer diffusion and particle formation.
Moreover, the inherent charge of vTA-Cmp most likely leads to
an improved charge transfer interaction with styrene, which
enhances the rate of the nucleation process and leads to more
uniform latex formation. The photoluminescence of the latex
was observed by confocal laser scanning microscopy (CLSM).
Under the same measurement conditions, an increase in the
fluorescence emission intensity was observed going from PS
(CM) (Fig. 4c and d) to PS (PhCMp) (Fig. 4e and f) and PS
(vTA-CMp) (Fig. 4g and h), which is due to the enhanced fluo-
rescence efficiency of PhCMp and vTA-CMp compared to CM.
Such a unique tunable fluorescence enables optical utilization
of PS particles, as the PS latex has been widely regarded as a
biocompatible material, utilized for food and medical
products.57,58 The novel core–shell PS (g-CN) particles are
promising potential candidates for bioimaging and biomedical
applications.

Fig. 4 SEM images of PS (PhCMp) (a) and PS (vTA-CMp) (b) and CLSM
and bright field images of PS (CM) (c and f), PS (PhCMp) (d and g) and PS
(vTA-CMp) (e and h).

Scheme 2 Mechanism illustration of particle formation (a) and the polymerization process (b) with g-CN as a polymerization locus.
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4. Conclusions

In the present work, g-CN was applied as a Pickering stabilizer
and photoinitiator for the emulsion polymerization process
without extra modification and addition of further chemicals.
A number of different delaminated carbon nitrides were uti-
lized for radical initiation via visible light irradiation to obtain
stable PS, PBMA and PMMA latex emulsions with relatively
uniform particle sizes. TEM confirmed the presence of g-CN in
the center of the particles, as well as small amounts on the
particle surface that enable stable latex emulsions. Using two
types of special g-CN quantum dots with unique photo-
luminescence properties, PhCMp and vTA-CMp, highly photo-
luminescent polymer particles could be produced. To the best
of our knowledge, this research uses for the first time simple
and affordable carbon nitride sheets as Pickering stabilizers
for the combination of the two functions of a stabilizer and an
initiator under visible light irradiation in one simple system.
The whole EPP process is thereby highly simplified, as we only
need water, monomers, and carbon nitride under light to
generate controlled latex particles. The obtained latexes were
endowed with tunable photoluminescence and have the poten-
tial to be useful for biomedicine and bioimaging.
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ABSTRACT: Herein, the convenient visible light-induced photo-
grafting of hydroxyl ethyl methacrylate onto graphitic carbon nitride
(g-CN) is described, leading to well-dispersible g-CN-based precursor
polymers that can be injected. Mixing with citric acid as the cross-linker
and heating leads to stable thermoset coatings. The process is versatile
and easy to perform, leading to g-CN-based coatings. Moreover, the
coating can be further functionalized/modi fied via grafting of other
polymer chains, and the resulting structure is useful as photocatalytic
surface or as photoelectrode.

KEYWORDS: carbon nitride, dispersion, coating, thermoset, photoactive surface, photoelectrochemistry, photopolymerization

■ INTRODUCTION

Photoactive nanomaterials have been in the focus of
nanoscience in recent years. 1,2 Among the various photoactive
materials, quantum dots, 3,4 conjugated polymers,5,6 or metal
oxides7,8 have been studied very frequently. In particular,
applications such as bioimaging, 9,10 energy conversion,11 or
photocatalysis12 are intriguing and drive the research forward.
A frequently investigated material is graphitic carbon nitride
(g-CN), which is mainly because of its photocatalytic and
chemical properties as well as facile synthesis. 13−16 g-CN has
been utilized as the catalyst in applications such as CO 2

conversion,17,18 hydrogen evolution,19,20 synthesis of organic
molecules,21,22 or as promoter for the photoinitiation of
polymerizations.23−25 Recently, porosity and grain size of g-
CN was correlated with hydrogen evolution effi ciency, which
shows how the material textures affect the utility of g-CN.26

Moreover, g-CN was doped with metals to gain access to
diversified catalysis mechanisms in antibiotic degradation. 27 In
electro-oxidation of formic acid or methanol, g-CN was
combined with Pd and carbon black to obtain stable and
reliable catalysts. 28 One of the major disadvantages of g-CN
lies in its low dispersibility in water or organic solvents. The
latter limits its maximum concentration and the range of
applications. Thus, various approaches have been investigated
to tackle the dispersibility issue, for example, surface
functionalization29−31 or treatment with strong acids, 32 just
to name a few. Recently, photo-induced functionalization
reaction has been introduced as a versatile tool to enhance
dispersibility of g-CN and tailor the surface structure according
to specific needs.23,33−35 In addition, photoreactive surfaces
have found significant interest recently.36,37 In such a way,

surface properties can be altered eff ectively and with spatial
control, for example, for polymer grafting, 38−40 placement of
cells,41,42 protein functionalization, 43 or light-emitting diodes
(LEDs).44

g-CN has remarkable photocatalytic properties; 45 thus, the
formation of g-CN films and coatings is a topic of significant
interest for further exploitation of g-CN in photoelectric
devices. An early example of g-CN film formation utilized a
sputtering approach that allowed the formation of uniform
coatings with thicknesses up to 2 μm.46 One of the methods
that are frequently used is based on vapor deposition, which
allows film formation on various substrates such as indium tin
oxide, silica, or glass. 47,48 Such g-CN films can be utilized as
actuators reacting to various external triggers. 47 Wang and co-
workers investigated the formation of g-CN films and coatings
via the formation of a sol. 49 In this work, the sol was formed
via oxidation of the g-CN in an acidic environment. Another
approach is the direct growth of CN on the surface, for
example, via a supramolecular preorganization route or
precursor paste formation. 50−52 Wang and co-workers showed
the catalytic activity of g-CN films in water splitting.53 The
films were formed on fluorine-doped tin oxide glass directly,
which formed an effective system for photocatalysis. Structured
and patterned surfaces were generated via templating methods,
for example, soft or hard templating as well as a combination of
both,54−56 an additional way to patterned surface growth of g-
CN inside well-defined porous substrates.57 Moreover, film
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formation enables the formation of flexible devices if flexible
substrates are employed, which is of signi ficant interest for
organic electronics. Nevertheless, the formation of g-CN
containing polymer coatings and films in a straightforward and
easy way is still a matter of research. Hence, film formation can
be consigned to a polymer, whereas the photochemical and
catalytic properties are provided by the g-CN. Here, we
approach these coatings by embedding g-CN into a polyester
thermoset, which is a fundamentally different approach
compared to literature-known g-CN films. The polymer-
based route is largely scalable, reproducible, and a ffordable.
Moreover, the utilization of a polymer matrix allows the
formation of various shapes and structures, which is hardly
achieved with g-CN itself. Polyesters are common polymer
materials that have various applications in everyday life, and
they are considered to be robust against CN oxidation. Using
colloidal precursors, carbon materials were introduced into
polyester thermosets for enhancing mechanical properties, 58 or
polyester thermosets were formed from renewable resources. 59

Polyester thermosets combined with inorganic compounds can
be indeed considered model systems to obtain hybrid materials
with enhanced mechanical and thermal properties. 60,61

Herein, the convenient photografting of hydroxyl ethyl
methacrylate (HEMA) onto g-CN is described, leading to well-
dispersible g-CN precursor colloids [cyanuric acid −melamine
(CM)−HEMA] (Scheme 1) that can be processed or injected.
The precursors can be mixed with citric acid as a cross-linker
and converted into stable coatings via heating. Moreover, the
coating can be further functionalized/modi fied via grafting of
other polymer chains, utilizing the photocatalytic surface.

■ EXPERIMENTAL SECTION
Materials. Al2O3 basic (Sigma-Aldrich), citric acid (ACS grade

99.5%, Sigma-Aldrich), cyanuric acid (98%, Sigma-Aldrich), D 2O
(99.9%, Sigma-Aldrich), dichloromethane (DCM, anhydrous HPLC
grade, Merck), ethylene glycol (EG, 99%, Fluka), hydrochloric acid (1
M solution, Merck), hydroquinone (ReagentPlus, Sigma-Aldrich),

melamine (99%, Sigma-Aldrich), potassium hydroxide (Sigma-
Aldrich), rhodamine B (RhB, >95% Sigma-Aldrich), and tetrahy-
drofuran (THF, anhydrous, Sigma-Aldrich) were used as purchased.
2-HEMA (99%, Sigma-Aldrich), N,N-dimethylacrylamide (DMA,
99%, Sigma-Aldrich), and styrene (ReagentPlus, Sigma-Aldrich)
were passed through basic alumina column prior to use to remove
the inhibitor. For visible light irradiation, 50 W LED chips (Foxpic
High Power 50 W LED Chip Bulb Light DIY White 3800LM 6500 K)
were connected to a self-made circuit and cooling system. g-CN from
the cyanuric acid-melamine complex (noted as CM) was synthesized
according to the literature. 62

Synthesis of CM-Based Precursor. CM (200 mg) was mixed with
4.5 g of deionized water and 4.5 g of EG and ultrasonicated at 50%
amplitude for 20 min (10 × 2 min portions) to yield a g-CN
dispersion. Afterward, 0.8 g of HEMA was added to the dispersion,
and the mixture was put between two 50 W LED daylight sources (20
cm apart from each other) and reacted for 3 h under mild stirring
(conversion 94% obtained via 1H NMR). The resulting highly viscous
and disperse material was later utilized as the coating precursor after
the addition of citric acid.

Synthesis of g-CN Coating. The g-CN-based precursor (2 g) was
mixed with 100 mg of citric acid and stirred until dissolved. Later on,
the precursor mixture can be applied to the desired surface and cured
at 120 °C for 3 h for complete cross-linking and evaporation of
solvents.

Further Polymer Grafting on CM−HEMA Coatings. CM−HEMA-
coated glass substrate surfaces were covered with monomer (DMA or
styrene) and illuminated via visible light for 8 h from the top
(illumination applied from 20 cm above the sample). After reaction,
the DMA-grafted substrate was washed with 20 mL of distilled water,
whereas the styrene-grafted substrate was washed with 20 mL of THF
for the removal of unreacted/nongrafted impurities.

Dye Degradation via CM−HEMA Coatings. The photoactivity of
the CM−HEMA films was tested by the adsorption of an organic dye
and its degradation under white light irradiation. For this experiment,
glass-coated CM−HEMA films (2 × 5 cm2) were submerged in a
solution of RhB (20 mg mL−1) overnight and then exposed to
illumination with a 50 W white LED array (Bridgelux BXRA-50C300;
λ > 410 nm). The degradation of the dye to CO 2 with the CM−
HEMA films was confirmed by gas chromatography (GC).

Scheme 1. Schematic Overview of CM−HEMA Precursor Formation and Subsequent Film Formation via Thermal Curing
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Photoelectrochemistry. Photoelectrochemical measurements were
recorded using a three-electrode system on an Autolab potentiostat
(Metrohm, PGSTAT 101). A Pt foil electrode and an Ag/AgCl (3 M
KCl) electrode were used as the counter and reference electrode,
respectively. Photocurrent measurements were obtained in 0.5 M
H2SO4, pH 0.2 aqueous solution under one sun illumination (1.5
AM). The electrode was prepared by depositing the CM −HEMA
precursor mixture on a fluorine-doped tin oxide (FTO) electrode.
The prepared CM−HEMA/citric acid coating precursor (1 mL) was
drop-casted over the conductive side of the FTO electrode and heated
at 100 °C with a heating plate until thin, homogeneous films were
obtained.
Characterization Methods. Scanning electron microscopy

(SEM) was performed using JSM-7500F (JEOL) equipped with an
Oxford Instruments X-MAX 80 mm2 detector for g-CN-based coating
surface morphology. Fourier transform infrared (FT-IR) spectra were
taken on Nicolet iS 5 FT-IR spectrometer. Sessile drop contact angles
of water on the coatings were measured at room temperature about
5−10 s after placing the drop on the surface with a DSA 10 video
contact angle measuring system G10 (Kru ̈ss, Germany), and data
evaluation was done with software DSA version 1.80.02. Thermog-
ravimetric analysis (TGA) was performed via TG 209 Libra from
Netzsch in a nitrogen atmosphere with a heating rate of 10 K min −1

using an aluminum crucible for samples. Ultrasonication was
performed via an ultrasonicator at 50% amplitude (Branson D450).
For rheological investigations, Anton Paar MCR 301 rheometer
equipped with a cone plate 12 (CP-12) was used. Measurements were
performed at a constant angular frequency (10 rad s −1) with a strain
range from 0.1 to 100% with 31 measuring points and 0.02 mm gap.
Frequency-dependent measurements were performed at constant
strain (0.1%) with changing frequency in the range of 1 −100 rad s−1.
Viscosity measurements were performed at ambient temperature with
changing shear rates between 1 and 40 s −1. The flow curve was
obtained via measuring the shear stress and viscosity with changing
shear rates from 0 to 100 s−1. Atomic force microscopy (AFM) from
Digital Instruments was employed for the investigation of half-coated
glass samples. GC was performed with an Agilent 7820 GC System.
Elemental analysis was performed with a Vario microdevice. The
sample for elemental analysis was prepared from an elastic CM−
HEMA film (without citric acid cross-linking) after dissolution in
methanol, precipitation in THF, and drying under vacuum. 1H NMR
at 400 MHz on an Ascend 400 from Bruker was utilized for
determination of HEMA conversion in D 2O.

■ RESULTS AND DISCUSSION
As a starting material, g-CN was synthesized from the cyanuric
acid-melamine complex via heat treatment. The final g-CN
product will be annotated as CM for the rest of the article. 62

The synthesized CM presents the typical absorption and X-ray
diffraction (XRD) profile, that is, an absorption band between
280 and 400 nm and XRD peaks at 13 ° (intraplanar
heterocyclic stacking) and 28° (interplanar stacking) (Figure
S1). To form CM-based coatings, CM was grafted with
HEMAa hydroxyl containing monomervia a free radical

polymerization pathway initiated with visible light. To facilitate
optimum conditions, a 1:1 mixture of water and EG was
utilized as the reaction medium that allows to increase the
solid content of the reaction via enhanced dispersibility of
CM.35 Hence, HEMA-grafted CM (CM−HEMA) could be
obtained in a facile fashion. To characterize the formed
material and prove successful grafting, FT-IR and elemental
analysis were performed (Figure S2 and Table S1). FT-IR
showed the appearance of bands that can be assigned to
poly(HEMA) (PHEMA), for example, the band around 1750
cm−1 corresponding to the carbonyl stretching vibration
(Figure S2). Both CM and CM−HEMA materials present
absorption bands corresponding to the triazine breathing of
CN around 800 cm−1. Moreover, stretching modes of CN
heterocycles can be detected between 1150 and 1600 cm −1,
and asymmetric CH stretching arising from HEMA can be
observed around 2900 cm−1 in CM−HEMA (Figure S2). XRD
of the CM−HEMA precursor shows no crystallinity probably
because of the undefined nature of the material before cross-
linking (Figure S3). X-ray photoelectron spectroscopy proves
the formation of modified g-CN films (Figure S4). C 1s spectra
display three different chemical states corresponding to sp 3 C−
C (284.5 eV) and C−O (286.0 eV) bonds, which con firm the
presence of high amounts of the HEMA precursor.
Furthermore, the contribution at higher binding energies
(288.7 eV) certifies the presence of CN−C units within the
films. N 1s spectra show the typical features of CN
materials;63,64 three different contributions can be observed
that belong to CN−C coordination (398.7 eV), N−(C)3
(399.9 eV), and the remaining amino groups (N−H, 401.0
eV).
To gain insights into the polymerization process and to

verify the free radial polymerization mechanism, blank
reactions were performed. Without light irradiation, no
conversion of monomer was observed (Figure S5). After the
addition of a polymerization inhibitor, namely hydroquinone,
insignificant conversions (below 5%) compared to the
inhibitor-free polymerization (conversion above 90%) were
observed. The dispersion of CM−HEMA in water/EG
medium could be utilized directly as precursor for coatings.
Citric acid was added as a cross-linker to obtain stable coatings.
An efficient coating process was established via adjustment of
the polymerization conditions to yield CM−HEMA precursor
with a suitable viscosity for film formation (Figure S6) that
features values around 25 Pa s at a shear rate of 1 s −1 and a
storage modulus (G′) of 5550 Pa at 1% strain (Figures S7 and
S8). As the G′ is higher than the loss modulus (G″), the
precursor has viscoelastic behavior. Signi ficant shear thinning
was observed leading to G′ values of 68 Pa at 50% strain.
Between 32 and 40% strain, the gel-like behavior shifts to a sol-

Figure 1. Characterization of CM−HEMA films: (a) AFM imaging, (b) SEM imaging, and (c) photographs of glass-coated substrate and a free-
standing film.
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like behavior (G″ > G′) (Figure S8). The precursor was
obtained as a yellow viscous dispersion that can be processed
and even injected with a syringe as well ( Figure S6), utilizing
the shear-dependent viscosity of the precursor ( Figure S7), for
example, at a shear rate of 15 s−1, the viscosity drops to 1.3 Pa
s. This way, the precursor can be applied to various surfaces in
a spatially controlled manner. Viscosity values at a low shear
range is needed for applications via dipping, however,
significantly decreased viscosity at higher shear rates provides
plausible applications via spraying or injection.
To facilitate the cross-linking, a carboxylic acid cross-linker

such as citric acid was added to the CM −HEMA dispersion.
After its formation, the film could be cured via thermal
treatment at 120 °C to form the cross-linked polyester
(Scheme S1). Homogenous films were obtained after curing as
observed via AFM and SEM (Figure 1). AFM shows a smooth
film with homogenous thicknesses around 500 nm when
compared to the uncoated glass slide ( Figure S9). The AFM
results are confirmed by SEM that shows a film with minor
surface alteration and nonporous as well as rigid structure
(Figures 1 and S10). The thickness of films can be adjusted
conveniently via the applied method (spraying or brushing)
and the applied cycles. However, a detailed study regarding the
thickness and photocatalytic properties is work in progress.
The incorporation of CM was observed via FT-IR as well as
the naked eye because of the light-yellow color of the films.
XRD of the coating is dominated by the amorphous polymeric
network and shows only a minor diffraction peak at 28°
(Figure S11). Interestingly, films could be formed and cured
on various substrates, for example, on glass, copper, poly-
(styrene) (PS), or wood, which shows the versatility of the
presented method (Figures S12 and S13). In addition, the
formed coatings can be detached from the substrate, leading to
a free-standing film (Figure 1). The cross-linking process can
be followed easily via TGA. A weight loss of around 87% can
be observed between 50 and 170 °C with the steepest weight

loss around 139 °C (Figures S14 and S15). There are several
processes happening during heating of the precursor mixture.
First of all, solvent, that is, water and EG, evaporates. Second, a
condensation reaction between citric acid, CM −HEMA, and
most likely EG takes place. The final product consists of a
polyester between citric acid, EG, and PHEMA. To quantify
the incorporation of EG, gravimetry was utilized. After curing
at 120 °C for 24 h, an EG incorporation of 52 wt% was
observed (refer to the Supporting Information for details of the
calculation). Thus, EG acts as a bridging molecule to obtain an
extended cross-linked gel-like structure that enables the
photochemical features of the coating (see below). The curing
temperature of 120 °C is an intermediate temperature below
the temperature of significant evaporation of solvent molecules
that allows slow curing to facilitate homogenous coatings. The
rather low-curing temperature for the polyester formation can
be explained with the organocatalytic property of CN in
esterification.65,66 In the absence of citric acid, curing yields a
flexible film that is soluble in water (Figure S16). As soluble
structures are less applicable as coatings, further investigations
were focused on cross-linked structures.
The final coating has a thermal stability up to temperatures

of around 290 °C (Figure S11), which is sufficient for many
applications, especially in photocatalysis, where usually the
temperature ranges from ambient to 120 °C. The stability of
the CM−HEMA coatings against chemical exposure was
investigated as well. For that, films on glass slides were
introduced into various chemical environments, namely water,
acid (1 M HCl), base (2 M KOH), THF, and DCM. Excluding
the base treatment, in all cases, no response of the films was
observed (Figure S17) also after treatment with visible light
(Figure S18). Treatment with a base led to the complete
dissolution of the films after 24 h, which is due to the ester-
based linkage of the coatings. As esters can be readily
hydrolyzed via basic saponification, the low stability in basic
medium was expected.67 In comparison, a reference film from

Figure 2. Coating of CM−HEMA films with PS and PDMA: (a) schematic overview of the grafting process, (b) contact angle measurements
(bottom: CM−HEMA; middle: CM−HEMA−PDMA; top: CM−HEMA−PS), and (c) FT-IR results.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.8b21670
ACS Appl. Mater. Interfaces 2019, 11, 9462−9469

9465

4 Carbon-nitride-based polymer materials

231

http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b21670/suppl_file/am8b21670_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b21670
http://dx.doi.org/10.1021/acsami.8b21670


linear PHEMA dissolves in organic solvents easily, which
clearly supports the colloidal cross-linking also by the CN-
based precursor (Figure S19).
To study whether the formed CM−HEMA films are still

photoactive, photopolymerization was probed. Therefore,
CM−HEMA films were swollen with a hydrophobic monomer,
styrene, and irradiated with visible light. A photoinitiated
growth of PS from the coated layer could be observed via
various methods. For example, contact-angle measurements
show an increase in water contact angle from 42.1° to 79.5°
(Figure 2b), which is in accordance with an increase in
hydrophobicity of the surface. Moreover, the grafted PS could
be located via FT-IR showing both bands from the CM −
HEMA precursor as well as PS (Figure 2b), for example, the
HEMA carbonyl stretching band around 1750 cm −1 and the
aromatic stretching of PS around 1500 cm −1. Notably, the
coating could be functionalized with poly(N,N-dimethylacry-
lamide) (PDMA) via visible light photopolymerization as well.
The hydrophilic PDMA leads to a decrease in water contact
angle to 19.0° as expected because of its hydrophilic nature
(Figure 2b). FT-IR revealed the incorporation of PDMA, for
example, both carbonyl stretching band from PDMA and
HEMA are visible around 1650 and 1750 cm −1, respectively.
Because of the photo-induced process of polymer grafting,
patterned surfaces could be prepared as well. For example, a
glass slide was coated with CM−HEMA, cured, and one-half
was covered. Subsequently, PS was grafted in the uncovered
area, followed by covering of the PS-grafted area, and another
step of PDMA grafting was performed. In such a way, a surface
containing a domain of PS and a domain of PDMA were
prepared that have distinct different water contact behavior in
two domains (Figure S20).
Functionalization of CM−HEMA films with PS and PDMA

does not only prove the photoactivity of the incorporated CM
but allows for versatile modification of the coating properties.
In such a way, surface properties and selectivity can be tailored
according to an envisioned application and combined with a
photocatalytic activity in a convenient way.
The incorporated CM does not only act as a photoinitiator

but can be utilized for photocatalysis as well. To test the
photoactivity of the as-prepared films, we performed the
uptake followed by the photodegradation of RhB dye. For that,
a CM−HEMA-coated glass slide was immersed overnight in an
RhB solution to achieve a complete adsorption of dye within
the films. After the uptake, the films obtain the typical pink
color of the organic dye (Figure 3), and the photochemical
experiment starts by switching on a white LED. The film
showed an excellent photocatalytic activity, degrading the dye
to CO2 in 90 min, as confirmed by the analysis of the head
space during illumination by GC. Clearly, the color of the dye
vanished, and the CM−HEMA film recovered its pristine
yellowish color. Furthermore, the coated glass slide can be
recycled and utilized in consecutive cycles of dye adsorption
and photodegradation maintaining the initial activity. On the
downside, the photocatalytic activity decreases compared to
pure g-CN films. Nevertheless, this experiment shows one of
the key futures of these CM-containing coatings: they are
easily applied onto various surfaces and can act as a recyclable
photocatalyst, which might be interesting for waste water
remediation in the future.
In addition to photocatalysis, CN photoelectrodes have

attracted widespread attention lately, and achieving uniform
CN layers is one of the main challenges to address in CN-

based photoelectrochemical cells. 68,69 Therefore, photoelec-
trochemical measurements were performed, employing our
coating as photoelectrode. To obtain a photoelectrode, CM−
HEMA precursor was deposited on an FTO electrode and
thermally cured. The photoresponse was evaluated in a
photoelectrochemical cell with an Ag/AgCl reference electrode
and a Pt counter electrode employing an acidic electrolyte (0.5
M H2SO4, pH = 0.2) and one sun illumination (1.5 A) ( Figure
S21). Stable photocurrent was observed with values in the
range of 0.3−0.7 μA cm−2 (Figure S22). The value of the
observed photocurrent strongly depends on the thickness of
the layer as observed via a comparison of illumination from the
front or the back. In the case of back illumination, the light has
a shorter path through the photocatalytic material, which leads
to an approximately doubled photocurrent. The observed
photocurrents are significantly lower than those reported in
literature.70,71 A reason for the low photocurrents might be the
low conductivity of the synthesized CM−HEMA coatings,
which hinders effective charge transport. Although the
obtained photocurrent does not reach literature values, the
results are still relevant, considering the otherwise electrically
insulating character of the polyester film matrix. An option for
the future improvement of photoelectrochemically active layers
might be the incorporation of conductive additives or more
conductive polymers. As porosity is an important factor for
photocatalytic activity, controlling the cross-linking density or
utilization of porogens during curing might be an option to
enhance the performance of g-CN-based polyester materials in
the future.

■ CONCLUSIONS
In conclusion, a convenient method to obtain CN-containing
polymer coatings was presented. The CM−HEMA precursor
can be synthesized easily via visible light irradiation, processed,
injected, or printed, for example, for spatially controlled
deposition. Curing is performed via heat treatment leading to
smooth and stable coatings. Furthermore, the coatings can be
functionalized with polymers via visible light-induced free-
radical polymerization, as shown with PS and PDMA. The
coatings slightly swell and are thereby are not only active in
polymerization reactions but also in photocatalysis, as shown
via dye degradation experiments and photoelectrochemical
measurements. Overall, the CM−HEMA can be utilized to

Figure 3. Photocatalytic activity of CM−HEMA films: repeated dye
degradation of RhB (a) and GC traces of the headspace (b).
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cover surfaces on a large scale in a convenient way and serve as
a kind of platform to obtain photoactive coatings.
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4.3 Results and Discussion 

4.3.1 g-CN Dispersibility 

One of the major issues of g-CN materials is their weak dispersibility in most solvents. 

Therefore, applicability as well as activity is restricted significantly.105, 153 To improve 

dispersibility, solvent mixtures were investigated (Scheme 4-3a). The mixture of water and 

ethylene glycol (EG) in equal volume enabled dispersion with significant g-CN weight contents 

up to 4 wt.%, compared to a maximum of 0.6 wt.% in pure water and later used for hydrogel 

formation. Another approach to improve dispersibility of g-CN further - a polymerization-

based approach - was introduced via g-CN photoinitiation. g-CN is a photoactive compound 

that is a semiconductor and thus forms electron/hole pairs after light irradiation. There are 

two reaction pathways possible. On one hand electrons can add to the double bond and 

initiate polymerization. On the other hand, holes can form hydroxyl radicals that initiate 

polymerization or react with double bonds. This feature was exploited to perform photo-

initiated polymerization reactions (Scheme 4-3b). DMA was added to a g-CN dispersion in 

EG/water and treated with visible light, which led to a weakly associated gel. The gel consisted 

of PDMA grafted g-CN and could be easily dispersed in water and utilized for further 

preparations (see Section 4.3.2).  

 

Scheme 4-3. Approaches towards improvement of g-CN dispersibility: a) Utilization of solvent 

mixtures (water/EG), b) grafting polymers from g-CN via free radical polymerization, c) grafting 

polymers to g-CN via double bond containing preformed polymers and d) 

photofunctionalization with ene containing small molecules.  
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Furthermore, pre-formed ene end functionalized polymers, i.e. PS, poly(methyl methacrylate) 

(PMMA) and poly(isobornylacrylate) (PIBA) could be grafted onto g-CN (Scheme 4-3c, refer to 

Section 4.3.3). As such, a significant improvement of dispersibility in organic solvents was 

observed. A way to obtain dispersible-CN via a more exact approach that does not rely on 

polymerization was studied as well. Therefore, the parent g-CN was dispersed in aqueous or 

organic solution, an ene-compound added and the mixture subjected to visible light (Scheme 

4-3d). Due to the radical formation at the g-CN surface, addition reactions towards the ene-

compound take place. Hence, the particularly chosen ene-compound is attached to the g-CN 

surface. To prevent polymerization of the added small molecule, allylic compounds were 

utilized as they possess no propagation tendency and the molecules are grafted on g-CN 

directly. Notably, the modification of the g-CN surface chemistry significantly influences the 

dispersion properties of g-CN. For example, 3-allyloxy-2-hydroxy-1-propanesulfonic acid 

sodium salt (AHPA) was grafted on g-CN to improve water dispersibility up to 10 wt.% and to 

obtain stable dispersions, e.g. stability for more than 48 hours. Grafting of 11-decene led to 

organo dispersibility up to 2 wt.% in solvents like tetrahydrofuran (THF), dichloromethane 

(DCM) or toluene. In addition, pH-sensitive dispersibility could be introduced via allylamine 

that leads to dispersibility in acidic solution and precipitation at basic pH.  

 

4.3.2 g-CN-based hydrogels 

As mentioned before, the photoactive properties of g-CN enable the formation of radicals in 

aqueous dispersion.154 Thus, after addition of monomer and crosslinker, hydrogels can be 

formed via visible light irradiation. For example, water-soluble acrylamide-derivatives were 

utilized for the task, which feature fast gelation rates and a broad spectrum of functionalities. 

 

Scheme 4-4. Overview for visible light induced g-CN based hydrogel formation utilizing DMA 

and MBA as monomer (blue) and crosslinker (red), respectively. 
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At first, hydrogel formation was studied employing DMA and N,N’-methylene bisacrylamide 

(MBA) with a dispersion of 0.6 wt.% g-CN from cyanuric acid/melamine complex (CM) in water. 

Hydrogels were obtained after several hours of visible light irradiation (Scheme 4-4). Notably, 

the hydrogels retained the photocatalytic properties of g-CN, as shown via dye degradation 

reactions or hydrogen evolution after addition of platinum cocatalyst. In addition, remarkable 

mechanical properties were observed that were studied in detail in late stages of the project. 

One of the main questions is the role of g-CN in the network formation. Therefore, control 

reactions were performed, i.e. hydrogel formation without external crosslinker addition and 

hydrogel formation of non-nitrogen containing monomers. Indeed, hydrogelation took place 

even without addition of external crosslinker, which indicates the incorporation of g-CN into 

the network. g-CN can act as secondary crosslinker due to its enlarged size that can accompany 

various initiation sites. Moreover, hydrogels could be formed from non-nitrogen containing 

monomers and crosslinkers, which indicates that the reaction is not dependent on radical 

transfer from g-CN to nitrogen as performed in various other reactions.117-118 The next question 

that we answered was the origin of the remarkable mechanical properties (storage modulus 

(G’) up to 8.3 kPa at solid contents of 11 wt.%). One reason is the particle structure of g-CN 

that acts as colloidal filler via formation of a second network of inorganic compounds inside of 

the hydrogel providing additional strength to the structure. In addition, g-CN introduces 

additional crosslinking points, which strengthens the hydrogel further. This effect could be 

analyzed via a control experiment of hydrogel formation in g-CN dispersion but with redox 

initiation in the dark to exclude g-CN based crosslinking. In comparison to a reference sample 

without g-CN, improved mechanical properties were found. Nevertheless, redox initiation did 

not afford hydrogels that reached the remarkable mechanical properties of visible light g-CN 

mediated initiated hydrogels. Thus, two factors for the reinforcement in g-CN hydrogels were 

indicated: reinforcement via inorganic secondary network as well as reinforcement via 

additional crosslinking points. The fabricated hydrogels showed a significant strain-dependent 

weakening of the hydrogel, which is most likely a shear thinning effect. Such an effect is 

common to polymer hydrogels especially in the case of reinforced hydrogels as shear leads to 

alignment of the polymer network as well as g-CN particles, which is weakening the g-CN-g-CN 

interactions. 

As g-CN provides the opportunity to modify the surface charge (zeta potential), surface area 

and light absorption via variation in the precursor composition,95, 155-156 effects of the precursor 

composition on mechanical properties were investigated as well. Notably, the g-CN surface 

charge had a profound effect on storage modulus. It was found that g-CN compounds with 

stronger negative surface charges led to stronger hydrogels. Such an effect can be explained 

with g-CN sheet repulsion that increases with higher surface charge. The effect of surface 

charge was further investigated with AHPA-modified g-CN, which features significantly lower 

zeta potentials and high dispersibilities due to the sulfonic acid group (refer to Section 4.3.1). 
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Mixtures of AAm, DMA and MBA were used as monomers together with CM-AHPA (6, 2, 0.03 

and 2 wt.% respectively) as initiator. The obtained hydrogels were rather soft with G’ in the 

range of 100 -200 Pa and contained solid contents below 10 wt.%. However, the hydrogels 

featured remarkable compression properties in the case of 2.0 wt.% and 3.5 wt.% CM-AHPA. 

They could withstand loads above 12 MPa and hits with a hammer. Probably, the extreme 

compressibility is due to the fact that the gels contained highly negatively charged g-CN, which 

shows significant repulsion of the g-CN sheets in compression. In addition, the gels were soft 

and could dissipate the compressive force over the whole structure. Compression led to a 

complete flattening of the structure and a return to the initial shape after release of the force. 

Moreover, the hydrogels were resistant against cuts with a scalpel. In order to get further 

insights into the origin of the remarkable compression properties, hydrogels were formed from 

the individual monomers with MBA. It was found that the DMA-based hydrogels were stronger 

but less compression resistant, while the AAm-based hydrogels were weaker but more 

resistant to compression. Swelling the AAm/DMA hydrogels with salt solution (NaCl or CaCl2) 

showed increased strength but less compressibility, which might be due to the screening of the 

negative charges on the g-CN surface. Hence, the surface charge of g-CN is certainly the main 

reason for the enhanced compressibility, while the monomer mixture supports compressibility 

due to enhanced elasticity, which leads to improved distribution of the stress in the network. 

Regarding the mechanical properties of the hydrogels, not only the charge on the g-CN matters 

but also the amount of incorporated g-CN. Therefore, EG/water mixtures were utilized to 

increase the dispersed amount of non-functionalized g-CN in the hydrogel formation (as 

mentioned in Section 4.3.1). In such a way, g-CN contents up to 4 wt.% could be realized, 

which had a significant impact on mechanical properties. The obtained materials were based 

on EG/water at the beginning but washing steps with water led to pure hydrogels. Rheology 

revealed G’ of 88 kPa for 2 wt.%, 430 kPa for 3 wt.% and 729 kPa for 4 wt.% of g-CN at 0.1% 

strain, which is a remarkable increase of two orders of magnitude compared to the first 

hydrogels with 0.6 wt.% g-CN. It should be noted though that the solid content due to the 

increase amount of g-CN was between 10 and 12 wt.% in EG/water derived hydrogels. 

Moreover, a significant shear thinning behavior was observed, which is due to the increased 

amount of g-CN that easily aligns according to shear. Compressibility was probed as well, 

indicating a remarkable compressibility up to 86 kPa for 4 wt.% g-CN. Thus, rather stiff 

hydrogels with significant compressibility were obtained via increasing of g-CN content. As the 

hydrogel formation is photoinitiated, patterning was investigated as well. Therefore, parts of 

the reaction mixture were covered with a photomask to obtain the inversely shaped hydrogel. 

The utilization of g-CN-PDMA prepolymer formed in EG/water mixture without crosslinker 

(refer to Section 4.3.1) enabled the fabrication of hydrogels with a broader range of 

monomers. For example, the utilization of charged monomers was not possible in the case of 

plain g-CN as well as surface functionalized AHPA-CN as the dispersed material precipitated 
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directly. In the case of PDMA grafted g-CN no precipitation was observed. Overall, tough 

hydrogels were obtained from g-CN-PDMA after addition of free DMA/MBA/3-sulfopropyl 

methacrylate potassium salt (SPMA) and irradiation with visible light. The SPMA monomer 

introduces negative charges into the hydrogel structure, which is a useful feature for low 

friction surfaces.157 Hence, hydrogels with both very low friction coefficients (around 0.03) and 

remarkable compression properties were obtained. This combination of properties (tough and 

low friction) is rather uncommon and challenging to achieve but of particular interest for 

applications 

 

4.3.3 g-CN-polymer composites 

In addition to water-based hydrogel materials, g-CN can be useful for other applications in 

polymer science as well. As g-CN is well-known for its photocatalytic properties but has rather 

poor processing properties,158-159 a combination of g-CN with polymers appears to be a useful 

combination.160-161 There are several strategies to merge g-CN with polymers. For example, g-

CN can be grafted with polymers via a photoinitiated radical addition as discussed previously 

for allyl compounds – a grafting-to approach. Another way is to graft polymers via g-CN 

initiation – a grafting-from approach. These g-CN-polymer composites can be utilized to form 

various morphologies, e.g. g-CN-polymer coatings, thermosets or polymer latexes. 

A grafting-to approach was performed via photofunctionalization of g-CN with allyl-end 

functionalized polymers. Hence, decene end functionalized PMMA, PIBA and poly(glycidyl 

methacrylate) (PGMA) were synthesized via ATRP. In the next step the polymers were mixed 

with dispersed g-CN in THF and irradiated with visible light. After washing with THF, g-CN 

polymer composites were obtained and analyzed via elemental analysis (EA) and 

thermogravimetric analysis (TGA), amongst others. These materials could be coated on glass 

surfaces via spin coating, which was analyzed via Fourier transform-infrared (FT-IR) 

spectroscopy and atomic force microscopy (AFM) showing the formation of smooth thin films 

with thicknesses in the range of 60 nm (Scheme 4-5a). In addition, the PGMA-based materials 

could be further modified via nucleophilic ring-opening of the epoxides with thiol compounds 

(Scheme 4-5b). In such a way, sodium 2-mercaptoethanesulfonate and 1H,1H,2H,2H-

perfuorodecanethiol were further grafted on the g-CN-brushes, which led to significant 

changes in surface polarity as shown via contact angle measurements after film formation. 

Thicker films were obtained via a prepolymer route, which is similar to already discussed g-CN-

PDMA prepolymers (refer to Section 4.3.1). In this case, a prepolymer of PHEMA g-CN was 

formed in EG/water mixture, which led to the formation of a viscous precursor material 

composed of PHEMA grafted g-CN, EG and water. The viscosity of the precursor was tuned in a 

way that injectable material was obtained. As such, the precursor could be applied to various 
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surfaces, including PS, wood and copper, with spatial control. After addition of citric acid and 

film formation on a glass slide, crosslinking was performed via heating (Scheme 4-5c). The so-

formed thermosets formed smooth hydrophobic coatings that could be used for further 

modification. As the g-CN in the coating was still active, PDMA or PS could be grafted from the 

surface to tailor the surface polarity, as shown via contact angle measurements. Moreover, the 

photoactive surfaces could be used in dye degradation experiments as well as 

photoelectrochemistry. 

 

Scheme 4-5. Approaches for polymer/g-CN modification: a) Spin coating of PIBA@g-CN for g-

CN containing thin films, b) modification of PGMA@g-CN via thiol epoxide ring opening 

reaction and c) coating of PHEMA@g-CN, crosslinking via citric acid to obtain a poly(ester) 

thermoset and further modification via grafting with styrene or DMA. 

 

Another option to combine polymers with g-CN is emulsion polymerization. One feature of g-

CN is the property to act as Pickering stabilizer in emulsions.92, 162 Therefore, g-CN can be 

utilized as Pickering stabilizer in emulsion polymerization.163 As g-CN acts also as 

photoinitiator, the stabilizer can initiate the polymerization at the same time. Thus, the 
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emulsion photopolymerization of styrene was studied with non-functionalized g-CN, which led 

to PS latexes with particle diameters around 200 nm. Nevertheless, no satisfying MMA latexes 

could be obtained that way albeit benzyl methacrylate (BMA) formed latexes with narrow 

particle sizes. Apparently, the monomer structure has a significant impact on the 

polymerization process, i.e. the interactions of monomer and g-CN seem to play a significant 

role. It is very likely that styrene and BMA feature enhanced interactions with g-CN due to the 

phenyl rings, while MMA interacts to a lesser extent. Notably, the utilization of decene-

functionalized g-CN enabled the formation of PMMA latexes, probably due to the improved 

interaction of the initiating stabilizer with the monomer. The formed latexes feature polymer 

particles that incorporate g-CN. Thus, they are visible via CLSM and might be applied for 

imaging applications. Additionally, g-CN acted as a multifunctional initiator, which leads to 

crosslinked latexes directly. 

 

4.3.4 Discussion 

The combination of g-CN and polymers enables significant improvement and access to 

unprecedented materials properties, for example mechanical durability, dispersibility or 

processability. As such, a connection between two material classes can be utilized to tailor 

materials properties as shown via various mechanical strengths in hydrogels or thin film 

formation. We showed that the ability of g-CN to form radicals on the surface via irradiation of 

visible light is an efficient way to link g-CN to polymer chemistry as the radicals can be utilized 

to initiate polymerization reactions as well as radical addition reactions. In such a way, 

polymers can be grafted from and onto g-CN to obtain crosslinked structures, namely 

hydrogels, or polymer grafted g-CN, which enabled the fabrication of various g-CN/polymer 

hybrids. Visible light is a very useful and popular trigger as it is ubiquitous and less harmful 

than UV light.164-166 Thus, visible light is of interest for various applications for example in the 

biomedical field.167 As g-CN is modified easily, for example via variation in the precursor 

composition or photofunctionalization,95 g-CN-polymer materials can be tuned directly via the 

utilized g-CN. Nevertheless, also the utilized polymers are a way to tailor obtained the 

materials and as such a broad range of materials properties is available. 

Regarding the formation of hydrogels and their mechanical properties, g-CN content plays a 

significant role as g-CN acts as reinforcer and crosslinker at the same time. One of the limiting 

factors in that regard is the poor dispersibility of g-CN that limits g-CN incorporation to 

0.6 wt.%. Therefore, modification of g-CN or solvent mixtures were introduced to increase 

dispersibility as an effective approach to improve mechanical properties of the hydrogels. It 

was noticed that the g-CN type has a significant effect on mechanical properties as well, which 

could be ascribed to the surface charge of g-CN, i.e. a more negative zeta potential led to 

improved storage moduli as expected from literature.140, 144 Therefore, g-CN modification 
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towards stronger negative surface charges was investigated. Notably, g-CN surface 

modification via incorporation of additional negatively charged moieties has a profound effect 

on mechanical properties. Not only g-CN dispersibility and content increase that way but also 

compressibility, which can be explained with the additional stabilizing effect of repulsion of 

charged g-CN in the gels upon compression. Strategies for improved dispersibility also direct 

towards improved dispersion stability under specific circumstances, e.g. when a charged 

monomer is added. In such a way, hydrogels from a broader monomer pool are available, 

facilitating additional hydrogel properties. Overall, the plethora of monomer combinations and 

g-CN types allows the fabrication of tailored hydrogel materials. Indeed, the storage modulus 

of hydrogels could be varied in a broad range (approximately 7 kPa to 700 kPa) via g-CN 

content and type, while the toughness of the material could be adjusted with monomer 

mixtures, e.g. AAm and DMA. The compressibility seems to rely significantly on g-CN surface 

charge and - to a minor extent - on incorporated g-CN amount. 

It should be noted that the g-CN hydrogels feature photocatalytic activity, e.g. in hydrogen 

evolution or dye degradation, which opens up a completely new field of applications that is 

complimentary to applications with specific mechanical requirements.168 The literature covers 

a broad range of hydrogels with various properties as mentioned in the state of the art.169 

Nevertheless, g-CN as a colloidal entity comprises a promising platform for future application 

as it combines tailored mechanical properties with visible light induced photopolymerization, 

for example the hydrogels can be formed in the sun light. Hence, reinforced hydrogels can be 

obtained in a spatially controlled way and directions of additive manufacturing are certainly a 

promising approach as well.170-171 

While colloidal dispersibility is a main feature to control the mechanical properties of g-CN 

derived hydrogels, other materials can be targeted as well. As g-CN is a very promising 

photocatalytic material, application of g-CN in films is of significant interest.172-173 

Nevertheless, common methods of film formation and processing, e.g. spin coating or inkjet 

printing, have been achieved with minor success only, which is to a large extent due to the 

limited stability of g-CN colloidal dispersions. Therefore, the knowledge and approaches to 

improve g-CN dispersibility could be implemented in g-CN film and coating formation. For 

example, g-CN was combined with polymers for improved dispersibility and processability. In 

such a way, thin films and coatings based on g-CN could be fabricated, which enables 

processing of g-CN and access to novel applications. The photofunctionalization reaction 

further introduces versatility as various polymer types and small molecules can be grafted onto 

g-CN. Hence, the surface properties can be tailored in specific way, e.g., 

hydrophilicity/hydrophobicity. Such a control over g-CN surface chemistry has been rarely 

reported in literature so far and is a significant development for the application of g-CN. In 

general, the combination of g-CN and polymers seems to be a promising approach that 

combines the properties of both material classes. 
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5 Metal-organic frameworks in polymer chemistry3 

5.1 State of the art and theory 

5.1.1 Metal-organic frameworks – structure and applications  

Since their first discovery, MOFs have attracted significant attention in chemistry as well as 

materials science.174-175 In the meantime, MOFs also have found their way into all areas of the 

chemical sciences, which is related to their well-defined porous structure. MOFs are crystalline 

compounds consisting of three-dimensional ordered metal-ligand complexes (Scheme 5-1). In 

contrast to classical coordination chemistry, MOFs are formed from multi-functional ligands 

that facilitate complex formation in a repetitive manner, which can be described as a 

supramolecular polymerization in three dimensions (Scheme 5-1). The structure of the MOF 

correlates directly with the utilized ligands and associated secondary building unit,176 i.e. their 

geometry and functionality, and metal ions, i.e. the metal ion size and coordination type. As 

such the MOF structure is highly tunable regarding various properties, e.g. pore sizes, metal 

incorporation or rigidity of the framework. Hence, MOFs have found various applications, e.g. 

in the field of catalysis,177 gas storage178 or nanomedicine.179 

 

 

Scheme 5-1. Overview of MOF formation according to the example of the tetragonal MOF 

based on Zn2+, DABCO and bdc.180 

 

The MOF crystal structure can be derived and tailored directly via the utilized components. 

Nevertheless, tailoring of crystal structures via additives or external stimuli has been in the 

focus of research recently (Scheme 5-2a). In such a way, MOF structures can be brought to a 

higher level of complexity. For instance, Do and coworkers studied the effect of modulator 

addition on the crystallization of [Cu2(1,4-naphthalene dicarboxylate)2(diaminobicyclooctane)]n 

 
3 Parts of the present chapter were discussed in the review (published under CC-BY):  
Bernhard V. K. J. Schmidt, Macromolecular Rapid Communications 2020, 41 (1), 1900333 
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([Cu2(1,4-naphthalene dicarboxylate)2(DABCO)]n).181 In contrast to the parent cube-like MOF, 

nanocubes were obtained when monocarboxylic acid und mono amine molecules were added 

at the same time, which is just an effect on crystal size. Addition of mono carboxylic acid or 

mono amine led to nanorods or nanosheets, respectively. Wang and coworkers utilized a 

competitive ligand to etch MOFs in a structured way for the generation of well-defined 

hierarchical pore structures.182 In addition to crystal structure and morphology itself, 

functionalization of MOFs has been a major topic. There are two strategies to obtain 

functionalized MOFs (Scheme 5-2b/c): Utilization of functionalized ligands, i.e. the co-

crystallization approach, or functionalization via chemical reactions or physical interactions 

after MOF formation, i.e. the post-crystallization approach.183 

 

Scheme 5-2. a) Control of MOF morphology via additives, b) co-crystallization functionalization 

and c) post-crystallization functionalization. 

 

MOFs are of particular interest for applications like gas adsorption or catalysis due to their 

large surface area, well-defined pore structure and incorporation of metal ions. In such a way, 

significant amounts of molecules can be stored. Moreover, the defined pore sizes allow gas 

uptake with high selectivity. For example, Eddaoudi and coworkers showed gas storage of CO2, 

CH4 and O2 in aluminium-based MOFs.184 To optimize the gas uptake, the linker length was 

varied and correlated to the uptake of the respective gas showing the adjustability of MOF 

materials. A MOF material for hydrogen adsorption was presented by Li and Yang.185 A Zn2+ 

benzenetribenzoate MOF was utilized, featuring an adsorption capacity of 0.62 wt.% hydrogen, 

which could be enhanced to 1.5 wt.% after incorporation of hydrogen dissociating catalysts (at 

298 K and 10 MPa). Moreover, the incorporation of metal ions endows MOFs with catalytic 

properties.186 Therefore, MOFs act as heterogenous catalysts for example in the light induced 

CuAAc reaction.187 Zhou and coworkers utilized Zr-based MOFs as catalyst for the cycloaddition 

of CO2 and epoxides.188 Furthermore, MOFs can be utilized as heterogeneous polymerization 

catalysts for metal catalyzed polymerization reactions, e.g. ATRP or cationic polymerization.189-

190 Another important point in MOF-mediated chemical reactions is the effect of porosity or 
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rather confined environment on product formation. As the MOF pores are rather small with 

diameters in the nanometer range, educt trajectories inside are well-defined and pore walls 

can favor specific product geometries. Hence, product selectivity can be directed and tailored 

as shown by Yaghi and coworkers for the gas phase conversion of methylcyclopentane.191  

 

5.1.2 Polymerization in metal-organic frameworks and metal-organic 

framework/polymer composites 

Due to the defined pore structure of MOFs, polymerization inside of the channels is an 

intriguing option to control chain growth processes (Scheme 5-3).192-193 As already mentioned 

in the previous section, the confined space inside of MOF pores can be utilized to control the 

selectivity of chemical reactions, i.e. to obtain specific regio- or stereoisomers. Hence, the 

control over stereochemistry in polymerization reactions inside of MOFs is a topic of significant 

interest, which would lead to control over tacticity. Tacticity control has been in the focus of 

research in recent decades, both from a fundamental and an application point of view.194-195 

Kitagawa and Uemura reported the first example of a polymerization inside of a MOF in 2006. 

Styrene was polymerized via free radical polymerization.196 Interestingly, rather low molecular 

dispersity (Ð) was obtained, which was attributed to less likely bimolecular chain termination 

events due to the restricted mobility of polymeric radicals in the pores. In the coming years, 

the area expanded, for example MMA, silicon-bridged [1]ferrocenophane or N-vinylcarbazole 

were polymerized in MOFs.197-199 A further study was introduced by Kitagawa and Uemura 

utilizing ligands with different steric demands to tailor pore geometry and study the effects of 

confinement on tacticity.198 Indeed, a relationship between ligand size and tacticity was found. 

Recently, terthiophene could be polymerized in a MOF to form a poly(thiophene).200 The 

synthesis of conducting polymers inside of MOF pores leads to isolated molecular wires, which 

is of significant interest in basic organic electronics research.201 An example of particular 

interest is the formation of poly(glucose) via cationic ring-opening polymerization of 1,6-

anhydro-β-D-glucose.202 Due to the confined polymerization environment a soluble linear 

polymer is obtained, while in solution branched and insoluble structures are generated. Vittal 

and coworkers reported the formation of syndiotactic polymers via photochemical [2+2] 

cycloadditions of MOF ligands.203 Recently, Uemura and coworkers achieved the first example 

of sequence-controlled polymerization inside a MOF.204 Therefore, a strategy combining 

polymerization in MOF and polymerization of MOF ligands was employed. At first a MOF was 

formed with vinyl functionalized ligands. After infiltration of additional monomers, a polymer 

could be generated with alternating sequence from ligand derived monomer and infiltrated 

monomer. 
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Scheme 5-3. Polymer/MOF hybrids: a) Polymer-filled pores and b) polymer-surface 

modification. 

 

Polymers are not only synthesized in MOF pores but also combined with MOFs in hybrid 

materials (Scheme 5-3). In general, the strategy of hybrid formation is utilized to fabricate 

materials that combine the properties of both constituents. In the realm of MOF research, 

properties like catalytic activity or porosity of MOFs can be combined with processability, 

solubility or stimuli response of polymers.205 For example, the MOF Universitet i Oslo-66 (UiO-

66) was grafted with PNIPAM – a thermoresponsive polymer that changes from the coil state 

to globule state upon heating in water.206 Hence, the functionalized MOF could be dispersed or 

precipitated in water depending on the temperature. Wuttke and coworkers grafted PEG onto 

the Materials Institute Lavoisier-100 (MIL-100) MOF. In such a way colloidal stable material 

was obtained that offers opportunities in biomedical applications.207 
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A Cu(II) metal–organic framework as a recyclable
catalyst for ARGET ATRP†

Hui-Chun Lee, Markus Antonietti and Bernhard V. K. J. Schmidt*

A Cu(II) MOF can serve as an efficient catalyst for activators re-

generated by electron transfer atom transfer radical polymerization

(ARGET ATRP), e.g. for the synthesis of poly(benzyl methacrylate)

(PBzMA) and polystyrene (PS). Furthermore, poly(isoprene) (PI) and

poly(4-vinylpyridine) (P4VP) can be formed in a controlled fashion

as well, which used to be challenging to achieve by traditional

strategies. Taking advantage of the heterogeneous nature of the

catalyst, recycling via centrifugation and repeated utilization for

at least six cycles are demonstrated.

Reversible deactivation radical polymerization (RDRP) has
attracted significant attention in polymer as well as materials
sciences, and without any doubt, atom transfer radical
polymerization (ATRP) is one of the most significant synthetic
techniques owing to its applicability and capability to syn-
thesize well-defined polymers with a predetermined molecular
weight, designed microstructure and tailored-made
functionalities.1–4 Based on the principle of ATRP, activators
regenerated by electron transfer atom transfer radical poly-
merization (ARGET ATRP) with the advantages of high oxygen
tolerance and low metal catalyst requirement were developed
to further advance the synthetic field.5–8 However, the neces-
sity for catalysts and associated ligands, inevitable interaction
resulting from the monomer, catalyst (i.e. 4-vinylpyridine (4VP)
and CuBr)9,10 and ligand (i.e. isoprene and PMDETA),11–13 and
the hard to remove, non-reusable catalyst limit the ubiquity of
this methodology.14–19 Although plenty of strategies have been
launched and attempted to refine the current struggles, such
as photocatalytic,20 electrochemical-mediated polymerization21

or functionalization with supporting materials,22–24 hetero-
geneous catalysts feature more convenient handling for appli-
cations. Furthermore, metal–organic frameworks (MOFs) com-
prising of metal ions and linking ligands are attractive porous

materials due to their designable material features, ultrahigh
specific surface area contributed by individual composition,
morphology and functionality, imparting diverse potential to
applications, such as gas storage, molecular separation,
catalysis,25–30 as polymerization catalysts31–33 or as a polymeri-
zation environment.34,35

Herein, a novel approach towards ARGET polymerizations
is presented. The utilization of a Cu(II)-based MOF, namely
Cu2(bdc)2(dabco) (bdc: terephthalic acid; dabco: 1,4-diazabi-
cyclo[2.2.2]octane), as a heterogeneous polymerization catalyst
is probed making use of the robust physical framework formed
by ionic bonds. Scheme 1 illustrates the general concept of
Cu(II) MOF-mediated ARGET ATRP universal to various mono-
mers, such as benzyl methacrylate (BzMA), styrene, 4VP and
isoprene. Compared to the conventional copper ion co-
ordinated with a halide anion, the copper MOF can act as a
catalyst and a ligand complex at the same time. Thus, a some-
times tedious synthetic procedure is significantly simplified,
and side reactions within the mixture of monomer, metallic
catalyst and the corresponding ligand are limited. Moreover,
considering the particle size of a few hundred nanometers, the
MOF catalyst can be easily collected by centrifugation and
reused for other polymerizations.

Scheme 1 Schematic illustration for the proposed mechanism of Cu(II)
MOF-mediated ARGET ATRP for various of monomers.

†Electronic supplementary information (ESI) available: Experimental section,
additional characterization of MOFs and polymer properties. See DOI: 10.1039/
c6py01844k
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Since amine molecules possess the ability to reduce copper
complexes from a high-valent to a low valent state as reducing
agents in ARGET ATRP,36,37 additional DABCO was added to
trigger the reduction of Cu(II) to active Cu(I).

After the Cu(II) MOF was synthesized and characterized
according to the literature (Fig. S1/S2†),38,39 ARGET ATRP of
various monomers was performed with the Cu(II) MOF com-
pared to conventional copper–halogen coordinated catalysts.
At the beginning, polymerizations of common monomers,
BzMA and styrene, were conducted. The time-dependent pro-
gressions of monomer conversions (Fig. S3a/b†) reveal the con-
stant concentration of the active propagating species in both
PBzMA and PS systems, and 50% monomer conversion can be
achieved within 10 hours at operational temperatures of 50 °C
and 110 °C, respectively. Fig. 1a and b show the dependency of
the molecular weight on conversion of BzMA and styrene
revealed in Cu(II) MOF mediated ARGET ATRP, showing the
gradual growth of polymer chains as well as the feature of the
pre-determinable degree of polymerization, which is a prere-
quisite to be regarded as a RDRP process (Table 1). The slight
deviation from the theoretical values can be attributed to slow

initiation originating from the heterogeneous nature of the cata-
lyst. Furthermore, functionality of PBzMA and PS synthesized
with the Cu(II) MOF in terms of initiator end-functionalization
was investigated via chain extension with isobornyl methacrylate
(IBMA) for the subsequent ARGET ATRP block copolymer for-
mation and 1H NMR (Fig. S4†). The SEC elugrams of the formed
block copolymers (Fig. 1c and d) show an obvious shift to lower
retention times, which corresponds to an increased chain
length from 15 500 (PBzMA) to 28 600 g mol−1 (PBzMA-b-
PIBMA), and 16 800 (PS) to 20 200 g mol−1 (PS-b-PIBMA). For
PS-b-PIBMA a broadening of the molecular weight distribution
is observed due to unfavourable chain extension with methacry-
late. Thus, chain extensions with styrene were probed that show
no significant broadening (Fig. S5†).

Therefore, the preservation of the halogen end group via
the ability to initiate the second polymerization can be
stated. The Cu(II) MOF derived polymers can be regarded as
dormant chains and the preparation process can be filed as a
RDRP process. The formation of block copolymers with the
utilization of these macroinitiators can be again evidenced by
the 1H NMR spectra, indicating the composition of two
polymer segments (Fig. S4†). As a reference, PBzMA and PS
were also synthesized through traditional ARGET ATRP with
the utilization of CuBr/PMDETA. The kinetic behavior
(Fig. S3c/d†), time-dependent Mn evolution, and SEC distri-
bution (Fig. S6†) show great resemblance between these two
pathways in both polymer systems, indicating the Cu(II) MOF
as a comparable, yet heterogeneous catalyst for ARGET ATRP.

In addition, the ARGET polymerization of isoprene and 4VP
catalyzed via the Cu(II) MOF was investigated (Table 1), since these
monomers have been proven to be rather challenging to polymer-
ize via ATRP without the utilization of specified methods, such as
enhanced ligands.9,10 The polymerization kinetics for PI and P4VP
exhibit distinct linear semilogarithmic plots (Fig. S7†), and a
linear increase of molecular weights in accordance with conver-
sion (Fig. S8a/b†) can be observed in both cases. The superior
polymerization results compared to non-MOF systems are prob-
ably due to the vexed coordination between the monomers and
free catalysts and/or ligands. The Cu(II) MOF stabilized by the
ionic bonding between the Cu(II) ions and ligands in the frame-
work is obviously able to effectively avoid side reactions, which at
the end results in polymerizations with a higher efficiency.
Considering the living nature of the fabricated PI and P4VP,

Fig. 1 The evolution of Mn with conversion for (a) BzMA and (b) styrene
polymerization. SEC chromatograms of the as synthesized (c) PBzMA
and (d) PS before (dashed line) and after chain extension with IBMA
(solid line) measured in THF.

Table 1 Polymerization of monomers via Cu2(bdc)2(dabco)
a and the corresponding block copolymers resulting from chain extension with IBMAb

Homo polymer Mn,theo (kg mol−1) Mn,SEC (kg mol−1) Đ Copolymer Mn,theo (kg mol−1) Mn,SEC (kg mol−1) Đ

PBzMA 17.2 15.5 1.4 PBzMA-b-PIBMA 30.6 28.6 1.2
PS 11.2 16.8 1.3 PS-b-PIBMA 21.1 20.2 1.5
PI 21.8 23.0 1.4 PI-b-PIBMA 135.8 104.9 1.6
P4VP 11.6 9.2 1.5 P4VP-b-PIBMA 28.9 16.0 1.2

a Polymerization conditions: [BzMA] : [I] : [DABCO] = 180 : 1 : 2, 50 °C for 6 h; [St] : [I] : [DABCO] = 110 : 1 : 5, 110 °C for 12 h; [isoprene] : [I] : [DABCO] =
805 : 1 : 5, 120 °C for 72 h; [4VP] : [I] : [DABCO] = 370 : 1 : 5, 60 °C for 9 h. Polymerizations were performed with 5.7 wt% Cu(II) MOF. b ET conditions:
[PBzMA-Br/PS-Br] : [IBMA] : [CuBr2] : [ligand] : [DABCO] = 1 : 400 : 0.4 : 1 : 2.4, 50 °C for 24 h; [PI-Br] : [IBMA] : [CuBr2] : [ligand] : [DABCO] =
1 : 1100 : 1.1 : 2.75 : 6.6, in 50 vol% dioxane at 50 °C for 24 h; [P4VP-Br] : [IBMA] : [CuBr2] : [ligand ]: [DABCO] = 1 : 450 : 0.45 : 1.13 : 2.7, in 50 vol%
dioxane at 50 °C for 24 h.

Communication Polymer Chemistry
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chain extensions via block copolymer formation with IBMA
were studied (Fig. S8c/d,† Table 1). A shift of the full molecular
weight distribution in the SEC elugram to lower retention
times can be observed, which is a clear indication of the
desired chain extended block copolymer product formation.

In addition, PI synthesized by the Cu(II) MOF appears to
feature high regioselectivity, with a 1,4-addition above 80%
(Fig. S9†).13 Additionally, referring to P4VP, the Cu(II) MOF cata-
lyzed polymerization not only leads to controlled molecular
weights and end groups, but even an effect on the microstructure
of polymer chains is observed, which has been rarely reported so
far. As shown in the 13C NMR profiles (Fig. S10†), the assignment
of mm and mr triad from C4 carbon was identified at 152 and
150 ppm,40 and compared to free radical polymerization, the
control over tacticity is improved in the Cu(II) MOF-mediated
P4VP, as reflected by the increased ratio of isotactic triads (mm)
from 13% to 25%. It is speculated that the increased tacticity is
due to the alignment of 4VP monomers along the MOF, because
the Cu(II) MOF could act as a Lewis acid through forming strong
coordination between the comprised Cu ions and nitrogen
atoms from 4VP monomer and/or polymer chains.41 The charac-
teristic properties of these particular polymers can be success-
fully passed onto the as-fabricated block copolymers as evi-
denced in the 1H NMR (Fig. S11†), indicating a promising
avenue for the synthesis of more controlled functional materials.

PXRD (Fig. S1†) was utilized to study the integrity of the
MOF structure in each polymerization, revealing the preser-
vation of the MOF structure, and the changes in relative peak
intensities are attributed to guest molecules occupying the
host nanochannels.35 Therefore, it can be concluded that the
MOF-based catalyst Cu2(bdc)2(dabco) is stable under ARGET
ATRP conditions. The decreased specific surface area after
polymerization (Fig. S1†) can be attributed to the incorpor-
ation of the monomer in the porous texture, and the decrease
in volume corresponds to the size of the applied monomers.
The monomer incorporation effect can be confirmed via the
measurement of weight increase after recycling the catalyst
(Fig. S12†), which has to be considered when switching mono-
mers between various runs of polymerization.

As shown in Fig. 2, due to the particle size of the Cu(II)
MOF of approximately 100 nm, the MOF crystals serve as a
heterogeneous catalyst, which can be separated from the
polymer solution easily via centrifugation (Fig. 2d) and the

synthesized polymers can be obtained from the solution
(Fig. 2e) after precipitation. At first, the Cu(II) MOF exhibits a
characteristic light blue color because of the comprised Cu(II)
ions, but once the ARGET ATRP proceeds, the suspension
turns dark green owing to the reduction of Cu(II) into
active Cu(I) with its intrinsic green color. The oxidation state of
the MOF-derived Cu ions can be traced by solid-state UV-Vis
spectroscopy (Fig. S13†). Resembling the CuBr2 reference, the
as-synthesized Cu(II) MOF exhibits a maximum absorption at
around 250–350 nm, indicating the higher oxidation state.
In contrast, during the polymerization process, an obvious
red shift towards 300–550 nm can be identified, evi-
dencing the oxidation of the Cu(II) framework to Cu(I).
After termination of the polymerization, the absorption peak of
the Cu MOF retreats to lower wavelengths with a blue shift,
matching perfectly with the initial Cu(II) MOF. Thus, a reversible
generation of the catalytic Cu(I) species can be stated.

Owing to the active-and-inactive properties, the MOF-based
catalyst can be recycled at least six times by conducting the
polymerization of PBzMA and PS alternatively. As elaborated in
Fig. 3, the monomer to polymer conversions and product
yields remain stable during the whole six runs, which indicates
a promising applicability of utilizing this complex for various
polymerizations. The discrepancy between the conversion of
styrene and the yield of PS in the second cycle is probably due
to the styrene monomer incorporation into the porous struc-
ture of Cu(II) MOF. The smaller molecular size of styrene with
respect to BzMA leads to the mismatch of yield and conversion
in the second cycle. However, yield and conversions are steady
after the second cycle. The increase in weight of the operated
catalyst shows a similar trend with the most obvious weight
increase during the first two cycles due to polymer incorpor-
ation, and the weight remains constant with no significant
loss afterwards (Fig. S11†). Accordingly, the specific surface
area declines from 2280 to 40 m2 g−1 after 6 cycles, which sup-
ports the proposed explanation.

Fig. 2 Photographs of Cu2(bdc)2(dabco)-mediated ARGET ATRP at
different stages: (a) Cu(II) MOF before polymerization; (b) Cu(II) MOF
during polymerization; (c) termination with solvent; (d) removal of cata-
lytic complex via centrifugation; (e) polymer solution and (f ) polymer
bulk after precipitation.

Fig. 3 Monomer conversion and polymer yield of Cu2(bdc)2(dabco)-
mediated ARGET ATRP in catalyst recycling tests, executing the cascade
polymerization of BzMA and styrene.
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The possible leakage of Cu ions from the MOF template was
investigated via inductively coupled plasma optical emission
spectrometry (ICP-OES). After recycling 6-times, the contamination
of the polymer product by Cu ions is insignificant in both PBzMA
and PS synthesis (0.07–0.01 mg g−1 after precipitation, Table S1†).
Compared to the traditional CuBr2 catalyzed reaction, the products
from the crude bulk solutions of Cu(II) MOF mediated polymeri-
zation show almost 10 times lower Cu ion concentration
compared to the conventional strategy. As a result, the contami-
nation with the catalyst in polymer products can be efficiently
avoided by the utilization of the Cu(II) MOF. Corresponding to the
reversible UV-Vis profiles, the ICP results support the consistency
of the Cu(II) MOF during the ARGET-ATRP polymerization
reactions.

One remarkable property of ARGET ATRP is the requirement
of low catalyst concentrations in polymerization. Therefore, the
polymerization of PBzMA was exerted with the utilization of
merely 500 ppm Cu(II) MOF (approximately 112 ppm Cu(II)
ions). Under this condition, still conversions up to 60% can be
reached after 65 hours at 50 °C, and decent polymers with a
molecular weight of around 30 000 to 40 000 g mol−1 and a PDI
of 1.5 to 1.8 were obtained (Fig. S14 and Table S2†).

In conclusion, Cu(II) MOFs were utilized in the ARGET
ATRP of various monomers. Styrene and BzMA were polymer-
ized in a controlled fashion according to RDRP standards as
proven via a linear increase of molecular weight with conver-
sion and chain extension experiments. Furthermore, the chal-
lenging monomers 4VP and isoprene could be polymerized in
a controlled way, as confinement of Cu(II) ions and ligands
effectively suppresses the side reactions between reagents and
monomers to successfully perform RDRP. As a heterogeneous
catalyst, the copper catalyst can be separated simply from
the polymer product by centrifugation, and be reused for
further reactions. In summary, with the capability to simplify
the polymerization procedure, to prevent side-effects in reac-
tions and to solve the cumbersome catalyst removal, the Cu(II)
MOF is demonstrated as a powerful catalyst complex for com-
prehensive polymerization offering well-controlled and living
properties of the polymers so as to indeed expand the feasi-
bility and applicability of ATRP in synthetic chemistry.

Acknowledgements

The authors acknowledge financial support from the German
Academic Exchange Service (DAAD) and the Max Planck
Society, Marlies Gräwert for SEC experiments, Rona Pitschke
and Heike Runge for electron microscopy, and Jeannette
Steffen for ICP analysis.

Notes and references

1 J. S. Wang and K. Matyjaszewski, J. Am. Chem. Soc., 1995,
117, 5614.

2 K. Matyjaszewski, Macromolecules, 2012, 45, 4015.

3 M. Kato, M. Kamigaito, M. Sawamoto and T. Higashimura,
Macromolecules, 1995, 28, 1721.

4 M. Kamigaito, T. Ando and M. Sawamoto, Chem. Rev., 2001,
101, 3689.

5 K. Min, H. F. Gao and K. Matyjaszewski, J. Am. Chem. Soc.,
2005, 127, 3825.

6 W. Jakubowski and K. Matyjaszewski, Angew. Chem., Int.
Ed., 2006, 45, 4482.

7 J. Xia, X. Zhang and K. Matyjaszewski, Macromolecules,
1999, 32, 3531.

8 H. El-Hamshary, M. El-Garawany, F. N. Assubaie and
M. Al-Eed, J. Appl. Polym. Sci., 2003, 89, 2522.

9 J. Wootthikanokkhan, M. Peesan and P. Phinyocheep, Eur.
Polym. J., 2001, 37, 2063.

10 Y. Kwak, A. J. D. Magenau and K. Matyjaszewski,
Macromolecules, 2011, 44, 811.

11 J. Li, J. El-harfi, S. M. Howdle, K. Carmichael and
D. J. Irvine, Polym. Chem., 2012, 3, 1495.

12 Z. K. Wang, Y. Q. Zhang, F. Jiang, H. G. Fang and
Z. G. Wang, Polym. Chem., 2014, 5, 3379.

13 Y. Q. Shen, H. D. Tang and S. J. Ding, Prog. Polym. Sci.,
2004, 29, 1053.

14 N. V. Tsarevsky and K. Matyjaszewski, J. Polym. Sci., Part A:
Polym. Chem., 2006, 44, 5098.

15 S. Faucher and S. P. Zhu, J. Polym. Sci., Part A: Polym.
Chem., 2007, 45, 553.

16 W. A. Braunecker and K. Matyjaszewski, Prog. Polym. Sci.,
2007, 32, 93.

17 M. Ding, X. Jiang, L. Zhang, Z. Cheng and X. Zhu,
Macromol. Rapid Commun., 2015, 36, 1702.

18 C. Cheng, E. Khoshdel and K. L. Wooley, Nano Lett., 2006,
6, 1741.

19 N. Jasinski, A. Lauer, P. J. M. Stals, S. Behrens, S. Essig,
A. Walther, A. S. Goldmann and C. Barner-Kowollik, ACS
Macro Lett., 2015, 4, 298.

20 N. J. Treat, H. Sprafke, J. W. Kramer, P. G. Clark,
B. E. Barton, J. Read de Alaniz, B. P. Fors and C. J. Hawker,
J. Am. Chem. Soc., 2014, 136, 16096.

21 A. J. D. Magenau, N. C. Strandwitz, A. Gennaro and
K. Matyjaszewski, Science, 2011, 332, 81.

22 Y. Shen and S. Zhu, Macromolecules, 2001, 34, 8603.
23 S. Munirasu, R. Aggarwal and D. Baskaran, Chem.

Commun., 2009, 30, 4518.
24 D. M. Haddleton, D. Kukulj and A. P. Radigue, Chem.

Commun., 1999, 1, 99.
25 S. Kitagawa, R. Kitaura and S. I. Noro, Angew. Chem., Int.

Ed., 2004, 43, 2334.
26 J. L. C. Rowsell and O. M. Yaghi, Microporous Mesoporous

Mater., 2004, 73, 3.
27 G. Férey, Chem. Soc. Rev., 2008, 37, 191.
28 C. Janiak and J. K. Vieth, New J. Chem., 2010, 34, 2366.
29 N. Stock and S. Biswas, Chem. Rev., 2012, 112, 933.
30 Q. Fu, K. Xie, S. Tan, J. M. Ren, Q. Zhao, P. Webley and

G. G. Qiao, Chem. Commun., 2016, 52, 12226.
31 R. J. Comito, K. J. Fritzsching, B. J. Sundell, K. Schmidt-

Rohr and M. Dincă, J. Am. Chem. Soc., 2016, 138, 10232.

Communication Polymer Chemistry

7202 | Polym. Chem., 2016, 7, 7199–7203 This journal is © The Royal Society of Chemistry 2016

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

0/
13

/2
01

9 
10

:2
2:

13
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

5 Metal-organic frameworks in polymer chemistry

253

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k


32 A. Dhakshinamoorthy, M. Alvaro and H. Garcia, Chem.
Commun., 2012, 48, 11275.

33 Y. Bai, X. Feng, H. Xing, Y. Xu, B. K. Kim, N. Baig, T. Zhou,
A. A. Gewirth, Y. Lu, E. Oldfield and S. C. Zimmerman,
J. Am. Chem. Soc., 2016, 138, 11077.

34 T. Uemura, S. Mochizuki and S. Kitagawa, ACS Macro Lett.,
2015, 4, 788.

35 T. Uemura, Y. Ono, K. Kitagawa and S. Kitagawa,
Macromolecules, 2008, 41, 87.

36 H. Dong and K. Matyjaszewski, Macromolecules, 2008, 41,
6868.

37 H. Tang, M. Radosz and Y. Shen, Macromol. Rapid
Commun., 2006, 27, 1127.

38 K. Seki and W. Mori, J. Phys. Chem. B, 2002, 106, 1380.
39 T. Tsuruoka, S. Furukawa, Y. Takashima, K. Yoshida,

S. Isoda and S. Kitagawa, Angew. Chem., Int. Ed., 2009, 48,
4739.

40 K. Matsuzaki, T. Matsubara and T. Kanai, J. Polym. Sci.,
Polym. Chem. Ed., 1977, 15, 1573.

41 B. Ray, Y. Isobe, K. Morioka, S. Habaue, Y. Okamoto,
M. Kamigaito and M. Sawamoto, Macromolecules, 2003, 36,
543.

Polymer Chemistry Communication

This journal is © The Royal Society of Chemistry 2016 Polym. Chem., 2016, 7, 7199–7203 | 7203

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
N

ov
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

0/
13

/2
01

9 
10

:2
2:

13
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

5 Metal-organic frameworks in polymer chemistry

254

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k
https://doi.org/10.1039/c6py01844k


Synergic Effect between Nucleophilic Monomers and Cu(II) Metal−
Organic Framework for Visible-Light-Triggered Controlled
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ABSTRACT: A Cu(II) metal−organic framework (MOF),
Cu2(bdc)2(dabco), was found to be an efficient heterogeneous
catalyst for controlled photopolymerization under visible light.
The MOF, composed of photostimulable metal sites, was used
to catalyze both photoinitiation as well as radical chain control
and required no external photoinitiator, dye sensitizer, or
ligand. A simple light trigger allowed the photoreduction of
Cu(II) to the active Cu(I) state, enabling controlled atom
transfer radical polymerization (ATRP). Compared to conven-
tional ATRP with homogeneous catalysts, the ionic-bonded
framework imparts high stability and robustness to the
catalytic Cu(II) species. Therefore, the polymerization of
vinylpyridines (2-vinylpyridine, 2VP; and 4-vinylpyridine,
4VP), usually challenging by traditional polymerization strategies, was controlled up to high conversion (>85%) in 90 min,
forming polymers with Đ < 1.3. Methacrylates such as 2-(dimethylamino)ethyl methacrylate (DMAEMA) and methyl
methacrylate were polymerized by the Cu(II) MOF with good control as well. Moreover, as a heterogeneous catalyst, the MOF
was easily separated, recovered, and repeatedly used for several photopolymerizations of 2VP and DMAEMA.

■ INTRODUCTION

Reversible deactivation radical polymerization (RDRP) has
attracted significant attention in polymer and materials sciences,
owing to its application to the synthesis of well-defined
polymers with predetermined molecular weight, narrow
dispersity, tailor-made functionalities, and designed top-
ology.1−5 Current advanced protocols, e.g., atom transfer
radical polymerization (ATRP) or activators regenerated via
electron transfer (ARGET) ATRP,3 have made significant
contributions in the manipulation of the activation−deactiva-
tion equilibrium between the active (Pn

•) and dormant (Pn−X)
groups to obtain control in radical polymerization (as depicted
in Scheme 1). Since the ATRP equilibrium is mediated by the
Cu(II)/Cu(I) catalytic couple, precise selection of appropriate
copper catalysts with amine ligands is important to optimize the
properties of the polymer product.6

Several different external stimuli can trigger and control a
polymerization process, such as pressure,7 electrical current,8,9

mechanical forces,10 and light.11−18 Special interest is imparted
to photomediated polymerization because of several advantages
over traditional polymerization, including adjustable photo-
active catalysts, fast reaction rates, and spatiotemporal control.
Even though photoinduced catalytic reactions19−24 or polymer-
izations12,13,17,25−29 have recently been widely developed, their

use is often limited by the requirement of specialized
photoinitiators and photosensitizers,25,30 and, most impor-
tantly, by the tedious removal of the non-recyclable
catalysts.31−33 In the case of Cu catalysts, the polymerization
of strongly coordinating monomers (i.e., 4-vinylpyridine and 2-
vinylpyridine) is limited by both inevitable association with the
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Scheme 1. Schematic Illustration of the Cu(II) MOF-
Mediated ATRP
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catalyst34,35 and SN2-type nucleophilic substitution, which
affects the halide end-groups of polymers and results in the
formation of branched structures.36 Therefore, such difficult
monomers would benefit from the development of a
significantly more stable and heterogeneous catalyst.
Metal−organic frameworks (MOFs) are highly ordered

frameworks constructed from organic linkers and metal ions.
MOFs are well-defined and tunable porous materials with
ultrahigh specific surface area. These properties allow for
diverse applications, such as gas storage,37 organic catalysis,38,39

polymerization catalysis,40−42 and even nanoreactors for
polymerization.43−45 Furthermore, optical properties of the
MOFs can be designed: The choice of organic linkers affected
chemical bonding and electronic structures, adjusting the
optical properties and the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).46−48 Namely, with
the manipulation of conjugated molecules as linkers, diverse
MOFs have been prepared as universal photosensitizers with
adjustable chemical and optical properties.46,49−51 Once
irradiated with light, the metal ions act as electronically tunable
photocatalytic centers for efficient oxidation or reduction
processes.52−54 For example, theoretical and experimental
investigations revealed that MOFs containing unsaturated
metal sites acted as Lewis-acid centers with enhanced catalytic
activity toward electron-rich molecules.55,56 Moreover, nitro-
gen-containing ligands were introduced as potential reducing
agents to activate the metal catalytic centers under light
irradiation.12,19,57,58

In th i s r ega rd , the Cu( I I ) ion -ba sed MOF,
[Cu2(bdc)2(dabco)]n, is herein demonstrated as an excellent
catalyst for visible-light photoinduced controlled radical
polymerization (PCRP) of various nucleophilic monomers,
namely, 4-vinylpyridine (4VP), 2-vinylpyridine (2VP), 2-
(dimethylamino)ethyl methacrylate (DMAEMA), and methyl
methacrylate (MMA) (Scheme 1). The applied MOF is
determined as a 4/mmm primitive symmetry cell with channel
size 7.5 × 7.5 Å,59 which is composed of dication Cu2 segments,
with terephthalic acid (H2bdc) as two-dimensional linker and
with 1,4-diazabicyclo[2.2.2]octane (dabco) as both pillar and
potential reducing motif under light irradiation. A series of
photochemical and electrochemical properties of the Cu(II)
MOF were investigated first. Then, PCRP was carried out,
under visible-light irradiation to reduce Cu(II) to the active
Cu(I), i.e., without photospecialized initiators, sensitizers, or
complexed ligands. Surpassing the conventional homogeneous
catalyst, the Cu(II) MOF was found to tolerate strongly
coordinating monomers. The presence of monomer affected
the MOF’s properties, influencing both photoabsorption and
polymerization behaviors. Being a heterogeneous catalyst, the
MOF could be easily separated from the polymerization
mixture by centrifugation, and then reused for the PCRP of
2VP and DMAEMA. Moreover, the on/off character of
photoinduced reactions was exploited to obtain temporal
control in the polymerization of 4VP.

■ EXPERIMENTAL SECTION
Materials. The 4-vinylpyridine (4VP, Sigma-Aldrich, ≥95%), 2-

vinylpyridine (2VP, Alfa Aesar, 97%), 2-(dimethylamino)ethyl
methacrylate (DMAEMA, Sigma-Aldrich, 98%), methyl methacrylate
(MMA, Alfa Aesar, 99%), poly(ethylene glycol) methyl ether
methacrylate (OEGMA, Sigma-Aldrich, average Mn 300), and
isobornyl acrylate (IBA, Alfa Aesar, 85%) were filtered through a

basic aluminum oxide (Brockman type I, Acros, 50−200 μm, 60 Å)
column to remove the inhibitor. The 2,2′-azobis (isobutyronitrile)
(AIBN, Sigma-Aldrich, 98%) was recrystallized from methanol.
Bromoacetonitrile (Sigma-Aldrich, 97%), copper(II) acetate mono-
hydrate (Roth, ≥98%), CuBr2 (Alfa Aesar, 99%), diazabicyclo[2.2.2]-
octane (dabco, Alfa Aesar, 97%), N,N-dimethylformamide (DMF,
VWR, ACS grade), ethyl α-bromoisobutyrate (EBIB, Sigma-Aldrich,
98%), 4-ethylpyridine (Sigma-Aldrich, 98%), NaNO3 (Acros, ACS
grade), 1,1,4,7,7-pentamethyldiethylentriamine (PMDETA, Acros,
>98%), 1,4-terephthalic acid (H2bdc, Alfa Aesar, >98%), triethylamine
(TEA, Acros, 99%), methanol (MeOH, Fisher Scientific, for analysis),
dichloromethane (DCM, Sigma-Aldrich, HPLC grade), and tetrahy-
drofuran (THF, VWR, HPLC grade) were used as received. As light
source, a 50 W LED chip (Bridgelux BXRA-50C5300; λ > 410 nm)
connected to a homemade circuit and cooling system is utilized. The
emission spectrum is shown in Figure S1. Cu2(bdc)2(dabco) was
fabricated and characterized on the basis of the literature (Figures S2
and S3).42,59

Electrochemical Characterization of Cu(II) MOF. Electro-
chemical analyses were performed on a PARC 263A potentiostat/
galvanostat using a three-electrode cell with deionized water/0.1 M
NaNO3 as solvent. The reference electrode was saturated calomel
(SCE), the counter electrode a Pt wire, and the working electrode a
glassy carbon disc (Metrohm, 3 mm diameter) coated with a film of
Cu(II) MOF. The MOF was dropcast from dry acetone or TEA/dry
acetone 1:4 mixtures (5 drops of a dispersion of 10 mg of MOF in 5
mL of solvent, sonicated for 30 min before casting). The film was
protected by dropcasting two drops of a solution of 1 wt % Paraloid B-
72 in acetone, which forms a porous layer incorporated with 0.02 ±
0.01 mg of MOF.60 Prior to each surface deposition, the electrode was
polished with a 0.1 μm alumina paste, and rinsed in an ultrasonic bath.
Photoelectrochemistry experiments were performed by illuminating
the electrode surface with either a UV−vis lamp or a white LED from
1 cm distance.

Typical Procedure of Cu(II) MOF-Mediated Photopolymeri-
zation. In a glass vial Cu(II) MOF (0.08 g) was added to a bulk
solution of 4VP (2 g) and ethyl α-bromoisobutyrate (EBIB; 0.03 g)
under argon. The polymerization was carried out via exposing the
reaction mixture to a visible-light LED at a distance of 15 cm with
stirring, and was terminated by adding DCM. After centrifugation, the
polymer was precipitated in water, and the solid product was dried
under vacuum. For kinetic analysis, the reaction was terminated by
DCM at a specific time, and after centrifugation the clear suspension
was filtered for GC−MS to evaluate monomer conversion. Other
monomers were polymerized via a similar method (see the Supporting
Information for details).

Characterization. The microstructure of the Cu(II) MOF was
characterized by a Bruker D8 powder X-ray diffractometer (PXRD)
using Cu Kα radiation (λ = 0.154 nm) and a scintillation counter
(KeveX detector). Nitrogen adsorption and desorption experiments
were performed using Quantachrome Quadrasorb instrument at the
temperature of liquid nitrogen, and the results were analyzed on the
basis of the Brunauer−Emmett−Teller (BET) method. All the samples
were degassed at 110 °C for 20 h before measurements and analyzed
with the QuadraWin software (version 5.05). The observations of
field-emission scanning electron microscopy (FESEM) were per-
formed on a LEO 1550 Gemini instrument. Samples were located on a
carbon-coated aluminum holder, and measured without any additional
coating. The UV−vis spectra were recorded on a UV-2501PC/2550
instrument (Shimadzu Corporation) at room temperature. Residual of
copper in polymer products was determined by inductively coupled
plasma optical emission spectrophotometry (ICP−OES); the measure-
ments were performed on a PerkinElmer Optima 8000 instrument,
calibrated with standard solutions. Gas chromatography−mass
spectrometry (GC−MS) analysis was performed using an Agilent
Technologies 5975 gas chromatograph equipped with an MS detector
and a capillary column (HP-5MS, 30 m, 0.25 mm, 0.25 μm) for
conversion determination. All 1H and 13C nuclear magnetic resonance
(NMR) spectra were performed on a Bruker Ascend 400 NMR
spectrometer in chloroform-d at a concentration of 1 wt % for proton,
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and 10 wt % for carbon analysis. Size exclusion chromatography (SEC)
for P4VP, P2VP, and PDMAEMA was conducted in 1-methyl-2-
pyrrolidinone (NMP; Fluka, GC grade) with 0.05 mol/L LiBr and
BSME as internal standard at 70 °C using a column system by a PSS
GRAM 100/1000 column (8 × 300 mm, 7 μm particle size) with a
PSS GRAM precolumn (8 × 50 mm), a Shodex RI-71 detector, and a
PMMA calibration with standards from PSS. SEC for PMMA
copolymers was conducted in THF with toluene as internal standard
at 25 °C using a column system by a PSS SDV 1000/10000/1000000
column (8 × 300 mm, 5 μm particle size) with a PSS SDV precolumn
(8 × 50 mm), a SECcurity RI detector, a SECcurity UV−vis detector,
and a calibration with PMMA standards from PSS. The polydispersity
is defined as Đ = Mw/Mn. The theoretical number-averaged molecular
mass Mn,theo was calculated as MMinitiator + MMmonomer × ([mono-
mer]0/[initiator]0) × conversion.

■ RESULTS AND DISCUSSION

Optical Properties of Monomer−Cu2(bdc)2(dabco)
Complexes. It was reported that N-containing monomers
can reduce Cu(II) complexes in solution to the active Cu(I)
oxidation state under light irradiation.61 In the following
sections, it is shown that nucleophilic N-containing monomers
can both reduce the MOF to its Cu(I) state and enhance the
light absorption of the MOF.
The optical properties of the Cu(II) MOF were thereby

modified by the inclusion of different monomers in the crystal
structure, which altered the coordination microenvironment of
the Cu(II) ions. As shown in Figure 1a, the as-synthesized
Cu(II) MOF in methanol (MeOH) exhibited the characteristic
cyan blue of the Cu(II) ions, but pronounced color variations
were observed once monomers were added. The suspensions
with 4VP and 2VP both turned dark green because of the high
affinity of these two monomers to the metal centers. In
contrast, addition of DMAEMA caused only small color
transition to cyan-green, because of its lower coordination
strength; similarly, a limited color transition was observed for
the least coordinating monomer, MMA. After exposure to
visible light for 30 min (Figure 1b), the phenomenon of color

transition was enhanced for 4VP and 2VP, yet to an
insignificant extent for the less coordinating DMAEMA and
MMA.
The shift in light absorption was also traced by solid-state

UV−vis spectroscopy. The corresponding optical band gap, EG,
was estimated from the UV−vis profiles by the empirical Tauc
plot formula:

α ν ν= −h A h E( ) ( )2
G (1)

where α is the absorption coefficient, h is the Planck constant, ν
is the light frequency, and A is a constant that is a function of
the refractive index of the material.62,63 The as-synthesized
Cu(II) MOF has a maximum absorption around 250−350 nm
and EG of ∼3.5 eV (black line in Figure 1c). Absorption
properties changed upon forming a coordination complex with
monomers and 30 min of light irradiation (colored lines in
Figure 1c). For 4VP and 2VP, the spectrum red-shifted toward
the visible-light region (300−600 nm); the band gap decreased
to 2.6 eV, and the overall absorbance increased, especially in the
case of 4VP. These changes were less prominent with
DMAEMA and MMA, and the band gap decreased only to
3.1 eV. The red shifted absorption indicated a smaller energy
requirement, while the diminished band gap indicated stronger
light-harvesting. These effects on the absorption spectra are not
caused by the isolated monomers, which do not absorb visible
light (Figure S4). As a result, it appears that 4VP and 2VP
strongly associated with Cu(II) ions, tuning the band gap and
reinforcing the light use by extending absorption into the visible
area. In contrast, molecules like MMA, which show less affinity
to metallic ions, lead to insignificant variation in MOF light
absorption.
The absorption spectra also gave an indication about the

redox state of the MOF. For reference as shown in Figure S4a,
the spectrum of Cu(I)Br in solution was very red-shifted
compared to that of Cu(II)Br2, indicating that the red shift in
the UV−vis spectra can be ascribed to the reduction of MOF-
comprised Cu(II) to the Cu(I) state. Reduction efficiency was

Figure 1. Images of Cu(II) MOF−monomer complexes with variation in emission color: (a) before and (b) after the exposure to visible light for 30
min. (The as-synthesized Cu(II) MOF was dispersed in dry MeOH as a reference.) Ultraviolet−visible diffuse reflectance spectra of the Cu MOF in
association with different monomers: (c) during polymerization process (after 30 min of light exposure, mostly reduced state); and (d) after
termination of the polymerization and washing with DCM (mostly oxidized state).
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Figure 2. Electrochemical characterization of glassy carbon coated with Cu(II) MOF in deionized water with 0.1 M NaNO3 as supporting
electrolyte, at room temperature. (a) CV at scan rate = 0.2 V/s. Inset: CV with smaller electrochemical window to highlight the reversible
monoelectronic reduction of Cu(II). (b) Chronoamperometry at +0.4 V vs SCE under intermittent UV−vis irradiation (peak intensity at 365 nm, 9
W power).

Figure 3. Evolution of Mn with conversion for Cu(II) MOF-mediated photopolymerization of (a) P4VP, (b) P2VP, (c) PDMAEMA, and (d)
PMMA. [4VP]0/[EBIB]0 = 125:1; [2VP]0/[EBIB]0 = 370:1; [DMAEMA]0/[EBIB]0 = 500:1; and [MMA]0/[bromoacetonitrile]0/[4-ethylpyridine]0
= 325:1:8, with Cu(II) MOF 0.08 and 2 g of monomer.
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enhanced in agreement with the coordination ability of the
monomers, with 4VP and 2VP promoting the strongest
reduction. Interestingly, monomer coordination was reversible.
Via facile solvent washing, the absorption shift resulting from
monomer association was reversed (Figure 1d), with all
monomer−MOF absorption profiles shifting back into the
blue wavelengths, matching well with the initial Cu(II) MOF.
Electrochemical and Photoelectrochemical Properties

of Cu2(bdc)2(dabco). The redox properties of the Cu(II)
MOF were investigated by cyclic voltammetry (CV), after
depositing the insoluble MOF on a glassy carbon electrode as
described in the Experimental Section. The CV curve of the
Cu(II) MOF presented two reduction waves, associated with
two consecutive monoelectronic reductions of the transition
metal to Cu(I) and Cu(0) (Figure 2a). Upon reaching more
negative potentials (∼−0.45 V versus SCE), a film of metallic
copper deposited on the electrode, a result of the
decomposition of the MOF structure. The Cu(0) film was
stripped from the electrode during the oxidation scan at ∼0.2 V
versus SCE. A similar behavior was reported in other Cu(II)
MOFs containing bdc as ligand.60 To avoid the formation of
Cu(0), the CV scan was repeated in a smaller electrochemical
window (inset in Figure 2a).
Interestingly, this CV curve clearly showed the reversibility of

the Cu(II)/Cu(I) redox couple, whose reduction potential was
calculated as E⊖ ≈ E1/2 = (Epc + Epa) = −0.084 V versus SCE
(where Epc and Epa are the cathodic and anodic peak potentials,
respectively). The redox potential of the Cu(II)/Cu(I) couple
in the MOF is more negative than that of active ATRP catalysts
in aprotic solvent, e.g., E⊖ = −0.02 V versus SCE for Cu(II)/
tris(2-pyridylmethyl)amine2+ (TPMA) in CH3CN,

64 but more
positive than the redox potential for Cu(II)/TPMA in water,
E⊖ = −0.34 V versus SCE.65

The Cu(II) MOF is a good ATRP catalyst due to the
following properties: (i) an accessible Cu(I) oxidation state,
separated by ∼0.4 V from the reduction to Cu(0); (ii) a
reversible Cu(II)/Cu(I) redox behavior, required for the ATRP
equilibrium; and (iii) a reducing power (i.e., ATRP activity)
comparable to that of the most active ATRP catalysts.66

The effect of light on the redox state of the Cu(II) MOF was
subsequently studied (Figure 2a). In the dark, application of a
steady potential of +0.4 V versus SCE generated a small
background current of ca. 1 nA, indicating no reactions at the
electrode. Upon irradiation of the electrode surface with UV−

vis light, a sudden increase in oxidation current was observed,
which indicates the formation of Cu(I) species. In fact, it has
already been shown that photoexcited amine ligands, such as
dabco, can reduce Cu(II) to Cu(I).61 When the light was
switched off, the current decayed to the background value
quickly. The on/off cycles could be repeated for an arbitrary
amount of times, which is an indication of the good reversibility
of the redox reaction and stability of the MOF structure under
irradiation.
When the MOF was deposited from a TEA/acetone 1:4

mixture instead of pure acetone, the photocurrent increased 5-
fold (Figure S7). This confirmed that N-containing compounds
enhanced the photoreduction property of the MOF. Unfortu-
nately, the effect of monomers could not be directly probed by
electrochemistry, because as such they prevent the deposition
of compact MOF layers on the electrode.

Visible-Light-Triggered Photopolymerization via
Cu2(bdc)2(dabco). The Cu(II) MOF was used to photo-
polymerize the four monomers mentioned above, in the order
of coordinating ability: 4VP, 2VP, DMAEMA, and MMA. A
linear region in the semilogarithmic plots of monomer
conversions for both P4VP and P2VP indicated a constant
concentration of propagating radicals (Figure S5a,b). In both
cases, molecular weights increased linearly with conversion and
agreed well with theoretical values (Figure 3a,b). The
polymerization rate of 4VP was the fastest, with near-
quantitative conversion (>85%) in 90 min. The slower rate
with 2VP, 40% conversion in 90 min, was attributed to the
different microstructure. The different position of the
heteroatom in 2VP could affect the binding affinity toward
the MOF due to steric hindrance,67 diminishing the polymer-
ization rate.36,68 Table 1 shows that well-defined polymers were
synthesized, giving controlled P4VP with Mn,SEC = 3300 and Đ
= 1.2, and P2VP with Mn,SEC = 5300 and Đ = 1.4. The control
over 2VP polymerization indicated limited side reactions such
as intramolecular displacement of Br by the penultimate 2VP
unit.36,68 For both monomers, the non-moderated free-radical
polymerization gave uncontrolled polymers with dispersity up
to 9.7. The polymerization behavior of the two vinylpyridine
monomers supported the proposed concept of a synergistic
effect resulting from a highly nucleophilic monomer and metal
ions. The MOF, which intrinsically harvests only near-UV light,
was sensitized to accept visible light, and thus improved
polymerization efficiency.

Table 1. Properties of (Co)Polymers Obtained via Conventional Strategies and Cu2(bdc)2(dabco) Catalysis, At Ambient
Temperature under Visible Light

homo
polymer catalyst kp

app (h−1)
Mn,theo (g/mol)
(conversion)

time
(h)

Mn,SEC
(g/mol) Đ copolymerc

Mn,theo
(g/mol)

Mn,SEC
(g/mol) Đ

P4VP free radical 24 11 300 6.4
Cu(II) MOFa 1.32 2800 (22%) 0.25 3300 1.2 P4VP-b-POEGMA 15 500 13 900 1.2

P2VP free radical 24 87 300 9.7
Cu(II) MOFa 0.32 4900 (13%) 0.33 5300 1.4 P2VP-b-PIBA 15 900 13 800 1.3

PDMAEMA CuBr2/PMDETAa 18 500 (79%) 24 15 200 1.2
Cu(II) MOFa 0.029 2300 (3%) 0.5 3200 1.2 PDMAEMA-b-POEGMA 10 800 9700 1.2

PMMA CuBr2/PMDETAa 21 900 (93%) 24 20 000 1.2
Cu(II) MOF/TEAa 4200 (13%) 2 19 400 1.3
Cu(II)
MOF/4-ethylpyridinea

4500 (14%) 6 13 800 1.3 PMMA-b-PIBA 39 200 33 600 1.2

Cu(II)
MOF/4-ethylpyridineb

0.068 3400 (11%) 1.5 3700 1.2

aUsing EBIB as initiator. bUsing bromoacetonitrile as initiator. c[macroinitiator]0/[OEGMA/IBA]0/[CuBr2]0/[PMDETA]0/[dabco]0 =
1:340:4:8.8:20, at 50 °C for 24 h in 50 vol % methanol (P4VP and PDMAEMA) or DMF (P2VP and PMMA).
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Subsequently, DMAEMA, an alkyl amine-containing mono-
mer with lower coordination strength toward the MOF, was
polymerized. Although slower, i.e., 36% conversion in 15 h
(Figure 3c), the polymerization of DMAEMA was controlled
(Figure S5c), yielding PDMAEMA with Mn = 18 900 and Đ =
1.4 (Table 1). The slower rate might be due to the weaker
coordination between DMAEMA and embedded Cu ions,
resulting in less significant photoharvesting ability, as evaluated
by UV−vis spectra in Figure 1.
Finally, the non-nucleophilic MMA was attempted to be

polymerized. Under conditions that were successful for 4VP,
2VP, and DMAEMA, MMA did not polymerize even after 20 h
of photoirradiation, as shown in Figure S6a. This indicated that
MOF-comprised dabco alone is an insufficient photoreducing
agent to trigger polymerization; instead, nucleophilic N-
containing monomers are required. For enhancement of the
light-harvesting properties during MMA polymerization, TEA
and 4-ethylpyridine were added to trigger the polymerization.
TEA and 4-ethylpyridine are nucleophiles and reducing agents
that mimic DMAEMA and vinylpyridines, respectively.61 Figure
S7 shows that, in the presence of TEA, the photocurrent related
to the reduction of Cu(II) to Cu(I) increased by 5 times.
Indeed, addition of TEA promoted successful polymerization of
MMA, giving 20% conversion (Figure S6b), but a polymer with
a molecular weight (Mn,SEC = 194 000, Đ = 1.3) higher than
predicted (Mn,theo = 4200). The 4-ethylpyridine was more
effective, and promoted polymerization up to 30% conversion
(Figure S6c), resulting in PMMA with Đ = 1.3 and Mn,SEC =
13 800 (Mn,theo = 4500, Figure S7c). These high values of
Mn,SEC are attributed to a low initiation efficiency by EBIB,
which is a poor initiator for MMA due to a penultimate
effect.61,69,70 When bromoacetonitrile was used, a more active
initiator, molecular weights were controlled with Mn,SEC = 3700,
Mn,theo = 3400, and Đ = 1.2 (Figure 3d). Moreover, the
polymerization rate increased, with 20% conversion after 3 h
instead of 10 h (Figure S6d). The improved efficiency with 4-
ethylpyridine and bromoacetonitrile is in line with the
enhanced polymerization behavior of vinylpyridines compared
to those of DMAEMA or the TEA/MMA system, advocating
the versatility of PCRP catalyzed by the Cu(II) MOF.
SEC chromatograms and all polymerization kinetic plots are

shown Figure S10 and Table S1. Dispersity decreased with
conversion, which is a typical behavior of ATRP with low
catalyst loadings. Monomodal molecular weight distributions
were obtained for both 4VP and 2VP, suggesting a living chain
end and limited nucleophilic substitution which could replace
the bromide chain end with pyridine groups.
Stability of Cu2(bdc)2(dabco). The electrochemical

measurements suggested the stability of the MOF under
photoirradiation (Figure 2b). Moreover, the conservation of the
MOF structure during each polymerization was confirmed by
PXRD (Figure S2a). Nevertheless, PXRD cannot account for
changes on the catalytically active surface. Variations in relative
peak intensities were attributed to the incorporation of the
guest molecules in the host nanochannel.43 Indeed, because of
monomer incorporation in the porous framework, BET profiles
showed decreased surface area (m2/g)/pore volume (cc/g)
from 2280/0.91 to 230/0.15, 560/0.25, 450/0.29, and 1050/
0.36 after polymerization with P4VP, P2VP, PDMAEMA, and
PMMA, respectively. Interestingly, the decrease corresponds to
the coordination ability of the utilized monomer (i.e., 4VP >
2VP > DMAEMA > MMA).

Possible leakage of Cu ions from the MOF template was
investigated by ICP−OES. With a comparison to homogeneous
ARGET, catalyzed by CuBr2/PMDETA, Cu contamination in
the polymer product was reduced significantly in both Cu(II)
MOF-synthesized PDMAEMA and PMMA, with Cu concen-
tration decreasing from 8.7 to 0.26 mg/g, and from 0.53 to
0.062 mg/g, respectively (as shown in Table S2). The products
from crude bulk solutions of Cu(II) MOF-mediated polymer-
ization showed almost 30 times lower copper ion concentration
compared to ARGET ATRP under homogeneous conditions. A
slightly higher Cu concentration was detected for poly-
(vinylpyridines), which strongly coordinate to the Cu(II) ions
of the MOF (2.5 mg/g for P4VP and 1.3 mg/g for P2VP; Table
S2). However, it has to be noted that this strong association is
also the basis of the successful polymerization of vinylpyridines,
which is difficult with conventional catalysts. In fact, CuBr2/
PMDETA was unstable, and formed insoluble products in the
presence of vinylpyridines, as can be seen in Figure S4c. The
crystalline MOF is significantly more stable and avoids the
chelating effect of nucleophilic monomers. In conclusion, the
ICP and polymerization results supported the stability of the
Cu(II) MOF during the photopolymerization, particularly in
comparison with traditional copper catalysts.

Proposed Mechanism of Cu(II)-MOF-Catalyzed Photo-
polymerization. The photocatalytic nature of Cu(II) MOF
was strongly supported by both UV−vis absorption (Figure 1)
and photoelectrochemical analyses (Figure 2). Irradiating the
MOF by light caused reduction of comprised Cu(II) to Cu(I),
promoting controlled polymerization by ATRP in an ARGET-
type process. Moreover, under irradiation, nucleophilic
monomers (or additives, such as TEA and 4-ethylpyridine)
further drove the (re)generation of activators (Scheme 2).61

The faster polymerization and enhanced control in polymer-
ization of vinylpyridines related to their stronger coordination,
which enhanced the light-absorption property of the mono-
mer−Cu(II) complex. Polymerization rate in the presence of
additives followed the same trend: The 4-ethylpyridine, which
mimics 4VP, gave a faster reaction than TEA, which mimics
DMAEMA. The reduction of Cu(II) in a mixture with P2VP
has been described in the literature albeit at elevated
temperature.71 Nevertheless, irradiation might be able to

Scheme 2. Proposed Mechanism of Photopolymerization
with the Formation of the Monomer−Cu(II) MOF
Complexes, Giving Adjustable Photoabsorption and
Polymerization Behavior
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provide the required energy for photoreduction of Cu(II).
Overall, the photoreduction of Cu(II) proceeds without
pyridine or external amine addition as shown via CV (Figure
2), but pyridine- or amine-supported reduction might take
place as well.
ATRP activation requires Br atom transfer between chain

end and Cu. However, Br should be difficult to accommodate
in the rigid structure of the MOF without distorting the
coordination sphere. Conversely, vacant or defect sites on the
MOF outer surface may be more accessible, acting as catalytic
hot spots. Because of the small size of the crystals (∼100 nm),
content of Cu on the surface should be a remarkable 5% of total
Cu (considering 0.76 nm the average Cu−Cu distance from
coordination structure;59 see the SI for details on estimation).
Moreover, defects can increase accessibility of catalytic ions and
then further enhance the reactivity.72,73 Therefore, we suggest
that the bulk polymerization is catalyzed by the MOF surface or
defects in MOF crystals, where monomer, polymer, and Br are
able to interact with available coordination sites.
Aside from Cu ions on the MOF surface, leaked Cu2+ could

also deactivate radicals.74 The Cu2+/dabco complex, however,
was an inactive ATRP catalyst, as shown in Figure S14. Further

proof of the inactivity of leaked Cu2+ was provided by blank
polymerizations as negative control: No polymerization
occurred when a typical reaction mixture [Cu(II) MOF,
monomer, and initiator] was prepared, and then filtered to
remove the MOF (Figure S9a). Additionally, no conversion
was detected in the absence of initiator, indicating that the alkyl
halide was the only source of radicals (Figure S9b). In summary
of this section, the surface of the MOF reacted with polymer
chain ends to give controlled polymerization, while both MOF
bulk and leaked Cu2+ were inactive.

Polymer Microstructure Resulting from Cu(II) MOF-
Mediated Photopolymerization. Considering the strong
association between nucleophilic monomers and the well-
ordered Cu framework, the microstructure of the synthesized
polymers was studied.42,75 The tacticity of each synthesized
polymer was analyzed by 13C NMR (Figure S10). Results were
compared between MOF-mediated photopolymerization and
traditional polymerization approaches (i.e., free-radical poly-
merization or homogeneous ARGET). Isotacticity increased for
P4VP, with a content of isotactic triads of 27% by photo-
polymerization, in comparison to 13% by conventional free-
radical polymerization. The increased isotacticity can be

Figure 4. SEC chromatograms of (a) P4VP, (b) P2VP, (c) PDMAEMA, and (d) PMMA before and after chain extension with OEGMA or IBA: in
50 vol % methanol (P4VP and PDMAEMA) or DMF (P2VP and PMMA) with [macroinitiator]0/[OEGMA/IBA]0/[CuBr2]0/[PMDETA]0/
[dabco]0 = 1:340:4:8.8:20, at 50 °C and 24 h.
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attributed to the coordination and alignment of 4VP and P4VP
along the MOF framework, because the comprised Cu ions
acted as Lewis acids, forming strong coordination with nitrogen
atoms from 4VP monomer and/or polymer chains.44,76,77

Except 4VP, the other monomers retained their original
tacticity.77 In the case of 2VP, this could result from the steric
hindrance on the heteroaromatic ring, enabling only a free form
to polymerize.67 For methacrylates, this was attributed to their
weak affinity toward Cu centers. Consequently, only the
strongly coordinating 4VP showed a significant increase in
isotacticity.
Another desirable feature in PCRP is chain-end functionality,

which was investigated by chain extension of all prepared
polymers with either oligo(ethylene glycol) methyl ether
methacrylate (OEGMA), or isobornyl acrylate (IBA) by
ARGET ATRP under homogeneous conditions (Figure 4 and
Table 1). The SEC traces show a monomodal increase of
molecular weight, and thus preservation of the halogen end-
group, which is typical of “living” polymerizations. The block
copolymers were well-controlled with Đ = 1.2−1.3. The
difference in composition between macroinitiators and block
copolymers was also traced by 1H NMR (Figure S12). It should
be noted that additional dabco is acting as a reducing agent in
solution at 50 °C here as shown via the successful block
copolymer formation. On the other hand, dabco is an
ineffective reducing agent under light irradiation at ambient
temperature.
Recycling Cu2(bdc)2(dabco). As a heterogeneous catalytic

complex with particle size ∼100 nm, the Cu(II) MOF was
easily separated via centrifugation, recovered by washing, and
repeatedly utilized for subsequent photopolymerizations. As
demonstrated in Figure 5a, the catalytic complex was recycled
up to six times, conducting alternating polymerizations of P2VP
and PDMAEMA. Monomer conversion remained constant in
each catalyst recycling step.
The preservation of the MOF structure after the repeated

tests was confirmed by PXRD in Figure S2a. Nevertheless,
PXRD is not sufficient to account for the catalytically active
surface. Although a significant amount of copper atoms were
lost because of leakage (Table S2), no significant difference in
catalytic activity was observed. The slight shift of position and
intensity of the peaks resulted from the incorporation of 2VP,

DMAEMA, and polymers during the subsequent polymer-
ization tests. Incorporation of reagents was also confirmed by
the gradual increment of catalyst weight (Figure S13), by the
decline of surface area from 2280 to 320 m2/g, and by the
contraction of pore volume from 0.91 to 0.18 cc/g (Figure
S2b). However, filling the channels of the MOF and leakage of
Cu atoms did not compromise its catalytic properties in the
repeated polymerizations, confirming that the surface, not the
bulk, is the active site for photopolymerization.

Temporal Control of Cu2(bdc)2(dabco) in P4VP Photo-
polymerization. On/off reactivity is an appealing character-
istic of photopolymerization. Using intermittent light exposure
and dark for specific times (i.e., 20, 10, and 60 min), the MOF-
mediated polymerization of 4VP proceeded much faster when
light irradiation was applied. Very limited activity was observed
during the dark periods, which could be attributed to Cu(I)
remaining in the system (Figure 5b). As a result, the
photoresponsive property of the Cu(II) MOF was confirmed
by the temporal control of polymerization.

■ CONCLUSIONS

The MOF Cu2(bdc)2(dabco) was used for controlled photo-
polymerization under visible light, without the need for external
photoinitiators. N-containing monomers and additives (i.e.,
4VP, 2VP, TEA, and 4-ethylpyridine) had a dual/synergistic
effect on the MOF-mediated polymerization. On one hand,
these compounds acted as reducing agents under irradiation; on
the other hand, the formation of monomer−MOF complexes
improved the photoabsorption property of the MOF, which
could harvest more visible light. The photoabsorption property
improved when stronger coordinating monomers were used,
with 4VP > 2VP > DMAEMA > MMA. Interestingly, the rate
of photopolymerization followed the same trend. The effect of
the monomer coordination was reversible, as the original
Cu(II) MOF could be recovered by simple washing with
solvent.
Cu2(bdc)2(dabco) presented a well reversible Cu(II)/Cu(I)

redox behavior, with E⊖ = −0.084 V versus SCE, suggesting
excellent catalytic activity in ATRP. Photoreduction of Cu(II)
to the active Cu(I) was also well reversible as traced by
chronoamperometry under intermittent light irradiation.

Figure 5. (a) Conversion of 2VP and DMEAMA in subsequent photopolymerizations with recycled Cu2(bdc)2(dabco). (b) Semilogarithmic kinetic
plot of 4VP consumption during intermittent light exposure, with consecutive light (white area) and dark (shaded area) treatments.
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Controlled photopolymerization of highly nucleophilic
monomers was achieved with the Cu(II) MOF, synthesizing
polymers with predictable molecular weight and low Đ, ranging
from 1.2 to 1.4. After reaction, the catalyst was easily recycled
for several polymerizations, avoiding high contamination of
catalytic ions. Moreover, photoreaction was temporally
controlled, exploiting the stimulus-responsive redox nature of
the Cu(II) MOF.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.7b03541.

Additional synthetic procedures, NMR, SEC, CV, and
electron microscopy data (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: markus.antonietti@mpikg.mpg.de.
*Phone: +01 412 268-3209. Fax: +01 412 268-6897. E-mail:
km3b@andrew.cmu.edu.
*Phone: +49 331 567-9501. Fax: +49 331 567-9502. E-mail:
Bernhard.Schmidt@mpikg.mpg.de.
ORCID
Krzysztof Matyjaszewski: 0000-0003-1960-3402
Bernhard V. K. J. Schmidt: 0000-0002-3580-7053
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
Max-Planck society, National Science Foundation, Deutscher
Akademischer Austauschdienst.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge financial support from the German
Academic Exchange Service (DAAD) and the Max Planck
Society. The authors also acknowledge Marlies Graẅert for
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Free radical and RAFT polymerization of vinyl
esters in metal–organic-frameworks†
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Bernhard V. K. J. Schmidt *

Free radical and RAFT polymerization of vinyl esters with different

molecular dimensions are conducted in the nanochannels of

metal–organic-frameworks (MOFs). The combination of MOFs

with the RAFT technique enables the synthesis of highly isotactic

poly(vinyl ester)s with a controlled molecular weight and narrow

molecular weight distribution, and stereocontrolled isotactic-

block-atactic vinyl ester block copolymers.

Poly(vinyl ester)s (PVEs) are an industrially important class of
polymers with a broad range of applications such as adhesives,
paints and coatings.1 Moreover, PVEs are utilized as precursors
for poly(vinyl alcohol)s (PVAs) which attract considerable atten-
tion due to their water solubility, non-toxicity and biocompat-
ibility that are suitable for various bio- and medical-appli-
cations.2 To meet the growing demand for functional PVEs,
the ability to realize precision polymers having the needed pro-
perties and structures is an essential prerequisite.

Control over the primary structures of PVEs, e.g., molecular
weight (MW) and – less often considered – tacticity, is an
essential yet challenging task to control the properties of poly-
mers. Because vinyl esters lack conjugated substituents, their
propagating radicals have high reactivity and low stability,
resulting often in uncontrollable chain transfer and side reac-
tions. Although a few reversible deactivation radical polymeriz-
ation (RDRP) techniques including iodine transfer-,3 cobalt
mediated-,4 organostibine mediated-,5 iron complex catalyzed-
radical polymerization6 and reversible addition fragmentation
transfer (RAFT)7 have provided PVEs with relatively controlled
MW and polydispersity (Đ), only negligible or no effect on
stereostructures was induced. Indeed, the tacticity control of
PVEs can only be achieved by using monomers with bulky/
polar substituents and adding Lewis acids or fluoroalcohols
into the reaction medium.8 Nevertheless, these approaches
sometimes require expensive chemicals or specific conditions

at a very low temperature (−78 °C) which are not appropriate
for most of the RDRP processes, and thus are mostly limited
to free radical polymerization, affording on this end polymers
with uncontrolled MW and relatively high Đ. In addition,
common methods effectively produce syndiotacticity-rich PVEs
only. In this context, the development of an efficient method
that simultaneously controls the MW, Đ and tacticity – prefer-
ably towards isotacticity which is not accessible by convention-
al methods – of PVEs is relevant.

Recently, metal–organic-frameworks, MOFs, crystalline
porous materials constructed by joining metal-ion-containing
nodes with organic ligands, have shown promise as versatile
hosts for controlled polymerization or as polymerization cata-
lysts.9 Their unique structural characteristics such as highly
ordered and chemically homogeneous micropores (nanochan-
nels), controllable pore size and pore functionality can provide
steric discrimination to promote specific size and shape
effects on the monomer arrangements/conformation, possibly
enabling the production of vinyl polymers with controlled
MW, stereo- and regio-structures, reaction sites, monomer
sequence and chain alignment.10,11–13 Despite this remarkable
progress, there are still several issues to be addressed. First,
the previously described effect of the MOF nanochannels on
tacticity was relatively small. e.g., poly(vinyl acetate) obtained
from the MOF shows an increase in mesodiads of only 8%
when compared with that of the bulk counterpart.13 Second,
the understanding of detailed aspects of polymerization in
MOFs (e.g., effect of the monomer or nanochannel size on
polymerization) is still limited. Few systematic studies based
on a specific monomer have been reported.12,13 Third, the
polymerization of vinyl monomers in the MOF still remains
restricted to free radical polymerization. Although propagating
radicals in the MOF are remarkably stabilized and show a
living-like characteristic, the inherent drawbacks of free radical
polymerization inevitably lead to relatively broad molecular
weight distribution (MWD) and limited control over macromol-
ecular architectures or end groups.

To overcome these limitations, here we introduce free
radical and RAFT polymerization of vinyl esters in the MOF,

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7py01607g
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[Zn2(bdc)2ted]n (bdc = benzene-1,4-dicarboxylic acid and ted =
triethylenediamine),14 which has uniform one-dimensional
nanochannels of 7.5 × 7.5 Å2 along the c axis (Scheme 1). The
MOF nanochannel is utilized as a nanoreactor to regulate the
stereostructures (i.e., increase in isotacticity), while RAFT
further provides access to PVEs with narrow MWD and con-
trolled molecular architectures. The combination strategy
allows the synthesis of highly isotactic PVEs with controllable
MW and low Đ, which in turn enables the preparation of
stereocontrolled isotactic-b-atactic vinyl ester block copolymers
for the first time.

We first studied the monomer size effect on free radical
polymerization by using vinyl esters with different molecular
dimensions (length × width), i.e., vinyl acetate (VAc) (5.9 ×
4.0 Å2), vinyl propionate (VPr) (6.4 × 4.0 Å2), and vinyl butyrate
(VBu) (6.8 × 4.1 Å2). The monomer/AIBN/(RAFT agent) solution
was adsorbed in the nanochannels of the MOF by wetness
impregnation. The excess monomer external to the MOF was
removed under reduced pressure. The monomer loaded MOF
(monomer@MOF) was heated at 60 °C for 48 h under a nitro-
gen atmosphere to form a polymer@MOF composite.
Subsequently, the MOF host was decomposed in an aqueous
Na2EDTA solution to liberate the polymers from the frame-
works. The results of f-/r-PVE in the MOF are summarized in
Table 1, where f and r denote free radical and RAFT polymeriz-
ation, respectively.

The amount of the adsorbed monomer in the MOF
decreases slightly with increase of the molecular dimension of
the monomer, as determined by thermogravimetric analysis
(TGA) (Fig. S1;† Table 1). Powder X-ray diffraction patterns of
polymer@MOF composites are in good agreement with that of
the pristine MOF, indicating that microstructures of the MOF
are well-retained without structural deformation during
polymerization (Fig. S2a†). The relative peak intensity
changed, which results from the introduction of the PVEs in
the nanochannels of the MOF.11,15 To further support the
incorporation of PVEs, N2 gas physisorption experiments were
performed for the MOF and polymer@MOF composites
(Fig. S2b†). All the isotherms correspond to the Type-I curve
with a steep gas uptake at very low P/P0 ∼0.02, suggesting that
uniform micropores are dominant. The decrease in the
amount of N2 adsorption and the pore volume of
polymer@MOF indicates that the nanochannels of the MOF
are partially occupied by the PVEs.16 Such a decrease becomes
more noticeable as the monomer size decreases from VBu to
VAc, implying that the amount of the encapsulated polymer in
the MOF increases in the order of PVBu < PVPr < PVAc, which
is consistent with the conversions for the polymerization of
VBu (32%), VPr (43%), and VAc (63%).

Monomer conversion is strongly affected by monomer size.
Only a slight increase in monomer size leads to significant
decrease in conversion. Previously, a similar behavior was
observed in the polymerization of vinyl monomers in MOFs
with different nanochannel sizes (4.3–10.8 Å).13 As the size of
the nanochannels narrowed, the polymer yields and conver-
sion decreased because of the reduced monomer mobility in
the narrow nanochannels, which was confirmed by solid state
nuclear magnetic resonance (NMR) spectroscopy. Likewise, the
mobility of the large monomer (i.e., VBu) is more strongly
restricted by the given nanochannels than that of the small
monomer (i.e., VAc), which results in the relatively poor reactiv-
ity and low conversion of VBu. For comparison, when a bulkier
monomer, vinyl pivalate, was employed for polymerization in
the MOF, no polymeric products were obtained possibly due to
the poor mobility of the monomer, although the adsorbed
amount of monomer per unit cell (∼2 molecules) is sufficient
for polymerization.

The MWDs become narrower with an increase of monomer
size. The Đ decreases markedly from 2.17 for f-PVAc, 1.71 for

Scheme 1 Free radical and RAFT polymerization of vinyl esters in the
MOF and sequential preparation of isotactic-b-atactic block
copolymers.

Table 1 Free radicala and RAFTb polymerization of vinyl ester in the MOF at 60 °C for 48 h

Sample
Adsorbed monomerc

[number per unit cell] Conv.c [%] Mn, SEC
d [g mol−1] Đ Tacticity, mm :mr : rr (m)e [%]

f-PVAc in MOF 3.6 63 42 500 2.17 30 : 50 : 20 (55)
f-PVPr in MOF 2.8 43 20 400 1.71 36 : 49 : 15 (61)
f-PVBu in MOF 2.4 32 17 500 1.51 25 : 49 : 26 (50)
r-PVAc in MOF 3.6 65 21 700 1.25 30 : 50 : 20 (55)
r-PVPr in MOF 2.8 47 14 300 1.34 36 : 50 : 14 (61)

a [AIBN] : [monomer] = 1 : 471 at 60 °C for 48 h. b [AIBN] : [RAFT agent] : [monomer] = 1 : 3 : 471 at 60 °C for 48 h. cDetermined by TGA.
dDetermined by SEC against PS calibration. eDetermined by 1H NMR of PVA in dimethyl sulfoxide (DMSO)-d6 at ambient temperature.
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f-PVPr and 1.51 for f-PVBu, which are much smaller than those
prepared in bulk (Table S1†). The conventional free radical
polymerizations of vinyl esters underwent uncontrollable
chain transfer and termination due to the high reactivity of
propagating radicals, which led to extremely broad MWD
(Fig. S3†). In contrast, the propagating radicals in the MOF are
remarkably stabilized and the termination reactions are largely
suppressed because of effective entrapment in the
nanochannels.11–13 These effects become prominent in the
large monomer (VBu), enabling the preparation of f-PVBu with
Đ as low as ∼1.5.

To further understand the free radical polymerization
process in the MOF, the MW dependence on reaction time and
thus conversion was investigated. The representative size exclu-
sive chromatography (SEC) profiles of f-PVPr with different
reaction times show that the MW has no correlation with con-
version in the given nanochannels of the MOF (Fig. 1a). The
MW reaches a high value ∼20 000 g mol−1 at an early stage of
polymerization and remains constant, whereas the conversion
increases steadily with reaction time. The primary radicals
may be slowly generated in the initiation step and undergo a
fast propagation reaction to consume the monomers confined
in a compartment (note that the reactant only partially
occupies the nanochannels). Thus, an increase of monomer
size can lead to a decrease of MW, because of the relatively low
monomer loading (i.e., small compartment) and low mobility
of the large monomer in the nanochannels.

The relation between the monomer size and the stereostruc-
ture was studied, where the polymers obtained from the MOF
(Table 1) have a higher isotacticity than those obtained from
the bulk (Table S1†). The fractions of isotactic (mm)-, hetero-
tactic (mr)- and syndiotactic (rr)-triads in each polymer were
determined by 1H NMR spectroscopy after the saponification
of the PVEs to PVAs (Fig. 2a). Compared with the bulk counter-
parts, a substantial increase in mesodiads (m) was observed in
f-PVAc by 8%, in f-PVPr by 14% and in f-PVBu by 5% (Fig. 2b).
Because there is no specific interaction between nanochannel
walls and adsorbed monomers, the change in tacticity mostly
depends on the monomer arrangement in a confined space.
Polymerization in the confined nanochannels preferably

induces the formation of less sterically bulky isotactic moi-
eties,12,13 because the isotactic polymer has a smaller confor-
mational diameter than its corresponding syndiotactic
polymer.17 However, we found that the mesodiad fraction does
not always increase with the increasing monomer size, but has
a certain maximum value of 61% of f-PVPr in the MOF. Unlike
the others, the tacticity change of f-PVBu is very small, prob-
ably due to the relatively large steric repulsion among the butyl
substituents which could induce the formation of syndiotactic
units, compromising the increase of isotactic units induced by
nanochannels of the MOF. However, the detailed aspects of
such behavior still remain elusive and will be the subject of
future work. Notably, polymerization in the MOF is the only
way known to increase the isotacticity of PVEs. Previous
approaches such as the use of bulky monomers, protic sol-
vents or additives can only afford syndiotactic-rich PVEs so far,
e.g., fluoroalcohols form hydrogen bonds with the carbonyl
group of the monomer and increase the effective size of side
groups (steric hindrance), thereby inducing syndiotactic-
specific polymerization. In that regard, the polymerization of
vinyl esters in the MOF is an effective method to control the
isotacticity of PVEs and it thus enables the preparation of PVPr
with higher isotactic fractions (61% mesodiads).

Although free radical polymerization in the MOF allowed
the synthesis of PVEs with significant isotacticity, it still lacked
control over MW, MWD and molecular architectures. One
possible solution to overcome these limitations is the combi-
nation of the MOF with RDRP techniques. Among the various
RDRP techniques, RAFT was chosen because of its ease of use,
versatility, and compatibility with a wide range of monomers.
It should be noted that nitroxide mediated polymerization18

and atom transfer radical polymerization (ATRP)19 of vinyl
esters have proved to be very difficult. Here, a RAFT agent, (S)-
2-(ethyl propionate)-(O-ethyl xanthate), was prepared according
to the literature procedures20 (Fig. S4†) and used for mediating
the polymerization of vinyl esters in the MOF.

The addition of a RAFT agent into the reaction feed of free
radical polymerization led to the preparation of isotactic PVAc

Fig. 1 MWDs (obtained via SEC in THF with PS calibration) of (a) PVPr pre-
pared by free radical polymerization in the MOF and (b) PVPr prepared by
RAFT polymerization in the MOF for various reaction times (conversions).

Fig. 2 (a) 1H NMR spectra of PVA (obtained by saponification of the
corresponding PVE) in DMSO-d6 at ambient temperature and (b) plots of
tacticity change with respect to monomer types used for polymerization
in the MOF.
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and PVPr (denoted as r-PVAc/r-PVPr in the MOF) (Table 1). The
1H NMR spectra of the resulting polymers show characteristic
peaks of xanthate end groups (Fig. S5 and S6†). The tacticities
of r-PVAc and r-PVPr in the MOF are similar to those of f-PVAc
and f-PVPr in the MOF, which strongly suggests that RAFT
polymerization mostly proceeds within the nanochannels of
the MOF.

In sharp contrast to free radical polymerization in the MOF,
the MW is determined by monomer conversion (Fig. 1), which
is a clear indication for the controlled characteristic of the
RAFT process. For instance, during the RAFT polymerization
of VPr in the MOF, the MW increases linearly from 3200 to
7600 to 14 300 g mol−1, as the monomer conversion (reaction
time) increases from 13% (8 h) to 23% (24 h) to 47% (48 h),
while maintaining low Đ at 1.3–1.6 (Fig. 1b). The conversion is
saturated after polymerization for 48 h, which takes two times
longer than f-PVPr in the MOF does. It is common that RAFT
polymerization is slower than free radical polymerization in
bulk and solution partly because of the adduct intermediate
radical. We cannot exclude the possibility that the rate of
degenerate transfer, i.e., main equilibrium in the RAFT
process (Fig. S7†), can be slowed down by the largely restricted
mobility of polymer/radical adducts in the narrow nanochan-
nels. The MWDs of the resulting r-PVAc (1.25) and r-PVPr
(1.34) in the MOF are as narrow as those of bulk RAFT counter-
parts (Fig. S8†), and are significantly narrower than those of
f-PVAc (2.17) and f-PVPr (1.71) in MOF (Fig. S3†). All experi-
mental results suggest that the RAFT agent efficiently mediates
the controlled polymerization of vinyl ester in the nanochan-
nels of the MOF.

One of the main advantages of RAFT is its ability to prepare
complex architectures such as block copolymers. Sequential
bulk RAFT polymerization with different vinyl esters allowed
the synthesis of isotactic (it )-block-atactic (at ) vinyl ester block
copolymers, which are not accessible otherwise. The chain
extension procedure is also important to confirm end group
fidelity of the initial block. r-PVPr in the MOF was used as a
macro-RAFT agent for chain extension with VAc at 60 °C
([AIBN] : [r-PVPr] : [VAc] = 0.4 : 1 : 2500). SEC traces of the initial
itPVPr and final itPVPr-b-atPVAc show a clear shift of MWD
from Mn 7600 g mol−1 (Đ 1.60) to Mn 12 500 g mol−1 (Đ 1.71),
which is slightly deviated from the theoretical value (Mn, theo

19 500 g mol−1) (Fig. 3). However, considering the relatively
high monomer to macro-RAFT agent ratio, such deviation is in
a reasonable error range. The formation of the block copoly-
mer was further confirmed by the 1H NMR spectrum, showing
the characteristic peaks of two distinct blocks at 2.0–2.1 ppm
for PVAc and at 1.0–1.2 ppm for PVPr (Fig. S9†). Although the
living characteristics of the presented RAFT polymerization
were confirmed by the linear molecular weight increment with
conversion and the clear shift of full MWD without bimodal-
ities or tailing after chain extension, it is still elusive whether
the RAFT mechanism in the MOF really works in a similar way
to conventional RAFT polymerization. The detailed aspects of
the RAFT mechanism in the MOF are beyond the scope of the
present contribution and are still under investigation.

In conclusion, we have demonstrated free radical and RAFT
polymerization of various vinyl esters with different monomer
dimensions (VAc, VPr, and VBu) in the identical nanochannels
of the MOF. Strong correlations between monomer size and
polymerization behavior were observed. As the monomer size
increased from VAc to VPr to VBu, the conversion, MW, and Đ
decreased accordingly. PVPr showed the highest isotacticity
(61% mesodiads) among the PVEs. The polymerization system
was further combined with the RAFT technique to prepare iso-
tactic PVEs with controllable MW and narrow MWDs. The
resulting PVPr was used as a macro-RAFT agent to prepare the
stereocontrolled block copolymer, itPVPr-b-atPVAc. The results
show that polymerization in the MOF enables simultaneous
control over the molecular weight and tacticity of vinyl esters
and expands the use of MOF nanochannel-reactors into the
area of RDRP techniques for the first time, which might be
extended to other types of RDRPs, e.g., ATRP. Therefore, we
believe that the combination of the MOF and RDRP techniques
enriches macromolecular engineering tools and opens up new
possibilities that enable the preparation of unique macro-
molecules with tailored microstructures.
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ABSTRACT: Herein, an approach via combination of
confined porous textures and reversible deactivation radical
polymerization techniques is proposed to advance synthetic
polymer chemistry, i.e., a connection of metal−organic
frameworks (MOFs) and activators regenerated by electron
transfer atom transfer radical polymerization (ARGET ATRP).
Zn2(benzene-1,4-dicarboxylate)2(1,4-diazabicyclo[2.2.2]-
octane) [Zn2(bdc)2(dabco)] is utilized as a reaction environ-
ment for polymerization of various methacrylate monomers
(methyl, ethyl, benzyl, and isobornyl methacrylate) in a
confined nanochannel, resulting in polymers with control over
dispersity, end functionalities, and tacticity with respect to
distinct molecular size. To refine and reconsolidate the
compartmentation effect on polymer regularity, initiator-
functionalized Zn MOF was synthesized via cocrystallization with an initiator-functionalized ligand, 2-(2-bromo-2-
methylpropanamido)-1,4-benzenedicarboxylate (Brbdc), in different ratios (10%, 20%, and 50%). Through the embedded
initiator, surface-initiated ARGET ATRP was directly initiated from the walls of the nanochannels. The obtained polymers had a
high molecular weight up to 392 000. Moreover, a significant improvement in end-group functionality and stereocontrol was
observed, entailing polymers with obvious increments in isotacticity. The results highlight a combination of MOFs and ATRP
that is a promising and universal methodology to prepare various polymers with high molecular weight exhibiting well-defined
uniformity in chain length and microstructure as well as the preserved chain-end functionality.

■ INTRODUCTION

Precise control over architectures, compositions, and function-
alities of polymers has been a long-standing goal in synthetic
polymer chemistry, as it is a prerequisite to obtain functional
macromolecules with desired properties.1−3 Reversible deacti-
vation radical polymerization (RDRP) techniques such as
nitroxide mediated polymerization (NMP), reversible addi-
tion−fragmentation chain transfer (RAFT) polymerization, and
atom transfer radical polymerization (ATRP) have provided
access to polymers with predetermined molecular weight, low
dispersity (Đ), tailor-made topology, and living end function-
ality.4−8 However, attributed to catalyst-induced side reactions
and chain−chain termination in the bulk environment,
broadening of the molecular weight distribution and loss of
chain-end functionality are common issues, especially in the
case of high molecular weight polymers.9,10 Although a few
ultrahigh-molecular-weight (Mn > 106) polymers have been
successfully synthesized by modified-ATRP and RAFT,
specialized conditions such as high pressure,11,12 high

concentration,13 or heterogeneous reaction media14 are
required. Moreover, tacticity control has been another arduous
challenge for RDRP.15−18 Some control of tacticity was
accomplished by forming bulky substituent complexes,19

using Lewis acid additives9,20,21 or fluoroalcohols as sol-
vents.22,23 Nevertheless, a facile and universal method to
improve control in high molecular weight systems and
stereoregularity has been hardly established.
The precision of the microstructure of natural products has

been a role-model for synthetic polymers ever since.24,25 A
prevalent principle in natural polymerizations is utilizing proper
confined space as a microenvironment for specific reaction and
supramolecular interaction.26,27 Examples are transcription of
long DNA sequences by a primer-directed approach28 and
chaperones inducing folding and alignment of polypeptides.29
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Studies also point out that under confined conditions high
molecular weight polymers with improved end group fidelity
can be prepared because of the compartmentalization effect,
which considerably restrains the termination and deactivation
processes.30,31 Due to the advancement of technology, versatile
strategies have been developed to prepare porous templates
with varied properties, such as pore sizes, shapes, surface
functionalities, and so on.32 Inspired by nature, researchers have
utilized porous materials such as liquid crystals,33 stereoregular
polymers,34,35 porous silica,36,37 zeolites,38,39 and metal−
organic frameworks (MOFs)40−42 as a confined polymerization
environment to improve control over polymer structures.
Templating strategy is one of the most facile ways to obtain
hybrid materials and to synthesize well-controlled polymers
with hierarchical structure inherited from porous frameworks.
Up to now, in situ polymerization has been widely conducted in
porous zeolites or organic materials. However, owing to the
microporous geometry with limited pore size, the polymer-
ization of monomers with size larger than 6 Å is restricted.43,44

MOFs are well-ordered microporous materials with high
specific surface area, tunable pore sizes, shapes, and surface
functionalities.45 These properties allow for diverse applica-
tions, such as gas processing,46,47 sensing,48,49 catalysis,50−54

and confined space for polymerization.42,55−58 A tunable
nanochannel is one of the most outstanding advantages
which makes MOF an excellent confined environment for
various guest molecules, serving as a promising platform to
elucidate the chemistry resulting from host−guest effects.59

However, up to now, polymerization of vinyl monomers inside
of MOFs has been limited to the free radical process, which
results in uncontrolled MW, relatively high Đ, and dead chain-
end functionality preventing subsequent macromolecular
engineering. Two fundamental strategies are established to
prepare functionalized MOFs: the pre-60 or postsynthetic
functionalization.61 Via mixing the premodified ligand during
the solvothermal step, the targeting functionality can be
incorporated into a MOF during the crystallization process.
This cocrystallization approach allows the preparation of
multivariate MOFs with pendant substituents lining along the
pore channels without an undesirable change or breaking the

original structure.60 On the other hand, postsynthetic
modification is a competitive alternative to the prefunctional-
ization62 featured by conducting a chemical modification on a
preformed framework in a heterogeneous synthesis.61,63

However, postsynthetic modification methods require smaller
sizes of used reagents than the MOF cavity and functionaliza-
tion conditions compatible with the MOF chemistry, i.e.,
without destroying the targeted MOF.64 Thus, a postsynthetic
strategy was applied to graft ATRP initiators to MOFs and
subsequent polymerization from the MOF surface.65 Consid-
ering the facileness and consistently ordered structures,60 a
cocrystallization approach was applied to diversify physical/
chemical properties of MOFs by embedding ligands with
designed functionalities into MOF nanochannels.61,66 In such a
way, polymerization initiating/mediating moieties can be
incorporated directly in the frameworks, which enable tailored
nanochannels for host−guest interactions and confined size-
dependent polymerizations.67,68

Herein, a strategy combining porous MOFs and activators
regenerated by electron transfer (ARGET) ATRP is proposed
to unshackle current limitations and improve the precision of
synthetic polymer chemistry comprehensively. Specifically,
ARGET ATRP can trigger polymerizations under mild
conditions with higher oxygen tolerance and lower catalyst
demand.5 As shown in Scheme 1, MOFs are designed and
fabricated to investigate the nanoconfinement effect on
controlled polymerization. The inert [Zn2(bdc)2(dabco)]n
(1a) (bdc = benzene-1,4-dicarboxylate and dabco = 1,4-
diazabicyclo[2.2.2]octane) was employed first,69,70 and then a
s e r i e s o f i n i t i a t o r - f u n c t i o n a l i z e d
[Zn2(bdc)2−x(Brbdc)x(dabco)]n (Brbdc = initiator function-
alized bdc, 2-(2-bromo-2-methylpropanamido)-1.4-benzenedi-
carboxylate) was prepared using a mixed-ligand strategy
incorporating bdc and Brbdc with varied Brbdc fractions of
10% (2a), 20% (2b), and 50% (2c) to realize surface-initiated
ARGET ATRP (SI-ARGET ATRP).
First, monomers with various molecular sizes, such as methyl

methacrylate (MMA), ethyl methacrylate (EMA), benzyl
methacrylate (BzMA), and isobornyl methacrylate (IBMA),
were individually infiltrated into the MOF nanochannel.

Scheme 1. Overview of ARGET ATRP in MOF Confined Environment to Synthesize Well-Defined Polymers in an Universal
and Facile Fashion
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ARGET ATRP was carried out to polymerize the monomer in
a controlled fashion, and polymers were obtained after the
removal of MOF hosts. For comparison, 1a was utilized as a
confined space for conventional ARGET ATRP using a freely
suspended initiator in the feeding mixture. In contrast, SI-
ARGET ATRP was initiated directly inside the nanochannel by
an initiator ligand (Brbdc) without the addition of a free
initiator. Adapting the confinement strategy demonstrated in
nature, a combination of functionalized MOFs and ATRP
techniques enables the facile preparation of high molecular
weight polymers with low Đ, living chain-end functionality, and
improved control in tacticity. Thus, a strategy is developed to
push the control of polymer synthesis comprehensively and to
advance synthetic materials to the next level.

■ EXPERIMENTAL SECTION
Materials. All reagents, catalysts, and solvents were used as

received unless otherwise noted. Methyl methacrylate (MMA, Alfa
Aesar, 99%), ethyl methacrylate (EMA, Alfa Aesar, 98%), benzyl
methacrylate (BzMA, Alfa Aesar, 98%), and isobornyl methacrylate
(IBMA, Acros, 85−90%) were filtered through a basic aluminum oxide
(Brockman type I, Acros, 50−200 μm, 60 A) column to remove the
inhibitor. 2-Aminoterephthalic acid (NH2bdc, Sigma-Aldrich, 99%), α-
bromoisobutyryl bromide (Sigma-Aldrich, 98%), CuBr2 (Alfa Aesar,
99%), 4-diazabicyclo[2.2.2]octane (dabco, Alfa Aesar, 97%), dime-
thylformamide (DMF, VWR, ACS grade), ethyl α-bromoisobutyrate
(EBIB, Sigma-Aldrich, 98%), ethylenediaminetetraacetic acid disodium
salt (EDTA-Na2, Sigma-Aldrich, >99%), methanol (MeOH, Fisher
Scientific, for analysis), 1,1,4,7,7-pentamethyldiethylenetriamine
(PMDETA, Acros, >98%), terephthalic acid (H2bdc, Alfa Aesar,
>98%), tetrahydrofuran (THF, VWR, HPLC grade), toluene (Fisher,
HPLC grade), triethylamine (TEA, Roth, ≥99.5%), and zinc nitrate
hexahydrate (Sigma-Aldrich, ≥98%) were used. Zn2(bdc)2(dabco)
(1a) was synthesized according to the literature.71

Synthesis of Initiator-Functionalized Terephthalic Acid
(Brbdc). According to the literature,72 α-bromoisobutyryl bromide
(5.92 g, 25.7 mmol) was added dropwise to the ice-bath-cooled
solution of 2-aminoterephthalic acid (4.67 g, 25.6 mmol) and
triethylamine (2.59 g, 25.6 mmol) in dry THF (50 mL) under a
nitrogen atmosphere. The mixture was then stirred overnight at room
temperature. The salt was removed by centrifugation, and the
remaining solution was precipitated in toluene. The solid was collected
and washed in deionized water and acetone. After drying at ambient
temperature under vacuum, the pure initiator functionalized
terephthalic acid, Brbdc, was obtained (7.27 g, 22.02 mmol, 86%).
1H NMR (400 MHz, ethanol-d6): δ 2.07 (s, 6H, CH3), 7.78 (1H, CH),
8.19 (1H, CH), 8.21 (1H, CH) 9.35 (1H, NH). 13C NMR (100 MHz,
ethanol-d6): δ 30.92 (CH3), 59.06 (C−Br), 120.98 and 119.85 (C2
and C6, aromatic), 123.52 (C4, aromatic), 131.16 (C3, aromatic),
135.71 (C5, aromatic), 140.92 (C1, aromatic), 166.98 and 169.26
(COOH), 170.62 (CO).
Fabrication of Initiator-Functionalized Znbdc. Brbdc was

mixed with H2bdc in specific molar ratio, and incorporated uniformly
in the MOF framework through cocrystallization in DMF under
solvothermal conditions at 85 °C and removal of incorporated guest
molecules under vacuum at 110 °C for 20 h. The ATRP-oriented
MOFs were synthesized with a varied amount of Brbdc, i.e., 10% (2a),
20% (2b), and 50% (2c) compared to bdc. The crystal structures of 2b
and 2c were determined by single-crystal X-ray analysis (see
Supporting Information for details).79,80 However, the actual
incorporated amount of Brbdc was determined by inductively coupled
plasma optical emission spectrophotometry (ICP-OES). All the
synthesized MOFs were characterized with field-emission scanning
electron microscopy (FESEM; Figure S2), powder X-ray diffraction
(PXRD; Figure S3), and nitrogen adsorption/desorption measure-
ments (Figure S4). Before polymerization, the incorporated guest
solvent molecules, DMF, were removed by solvent exchange with
DCM three times over 1 day each time, and then the incorporated

DCM molecules were removed under vacuum at 110 °C for 20 h,
giving the solvent-free MOF frameworks as polymerization hosts.69

ARGET ATRP in Nanochannel of MOFs. The polymerization of
MMA, EMA, BzMA, and IBMA in native 1a was as follows. In a glass
vial, 1a (0.8 g) was added to the bulk solution of MMA (3 g, 30 mmol,
666.7 equiv), ethyl α-bromoisobutyrate (EBIB; 0.116/0.058 g, 0.6/0.3
mmol, 13.3/6.7 equiv), CuBr2 (0.01 g, 0.045 mmol, 1 equiv),
PMDETA (0.019 g, 0.11 mmol, 2.4 equiv), and dabco (0.02 g, 0.18
mmol, 4 equiv) under argon. The mixture was kept stirring at ambient
temperature for 24 h, ensuring the infiltration of monomer in MOF
channels. The polymerization was performed at 50 °C for 12 h under
an argon atmosphere. After termination by exposure to air, the solid
product was intensively washed with THF three times and dried at
ambient temperature. The dry complex was collected to evaluate the
incorporation amount of monomer/polymer in MOF hosts. The as-
synthesized PMMA can be obtained after removing the MOF host by
0.5% EDTA-Na2 water solution.

56 PEMA, PBzMA and PIBMA were
synthesized by the same procedures with the following conditions:
[ EMA] 0 / [EB IB ] 0 / [CuB r 2 ] 0 / [PMDETA] 0 / [d ab co ] 0 =
88:1:0.15:0.36:0.6; [BzMA]0/[EBIB]0/[CuBr2]0/[PMDETA]0/
[dabco]0 = 57:1:0.08:0.16:0.036 (half amount of initiator was applied
for the low molecular weight attempt); [IBMA]0/[EBIB]0/[CuBr2]0/
[PMDETA]0/[dabco]0 = 45:1:0.15:0.36:0.6. The same conditions
were utilized for 2a and 2b hosts, but without the addition of EBIB.

Characterization. 1H and 13C NMR spectra were recorded on a
Bruker Ascend 400 NMR spectrometer at 400 MHz for 1H nuclei and
100 MHz for 13C nuclei in chloroform-d or ethanol-d6 at a
concentration of 1 wt % for proton, and 10 wt % for carbon analysis.
FESEM was performed on a LEO 1550 Gemini instrument. Samples
were placed on carbon coated aluminum holder and measured without
any additional coating. Energy dispersive X-ray spectroscopy (EDX)
mapping was performed in the FESEM via an Oxford Instruments X-
MAX 80 mm2 detector. The single crystal X-ray analyses of 2b and 2c
were carried out using a StadiVari diffractometer (Stoe) with
Microfocus X-ray source and a 200 K Pilatus Detector (see SI for
details). The microstructures of the as-synthesized 1a and initiator-
functionalized 2a/2b were characterized by PXRD with a Bruker D8
using Cu Kα radiation (λ = 0.154 nm) and a scintillation counter
(KeveX Detector). Nitrogen adsorption and desorption experiments
were performed using Quantachrome Quadrasorb at the boiling
temperature of liquid nitrogen, and the results were analyzed on the
basis of the Brunauer, Emmett, and Teller (BET) method. All samples
were degassed at 110 °C for 24 h before measurements and analyzed
with QuadraWin software (version 5.05). FT-IR spectra were directly
recorded on an FTS 6000 spectrometer equipped with an ATR cell
(BioRad). Gas chromatography−mass spectrometry (GC-MS) analysis
was performed using an Agilent Technologies 5975 gas chromato-
graph equipped with a MS detector and a capillary column (HP-5MS,
30 m, 0.25 mm, 0.25 μm) for conversion determination. Size exclusion
chromatography (SEC) was conducted in THF with toluene as an
internal standard at 25 °C using a column system composed of a PSS
SDV 1000/10000/1000000 column (8 × 300 mm, 5 μm particle size)
with a PSS SDV precolumn (8 × 50 mm), a SECcurity RI detector,
and a SECcurity UV/vis detector and calibration with PMMA
standards from PSS. The dispersity is defined as Đ = Mw/Mn. The
theoretical number averaged molecular weight Mn,theo was calculated
according to the equation ([monomer]0/[I]0) × conversion + MInitiator.
Elemental analysis was measured through combustion analysis with the
Vario Micro device. The incorporation of functionalized ligand Brbdc
was determined by inductively coupled plasma optical emission
spectrophotometry (ICP-OES) on a PerkinElmer Optima 8000,
calibrated with standard solutions using a Br element.

■ RESULTS AND DISCUSSION

Fabrication of Host Zn MOFs. Due to guest-dependent
dynamic framework flexibility (i.e., resemblance to proteins
with reaction centers which reagents can fit into),73 and
continuous porous structure that can accommodate various
vinyl monomers, [Zn2(bdc)2(dabco)]n (1a) was chosen as the
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host framework. Moreover, the host framework was extended
to the initiator functionalized [Zn2(bdc)2−x(Brbdc)x(dabco)]n
(2a, 2b, and 2c) with varied initiator ratios to study the effect
on controlled polymerization and guest size.
Analysis of MOF structures was performed via single crystal

X-ray diffraction as well as optical microscopy (Figure 1).
Moreover, field-emission scanning electron microscopy (FE-
SEM) was conducted to study the synthesized materials in
depth (Figure S2). A tetragonal framework can be clearly
observed for 1a (Figure 1a), with corresponding PXRD profile
(Figure S3a), a surface area of 2200 m2/g, and a pore volume of
0.71 cc/g (Figure S4a and Table S1).71 To realize SI-ARGET
ATRP, 2a, 2b, and 2c were prepared by partial replacement of
bdc with Brbdc, for example, 10, 20 and 50%, resulting in
initiator-comprised MOFs to study the effect on polymer
molecular weight. Single crystal X-ray analysis of 2b and 2c
shows the structure of initiator functionalized MOFs (Table S2
and Figure 1b,c), while 2a showed high resemblance to 2b in
the X-ray pattern.
Closely related to 1a, 2a and 2b were defined as a tetragonal

system as well but with space group of I4/mcm. For 2b with
solvent guest molecules, a channel size of 5.8 × 5.8 Å2 along the
c axis and an aperture of 1.4 × 3.3 Å2 along a and b can be
observed, giving a void volume of 2483 Å3, which is
corresponding to 56.7% of the total cell with approximately
3.44 DMF molecules. It should be noted that the difference in
channel sizes between 1a, 2a, and 2b can be attributed to the

solvent free single crystal X-ray analysis for 1a in the
literature.69 On the other hand, a hexagonal crystal system
with space group P6/mmm was annotated to 2c with two
channel populations, which are 4.5 and 14.0 Å in diameter,
interlinked with channels along a and b axes with a smaller
diameter (3.4 Å) giving a solvent-accessible void volume of
2530 Å3 (64.8% of the total cell volume) filled with about 4.4
molecules of DMF. The determined structures of 2a/b and 2c
were shown with bent bdc linkers, compared to the solvent-free
1a where the bdc ligands linking to the Zn2 paddle wheel units
are linear.69 Although the MOF hosts for polymerization are in
the powder state, the PXRD of as-fabricated MOFs exhibits
high resemblance with the individual simulation resulting from
single-crystal structures (Figure S5), indicating the formation of
the same microstructures and pure crystalline phases.
To verify the amount of incorporated initiator moieties, ICP-

OES was utilized to quantify the incorporation of Br atoms
originating from Brbdc (Figure 2). Compared to the target
amount, a lesser amount of Brbdc was incorporated into the
frameworks. The blending amount of Brbdc vs the ICP-
determined amount was 10% vs 0.25% for 2a, 20% vs 0.66% for
2b, and 50% vs 2.6% for 2c, respectively. As expected, no Br
atoms are observed in 1a. In addition, a gradual increase of
brown color can be observed with increasing Br incorporation
(Figure S6), which is correlated to the energy dispersive X-ray
spectroscopy (EDX) mapping with increasing Br amount from
1a to 2c (Figure S7). Due to the bulky side group, Brbdc has an

Figure 1. Single crystal X-ray diffraction derived structures of (a) 1a, (b) 2a and 2b, and (c) 2c. Insets indicate the structure of the basic unit cell. All
the structures are depicted along the c axis, and hydrogen atoms are omitted for clarity. Corresponding optical micrographs (d, e, and f) observed
with polarized light. *The single crystal X-ray structure of 1a is presented with the solvent-free structure redepicted from CCDC 238860;69 the 2a/b
and 2c in this study are presented with guest solvent molecules.
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increased molecular size compared to bdc, which could result in
decreased crystallinity of the formed crystal. Therefore,
incorporation of Brbdc could be less favorable compared to
the smaller bdc ligand in the crystallization process. Never-
theless, a linear relation between targeted and incorporated
Brbdc can be identified, although it should be noted that the
crystal phase changes during the increase of Brbdc incorpo-

ration, and a direct quantitative comparison is challenging.
Overall, initiator incorporation can be tuned, which means
predetermined molecular weight via varying the initiator ratio
can be expected.
The porosity and accessible surface area of initiator

functionalized MOFs was estimated by N2 adsorption measure-
ments (Figure S4b−d), revealing the micropore-dominant type
I isotherm with BET surface area and pore volume of 2000 m2/
g and 0.76 cc/g for 2a and 2100 m2/g and 0.78 cc/g for 2b.
However, a type IV isotherm with an H4 hysteresis loop can be
identified in 2c, giving a surface area of 1970 m2/g and pore
volume of 0.74 cc/g. The adsorption type of 2c reveals its 2-
fold pore distribution property having both micro- and
mesopores.
Interestingly, with the increment of Brbdc in MOFs, a

transition in crystal symmetry is obvious. The transformation
from the original 1a with P4/mmm primitive symmetry cell and
channel size of 7.5 × 7.5 Å2, to the isostructural 2a/b, and then
to the 2c with a hexagonal lattice and two-dimension channel
distribution advocates for a higher incorporation amount of the
Brbdc with varied channel architecture and a higher void-space
volume. Owing to the sterically demanding initiator functional
group, square grid geometry with a dihedral angle close to 90°
is less favorable. Consequently, significant twisting is the case
forming a stretched hexagonal phase of 2c with the highest
Brbdc fraction, which is in line with N2 adsorption results. The
comprehensive characterization confirms the successful prep-
aration of the original 1a and functionalized 2a−c. Although
they have slightly different pore textures, 1a, 2a, and 2b all
feature one-dimensional aromatic nanochannels formed along
the c axes, and another much narrower aperture with a length of
around 4 Å, which is too narrow for vinyl monomer

Figure 2. Incorporated concentration (%) of initiator-functionalized
ligand, Brbdc, in the as-fabricated (a) 1a, (b) 2a, (c) 2b, and (d) 2c.
aThe theoretical ratio of initiator-functionalized ligand, Brbdc, to bdc
ligands within the initial crystallization solution. bDetermined via ICP-
OES.

Scheme 2. Illustration for Conventional ARGET ATRP in 1a and SI-ARGET ATRP in Initiator-Functionalized 2a and 2ba

a*The single crystal X-ray structure of 1a is presented with the solvent-free structure re-depicted from CCDC 238860;69 the 2a/b and 2c in this
study are presented with guest solvent molecules.
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polymerization.56 Therefore, it is suggested that the polymer-
ization process happens mainly through the a/b window along
the c axis. To preserve comparability, 2a and 2b with similar
tetragonal symmetry were utilized in comparison to 1a in the
following polymerization processes.
ARGET ATRP in Confined Environment of MOFs.

Controlled polymerization of methacrylates with various
molecular sizes, MMA (5.7 × 4.1 Å2), EMA (6.2 × 4.1 Å2),
BzMA (7.8 × 5.3 Å2), and IBMA (9.9 × 8.2 Å2), inside the
confined nanochannel of 1a, 2a, and 2b in the powder form was
carried out (Scheme 2). Compound 1a was utilized as a
reference host to conduct conventional ARGET ATRP of
monomers with EBIB as the initiator. SI-ARGET ATRP was
carried out in 2a and 2b using incorporated Brbdc as an
intrinsic initiator. Although studies have indicated that
nitrogen-containing molecules possess the ability to reduce
copper complexes from a high-valent to low-valent state, acting
as reducing agents in ARGET ATRP,74,54 it was found that the
amine dabco in the MOF structure alone was insufficient to
trigger polymerization. Consequently, additional dabco was
added to trigger the reduction of Cu(II) to active Cu(I) for
polymerization.
The incorporation of methacrylate polymers in MOFs was

identified by ATR-FTIR, comparing the corresponding
vibration bands from the as-synthesized MOFs with polymer-
incorporated composites (polymer@MOF; Figure S8). Differ-
ent from the original 1a host (Figure S8a), the signals around
1720 and 1400 cm−1 can be assigned to the CO and C−O−
C groups in methacrylate polymer chains. However, when the
bulkiest monomer, IBMA, was used, the polymer absorption
signal was insignificant in PIBMA@1a (Figure S8a). A reason
might be the molecular size of IBMA (9.9 × 8.2 Å), which is
much larger than the pore size of MOF hosts (7.5 × 7.5 Å2).
Thus, no polymerization of IBMA is proceeding in the MOF.
Generally, the functionalized MOF (2a) exhibits more
complicated IR absorption than the native 1a due to the
incorporation of Brbdc, but the signals from incorporated
polymers (i.e., PMMA, PEMA, and PBzMA) can be identified
(Figure S8b).
The preservation of MOF structures throughout the

polymerization procedures was confirmed via PXRD (Figure
S3). Consistent profiles were obtained with only slight variation

of relative peak intensity and a minor shift after polymerization,
which can be attributed to the host−guest effect that is
additional evidence for polymer incorporation in nanochannels.
The most significant deviation was identified in the case of
PMMA@1a that can be ascribed to the smaller molecular size
of MMA; while the MOF nanochannel is increasingly filled,
electron density contrast and relative diffraction intensity will
be altered more obviously compared to bulkier monomers.
The incorporation of polymer in the porous structure can be

further confirmed through N2 gas physisorption analysis
(Figure S4). Due to the polymer chain incorporation, the
BET surface area vs pore volume in 1a decreased from 2200
m2/g vs 0.71 cc/g to 550 m2/g vs 0.23 cc/g in PMMA@1a, 840
m2/g vs 0.41 cc/g in PEMA@1a, 1040 m2/g vs 0.45 cc/g in
BzMA@1a, and 1970 m2/g vs 0.71 cc/g in PIBMA@1a. The
most significant pore filling amount is found for the smallest
monomer MMA. In contrast, the infiltration of bulky monomer
IBMA is insignificant, which points to the size-selective feature
of MOFs. All results from ATR-FTIR and PXRD as well as
BET refer to this expectation. Similar trends were observed in
initiator functionalized MOFs as well (Figure S4b and c). For
example, the specific surface area vs pore volume of as-
synthesized 2a declined from 2000 m2/g vs 0.76 cc/g to 930
m2/g vs 0.37 cc/g after polymerization of MMA (PMMA@2a).
The pore-filling effect is observed by using other monomers as
well (Table S1). Moreover, a variation in pore features can be
detected compared to the starting materials. A type I isotherm
can be assigned to native 2a, while a type II isotherm with a H4
hysteresis loop can be ascribed to all polymer@2a materials,
which indicates the altered pore structure, pore connectivity,
and surface properties due to polymer loading. It is worth
mentioning the successful polymerization of BzMA with a
molecule size (7.8 × 5.3 Å) slightly larger than that of the MOF
nanopores (1a, 7.5 × 7.5 Å2 and 2a/b, 5.8 × 5.8 Å2), which can
be ascribed to the flexible framework of Zn MOFs and the
tilted alignment of BzMA monomers in the MOF channel.
However, these two effects are not sufficient to allow
polymerization of bulky IBMA (9.9 × 8.2 Å).

Characterization of MOF-derived Polymers. After the
removal of host MOFs via EDTA-Na2 solution,

56 the obtained
polymers were first characterized by SEC (Figures 4 and S9).
As summarized in Table 1, polymers in the range of 43 800 to

Table 1. Characterization of MOF-Derived Polymers Formed via (SI-)ARGET ATRP and the Corresponding Block Copolymer
after Chain Extension with IBMA

polymer MOF Mn,SEC
a (×103) Đb DPc tacticityd mm:mr:rr copolymer Mn,Theo

e (×103) Mn,SEC
a (×103) Đb

PMMA bulk solutionf 20.0 1.2 200 2:31:67 PMMA-b-PIBMA 75.7 77.2 1.3
L-1ag 43.8 1.3 438 7:53:40 192 221 1.3
H-1ah 53.8 1.2 537 8:39:53 104 97.5 1.1
2a 392 1.4 3915 7:33:60 535 556 1.3
2b 198 1.3 1978 11:36:53 313 295 1.4

PBzMA bulk solutionf 14.4 1.3 82 2:32:66 PBzMA-b-PIBMA 46.9 52.9 1.2
L-1ag 70.2 1.1 398 7:35:58 362 355 1.4
H-1ah 72.9 1.1 414 8:38:54 117 131 1.3
2a 143 1.2 812 4:38:58 259 261 1.3
2b 71.5 1.1 406 4:36:60 164 155 1.3

PEMA bulk solutionf 21.6 1.3 189 1:35:64 PEMA-b-PIBMA 79.5 81.6 1.1
H-1ah 61.0 1.3 534 8:36:56 343 350 1.3
2a 169 1.4 1481 10:36:54 355 368 1.4

aDetermined by SEC in THF based on PMMA calibration. bĐ = Mw/Mn.
cDP = degree of polymerization, Mn/M0.

dCalculated by 13C NMR.
eCalculated according to the Experimental Section. fPolymer obtained from the bulk solution of H-1a. gThe low molecular weight attempt. hThe
high molecular weight attempt.
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392 000 with low Đ (1.1−1.4) were obtained, which is in line
with reference experiments in the bulk outside of the applied
MOFs. As a prominent feature of ATRP, the ability to control
molecular weight was probed first by using 1a with different
amounts of initiator (low MW attempt, abbreviated as L, and
high MW attempt, abbreviated as H, with applied initiator
concentration L:H = 2:1), and then by 2a and 2b with 0.06%
and 0.17% grafted initiator, Brbdc. As shown in the SEC results,
although Đ is low, the control over molecular weight is
insufficient when using 1a, forming polymers with a similar
degree of polymerization (DP, n) regardless of the applied
initiator concentration, for example, PBzMA with a DP of 398
vs 414 and Đ = 1.1. Additionally, compared to polymerizations
in the bulk, a much higher DP was observed for MOF-derived
PMMA (537 vs. 200 in bulk), PBzMA (414 vs. 82 in bulk), and
PEMA (534 vs 189 in bulk). In the case of bulky IBMA, little
polymer formation inside of the MOF was observed (Figure
S10, only a limited amount of polymer can be identified from
both 1H and 13C NMR), attributed to the monomer size that is
too bulky to be incorporated in 1a and consequently the 2a and
2b channels, while bulk polymerization outside of the MOF led
to PIBMA as expected.
The overshooting MW derived from 1a can be attributed to

the compartmentalization effect in confined environment where
polymerization kinetics is accelerated due to the suppressed
deactivation and termination.30,31,75,76 Other reports have
proven that the polymerization in constrained MOF templates
is predominately dependent on the initiation stage, which has
little correlation to reaction time. Therefore, long polymer
chains are formed when the monomer is encapsulated in the
confined MOF nanochannels.56 Although there is less control
over molecular weight due to the inevitable compartmentaliza-
tion effect, the controlled polymerization can still be realized,
yielding polymers with MW of 43 800−72 900 and low Đ
(1.1−1.3).
Initiator functionalized MOFs were introduced to improve

the polymerization control. Essentially, the polymerizations
were carried out by the same process but with initiator-
embedded 2a (0.06% Brbdc incorporated) and 2b (0.17%
Brbdc incorporated) without initiator addition. Due to the
grafted initiator in the MOF nanochannel, no polymer product
was found in the bulk outside of the MOF. SEC showed
significant improvement in polymer properties with low Đ and
designable molecular weight (Table 1, Figures 4 and S9). In
sharp contrast to polymerization in 1a, a strong correlation
between the amount of grafted initiator and MW is observed.
As the amount of embedded Brbdc decreases by half, the MW
of polymers increases by two as expected for a RDRP process.
For instance, high MW PMMA can be prepared from 2a
(392 000) and 2b (198 000), and controlled results were
obtained from BzMA and EMA similarly. Nevertheless, it
should be mentioned that the obtained molecular weight
depends on various factors that have to be taken into account
for MW control, e.g., monomer loading, initiation efficiency ( f),
and amount of initiator.
The crude extraction of PMMA, PBzMA, and PEMA

obtained from 1a was characterized by NMR (Figure S11).
Only a very limited amount of monomer was detected
remaining in the MOF frameworks, indicating almost
quantitative conversion of these three kinds of monomers.
Due to the fast polymerization rate in confined space, the
absorbed amount of monomers in 1a and functionalized 2a,b
and initiator equivalents can be utilized to calculate f under the

assumption of homogeneous distribution and quantitative
conversion (Table S3). The ratio between incorporated
monomer and monomer outside of the MOF decreases with
the increment of monomer size. Therefore, 1a can absorb more
MMA (64%) than EMA (47%) and BzMA (24%). On the
other hand, 1a with a larger pore size can accommodate more
BzMA than 2b with smaller pores (24% vs. 13%), revealing the
trend of molecular size selection. In accordance with the SEC
results, the significant improvement in calculated initiation
efficiency of initiator-functionalized MOF, 2a and 2b,
compared to 1a confirms the refined ability to modulate
molecular weight, especially in an attempt to increase target
molecular weights. In the case of 1a, which was utilized for
conventional ARGET ATRP, monomers, initiators, and catalyst
complexes have to be introduced into the MOF channels from
the exterior liquid phase. Therefore, it is not guaranteed that
the local concentrations inside 1a for each species match the
one in the bulk. Nevertheless, reproducible results with
excellent control over the polymerization are obtained.
Contrarily, the issue of uneven distribution of initiators can
be partially solved for 2a and 2b, with initiators anchored
directly to the channel surface. Owing to the grafted initiators,
which are well-distributed and installed directly inside the
confined channel, less gradient effect resulting from different
molecules in the feeding mixture is the case. The improved
initiation efficiency and designable molecular chain lengths
advocate for the unique advantage of functionalized MOFs.
Especially for SI-ARGET ATRP, where the initiators are
already anchored to a planar surface, deactivation and
termination processes are restrained, which allows the
fabrication of well-defined polymers with much higher
molecular weight than those prepared in native 1a. Thus, the
advantage of designed MOF crystals as a polymerization
environment is clearly visible. Additionally, the molecular
weight of MOF-derived polymers decreases with increased
monomer size, because of the restricted mobility and fewer
loading for larger monomers. However, MOF-derived polymers
with high molecular weight can still be prepared in 2a for
MMA, EMA, and BzMA. As a result, the MOFs can serve as
nanoreactors for confined polymerization up to high molecular
weight polymers (MW = 143 000−392 000) in a well-
controlled fashion (Đ = 1.2−1.4). The low yield is attributed
to the loss of polymers during the EDTA treatment to
decompose MOF hosts and the intensive wash of polymers to
remove the EDTA salt. Moreover, EDTA treatment leads to
the loss of the MOF structure, which circumvents reusability of
the MOF template at the present stage.
The in situ polymerization inside the MOF crystals is based

on the addition of reagents containing monomers, initiators,
and catalyst/ligand complexes. A successful polymerization
requires introduction of all of the above-mentioned molecules
into the given confined space. However, it is not guaranteed
that the local concentrations inside MOF nanochannels for
each species match the one in bulk. Furthermore, in such a
confined space, the capillary forces could be the main driving
force for the introduction of reagents into the MOF
nanochannels,77 but the defects in the MOF crystals will
hinder the distribution/addition of reagents78 and hinder the
polymerization process as well. Therefore, although the crystal
size of MOF hosts is around 5−20 μm, the polymer chain
length cannot reach such dimensions due to the less
homogeneous distribution of polymerization ingredients and
the innate crystal defects.
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Microstructure of MOF-Derived Polymers. The effect of
space confinement on polymer stereostructure was studied via
polymerization of three methacrylate monomers, MMA, EMA,
and BzMA, in two confined environments (i.e., conventional
ARGET ATRP in 1a and SI-ARGET ATRP in 2a/b). In such a

way, the control over tacticity can be correlated with the
confinement effect induced by guest molecules (i.e., molecular
size) and host frameworks (i.e., channel size). The correspond-
ing change in tacticity was calculated by 13C NMR (Table 1,
Figure 3; refer to Figure S12 for 1H NMR spectra). ARGET

Figure 3. Comparison of 13C NMR of (a) PMMA, (b) PBzMA, and (c) PEMA obtained from ARGET ATRP in 1a and SI-ARGET ATRP in 2a/2b
with a reference from bulk.

Figure 4. (a) Chain extension of MOF-derived polymers with IBMA. SEC chromatograms of polymer obtained from H-1a and 2a: (b) PMMA, (c)
PBzMA, and (d) PEMA before and after chain extension with IBMA.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.8b00546
Chem. Mater. 2018, 30, 2983−2994

2990

5 Metal-organic frameworks in polymer chemistry

278

http://dx.doi.org/10.1021/acs.chemmater.8b00546
http://dx.doi.org/10.1021/acs.chemmater.8b00546
http://dx.doi.org/10.1021/acs.chemmater.8b00546
http://dx.doi.org/10.1021/acs.chemmater.8b00546


ATRP of MMA in 1a led to an increase in the isotactic triad
(mm) fraction of PMMA from 2% in bulk to 8% in
confinement. When the polymerization was conducted in 2b,
the isotactic triad of PMMA was further increased to 11%. As
revealed by previous studies, the stereoregularity of PMMA is
highly dependent on the bulkiness of ligands in the MOF, i.e.,
large substituents narrow the pore dimension and induce
formation of sterically less-demanding isotactic microstruc-
ture.66 Therefore, the enriched isotactic triad in PMMA
obtained from 2b can probably be ascribed to the embedded
bulky Brbdc directly inside the confined nanochannels.
A similar increase in the mm fraction of PBzMA from 2% (in

bulk) to 8% (in 1a) was observed. However, unlike PMMA,
only limited improvement in the mm fraction (4%) was
observed in PBzMA obtained from 2a/b. The decreased
control over microstructure can be ascribed to the narrower
channel dimensions of 2a/b compared to 1a. Thus, the steric
reorganization of monomer molecules is hindered significantly,
especially in the case of bulky BzMA that contains the more
rigid benzyl group compared to MMA. Thus, steric
reorganization of the monomers is hindered. The phenomenon
is in line with the decreased DP of PBzMA (812/406)
compared to PMMA (3915/1978; Table 1), meaning that
BzMA is constrained and polymerized restrictedly in 2a/b.
To further understand the effect of monomer molecular size

on polymer microstructure in confined polymerization, EMA, a
monomer with molecular size between MMA and BzMA, was
studied. Because of proper molecular size, the stereoregularity
of the obtained PEMA is significantly enhanced compared to
PMMA and PBzMA (Table 1 and Figure 3c). The regulation is
already apparent even in the native 1a, leading to an increase in
isotactic triad from 1% in bulk polymerization to 8%.
Eventually, with the combination of functionalized host 2a, a
10% isotactic triad can be achieved, which is comparatively
well-defined in terms of radical polymerization without specific
catalysts/additives. Thus, it can be stated that tacticity control
in MOF has an optimum between methyl and benzyl regarding
the steric demands of the side-group. Due to the small peak
near the mm peak in Figure 3c, the actual ratio of mm triads
might be lower than 10%. Nevertheless, the observed trend of
tacticity control due to steric variations in the monomers is still
valid. Comparison of tacticity control in 1a and 2a/b shows a
similar amount of isotactic triads, between 4 and 11%, which
can be ascribed to the similar geometry of the crystal phase.
Although the evaluation of 13C NMR spectra of polymers is
challenging, the difference between polymers from the bulk and
polymers from the MOF is significant. As a result, by taking
advantage of molecular size and confined nanochannels in
functionalized MOFs, enhanced control of polymer tacticity
can be readily achieved.
Living Polymerization Properties. The chain-end

functionality of MOF-derived polymers was assessed via chain
extension with IBMA in a subsequent ARGET ATRP block
copolymer formation (Figure 4a). The SEC chromatograms of
the formed block copolymers (Figure 4b−d and Figure S9)
show a shift to lower retention times, which corresponds to
increased chain length and hydrodynamic volume. The living
property of 1a-derived polymers can be demonstrated by the
increase of molecular weight, i.e., from 43 800 (PMMA) to
221 000 (PMMA-b-PIBMA), 70 200 (PBzMA) to 355 000
(PBzMA-b-PIBMA), and 61 000 (PEMA) to 350 000 (PEMA-
b-PIBMA; Figures 4 and S9; Table 1). Regardless of the higher
MW, polymers derived from 2a/b also show high end group

fidelity. After chain extension, the molecular weight of 2a/b-
derived polymers increased as well, i.e., from 392 000 (PMMA)
to 556 000 (PMMA-b-PIBMA), 143 000 (PBzMA) to 261 000
(PBzMA-b-PIBMA), and 169 000 (PEMA) to 368 000 (PEMA-
b-PIBMA), while maintaining low Đ (1.1−1.4; as shown in
Figure 4 and Figure S9; Table 1). To demonstrate the living
character of the ATRP technique as a control, the chain
extension was conducted by using the obtained bulk polymers
as well. The increasing chain length and low Đ after forming a
block copolymer with PIBMA can be confirmed by the SEC
chromatograms (Table 1 and Figure S13), which show similar
control to MOF-derived polymers.
The successful block copolymerization confirmed the

preservation of the halogen end groups. Clean chain extensions
used to be challenging for high molar mass polymers prepared
by RDRP due to radical termination. Although polymers with
relatively high molecular weight were formed in these MOF-
derived systems, the living chain ends were preserved in both
1a and functionalized 2a/b systems. The formed block
copolymers from these macroinitiators were characterized by
1H NMR, indicating the composition of two polymer blocks
(Figure S14).

■ CONCLUSIONS
In summary, the controlled radical polymerization inside of
MOFs was achieved through the combination of 1a/initiator-
functionalized 2a/2b and ARGET/SI-ARGET, which relies on
the confinement effect resulting from MOF pore structure and
monomer size. In 1a, well-defined polymers were obtained,
although the control of molecular weight was limited
(molecular weight ranged from 53 800 to 72 900 and Đ =
1.1−1.3). Compared to the polymer from bulk, the content of
the isotactic triad was improved from 2% to 8% in PMMA and
PBzMA, and 1% to 8% in PEMA. Initiator functionalized
MOFs advance control over polymerization, which enabled the
synthesis of polymers with higher MW, low Đ, and
predeterminable MW (PMMA with 392 000, PEMA with
169 000, and PBzMA with 143 000, Đ = 1.2−1.4). Additionally,
enhanced microstructure could be achieved as well with an
increase in isotactic triad to 11% in PMMA and 10% in PEMA.
Moreover, chain extensions with IBMA were successfully
performed, confirming preservation of end-group functionality.
The results demonstrate that the combination of MOFs and
controlled polymerization is a facile, robust, and universal
methodology to prepare high molecular weight polymers with
low Đ, predetermined MW, high end-group fidelity, and well-
defined stereostructure.
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ABSTRACT: Mesocrystalssuperstructures of crystalline
nanoparticles that are aligned in a crystallographic fashion
are of increasing interest for formation of inorganic materials
with complex and sophisticated morphologies to tailor
properties without changing chemical composition. Here we
report morphogenesis of a novel mesocrystal consisting of
nanoscale metal−organic frameworks (MOF) by using double
hydrophilic block copolymer (DHBC) as a crystal modulator.
DHBC selectively prefers the metastable hexagonal kinetic
polymorph and promotes anisotropic crystal growth to
generate hexagonal rod mesocrystals via oriented attachment
and mesoscale assembly. The metastable nature of hexagonal
mesocrystals enables further hierarchical morphogenesis by a
solvent-mediated polymorphic transformation toward stable tetragonal mesocrystals that retain the outer hexagonal particle
morphology. Furthermore, synthesis of hybrid MOFs, where hexagonal mesocrystals are vertically aligned on specific surfaces of
cubic MOFs, is demonstrated. The present strategy opens a new avenue to create MOF mesocrystals and their hybrids with
controlled size and morphology that can be designed for various potential applications.

■ INTRODUCTION

Bioinspired morphogenesis is a tool that holds great promise to
prepare inorganic materials with controlled sizes, morphologies,
and structures for tailored properties.1−3 Natural organisms can
exert exquisite control of crystal morphology and patterns by
using organic additives/polymers as nucleators, crystal
modifiers, matrices, or molds for minerals.4−6 Research efforts
to understand the mechanisms of the sophisticated architec-
tures in nature reveal that biominerals (e.g., bone, the skeleton
of sea urchins, nacre, and many more)4,7 are often organic−
inorganic superstructures of crystalline nanoparticles that are
aligned in a crystallographic manner, i.e., mesocrystals, formed
via a nonclassical crystallization mechanism based on particle-
mediated growth and assembly.8,9 Since the first systematic
descriptions in 2005,10 mesocrystals have attracted significant
interest, allowing bottom-up synthesis of superstructures with a
high level of morphological complexity beyond simple shape
uniformity.11,12 Mesocrystals usually have collective and
emergent propertieswhich are significantly better than the
sum of their partsthat are attractive for various potential
applications.13 However, syntheses of new type of mesocrystals
other than the traditional biominerals (e.g., CaCO3, BaSO4) are
still largely unexplored.
Metal−organic frameworks (MOFs), constructed by coordi-

nation of metal ion nodes with organic linkers, are an important
class of crystalline materials for gas sorption/separation,14−16

catalysis,17 and energy devices18,19 because of their fascinating
properties such as high surface area, tunable pore sizes, and

designable framework topologies.20 Recently, intensive research
efforts have been focused on controlling the size and
morphology of MOF on the nanoscale to integrate novel
functions into the materials21 and to create sophisticated MOF
superstructures with various dimensionalities22−24 through
several approaches such as templating,25 confined26 or
interfacial assembly,27 and coordination modulation.21 Of
particular importance is coordination modulation that involves
the addition of a monodentate ligand (modulator) having
similar chemical functionality to the multidentate organic
linkers into the MOF synthesis mixture. The competitive
interactions between modulators and linkers alter the
coordination equilibrium and modulate the relative growth
rates of crystal faces. Although several molecular modulators
(e.g., monocarboxylic acid, pyridine) have been used for
morphogenesis of MOF, they can only generate simple
(an)isotropic shapes with limited size control.28−30 To date,
three major challenges still remain in morphogenesis of MOF.
(i) Development of an efficient crystal modulator that enables
high level of morphological complexity is required. (ii) Effect of
kinetic control of MOF crystallization on final MOF
morphology has been rarely investigated. (iii) Understanding
of the underlying growth mechanism is necessary to push the
limits of MOF design and synthesis.
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Kinetic control of crystallization can have significant effect on
crystal morphologies, especially via formation of particular
polymorph. Natural biomolecules can isolate the specific kinetic
polymorphs which themselves have different characteristic
morphologies.5 Such intermediate metastable minerals can
undergo further reaction such as dissolution−recrystallization,
aggregation, and mesoscopic transformation, which provide
new possibilities for morphogenesis of thermodynamically
stable minerals.4−6 Although a wide variety of polymorphs
(framework isomers) are already known in MOF synthesis,31

most of research efforts have focused on avoiding/suppressing
formation of kinetic MOF products to obtain phase-pure
thermodynamic MOFs. Inspired by nature, here we show how
the tailored kinetic control of MOF crystallization opens a new
avenue for next level of morphogenesis of MOF.
Polymers have attracted significant interest as components

(or ligands)14,32−36 for creating functional polymer−MOF
composites and as additives37−39 for modulating crystal growth
of MOFs. Soluble polymers can have a marked effect on

crystallization, particularly in kinetic control which strongly
affects the final crystal morphology.4,40 One important class of
polymers playing a key role in bioinspired approaches is the
double hydrophilic block copolymer (DHBC) in which one
functional hydrophilic block modulates specific polymer−
mineral interactions and the other hydrophilic block increases
solubility.12,41 Notably, DHBC mostly exists as single molecule
and barely self-assembles to a micelle in dilute solution, unless
treated with specific external stimuli or in the case of polymers
with high molecular weight.42 Thus, the principle of DHBC-
mediated morphogenesis is totally different from the tran-
scriptive template effect provided by the preformed artificial
matrices and amphiphilic block copolymer-derived micellar
templates.43,44 In this regard, DHBC has great potential as an
improved modulator for MOF-based mesocrystal: the one
modulating block with functionalities (e.g., COOH) similar to
those of the linker selectively interacts with the crystal surface,
and the other solvating block does not interact but possibly
induces mesoscale assembly40 (i.e., controlled aggregation of

Scheme 1. Morphogenesis of Metal−Organic Mesocrystals Mediated by PEO68-b-PMAA8 (EO68MAA8)
a

a(a) Chemical compositions of reactants. (b,c) Zn-bdc coordination mode: 2D layered conformational isomers of hexagonal (b) and tetragonal (c)
framework. (d) Zn-dabco coordination mode. (e) Synthesis of hexagonal and tetragonal mesocrystals. (f) Hybridization of hexagonal mesocrystal
and bulk tetragonal MOF crystals.
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preformed crystalline building block), both of which can
provide additional levels of structural complexity that may not
be attained by conventional molecular modulators, e.g.,
anisotropic crystal growth, polymorph control, and hybrid-
ization of two distinct MOFs.
Herein, we report for the first time a novel morphogenesis of

MOF mesocrystals modulated by DHBC, poly(ethylene
oxide)-block-poly(methacrylic acid) (PEO68-b-PMAA8 =
EO68MAA8) (Scheme 1a). A 3D MOF, [Zn2(bdc)2dabco]n
(1) (bdc = benzene-1,4-dicarboxylic acid and dabco = 1,4-
diazabicyclo[2.2.2]octane) has two coordination modes, i.e., 2D
layers of Zn-bdc (Scheme 1b,c) connected by dabco pillar (Zn-
dabco, Scheme 1d), and two polymorphs, i.e., hexagonal (1h)
and tetragonal (1t) topologies (Scheme 1b,c), which are
suitable for selective synthesis of mesocrystals with controlled
crystal morphology and structures. EO68MAA8 controls the
nucleation process of 1, selectively isolates metastable 1h, and

preferably binds to the Zn-bdc surfaces to produce inorganic−
organic nanoparticle 1h that can act as a hybrid building block
(Scheme 1e). Subsequent anisotropic oriented attachment and
mesoscale assembly process result in fabrication of mesocrystals
of 1h (mc-1h). The versatile strategy can be extended to Cu-
based [Cu2(bdc)2dabco]n (2). The as-synthesized mc-1h can be
utilized as a self-template for mc-1t. Dispersing mc-1h in
methanol at ambient condition partially removes EO68MAA8

and mediates polymorphic transformation of mc-1h into mc-1t,
retaining similar overall hexagonal rod morphologies (Scheme
1e). In addition, the hybridization of bulk-1t and mc-2h with
different metal ion and framework topology is realized (Scheme
1f). The hexagonal nanorods of mc-2h are preferentially and
vertically aligned on the two dabco-terminated surfaces of bulk-
1t, generating crystalline nanostructures with complex
morphology and higher order organization.

Figure 1. Characterization of hexagonal rod mc-1h mediated by EO68MAA8 at molar ratio of [COOH of EO68MAA8]/[Zn
2+] = 4 and 120 °C. (a)

SEM image. (b) SEM image of microtomed thin section. (c) TEM image. (d) ED pattern. (e) Experimental and simulated hexagonal XRD patterns.
(f) N2 physisorption isotherm and pore size distribution (inset).
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■ RESULTS AND DISCUSSION

Characteristic of Conventional Bulk-1. The flexible
nature of bdc allows the formation of 2D layers (Zn paddle-
wheel units and bdc) with two different topologies either
Kagome nets (1h)45 or square-grid nets (1t)46 which are linked
by dabco pillars to form the final 3D frameworks (Scheme 1b−
d; Figure S1). In a conventional solvothermal synthesis of 1 in
DMF at 120 °C, the pure phase of 1h or 1t can be isolated by
controlling the nucleation process.47 Because of the sterically
less hindered conformation of 1h compared to 1t (Figure S1),
the formation of 1h oligomers is kinetically favored and thus
prevails in an early stage of reaction <1 h (Figure S2). However,
upon prolonged reaction >12 h, the metastable 1h nuclei/
crystals are dissolved and undergo solvent-mediated trans-
formation to 1t crystals, which are thermodynamically more
favored than 1h in the solid state (the density of 1t = 0.870 g
cm−3 and 1h = 0.730 g cm−3). Therefore, bulk hexagonal plate
crystals of 1h could previously be prepared in narrow synthesis
parameter windows and with a relatively low yield. In addition,
size and morphology control of 1h has never been achieved due
to its inherent metastable nature.
Morphogenesis of Hexagonal Mesocrystals. Here we

selectively isolate/modulate the kinetic hexagonal phase and
produce anisotropic hexagonal rod mesocrystals (mc-1h) by
simply adding EO68MAA8 with a molar ratio rm = [COOH of
EO68MAA8]/[Zn

2+] = 4 into the conventional reaction mixture
of bulk-1t. The mc-1h shows hexagonal rod or nearly hexagonal
rod morphology with a slightly inflated segment in the middle
(Figure 1a; Figure S3), in contrast to hexagonal plate of bulk-1h
(Figure S2). The average length (major axis) and width (minor
axis) of anisotropic mc-1h were 2.9 ± 1.2 μm and 0.53 ± 0.11
μm, respectively. Both scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images show the
rather high internal porosity and defects that are typical for
mesocrystals (Figure 1a−c). SEM image of thin-sectioned
specimens clearly indicates that the hexagonal rod is built up of
small nanoparticles (Figure 1b). Although the crystal facets are
not well-defined, the primary hybrid nanocrystals are unidirec-
tionally aligned along the major axis of the hexagonal rod,
possibly due to interactions based on the crystallographic
symmetry of the unit cell which is transcribed into the
hexagonal particle morphology of resulting mesocrystals.
Electron diffraction (ED) shows spot pattern characteristic of
the single-crystal-like mc-1h (Figure 1d; Figure S4), indicating
that the primary nanocrystals are rather perfectly 3D-aligned to
a joint crystallographic system. The major axis of rods can be
associated with the [001] direction, suggesting the preferential
growth of Zn-dabco in this direction. Powder X-ray diffraction
(XRD) pattern (Figure 1e) corresponds to the simulated 1h
phase without impurities. The diffraction at 4.7° from (100)
and (1−10) faces of mc-1h is largely suppressed, which we
attribute to the selective adsorption of EO68MAA8 at these Zn-
bdc faces. The average crystallite size was determined to be 30
nm from the Debye−Scherrer equation.
The nitrogen sorption at 77 K follows a combination of type

I and II isotherm, suggesting the presence of micro- and
mesopores (Figure 1f).48 Pore size distribution calculated by
nonlocal density functional theory (NLDFT) method shows
micropores (1.3−1.8 nm) which are typical for the 1h structure
and various mesopores (2−20 nm) from defects and
intraparticle voids of the mesocrystalline assembly (Figure 1f,
inset). The Brunauer−Emmett−Teller (BET) surface area and

total pore volume of mc-1h (150 m2 g−1; 0.23 cm3 g−1) are
however much lower than those of bulk-1h (1680 m2 g−1; 0.86
cm3 g−1) (Figure S5a), which we attribute to outer pore
blocking with EO68MAA8, induced by film formation
throughout drying needed for the low temperature gas sorption
experiments. We however believe that the pore system is
accessible in the solvent swollen state of the polymers.
Further investigation of CO2 adsorption at 273 K shows that

mc-1h reaches relatively high CO2 uptake (2.28 mmol g
−1) that

is equivalent to 61% of bulk-1h (3.75 mmol g−1) (Figure S5b).
Considering the fact that CO2 uptake is highly dependent on
surface area (mc-1h: 150 m2 g−1 vs bulk-1h: 1680 m2 g−1) the
relatively high CO2 uptake in mc-1h is noteworthy, which can
be explained by the incorporated COOH functionalities from
EO68MAA8 and inherent defects from mesocrystals. Incorpo-
ration of polar COOH groups in MOF can lead to
enhancement in CO2 uptake, as demonstrated by computa-
tional and experimental studies.49,50 Moreover, mesocrystals
inherently possess a lot of defects leading to coordinatively
unsaturated metal or ligand sites in mc-1h which are highly
beneficial for CO2 adsorption.

16,51

The amount of included EO68MAA8 was determined by 1H
NMR spectroscopy of mc-1h dissolved in a cosolvent of DCl/
D2O and DMSO-d6 (1:10 v/v ratio). By integrating the peaks
of bdc, dabco, and PEO block (Figure S6), the exact ratio of
bdc:dabco:EO68MAA8 in mc-1h was estimated to be 2:1:0.067,
which could be converted to rm = 0.27 that is much smaller
than rm = 4 required for synthesis of mc-1h. It should be noted
that in a control experiment without addition of bdc, no
precipitates can be isolated from the reaction of Zn/dabco/
EO68MAA8. All results suggest that EO68MAA8 indeed acts as a
modulator affecting the nucleation and growth process, rather
than directly forming strong coordination complexes with Zn
ions. The residual EO68MAA8 would be mostly adsorbed on the
Zn-bdc surfaces or incorporated into the pores and stabilize the
metastable mc-1h.
We also confirmed that EO68MAA8 is the key component to

prepare mc-1h. The use of homopolymer and monocarboxylic
acid (acetic acid) had either no or less effect on modulating the
crystal morphology (Figure S7).
The present strategy can be extended to [Cu2(bdc)2dabco]n

(2) using copper acetate dihydrate as a metal source (Figure
S8). Typically, copper acetate undergoes a rapid nucleation
within a few minutes at room temperature, forming 2t cubic
nanoparticles <200 nm (Figure S10a). As a result of fast
reaction kinetics, the metastable 2h has never been observed
nor isolated so far. However, in the presence of EO68MAA8, no
precipitates were generated at room temperature, and the pure
phase of 2h nanorods was prepared after solvothermal reaction
at 120 °C. The addition of EO68MAA8 considerably slows the
rate of crystal growth, selectively isolates the metastable 2h, and
facilitates the anisotropic crystal growth to form mc-2h
nanorods (Figure S8).

Effect of Polymer Concentration on Size and
Morphology. The effect of EO68MAA8 concentration on the
crystal growth was investigated by changing the molar ratio rm
= [COOH of EO68MAA8]/[metal ion]. The sample morphol-
ogy changed from cubic crystals of 1t (rm = 0) (Figure S9a) to
some intermediate complex mixtures (0 < rm < 4) (Figure
S9b,c) to hexagonal rods of mc-1h (4 ≤ rm < 6) (Figure S9d).
As the concentration of EO68MAA8 increased, the fraction of
mc-1h dominated over 1t, and the relative particle size and the
crystallinity decreased. In a mixture of bulk-1t and mc-1h (rm =
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3), XRD from mc-1h was barely recognizable because of its
relatively low crystallinity compared to bulk-1t (Figure S9f).
The pure 1h phase was observed at rm = 4 (Figure S9d). SEM
and XRD results indicate that EO68MAA8 traps the kinetically
favored 1h and inhibits their transformation to 1t, which results
in the increased number of 1h nuclei and thus smaller particles.
The crystal growth can be largely retarded by EO68MAA8,
particularly in an early stage of reaction, allowing more nuclei to
be formed. Excess amount of EO68MAA8 (rm ≥ 6) significantly
inhibits the crystal growth, and only nonstructured amorphous
aggregates are generated (Figure S9e).
The particle size of mesocrystals could be further increased

by introducing weakly interacting polymeric additives that
provide steric stabilization in the reaction medium.37,38

Poly(vinylpyrrolidone) (PVP) can act as a weak ligand or a
capping agent, which leads to a slow rate of nucleation (i.e.,
fewer nuclei), and thus formation of relatively large crystals.37,38

When PVP was solely used for synthesis of bulk 1t or 2t, the
crystal size increased while maintaining the same crystal phases
(Figure S10). Likewise, with increasing the relative concen-
tration of PVP (rp = mass ratio of PVP/EO68MAA8) from 0.5

to 1.0 to 1.5, the size of mc-1h increased from 22 ± 6.9 to 127
± 32 to 183 ± 45 μm. Regardless of the macroscopic particle
size, however, each particle was constructed of small 1h
nanoparticles, in accordance with XRD (Figure S11).

Formation Mechanism of Hexagonal Mesocrystals. To
gain more insights on mesocrystal growth mechanism, time-
dependent TEM and SEM analyses were conducted under
reaction conditions at rm = 4 and rp = 1.5. The particle size was
determined by assessing 100 particles from EM images. After
0.5 h of reaction, nuclei <10 nm were observed (Figure 2a), and
they grew to form 36 ± 8 nm sized aggregates (Figure 2b)
which turned into anisotropic nanoparticles with length/width
of 117 ± 34/40 ± 11 nm (aspect ratio (AR) = 2.9) (Figure 2c).
Nanorods with length/width of 860 ± 240/37 ± 7 nm (AR =
23) were found after 4 h. The width of initial nanorod ca. 35
nm (Figure 2d) is similar to the size of the nanoparticles
(Figure 2b), suggesting oriented attachment. After 8 h, the rods
(3.5 ± 1.2/0.33 ± 0.067 μm, AR = 11) preferably aggregated to
form larger hexagonal particles (Figure 2e). Both length and
width of nanorods increased continuously, but the AR of the
aggregates decreased accordingly. The secondary nanorods can

Figure 2. Growth processes of hexagonal rod mc-1h mediated by EO68MAA8 at molar ratio of [COOH of EO68MAA8]/[Zn
2+] = 4, mass ratio of

PVP/EO68MAA8 = 1.5, and 120 °C. (a−k) Time-dependent TEM and SEM observations after reaction for 0.5 (a), 1.5 (b), 2 (c), 4 (d), 8 (e), 16 (f−
h), and 48 h (i−k). (l) Proposed growth mechanism.
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repeatedly grow and attach stepwise to a growing assembly of
aligned hexagonal microrods after 16 h (35 ± 14/6.9 ± 2.8 μm,
AR = 5.0; Figure 2f−h), resulting in formation of mc-1h (183 ±
45/64 ± 9.5 μm, AR = 2.9) after 48 h (Figure 2i−k; Figure
S11d). The final hexagonal particles consist of microrods that
are vectorially aligned along the common crystallographic
coordinate system (Figure 2i−k).
From these results, we propose the growth mechanism of mc-

1h (Figure 2l). Two growth modes work cooperatively with the
different growth rate: one is the fast oriented attachment52 of
nanoparticles to form anisotropic secondary nanorods, and the
other is the slow mesoscale assembly10,40 based on the
aggregation of nanorods into larger mesocrystals. EO68MAA8
can preferably adsorb on the Zn-bdc surfaces and lower their
surface energy. The high-energy surfaces of Zn-dabco rapidly
disappear through the oriented attachment between primary
nanoparticles. Thus, the formation of anisotropic nanorods
prevails at the early stages of reaction <8 h. Meanwhile, the
external surface stabilized by EO68MAA8 becomes large enough
to induce mesoscale assembly through favorable interactions of
the polymer stabilized nanorods. The aggregation between Zn-
bdc surfaces of nanorods becomes stronger as the size of rods
increases.
Mesocrystal Design Based on Suggested Mechanism:

Effect of Polymer Composition. The composition of DHBC
was varied to further support the suggested mechanism and to
investigate the effect of each PMAA and PEO block on crystal
morphology (Figures S12−S14; Table S1). We changed the
number of COOH functional groups from 1 to 15 to 39, while
maintaining the same PEO45 block (Table S1; Figure S15).
PEO45−COOH has a negligible effect on morphology, only
producing bulk-1t (Figure S15a). EO45MAA15 enables synthesis
of mc-1h that is similar to standard EO68MAA8-mediated one
(Figure S15b). The use of EO45MAA39 leads to formation of
small mc-1h nanoparticles and nanorods <500 nm, because of
stronger binding of PMAA39 which considerably retards
subsequent crystallization and mesoscale assembly (Figure
S15c).
We further tailored the mesoscale assembly−which is

governed by favorable PEO−PEO interactions between
secondary nanorods−by increasing the length of PEO block.
The use of EO114MAA12 with longer PEO block leads to
preferential formation of hexagonal plates over hexagonal rods
(Figure 3a; Figure S16). The bulkier PEO block not only
provides steric hindrance but also promotes the aggregation
among Zn-bdc surfaces of secondary nanorods, thereby
resulting in formation of large hexagonal plates mc-1h where
even one or two secondary nanorod layers aligned vertically
(Figure 3b,c).
The results show that the structure evolution relies on a

synergistic effect of the mutual interactions between function-
alities of the DHBC and MOF, and the subsequent
aggregation/reconstruction in a crystallographically controlled
manner.
Therefore, we suggest a guideline for the choice of DHBC

that enables the selective adsorption and the mesoscale
assembly for controlled MOF morphogenesis. The functional
polyelectrolyte block (e.g., PMAA) should be short enough for
selective adsorption but long enough for sufficient interaction
with the MOF surface. The stabilizing block (e.g., PEO) can be
tailored to control the mesoscale assembly that considerably
affects particle reconstruction and aggregation.

Solvent-Mediated Polymorphic Transformation of
Mesocrystals. To our opinion the polymorphism of 1 can
provide a new opportunity for self-assembly and crystal
engineering that may not be accessible otherwise. The unique
structures of mc-1h can be transferred to mc-1t (mesocrystals of
tetragonal cubic) via a solvent-mediated transformation.53

Generally, the solubility of kinetic polymorph (metastable) is
higher than that of thermodynamic one (stable) in solvent.54

This comes with the second effect that the solubilization power
as well as face binding will depend on the solvent quality of the
solvating block. Thus, in a proper solvent system, the more
stable polymorph (1t) can crystallize at the expense of the
kinetic polymorph (1h) until the kinetic polymorph completely
disappears (i.e., dissolution and recrystallization process). In
DMF however, the surface of mc-1h is sufficiently stabilized by
EO68MAA8 which inhibits transformation to mc-1t even after
prolonged reaction >48 h at 120 °C. Thus, various solvents that
can simultaneously dissolve EO68MAA8 and induce polymor-
phic transformation under ambient conditions were screened.
The transformation occurred in polar protic solvents (e.g.,
methanol) (see Figures S17 and S18 and supplementary text
for details).
When mc-1h was immersed in methanol at room temper-

ature for 8 h, transformation from mc-1h to mc-1t was induced
(Scheme 1e; Figure 4a), resulting in the superstructures of
cubic nanoparticles 1t (mc-1t) following however the
hexagonal-like outer morphology (Figure 4b,c; Figure S19).
The anisotropic cubic nanorods were aligned in a crystallo-
graphic manner. The pure 1t phase was confirmed by ED
(Figure 4d) and XRD (Figure 4e). Notably, even after the
transformation, the macroscopic hexagonal shapes are
preserved, which means that mass transport and realignment
stay restricted at the local scale. The presence of EO68MAA8 in
mc-1t was confirmed by 1H NMR spectrum, which determined
the ratio of bdc:dabco:EO68MAA8 to be 2:1:0.027 (Figure S20).
Thus, EO68MAA8 was partially removed by 60% with methanol,
but remained in the framework after washing at lower amounts.
mc-1t shows N2 sorption isotherm typical for hierarchical
micro- and mesoporous materials, similarly to mc-1h (Figure

Figure 3. Formation of hexagonal plate mc-1h mediated by
EO114MAA12 with long PEO block at molar ratio of [COOH of
EO114MAA12]/[Zn

2+] = 4 and 120 °C. (a,b) SEM images. (c)
Tailoring of mesoscale assembly by controlling the length of PEO
block.
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4f). Characteristic micropores of 1t were generated around
1.0−1.2 nm, whereas those of 1h mostly disappeared (Figure 4f
inset; Figure S21a). This tendency is consistent with the
conventional bulk-1h and 1t counterparts (Figure S21b). The
mesopores originating from crystal packing defects were clearly
visualized by high-resolution TEM (Figure S22). Notably,
synthesis of hierarchically porous MOF has been of particular
interest during past decades, as the mesopores provide an
improved mass transport capability while the micropores are
responsible for the specificity of the system.44,55 In this respect,
our mesocrystal strategy could become a possible alternative to
introduce mesopores in microporous MOF by the principle of
tectonic alignment. mc-1t exhibits a 2-fold increase in BET
surface area and pore volume (319 m2 g−1; 0.48 cm3 g−1)
compared to mc-1h because of the partial removal of
EO68MAA8 in the blocking layer.
All results indicate that mc-1h acts as a topotactic template

for mc-1t and is transformed into mc-1t, retaining the

characteristic morphology of mc-1h, which is impossible to
obtain from direct thermodynamic controlled process.

Hybridization of Hexagonal Mesocrystals with Tet-
ragonal Bulk-1. Hybridization of two distinct MOFs with
different framework structures/compositions in a single particle
is an efficient and promising method to create multifunctional
MOFs with improved properties. To date, only a few hybrid-
MOF have been prepared by epitaxial growth of a secondary
MOF on a preformed MOF (the MOF-on-MOF con-
cept).56−59 While the creation of hybrid-MOF with unique
morphologies is highly desirable for understanding fundamental
structure−property relations and tailoring MOF properties, the
process as such still remains largely unexplored. In this respect,
the present mesocrystal (mc-2h) can be an useful means to
prepare heterogeneously hybridized MOF with higher level of
morphological complexity, e.g., face-selective attachment of mc-
2h nanorods on {001} surfaces of bulk-1t (Scheme 1f; Figure
5). Bulk-1t can be utilized as a crystalline substrate with face

Figure 4. Solvent-mediated polymorphic transformation from mc-1h to mc-1t via methanol immersion at ambient condition. Hexagonal rod mc-1h of
Figure 1 is used as a topotactic template. (a) Illustration for mc-1t. (b) SEM image. (c) TEM image. (d) ED pattern. (e) Experimental and simulated
tetragonal XRD patterns. (f) N2 physisorption isotherm and pore size distribution (inset).
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selective functionalities, consisting of four {100} surfaces
terminated by Zn−bdc bonds and the other two {001} surfaces
terminated by Zn−dabco bonds.56,57

The bulk-1t/mc-2h hybrid was prepared by introduction of
pre-synthesized bulk-1t into the solvothermal reaction mixture
of mc-2h mediated by EO68MAA8. The nanorods of mc-2h were
preferentially and vertically aligned on the two {001} surfaces
of bulk-1t, resulting in formation of BAB triblock-like co-
crystals (A = bulk-1t and B = mc-2h). The size (thickness) of
mc-2h block was <500 nm, and its surface was rough (Figure
5a; Figure S23). The small anisotropic nanoparticulate
aggregates could however be also observed on the other four
surfaces. These observations suggest that mc-2h grows via
oriented attachment and mesoscale assembly rather than ion/
molecule-based classical crystallization. It should be mentioned
that 1h and 2h cannot grow on the 1t surfaces in an epitaxial
manner because of large lattice mismatch of hexagonal (a =
21.620(1) Å) and tetragonal (a = 10.929(2) Å) symmetry. In a
control experiment without EO68MAA8, small 2t cubic
nanoparticles were randomly aggregated on the surface of
bulk-1t (Figure S24). Energy dispersive X-ray spectroscopy
(EDX) elemental mapping clearly shows that Cu is highly
concentrated in the nanorods region at the two end-blocks,
while Zn mostly exists at the middle block of hybrid-MOF
(Figure 5b−d; Figure S25). The element quantification of each
region further corroborates the preferential enrichment of Cu

in the nanorods region (mc-2h block) (Figure S26). The Zn:Cu
molar ratio was determined to be 1:0.059 by inductively
coupled plasma. The relatively low amount of mc-2h is
reasonable, considering the size of mc-2h (<500 nm) and
bulk-1t (tens of micrometers). Thus, it is difficult to confirm
the 2h phase in XRD pattern, because of relatively low amount
and low crystallinity of mc-2h (Figure S27). The hybridization
of mc-2h with bulk-1t can be supported by N2 physisorption
and corresponding pore size distribution, which show the
decrease in amount adsorbed and the coexistence of character-
istic pores of bulk-1t and mc-2h, respectively (Figure 5e,f).
The unique morphology of bulk-1t/mc-2h hybrid is closely

related to the formation mechanism of mesocrystals (Figure
2l). The primary mc-2h nanoparticles can attach both Zn-bdc
and Zn-dabco surfaces of bulk-1t. However, anisotropic
oriented attachment between high-energy dabco-terminated
surfaces of bulk-1t and mc-2h nanorods is favored along [001]
direction over the polymer-mediated attachment along the
other directions. Such difference in growth kinetics results in
the preferential and vertical alignment of mc-2h on the two
{001} surfaces of bulk-1t.

■ CONCLUSION

We have demonstrated the EO68MAA8-directed morphogenesis
of MOF mesocrystals with controlled anisotropic shape, size,
aspect ratio, and polymorph. EO68MAA8 selectively stabilized

Figure 5. Hybridization of bulk-1t and mc-2h mediated by EO68MAA8. (a) SEM image. (b) SEM image and corresponding EDX elemental mapping
for (c) Cu and (d) Zn. (e) N2 physisorption isotherm. (f) Pore size distribution.
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the kinetic polymorph with hexagonal symmetry (1h) and
modulated subsequent crystal growth to form anisotropic
hexagonal mesocrystals (mc-1h). The formation mechanism of
mesocrystal was the cooperative operation of the nanoparticle
oriented attachment and mesoscale assembly. The as-made
metastable mc-1h was further used as a self-template to prepare
thermodynamically stable mc-1t with hexagonally arranged
cubic nanoparticles via solvent-mediated transformation in
methanol at ambient condition. Finally, the hybrid MOF, where
the mc-2h nanorods were preferentially and vertically aligned
on specific surfaces of bulk-1t, was prepared by taking
advantages of the kinetically controlled growth mechanism of
mesocrystals. The present contribution transfers insights from
the natural biomineralization to formation of MOF meso-
crystals and shows how DHBC modulates the balance between
the kinetics and thermodynamics of MOF formation, thereby
opening a new avenue for high-level morphogenesis of MOFs.
Considering the chemical tunability of polymer composition
and architectures, DHBC with complex patterns of chemical
groups can establish a powerful platform of morphogenesis in
the future and therefore can become a versatile tool for the
tailored synthesis of MOF mesocrystals with more elaborate
control of morphologies and structures.
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Kapteijn, F.; Llabreś i Xamena, F. X. L.; Gascon, J. Nat. Mater. 2015,
14, 48−55.
(15) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.;
O’Keeffe, M.; Yaghi, O. M. Science 2002, 295, 469−472.
(16) Trickett, C. A.; Helal, A.; Al-Maythalony, B. A.; Yamani, Z. H.;
Cordova, K. E.; Yaghi, O. M. Nat. Rev. Mater. 2017, 2, 17045.
(17) Huang, Y.-B.; Liang, J.; Wang, X.-S.; Cao, R. Chem. Soc. Rev.
2017, 46, 126−157.
(18) Zhou, J.; Wang, B. Chem. Soc. Rev. 2017, 46, 6927−6945.
(19) Tang, J.; Yamauchi, Y. Nat. Chem. 2016, 8, 638−639.
(20) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M.
Science 2013, 341, 1230444.
(21) Sakata, Y.; Furukawa, S.; Kondo, M.; Hirai, K.; Horike, N.;
Takashima, Y.; Uehara, H.; Louvain, N.; Meilikhov, M.; Tsuruoka, T.;
et al. Science 2013, 339, 193−196.
(22) Stock, N.; Biswas, S. Chem. Rev. 2012, 112, 933−969.
(23) Furukawa, S.; Reboul, J.; Diring, S.; Sumida, K.; Kitagawa, S.
Chem. Soc. Rev. 2014, 43, 5700−5734.
(24) Nai, J.; Guan, B. Y.; Yu, L.; Lou, X. W. Sci. Adv. 2017, 3,
e1700732.
(25) Reboul, J.; Furukawa, S.; Horike, N.; Tsotsalas, M.; Hirai, K.;
Uehara, H.; Kondo, M.; Louvain, N.; Sakata, O.; Kitagawa, S. Nat.
Mater. 2012, 11, 717−723.
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 Solvent mediated morphology control of zinc

MOFs as carbon templates for application in
supercapacitors†

Jongkook Hwang, Runyu Yan, Martin Oschatz and Bernhard V. K. J. Schmidt *

While downscaling metal–organic frameworks (MOFs) into a nanosize regime is highly relevant to meet

their growing demand in various potential applications, a simple synthesis of nano-MOF under ambient

conditions still remains a difficult task. Here we report a room temperature synthesis of 3D MOF,

[Zn2(bdc)2dabco]n (ZBD) (bdc ¼ benzene-1,4-dicarboxylic acid and dabco ¼ 1,4-diazabicyclo[2.2.2]

octane) with controlled polymorphism, size, and morphology by changing the kind and composition of

solvents. The solvents function as both templates and crystal modulators. Dimethylformamide (DMF)

preferably forms a hexagonal rod MOF (ZBDh) while methanol (MeOH) leads to the formation of

a tetragonal plate MOF (ZBDt) via a solvent template effect (i.e., polymorph control). The size and

morphology can be further controlled using DMF and MeOH as cosolvents with various volume ratios.

DMF and MeOH work competitively, and the solvent with a weaker template effect under the given

conditions acts as a crystal modulator that lowers the rate of nucleation and increases the size of the

crystals. With an increase of MeOH amount, the morphology changes from 1D rods to 2D plates. Protic

MeOH reduces the reactivity of nucleophilic dabco and suppresses crystal growth along Zn-dabco [001],

thereby leading to the formation of 2D ZBDt plates. To help understand the fundamental morphology–

volumetric capacitance relationships in energy storage devices, the resulting ZBDs are conformally

pyrolyzed to hexagonal rod- and tetragonal plate-nanoporous carbons and used as electrodes for

supercapacitors. Thanks to a 2D morphology and relatively high packing density, tetragonal plate carbon

delivers two times higher volumetric capacitance than hexagonal rod carbon, despite their nearly similar

gravimetric capacitances.
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Introduction

Metal–organic frameworks (MOFs) are a class of crystall
porous materials that are constructed using organic linkers a
inorganic metal nodes.1 Because of their high degree of che
ical and structural tunability at a molecular level, MOFs h
attracted signicant attention as versatile materials
a plethora of applications such as gas storage/separati
sensors, catalysis and energy storage devices.2–5 Furthermo
MOFs have recently emerged as new precursors/sacric
templates for the preparation of functional porous carbon a
carbon based metal/metal oxide composites that may not
easily synthesized by conventional synthesis routes.6–10

To meet the ever-growing demand of MOFs in a myriad
potential applications, considerable research efforts have be
devoted to controlling the size and morphology of MOFs
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a nanosize regime, which can tailor the physical/chemical
properties without changing the chemical compositions.11,12

Structuring MOFs at the nano- and mesoscopic scale has been
accomplished by various methodologies11–13 such as microwave
assisted synthesis,14 mechanochemical synthesis,15 interfacial
assembly,16,17 emulsion templating,18 and coordination modu-
lation.19,20 However, these approaches usually require specic
reactors and equipment, or additional additives and modula-
tors that are sometimes restricted to work in a narrow synthesis
parameter window only. In addition, less attention has been
paid to control framework topology (i.e., polymorphism),
although it can potentially provide new opportunities for
controlling the intrinsic properties and morphologies of MOFs.
In this regard, development of a simple strategy that simulta-
neously enables control over the size, morphology, and frame-
work topology of MOFs under ambient synthetic conditions is
highly relevant.

The solvent is one of the critical parameters in MOF
synthesis, as its properties such as polarity and solubility of the
building blocks greatly inuence the nucleation and growth of
MOFs.11 Thus, the solvent can not only act as a reactionmedium
but also a structure directing agent that affects the structures
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5 Metal-organic frameworks in polymer chemistry
and topologies of the nal MOFs by a solvent template effect.2

Considering the fact that the pores of the as-made MOFs
generally lled with the solvents as guest molecules, the solve
template effect can become an effective means for prepari
MOFs with the desired framework topology. To date, a f
systematic studies about the solvent effect on MOF formati
have been reported,22–26 however, most of the studies are usua
MOF specic and limited to polymorph control only, a
therefore considerably lack the ability to adjust the particle s
and morphology (e.g., aspect ratio). While a simple solve
mediated strategy toward a designable nano-MOF is hig
desirable, it still remains largely unexplored due to the lack
efficient solvent systems and incomplete understanding of t
associated MOF formation mechanisms.

Electric double-layer capacitors (EDLCs) have arous
tremendous research interest for decades because of their f
charging capabilities, long cycle life, high stability and s
operation.27–30 One of the most important components in su
devices is the carbonaceous electrode material as its ability
electrosorption of electrolyte ions is crucial for the spec
capacitance and thus the energy density.31,32 A wide variety
novel carbonaceous materials such as activated carbon
carbide-derived carbon,34 zeolite-templated carbon,35 carb
nanotubes,36 and graphene37 have been extensively investiga
as electrodes in EDLCs. The capacitance of carbon-based el
trode materials and supercapacitors in general has been eff
tively enhanced by (i) increasing the specic surface area a
tailoring the pore size and distribution,32,38,39 (ii) produci
composites with pseudocapacitive materials (e.g., metal oxid
and conductive polymers),40 and (iii) doping with heteroato
or incorporating functional moieties.41

Recently, volumetric performance has become a more a
more important criterion that gives a realistic picture of t
charge-storage capacity in the limited space of energy stora
devices, particularly in next generation portable electro
devices and electric vehicles.38,42,43 Although nanoporo
carbons provide a stable and reliable performance, they sh
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Scheme 1 Solvent mediated synthesis of [Zn2(bdc)2dabco]n (ZBD) w
onal framework (ZBDh), (b) ZBD with a tetragonal framework (ZBDt
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a relatively low volumetric performance due to their inherent
low density. This in turn leads to the presence of signicant
“dead volume” in EDLC electrodes, that is, the electrode volume
that has to be lled with the electrolyte but is not used for
energy storage. One promising strategy to overcome this limi-
tation is the preparation of carbon particles with controlled size
and morphology that can maximize the materials' packing
density.42 In this respect, MOF-derived carbons (MDCs) are
highly advantageous because a wide variety of inherent crystal
morphologies of MOFs can be transferred through pseudo-
morphic transformation.6–10 Moreover, MDCs can have high
surface area, adjustable porosity, and can be doped with
heteroatoms without post-treatments. These properties are very
attractive for the development of high performance EDLC
electrodes. Therefore, morphology controlled MDCs are highly
relevant to understanding the fundamental morphology–
performance relationships in electrochemical energy storage,
which in turn potentially enables the targeted development of
electrodes with high volumetric efficiency.

Herein, we report a solvent mediated room temperature
synthesis of a 3DMOF, [Zn2(bdc)2dabco]n (ZBD) (bdc¼ benzene-
1,4-dicarboxylic acid and dabco¼ 1,4-diazabicyclo[2.2.2]octane)
with controlled size, morphology and polymorphism by
changing the kind and composition of the solvents used
(Scheme 1). ZBD is a prototypical dabco MOF having unique
guest-dependent framework exibility and continuous 1D
nanochannels,44,45 which are suitable for a broad range of
applications such as gas storage, adsorption, separation and
controlled polymerization.46–51 Dimethylformamide (DMF) and
methanol (MeOH) induce the selective formation of a hexagonal
rod MOF with Kagome nets (ZBDh) and a tetragonal plate MOF
with square-grid nets (ZBDt), respectively. The size and
morphology can be further controlled by using DMF and MeOH
with different ratios as a cosolvent, which can tailor the polarity
and solubility of the reactants and thus the nucleation and
growth of MOFs. Conformal transformation of MOF precursors
via carbonization at 900 �C leads to the preparation of

Paper
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ith controlled size, morphology and polymorphism. (a) ZBD with a hexag-
) and their transformation into nanoporous carbon.
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5 Metal-organic frameworks in polymer chemistry
hexagonal rod- and tetragonal plate-nanoporous carbon, wh
are subsequently employed as electrodes for EDLCs. Benetti
from a 2D morphology and a high packing density, tetrago
plate MDC delivers two times higher volumetric capacitan
than hexagonal rod MDC, despite their similar gravimet
capacitances. The result highlights the importance of parti

Paper
morphology for fabrication of high volumetric capacitanc

,4
,N
o
at
EDLC electrodes.

Experimental
Materials

Benzene-1,4-dicarboxylic acid (bdc, >99%, Sigma-Aldrich), 1
diazabicyclo[2.2.2]octane (dabco, >99%, Sigma-Aldrich), N
dimethylformamide (DMF, analytical grade, VWR), methan
(MeOH analytical grade, VWR), and zinc nitrate hexahydr/1
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photoelectron spectrometer.

n 
10

tr
ib
(Zn(NO3)2$6H2O, 98%, Acros) were used as received.

Synthesis of [Zn2(bdc)2dabco]n and its derived carbon

[Zn2(bdc)2dabco]n MOFs with either hexagonal (ZBDh)
tetragonal (ZBDt) framework topology were selectively prepar
by using DMF, MeOH or their mixture as a solvent. ZBDh-Dx
denotes [Zn2(bdc)2dabco]n with hexagonal topology prepared
a cosolvent of DMF x : MeOH y, wherein x and y represent t
volume ratio of each solvent (x + y¼ 10). In a typical synthesis
ZBDh-D10, three solutions of bdc (1.20mmol, 200mg in 250m
DMF), Zn(NO3)2$6H2O (1.20 mmol, 227 mg in DMF 25 mL), a
dabco (0.60 mmol, 67.3 mg in DMF 25 mL) were prepar
separately. The Zn and dabco solutions were added to the b
solution in sequence under stirring for 10 min. The mixtu
remained for 48 h without stirring. The solid was collected
centrifugation, washed with DMF 3 times, and dried und
vacuum at 85 �C. For the synthesis of ZBDt-M10, MeOH w
solely used instead of DMF. For the synthesis of ZBDh(t)-DxM
the cosolvent of DMF andMeOH with various volume ratios w
used, while the concentration of the reactants was k
constant. The other procedures were the same as tho
described in ZBDh-D10 synthesis. The resulting MOFs w
carbonized at 900 �C for 2 h under Ar ow in a horizon
tubular furnace with a heating rate of 5 �C min�1, and used
electrodes in EDLCs without further treatment.
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Materials characterization

The crystal structure was conrmed using a powder X-
diffractometer (PXRD) with Cu-Ka radiation (l ¼ 0.154 nm) a
a scintillation counter (KeveX Detector). Nitrogen adsorpti
and desorption experiments were performed using a Qu
tachrome Quadrasorb apparatus at 77 K. The samples w
degassed at 150 �C for 20 h before the measurements. T
isotherms were analyzed using QuadraWin soware (versi
5.05). The surface area was determined by the Brunau
Emmett–Teller (BET) method using the multipoint BET mo
(P/P0 ¼ 0.005–0.075 for MOF, P/P0 ¼ 0.05–0.2 for MDC). T
pore size distributions of the MOF were calculated by a slit po
nonlocal density functional theory (NLDFT) equilibrium mo

This journal is © The Royal Society of Chemistry 2018
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for N2 adsorbed on silica. The pore size distributions of MDC
were calculated by using a slit/cylindrical pore quenched solid
density functional theory (QSDFT) equilibrium model (adsorp-
tion branch kernel) for N2 adsorbed on carbon. Scanning elec-
tron microscopy (SEM) (LEO 1550-Gemini microscope) and
transmission electron microscopy (TEM) (EM 912 Omega/Carl-
Zeiss Oberkochen) operating at 120 kV were used to investigate
particle morphologies and pore structures. Inductively coupled
plasma-optical emission spectrometry (ICP-OES) was conducted
using a PerkinElmer Optima 8000 instrument, calibrated with
standard solutions. Raman spectra were recorded using a Witec
Raman microscope operating at an excitation wavelength of
532 nm with a power of 4.0 mW. Thermogravimetric analysis
(TGA) was conducted with a Netzsch TG 209 F1 device under
constant articial air ow in platinum pans at a heating rate of
10 �C min�1 to 1000 �C. Elemental analysis was performed with
a vario MICRO cube CHNOS Elemental Analyzer in the CHNS
mode. X-ray photoelectron spectroscopy (XPS) measurements
were performed using a Thermo Scientic K-Alpha+ X-ray
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Fabrication of EDLCs and electrochemical measurements

To prepare free-standing electrodes for EDLCs, carbonized
MOFs and polytetrauoroethylene (PTFE, 60 wt% solution in
H2O from Sigma Aldrich) were mixed with a mass ratio of�9 : 1
in ethanol. The solution was then transferred to a glass plate
and mixed with razor blades until it changed to a rubber-like
consistency. Then it was placed on aluminum foil and rolled
into uniformly thin sheets with similar thicknesses of �200 mm
using a commercial roll mill, followed by punching into free-
standing electrode disks of 10 mm in diameter. The mass
loading of ZBDh-D10-900 and ZBDt-M10-900 was determined to
be 5.6 and 10.4 mg cm�2, respectively. The electrodes were dried
at 60 �C for 12 h in air. EDLCs were tested in a symmetrical two-
electrode conguration employing the common organic elec-
trolyte 1 M tetraethylammonium tetrauoroborate/acetonitrile
(TEABF4/AN). A Swagelok cell was assembled using a pair of
circular electrodes sandwiching a 25 mm trilayer polypropylene–
polyethylene–polypropylene membrane (Celgard 2325, 13 mm in
diameter), with 60 mL electrolyte and two platinum foils as
current collectors. The EDLCs were assembled in an Ar lled
glove box (H2O < 0.1 ppm, O2 < 0.1 ppm). A Biologic MPG-2 gal-
vanostat/potentiostat was used for electrochemical characteriza-
tion. All measurements were performed at room temperature.
Electrochemical impedance spectroscopy was performed at open
circuit potential with a sinusoidal signal over a frequency range
from 20 kHz to 10�2 Hz at an amplitude of 10 mV.

Cyclic voltammetry (CV) tests were performed at a cell
voltage of 0–2.5 V and at scan rates of 10–500 mV s�1. The
carbon integral volumetric capacitance, C (F cm�3), was calcu-
lated according to the following equation:

C ¼

ðU2

U1

IþðUÞdU �
ðU2

U1

I�ðUÞdU

V

0
BBB@

1
CCCAgðU2 �U1Þ (1)
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5 Metal-organic frameworks in polymer chemistry
where I is the current (A),U (V) is the differential cell voltage, g
the scan rate (V s�1), and V is the volume of a single carb
electrode (cm3).

Galvanostatic charge/discharge with potential limitat
(GCPL) was applied at specic currents between 0.1 a
10 A g�1 in a voltage range from 0 to 2.5 V.

For long-term stability tests, the voltage of the cell was k
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at 2.5 V for 100 h, and the specic capacity was measured eve
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10 h by galvanostatic cycling at 1 A g�1.

Results and discussion
Conventional synthesis of ZBD

Because of the exible nature of the bdc ligand, ZBD has t
polymorphs, either a hexagonal framework with 2D Zn-b
Kagome layers (ZBDh)52 or a tetragonal framework with 2D
bdc square-grid layers (ZBDt),44 which are connected by dab
pillars to form a 3D structure (Scheme 1; Fig. S1†). Previo
research studies reveal that ZBDh is the metastable kine
phase and ZBDt is the thermodynamically stable phase.20,53,54

a typical solvothermal synthesis in DMF at 120 �C, ZBDh is 
formed at the early stages of the reaction but subsequen
undergoes dissolution and recrystallization to thermodynam
ZBDt upon prolonging the reaction.53 Thus, a ZBDt single crys
can be obtained only aer solvothermal reaction for 48 h
Because of this complex crystallization process, the synthesis
nano-ZBDt with controlled size has never been achieved y
Likewise, although ZBDh is relatively easy to access via s
vothermal- and mechanochemical methods,15,52,54 its size a
morphology are difficult to control because of its inheric
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Fig. 1 SEM and TEM images of ZBDh(t)-DxMy, wherein h and t re
volume ratios of DMFx : MeOHy (x+ y¼ 10). (a) ZBDh-D10, (b) ZBDh-
ZBDt-D1M9, and (h) ZBDt-M10.
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and -ZBDt with adjustable size and morphology is yet to be
realized.

Selective and controllable synthesis of ZBD at room
temperature

The solvent effect was studied by using DMF, MeOH and their
mixture with various DMF : MeOH volume ratios (Fig. 1). The
resulting products are labelled ZBDh(t)-DxMy, wherein x and y
represent the volume ratio of each solvent (x + y ¼ 10). The
reactants (Zn(NO3)2$6H2O, bdc, and dabco) were separately
dissolved in a target solvent, and mixed under stirring. The
solution became turbid right aer the mixing, and remained
under static conditions for 48 h. The white precipitates were
collected, washed, and dried under vacuum at 85 �C.

The morphologies of the as-synthesized ZBDh(t)-DxMy were
investigated by electron microscopy (Fig. 1). ZBDh-D10 has an
anisotropic hexagonal 1D rod-like morphology with hundreds
of nanometers in length (Fig. 1a). As the volume ratio of MeOH
increased from D10 to D9M1 to D7M3 to D6M4, the particle size
increased from 0.58 to 1.2 to 13 to 75 mm (Fig. 1a–d), accom-
panied by morphology changes from nanorods to microplates.
Hexagonal faces along the [001] direction were clearly observ-
able in SEM. An intermediate mixture of bothmorphologies was
observed in a narrow window of reaction conditions, e.g.,
D5.5M4.5 (Fig. S2†). Further increase in MeOH fraction
$50vol% (i.e., 66 mol%) led to crystal phase transition from
hexagonal to tetragonal framework topology. With an increase
of MeOH ratio from D5M5 to D3M7 to D1M9 to M10, the
particle size decreased from 3.4 to 0.72 to 0.65 to 0.43 mm
present hexagonal and tetragonal frameworks, and x and y represent the
D9M1, (c) ZBDh-D7M3, (d) ZBDh-D6M4, (e) ZBDt-D5M5, (f) ZBDt-D3M7, (g)

This journal is © The Royal Society of Chemistry 2018
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5 Metal-organic frameworks in polymer chemistry
(Fig. 1e–h), and the morphology changed from cubic mic
particles to 2D-like cubic nanoplates. The changes in parti
size and aspect ratio of ZBDh(t)-DxMy are summarized in Ta
S1 and Fig. S3.†

The selective formation of ZBDh and ZBDt was further s
ported by PXRD and N2 physisorption analysis (Fig. 2). PX
patterns revealed that the synthesized ZBD can be assigned
one of the three classes, which correspond to hexagonal ZBD
(D10, D9M1, D7M3, D6M4), an intermediate transition ph
(D5.5M4.5), and tetragonal ZBDt (D5M5, D3M7, D1M9, M
(Fig. 2a). The results were further conrmed by N2 ph
isorption at 77 K and pore size distribution calculated by a
pore NLDFT equilibriummodel. The two polymorphs ZBDh a
ZBDt have distinct surface areas and pore sizes, which indic
phase pure ZBD synthesis. In general, ZBDh has a larger surf
area and pore size than ZBDt, as calculated from single crys
structure analysis and simple geometric considerations.52 T
representative N2 sorption isotherms for ZBDh-D10 and ZB
M10 are shown in Fig. 2b. N2 sorption isotherms show abru
gas uptake and saturation at a very low relative pressure <0.
which is typical type-I behavior of microporous materi
(Fig. 2b and S4†). The BET surface areas of ZBDh and ZBDt w
in the range of 1880–2160 m2 g�1 and 1480–1760 m2 g
respectively. Such values are comparable to or even larger th
those of their bulk counterparts. The pore size distributio
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also show distinct micropores of ZBDh (1.3–1.8 nm) and ZBD

Fig. 2 Effect of solvent composition on ZBDh(t)-DxMy formation. (a
ZBDt-M10 and (c) their pore size distributions. (d) Graph of BET sur
MeOH mole fraction.
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(1.0–1.2 nm) (Fig. 2c). Note that the estimated pore size from
NLDFT is highly dependent on the equilibriummodel used and
is not as accurate as that from the single crystal analysis, but the
characteristic micropores of ZBDh and ZBDt can be distin-
guished by using the same NLDFT model, which indicates the
phase selective synthesis of ZBD. TGA data show that the
synthesized ZBDh and ZBDt have thermal stabilities similar to
those of the reference materials reported in the literature
(Fig. S5†).44,52 They lost the guest solvents at temperatures below
200 �C, and started to decompose at 300 �C. The physico-
chemical properties of ZBD are summarized in Table S2.†

All results are in good agreement with the SEM observations
and clearly support the successful synthesis of ZBD with
controlled polymorphism, size and morphology by simply
adjusting the kind and composition of the solvent used for MOF
synthesis. It should be mentioned that the synthesis of
nanoZBDt with controlled size is reported, to the best of our

Journal of Materials Chemistry A
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Solvent effect on ZBD formation

To better present the relationships between solvent composi-
tion and ZBD structures, the graph of surface area change (i.e.,
morphology and topology change) with respect to MeOH mole
fraction is illustrated in Fig. 2d, which highlights the abrupt

change in morphology with solvent composition.

) PXRD patterns. (b) Representative N2 sorption isotherms of ZBDh-D10 and
face area change (i.e., morphology and topology change) with respect to

J. Mater. Chem. A, 2018, 6, 23521–23530 | 23525
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5 Metal-organic frameworks in polymer chemistry
The slight change in the size of the solvent template (gu
molecule) can lead to the formation of ZBD with differ
framework topologies, i.e., the bulkier solvent molecule h
bigger steric hindrance and may thus induce the formation
a MOF polymorph with larger pore size. As expected from
bulk density (ZBDh 0.730 vs. ZBDt 0.870 g cm�3) and pore s
(ZBDh 1.5 vs. ZBDt 0.75 nm),44,52 bulkier DMF prefers ZBDh a
MeOH prefers ZBDt. As conrmed in Fig. 2d and S3,† format
of ZBDh dominates over ZBDt formation in a broad range
MeOH mole fractions (0–0.6). ZBDt could be obtained wh
a MeOH mole fraction >0.66 was employed. Thus, it can
inferred that DMF has a stronger template effect than MeO
DMF and MeOH work competitively rather than cooperative
One overwhelms the other and preferably induces the form
tion of one particular crystal phase.

The competitive relationship between DMF and MeO
further enables the control over the size of the resulting Z
crystals. For instance, in the case of ZBDh synthesis in a DM
MeOH system, MeOH hinders the formation of ZBDh nuc
and decreases the rate of nucleation. Therefore fewer nuc
grow into larger crystals with increasing amount of MeO
(Fig. 2d). Likewise, the size of ZBDt increases with increas
amount of DMF. This phenomenon was further suppor
experimentally by the time dependent observation of crys
growth of ZBDh-D10 and ZBDh-D6M4. In a pure DMF syst
(ZBDh-D10) most of the ZBDh nuclei were rapidly genera
and grew/saturated to a few hundred nanometer-sized cryst
aer reaction for 5 h, which suggests a fast and homogeneo
nucleation at the early stage of the reaction (Fig. S6†).
contrast, in ZBDh-D6M4, the nucleation was largely retarded
MeOH, and therefore the secondary heterogeneous nucleat
occurred continuously (Fig. S7†). The newly generated nuc
small nanocrystals and large crystals existed together even a
reaction for 32 h (Fig. S7a–f†). With increasing reaction tim
the initially formed nuclei grew into large crystals at the expen
of small nanocrystals via Ostwald ripening, leading to
formation of pure hexagonal microplates aer reaction for >
h (Fig. S7g and h†).
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Scheme 2 Suggested mechanism for morphology change from na
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The particle morphology (e.g., aspect ratio) is also greatly
affected by solvent composition (Table S1; Fig. S3†). As the
amount of MeOH increased, the anisotropic hexagonal
nanorods (ZBDh-D10) transformed into hexagonal micro-
plates (ZBDh-D6M4) to tetragonal microcubes (ZBDt-D5M5) to
2D-like tetragonal nanoplates (ZBDt-M10) (Fig. 1 and 2d). This
unique morphology evolution can be understood by the
intrinsic crystal growth modes of ZBD and the polar protic
nature of MeOH. ZBD has two growth modes (Zn-bdc and Zn-
dabco) (Fig. S1†). Zn-bdc forms 2D hexagonal or tetragonal
layers which are three dimensionally extended by dabco
pillars. As a result, ZBDh consists of two hexagonal (001) faces
terminated by Zn-dabco bonds and the other six faces termi-
nated by Zn-bdc bonds (Scheme 2). The relatively high energy
Zn-dabco (001) surfaces disappear through preferential
anisotropic growth along the [001] direction in ZBDh-D10.20

However, such Zn-dabco growth can be largely suppressed by
addition of polar protic MeOH, which can form hydrogen
bonds with the nucleophilic dabco ligand, creating a shell of
MeOH molecules around dabco (Scheme 2).55 The lone pair
electrons of dabco possibly interact with the electron-poor
hydrogen atoms of MeOH. As a result, polar protic MeOH can
decrease the reactivity of dabco and hinder the growth of Zn-
dabco (001) surfaces, whereas polar aprotic DMF cannot,
thereby resulting in the formation of 2D-like nanoplates of
ZBDt-M10.

The present solvent mediated approach enables the selective
isolation of the pure crystalline ZBD phase with the desired
structures by simply choosing the appropriate solvent compo-
sition. In addition, it is more energy efficient and environ-
mentally friendly and requires less demanding synthesis
equipment than conventional synthesis methods. In terms of
framework stability and pore activation, the solvent template is
highly preferred over the typical organic template (additive).
The solvent generally has no direct interaction with the frame-
work and is relatively easy to remove by volatile solvent
exchange and thermal activation, thereby generating perma-
nent porosity. In contrast, organic templates such as amines
and polymers usually induce strong host–guest interactions and
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norods to microplates upon MeOH addition.
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5 Metal-organic frameworks in polymer chemistry
thus are oen difficult to remove which might result in str
tural collapse.56–58

ZBD derived carbon and its application in EDLCs

The size and morphology of nano-MOFs and many ot
nanomaterials are inherently relevant to the type of targe
applications. As one example, EDLCs need a high pack
density of electrode materials to achieve high volumet
capacitance desired in practical uses. As a proof of concept
demonstrate the morphology effect on volumetric capacitan
here we transformed two representative ZBDs with disti
morphologies and particle aspect ratios but comparable parti
sizes (1D hexagonal nanorods of ZBDh-D10 and 2D tetrago
nanoplates of ZBDt-M10) (Table S1†) into MDCs via carb
ization at 900 �C. The carbonized samples are denoted as ZBD
D10-900 and ZBDt-M10-900, respectively.

The morphologies of the parent ZBDs were well preserv
aer carbonization. Randomly yet homogeneously distribu
mesopores were generated throughout the particles (Fig. 3a a
b). ZBDh-D10-900 and ZBDt-M10-900 show type IV N2 sorpt
isotherms and an obvious hysteresis loop between P/P0 0.4 a
0.9, suggesting the presence of a substantial amount of me
pores (Fig. 3c). ZBDh-D10-900 has higher BET surface area a
larger porosity than ZBDt-M10-900 (1490 vs. 1230 m2g�1), wh
is a similar trend to that in the parent ZBD precursors (Fig. 2

All Raman spectra have two broad peaks at 1342 and 16
cm�1 that correspond to the D and G bands, respectiv
(Fig. S8†). The G-band arises from the stretching of any pair
sp2 sites whether in rings or chains. The D-band originates fr
the breathing mode of sp2 sites in rings of defects a
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Fig. 3 Morphology conserved carbonization of ZBD. SEM and TE
sorption isotherms and (d) pore size distributions.
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disorders. Both carbons have an almost identical ID/IG intensity
ratio near 0.97 and a broad G line width of 110 cm�1, suggesting
the presence of graphitic cluster sizes in amorphous carbon
smaller than 10 Å.59,60 The results reveal that both carbons have
amorphous characteristics with a similar degree of graphitiza-
tion and thus similar electrical conductivity. In addition, they
have a comparable nitrogen content of 4.2 wt% which origi-
nated from dabco ligands, as determined by CHN elemental
analysis (Table S3†). The N1S XPS spectra can be deconvoluted
into pyridinic-N (398.2 eV), pyrrolic-N (399.5 eV), and graphitic-
N (401.2 eV). The relative proportions of nitrogen species in
both carbons are almost identical to each other (Fig. S9†). ICP-
OES conrmed that most of the Zn (residual amount < 0.03
wt%) was removed during carbonization at 900 �C by carbo-
thermal reduction and evaporation (Table S3†).

To demonstrate the morphology–volumetric capacitance
relationships of ZBD derived carbons for EDLCs, ZBDh-D10-900
and ZBDt-M10-900 were fabricated into electrodes and charac-
terized by cyclic voltammetry (CV) tests, in 1 M solution of tet-
raethylammonium tetrauoroborate/acetonitrile (1 M TEABF4/
AN), which is a common organic electrolyte.

Both ZBD-derived carbons present rectangle-like CV curves
(0–2.5 V) without an obvious distortion even at a scan rate as
high as 500 mV s�1, indicating a typical capacitive behavior with
excellent rate capability (Fig. 4a and b). This is further under-
lined by the galvanostatic charging/discharging curve of ZBDt-
M10-900 showing a symmetric triangular shape at 0.1 A g�1 and
10 A g�1 indicating the typical capacitor behavior (Fig. S10†).
The small voltage drop even at 10 A g�1 reveals the low resis-
tance of the EDLC. A voltage oating stability test performed for

Journal of Materials Chemistry A
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M images of (a) ZBDh-D10-900 and (b) ZBDt-M10-900, and their (c) N2
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Fig. 4 EDLC performance comparison of ZBDh-D10-900 and ZBDt-M10-900 tested in 1 M TEABF4/AN using a two-electrode configuration:
cyclic voltammograms (normalized to the electrode volume) of ZBDh-D10-900 and ZBDt-M10-900 at the scan rate of (a) 20mV s�1 and (b) 500
mV s�1, and (c) gravimetric and (d) volumetric capacitance retention with the increase of scan rate.
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5 Metal-organic frameworks in polymer chemistry
the EDLC cell with ZBDt-M10-900 as the electrode for 100 h
2.5 V shows sufficient stability of the device (Fig. S11†). Fr
a gravimetric perspective, due to the comparable surface ar
conductivity and surface chemistry, the performances of
two carbons are rather similar to each other, exhibit
comparable specic capacitance and rate capability (arou
80 F g�1 at 10 mV s�1, 50 F g�1 at 500 mV s�1) (Fig. 4
However, the volumetric performance shows a signic
difference. At the scan rate of 20 mV s�1 and 500 mV s�1,
differential current density of ZBDt-M10-900 is almost twice
high as that of ZBDh-D10-900 (Fig. 4a and b). This is furth
conrmed by the integral volumetric capacitance (Fig. 4
where the volumetric capacitance of ZBDt-M10-900
pronouncedly higher than that of ZBDh-D10-900 at all sc
rates. This is attributed to the different pore structures a
particle morphology. The meso- and macro-porosities of ZB
M10-900 are much lower compared with those of ZBDh-D
900, leading to a higher density of the carbon materials in
electrodes. In addition, the 2D plate morphology of ZBDt-M
900 can facilitate preferential and uniform alignment alo
the basal plane with relatively high packing density,
demonstrated by the high volumetric capacitances of vario
2D materials.37,61,62 Simulation studies also show that parti
elongation can lead to a decrease in packing density becau
of the increase in the orientationally excluded volum
Therefore, despite a similar gravimetric specic capacitan
ZBDt-M10-900 can provide higher volumetric capacitance.
the other hand, the lower meso–macroporosity of ZBDt-M
900 results in the faster decay of capacitance at higher ra
(Fig. 4c), as the meso/macropores tend to facilitate i
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transport inside carbon electrodes. Note that ZBDt-M10-900
still provides higher volumetric capacitance over the entire
range of scan rates investigated (Fig. 4d).

The general importance of the particle morphology and
porosity on the volumetric efficiency of supercapacitor electrode
materials is further shown by using non-commercial ordered
mesoporous carbon CMK-3 as an additional reference material.64

CMK-3 typically shows a hexagonal rod-like shape and particles
with sizes in the range of 1–3 mm.30 Its typical mesoporous
structure is shown by the nitrogen physisorption isotherm
(Fig. S12a†) with a pore volume of 1.23 cm g�1. The gravimetric
capacitance is�80 F g�1, thus comparable to that of the two ZBD-
derived carbons (Fig. S12c†). However, due to the mesoporous
feature and different particle textures leading to moderate
packing density, its volumetric capacitance is lower than that of
ZBDt-M10-900 with the highest packing density, and higher than
that of ZBDh-D10-900 with the lowest packing density
(Fig. S12b†). Hence, the packing density generally plays a vital
role in the volumetric capacitance. It has to be pointed out that in
comparison to other recently reported supercapacitor electrode
materials, ZBDt-M10-900 does not show a particularly impressive
volumetric or gravimetric capacitance but the MOF-derived
carbons are a suitablemodel system to evaluate the importance of
the morphology of the electrode material particles for the volu-
metric capacitance of supercapacitors (Table S4†).

Conclusions

We reported a simple yet effective synthetic route toward nano-
MOFs with controlled polymorphism, particle size and
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5 Metal-organic frameworks in polymer chemistry
morphology under ambient conditions. The solvent effect
ZBD synthesis was systematically investigated for the rst ti
by changing the kind and composition of the solvents. T
solvent template effect enables the selective synthesis of 1D ro
like ZBDh in DMF and 2D plate-like ZBDt inMeOH. As DMF a
MeOH work competitively, the use of DMF/MeOH with differe
ratios as a cosolvent further enables control over the crystal s
and aspect ratios. Each solvent can act as a crystal modula
that decreases the rate of nucleation and thus increases t
crystal size, e.g., the crystal size of ZBDh increases w
increasing the amount of MeOH. The addition of MeO
induces the morphology transition from 1D rods to 2D plat
The polar protic MeOH reduces the reactivity of nucleoph
dabco and hinders the crystal growth along Zn-dabco [00
preferably inducing the formation of 2D plate-like ZBD.
a proof of concept to demonstrate the advantages
morphology controlled MOF, the resulting ZBDs are therma
transformed into hexagonal rod- and tetragonal plate-nan
porous carbons for application in EDLCs. Despite the simi
gravimetric capacitance, 2D plate carbon shows two tim
higher volumetric capacitance than hexagonal rod carbo
highlighting the importance of MOF/MDC morphology
development of EDLC electrodes with a high packing dens
The present solvent mediated MOF synthesis is facile yet hig
effective in controlling the size and morphology of MOFs, a
could be extended to the preparation of various nano-MOFs th
are desired in a wide variety of potential applications.
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The 3D superstructure can inherit unique  
collective properties and a number of defect 
(active) sites arising from their subunit 
ensembles, which are otherwise difficult 
to realize.[4,5] Micro/mesopores introduce a 
high surface area, a number of adsorption 
sites, and size selectivity whilst macropores 
enhance the mass transport capability.[6–9] 
These advantageous features make hierar-
chical carbons attractive for a wide variety 
of applications such as adsorption, catal-
ysis, energy storage, and conversion.[1,9–14] 
For instance, flower-like carbon superstruc-
tures have been of particular interest in the 
field of electrocatalysis and energy storage. 
This is because of the high accessibility of 
the micro- and mesopores or catalytically 
active sites for the electrolyte provided 
by the unique morphology with a hierar-
chical pore structure and the facile electron 
transport through the 3D interconnected 
nanopetals, which leads to exceptional 
electrochemical performance.[15–24] Flower-
like and hierarchical carbons in general 
have been prepared by using various 

low-dimensional building blocks (e.g., polymer sheets, carbon 
nanotubes, graphene oxide)[3,4,15,20] and multiple templates with 
different length scales (e.g., block copolymers, silica materials, 
foams).[14,16,18,19,25,26] However, the approaches usually rely on 
time-consuming and laborious multi-step procedures, including 
preparation of building blocks/sacrificial templates and their 
bottom-up assembly under specific conditions, infiltration/
polymerization of carbon source, carbonization, and template 
removal.[14,25,26] In addition, they sometimes need additional 
pore-forming agents or physical/chemical activation to generate 
a hierarchical pore structure.[15,18,27] In this regard, development 
of a straightforward template-free approach toward hierarchically 
porous 3D carbon superstructures is highly desired.

Metal-organic coordination compounds, typically prepared by 
reacting metal salts with organic ligands, have shown promise 
as versatile precursors/templates for preparation of functional 
hierarchically porous carbons and their metal/metal oxide 
composites via a simple thermal transformation process.[28–30] 
Particular attention has been paid to crystalline metal-organic 
frameworks (MOFs) because of their highly ordered and 
chemically homogenous structures, tunable pore size, and 
large surface area, which are highly attractive features for fab-
ricating advanced MOF-derived nanomaterials with tailored 

Synthesis of 3D flower-like zinc-nitrilotriacetic acid (ZnNTA) mesocrystals and 
their conformal transformation to hierarchically porous N-doped carbon super-
structures is reported. During the solvothermal reaction, 2D nanosheet primary 
building blocks undergo oriented attachment and mesoscale assembly forming 
stacked layers. The secondary nucleation and growth preferentially occurs at the 
edges and defects of the layers, leading to formation of 3D flower-like mesocrys-
tals comprised of interconnected 2D micropetals. By simply varying the pyrolysis 
temperature (550–1000 °C) and the removal method of in the situ-generated 
Zn species, nonporous parent mesocrystals are transformed to hierarchically 
porous carbon flowers with controllable surface area (970–1605 m2 g−1), nitrogen 
content (3.4–14.1 at%), pore volume (0.95–2.19 cm3 g−1), as well as pore dia-
meter and structures. The carbon flowers prepared at 550 °C show high CO2/N2 
selectivity due to the high nitrogen content and the large fraction of (ultra)
micropores, which can greatly increase the CO2 affinity. The results show that 
the physicochemical properties of carbons are highly dependent on the thermal 
transformation and associated pore formation process, rather than directly 
inherited from parent precursors. The present strategy demonstrates metal-
organic mesocrystals as a facile and versatile means toward 3D hierarchical 
carbon superstructures that are attractive for a number of potential applications.

Carbon Superstructures

1. Introduction

Hierarchical carbon materials with defined 3D superstructure 
have attracted significant attention because of their unique tex-
tural properties that simultaneously combine the benefits of 
3D assembled architectures and multiscale pore structures.[1–4] 
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properties.[29,31–37] For the past decade, considerable progress 
has been made in the development of MOF-derived carbons 
(MDCs) suitable for a wide range of applications.[38–44] However, 
the macroscopic shapes of MDCs are mostly limited to simple 
cubes, rods, or hexagons that are inherited from characteristic  
morphologies of MOFs. In addition, the understanding of 
thermal transformation mechanisms and their effects on the 
physicochemical properties of the resulting carbons are still 
a matter of research.[45–48] Hence, it is highly desirable i) to 
develop a new approach that enables synthesis of hierarchically 
porous carbon with a high level of morphological complexity 
other than simple (an)isotropic particle shape, and ii) to under-
stand underlying thermal transformation process to obtain car-
bons with desired porosity and physicochemical properties.

Recently, bioinspired synthesis of a new type of metal-
organic coordination compounds, namely, metal-organic mes-
ocrystals has been introduced.[49] Mesocrystals are a kind of 
superstructure comprised of crystalline nano/micro building 
blocks that are aligned in a crystallographic manner.[5,50,51] 
Natural organisms can create sophisticated multi-dimensional 
organic–inorganic hybrid mesocrystals via particle-mediated 
growth and assembly (i.e., nonclassical crystallization path-
ways), as observed in various biominerals such as bone, nacre, 
sea urchins, and others.[50] Such particle-based crystallization is 
usually achieved by kinetic control via organic additives (e.g., 
polymers, proteins) and often involves nanoparticle aggrega-
tion, self-assembly, and mesoscopic transformation which can 
open new strategies for crystal morphogenesis. Indeed, coor-
dination of metal ions by biomolecules has shown unique 
self-assembly behaviors that allow fabrication of multiscale 
architectures and complex morphologies.[52–55] In this regard, 
the use of bioinspired metal-organic mesocrystals as precursors 
can provide a unique opportunity to develop a new class of hier-
archically structured carbon that may not be easily prepared by 
conventional templating methods and from MOF-based precur-
sors. To date, synthesis of metal-organic mesocrystals and their 
transformation into functional nanomaterials remain rarely 
explored.

Herein, we report the simple and template-free synthesis of 
nitrogen-doped 3D carbon flowers with hierarchical pore archi-
tecture through direct thermal transformation of zinc-nitrilo-
triacetic acid (ZnNTA) mesocrystals (Scheme 1). ZnNTA mes-
ocrystals are prepared by solvothermal reaction of zinc nitrate 
hexahydrate and NTA in dimethylformamide (DMF). The 
resulting structures are further subjected to carbonization under 
N2 atmosphere and the effects of the pyrolysis temperature 
(550–1000 °C) as well as the role of in situ-generated Zn species 

on physicochemical properties (porosity, nitrogen content and 
configuration, degree of graphitization) of resulting carbon 
flowers are investigated. The selective adsorption of CO2 in the 
presence of N2 is studied in order to demonstrate the advan-
tages of controlling the pore structures, which is achievable by 
varying the synthesis temperature.

2. Results and Discussion

NTA is an artificially made biomimetic chelating agent that 
has been widely used in various industrial applications such 
as detergents, metal-ion capture, and wastewater treatment.[56] 
Thus, NTA is an attractive candidate for cooperative self-
assembly with metal ions[57] to form a new type of metal-NTA 
mesocrystal with unique particle morphologies. Indeed, flower-
like ZnNTA mesocrystals were simply prepared by mixing Zn 
salt and NTA (Zn/NTA molar ratio = 1.5) in HNO3/DMF solu-
tion after solvothermal reaction at 120 °C for 24 h. Scanning 
electron microscopy (SEM) images show flower-like ZnNTA 
particles with a size of ≈100 µm (Figure 1a). The micropetals 
interconnect each other and self-assemble to flower-like archi-
tectures. Higher magnification images show that each micro-
petal is constructed by small 2D nanosheets as building blocks, 
which is a typical characteristic of mesocrystals (Figure 1b,c). 
Transmission electron microscopy (TEM) reveals the randomly 
distributed mesopores originated from the defects and intrapar-
ticle voids of the mesocrystalline assembly (Figure 1d). More-
over, X-ray powder diffraction (XRD) shows the characteristic 
crystalline nature of ZnNTA crystals, which are totally different 
from the precursors used (Figure S1a, Supporting Information). 
The formation of Zn-NTA coordination bonds was supported 
by Fourier-transform infrared spectra (Figure S1b, Supporting 
Information). After mesocrystal formation, the intense band at 
1720 cm−1 from the stretching vibration of CO of carboxylic  
acids in NTA completely disappears, suggesting the successful 
coordination of Zn ions by NTA. ZnNTA mesocrystals have 
a very low Brunauer–Emmett–Teller (BET) surface area of  
7 m2 g−1 and a few mesopores ranging from 5 to 20 nm  
(Figure S1d, Supporting Information).

The Zn/NTA molar ratio was varied from 1 to 1.5 to 2, to 
investigate its effect on crystal structure and morphology. Inde-
pendent of the Zn/NTA ratio, ZnNTA crystals show flower-
like morphologies (Figure S2a–c, Supporting Information) 
and comparable XRD patterns (Figure S2d, Supporting Infor-
mation). All ZnNTAs also have similar thermal stability and 
materials composition, as confirmed by thermogravimetric 
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Scheme 1. Synthesis of flower-like ZnNTA mesocrystals and their conformal transformation to hierarchically porous N-doped carbon flowers.
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analysis (TGA) conducted under artificial air flow (Figure S2e, 
Supporting Information). The estimated materials composition 
from TGA is Zn/NTA = 1.5 in all samples, corresponding to the 
coordination number to achieve an electroneutral framework. 
The results indicate that flower-like ZnNTA mesocrystals with 
almost similar composition and structures are obtained regard-
less of the Zn/NTA ratio used for synthesis.

The kinetic control of crystallization can provide new 
opportunities for investigating the crystal growth process/
mechanism and for preparing the crystals with high level of 
structural hierarchies.[49,58] For these purposes, here we used 
HNO3 as an additive that hinders the deprotonation of NTA 
ligand, and thus affects the kinetics of the nucleation and 
growth (Figure 2). The effect of HNO3 concentration on the 
size and morphology of ZnNTA was investigated by changing 
the molar ratio r = HNO3/NTA under the same solvothermal 
reaction for 24 h. In the absence of HNO3, tetragonal 2D 
nanosheets with the approximate size/thickness of 200/10 nm 
were prepared (Figure 2a). At r = 1, multilayer stacked particles 
comprised of such 2D nanosheets were observed (Figure 2b,c). 
3D flower-like structures were generated at r = 2 (Figure 2d), 
and became larger with an increase of HNO3 content (r = 3) 
(Figure 2e). Further increase of HNO3 considerably inhibited 
the crystal growth and assembly, and thus led to the formation 
of some nanocrystals (r = 4.5) and even amorphous aggregates 
(r = 6) (Figure S3, Supporting Information). XRD diffractions 
became more intense with an increase of r from 1 to 3,  
possibly due to the increase in crystallinity and the alignment 
of 2D nanosheets in the c-direction (Figure 2f). Thus, HNO3 

plays a crucial role in preparation of flower mesocrystals, as 
HNO3 retards the deprotonation of NTA and by that lowers 
the rate of nucleation induced by coordination of NTA with 
Zn ions. With increasing amount of HNO3, fewer nuclei were 
generated and grew to larger crystals. As the nucleation was 
largely retarded by HNO3, secondary heterogenous nucleation 
can continuously occur at the defect sites of the preformed 
layers,[59] which results in the formation of 3D flower assem-
blies comprised of 2D layers.

To gain further insights on crystal growth process, time-
dependent ex situ SEM studies were conducted for the flower 
mesocrystals prepared under the standard synthesis conditions 
(Zn/NTA = 1.5 and HNO3/NTA = 3) (Figure S4, Supporting 
Information). The initial reactant solution was homogenous 
and transparent without any precipitates. The flower-like mes-
ocrystal can only be prepared after solvothermal reaction at 
120 °C. The stacked-microsheets emerged at the early stage of 
reaction for 4 h (Figure S4a,b, Supporting Information), and 
steadily self-assembled to flower-like particles after 6 h. Newly 
formed nanosheets and branches grew on the surface and at 
the edges of the preformed layers, which can generate the cur-
vature of the initially stacked layers (Figure S4c,d, Supporting 
Information). Further growth and development of new layers 
resulted in the formation of flower-shaped mesocrystals with 
a number of extended micropetals interconnecting each other 
(Figure S4e–h, Supporting Information).

Based on these results, we suggest the formation mecha-
nism of 3D flower ZnNTA mesocrystals (Figure 2g), i.e., 
the mesoscale assembly via oriented attachment[60] and the 
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Figure 1. a) SEM and TEM images of flower-like ZnNTA mesocrystals, and b,c) intersecting micropetals comprised of 2D nanosheets. d) TEM image 
of exfoliated mesocrystals. ZnNTA mesocrystals were prepared with the molar ratios of Zn/NTA = 1.5 and HNO3/NTA = 3.
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secondary nucleation and growth on the preformed layers. The 
mesocrystal growth proceeds step-by-step in a hierarchical way. 
At first, the 2D nanosheets—the primary building blocks—are 
generated, and subsequently self-aggregate along the common 
crystallographic basal- and edge-plane via oriented attach-
ment to reduce the total surface energy of the system, thereby 
building up the secondary stacked layers with several micro-
meter size. As the size of those particles increases, the number 
of defects originated from mesoscale assembly increases sig-
nificantly.[61] Thus, the secondary nucleation can take place spe-
cifically at such defect sites on the preformed crystal surface.[59] 
The primary building blocks repeatedly grow and attach to 
the preformed layers, which leads to structure evolution from 
2D nanosheets to 3D flower-like structures. As a result, the 
assembled mesocrystals are more blooming with an increase of 
particle size and have a number of 3D extended petals. Such 
curvature formation in ZnNTA is similar to hierarchical struc-
ture formation found in biominerals.[58,59,61,62] The internal 
strain associated with the defects of the attached building blocks 
increases with an increase of particle size. This enthalpic pen-
alty can be compensated by introducing the misalignment (e.g.,  
curvature) of the outer building blocks, which increases the 

total entropy of the system and by that the complexity of the 
biomineral morphologies. Overall, the mesocrystal formation 
is closely related to its “primary building block.” The initially 
formed 2D nanosheet acts as a primary building block which 
undergoes oriented attachment and mesoscale assembly. The 
secondary nucleation takes place at the defect sites on the pre-
formed 2D layers. The repeated growth and attachment to the 
layers lead to formation of 3D flower-like structures.

The flower-like ZnNTA mesocrystals were conformally trans-
formed to hierarchically porous N-doped carbons via pyrolysis 
at maximum temperatures ranging from 550 to 1000 °C 
under N2 gas flow for 2 h with a heating rate of 5 °C min−1 
without using additional carbon sources. During the pyrolysis,  
ZnNTAs are converted to the composites of ZnO and poly-
meric/carbonaceous species at temperature above 400 °C. 
When the temperature is increased to 800 °C and above, ZnO 
is carbothermally reduced to Zn metal which can evacuate 
and be transported away from the carbon with the N2 gas flow 
(see TGA in Figure S5, Supporting Information). Four different 
temperatures (550, 700, 850, and 1000 °C) were chosen to 
study the effect of pyrolysis temperature and the method of 
Zn removal (i.e., by chemical etching and by vaporization) on 
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Figure 2. Kinetically controlled growth of ZnNTA mesocrystals prepared with different HNO3/NTA ratio (r). SEM images of ZnNTA at a) r = 0, b,c) r = 1,  
d) r = 2, and e) r = 3. f) XRD patterns of ZnNTA. g) Suggested formation mechanism of flower mesocrystals.
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physicochemical properties (i.e., pore structures, nitrogen con-
tent and configuration as well as degree of graphitization). The 
resulting samples were labeled as ZnNTA-XE, where X denotes 
the pyrolysis temperature, and E represents 1 m HCl etching. 
Zn species in ZnNTA-X are removed by i) HCl etching in 
ZnNTA-(550E, 700E), ii) combination of vaporization and HCl 
etching in ZnNTA-850E, and iii) vaporization in ZnNTA-1000.

The characteristic XRD reflections of ZnNTA mesocrys-
tals completely disappear after pyrolysis, suggesting the suc-
cessful transformation of mesocrystals to the respective ZnO/
carbon composites or carbon (Figure S6a, Supporting Informa-
tion). ZnNTA-(550 and 700) exhibit sharp reflections that can 
be assigned to the remaining crystalline ZnO. SEM images 
show highly aggregated ZnO nanocrystals decorating the outer 
surface of the ZnNTA-(550 and 700) (Figures S7 and S8, Sup-
porting Information). TGA under air atmosphere shows that 
substantial amount of ZnO (≈75%) remains in these materials 
(Figure S9, Supporting Information). In contrast, ZnNTA-(850, 
1000) show neither crystalline ZnO in XRD (Figure S6, Sup-
porting Information) nor visible surface aggregates in SEM 
images (Figures S10 and S11, Supporting Information), and 
exhibit a small ash-content in TGA (Figure S9, Supporting 
Information).

After HCl etching, ZnNTA-XE only exhibit broad (002) dif-
fraction at near 25°, which is typical for disordered amor-
phous carbon with high surface area (Figure S6b, Supporting 
Information). The diffraction peaks are slightly stronger in 
ZnNTA-850E and ZnNTA-1000 due to the increase of graphitic 
stacking at higher pyrolysis temperature. The absence of 
crystalline ZnO suggests the successful removal of inorganic  
species. Inductively coupled plasma-optical emission 
spectrometry (ICP-OES) confirms the minor amount of residual 
Zn which is in the range of 0.9–1.2 wt%. ZnNTA-1000 was 
not treated with HCl because it already had low Zn content  
(1.2 wt%) after pyrolysis.

The inherent flower morphologies were well conserved 
without significant structural deformation after carboniza-
tion and HCl washing. The highly interconnected hierar-
chical porous structures with multiple levels of micro/meso/
macropores were clearly observed in high-resolution TEM 
(HRTEM) (Figure 3) and SEM images (Figures S11 and S12, 
Supporting Information). Macropores originate from the voids 
between the intersecting nano/microsheets. HRTEM clearly 
shows the disordered yet homogenously distributed mesopores 
with sizes of 5–20 nm in all samples (Figure 3). ZnNTA-550E 
has a rather dense morphology with relatively low mesoporosity. 
Higher pyrolysis temperature leads to the increase of the overall 
porosity with thinner pore walls, and the gradual development 
of randomly assembled graphitic layers.

The nitrogen content and its chemical bonding states were 
analyzed by X-ray photoelectron spectroscopy (XPS). Lower 
pyrolysis temperature results in higher nitrogen content in 
ZnNTA-XE, which is in line with the results from elemental 
analysis (EA; Table 1). For instance, ZnNTA-550E has the 
highest nitrogen content of 14.1 at% (XPS) and 10.0 at% (EA). 
The N1s spectra can be deconvoluted into four component peaks 
that correspond to pyridinic-N (≈398 eV), pyrrolic-N (≈400 eV), 
graphitic-N (≈401 eV), and oxidized-N (≈403 eV), respectively 
(Figure S13, Supporting Information). The relative fractions 

of pyrrolic- and pyridinic-N decrease while that of graphitic-N 
increases with increasing synthesis temperature, because gra-
phitic-N is the most thermodynamically stable N configuration 
at high temperature (Figure S14, Supporting Information). The 
ongoing development of graphitic carbon with lower N content 
was also supported by XPS C1s spectra, in which the peaks 
for graphitic sp2 CC bonds (≈284 eV), N–sp2 C (≈285 eV), 
N–sp3 C (≈286 eV), and CO bonds (≈288 eV) were identified 
(Figure S15, Supporting Information).[63] In agreement with the 
results of the N1s spectra, the contribution from N–sp2 C and 
N–sp3 C decreases while that of graphitic CC bonds increases 
significantly with increasing pyrolysis temperature. Similar 
changes have been observed in the electron-energy loss spectra 
(Figure S16, Supporting Information). The fine structure of 
the carbon K-edge becomes more pronounced with increasing 
pyrolysis temperature, while the concentration of nitrogen 
decreases.

Raman spectroscopy provides additional information about the 
progress of carbonization at different temperature (Figure S17,  
Supporting Information). The D band near ≈1355 cm−1 arises 
from the breathing modes of the sixfold sp2 carbon rings in 
the presence of defects and disorder, while the G-band near 
≈1600 cm−1 originates from the stretching of any pair of sp2 
carbons whether in rings or chains. The ID/IG peak intensity 
ratio is commonly used to evaluate the degree of graphitiza-
tion in porous carbons and is proportional to the amount of sp2  
carbon six-rings.[64] In ZnNTA-XEs, the ID/IG ratio increases 
from 0.92 to 1.23 with increasing pyrolysis temperature, indi-
cating that higher temperature treatment leads to aromatization 
and rearrangements of carbon due to increasing graphitization 
and the removal of N-containing fragments.[65] The XPS and 
Raman results show that the properties of ZnNTA-XE carbons 
such as nitrogen content, nitrogen-binding motives, and degree 
of graphitization can be controlled by adjusting the pyrolysis 
temperature.

The textural properties of ZnNTA-XE were further charac-
terized by N2 (77 K) physisorption experiments (Figure 4 and 
Table 1). N2 physisorption of all ZnNTA-XE results in compa-
rable isotherms, comprising an abrupt N2 uptake at a very low 
P/P0 < 0.05, a continuous slope above P/P0 > 0.1, type H4 hyster-
esis loop at intermediate P/P0 (0.4–0.95), indicating the presence 
of hierarchical pore system (Figure 4a).[6] Pore size distribu-
tions (PSDs) were estimated by using quenched solid density 
functional theory (QSDFT) method applied to the adsorption 
isotherms for N2 adsorbed on carbon with a slit/cylindrical pore 
shape. ZnNTA-XEs have large specific BET surface area (SSABET) 
of 970–1605 m2 g−1 and high pore volume of 0.95–2.19 cm3 g−1,  
and show rather comparable PSDs with micropores centered at 
1.1 nm and broadly distributed mesopores (4–20 nm) centered 
at 5–8 nm (Figure 4b). With increasing the pyrolysis tempera-
ture, the SSABET and total pore volumes increase significantly 
to 1605 m2 g−1 and 2.19 cm3 g−1. The cumulative PSD plots 
show that the micropores only contribute a small fraction of 
the total pore volume (especially in the sample ZnNTA-700E), 
and indicate the drastic increase in mesopore volume for sam-
ples heat treated at temperature >700 °C (Figure 4c). Notably, 
although ZnNTA-550E has the lowest porosity in general, it 
shows relatively high micropore volume that is larger than 
ZnNTA-700E and ZnNTA-850E. The ZnNTA-(700E, 850E, 1000) 
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exhibit comparable mesopore volume yet large difference in 
micropore volume which increases with an increase of car-
bonization temperature (Table 1). The substantial increase in 
micropore volume of ZnNTA-(850E, 1000) is attributed to the 
carbothermal reduction (ZnO + C → Zn + CO) and subsequent 
vaporization of in situ-generated Zn metals. Such process works 
similarly to typical activation processes and preferably occurs 
with a faster rate at higher temperature, thereby generating a 
number of micropores in ZnNTA-1000. This is also the reason 
why the pore walls become thinner and mesopores are slightly 
increasing in volume and/or size at higher temperature.

To understand the contribution of Zn species to the pore for-
mation, the cumulative PSD plots of ZnNTA-X were gravimet-
rically normalized by the carbon content, and then compared 
with those of ZnNTA-XE after HCl etching (Figure S18, Sup-
porting Information). The overall porosity of ZnNTA-550E is 
much larger than that of normalized ZnNTA-550 (i.e., there is 
substantial increase in both micro- and mesoporosity after HCl 
etching). This result indicates the presence of small Zn clusters 

and ZnO nanoparticles embedded in the ZnNTA-550 frame-
works, which can generate the micropores and mesopores, 
respectively. In contrast, the overall porosities of ZnNTA-(700E, 
850E) and the normalized ZnNTA-(700, 850) are comparable to 
each other, suggesting that the included ZnO barely contrib-
utes to additional pore formation and that the pore structures 
were already completely developed prior to the removal of ZnO 
in these materials. The ZnO nanoparticles were either highly 
aggregated in ZnNTA-700 (Figure S8, Supporting Information) 
or too low in content to be detected from XRD in ZnNTA-850 
(Figure S6, Supporting Information).

CO2 and N2 adsorption experiments at 273 K further provide 
additional information about the narrow pores and the affinity 
of the materials to the polar CO2 molecules, as well as CO2/N2 
selectivity (Figure 4d). The CO2 uptake of ZnNTA-(550E, 700E, 
850E, and 1000) at 273 K and 1 bar was 3.46, 2.59, 3.80, and 
4.63 mmol g−1, respectively. ZnNTA-1000 with the highest 
micropore volume shows the largest CO2 uptake because the 
micropore volume strongly governs the amount of adsorbed 

Small 2019, 15, 1901986

Table 1. Physisorption, Raman spectroscopy, EA, and XPS data summary as well as yield of flower-shaped hierarchically porous carbons derived from 
ZnNTA mesocrystals.

Samples SSAa) [m2 g−1] Vmicro
b) [cm3 g−1] Vmeso

c) [cm3 g−1] Vtotal
d) [cm3 g−1] ID/IG Nitrogen Yield [%]

EA [at%] XPS [at%]

ZnNTA-550E 970 0.18 0.77 0.95 0.92 10.0 14.1 14.5

ZnNTA-700E 1090 0.06 1.88 1.94 1.16 9.5 13.8 7.5

ZnNTA-850E 1260 0.15 1.89 2.04 1.20 3.4 6.5 3.6

ZnNTA-1000 1605 0.27 1.92 2.19 1.23 3.0 3.4 3.5

a)Determined by multipoint BET method (P/P0 = 0.05–0.2); b)The cumulative pore volume at 2 nm determined by the QSDFT method for N2 adsorbed on carbon at 77 K; 
c)Vtotal − Vmicro; d)Determined at P/P0 = 0.95.

Figure 3. HRTEM images of a,b) ZnNTA-550E, c,d) ZnNTA-700E, e,f) ZnNTA-850E, and g,h) ZnNTA-1000.
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CO2.[66] ZnNTA-550E shows a relatively high CO2 uptake, par-
ticularly at low pressure of 0.1 bar (1.21 mmol g−1).[67] This value 
is much larger than those of ZnNTA-700E (0.307 mmol g−1) 
and ZnNTA-850E (0.798 mmol g−1) and comparable to that of 
ZnNTA-1000 (1.19 mmol g−1), which can be attributed to the 
higher nitrogen content and the smaller micropore diameter 
in ZnNTA-550E. It is generally believed that the incorporation 
of nitrogen to the carbon frameworks can increase the polarity 
of the carbon materials and provide additional CO2 binding 
sites, thereby leading to significant enhancement in CO2 uptake 
capacity in particular at low pressures.[13,66] The pore diameter 
also plays a major role for CO2 adsorption accordingly, as pores 
with sizes of 0.5–0.7 nm or even below (i.e., ultramicropores) 
can contribute to the amount of adsorbed CO2 more significantly 
than supermicropores (0.7–2 nm) or mesopores (>2 nm).[67] In 
contrast to the other samples, ZnNTA-700E shows a distinct  
hysteresis in the CO2 physisorption isotherm, which may be  
due to its strong CO2 adsorption capability (Figure 4d). This is 
most likely a result of the combination of high nitrogen content 
and narrow micropores in this material.

The high CO2 adsorption affinity of ZnNTA-550E is fur-
ther underlined by investigating the ideal adsorption solution 
theory (IAST) CO2/N2 selectivity in comparison to ZnNTA-1000 
having the highest CO2 uptake among the samples (Figure S19,  
Supporting Information). At 273 K and a N2/CO2 ratio of 
90/10, the selectivity of ZnNTA-550E and ZnNTA-1000 was 

43.0 and 19.8, respectively, suggesting the superior CO2 affinity 
of ZnNTA-550E due to the high nitrogen content and large 
(ultra)micropore volume. The selectivity values are not par-
ticularly impressive in comparison to the previously reported 
N-doped carbons, but still suggest the importance of pyrolysis 
temperature and Zn removal methods on physicochemical 
properties of the final ZnNTA-XE carbons.

On the basis of aforementioned results, we suggest 
the possible scenario for the processes of pore formation  
(Scheme 2). The aliphatic NTA ligand itself works as carbon 
and nitrogen source and forms random mesopores. The 
transformation of NTA to organic aggregates and their 
evapora tion possibly occur at a temperature between 400 and  
700 °C (see TGA of Figure S5, Supporting Information), 
leaving numerous sphere-like mesopores in the framework 
(Figure 3). This result is consistent with previous thermal 
conversion process of aliphatic carboxylate ligands.[29,46] Our 
experimental results also show that mesopores are already 
formed during the pyrolysis prior to the removal of Zn spe-
cies (Figures S7–S11, Supporting Information). As dem-
onstrated by the relatively high yield and the dense carbon 
framework morphology (Table 1 and Figure 3a), ZnNTA-550 
may contain a substantial amount of organic compounds that 
only can be evaporated at higher temperature. Therefore, the 
mesopores are more likely to be generated during carboniza-
tion >550 °C, and the ZnNTA-(700E, 850E, and 1000) have 

Small 2019, 15, 1901986

Figure 4. N2 physisorption isotherms at a) 77 K and b) corresponding differential and c) cumulative QSDFT PSD of ZnNTA-XE. d) CO2 physisorption 
isotherms at 273 K.
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rather comparable mesopore volumes regardless of carboni-
zation temperature.

In addition, the in situ-generated Zn species upon pyrolysis 
also greatly affect the pore structures and diameters, in particular 
the formation of micropores (Scheme 2). In ZnNTA-550, the Zn 
ion pairs or small Zn clusters (i.e., embedded ZnOx clusters) are 
presumably formed and act as molecular templates generating 
plenty of (ultra)micropores. The ZnO nanoparticles confined in 
the carbon matrix can provide additional mesopores whereas 
those severely aggregated on outer surface cannot contribute to 
pore generation. In ZnNTA-700, the formation of such surface 
aggregates is dominant over the others because of higher degree 
of sintering/aggregation of ZnO nano particles at high tem-
perature. Thus, the removal of ZnO rarely generate additional 
pores and this leads to the lowest micro porosity of ZnNTA-
700E. However, when the pyrolysis temperature is high enough 
to induce carbothermal reduction (typically above 800 °C), the 
in situ-generated Zn metals can produce the new micropores 
in a similar way to chemical activation. Because of the faster 
vaporization of Zn metals, ZnNTA-1000 has a higher volume of 
micropores than ZnNTA-850E. Taking the nonporous nature of 
ZnNTA mesocrystals into account, the results show that the tex-
tural properties of the final carbons are highly dependent on the 
in situ-generated organic/inorganic pore-forming agents at dif-
ferent carbonization temperature. The results also point out the 
important perspective that the thermal transformation process 
and associated pore formation mechanism need to be investi-
gated carefully to prepare the carbons for desired end-uses, as 
parent precursors with similar structures are transformed to 
daughter carbons with significantly different physicochemical 
properties at different pyrolysis temperature.

The present approach is simple, straightforward, and does 
not require time-consuming multi-step processes nor addi-
tional sacrificial templates and chemical activation for hierar-
chical pore formation. Kinetic control of mesocrystal growth 
enables high level of morphogenesis from 2D nanosheets to 3D 
flower-like superstructures with controllable particle size and 
dimension. Controlled pyrolysis and Zn removal lead to prep-
aration of mesocrystal-derived carbon flowers with excellent 
physicochemical properties superior to those found in previous 
literature (Table S1, Supporting Information).

3. Conclusion

The synthesis of 3D flower metal-organic ZnNTA mesocrystals 
and their conformal transformation to hierarchically porous 
N-doped carbon via pyrolysis at various temperatures (550, 
700, 850, and 1000 °C) has been reported. The 2D ZnNTA 
nanosheets work as the primary building blocks which align 
along the common crystallographic basal- and edge-plane via 
oriented attachment and mesoscale assembly. The secondary 
nucleation and growth on the edges and defects of preformed 
layers enable the formation of 3D flower mesocrystals with a 
number of extended nanosheets interconnecting each other. 
The controlled thermal transformation of ZnNTA mesocrys-
tals leads to the formation of carbon flowers with tailored 
physicochemical properties. The nitrogen content decreases 
with increasing pyrolysis temperature. The aliphatic NTA 
ligand forms mesopores and functions as carbon and nitrogen 
sources. Pyrolysis at 550 °C preferably generates the small Zn 
clusters leaving a high volume of (ultra)micropores after HCl 
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Scheme 2. Illustration of the suggested effects of pyrolysis temperature and removal of in situ-generated Zn species on textural properties of carbons 
derived from ZnNTA mesocrystals.
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etching. Higher pyrolysis temperature leads to dominant for-
mation of ZnO aggregates on the external surface which cannot 
contribute to pore formation in ZnNTA-700. Above 850 °C,  
in situ-generated Zn metal species act as additional porogens 
producing numerous micropores via vaporization. Rapid elimi-
nation of Zn metal at higher temperature leads to the forma-
tion of ZnNTA-1000 with the highest micropore content. 
Benefiting from high N content and the presence of ultrami-
cropores, ZnNTA-550E shows CO2/N2 selectivity which is twice 
as high as that of ZnNTA-1000. We demonstrate the use of 
metal-organic mesocrystals as versatile precursors for unique 
3D carbon superstructures that are difficult to access with con-
ventional synthesis methods. The present work provides new 
insights into the preparation of 3D hierarchical carbon super-
structures with tailored physicochemical properties which are 
highly relevant in a number of potential applications.

4. Experimental Section
Materials: Concentrated nitric acid (HNO3, 70%, reagent grade, 

Sigma Aldrich), DMF (analytical grade, VWR), NTA (98%, Sigma 
Aldrich), and Zn nitrate hexahydrate (Zn(NO3)2⋅6H2O, 98%, Alfa Aesar) 
were used as received.

Synthesis of ZnNTA Mesocrystals: For synthesis of flower-like ZnNTA 
mesocrystals, a solution of Zn(NO3)2⋅6H2O (1.92 mmol, 571 mg) in 
DMF (15 mL) was added to a solution of NTA (1.28 mmol, 245 mg) 
and HNO3 (3.84 mmol, 243 µL) in DMF (15 mL). The transparent, 
homogenous mixture was heated in a Teflon-lined autoclave at 120 °C 
for 24 h, and then cooled down to ambient temperature. The crystalline 
precipitates were washed with DMF for three times, followed by drying 
under reduced pressure for 24 h at 85 °C.

ZnNTA Mesocrystals-Derived N-Doped Hierarchically Porous Carbons 
(ZnNTA-x): As-made ZnNTA mesocrystals were carbonized at 550, 700, 
850, and 1000 °C for 2 h under N2 flow in a horizontal tubular furnace 
with a heating rate of 5 °C min−1. To remove ZnO, ZnNTA-(550, 
700, 850) were immersed in 1 m HCl under gentle stirring overnight 
and washed with Milli-Q water repeatedly, followed by drying under a 
reduced pressure for 24 h at 85 °C.

Characterizations: XRD was recorded on a Bruker D8 Advance 
diffractometer equipped with a scintillation counter detector (KeveX 
Detector) with Cu-Kα radiation (λ = 0.154 nm). N2 adsorption and 
desorption experiments were performed using a Quantachrome 
Quadrasorb apparatus at 77 K. The samples were degassed at 150 °C 
for 20 h prior to the measurements and the isotherms were analyzed 
with the QuadraWin software (version 5.05). The SSAs were calculated 
by the multipoint BET model (P/P0 = 0.05–0.2). Total pore volumes (Vt) 
were determined at P/P0 = 0.95. PSDs were calculated using QSDFT 
method (adsorption branch kernel) for N2 adsorbed on carbon with a 
slit/cylindrical pore shape at 77 K. Micropore volumes given in Table 1 
were the cumulative pore volume at 2 nm determined by the QSDFT 
method. CO2 physisorption experiments were carried out at 273 K on 
the Quantachrome Autosorb IQ apparatus. The determination of CO2 
over N2 selectivity (S) (at 273 K; for N2/CO2 ratio of 90/10) followed the 
IAST method and was calculated using following equation

S X X Y Y/ /CO /N CO N N CO2 2 2 2 2 2
= ×  (1)

where X is the molar ratio of CO2 or N2 in the adsorbed phase and Y 
is the molar ratio in the gas phase. ICP-OES was conducted using a 
PerkinElmer Optima 8000 instrument, calibrated with standard solutions. 
For HRTEM observations, a suspension of the sample in ethanol was 
sonicated for 10 min and then drop-casted to a Cu grid with a lacey 
carbon support and dried for 5 min. The HRTEM study was performed 
using a double Cs corrected JEOL JEM-ARM200F (S)TEM operated at 
80 kV, equipped with a cold-field emission gun and a Gatan Quantum 

GIF spectroscopy system. All electron energy loss spectra were collected 
at dispersion of 0.1 eV ch−1. SEM was performed on a Zeiss LEO 1550 
microscope operating at 3.0 kV. TGA was conducted with a Netzsch TG 
209 F1 device under constant nitrogen or artificial air flow in platinum 
pans at a heating rate of 10 °C min−1 to 1000 °C. EA was performed with 
a vario MICRO cube CHNOS Elemental Analyzer in the CHNS mode. 
The deviation for the estimated EA values was less than 0.30%. XPS 
measurements were performed using a Thermo Scientific K-Alpha+ X-ray 
Photoelectron Spectrometer. Elemental compositions were determined 
using survey scans over a range of 1350–0 eV with a step size of 1.0 eV 
and a pass energy of 200 eV. Raman spectra were recorded using a 
LabRam Aramis (Horiba Jobin Yvon) Raman microscope operating with 
an objective (x100, spot size ≈1 um) and a 514 nm Ar-ion laser (power 
on sample of 1 mW).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Dispersed nano-MOFs via a stimuli-responsive
biohybrid-system with enhanced photocatalytic
performance†

Hui-Chun Lee, a Tobias Heil, a Jian-Ke Sun*ab and
Bernhard V. K. J. Schmidt *a

MOF-based heterogeneous catalysts with enhanced dispersibility in

solution are highly promising for liquid-phase catalysis, yet their

preparation remains a great challenge. Herein, via introducing respon-

sive polymer-functionalized hollow pollen as pivots, a general strategy

toward preparing MOF@Pollen composites with adjustable disper-

sibility, environment-responsive activity and significantly enhanced

liquid-phase photocatalytic performance is presented.

Introduction

Metal–organic frameworks (MOFs) are highly-crystalline porous
materials constructed from organic linkers and metal ions that
have recently revolutionized various research fields, including
gas separation, sensing technology, drug delivery and energy
conversion.1–9 Properties of tunable porous geometry, ultrahigh
specific surface area and porosity as well as abundant reactive
metallic sites indicate MOFs as unprecedented heterogeneous
catalysts with promising catalytic performance.10–19 Although it
is well known that liquid-phase catalytic activity can be improved via
increasing the accessibility of catalytic sites,20,21 MOF crystals with
strong tendency to aggregate in solution inevitably suffer from
retarded mass transfer and reduced interfacial area, and this con-
sequently hampers their catalytic capability.22,23 To conquer the
problem of limited dispersibility, progress has been continuously
made. Due to the complimentary material nature, polymers are
prevalently introduced into MOFs,24 forming polymer/MOF com-
posites with refined properties, such as integration of binder-
tethered MOF crystals into membranes,25–27 or polymer-covered

MOF solids with enhanced dispersibility in solution.28–31

Unfortunately, most of the strategies still suffer from a trade-off,
i.e. the MOF surface, which is catalytically active, is covered by
polymers, namely, the accessibility to active sites is adversely
restricted. Hence, a smart design of MOF stabilizers with
strengthened activity is constantly pursued. To break such
trade-off, in this study instead of using highly mobile, free-
formed polymer chains, surface-anchored polymer brushes on
a pivot with constrained two-dimensional (2D) mobility and
preserved space in-between are developed in this study. The
polymer-functionalized pivot then acts as an anchor to disperse
the MOFs for catalytic purposes (Scheme 1). In reactor-design,
hollow structures are highly favored due to improved mass transfer,
leading to enhanced capacities and catalytic properties.32–34

However, the time-consuming synthesis process and the
probable collapse of the structure after template removal are
significant issues. In the present work, hierarchically porous
pollen grains with naturally-formed, robust hollow chambers
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Conceptual insights
Metal–organic frameworks (MOFs) with diverse pore chemistries have
been actively investigated for heterogeneous catalysis. To enhance the
catalytic performance, improved dispersibility of MOFs in liquid-phase
reactions is highly pursued. Functionalization with polymers directly on
the MOF surface is one of the most prevalent strategies. However, this
straight-forward method has suffered from a long-term trade-off, that is,
the catalytic MOF surface is seriously covered by the freely-joined,
entangled polymer chains, resulting in adversely reduced active sites.
Herein, a universal approach is presented to prepare MOF/polymer
composites with not only stimuli-responsive dispersibility but also
enhanced catalytic performance in solution. Via introducing bio-derived
hollow pollen as pivots with a 2D-constrained environment-responsive
polymer, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) on the
surface, the pollen-PDMAEMA composites (P-pollen) serve intrinsically as
‘‘smart’’ anchors to trap nanoMOFs to enhance dispersibility and to
improve liquid-phase photocatalytic performance simultaneously.
Moreover, the catalytic activity can be switched ‘‘on’’ and ‘‘off’’ via a
stimulable coil-to-globule transition of the PDMAEMA chains exposing or
burying the MOF catalytic sites, respectively.
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are conveniently utilized as an alternative to artificial materials,
serving as pivots for grafted polymers. Owing to the hydroxy
groups and sporopollenin on the pollen shell, the surface of
pollen is not only bio-compatible, but also easily functionaliz-
able with diverse polymers.35–37 Other advantages of high
accessibility, light weight, and high mechanical and chemical
resistance can further expand the usability.36,38–40

Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is
well-known for its stimuli-responsive properties.41,42 The chain
conformation is strongly dependent on temperature, pH or
solvent polarity. Namely, extended coiled chains are observed
in good solvent, in an acidic environment (i.e. pH o pKa = 7.4)
or at temperature below the lower critical solution temperature
(LCST). By contrast, a collapsed globular conformation is pre-
sented. In particular, the amine group from each DMAEMA
monomer features interfacial activity that enables coordination
binding to metallic complexes.43 Taking advantage of this feature, a
universal and adjustable MOF-targeting nano-anchor is introduced
through combining a biotemplate as a facile, unique supporter
and 2D PDMAEMA brushes with responsive properties and
localized affinity to MOFs.

The strategy to fabricate environment-responsive dispersed
MOF crystals is illustrated in Scheme 1. The surface initiated
activators regenerated by electron transfer atom transfer radical
polymerization (SI-ARGET ATRP) was applied to graft well-
defined PDMAEMA brushes on the surface of washed pollen,
giving ‘‘smart’’ PDMAEMA functionalized pollen (P-pollen).
Subsequently, by using PDMAEMA as a specific anchor, MOF
nanocrystals were trapped on the surface of P-pollen, forming
MOF@P-pollen composites with nanoMOFs well dispersed on
P-pollen. Referring to the stimulable chain conformations
of PDMAEMA (i.e. stretching or recoiling), MOF@P-pollen

featuring adjustable dispersibility is demonstrated in various
liquid-phase photocatalysis reactions, resulting in a signifi-
cantly enhanced catalytic performance. Moreover, an artificial
switchable on-off catalysis system is achieved by external stimuli,
a reminiscent process of biomimetic catalysis that is an ongoing
challenge for synthetic chemistry.44–46

Results and discussion
Incorporation of Cu2(bdc)2(dabco) on P-pollen

The detailed functionalization process and incorporation of
MOFs on P-pollen are illustrated in the ESI.† Generally, due to
the controlled SI-ARGET ATRP polymerization, pollen grains
with varied grafting density were prepared via using different
concentrations of grafted initiator, for example, 0.5, 1, 2, 3
and 5 wt%. As shown in the ICP-OES results (Fig. S1, ESI†), an
increasing incorporation of initiator on the pollen grains is
detected, indicating that P-pollen with varied grafting density
can be prepared consistently. Due to the controlled property of
SI-ARGET ATRP, the grafting density of polymer brushes (sp) can
be assessed by eqn (S1) (ESI†),47 giving sp = 0.32 chain nm�2.
An adjustable grafting density is of particular advantage for
chain length control of grafted brushes. Based on exponential
scaling behavior shown in eqn (S2) (ESI†), a higher grafting
density (sp Z 0.3 nm�2) is a core factor for extended polymers
with increased steric hindrance. Thus, polymer chains can act
as steric stabilizers to prevent the agglomeration of dispersed
particles.48,49

Successful trapping of Cu2(bdc)2(dabco) by P-pollen is revealed
by energy-dispersive X-ray (EDX) mapping of the obtained
composite, where the signals assigned to Cu with homogenous

Scheme 1 Illustration of the stimuli-responsive MOF@P-pollen catalyst for switchable liquid-phase photocatalytic reactions.
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distribution are observed on the P-pollen (Fig. 1a). The
morphology of the Cu2(bdc)2(dabco)@P-pollen composite is
investigated by field emission scanning electron microscopy
(FE-SEM) (Fig. 1b). The Cu2(bdc)2(dabco) crystals with sizes
around 100 nm anchored on the hierarchically porous P-pollen
are clearly observed. An obvious transition in the powder
X-ray diffraction (PXRD) from amorphous pollen to crystalline
Cu2(bdc)2(dabco)@P-pollen with consistent peak positions with
the parent Cu2(bdc)2(dabco) further evidences the fabrication
of Cu2(bdc)2(dabco)@P-pollen (Fig. 1c). The slight variation
of relative peak intensity in the forming hybrid systems is
attributed to the effect of preferred orientation of MOF crystals
in the Cu2(bdc)2(dabco)@P-pollen composite, the solvent effect
on metal sites or the interaction between the MOF crystals
and P-pollen.50–53 Based on the PXRD profiles and the Debye-
Scherrer equation (eqn (S3), ESI†),54,55 the average crystal size
of the as-synthesized Cu2(bdc)2(dabco) and Cu2(bdc)2(dabco)@
P-pollen is calculated to be B85 nm and B75 nm, respectively,
which is consistent with the FE-SEM images.

The remaining hollow structure of Cu2(bdc)2(dabco)@P-pollen
which facilitates mass transfer in catalytic reactions is further
advocated by FE-SEM cross section images (Fig. S2, ESI†). The
association amount of Cu2(bdc)2(dabco) was determined by ICP-
OES, giving a mass loading of 28 wt% on P-pollen (Table S1, ESI†).

The overall functionalization process is traced by ATR-FTIR
spectroscopy showing the combined signals from pollen,
PDMAEMA and Cu2(bdc)2(dabco) in the final composite
(Fig. S3, ESI†). The shift of the NH stretching band (2768 and
2819 cm�1) towards higher wavenumbers (2819 and 2823 cm�1)
after incorporation of Cu2(bdc)2(dabco) indicates the direct
association between PDMAEMA and MOF nanocrystals.56

The interaction between MOF and P-pollen is further revealed
by solid-state UV-vis spectroscopy to assess the individual optical
band gap, EG, by the Tauc equation (eqn (S4), ESI†).57 As shown
in Fig. S4 (ESI†), the Cu2(bdc)2(dabco) has a major absorption in
the range of 250–350 nm with EG = B3.5 eV. However, upon
coordination with P-pollen (EG = B1.7 eV), the spectrum of the
Cu2(bdc)2(dabco)@P-pollen composite shows a broad absorption
in the visible-light region (400–550 nm), with the corresponding
band gap around 1.4 eV. Such improved absorption ability of the
MOF@P-pollen composite is attributed to the strong coordina-
tion between P-pollen and Cu2(bdc)2(dabco). Compared to
Cu2(bdc)2(dabco), the shifting absorption assigned for the d–d
band of Cu2+ (600–800 nm) in Cu2(bdc)2(dabco)@P-pollen further
evidences the slightly varied configuration after association.58,59

Considering the broad absorption of pollen (200–900 nm),60

such high absorption in Cu2(bdc)2(dabco)@P-pollen could result
from the overlap spectra of Cu2(bdc)2(dabco) and P-pollen.
Therefore, the absorption of different MOF-polymer complexes
(i.e. Cu2(bdc)2(dabco)@PDMAEMA and MOF/P-pollen blending
in a solid state) was further measured for comparison (Fig. S5,
ESI†). Compared to the innate MOF, a slightly shifted absorption
and prominently enhanced d–d absorption within 600–700 nm
is observed in the Cu2(bdc)2(dabco)@PDMAEMA, advocating
the association between Cu(II) ions in Cu2(bdc)2(dabco) and amine
groups from DMAEMA monomers. Regardless of the minor shifted
absorption, the light absorption ability of Cu2(bdc)2(dabco)@
PDMAEMA is still restricted in the low wavelength area (i.e.
o400 nm) which is distinct from Cu2(bdc)2(dabco)@P-pollen with
major absorption in the visible-light area. Again, despite the same
composition ratio in Cu2(bdc)2(dabco)@P-pollen, the solid-state
blending complex (i.e. Cu2(bdc)2(dabco)/P-pollen Blending) exhibits
absorption distinct from Cu2(bdc)2(dabco)@P-pollen with a weaker
d–d absorption band. Actually, a noticeable color change in
Cu2(bdc)2(dabco)@P-pollen indicates metal-ligand interaction as
often encountered in coordination chemistry (Fig. S4 and S5, ESI†).
Consequently, based on the distinct absorption behavior of differ-
ent complexes, it suggests that a synergic effect between the grafted
PDMAEMA brushes, pollen pivots and MOFs contributes this
promising absorption behavior.

Universal strategy to diverse MOF@P-pollen composites

Surprisingly, the proposed strategy is highly applicable to a
large variety of MOF@P-pollen with environment-responsive
dispersibility (Fig. 2). Here, diverse MOFs, such as MOF-5,
MOF-74-Zn, Zn2(bdc)2(dabco), Cu(bdc), HKUST-1 and ZIF-67,
with mass loading of 18–36 wt% on P-pollen are demonstrated
to present the versatility of the current strategy (Table S1,
ESI†). The association and preservation of the specific MOF
structure are confirmed by FE-SEM and PXRD (Fig. S6, ESI†).

Fig. 1 (a) FE-SEM EDX mapping of Cu2(bdc)2(dabco)@P-pollen. (b) Magni-
fication revealing well-distributed MOF nanoparticles on the P-pollen surface.
(c) PXRD of the as-synthesized Cu2(bdc)2(dabco)@P-pollen with innate
Cu2(bdc)2(dabco) and washed pollen as a reference. Note: the microstructure
of Cu2(bdc)2(dabco) is shown on the right side top and washed pollen
on the right side bottom. Images of varied dispersibility in toluene (top,
non-dispersed) vs. DCM (bottom, well-dispersed): (d) pollen; (e) P-pollen;
(f) Cu2(bdc)2(dabco); (g) Cu2(bdc)2(dabco)@P-pollen; (h) Cu2(bdc)2(dabco)@
PDMAEMA, the inset is the homogeneous hybrid bulk. Note: in the disper-
sibility test, the same mass of materials is used for each image.
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Accordingly, the eminent compatibility between P-pollen and
various MOFs can be thus stated and further extended to
other systems.

Adjustable dispersibility of MOF@P-pollen composites

The incorporated PDMAEMA in MOF@P-pollen allows investigation
of environment-responsive dispersibility. The solvent-dependent
dispersibility is widely probed by dynamic light scattering (DLS) in
various solvents and pH (i.e. DCM, THF, acetone, methanol, toluene
and water with pH = 1, 7 or 14). Considering the large particle size of
pollen (B30 mm), PDMAEMA chains cut from P-pollen were utilized
in DLS analysis. As shown in Fig. S7 (ESI†), the decreasing hydro-
dynamic diameter (d, nm) is correlated with increasing solubility of
PDMAEMA brushes in specific solvent. That is, the smallest d is
detected in DCM or acid (13.5 or 8.7 nm) due to the highly dissolved
PDMAEMA chains, and the size increases in toluene and neutral
water (712 or 255 nm) owing to the recoiled morphology. Severe
aggregation is eventually observed in basic solution (d = 1.7 mm). For
the stability of MOFs, DCM and toluene are utilized to test the
responsive dispersibility of the as-fabricated MOF@P-pollen compo-
sites. As shown in Fig. 1d–h, dispersibility of native MOF crystals and
pollen grains is detected neither in DCM nor in toluene. However, by
association on P-pollen, the Cu2(bdc)2(dabco)@P-pollen becomes
well dispersed in DCM for more than 3 weeks due to highly extended
polymer chains in the good solvent. Conversely, in the poor solvent,
toluene, precipitation was observed in 3 min. Such solvent-
dependent dispersibility is reproducible in the other MOF@P-
pollen composites as well (Fig. 2).

Because the dissolution of polymer chains in solvent is mostly
related to hydrogen-bonding or electrostatic interactions61 with
weaker interaction strength (10–40 kJ mol�1) than coordination
bonds (B102 kJ mol�1), the leakage of coordinated MOFs within
solvent transition could be very limited.62 Furthermore, during
MOF synthesis intensive washing was conducted to select robust
MOF crystals with a larger particle size and higher stability for
MOF@P-pollen preparation. Thus, as a prerequisite for catalysis,
merely robust composites are prepared. The detailed pretreatment
is illustrated in the ESI.† The high stability and sustainability of
Cu2(bdc)2(dabco)@P-pollen is further reported by negligible Cu2+

leaching in solution in the following catalytic reaction.

Environment-responsive visible light-triggered
Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
via Cu2(bdc)2(dabco)@P-pollen

The MOF@P-pollen with high dispersibility in DCM is investi-
gated for liquid-phase heterogeneous catalysis. Here, the copper(I)
catalyzed azide–alkyne cycloaddition (CuAAC) reaction was cho-
sen as a model reaction. As Cu2(bdc)2(dabco) is sensitive to visible
light, by which Cu(II) can be in situ reduced to Cu(I) to catalyze
reactions,63 the visible light-mediated CuAAC reaction is especially
demonstrated (Fig. 3a). The synthesis of the starting materials and
detailed processes are illustrated in the ESI.† The initial catalytic
test advocates the photocatalytic property of Cu2(bdc)2(dabco)@
P-pollen under visible light irradiation at ambient temperature
(Fig. 3b). The time-dependent gas chromatography–mass spectro-
metry (GC-MS) profiles reveal the gradual consumption of starting
alkyne, with the accumulation of triazole product (Fig. 3c and
Fig. S8, ESI†). As the pollen and PDMAEMA are photoinert in
the reaction (Fig. S9, ESI†), Cu2(bdc)2(dabco) is assumed to
be the only catalytic active species. To ascertain the role of
light in triggering Cu2(bdc)2(dabco)@P-pollen for photocatalysis,
the characteristic temporal-controlled reactivity is then con-
ducted. Namely, the on/off reaction was conducted by using
intermittent light irradiation and dark treatment. As shown in
Fig. S10 (ESI†), the photo-CuAAC reaction proceeded much faster
under light irradiation, and conversely exhibited very limited
activity during the ‘‘dark’’ periods.

As shown in Fig. 4a and Table S2 (ESI†), the catalytic activity
of the composites is evaluated by turnover number (TON) and
turnover frequency (TOF). Under the condition of irradiation by
visible light at ambient temperature, the best activity is
achieved by Cu2(bdc)2(dabco)@P-pollen in DCM, giving conver-
sion of B93% in 10 h with TON and TOF of 2078 and 208 h�1

respectively. Compared to the previously reported TOF of
around 5–10 h�1,64–66 the given reactivity is – to the best of
our knowledge – amongst the highest values for heterogeneous
catalysts in a visible light-triggered CuAAC reaction at ambient
temperature without the addition of reducing agents.29,64–66

Such eminent catalytic efficiency suggests that by introducing
the P-pollen with well-constrained polymer brushes and hollow

Fig. 2 Adjustable dispersibility of various MOFs@P-pollen: (a) MOF-5;
(b) Zn2(bdc)2(dabco); (c) MOF-74-Zn; (d) Cu(bdc); (e) HKUST-1; (f) ZIF-67
in toluene vs. DCM.

Fig. 3 (a) The conducted photo-CuAAC reaction. (b) Time-dependent
conversion of various Cu2(bdc)2(dabco) MOF-mediated photo-CuAAC
reactions in DCM (D) or toluene (T). (c) Time-dependent GC-MS profiles
of a photo-CuAAC reaction catalyzed by Cu2(bdc)2(dabco)@P-pollen.
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pollen pivots, the dispersibility and accessibility of the
MOF’s catalytic sites can be significantly improved, leading to
surprisingly high activity of the MOFs in liquid-phase photo-
catalytic reactions.

A control experiment catalyzed by innate Cu2(bdc)2(dabco)
with only B33% of conversion and 74.3 h�1 of TOF in DCM
after 10 h supports this hypothesis. The restrained activity
of the innate MOF is ascribed to the aggregated crystals with
less accessible catalytic sites. To ascertain the improved acces-
sibility of MOF catalytic sites in Cu2(bdc)2(dabco)@P-pollen,
the catalytic complex comprised by free-formed polymers, but
without the pivot (i.e. Cu2(bdc)2(dabco)@PDMAEMA) was also
prepared and applied as a comparison. Although the dispersion
of Cu2(bdc)2(dabco)@PDMAEMA in DCM is excellent (Fig. 1h),
the slowest reaction rate is detected with conversion of merely
B23% and TOF = 53 h�1 after 10 h. Presumably, the highly-
dissolved polymer chains that initially enhance dispersion lead
to less accessible catalytic sites (i.e. Cu ions) due to the freely-
jointed/folding conformation, resulting in the most restricted
accessibility and low catalytic activity. In summary, by comparing to
the other catalytic complexes, the outstanding activity observed in
Cu2(bdc)2(dabco)@P-pollen could be attributed to the synergistic
effect contributed by the MOF catalysts, the hierarchical hollow
pollen structure with favorable mass transfer and, most impor-
tantly, the enhanced accessibility of catalytic sites efficiently
distributed by polymers anchored on the pivot.

Subsequently, two other solvents, methanol and THF, were
applied to demonstrate the wide applicability and adjustable
reactivity of MOF@P-pollen. As shown in Fig. S11 (ESI†),
corresponding to DCM and toluene, different reactivity of
Cu2(bdc)2(dabco)@P-pollen is detected in methanol and THF.
Compared to DCM, a slower reaction rate is observed from
methanol to THF, resulting in a decreased TOF from 207.8 h�1

in DCM to 72.6 h�1 in methanol and 48.8 h�1 in THF. However,
the catalytic ability and TOF in these solvents is still higher
than that in the poor solvent, toluene (TOF = 23.6 h�1). The
reaction rate declines in the order of DCM 4 methanol 4
THF 4 toluene, which can be attributed to the PDMAEMA
brushes getting contracted with gradually buried catalytic sites
on the MOF surface. The solvent-dependent catalytic behavior

is in line with the DLS results (Fig. S7, ESI†), indicating that
the catalytic property of Cu2(bdc)2(dabco)@P-pollen is highly
tunable based on the environment.

Switching and reusability of MOF@P-pollen composites

As shown in Fig. 4a, by introducing MOF@P-pollen, the catalysis
can be switched ‘‘on’’ (i.e. speed up) in DCM (TOF: 208 h�1), and
switched ‘‘off’’ (i.e. slow down) in toluene (TOF: 23 h�1). Owing
to the heterogeneous and environment-responsive dispersibility
of Cu2(bdc)2(dabco)@P-pollen, a switchable catalysis system with
high reusability is further attempted through continuously and
alternatively immerging in DCM or toluene. This process was
repeated three times without noticeable change in the activity
(Fig. 4b). ICP-OES revealed a negligible leakage (B15 ppm) after
three cycles (Table S3, ESI†), and together with the preserved
MOF microstructure shown in the PXRD profiles (Fig. S12,
ESI†) points out the robustness and high sustainability of the
as-prepared bio-hybrid composites. The current system can even
be extended to at least five cycles with consistent activity and
product yield (Fig. S13, ESI†). The switching catalytic perfor-
mance (i.e. fast/slow reaction) should stem from the alternative
exposure and burying of MOF catalytic sites by reversible exten-
sion/recoiling of the PDMAEMA brushes.

The sensitivity of the catalytic activity can then be demon-
strated by using a mixed solvent. As shown in Fig. 4c, when the
catalytic reaction started in DCM solution, 19% conversion is
observed in the first 3 h. However, after two-third of the DCM
mixture was replaced with toluene mixture (i.e. fresh reagents
dissolved in toluene), a deactivated behavior is presented in the
toluene-dominant solution (i.e. DCM : toluene = 1 : 2 equiv.),
resulting in a slowed reaction in the next 3 h. Following the
same strategy, the activity of the catalyst can be regained by
replacing two-thirds of the given toluene-dominated solvent
with fresh DCM mixture, forming again the DCM-enriched
solution with enhanced reactivity. In the mixed-solvent test,
before each measurement the reactions were centrifuged to
keep the catalysts at the bottom of the vial, and then two-thirds
of the solution was exchanged with the next test mixture
(i.e. DCM or toluene). Thus, the concentration of an individual
catalyst was consistent throughout the reaction, and only the

Fig. 4 (a) The calculated TOF based on Fig. 3b. (b) The three-cycle on-off catalytic reusability. (c) Dynamic online temporal control of reactivity through
alternate addition of DCM and toluene.
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solvent ratio was changed (see Experimental section in ESI† for
detail). Compared to the conditions using pure solvent in Fig. 4a
and b, the switching phenomenon is less significant in the mixed-
solvent system (Fig. 4c) due to the mixed solvent with a ratio of 2 : 1.
The varied reactivity reveals the high adjustability and sensitivity of
Cu2(bdc)2(dabco)@P-pollen towards the environment.

Temperature control of Cu2(bdc)2(dabco)@P-pollen

Due to the typical LCST character, the PDMAEMA brush is
highly extended at temperatures below the LCST, and seriously
contracts above the LCST. Because of such dramatic morphology
change, a distinct thermal-switching catalyst reverse to conven-
tional thermal-active catalysts can be designed. The LCST of
PDMAEMA depends on molecular weight, pH, salt concentration,
solvent hydrophobicity and so on.41,67 In general, the LCST of
PDMAEMA is around 65 1C, and decreases according to the
solubility in different solvents. Namely, the LCST in DCM should
be higher than that in toluene due to the stronger solvent–polymer
interactions by which the polymer chains remain extended in a
wider temperature range.68 The cloud point of PDMAEMA was
determined in the reaction mixture (azide, alkyne and DCM) to be
around 55 1C by UV-vis (Fig. S14, ESI†). Therefore, to investigate the
LCST-responsive catalytic property of Cu2(bdc)2(dabco)@P-pollen
and to act as a comparison to ambient temperature, a photoCuAAC
reaction is conducted at 65 1C, a temperature higher than the cloud
point. As summarized in Fig. S15 and Table S4 (ESI†), instead of
thermal activation observed under blank conditions and for
innate Cu2(bdc)2(dabco) (TOF: 802 h�1), the MOF@P-pollen acts
as a thermal switch which deactivates the reaction (TOF: 243 h�1)
at high temperature. The restrained reactivity is due to seriously
collapsed PDMAEMA blocking the catalytic sites temporarily from
reagents at temperatures above the LCST. It is worth mentioning
that the activity can be restored at ambient temperature.

Environment-responsive visible light-triggered
photodegradation via Cu2(bdc)2(dabco)@P-pollen

Cu2(bdc)2(dabco)@P-pollen with switchable catalytic activity
can be extended to other photocatalytic reactions, for example
the photodegradation of Rhodamine B (RhB). The reaction was
easily monitored by UV-vis spectroscopy, recording the varied
absorbance at 554 nm assigned to RhB. As shown in Fig. 5 and
Fig. S16a (ESI†), in DCM the catalyst achieves quantitative
degradation in 165 min, while the catalysis is restricted in

toluene, giving only B20% degradation within the same time.
The pseudo-first-order rate constant (k) estimated from time-
dependent UV-vis spectra reveals that the catalytic activity is
modulated by more than ten times (kDCM = 1.26 h�1; ktoluene =
0.1 h�1) due to the controlled aggregation/dispersion of MOF
nanocrystals. Furthermore, insignificant degradation of RhB is
observed in the dark (Fig. S16b, ESI†) in DCM, evidencing the
light-dependent catalytic activity of Cu2(bdc)2(dabco)@P-pollen
toward RhB degradation instead of physical adsorption. Distinct
from the prompt and responsive reactivity in Cu2(bdc)2(dabco)@
P-pollen, a lower and non-adjustable reactivity between DCM
(kDCM = 0.43 h�1) and toluene (ktoluene = 0.56 h�1) is observed
by using Cu2(bdc)2(dabco) as a catalyst (Fig. S17a and b, ESI†).
The photodegradation result is in line with the photo-CuAAC reac-
tion (Fig. 3), advocating the prominent catalytic and environment-
responsive property of the as-designed Cu2(bdc)2(dabco)@P-pollen.
No obvious degradation is detected under blank conditions,
indicating that the decomposition of RhB is catalyzed by the
applied MOF catalyst (Fig. S17c and d, ESI†). Furthermore, the
stability of Cu2(bdc)2(dabco) and the MOF@P-pollen composite
can be revealed by the highly consistent PXRD profiles before
and after the photodegradation (Fig. S18, ESI†). It should be
noted that a shift of UV-vis spectrum in Fig. 5a is observed,
which is due to the N-deethylation of RhB.69–72 As illustrated by
other researchers, the hyposochromic shift in the absorption
peak results from the step-by-step cleavage and deethylation of
RhB. The variation in the degradation mechanism is ascribed
to different surface properties of the MOF photocatalysts,
leading to different intermediates.

Conclusions

In summary, a facile and universal strategy to improve the
dispersibility of MOF crystals without debilitating the catalytic
potential is presented. Surpassing the previously-established
methods which improve MOF dispersibility under a sacrifice of
reactivity, via introducing PDMAEMA-functionalized pollen as
‘‘smart’’ anchors, nanoMOFs can be effectively trapped and
stabilized with not only enhanced dispersibility, but enhanced
catalytic performance in liquid-phase photocatalysis. Owing to the
stimuli-responsive polymers, the associated nanoMOFs can be
reversibly exposed (catalytic active) or buried (catalytic inactive) to
exhibit a switchable catalytic behavior. Considering the eminent
compatibility between P-pollen and MOFs, the current work opens
up a new perspective in developing stimuli-responsive MOF
heterogeneous catalysts with restrengthened activity.
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5.3 Results and Discussion 

5.3.1 Metal-organic frameworks as polymerization catalysts and environment 

Due to the metal component in MOFs, one of the major applications is catalysis.208-210 ATRP is 

one of the most prominent polymerization processes in reversible deactivation radical 

polymerization.25, 211 As ATRP is a metal-catalyzed, usually Cu(I) mediated, process,212 

utilization of Cu-based MOFs seems to be an appropriate choice for MOF-based polymerization 

catalysis. A well-known Cu-based MOF (Cu-bdc) is formed from a Cu(II) source, benzene 

dicarboxylic acid (bdc) and DABCO.213 The Cu(II) can be reduced in situ to form catalytically 

active Cu(I). Hence, an activators regenerated by electron transfer (ARGET) ATRP is 

performed.214  

 

Scheme 5-4. MOFs in polymerization: a) MOFs as polymerization catalysts and b) MOFs as 

confined polymerization environment. 

 

A way to activate the Cu(II) MOF is via thermal activation based on amine compounds, e.g. 

additionally added DABCO. To perform polymerizations, initiator, monomer, Cu(I) MOF and 

DABCO are mixed and heated to start the polymerization in a heterogeneously catalyzed 

process (Scheme 5-4a). The process was performed with ethyl -bromoisobutyrate as initiator 

as well as various monomers. Polymerization of styrene at 110 °C revealed a controlled 

process as observed via polymerization kinetics and narrow molar mass distributions. 

Moreover, block copolymers were achievable after addition of further monomer and a second 

polymerization process. Similar results were obtained for other monomers, e.g. BMA, 4-

vinylpyridine (4VP) or isoprene. It should be noted though that the polymerization process was 

less controlled in the case of 4VP and isoprene. Nevertheless, 4VP and isoprene are well-

known for their challenging polymerization behavior in ATRP for example due to the side 

reactions with the catalyst.215-216 Probably, the MOF Cu-catalyst is endowed with superior 
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stability compared to soluble catalyst, which reduces side reactions. Moreover, the 

polymerization catalysts could be easily recovered via solvent addition and centrifugation as 

well as recycled several times for further polymerization reactions. Notably, the PS products 

contained 10-fold less amount of Cu contamination compared to conventional polymerization 

methodologies. 

Interestingly, the polymerization could be triggered via visible light as well. Therefore, initiator, 

monomer, Cu(I) MOF and DABCO were mixed and irradiated with visible light. In this case, a 

straightforward polymerization was observed for 4VP and 2-vinylpyridine (2VP), while less 

activity was observed for 2-(dimethylamino)ethyl methacrylate (DMAEMA). Significantly fast 

polymerization rates were observed for 4VP, e.g. 85% in 1.5 hours. Moreover, controlled 

polymerizations were observed leading to narrow, monomodal molar mass distributions 

(Ð=1.2-14) and controlled molar mass. Moreover, block copolymers could be formed after 

another polymerization process with the formed macro initiator. For the bulk MMA 

polymerization, no conversion was noted. Most notably, MMA could be polymerized in a 

controlled way via addition of 4-ethylpyridine, which additionally allows conclusions regarding 

the initiation mechanism. First of all, the monomers 4VP, 2VP and DMAEMA can associate with 

the MOF, which leads to a shift in the absorption band, a strengthened light absorption 

capability and an increased polymerization rate. Additionally, the nitrogen containing 

monomers act as Cu(II) reduction agent, which is indicated by the successful MMA 

polymerization after addition of 4-ethylpyridine.  

As already mentioned, MOFs provide a well-defined porous network that can be utilized as 

reaction environment for chemical reactions.217-218 So far, MOFs were utilized as environment 

for free radical polymerization.196, 219 To improve control over chain end functionality and open 

up new opportunities via formation of macroinitiators in MOFs, RDRP was attempted (Scheme 

5-4b). In a first step, ARGET was performed in a Zn-based MOF (Zn-bdc),180 to avoid any side 

effects from a Cu-based MOF. Therefore, methacrylate monomer, initiator, DABCO and Cu(II) 

catalyst were infiltrated into Zn-bdc. The polymerization was thermally activated via heating of 

the reaction mixture filled MOF in the bulk of the reaction mixture. In that way, polymerization 

outside of the MOF and inside of the MOF could be compared directly. Albeit the polymer-

containing MOF had to be washed thoroughly after polymerization, the MOF degraded and the 

polymer analyzed. To obtain insights into monomer size on the polymerization process, MMA, 

ethyl methacrylate (EMA), BMA and isobornyl methacrylate (IBMA) were utilized as 

monomers. IBMA showed no signs of polymerization in the MOF, which is most likely due to 

the bulky nature of the monomer that is excluded from the MOF pores. The other monomer 

led to polymers that featured a narrow molar mass distribution and similar molar mass 

regardless of initiator to monomer ratio. In addition, block copolymers could be formed after a 

second polymerization with the MOF-derived material. In a next step, the MOF was 

functionalized with initiator to improve control over the polymerization. Thus, polymerizations 
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were conducted in the same way as before but without initiator addition. In this case, no 

polymerization outside of the MOF was observed, which indicates the successful binding of the 

initiator. Polymers with narrow molar mass distribution were obtained (Ð=1.1-1.4) and high 

molar masses up to 392 kg mol-1, which is a remarkable achievement given the usual challenge 

to yield high molar masses in ATRP. Most likely, the improved control and high molar mass of 

the obtained polymers can be explained with the MOF environment that prevents termination 

reactions. Finally, the tacticity of the obtained polymers was investigated via 13C NMR showing 

improved tacticity compared to the bulk polymerizations, i.e. 10% of mm of triads compared 

to 1% mm triads for the bulk in the case of EMA. Overall, the best tacticity values were 

obtained for EMA, which is a monomer of intermediate size. Most likely, the increased tacticity 

in EMA is due to a compromise between monomer mobility and steric restriction in the MOF. 

To investigate the effect of MOF environment on RDRP further, the RAFT polymerization of 

vinylester monomers was studied. Therefore, Zn-bdc was utilized as environment together 

with azobisisobutyronitrile (AIBN) as initiator and (S)-2-(ethyl propionate)-(O-ethyl xanthate) as 

chain transfer agent. For comparison, free radical polymerization without CTA addition was 

probed as well. At first polymerization kinetics were investigated to obtain an insight regarding 

the polymerization mechanism. In the case of free radical polymerization molar masses were 

rather constant regardless of monomer conversion. Contrarily, the molar mass increased with 

increasing conversion in the case of RAFT polymerization, which is an indication that a RDRP 

process takes place inside the MOF. Moreover, the products were utilized as macro CTA for 

block copolymer formation in a second step after MOF cleavage and polymer purification. 

Indeed, block copolymer formation was observed, which is another hint towards a RDRP 

process. Furthermore, tacticity of the formed vinyl ester polymers was investigated after 

hydrolysis to the corresponding poly(vinyl alcohol) (PVA). In order to obtain information on the 

effect of steric requirements of the monomer on tacticity, polymerizations of vinylacetate, 

vinylpropionate and vinylbutyrate were investigated. Interestingly, an optimum of the mm 

triads was found for PVA derived from vinylpropionate, which is the monomer with 

intermediate size. This finding is analogous to the case for ATRP and supports the assumption 

that a compromise between steric restriction and monomer mobility is needed to improve 

polymer tacticity via polymerization in porous media.  

 

5.3.2 Metal-organic mesocrystals and metal-organic framework hybrid materials 

A topic of increasing interest is the combination of MOFs with polymers into hybrid 

materials.205, 220 Hence, novel materials properties or combinations of existing properties  are 

sought after as well as improvement of existing properties and applications. An application of 

particular interest is the activity of MOFs as catalysts, e.g. as mentioned before in 

polymerization catalysis.177, 221 
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Scheme 5-5. MOF hybrid materials: a) MOF mesocrystal formation (Adapted from Publication 

25. Reprinted with permission. Copyright 2018 American Chemical Society.) and b) hybrid 

materials composed of bio-derived pollen grafted with PDMAEMA and MOF association for 

catalysis (Adapted from Publication 28. Licensed under CC-BY.). 

 

The morphology of MOF crystals is another topic that found significant interest recently.222-223 

Inspired by the work of Cölfen and coworkers,224-225 DHBC mediated MOF morphogenesis was 

studied (Scheme 5-5a). Therefore, poly(methacrylic acid)-b-PEG (PMAA-b-PEG) was combined 

with the MOF synthesis of Zn-bdc. Zn-bdc formed in the traditional way features a tetragonal 

crystal system and cube-like crystals.180 Nevertheless, addition of PMAA0.7k-b-PEG3k to the 

crystallization yields hexagonal morphologies albeit XRD shows significantly broad signals 

indicating mesocrystal formation. Indeed, electron microscopy revealed hexagonal rod-like 

crystals that appeared to be formed from individual smaller rod-like hexagons. Monitoring 

crystal formation with respect to different reaction times supports a hierarchical mesocrystal 

formation beginning with a modulated crystallite nucleation that leads to small hexagonal 

nanorods after 1 h. After 48 h an assembly of nanorods forming larger micron-sized rod-like 

hexagons was observed. The variation of the DP of the DHBC, i.e. PMAA1k-b-PEG5k, led to 

another crystal morphology namely platelets formed from individual nanorods. As the chain 

length of the PEG block was increased additional steric hindrance disfavors association on top 

of the nanorods and increased polymer-polymer interactions between the nanorods favors 

association perpendicular to the rod axis. As the MOF mesocrystals are a hybrid with the 

DHBC, other morphologies can be synthesized as well. The MOF mesocrystals are covered with 

DHBC strains on the bdc-based side faces of the nanorods. Hence, the large mesocrystals are 

also covered mainly at the side faces with polymer. Therefore, the DABCO-based top faces 

remain unoccupied for further association with other MOFs. For example, a combination of 

plain Zn-bdc with PMAA-b-PEG derived Cu-bdc mesocrystals leads to the formation of hybrid 
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MOF materials with spatial control, i.e. the mesocrystals associate with DABCO terminated 

faces of the Zn-bdc MOF only due to steric hindrance of the bdc-derived of Cu-bdc. As such, 

ABA (Cu-Zn-Cu) type MOFs were obtained. 

Metal-organic mesocrystals were also obtained in a novel system of nitrilotriacetic acid and 

Zn2+. Interestingly, a hierarchical morphology was observed starting from nanoplatelets that 

assembled into flower like mesocrystals with time. Furthermore, the mesocrystals were 

carbonized to obtain nitrogen doped carbon materials with flower-like shape. Another way to 

change the crystal morphology is via the crystallization conditions, e.g. guest solvents as 

structure directing agents for specific polymorph formation. The system Zn-bdc was studied in 

that direction as well. Therefore, Zn-bdc was formed at ambient temperature in a polar protic 

solvent, i.e. methanol, and in a polar non-protic solvent, i.e. N,N-dimethylformamide (DMF). In 

the case of DMF, hexagonal crystals were formed in accordance with literature. Interestingly, 

tetragonal crystals were obtained in the case of protic solvent, which can be deduced to 

hydrogen bonding between the solvent and the growing MOF crystals. Later on, the MOF 

crystals were carbonized and utilized in supercapacitor applications that indicated an improved 

volumetric capacitance for tetragonal MOF-derived carbon due to the improved packing 

density in the electrochemical cell. 

One of the major drawbacks of most MOF materials is their weak dispersibility that hampers 

catalyst activity due to decreased accessible surface.226-227 Although polymer grafting improves 

dispersibility, still low catalytic activity is observed due to the steric hindrance of the polymer 

around the MOF crystals.228-229 Therefore, a combination of biomaterial-polymer hybrid was 

investigated as catalyst support (Scheme 5-5b). Naturally occurring pollen material was 

utilized, which is intrinsically macroporous. In a second step, the pollen surface was grafted 

with PDMAEMA via an ATRP grafting-from approach. Hence, the pollen surface was covered 

with amine containing polymer strands. In a subsequent step, Cu-bdc nano MOF crystals were 

added, forming associates with the polymer strands. The final material showed superior 

dispersibility in organic solvents, e.g. DCM, compared to the MOF itself. Moreover, an 

increased catalytic activity for visible light triggered CuAAc was observed, compared to the 

MOF reference or MOF-polymer aggregates without pollen support. This result indicates the 

favorable combination of polymer@pollen support, which can be deduced to an increased 

dispersibility and accessibility of the catalyst due to pollen pivoted polymer grafts. Moreover, 

the stimulus responsive aggregation behavior of PDMAEMA could be utilized to switch 

catalysis “on” or “off” via heating.  
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5.3.3 Discussion 

Utilization of MOFs as heterogenous polymerization catalysts has proven to be a significant 

approach for the synthesis of polymers via ARGET ATRP with various benefits. On one hand, 

decent control over the polymerization reaction was observed as well as significant reaction 

rates, especially in the case of photopolymerization. In addition, the features of recyclability 

and less metal contamination in the product are definitive added value. Most striking is the 

polymerization of coordinating monomers like 2VP or 4VP, which are challenging to polymerize 

with homogenous catalysts. Thus, the proposed approach is a true alternative for preparative 

polymer chemistry of these monomers. While heterogenous catalysis has several advantages 

over homogenous catalysis, low dispersibility of heterogenous catalysts can have significant 

influence on catalyst activity.230 To tackle this problem, polymer-MOF hybrids are a promising 

solution. Nevertheless, polymers can also block catalytic sites and a fine adjustment of 

polymer to MOF has to be made in order to optimize activity. The approach of employing a 

support material,231 e.g. the biomaterial pollen,232 seems to be promising solution to balance 

accessibility of the crystals with dispersibility and protection from catalyst aggregation.  

Not only the polymerization catalyst but also the polymerization environment has a significant 

effect on the polymerization reaction,233 which is also well-known from natural systems.234-235 

The utilization of MOFs as reaction environment for polymerizations provides confined space 

that affects the orientation of the individual monomers inside of the nanochannels.219 As 

shown by the polymerization reactions improved control over tacticity was enabled. 

Nevertheless, the obtained stereoregulation is far from perfect. Apparently, intermediate 

monomer sizes lead to enhanced tacticity control, which might be due to the interplay 

between steric demand of the monomer and mobility in the nanochannel. As observed in the 

literature before for free radical polymerization decent control over the molar mass 

distribution was obtained, i.e. a limited occurrence of termination reactions due to the 

decreased probability of end chain radicals to meet. This fact is also most likely the reason for 

the high molecular weights obtained via ARGET ATRP in MOFs with initiator-functionalized 

ligands. In comparison to the state of the art, RDRP in MOFs could be performed for the first 

time, which enables access to stereo controlled block copolymers and increased control over 

end groups as well as molar mass.  

The crystalline structure of MOFs is one of the major aspects of this material class.174 Hence, 

very defined materials are generated. Although of MOF materials has been presented before, 

e.g. for specific applications,175, 183 a rational way to modify the crystal itself would be very 

beneficial to gain access to a new level of material properties and design. The approach of 

DHBC mediated morphogenesis is such a strategy as it allows to obtain a rationale for crystal 

modification and tailored crystal morphologies, e.g. via adjustment of DHBC block lengths. 

These mesocrystals feature well-defined polymer coatings as well, which enables further 

functionalization or to address the crystal faces in a spatially controlled way. Such spatial 
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control enables a completely new level for MOF functionalization and has significant 

implications for future applications, e.g. in catalysis. Moreover, new crystal morphologies can 

have impact on other applications, e.g. in electrochemistry after formation of carbon 

materials.236 Overall, MOF crystal morphologies can be tailored via specific alterations to the 

preparation procedure as stated often in the literature. Nevertheless, a targeted variation to 

tailor crystal morphologies has been described to a much lesser extent. In accordance, the 

preparation environment can be utilized to form tailored crystals in a controlled way. 
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6 Conclusion and Outlook 

In the present thesis, research in three areas of polymer science is presented. In the first part, 

hydrophilic polymers were utilized to form multi-phase systems or - in the case of DHBCs - self-

assembled structures. In the case of multi-phase systems, Pickering emulsions were formed 

with the polymer system PEG/dextran. Moreover, crosslinking was investigated, namely the 

stabilizers were crosslinked to form a shell structure or the aqueous phase was crosslinked 

preserving the emulsion droplet structure. Such controlled structuring approaches will be of 

interest for future applications in the biomedical field, e.g. for cargo encapsulation and 

controlled release. The self-assembly of DHBCs in water was studied via various block 

combinations and polymer architectures. Overall, particle/aggregate formation was observed 

in many cases, yet the abundance of aggregates differed according to polymer block 

combination and architecture. The abundance of aggregated structures compared to unimers 

is quite low, i.e. the equilibrium lies on the side of unimers, albeit improvements could be 

observed in the course of the thesis, which is a promising result for future developments. 

Usually, higher polymer concentrations are required to form the self-assembled structures. 

Therefore, crosslinking at higher concentrations was performed to preserve the structure 

under diluted conditions as well. Different crosslinking mechanisms were employed, e.g. 

covalent, dynamic covalent and supramolecular crosslinking. Hence, stable structures were 

obtained and in some cases the crosslinking could be cleaved on demand. The formed DHBC 

self-assemblies might find applications in the biomedical field as well, e.g. in drug delivery or 

enzyme encapsulation. Nevertheless, the self-assembly formation has to be improved and also 

the microstructure of DHBC self-assemblies has to be studied in depth in the future. 

The second part covered the introduction of g-CN to polymer science. On one hand, the 

challenge of poor dispersibility of g-CN was tackled via photofunctionalization, grafting-to or 

grafting-from of various polymers. The obtained material was utilized further in photocatalysis, 

hydrogel synthesis or coating fabrication. In hydrogel formation, g-CN was utilized as 

photoinitiator and reinforcer at the same time. Therefore, hydrogels with remarkable 

mechanical properties were obtained, e.g. high storage moduli and compressibility. 

Furthermore, the hydrogel properties could be tailored via g-CN concentration, monomer 

mixture and g-CN surface functionality, for example to form extremely compressible or 

lubricant hydrogels. In the future, a combination of the different mechanical properties in one 

scaffold might be an interesting avenue as well as studies regarding interactions with cells, 

which are required for further development in the direction of biomedical applications, e.g. in 

tissue engineering or implants. The hydrogels do not only feature remarkable mechanical 

properties but also photocatalytic properties, which highlights another important point of the 

g-CN derived polymer materials. In addition to mechanical properties, photocatalytic tasks 

constitute an important direction for future application, e.g. in the degradation of organic 

water impurities, in hydrogen evolution or organic transformations. 
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In the third part, MOFs were employed for polymer synthesis and hybrid materials. For 

example, copper-based MOFs were introduced as catalysts for ATRP. The heterogeneous 

catalysts featured recyclability, a broad monomer scope, less catalysts contamination in the 

product, and light or thermal activation. A combination of MOFs with polymer-grafted pollen 

was introduced to improve dispersibility as well as catalytic activity. Catalysts with remarkable 

activity were obtained that could be switched on or off via external triggers. Certainly, the 

formation of dispersible catalysts opens up new opportunities for future research in MOF 

catalysis. Moreover, the well-defined porous structure of MOFs could be used as environment 

for polymerization reactions. Methacrylates and vinyl esters were polymerized in MOFs via 

ATRP or RAFT polymerization, respectively. An improved control over polymer tacticity 

compared to the bulk was observed especially in the case of monomers with intermediate size, 

albeit improvements are still needed in that regard. Interestingly, in the case of methacrylate 

ATRP, high molecular weights with low Ð were obtained, which is probably due to the 

suppression of termination reactions in the confined MOF channels. In addition, the formation 

of metal-organic mesocrystals with unprecedented morphologies was studied, e.g. via DHBC 

mediation, as well as solvent mediation in the case of MOFs. It could be shown that the 

structure of MOFs can be tailored via external effects, which is of interest for various 

applications, e.g. in gas separation.  

Overall, the present thesis shows advances in several areas of polymer science. A major topic is 

hydrophilic polymers and hydrogels that constitute significant materials with future 

applications in the biomedical field. The combination of polymers with materials from other 

fields, i.e. g-CN and MOFs, provides new materials with remarkable applications and 

properties, e.g. coatings, particle structures and catalysis.  
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