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Abstract

Yuan Jiang

The Max Planck Institute of Colloids and Interfaces

Precursor Phases in Non-classical Crystallization

The main objective of this thesis is to understand molecular crystallization as a
multistep process with or without polymeric additives, including transient liquid-liquid
phase separation, nanocrystal nucleation within the dense phase, and subsequent

nanocrystal self-assembly or self-organization in sequence.

The thesis starts with a quaternary model system, containing DL-Glutamic acid (Glu),
polyethyleneimine (PEI), water, and EtOH, for the understanding of multistep
precipitation of Glu with PEI as an additive. The experiments were performed by mixing
Glu-PEI aqueous solution with a non-solvent EtOH. First, the phase diagram of the
quaternary system is determined, obtaining precipitate, coacervates, or homogeneous
mixtures by varying Glu/PEI w/w and water/EtOH v/v. Coacervation is observed to occur
over a wide range of Glu/PEI with various volumes. The composition of coacervates is
conveniently characterized by nuclear magnetic resonance spectroscopy. The observed
coacervates are thermodynamically stable phases rich in solute, which is different from
metastable polymer-induced liquid precursors. The combination of atomic force
microscopy, small angle scattering, and &-potential measurements confirms the
coexistence of monomers and Glu/PEI complexes and the aggregation of complexes in
Glu-PEI-water systems. This suggests that there might be a direct structural
transformation between the Glu-PEI complexes in aqueous solution and the metastable

liquid precursors in a water-EtOH mixture.

The multistep mechanism of Glu precipitation with PEI as an additive is investigated
thereafter. The combination of stopped flow and small angle scattering demonstrates that
the initially formed liquid precursors pass through an alteration of growth and
coalescence. Combined with results from optical microscopy and scanning electron
microscopy, the nucleation of nanoplatelets happens within each liquid precursor droplet,
and nanoplatelets reorient themselves and self-organize into a radial orientation in the



crystalline microspheres. The recipe was then extended to the precipitation of organics in

other oppositely charged amino acid-polyelectrolyte systems.

After the success in preparing hierarchical microspheres in solution, the similar
recipe can be extended to the preparation of patterned thin films on substrate. By dipping
a quaternary DL-Lys-HCI (Lys)—polyacrylic acid (PAA)-water—EtOH dispersion on a
hydrophilic slide, the fast evaporation process of the volatile solvent EtOH is responsible
for the homogeneous nucleation of NPs. Then, the following complete evaporation
causes the mesocrystallization of a continuous spherulitic thin film along the receding
line of the liquid, which again transforms into a mesocrystalline thin film. Furthermore,
annealing is used to optimize the property of mesocrystalline thin films. As evaporation is
a non-equilibrium process, it can be used to tune the kinetics of crystallization. Therefore,
hierarchical or periodical thin films are obtainable by starting the evaporation from
microspheres recrystallization, obtaining mesocrystalline thin films with 4 hierarchy
levels. The results reveal that evaporation provides an easy but effective way for the
formation of patterned structures via the positioning of NPs after their fast nucleation,
resulting in different kinds of patterns by controlling the concentration of NPs, solvent

evaporation rate, and other physical forces.

Non-classical crystallization is not limited to crystallizations with polymeric
additives. We also observed the nucleation and growth of a new molecular layer on the
growing DL-Glu-H,O crystals from a supersaturated mother liquor by using an in-situ
atomic force microscopy (AFM), where the nucleation and growth of a molecular layer
proceed via amorphous nanoparticle (NP) attachment and relaxation process before the
observation of the growth of a newly formed molecular layer. NP attachment to the
crystal surface is too fast to observe by using in-situ AFM. The height shrinkage of NPs,
combined to the structural transformation from 3D amorphous NPs to 2D crystalline
layer, is observed during the relaxation process. The nucleation and growth of a newly
formed molecular layer from NP relaxation is contradictory to the classical nucleation
theory, which hypothesizes that nuclei show the same crystallographic properties as a
bulk crystal. The formation of a molecular layer by NP attachment and relaxation rather
than attachment of single molecules provides a different picture from the currently held
classical nucleation and growth theory regarding the growth of single crystals from

solution.



Zusammenfassung

Yuan Jiang

Max-Planck-Institut fiir Kolloid- und Grenzflichenforschung Potsdam

Vorstufenphasen in Nichtklassischer Kristallisation

Das Hauptziel dieser Arbeit ist das Verstindnis der molekularen Kristallisation,
sowohl mit als auch ohne polymere Additive, als einen mehrstufigen Prozess. Dieser
beinhaltet eine transiente fliissig-fliissig Phasentrennung, die Nukleation von
Nanokristallen in der dichten fliissigen Precursor-Phase so wie eine anschlieBende

nanokristalline Selbstorganisation.

Die Arbeit beginnt mit Untersuchungen an einem quaterndren Modelsystem
bestehend aus DL-Glutamat (Glu), Polyethylenimin (PEI), Wasser und Ethanol. Das
Phasendiagramm dieses quaterndren Systems wird durch Variation der Glu/PEI w/w und
Wasser/EtOH v/v Verhdltnisse bestimmt, wobei Prédzpitat aus polymerinduzierten
fliissigen Precursor, Koazervate oder homogene Mischungen erhalten werden Das
thermodynamisch stabile Koazervat kann als Referenz fiir das Verstdndnis von fliissigen
Precursorn angesehen werden, welche in der Natur metastabil und transient sind. Der
mehrstufige Mechanismus der Glu-Prézipitation mit PEI als Additiv wird dann mittels
Neutronen Kleinwinkelstreuung untersucht. Dies zeigt, dass die urspriinglich gebildeten
fliissigen Precursor noch vor der Nukleation von Nanokristallen einen Wechsel von
Wachstum und Koaleszenz durchlaufen. Die Ergebnisse aus optischer- und
Eletronenmikroskopie zeigen, dass sowohl die fliissigen Precursor Superstrukturen
ausbilden als auch, dass die Nukleation von Nanoplittchen in jedem einzelnen Precursor
Tropfen von statten geht. Dies geschieht noch bevor sich die Nanopléttchen selbst in
einer radialen Orientierung ausrichten. Diese Studie liefert die Kinetik der Prizipitation

von organischen Stoffen in Gegenwart von polymeren Additiven.



Eine dhnliche Vorgehensweise wie fiir die Herstellung von Mikrokiigelchen kann
fiir die Darstellung von gemusterten Filmen angewandt werden. Die homogene
Nukleation von Nanopartikeln (NPs) findet wihrend der Verdampfung einer quarterniren
DL-Lys-HCI-Polyacrylsdure-Wasser-Ethanol ~ Dispersion auf einer hydrophilen
Oberflache statt. Die darauffolgende vollstindige Verdampfung I6st die
Mesokristallisation eines kontinuierlichen sphérolithischen diinnen Films aus, welcher
sich wiederum in einen mesokristallinen diinnen Film umwandelt. Mesokristalline Filme
mit 4 Hierarchiestufen bzw. auch periodische Filme werden durch die Verdampfung der
Mikrokiigelchen-Dispersion erhalten. Die Ergebnisse zeigen, dass die Verdampfung eine
einfache aber effektive Methode zur Herstellung von verschieden gemusterten

hierarchischen Filmen darstellt.

Nicht-klassische Kristallisation wird auch in der Abwesenheit von polymeren
Additiven beobachtet. Wir verfolgen mittels Rasterkraftmikroskop (AFM) die Nukleation
und das Wachstum einer neuen molekularen Schicht auf wachsenden DL-Glu-H20
Kristallen aus tibersittigter Mutterlauge. Die Bildung einer neuen molekularen Schicht
verlduft durch die Anlagerung von amorphen Nanopartikeln. Das Schrumpfen der NPs
zusammen mit der strukturellen Anderung von dreidimensionalen NPs zu 2D Schichten
wird wéhrend dieses Relaxationsprozesses beobachtet. SchlieBlich kommt es zu der
Ausbildung einer neuen molekularen Schicht. Die Bildung einer molekularen Schicht
durch die Anlagerung von Nanopartikeln aus der Losung und die darauffolgende
Relaxation liefert ein abweichendes Bild zu der bisher gingigen klassischen Theorie des

Kristallwachstums.
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1. Introduction

1.1. An Overview of Crystallization

Phase separation happens when a homogeneous system turns to be unstable after
changing variables like temperature, pressure, chemical composition, etc. Liquid-solid
phase separation and solid-solid phase separation are two typical phase separations in
solution. Crystallization from solution is a typical liquid-solid phase separation process,
where crystals are precipitated from a supersaturated mother liquor (Fig. 1.1A). Liquid-
liquid (L-L) phase separation can also happen in multi-component systems, resulting in
one phase rich in solute and an equilibrium phase (Fig. 1.1B). Both crystallization and L-
L phase separation provide a basis for chemical separation and purification, because only
few chemical reactions are complete and the components thereafter are always a mixture

of the desired product, side product(s), reactant(s), solvent, and/or catalyst.

Fig. 1.1. Examples for phase separation. Image A: DL-Glutamic acid (Glu) crystals are formed in
the mother liquor. Image B: an L-L phase separation in a quaternary Glu—polyethyleneimine
(PEI)-water—EtOH system, where the condensed phase rich in solute is stained red for a better
contrast.

Classical Understanding of Nucleation

To develop a generalized understanding of phase separation phenomena in various
systems, physicists started to investigate phase separation in simple systems, usually

omitting the differences in chemical structure. The classical nucleation theory (CNT) was



initially developed to describe the formation of vapor bubbles within a liquid matrix as a
two-step process, namely nucleation and growth.' Then, it was extended to explain
nucleation in crystallization systems, omitting the differences between an isotropic liquid
and anisotropic crystal. Nuclei are the newly-formed phase in the supersaturated mother
liquor. They lower their system free energy by a counter-play between investment of
surface free energy and gain of bulk energy upon particle formation and growth. Nuclei
surpassing a critical size continue to grow into bulk crystals; whilst those smaller than

this size re-dissolve (Fig. 1.2A).
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Fig. 1.2. Image A. Gibbs free energy (AG) plot for nucleation with the existence of critical

droplet size r". Gibbs free energy contains two components: the energy gain for creating a new
volume (AG, ) and the energy loss because of surface tension of the new interface (AG, ). Image

B. The diagram shows how the activation energy (AG,) is decreased according to Ostwald’s rule
of stages in a CaCOj; crystallization system (route B), compared to CNT route (route A).

An impractical hypothesis in CNT is that nuclei show the same crystalline structure
as the finally formed crystals. This hypothesis is challenged by the Ostwald’s rule of
stages, which states that the initially formed new phase is not the thermodynamically
stable crystalline one, but an intermediate phase having the closest free energy to the
initial one (Fig. 1.2B).*> The Ostwald’s rule of stages reveals the possibility that
crystallization is a multi-step process, passing through a series of polymorphs as well as
possible precursors. Indeed, some examples have been found that support the Ostwald

rule of stages, which will be discussed in the following paragraphs. However, whether or



not this rule generally holds is still unknown because transient nucleation in molecular

crystallizations happens in a small size range typically between 1 and 100 nm.

Understanding Nucleation on Colloidal Systems

A direct real-time observation of homogeneous nucleation on the micro- and nano-
scale is still impossible. Simulation and theoretical routes provide the possibilities to
predict the nucleation microscopically. Simulations by ten Wolde and Frenkel pioneered
a two-step nucleation by proving the existence of a second phase separation in
homogeneous nucleation: the nucleation of a protein-rich liquid phase followed by the
nucleation of proteins within this phase.” Therefore, the nucleation barrier is much
lowered, because the density difference between the protein-rich phase and protein
crystal is smaller than that between the protein solution and the protein crystal. There is
no length scale given in the simulation work. Experimentally, Galkin and Vekilov
observed that the rate of nucleation went through a maximum during the cooling of a
lysozyme solution in the vicinity of the metastable L-L phase separation boundary.” This
experimental observation is contradictory to the monotonic increase of the nucleation rate
with the increase of supersaturation, and it can be attributed to the formation of a protein-
rich phase, which lowers the barrier of protein nucleation. The metastable liquid phase is
also observable with optical microscopy.’

Most recently, De Yoreo and co-workers provided a microscopic observation of the
nucleation of an S-layer protein by using in-situ atomic force microscopy.® After the
attachments of amorphous- or liquid-like protein aggregates, their transformation into
crystalline nuclei is convincingly shown for the first time. The conformational changes in
protein aggregates are responsible for the multi-step structural transformations, whilst the
possible template effect from the used lipid substrate, however, cannot be excluded.
Protein crystallization systems are advantageous for the understanding of nucleation
mechanisms on the molecular level as they are charged molecules, anisotropic in
morphology, and monodisperse in size distribution. On the other hand, proteins are
nanometers in size and are flexible in conformation, both of which impede their

crystallization and are their main differences from small molecules.



Colloidal suspensions such as latexes are also advantageous systems for
understanding of nucleation mechanisms for two reasons. First, colloids micrometers in
size which move slowly and are visible in optical microscopy can be prepared. Second,
the surface properties of colloids, which control the interactions between colloids, can be
modified by chemical reactions. Indeed, important questions such as the nucleation rate
in colloidal systems have been determined experimentally’ and theoretically,® resulting in
satisfactory agreement.

Colloidal systems are able to provide time-resolved information of nuclei structures
during the multi-step nucleation. Interestingly, simulations both for hard-sphere colloid
suspensions® and for oppositely-charged colloids’ predict that the initially formed clusters
cannot be used as a template for the subsequent crystal growth, unless they transform to
the same structure as the finally formed crystals. Although there are debates about the
structural details of the initially formed clusters, the existence of structural
transformations during the nucleation of colloidal suspensions from simulation work
microscopically proves the partial correctness of the Ostwald’s rule of stages. However,
Ostwald provides a thermodynamic point of view, predicting that the subsequent phase
has the smallest difference in free energy from the former one; whilst simulation shows
that the subsequent phase is preferred to form because it has the smallest activation
energy barrier to the former one, which is a kinetic point of view.’

Precise simulations have to be in agreement with experiments. However, there is no
structural transformation according to the experimental observations. Gasser and Weitz
followed the growth of nuclei in a hard-sphere colloidal suspension by using confocal
microscopy.'® Except for the non-spherical shape of nuclei, their results agree well with
CNT, i.e. the critical nuclei show the same structure as the bulk crystalline phase.
Colloidal systems have some drawbacks as a model system for understanding nucleation
on the molecular scale. For example, colloids such as latexes are not absolutely
monodisperse systems. In addition, it is difficult to design colloids into complex and
anisotropic morphologies. Both reasons alongside with others can bring unexplainable

interference in the predictions of the nucleation rate and mechanism in molecular systems.



Nucleation Proofs from Material Science

Biominerals and many artificial materials show particle-based structures instead of

12 For example, the skeletal elements

single crystalline ones from molecular attachment.
of sea urchin are single crystalline in electron diffraction analysis, whilst they are
characteristic for their curved morphology and porous patterned structure instead of being
single crystals with a simple geometric form. Artificial CaCOs, which is synthesized
using an anionic polyelectrolyte as an additive, can also form single crystalline structures
with crystallographically ordered nanoparticles (NPs) as building blocks." In both cases,
polymeric additives are applied, which can cause the deviation of crystallization from a
classical route. However, (NH4);PW 2,049 can precipitate from its mother liquor without
polymeric additive, and exist as porous structure with crystallographically ordered
nanoparticles as building blocks."* The concept “non-classical crystallization” is used to
explain particle-based crystallization routes.'? Generally, non-classical crystallization can
be divided into three steps in sequence: the formation of precursors, their structural

transformation to crystalline building blocks, and the formation of final products, all of

which will be discussed as follows.

-

Fig. 1.2. Liquid precursors in Y,03;—-Al, 03 by rapid quenching (A),” protein crystallization (B),’
and CaCO; crystallization" systems (C). Images A and B are OM images, and C is a cryo-TEM
image.

There are several kinds of precursors, including liquids, amorphous phases, clusters,
nanoparticles (NPs), and metastable polymorphic structures.'® Metastable liquid
precursors are formed if the homogeneous system enters the metastable L-L phase
separation zone (although “fluid” is a more precise description, “liquid” is used instead
because of being used most frequently in the literature). It has been found in the

formation of ceramics (Fig. 1.2A),” protein crystallization (Fig. 1.2B),* and CaCO;

-5-



mineralization (Fig. 1.2C)"° systems. In the ceramics and protein cases, the newly formed
metastable liquid phases can grow to macroscale, as observed in optical microscopy.
Although crystals are indeed observed in the precursors phases, there is still no sufficient
information about the underlying mechanism. The length- and time-scale are suggested to
be the main reasons because nucleation is a fast process and happens on the nano-scale.
Indeed, an emulsion-like CaCOs phase is captured 100 ms after reaction by using cryo-
transmission electron microscopy (cryo-TEM; Fig. 1.2C). Then it solidifies into an
amorphous phase, which acts as embryo for the crystallization of one CaCO3 polymorph—
vaterite. The process follows the Ostwald rule of stages. The crystallization of CaCOs3
passing through a liquid precursor was also suggested for systems containing anionic
polyelectrolytes such as polyaspartic acid'’ and polyacrylic acid (PAA)."” Liquid
precursors in crystallization with polymeric additives have to be distinguished from the
non-crystallizing coacervates, which can be thermodynamically stable or deeply trapped
in a metastable state.'®

Clusters are another precursor, which have been suggested as a possibly existing
phase for crystallization for a long time. They have been connected with the
concentration gradient in supersaturated solutions from the 1960’s, when Mullen and
Leci found the existence of a concentration gradient in aqueous citric acid solution."
However, conclusive results for their existence are still missing. The rising question is
whether clusters are prenucleation species or they are just transient structures during the
nucleation.””*! Analytical ultracentrifugation is a powerful tool to prove the existence of
clusters in solution in supersaturated as well as unsaturated solutions, providing
information about their size and mass fraction.”” The underlying hypothesis in this work
is that the local coordination structure of clusters is equal to that of a certain precursor or
polymorph. Therefore, the size of clusters is getting smaller when the assumed particle
density is getting higher, and vice versa. With cryo-TEM technique, Pouget et al.
observed the existence of CaCOs clusters ~1 nm in size, supporting the existence of
clusters during the nucleation of CaCOs.% It is still difficult to distinguish their structure
and their stability with this technique and others because of the small size of cluster. A
different opinion from a simulation report predicted the existence of transient

inhomogeneities in a supersaturated colloidal suspension, and suggested that nucleation

-6-



preferentially happens within the more structured zones by increasing the bond order. To
summarize, there may be an increase of structural order from transient and loosely-
ordered networks to the crystalline clusters during the nucleation from a supersaturated
solution.

In addition to liquid precursors and clusters, amorphous phases and nanocrystals can
be used as precursors in crystallization too. For example, an amorphous phase can be
formed from either liquid precursors' or from cluster aggregation® in the crystallization
of CaCOs. In another case, crystalline Pt nanocrystals can grow by monomer attachment
as well as by the coalescence of nanocrystals.”* Therefore, the appearance of precursors
and their properties depend heavily on the systems used, and their formation and
transformation is usually still too fast to capture. We are still at the early stage in
understanding nucleation.

Non-crystalline precursors disappear after the formation of nanocrystals, which can
aggregate into superstructures (routes b, ¢, and d in Fig. 1.3) or grow to single crystalline
structures (route a). Without the existence of polymeric additives, the crystalline NPs can
grow up into single crystals by an Ostwald ripening process or by a solid-solid reaction.
Biominerals and crystals prepared with polymeric additives can show superstructures
with nanocrystals as building blocks. These are often so-called mesocrystals. The
notation “Mesocrystal” is the abbreviation for mesoscopically structured crystals, which
are aggregates of nanocrystals with mutual orientation (Fig. 1.3).'* Mesocrystals can be
stabilized as final products (route c¢) or recrystallize into single crystals (route b). In many
cases, initially formed metastable NPs do not show a mutual crystallographic orientation
because of the fast aggregation. Superstructures, (e.g. dendrites, spherulites, diffusion-
limited aggregates, and randomly attached nanocrystals) are obtained from self-
organization — a far from equilibrium process.”> A special case in inorganic nanocrystal
systems is that nanocrystals can merge into 1D single crystals in a head to tail manner,
namely oriented attachment.*® Oriented attachment can be treated as a special case in the
formation of mesocrystalline materials.

For better understanding of the formation mechanism of a superstructure, it is
necessary to understand the interactions between NPs during their aggregation. Colloidal,

evaporation, and capillary forces, physical field forces, and confinement effects are
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suggested to be responsible for the production of superstructures on the micro- and
macro-scale. However, there are still no quantitative conclusions. On the one hand, many
forces work during a far from equilibrium process. On the other hand, several forces

always work co-ordinately. Therefore, people turn to biological systems to looking for

the answer.
d)
Amorphous particles
Nucleation o o 2
clusters OO O or O — f—>
9 Liquid droplets
Crystal .
growth Crystal with
Temporary Mesoscale complex shape
Primary Stablllzatlonﬁ ; /assembly
nanopartcles | =
>3 nm/ \ B
Amplification Oriented Mesocrystals
Attachement
Single Iso-oriented
crystal crystal
Fusion Fusion
a) b)

Fig. 1.3. The summary of non-classical crystallization.

Biominerals are formed by the collaboration of various forces. They are inorganic-
biomacromolecular hybrid materials with hierarchical construction across nano-, micro-,
and macro-scale.”’ The presence of biomacromolecules is essential for the formation and
stabilization of structures on every length scale. In addition, crystallization kinetics has
been influenced heavily by using soluble polymers as additives. Although there is still no
precise understanding of their role, polymers are known to have multiple roles in the
formation of complex structure with counter ions or molecules, stabilizing and shaping

NPs, modifying nucleation kinetics, and adsorbing on certain crystal surface.”® It is
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necessary to clarify how these interesting polymeric additive polymers affect

biomineralization and crystallization with polymer as additives.

On the Shoulders of Giants

Evidence shows that the detection of multi-step nucleation must be on the proper
length- and time-scales. For example, nucleation in molecular systems must happen on
the nanoscale. Therefore, techniques such as AFM, cryo-TEM, and small angle scattering
are good for detecting the nucleation processes.

For each step in a multi-step nucleation process, the formation of a liquid precursor
phase in solution is a fast process. Until now, it is still debated whether the liquid phase
originates from a spinodal or binodal decomposition. The structural transformation
between the amorphous- or liquid-like precursors to crystals is the rate-determining step,
which can be observed by time-resolved techniques on the nanoscale such as AFM and
small angle scattering. The final step — the growth of crystals is already a popular topic,
which has been investigated both macroscopically and microscopically.

The direct visual detection of homogeneous nucleation in crystallization on the
molecular level is still not possible. However, the detection of heterogeneous nucleation
might be possible since its nucleation rate is lower than that in homogeneous nucleation
and the decreasing free energy barrier can reduce the nucleation rate. The success in
investigating the nucleation of proteins proved this supposition, which also indicates that
the observation of 2D nucleation in molecular systems might be possible.

With these rules extracted from “the overview of crystallization”, a series of
experiments were designed in this study to understand molecular crystallization with or

without polymeric additives as a multi-step process.

1.2 An Introduction to the Experimental Systems

The main objective of this thesis is to understand molecular crystallization as a three-
step process with or without polymeric additives: the formation of non-crystalline
precursors, their structural transformation into nanocrystals, and the self-assembly or self-
organization of nanocrystal on the nano-, micro-, and macro-scales. The thesis also

focuses on the detection of possible precursor phases in crystallization with or without
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polymeric additive. In this context, the formation of hierarchical microspheres and
patterned thin films extends our understanding of non-classical crystallization.

Instead of using inorganic mineralization systems, the precipitation of organics was
chosen as a model system for several reasons. Compared to some inorganic
mineralization systems, the precipitation of organics precludes the interference of
chemical reactions. In addition, the lattice energy of organic molecules is always on the
scale of tens of kJ'mol”, compared to hundreds or even thousands of kJ-mol” for
inorganic materials. Relatively low lattice energy results in slow crystallization kinetics,
which makes the time-resolved research possible. Furthermore, organic molecules are
advantageous for their large number of polymorphs and additional crystallization
parameters such as chirality and dipole-dipole interactions. Practically, many functional
organic molecules are water insoluble. Processing these molecules into colloidal
dispersions, where they are stabilized as nano- or microcrystals in aqueous solution, is an
important route to extend their applications to the pharmaceutical and painting industry.

Amino acids are zwitterions, containing amine group(s), carboxylic acid group(s)
and other functional group(s) on their side chains. Functional groups on amino acids
facilitate interactions with oppositely charged additives (e.g. polyelectrolytes) via
electrostatic interactions, hydrogen bonding, and/or hydrophobic interactions. A four-
component system to study a polymer-induced liquid precursor (PILP) system is
presented in this thesis composed of amino acid, polyelectrolyte, water, and alcohol. The
oppositely charged amino acid and the polyelectrolyte form complexes in aqueous
solution. Then, EtOH, which is a non-solvent to amino acid, is mixed with the above
aqueous solution. Consequently, precipitation from a metastable PILP phase or

coacervation happens, which depends on the mass ratio of amino acid and polyelectrolyte.

1.3 Thesis Outline

Chapter two briefly introduces fundamental concepts of phase separation and
crystallization. Then, important instruments used, including microscopy and small angle
neutron scattering, are presented in chapter three. Results from this thesis are presented
from chapter four to chapter seven. The eighth chapter provides the summary &

opportunities of this thesis. Experiments and abbreviations are put in the Appendixes.
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In chapter four, the phase diagram of a quaternary Glu—PEI-water—EtOH system is
thoroughly investigated, where GIlu/PEI (w/w) is the main variable for obtaining
coacervates or precipitates from PILPs. In addition, the composition of coacervates is
measured by nuclear magnetic resonance (NMR). The structural details of Glu-PEI
complexes in aqueous solution are also characterized for the understanding of
interactions between Glu and PEI.

The next chapter focuses on the mechanism of precipitation of Glu with PEI as an
additive. The first section is mainly designed to detect the kinetics of Glu precipitation
from a metastable PILP phase combining small angle scattering and stopped flow
technique. The self-organization of nanostructures, which are nucleated from PILP
phases, is presented in the second section. This section also focuses on the influence of
various parameters such as the pH value, GIu/PEI (w/w), temperature, etc. onto the Glu
morphogenesis process. The PILP route can be extended to other precipitation systems of
amino acids with oppositely-charged polyelectrolytes as additives.

Chapter six switches to the DL-Lys-HCI (Lys)—polyacrylic acid (PAA)—water—EtOH
system. Mesocrystalline thin films are prepared directly from metastable PILP
dispersions, and the essential three steps are the evaporation of solvent, the formation of a
continuous spherulitic thin film, and recrystallization from spherulitic to mesocrystalline
thin film. Quenching is helpful for optimizing the processing of mesocrystalline thin film.
In the other two cases, hierarchical thin films with at least four hierarchy levels as well as
patterned structure by self-organization are introduced, starting from the redissolution
and recrystallization of a microsphere dispersion.

In chapter seven, two-dimensional (2D) nucleation and growth of a DL-Glu-H,O
molecular layer is observed by using in-situ atomic force microscopy (AFM). The
structural transformation from amorphous NPs to crystalline molecular layers is
described and the critical size of NPs in nucleation is estimated. Our results show that the
nucleation of a molecular layer can involve NP attachment and restructuring rather than

molecular addition.
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2. Theory and Background

2.1 Nucleation and Crystallization

Nucleation is a kind of first-order phase separation. It happens when the free energy
of the coexistence of two phases is lower than that of the old homogeneous phase.
Nucleation occurs only when the system surpasses a free energy barrier.

The classical nucleation theory (CNT) stems from the work of Gibbs,” Volmer,'
Becker and Dtiring,30 and was initially used to describe vapor bubble formation within a
liquid phase. In this regard, nucleation can be divided into homogeneous and
heterogeneous cases. Homogeneous nucleation occurs within a uniform phase, whilst
heterogeneous one proceeds at the boundary or on an impure surface. Although
homogeneous nucleation consumes more energy than heterogeneous one, it is relatively
easy to solve mathematically as nuclei are assumed to be of spherical morphology: a
result of surface energy minimization forces.

CNT supposes the existence of nuclei in the supersaturated solution phase, such that
the growth or shrinkage of nuclei in homogeneous nucleation is determined by the Gibbs
free energy AG . AG contains two components: the energy gain for creating a new

volume (AG,) and the energy loss because of the increasing surface tension of a new

interface (AG, ). Therefore AG can be defined by the following equation:
AG=AG, +AG, = gﬂFSGV +4rr’c

where G, is the change of free energy per unit volume, 7 is the radius of the nuclei, and
o means the interfacial tension. The volume term is always negative in value, whilst
creating surfaces always consumes energy. The value of AG, changes with *, whilst
AG, changes with *. Thus AG is always negative at large values of . However, the

volume term and the surface term can stay at the same level in a small range of ». The

relationship between rand AG is shown in Fig. 1.2A. In the case » < , where r is the
critical nucleus size, energy is required to add molecules to the nuclei, which causes the

disappearance of nuclei simultaneously. If » >7", adding molecules to the nuclei is a

-12 -



spontaneous process and they will continue to grow until a thermodynamic equilibrium is
obtained. The value of the nucleation barrier AG * can thus be obtained by solving the

equation dAG/dr =0:

1670°

AG* =222
3G,

Thus, the nucleation rate J is given by:

_ *
J=Aexp( /fi ]

B

where A is a prefactor and is dependant on many parameters. From the above equation,
the nucleation probability depends on the exponential of the barrier height divided by

k,T . CNT suppose that nuclei show the same crystalline structure as the bulk crystals.

Therefore, o is constant. Consequently, the only way to lower the energy barrier is to

increase the supersaturation, which results in the increase of G, .

Compared to homogeneous nucleation, both the energy barrier and volume of nuclei
in heterogeneous nucleation are lowered because the wetting behavior of nuclei on a
surface lowers the surface tension of the nuclei. The Gibbs energy for heterogeneous

nucleation AG on a flat surface is written as:

hetero

AGhetera = AGhomo.f(e)

The wetting factor f(8) can be written as:
1 3 |
0)=—+—cosf——cos 0
/) 2 4 4

where @ is the contact angle and the value of f(@) is between 0 and 1. The critical

radius »* during heterogeneous nucleation is unchanged from that in homogeneous
nucleation. The above equation explains heterogeneous nucleation on an infinite flat
surface. The expression of f(#) can be written into various expressions according to the
topography of the phase boundary.”'

In spite of its apparent simplicity, CNT is based on several impractical assumptions,
limiting its applications to predict the kinetics of crystallization in solution. For example,
CNT supposes that nuclei show the same crystalline structure as the bulk crystal. This

straightforward route has been challenged by many experimental proofs such as the

- 13-



existence of ‘polymorphs’ and ‘precursors’. The Ostwald’s rule of stages fills the gap and
considers crystallization as a sequential process, involving not only an increase in particle
size but also structural and compositional transformations. This rule indicates that
crystallization starts from the least stable form, passing through metastable polymorphs,
and terminating at the thermodynamically most stable polymorph, where the stability
sequence can be conveniently determined by the decrease of solubility.”* The
crystallization of CaCOs is used as an example to show how this rule works (Fig. 1.2B).
Unlike route A, which have a high free energy barrier to proceed the nucleation, the
sequential route B passes from the supersaturated solution to different precursor phases
and polymorphs in sequence before the formation of the most stable polymorph of
CaCOs; — calcite. Therefore, the Ostwald’s rule of stages considers the sequential process
from a thermodynamic point of view.

Crystallization, however, is a kinetically controlled process. Therefore, the sequence
of stages can also determined by the energy barrier between the newly formed phase and
the old one. Experimentally, it is still difficult to verify whether the Ostwald’s rule of
stages passes through all possible precursors and polymorphs or not, because precursors
and some polymorphs are transient and metastable in nature.

An advantage of the Ostwald’s sequential route is that each step needs only a
relatively low energy barrier. Such decreases in the energy barrier occurs by decreasing
the interfacial tension o . For example, the difference in o between the solution and
liquid-like nuclei is smaller than that between the solution and crystalline nuclei.
Therefore, the Ostwald’s rule of stages provide an effective way to lower the energy
barrier by the decease of o, which is supposed to be a constant in CNT.

Another series of CNT assumptions originate from the misconnection between
micro- and macroscale properties. CNT neglects the possibility of size-based surface
tension (i.e. the capillary approximation). Because nuclei contain hundreds of molecules,
it is improper to neglect their interactions with surrounding molecules. In the 1980’s,
Oxtoby et al. began to tackle the capillary approximation problem in CNT by using
density functional theory (DFT).** Instead of using the droplet size as a function of free
energy, DFT uses a density profile across the interface between droplets and the bulk

phase. Notably, DFT predicts that there is no energy barrier at the spinodal curve (the
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concept of “spinodal” will be introduced in section 2.3) in the supercooled vapor or
bubble formation, which represents an important improvement upon original CNT.

CNT also fails to consider the nuclei-nuclei interactions, which can create nuclei
surpassing the critical size. This approach was put forward by Smoluchowski** and has
been widely applied in explaining the aggregation of particles later on. The
Smoluchowski equation describes the rates of nuclei formation and disappearance:

dn, 1 D K(@, jnn, —nkiK(i, k)n,
dt 2.5 o1
where the K terms are reaction rate coefficients and contain complex mathematical
expressions to include nuclei fragmentation, rearrangement, efc. The first term represents
the rate of creating new nuclei of a certain size from small ones. The second term shows
the disappearance of such nuclei by their reactions with other nuclei.

CNT supposes that the nuclei larger than the critical size can grow irreversibly into
bulk crystals. However, it is a common phenomenon that large crystals grow
preferentially at the cost of sacrificial small ones, which is named as the Ostwald ripening
process.” The process is spontaneous since larger particles always have lower surface

energy compared to small ones. The influence of particle radius » on the particle

solubility c, is described as:
¢, =c,exp(yv/rRT)
where ¢, is the solubility of a crystal with an infinite flat surface, y is the surface tension,

v is the volume of one molecule. Experimentally, small crystals are kinetically preferred
in the formation of particles. The number of particles then decreases whilst the existent
particles increase in size by an Ostwald ripening process. The Ostwald ripening also
contains the transformations between precursors and polymorphs.

Precipitation is a spontaneous and rapid crystallization process, typically generating
crystals small in size and narrow in size distribution.’® Crystals smaller in diameter than
10 um are called precipitates. One popular way to prepare precipitates is to prepare a
supersaturated solution of the solute, and mix it with a non-solvent (also named as

drowning-out or reprecipitation). From a practical point of view, the processing of
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precipitates can find many applications in the pharmacy and paint industries, as a large
amount of small crystalline materials (e.g. less than several micrometers) are needed.

In this regard, the LaMer curve describes how to obtain precipitates small in size
with narrow size distribution (Fig. 2.1.1).>" It divides the solubility change of solutes
during crystallization into three steps. The prenucleation step sees the rapid increase of
concentration. During this period, nucleation does not happen even if the concentration is

higher than the saturated concentration . Then, nucleation immediately occurs when the
concentration passes over the threshold value ¢+ and it finishes when the concentration
decreases toc . Crystals grow until the concentration decreases to ¢,. According to the

LaMer curve, precipitates narrow in size distribution are only accessible when the
nucleation period is narrow. The reason is straightforward: simultaneous nucleation
produces nuclei similar in size and Ostwald ripening is highly prohibited. However, it is
impossible to prepare precipitates absolutely monodisperse in their size distribution,
resulting in the secondary nucleation, aggregation or reprecipitation. Therefore, additives

or confined space is needed to stabilize precipitates from Ostwald ripening.

Conc.

Nucleation Stops

O VA

Nucleation Begins Solubility Line

Time

Fig. 2.1.1. The schematic LaMer mechanism, showing the nucleation and growth process with
time. The brown zone is the nucleation period when the concentration is higher than the threshold
value C . After nucleation, concentration goes back to the solubility line C, .
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2.2 Particle-Particle Interactions

As mentioned in the “Introduction” chapter, crystals can grow by molecular
attachments as well as nanocrystals self-assembly and self-organization. Therefore, it is
necessary to understand the forces, which are responsible for the interactions between the

colloidal nanocrystals. The forces between colloids will be discussed herein.

Table 2.1 Electrostatic interactions

Equation Energy (vacuum; kJ-mol™) | Range (nm)
Columbic oo did2 100-1000 100
r
. . q,m,
Dipole-ion 0= 30-400 0.5
r
. . m,m,
Dipole-dipole o0 r—3 <~200 0.4
Hydrogen Bond / 10-40 0.2

Colloids can be stabilized by electrostatic interactions as well as steric ones. Here a
realistic supposition is that all colloids carry the same charges. Therefore, electrostatic
interactions between colloids are repulsive. There is no precise expression for
electrostatic interactions, which contains many items from direct interactions as well as
induced ones. Table 2.1 summarizes the most important electrostatic interactions. The
columbic interactions are long-range ones, whilst others vanish quickly after particles are
taken apart.

As to steric interactions, they are repulsive in nature and are provided by the organic
molecules adsorbed on the surface of colloids. Therefore, the organic layer must be of
sufficient thickness and density to overcome attractive interactions between colloids.
Steric interactions are short-range interactions and are effective only when the colloids
approach each other at a distance less than twice the thickness of an adsorbing layer.

The attractions between colloids are mainly provided by van der Waals interactions.
As the fall off with distance is given by r°, the distance between colloids is crucial in
determining the strength of van der Waals interactions. Van der Waals interactions are as

weak as several kT at R.T. and are difficult to calculate precisely in complex systems.
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The combination of attractive and repulsive interactions can lead to the stability of
colloidal systems. Fig. 2.2.1 shows how interaction potentials change with the distance
between colloids. First, there is an appearance of a secondary minimum, where colloids
are kinetically stabilized. To obtain thermodynamically stable aggregates, colloids have
to surpass a barrier between the primary and secondary minimum. The kinetically stable
colloidal systems have the energy barrier far exceeds kT, therefore, the primary minimum
becomes inaccessible. If the barrier is on the order of several kT, a rapid and irreversible

aggregation can occur, obtaining stable aggregates.

Interaction Potentials

- Lnergy Barrier

Distance

"~ Secondary Minimum

¥—__ Primary Minimum

Fig. 2.2.1. The relationships between interacting potentials and the distance in colloidal systems.

The outcomes of a colloidal aggregation also depend on the processing after the
initial association. Although rearrangement can sometimes happens between particles, the
aggregation in colloidal systems is an irreversible process in most cases, resulting in
aggregates with their initially trapped configuration. Therefore, colloidal aggregates can
show the densely-packed style in an equilibrium state as well as fractal properties from a
non-equilibrium process. The relationship between the mass of densely-packed
aggregates and the distance can be written as

W (r)oor’
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whilst the relationships between the mass of fractal structures and the distance is as
follows

W (r)oor®
where dy is a number between 0 and 3. Two representative topologies are from reaction-
limited (d¢ = 1.8) and diffusion-limited (d; = 2.1) aggregations.® The formation of the
first one is determined by the probability of particle attachments, whilst the rate of
diffusing particles onto the growing aggregates determines the rate of diffusion-limited

aggregation.
2.3 Phase Separation and the Critical Point

CNT only focuses on nucleation, which is a rare, but intense event. In his doctoral
thesis, van der Waals recognized that a liquid beyond its liquid/gas critical point has a
negative compressibility and is unstable to continuous changes. He named this
phenomenon “spinodal”. However, it was not until the 1950’s that Cahn and Hilliard
published a series of papers, which established them as the creators of the modern

3941 This classical work also reconciled SD to

spinodal decomposition (SD) theory.
nucleation in phase separation. Unlike nucleation, SD is occurring over the whole
solution phase in a cooperative fashion. Therefore, SD has no energy barrier and happens
uniformly throughout the material. In this context, Binder successfully expanded SD
theory to polymer and alloy science and connected theories to experimental fields.**

With regard to the thermodynamics of phase separation in a symmetric binary system,
a pair of partially miscible liquids does not mix in all proportions over the whole
temperature range. Thus mixing or demixing is determined by the systematic free energy.
The free energy of mixing component A and B AG™" has the following form:

AG™ = AH™ —TAS™

where AH™ =X X, , AS™ = —R(XA In“+ X, lnXB) and X means the molar

fraction of a component. The interaction term /£ is defined as follows:

ﬂzk(zwAB —Wyy _a)BB)
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where @,,, ®,, and w,, are the A-B, A-A, and B-B interactions, respectively. Therefore,

AG™ can be rewritten as:
AG™ = X X, B+RT (X, In"+X,In")

The entropic term is therefore always positive whilst the value of the enthalpic term
depends on the value of P, which is temperature dependent. In the case <0,
components A and B are miscible in any composition and at ambient temperature. If
£ >0, it is possible that A and B demix when the temperature is lower than the critical
value 7" (Fig. 2.3.1A). If T>T", only one peak appears in the red curve and two

components are miscible in all compositions. Supposing7 < T~ , the purple curve shows
the saddle morphology and the demixing happens in some certain proportions. In the

caseT ~ T, the value of AG™ is nearly constant over a wide range of X, close to the

value X5 =0.5.
Ac'v_-ir o} i} Binodal
0 A D
o RN
AGH’-‘JJ

1 Spinodal

B —
Fig. 2.3.1. Image A shows the relationships between the Gibbs energy of mixing AG™" and
composition X, in a binary system at various temperatures and values of . Image B shows the

relationship between AG™ and X ,- Image C represents the relationship between 7" and X, in

which the red and blue curves are the spinodal and binodal lines, respectively. Images D and E
describe binodal and spinodal decompositions, respectively.

In the next step, we consider the condition the situation 7 <7  and £ >0 .The
relationship between AG™ and X, is considered in Fig. 2.3.1B, where the temperature
is constant at 7, . Points A and B satisfy 0AG/0X,=0 and 0°AG/dX,’ =0 ,

respectively. Mathematically, the A-B curve is characterized as 0°AG /08X ,” <0 and the
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B-O curve has the relationship 0°AG/0X,*>0 . In Fig. 2.3.1C, the blue curve
satisfies OAG/0X, =0, which is named as the binodal line. The red curve obeys
0°AG/0X,’ =0, namely the spinodal line. The area wrapped by the spinodal line is the

unstable region (spinodal zone), satisfying0*’AG/0X,> <0, whilst the area between the

spinodal line and the binodal line is the metastable region (binodal zone),

where 0’AG /60X ;> > 0. The two curves meet at a critical point ¢, which can be calculated

from the equation9’AG /X, =0.

Understanding the phase diagram is the key to clarify the mechanism of phase

separation. SD happens within the spinodal zone and nucleation and growth proceeds

within the binodal zone. When the composition is near to the critical value X, ,

decreasing the temperature slightly below the critical temperature 7~ can easily bring the

system into the spinodal zone. If the composition is far away from X, , SD can only

happen by quenching the system to the spinodal zone; otherwise, only nucleation and
growth proceeds (Fig. 2.3.1C). Two representative pictures for binodal decomposition
and SD are shown in Fig. 2.3.1D and E, respectively.

The dynamics of phase separation in a binary system can be described by a time-

dependent Ginzburg-Landau theory:

%ﬂ*vzﬂw,znaa,znw
where o¢,(a,t) is the local concentration fluctuation at position a and time ¢, A is the
Onsager kinetic coefficient, x is the local chemical potential, £ is the random thermal

term, and HD is the long-range hydrodynamic interaction. Normally, HD term is

omitted when o¢,(a,t) is small. Therefore, the above equation can be solved and
rewritten into:

S(q.t) = 8(¢,%0)+[5(¢,0) = S(g,0)]exp[2R(q)!]
where S(g,¢)is defined as < |0'¢A(r,t)|2 > and S(g,0) is the initial S(g,7). S(g,) is the
virtual structure factor, which can be estimated by extrapolating the curve S(g,7). The

scattering vector g obeys
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qg=@Arsinb)/ A
where 26 is the angle between the incident light and the detector measuring the scattered

intensity, and A is the wavelength of the incident light. R(q) is the growth rate for

o¢,(r,t) and is expressed as:

_ 201 q2

where D=A7 and ¢,’(0)=7/2K (7 is the relaxation time and K is a positive

constant).

Cahn derived the linear theory without considering the & term in the Ginzburg-

39,40

Landau equation. Thus, the equation for S(g,?) is simplified as:

S(q.t) = 8(¢,0)exp[2R(q)t]
This equation is practically used for explaining early stage SD. However, the above
theory fails in considering nonlinear effects, which are important in explaining
intermediate and later SD processes. Many researchers have since proposed various
extensions to the original theory, such as Cook theory® and Langer-Baron-Miller

theory™, with the primary intention of explaining the nonlinearity existence in early stage

SD.
2.4 Thin Film Theory

Unlike crystallization from solution, the formation of thin film is explained by grain
theory. In this section, current theories relating to grain growth are introduced. Metals,
alloys, ceramics and biominerals are composed of polycrystalline grains. The size of each
grain varies from the submicrometer to the macroscopic scale. The size and orientation of
grains influences the physical properties of polycrystalline materials. Unlike dissolution
and molecular diffusion within a diluted solution phase, which can be explained by CNT,
grain growth occurs by the movement of grain boundaries within the condensed matrix
phase. Parameters such as molecular diffusion rate, stresses at the phase boundary, and
heterogeneous nucleation decide the growth rate of grains.

With regard to the nucleation of grains, nuclei are formed via a growth into spherical

islands where surface tensions are isotropic. At equilibrium, this relationship stands as:
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]/sg =7/sl+7/lgcosg
where 7, 7, and y,, are the surface tensions between solid and gas phase, solid and

liquid phase, and liquid and gas phase, respectively. @ is the contact angle of a nucleating
phase (assuming nuclei are liquid-like) on the solid surface.
In the next step, molecules have to transport across the boundary to enter the

nucleating phase. Generally, the rate of nucleation G can be written as:
T
G =G, exp(- 7)

where G, is the steady-state rate of nucleation and r is the induction time. 7 can be

written into various equations and is a parameter of interfacial energy, molecular density
of particles, initial concentration, diffusion coefficient of solute, and the free energy

change per unit volume of nucleating phase change.

When the grain size is sufficiently large, crystallography has to be considered to
minimize the surface and interfacial energies. In this regard, nucleation prefers those
routes that minimize the free energy of a thin film, whilst the free energy depends on the
nature of the material, the grain size, and the anisotropy of the substrate. Importantly,
grain orientation is unnecessary to be that of bulk materials and it is changeable during

the nucleation and growth process.

A simplified model starts from two neighboring grains with radii 7, and r, (7, >r,)
respectively. The driving force Au for the growth of grain 1 and the shrinkage of grain 2

per molecular volume v is as follows:

A_ﬂzzy[l_Lj
v " 8

The velocity of boundary motion u, is proportional to the driving force Au times the

mobility of grain boundary M :

Uy = ZyVM(l—l)

L on

Practically, there are many grains with a wide size distribution within polycrystalline

materials. An ideal method should include the size and number distribution of grains
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surrounding a certain one. Experimentally, the rate of grain growth u follows an
empirical law
u@®)" —u(0)" =at
where « is a constant for describing grain growth and the index number m is generally
expected to be a value of 2.
Hillert applied coarsening theory to grain growth in both 2D and 3D systems.* He
argued that growth rate of an individual grain is given by

du 1 1
— My, (———
dt yh(r r)

where 7" is the critical radius of grain. The value of " is equal to the average radius r

9- . . .
and gr for 2D and 3D systems, respectively. y, is the average grain boundary energy per

unit area of the grain boundary. Importantly, this equation states that grains larger than »°

will grow whilst those smaller than »* will shrink and disappear finally.

To precisely understand the grain growth in thin film systems, two situations must be
considered. First of all, real thin films are not 2D systems; in addition, thin films have
surface factors, which depend on the orientation of grains. A theory of grain growth in
thin films incorporates the anisotropic factor of surface energy by combining the

macroscopically energetic arguments with coarsening theory:

%:MF(A 7).,y [;_lﬂ
dt h ror

where u_ is the rate of grain growth, 7 is the average grain radius, % is the thickness of
the thin film, » is the average grain boundary energy, y, is the surface tension of the
grain being considered and y, is an average surface tension as a function of grain

orientation distribution, relative to the orientation of the substrate.*** In short, the rate of

grain growth u_ within thin films from the above equation contains not only the size

effect from the size distribution of grains but the surface tension compared to the average

surface tension of a thin film.
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3. Methods of Characterization

3.1 Microscopy Techniques

3.1.1 Optical Microscopy

Optical microscopy (OM) can magnify samples small in size by using uses a series
of lenses with light as a source. It is an inexpensive microscopy technique and
instrumentation is not complex, as compared to electron microscopy or force microscopy.
There are many kinds of OM techniques, including phase contrast microscopy, polarized
optical microscopy (POM), fluorescence microscopy, stereo microscopy, and reflected
light illumination, which can satisfy various research requests. In addition, the
combination with charge-coupled device cameras and a convenient data reading on the
computer screen simplifies the data collection process. Therefore, modern microscopy
techniques can find extensive applications in materials, pharmaceutical, and medical

science as well as biotechnology.

Specimen Intermediate Image

<1l ]

/

e s A | R

Camera
FO Ft box

Fig. 3.1.1. Optical path of an infinity-corrected microscope. F is the focal length of the
objective and F; is the focal length of the tube lens.

The basic OM mechanism is very simple in principle. The optical system contains
three key lenses between the object plane and imaging plane. Fig. 3.1.1 illustrates the
mechanism of a representative infinity-corrected microscopy system. The specimen is
located at the focal point of the objective. Therefore, a parallel light passing through the
objective is obtained between the objective and the tube lens. This area is also named as

the infinity space, which can be used to input some functional accessories such as
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polarizers or retardation plates. After passing through the tube lens, parallel light begins
to gather at the focal point, where the intermediate image is obtained. The magnification
of the objective in an infinity optics microscope is defined as the ratio of focal length of

the objective £, and that of the tube lens £ . Images can be obtained visually or through a

camera box.

POM is a contrast enhancing technique, which can improve imaging quality of
birefringent materials. Therefore POM can find wide applications in scanning specimens
with optically anisotropic properties, such as minerals, ceramics, polymers, and
biomacromolecules. POM techniques have also found new applications to target
anisotropic assemblies in biological studies.

POM uses a polarized light as a source. In a polarized light, the electric field vector
is restricted to one plane. In contrast, the electric field vectors of non-polarized lights
vibrate in all directions perpendicular to the light propagation direction. To obtain non-
polarized light sources, a filter (polarizer) is always needed to block light elements from
the other planes in non-polarized lights. Polarized lights are sensitive to the anisotropic
property of materials.

Materials can be separated as being isotropic or anisotropic, based on their optical
properties. Isotropic materials demonstrate the same optical properties when a light goes
through them from any direction, which means that they only have one refractive index
n . Isotropic solid materials include glassy materials and cubic crystals. Anisotropic
materials, however, have at least two refractive indices, showing different optical
properties by varying the incident light with crystallographic axes. Around 90% of solids
belong to anisotropic materials. Anisotropic materials can split lights into two orthogonal
components with different velocities, namely the ordinary and extraordinary ones. This

phenomenon is defined as birefringence B, which can be written as:

B= ‘nhigh —n,,

The POM technique features the interference of two components in polarized light
since the two components reunite after passing through anisotropic materials along the
same optical path (Fig. 3.1.2). Two polarizers are always used together in POM. The first
polarizer is located before the specimen, producing polarized light. When the polarized

light enters the birefringent material, it splits into two individual and orthogonal
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components. These two components finally enter the second polarizer (analyzer) and
recombine with constructive or destructive interferences. If both the thickness d and the
birefringence of the sample are known, it is possible to quantitatively calculate the
retardance R, which is shown as the degree of phase shift as follows:

R=dB

Objective

Polarizer A Polarizer B

\//

Fig. 3.1.2. The schematic figure shows the principle of POM technique. Black lines represent the
incident and the recombined lights; red and blue lines show ordinary and extraordinary waves,
respectively.

3.1.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was invented by Gert Binnig and others in 1986.**
Since then, it has become an impacting technique in material and biology science as well
as in nanotechnology. Generally, AFM works by scanning the sample with a mechanical
probe (Fig. 3.1.3A). A cantilever with a sharp tip scans the sample surface. The tip is
made by Si or Si3N4 with its radius on the order of nanometers. When the tip is close to
the sample, there are interactions between the tip and the sample surface. Consequently,
the force between the sample and tip deflects the cantilever according to the Hooke’s law
(Fig. 3.1.3B). The deflection is magnified by corresponding deflections of the laser beam,
the signal of which is captured by a photodiode detector for calculation. AFM mainly has
three classical operating modes as follows.

Contact mode is characteristic for the close distance between the sample and tip (Fig.
3.1.3B). Therefore, the force observed is repulsive. During the measurement, the force is

kept constant, which is maintained by changing the distance between the sample and tip
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from the deflection of the cantilever. The relationship between the force F and the
deflection x can be described by the Hooke’s law:

F =—kx

| Detector and Feedback Electronics| A Force B

o Laser

A i
' l ___—+ Tapping zone

Tip to surface distance

Catilever & Tip
Sample Surface

—

Fig. 3.1.3. Image A is the schematic diagram of AFM. Image B indicates the relationship between
the scanning mode and the range of forces.

Non-contact mode works in the attractive zone, where the attractive forces are
several orders of magnitude weaker than the repulsive forces (Fig. 3.1.3B). Therefore, the
amplitude of oscillation in non-contact mode is just a few tens of angstroms, and stiff tips
are preferred to escape from being pulled into the sample. Non-contact mode builds the
relationships between the resonance frequency of the cantilever and the topography of the
sample. Changes in the resonance frequency of a cantilever can be used to measure the
changes in the force gradient, which reflects the distance between the surface and tip.
Therefore, the topography is obtained by scanning the whole surface. In non-contact
mode, the resonant frequency or vibration amplitude of the cantilever is kept as constant
by using a feedback from a loop system. The topography of the sample is obtained by
moving the scanner up and down when it is scanning across the sample.

In both of the above modes, the tip is more sensitive to the topography of the surface
when the forces between the tip and the surface increase. However strong forces will
perturb the surface, which is a severe problem in detecting the soft biological materials.

This problem has been overcome by using tapping mode. It allows scanning of samples
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which are easily damaged or stay loose on the substrate. The high frequency (50-500k
Hz) and sufficient oscillation amplitude (usually ~20—-100 nm) greatly reduce adhesion
forces between the tip and sample. In addition, the vertical oscillation minimizes sample
damage. In tapping mode, interactions between sample and tip fluctuate between being
repulsive and attractive (Fig. 3.1.3B). When the tip goes near to the sample, van de Waals
forces, dipole-dipole interactions, and electrostatic forces decrease the oscillation
amplitude. Using a feedback circuit, the oscillation amplitude is kept constant by
changing the distance between the tip and sample. Therefore, the oscillating force is
mapped during scanning. Tapping mode is so gentle that it works well for scanning
polyelectrolyte chains several &ngstréms in height.*’

Tapping mode can work in air as well as in fluid. Since fluids tend to decrease the
resonant frequency of the tip, the oscillation of the entire fluid cell drives the oscillation
of the cantilever. The frequency is in the range of 5,000 to 40,000 cycles per second and
very soft cantilevers are preferred for scanning with tapping mode. The combination
between tapping mode and fluid devices provides an excellent opportunity for in-situ
observation of soft materials without dehydration and crystallization in solution. The
fluid is changeable and it is easy to control parameters such as temperature, concentration
of solute and inert salts, etc. AFM is indeed unique in providing in-situ and continuous
scanning (another choice is the combination of TEM and fluid cell), even there are
technical problems such as the fragility of crystals and the fixation of substrate.

AFM is advantageous compared with OM and electron microscopy for several
reasons. Primarily, AFM can operate with a high resolution in vacuum, air, and fluid
environments. The lateral resolution is on the nanoscale and the height one is as precise
as 0.1 nm. Secondly, there is no perturbation during the measurement. Crystals grow
without feeling the existence of the tip, and a series of continuous pictures can be
recorded per second. Last but not the least, AFM needs no special sample pretreatments
such as coatings and drying, and the scanning can proceed under ambient conditions.
However, there are still several drawbacks. Firstly, the time resolution is still not good
enough for detecting fast processes. In addition, AFM cannot measure surfaces with steep
walls. AFM may also give artifacts during measurements, due to thermal drifts or

incorrect choices of tips.
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3.1.3 Scanning Electron Microscopy

The size resolution in scanning electron microscopy (SEM) is highly improved
compared with OM and it is possible to measure samples over a wide range of
magnifications (e.g. between 10 and 500,000). SEM is very simple in principle. A fine
beam of electrons is thermoionically emitted from the electron gun to the sample surface.
The beam scans across the sample surface with energy of 540 keV and each spot has a
diameter on the nanoscale. When the electron beam hits the sample surface, the scattering
and adsorption of electrons from the sample decrease the electron energy, resulting in an
interacting thickness from hundreds of nanometers to several micrometers. Interaction
strength depends on the initial electron energy, the elemental composition, and the
sample density. The magnification of the image depends on the electron spot size on the
sample surface. The secondary electron signals are captured by a detector and are used to

create images of the current distribution (Fig. 3.1.4).

Gun

Coils

Detector

Sample

Fig. 3.1.4. The schematic figure shows the components and the mechanism of SEM. The whole
system is in vacuum.

Practically, the sample surface must be electrically conductive. Non-conductive
samples are normally coated with a thin layer of conducting material (e.g. gold or
platinum) before SEM scanning. SEM has wide applications and can display 3D

appearance of samples with a certain thickness. Special techniques, such as cryo-SEM
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and environmental SEM, are designed to scan soft samples, such as biomacromolecules

and polymers.
3.2 Small-angle Neutron Scattering

Small-angle Neutron Scattering (SANS) is one of three commonly used scattering
techniques, alongside light scattering and small angle X-ray scattering. Using a neutron
beam as the source, SANS is used to analyze non-crystalline materials and provides
information regarding composition, shape, and structural size over the 10-10* A range.
Therefore, SANS is a popular characterization technique in the polymer, nano, biological,
material, and colloid sciences.

When a neutron beam is introduced into the instrument, a velocity selector can
choose neutrons with a certain wavelength to pass through (Fig. 3.2.1). Then, a series of
collimators produce a parallel beam, which passes through the sample. During the
interactions between the beam and sample, some neutrons are absorbed and others are
scattered. A detector, located behind the sample, collects the scattered neutrons. In SANS,
only coherent elastic scattering is of interest, which contains information of intra- and
inter-particle interactions. The contributions from incoherent and inelastic scattering stay
in the background and are subtracted before data analysis. The analysis starts from
counting the flux of the scattered neutrons /' and comparing it with the incident beam

density /. The scattering vector g is the modulus of the incident wave vector s and

scattered wave vector s'. The structural size z is easily derived from the following

equation z=27/q , which makes a quick judgment for the structural size from the
I(g) ~ g curve.
The scattering vector ¢ is also defined by the modulus of the incident wave vector s

and scattered wave vector s'. The scattered flux /' is expressed in the following way:
1=10s17, 2%
oQ

where [ is the incident flux, Q is the solid angle, ¢ is the detector efficiency, 7' is the

sample transmission, ¥, is the beam volume, and Oy /0Q is the differential cross

section. The first three items are instrumentally specific and the other three are sample
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dependent. Compared with the first five straightforward parameters, the term oy /0Q2

needs special treatment and extensive analysis. It can be written into the following way:

oy N
8_9 =7p(,0p —Po)szzp(f])S(f])

where N, /V is the number density of the scattering body, (p, —p,)’ is the contrast

factor (the square of the scattering length density difference between the studied materials

and medium), V, is the volume of one scattering body, and P(g) and S(g) are the shape

and structure factor, respectively. The concepts of (o, — 2,)° s P(q), and S(q) are going

to be introduced separately in the following paragraphs.

Velocity Selector Collimators

Sample

Detector

Beam h ] \
\

Fig. 3.2.1. Schematic diagram of a typical SANS instruments.

Scattering bodies often contain different components. The contrast in SANS is
different from that in small angle x-ray scattering, where the contrast comes from the
difference of electron density. Each elements interacting strongly with neutrons have

different scattering length densities p (Table 3.2.1). Another important point is that

different isotopes have different contrasts. For example, hydrogen and deuterium have
very different scattering lengths, based on which the contrast matching method is

designed.

Table 3.2.1 Some examples of scattering lengths of atomic nuclei
Atomic Nucleus 'H D C N O S Ti
Scattering Length (fim) -3.741 | 6.671 | 6.646 | 9.362 | 5.803 | 2.847 | -3.438
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An introduction to the contrast matching method. In a model three-component
system, where components A and B are mixed in a solvent C, A and B have different
contrasts but only the mixed SANS information from both A and B is acquired by using a
deuterated C. However, the contrast between A and C disappears by using a certain ratio
of the protonated and deuterated C. In this regard, information from B can be obtained
separately. Similarly, information from A can be obtained when the contrast between B
and C disappears. The contrast matching is a key method for understanding interactions
and structural details in multi-component samples, which cannot be analyzed by other
ways.

The term P(g) arises from intra-particle interactions and describes how the scattering
is affected by the size and shape of a scattering body. Various expressions for different
shapes can be deduced from a general form of van de Hulst’s equation.”® For one

scattering body, P(g) has the following form:

P(q) = [ p(g) (e )dg
where g is the vector from the scattering center to the one integrating particle within the

scattering body. The form factor of one scattering body is obtained by integrating all
particles within the body. Practically, the data analysis starts from fitting the experimental
data with a model for possible structures of scattering bodies. If the model does not fit
well, it will be replaced by another one. The above process is repeated until a model with
a good fit is found out.

As for dilute systems, just considering P(q) is enough. However, the S(g) term

must be considered in concentrated systems where the collision chance between

scattering bodies is not omittable. S(g) can provide information such as the ordering and

position of scattering bodies. It is a function of the inter-particle interactions, and as such

can be defined as:

S(g)=1+ ZN:<e—iq(g1—gz)>

a#b

where g, and g, are vectors from the scattering centre to the centre of the scattering

bodies 1 and 2, respectively.
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SANS requires a neutron source, either from a nuclear reactor or from an accelerator
based spallation source. Therefore, SANS measurements are only feasible at large scale
facilities. Furthermore, expensive deuterated solvents or chemicals are needed, which

consequently elevates the cost for SANS measurements.

3.3 Ultracentrifugation

Analytical ultracentrifugation (AUC) was developed by Theodor Svedberg in 1923.
Later, Edward Greydon Pickels introduced vacuum systems into ultracentrifugation to
decrease the friction. Generally, ultracentrifugation can be divided into two types: AUC
and preparative ultracentrifugation. The preparative technique is mainly used for
separating components in colloidal or biological systems. AUC is monitored by an
optical detection system for measuring the molecular weight of polymers as well as the
size and morphology of colloids. Sedimentation velocity and sedimentation equilibrium
experiments are two types of AUC measurements. During the course of the research
presented in this thesis, sedimentation velocity measurements were performed, providing
both a sedimentation and diffusion coefficient. The size and morphology of colloids as
well as the interactions between colloids can also be obtained from the data analysis.

When the solute particles move at a constant velocity u , three forces are equilibrated

(Fig. 3.6). The centrifugal force F, is proportional to the particle mass m and

acceleration, the latter of which is determined by its distance to the axis of rotation » and

the square of the angular velocity @, . These parameters allow measurement of
sedimentation velocity and are written as follows:

F =mw,’r
The buoyant force F, has a similar description, where replacing mass of particle m is
replaced with mass of solvent with the same volume m,; :

F, =mo’r
The relationship between m, and m is described as:

m,=my p,
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where Vv i1s the partial specific volume and p, is the density of the solvent. If the density
of the solvent is lower than that of the particle, F, is larger than F,. Consequently, the

combined force brings particles in the direction far away from the rotation center and
sedimentation happens. When a particle is moving, it has to overcome the frictional

force F, , which is proportional to the velocity u and the frictional coefficient f :
F, = fu
Both £, and F, act on the particle towards the direction to the rotation centre. After very
short time, the particles moves at constant velocities and the three forces come into
balance:
= 2
F+F,+F,=0o0r m(1-vp)or— fu=0
Rearranging the terms for the particles on one side and those from the measurement on
the other side, the above equation can be rewritten as follows:

m(l-=vp) _u o

f o’r

where se is the sedimentation coefficient and depends only on the properties of particles

instead of measuring parameters. Molecules or colloids with different molecular weight,
size and morphology have a different se . Experimentally, se is determined by

measuring u .

b r Ffou

. 2
F, =muor

_ 2
F =mao’r

Fig. 3.6. The left figure is the schematic setup of a sedimentation measurement. The right figure
shows the forces acting on the solute particle within the solution.

Solution
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Because of the existence of a concentration gradient, diffusion begins to increase to
counteract the sedimentation process. The diffusion coefficient D is determined by the
rate of boundary spreading, which can be written as follows:

RT
D=
NS

Combining the equations defined for se and D, the frictional coefficient f is eliminated

as:

se M (1-vp,)
D RT

where M is the molar mass of solute. The above equation is also named the Svedberg
equation. If the density of the particle is known, the size of the spherical particle r, is

measured by using the following rearranged Svedberg equation:

r, = 187s
Py~ Ps
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4. The DL-Glutamic Acid—Polyethyleneimine—Water—EtOH

Systems

Abstract

The use of polymeric additives can induce complex phenomena during
crystallization or precipitation processes in many cases. Therefore, understanding the
phase diagram of a model precipitation system can provide a more complete picture for
the understanding of the precipitation. Herein, the development of a quaternary phase
diagram for the DL-Glutamic acid (Glu)—polyethyleneimine (PEI)-water—EtOH system is
introduced. The tuning of two system parameters, namely GIlu/PEI (w/w; ¢) and
EtOH/water (v/v; &) was investigated with the aim of understanding how the use of the
PEI additive effects Glu precipitation. Precipitates, coacervates, or homogeneous
mixtures were observed in sequence as a result of decreasing ¢ from 9/1 to 1/10. The
phase diagram of coacervation systems are then presented by constructing three
representative ternary phase diagrams by keeping ¢ or A as a constant. The volume
fractions of coacervates were measured by centrifugation, and their composition was
determined by nuclear magnetic resonance spectroscopy (NMR). The results presented
herein indicate that the formed coacervates are thermodynamically stable, distinguishable

from the metastable polymer-induced liquid precursor (PILP) phase.
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4.1 Phase Diagram and Composition

4.1.1 Introduction

Evidence in biomineralization and crystallization indicates the existence of
.. ) 51,
precursors. Among these precursors, there are three promising ones: amorphous phase,

2 22,2
5 clusters,™ 3

and polymer-induced liquid precursor (PILP)."” The concept of PILP was
put forward initially by Gower et al.'” PILPs are formed when CaCOs is crystallized in
the presence of pg-ml™” amounts of a polyacid (e.g. polyacrylic or polyaspartic acid). A
special feature of crystallizations passing through a PILP route is that crystallization can
occur directly within the PILP phase. PILP has also been found in other inorganic
materials such as Ca5(PO4)3(OH),53 SrCOs5,>* and BaCO;5.* % Although PILP is a very
promising precursor for preparing complex crystalline forms, the understanding of their
formation and transformation into crystalline materials is poorly described because they
crystallize upon centrifugal isolation. In addition, the phase composition and possible
structure of the PILP phase remain as yet unexplored. In search of a more suitable model
system, the Colfen group has extended the PILP approach to organic systems including
amino acid/polyelectrolyte™ and pigment/copolymer.”’ As the sizes of organic molecules
are larger than that their inorganic counterparts, the lattice energy of organic crystals is
generally lower. Therefore, the crystallization tendency is lower, which allows for the
isolation and investigation of the resulting organic PILP phase.

Interactions between polyelectrolytes and oppositely charged NPs,”® metal ions,” or

61
and

(macro)molecules including organic molecules,” surfactants,”’ proteins,
polyelectrolytes® are known to produce coacervates, homogeneous mixtures, and
precipitates. Different phenomena are proposed to depend on system stoichiometry and
interaction strength between the oppositely charged items. For example, a highly
hydrated homogeneous mixture is obtained in the protein-polyelectrolyte solution when
the volume ratio of protein is low in the complex, whereas coacervates are obtained when
the complex net charge is near to zero; precipitation happens when the volume ratio of

protein is high, and the electrostatic interactions are very strong.”’ The interactions

between proteins and polysaccharides have also been extensively investigated in aqueous
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solutions via the control of pH, inert salt concentration, and temperature.”* As such the
formation of coacervates can be divided into two steps: a primary formation of complex
structures and a secondary aggregation into a continuous phase.®

The work presented herein is the continuous study of organic PILP systems for the
understanding of their phase diagram and composition. The construction of phase
diagrams for a quaternary DL-Glutamic acid (Glu)—polyethyleneimine (PEI)-water—
EtOH system by changing Glu/PEI (w/w; ¢) and EtOH/water (v/v; A) is presented and
discussed. It is of special interest to see how the values of ¢ influence the existence of
precipitates, coacervates, or homogeneous mixtures, and the physical properties of the
coacervates. The ternary phase diagram is then investigated at constant values of @ or A to
clarify the coacervation zone in each case. The composition of coacervates is finally
examined by nuclear magnetic resonance spectroscopy (NMR). The systematic study of
the above quaternary system indicates that thermodynamically stable coacervate phase

must be distinguished from the metastable PILP phase.

4.1.2 Phase Diagram of Glu-PEI-water—EtOH systems

The corresponding phase diagrams for the investigated systems are determined by
three standard steps. First, a series of aqueous solutions with various (Glu+PEI) weight
fractions were prepared at a constant ¢. Then the titration of an aqueous solution with
EtOH was performed to determine the critical value of A in each solution. Finally, the
phase diagram was obtained by calculating the mass ratio of each component in the
quaternary mixture.

For the model Glu-PEI-water-EtOH systems, precipitation (Fig. 4.1.1B),
coacervation (Fig. 4.1.1A), or the formation of a homogeneous mixture can be observed
according to the altering the value of ¢ and A. The relationship between the phase
behavior and the value of ¢, when A = 9, indicates that coacervation occurs, when ¢ is
between 2/1 and 1/5 (Fig. 4.1.2). When ¢ is higher than 2/1, the precipitation of Glu
happens over a wide range of A as EtOH is a non-solvent for Glu. A homogeneous
mixture is observable when ¢ is equal or lower than a value of ~1/5 to 1/6. The boundary
line also depends on the value of A and the mass fraction of (Glu+PEI). It is proposed that

the branched PEI component can form Glu-PEI complexes and provide Glu molecules
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protection from precipitation in the water-EtOH mixture. Coacervation occurs when Glu
can form stable complexes with PEI in the quaternary mixture. Coacervate is a phase rich
in Glu-PEI complexes and is in equilibrium with a supernatant phase. Homogenous
mixtures are formed by using the aqueous solution with high values of ¢, as PEI is
miscible in EtOH and water. In the quaternary mixtures by using high values of ¢, PEI
cannot provide enough protections for Glu from being precipitated out. Therefore, the

precipitation of Glu happens.

200 um

Fig. 4.1.1. Image A shows the existence of coacervate phase in the water-EtOH mixture. Image B
shows a representative image of Glu precipitates.

Precipitates Coacervates Homogeneous Mixtures
L1 [ >
[ [

? 3/1-2/1 1/5-1/6

Fig. 4.1.2. The relationships between the values of ¢ and the phase behavior (A =9).

As it is not straightforward to observe quaternary phase diagrams, three ternary phase
diagrams were drawn to illustrate the phase behavior of the quaternary system by keeping
¢ at 2/1, 1/2 and 1/5, respectively (Fig. 4.1.3). To obtain the coacervate as a
thermodynamically stable phase, another route was applied for the preparation of
samples. By mixing Glu powder and PEI directly in a water-EtOH mixture, the volume
and composition of coacervates were in fact the same as those from the standard stepwise
sample preparation. Since coacervate can be obtained from different routes, it is treated

as a thermodynamically stable phase.
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All three phase diagrams for the prepared system show the similar behavior (Fig.
4.1.3). With an increase in (Glu+PEI) weight fraction, less EtOH weight fraction is
needed to induce the coacervation process in the case of the homogeneous mixture. The
weight fraction of water increases first, followed by a decrease during the increase of
EtOH weight fraction. The main difference among three diagrams is the various critical
values of EtOH weight fraction. Interestingly, only a ~0.2-0.6 EtOH weight fraction is
needed to induce coacervation (Fig. 4.1.3A). However, the value has to be increased to
~0.4-0.8 and ~0.5-0.9 when ¢ is 1/2 (Fig. 4.1.3B) and 1/5 (Fig. 4.1.3C), respectively.
Compared to PEI in the quaternary mixture, using @ = 2/1 aqueous solutions, a relatively
large amount of PEI in the quaternary mixtures by using ¢ = 1/2 or 1/5 aqueous solution
can provide more protection for Glu-PEI complexes and stabilise them in the water-EtOH
mixture. Therefore, EtOH weight fraction has to be increased to a higher value to cause

the coacervation of Glu-PEI complexes in the latter solutions.

10 ;. 0o ap™ opn

02 4 04 05 08 10 0B 0.2 0.4 0.8 0.8 1.0 02 0.4 05 08 10
(G i+PEI) weight fraction ({Glu+PEI) weight fraction {Glu+PEI) weight fraction

Fig. 4.1.3. Three images are ternary phase diagrams with ¢ at 2/1 (image A), 1/2 (image B) and
1/5 (image C). Coacervate exists below the boundary line, whilst the homogenous solution stays
above. The dashed line in image A is the solubility line of (Glu+PEI) in aqueous solution.

Then, the physical properties of coacervates including their volume and composition
are investigated. Both the volume of coacervate and quaternary mixture can be
conveniently read on the vessel for the calculation of the volume fraction of coacervate,
indicating a linear relationship between the volume fraction of coacervate and the weight
fraction of (Glu+PEI) in each quaternary mixture by keeping constant values for both ¢
and A (Fig. 4.1.4A-C). The EtOH effect was systematically investigated by diluting the

same aqueous solution with various volumes of EtOH (Fig. 4.1.4D). The volume fraction
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of coacervate can be as high as ~0.7 near to the critical value and decreases linearly upon
the addition of EtOH.

Coacervate formation was observable by the naked eye, such that by mixing
concentrated aqueous solution with EtOH at high values of A, the transparent and
continuous coacervate phase was formed within a matter of seconds. On the other hand, a
turbid mixture was obtained by mixing the diluted aqueous solution with a large volume
of EtOH. Such a turbid mixture can take from hours to days to precipitate into a small
volume continuous phase. The kinetics of the coacervation process for the presented
systems can then be separated into two key steps in sequence: the formation of
coacervates, and their merging into a continuous phase. The occurrence of these two

separate processes is a common phenomenon in coacervation processes.”
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Fig. 4.1.4. Images A-C show the relationships between the volume fractions of coacervate and
the weight fractions of (Glu+PEI) in each quaternary mixture. Image D indicates that the volume
fraction of coacervate is decreasing with the increase of EtOH weight fraction (composition: Glu
wt% = 30 and PEI wt% = 15 with water as solvent).
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4.1.3 The Composition of Coacervates & Supernatants

The coacervation process not only accumulates the solute into the coacervate phase,
but changes the values of ¢ in both phases from the initial one. Therefore, the
compositions of coacervates and supernatants were measured by NMR to determine the
values of ¢ in each phase. The NMR data analysis is based on the peak ratio of y-CH; on
Glu and the broad peaks of PEI (Fig. 4.1.5A). Firstly, a series of Glu-PEI aqueous
solution with various ¢ values were measured to obtain a standard calibration curve,
which shows the relationships between the peak ratio and ¢ (Fig. 4.1.5B). Then, the peak
ratios from coacervate and supernatant were measured separately and calculated to
determine the composition of both phases.

Four series of experiments were performed to understand how (Glu+PEI) mass
fraction affects the composition of coacervate and supernatant by varying the values of ¢
or A. The results are summarized in Fig. 4.1.6. In Fig. 4.1.6A-B, it is clear that the
composition of coacervate and supernatant stays nearly constant during the change of
(Glu+PEI) mass fraction. Interestingly, the values of ¢ in the supernatant are slightly
higher than those found in the coacervate. The similar results were observed in Fig.

4.1.6B, where A= 5.
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Fig. 4.1.5. Image A is an example of NMR result of Glu-PEI mixture in D,0. The inserted image
is the formula of Glu, where three kinds of hydrogen on the main chain of Glu are designated.
Image B shows how relationship between ¢ and the ratio of peak areas of the broad peak on PEI
and the peak belonging to y-CH, on Glu.

To examine the effect of solvent composition, an aqueous solution at ¢ = 2/1 was

mixed with different volumes of EtOH (Fig. 4.1.6C). The values of ¢ in both phases were

_43 -



found to stay on the similar level, suggesting that for the ¢ = 2/1 sample, dilution by
EtOH has no effect on the values of ¢ in the range of A values investigated, and the
compositions of both phases are relatively constant. Again, ¢ in the supernatant was
found to be slightly higher than that in the coacervate.

The values of ¢ in coacervate and supernatant phases can be varied by changing the
values of ¢ in the aqueous solutions. A series of aqueous solutions with ¢ = 1/2 were
used to examine how the solute concentration affects the compositions of coacervate and
supernatant (Fig. 4.1.6D). The values of ¢ in the supernatant and coacervate were
observed to decrease with the increase of (Glu+PEI) weight fraction. This is different
from Fig. 4.1.6A-C, where the values of ¢ in the coacervates are higher than those in the
supernatants. In addition, the decrease rate of ¢ in the supernatants is higher than that in

the coacervate with the increase of (Glu+PEI) mass fractions.
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Fig. 4.1.6. Four figures show the relationships between the (Glu+PEI) mass fractions and the
values of @ in supernatant and coacervate phases. Data in the red and black lines represent the
results from coacervates and supernatants, respectively.
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After knowing the values of @ in coacervate and supernatant, it is necessary to know
the solute mass distribution in both phases. Therefore, solid masses in a coacervate and
supernatant after solvent evaporation were measured. The (Glu+PEI) mass fractions in
the coacervate phase were found to grow as a result of an increase in the initial (Glu+PEI)
mass fraction of the aqueous solution. For example, 94 wt% of the solute goes to the
coacervate phase when (Glu+PEI) mass fraction is 0.302 in the aqueous solution, whilst
the value drops to 62 wt% when using an aqueous solution with (Glu+PEI) mass fraction
at 0.129 (AL = 1 in both cases). Increasing the value of A also brings slightly more solute
into the coacervate phase. For example, 95.1 wt% solute goes to the coacervate phase
when A is 5 compared to 94.0 wt% with A = 1 ((Glu+PEI) mass fraction = 0.302; ¢ = 2/1).

Coacervation is a densification process and can produce a coacervate rich in solute,
such that the coacervate phase can take up to 96 wt% initial solute. Importantly, it is not
necessary that the value of ¢ in the coacervate is higher than that in the supernatant. A
possible explanation is that the solute-diluted supernatant can tolerate the higher ¢ than
the solute-concentrated coacervate. However, this phenomenon appears in a very narrow
¢ range, and the values of ¢ in the supernatant are lower than those in the coacervates
when the value of ¢ in aqueous solution is lower than 2/1. The ¢ difference in both
phases again disappears when the homogenous mixture is obtained by using an aqueous
solution with ¢ = 1/7. Considering that the precipitation of Glu happens in the quaternary
mixture by using aqueous solutions at the values of ¢ higher than 3/1, the values of ¢ in
the PILP phase can be lower than those in the supernatant.

In short, we provide the phase behavior of a quaternary Glu-PEI-water—EtOH
system. The presented model system is used to aid a description of interactions between
the target molecules and oppositely charged polyelectrolytes, and in turn how this
interaction influences the phase behavior of such a quaternary system. It is found that
these interactions can effectively be tuned by varying Glu/PEI w/w and water/EtOH v/v,
resulting in precipitation, coacervation or the formation of homogeneous mixtures.
Coacervation is observed to occur over a wide range of Glu/PEI with various volumes,
and the composition of coacervates is characterized by NMR. Different from metastable
PILPs in the precipitation of Glu, coacervate is a thermodynamically stable phase rich in

solute.
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4.2 DL-Glutamic Acid-Polyethyleneimine Aqueous Solution

Abstract

The complexes between ions and polyelectrolytes have been attracting extensive
research interest as they play key roles in understanding crystallizations and
precipitations with charged polymer as additives. This case study presented herein is
aimed to understand pre-existing DL-Glutamic acid—polyethyleneimine (Glu-PEI)
complexes in aqueous solution, which are then applied for Glu precipitation via mixing
with a non-solvent (e.g. EtOH). Two samples with values of Glu/PEI (w/w; @) at 5/1 and
9/1 were investigated by using small-angle x-ray scattering (SAXS), atomic force
microscopy (AFM) and &-potential. SAXS analysis indicates the coexistence of Glu-PEI
complexes and isolated Glu molecules as well as provides morphological and complex
size information. AFM imaging indicates the coexistence of isolated and aggregated
complexes. Both techniques provide consistent values for the size of such isolated
complexes. Aggregated complexes observed by AFM are attributed to the low surface

charges, as demonstrated by &-potential measurements.
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4.2.1 Introduction

Complexes between polyelectrolyte and oppositely charged ions,”® molecules,®

6061 and colloids™® can provide rich phase behavior. Solid precipitates,

macromolecules,
coacervates, or homogeneous mixtures are obtained by tuning parameters including
temperature, pH value, inert salt concentration, molar ratio of oppositely charged
molecules.®”®® As such complexes are always at nano- to micro-scale, scattering,® cryo-
transmission electron microscopy (TEM),” and atomic force microscopy (AFM)™ fit the
relevant scales of the systems, and can provide the information such as the size and
morphology. Furthermore, to understand the structural details is the key to predict the
properties of complexes. Therefore, questions such as the conformation of polyelectrolyte
and how the oppositely charged items interact with each other need to be answered (e.g.
do the oppositely charged items exist as being isolated, randomly or orderly aggregated?).
Several techniques need to work collaboratively to answer these questions. In sodium
polystyrene sulfonate—lysozyme complexes, the structural information of either item is
obtained by contrast matching in small-angle neutron scattering (SANS),*” and the
conformation of proteins can be clarified from infrared spectroscopy® and circular
dichroism spectra.”’

Importantly, the complexes in solution play roles during the formation of precursors
in biomimetic synthesis. Among polyelectrolytes, anionic ones are of particular interest
because they interact with inorganic ions such as Ca®" and Mg*". Similarly, proteins
involved in biomineralization are rich in glutamate and aspartate residues.”” Several
plausible hypotheses have been put forward to understand the multiple roles of
complexes during the biomimetic crystallization. For example, amorphous CaCOs with
controllable sizes can be obtained by tuning the Ca” -poly(acrylic acid) (PAA)complexes
and the introduction time of CO,.” In this case, the Ca®" sequestration by the Ca’"-PAA
complexes induces a local supersaturation of CaCOs, and the nucleation of CaCO;
happens by using complexes as nuclei. In addition, the Ca’-PAA complexes also
stabilize CaCOs in an amorphous form. Another mechanism suggests that amorphous
CaCO; comes from polymer-induced liquid precursor (PILP).”* 7 PILP route is

advantageous for producing structures with complex morphologies. The PILP concept
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has been extended to amino acid and oppositely charged polyelectrolyte systems.’®
However, the phase behavior of the initial complexes between oppositely charged items
during a crystallization process is seldom investigated.

This section is designed to detect the existence of DL-Glutamic acid—
polyethyleneimine (Glu-PEI) complexes and to understand their structural details. The
coexistence of molecules and Glu-PEI complex was proved by SAXS. In addition, the
structural details of complexes were characterized by AFM, SAXS, &-potential, and
SANS. Understanding complexes in the aqueous solution can shed light on Glu

precipitation with PEI as an additive.

4.2.2 Results

First, the relationship between ¢ and the pH value is investigated. Fig. 4.2.1A shows
that the pH value increases with the growth of PEI mass fraction when the Glu mass
fraction is constant at 0.02. In addition, the pH value increases with the increasing
(Glu+PEI) mass fractions by keeping ¢ as a constant. When ¢ < 1/3, the pH value is ~10,
which is close to the pKy of PEL. For example, the pH values in a series of the ¢ = 2/1
aqueous solutions are 5.9, 6.5, and 7.5, when the Glu mass fraction is 0.02, 0.1, and 0.2,

respectively. The pH value decides interaction strength between Glu and PEL
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Fig. 4.2.1. Image A shows the relationship between the pH value of Glu-PEI aqueous solutions
and the values of ¢. Image B indicates the chemical shifts of a-H (black points) and y-H (red
points) on Glu in the Glu-PEI aqueous solutions as a function of ¢.
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NMR was applied to investigate the interactions between Glu and PEI at the
molecular level. The chemical shifts of a-H and y-H on Glu in the Glu-PEI aqueous
solutions were recorded and compared with Glu standard (Fig. 4.2.1B). The chemical
shifts of solutions with ¢ values from 5/1 to 1/2 are similar to those of pure Glu solutions
(e.g. in neutral, acidic or basic conditions). However, the chemical shifts switch to the
high field when ¢ < 1/3. A possible explanation is that primary and secondary amine
groups on PEI directly interact with a-H and y-H on Glu, which causes the electron
clouds on o-H and y-H to be denser than those in pure Glu aqueous solution. Results in
pH measurement and NMR prove that Glu and PEI interact by electrostatic interactions

when pH value is lower than 10.
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Fig. 4.2.2. The SAXS data from samples S4 (blue) and S5 (yellow). Images A-B shows the [(Q)-
Q curves. Fig. B and C show the Guinier plots on different scales.

SAXS proved the existence of Glu-PEI complexes, and provided the information
such as their size and morphology. Two samples were selected by keeping the values of

¢ at 9/1 (S4: [Glu] =40 g'L", [PEI] = 4.4 g'L™") and 5/1 (S5: [Glu] = 40 gL', [PEI] = 8
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gL, respectively. Both samples were selected because they were good candidates for

Glu precipitation (e.g. mixing with EtOH). The results are summarized in Fig. 4.2.2.
There is a relationship / ~ Q™ at the high Q range in Fig. 4.2.2A-B, which suggest the
existence of structures with sharp interfaces. The flat curve in the low Q range indicates
the existence of spherical objects. Therefore, the Guinier plots show that each sample
contains two structures at different scales (Fig. 4.2.2C-D). The sizes of both structures
can be calculated by analyzing the Guinier plots. According to Guinier approximation:

R 212
In/=In7(0) - g3Q

where /(0) means the beam intensity at 0°, and R, is the radius of gyration. By drawing

2 . .
the In/(Q)— Q" curve, values of R, can be obtained from the slope. The corresponding

sizes at the higher Q range are 0.28 nm and 0.27 nm for S4 and S5, respectively. The
sizes are on the molecular scale, and can also be obtained by directly measuring Glu
solutions by using analytical ultracentrifugation (data not shown). The evaluated values

of R, in the low Q region are 0.73 nm and 0.86 nm for samples S4 and S5, respectively.

The structure in this range is attributed to Glu-PEI complexes. The size of complexes in
S4 is smaller that that in S5, which may be attributed to the higher PEI content or more
hydrated structure existence in SS5.

The existence of complexes in sample S4 was also proven by AFM. Sample S4 was
dipped on the Si wafer, and the scanning was directly performed in the solution (Fig.
4.2.3). The height of complexes from AFM is ~1.5-2.1 nm, supposing that complexes on
the surface are spherical in morphology. According to the result from SAXS, the complex

diameter is 1.88 nm, according to the equation ¥

e = *R,J(5/3) - Thus, the diameter of
the complexes from SAXS is 1.88 nm, which is within the range of the AFM results. In
addition to isolated complexes, the necklace-like complexes assemblies and aggregates of
hundreds of nanometers in size are observed. The height of the necklace-like complexes
is the same as that of the isolated complexes, which means that necklace-like structures
are assemblies of isolated spherical complexes. More SAXS data analyses are needed to

clarify the interactions between complexes in the necklace-like structures.
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Fig. 4.2.3. AFM result from Sample S4. The length of the 1mage is 10 pm.

&-potential measurements were performed to indicate the stability of complexes in
solution. The &-potentials in S4 and S5 are +13 and +5 mv, respectively. The results
indicate that the complexes in S4 are incipiently unstable, whilst those in S5 are
flocculated. The aggregates and necklace-like assemblies in the AFM image in Fig. 4.2.3
may result from the incipient instability of S4. The weakly and positively charged
complexes suggest that Glu may stay inner, and the positive charges are contributed from

amine groups on PEI.

4.2.3 Discussion

The pH value controls the interactions between Glu and PEI. Glu is a zwitter-ion,
carrying two carboxyl groups and one amine group. Its isoelectric point is at 3.2 and has
three pKa values at 2.2 (a-COOH), 4.3 (y-COOH) and 9.7 (-NH>). The branched PEI is a
polybase, containing primary, secondary, and tertiary amine groups with the number ratio
~1:2:1. PEI is miscible with water, and the pH value of PEI aqueous solution is ~10.
Therefore, Glu and PEI are oppositely charged, and they can interact with each other by
electrostatic interactions between the primary and secondary amine groups on PEI and
carboxyl acid groups on Glu in a wide pH range between ~3 and ~10. Hydrogen bonding
and hydrophobic interactions are becoming more important when the pH value is below
~3, where Glu carries weakly positive charges. In short, the titration results suggest that,

when the values of ¢ is between 5/1 and 3/1, interactions between Glu and PEI are
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partially electrostatic in nature, including hydrogen bonding and repulsive hydrophobic
interactions.

By combining results from AFM, SAXS, and &-potential, the existence and
interactions between Glu and PEI in solution are elucidated, generating important
quantitative information regarding the stability of Glu-PEI complexes. The existence of
Glu-PEI complexes are independently investigated by SAXS and AFM, separately. In
addition, the size of complexes is determined by both methods, which corresponds to
each other very well. AFM provides more information of the state of complexes. They
can stay as isolated or as necklace-like structures or aggregate into structures hundreds of
nanometers in size. The &-potential results show that &-potential is ~+10 mv, which
indicates that Glu-PEI complexes are floc in nature, and can reversibly aggregate and
dissociate. Therefore, &-potential explains well the existence of necklace-like structures
and aggregates in AFM. Furthermore, interactions between Glu-PEI complexes within a
necklace-like structure can be distinguished by carefully analyzing SAXS data and
measuring a series of samples with different concentrations.

More structural and compositional details of Glu-PEI complexes are still needed for
the understanding of Glu-PEI complexes. For example, the chemical environments of Glu
and PEI in Glu-PEI complexes need to be solved. The state of Glu molecules in
complexes needs to be clarified. One possibility is applying contrast matching in SANS
measurements. A series of contrast matching measurements have been performed to
match Glu or PEI, respectively. The data analysis is still underway. In addition, Glu-PEI
complexes in @ at 1/1, 5/1, and 9/1 can be compared to indicate the Glu distribution
between as being isolated and as complexes. The complex structures can be related to the

phase separation, i.e. precipitation or coacervation after the solution is mixed with EtOH.
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5. Amino Acids Precipitations

Abstract

The work presented herein is designed to understand DL-Glutamic acid (Glu)
precipitation with polyethyleneimine (PEI) as an additive as a sequential process: 1) the
formation, growth, and coalescence of polymer-induced liquid precursor (PILP); 2) the
nucleation of nanostructures within PILP droplets; 3) nanostructure self-organization into
hierarchical structures. Precipitation occurs as a result of mixing the Glu-PEI aqueous
solution with a non-solvent — EtOH. Considering the rapid formation and transformation
of potentially small precursor phases during the precipitation process, small-angle x-ray
scattering (SAXS) and stopped flow techniques are combined for monitoring the very
early stage of phase separation, and the phase behavior of PILP is investigated by using
SAXS and small-angle neutron scattering. Microscopic techniques aid clarification of the
final microspheres, which presents Maltese-cross extinction patterns between the crossed
polarizers as a result of the highly ordered radial nanoplatelet arrangement. The impact of
other experimental parameters such as temperature, pH, and amino acid/polyelectrolyte
ratio is also investigated for the Glu morphogenesis process. This model system for
understanding molecular crystallization from PILP precursors as a multi-step process is
then extended to the precipitation of other amino acids, bearing an opposite charge to the

polyelectrolyte additives.

* The SANS measurements were performed with Dr. Vitaliy Pipich at Outstation at FRM
II, Garching, Munich. The SAXS measurements were performed by Dr. Peter Cernoch
from MPIKG at Grenoble, France. In addition, he helped to get the data by extracting the
raw data from SANS & SAXS.
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5.1 The Mechanism of Organic PILP Multi-step Transformation

5.1.1 Introduction

Generally, bioinspired crystallizations are multi-step processes. The precursor phases
start to form and transform into nanostructures, followed by nanostructure self-assembly
and self-organization at various scales thereafter.'"” '* To detect the mechanism of
bioinspired crystallizations is helpful for understanding biomineralization and for
designing functional materials with unique properties. Polymer-controlled crystallization
can be treated as a biomimetic process, where charged polymers mimic the roles of
soluble biomacromolecules in biomineralization. The amorphous phase has been proved

% and biomimetic crystallization.”” The concept of

as a precursor in biomineralization’
“polymer-induced liquid precursor” (PILP) was put forward by Gower ef al,'” and later
on was suggested to be a possible precursor phase for the amorphous phase.”® Therefore,
it is interesting to understand the PILP details, including its structure, composition, and
its role during a multi-step phase transformation following the Ostwald rules of stages.
The main difficulties in detecting possible precursors in crystallization are their fast
transformation rate and low concentration of precursors.

Small angle scattering can conveniently provide fruitful static and dynamic phase
information on the nanometer and submicrometer scale. In the crystallization field, it has
been used for precursor detection, and has been providing strong supports for non-
classical crystallization. For example, Schwahn et al reported the existence of a
mesocrystalline phase during the formation of single crystalline alanine by using small
angle neutron scattering (SANS).” In another case, the crystallization of CaCOs with
egg-white protein ovalbumin was detected to pass through a sequence of an amorphous
phase and polymorphs before obtaining the thermodynamically stable polymorph —
calcite.*® Small angle scattering is a good candidate to provide the information of PILP
phase transformation on the proper time and length scale.

Wohlrab et al. extended the PILP route to organic systems.’® The relatively large size
and low lattice energy of organic molecules may slow down the timescale of the PILP
phase formation and transformation for time-resolved scanning, compared to that of

inorganic counterparts. However, the existence of the metastable organic PILP and its
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transformation into final products are insufficiently known. Herein, the PILP
transformation via a multi-step growth and coalescence is investigated with small angle
scatterings. Stopped flow is combined with small-angle neutron scattering (SANS) &
small angle x-ray scattering (SAXS) to guarantee the immediate formation of a
homogeneous mixture. This research provides fruitful information of the mechanism of
precipitations via PILP routes. The PILP formation is too fast to detect in the system

presented here.

5.1.2 Results

The result section can be divided into two parts. The first part is focused on SANS
results. The data was collected in every second, and the growth & coalescence of PILP
droplets was observed during 260 sec. The second part introduces SAXS results, which

provides the information of PILP fast transformation during the first 2 sec.

SANS in Glu-PEI-D,0-CD;OD System

A series of preparative experiments were performed by using common chemicals
instead of deuterated ones to find the optimized parameters for SANS measurements. The
Glu-PEI-water-EtOH mixture was turbid by mixing a Glu-PEI aqueous solution with
EtOH. The turbidity continued to get weaker by increasing the temperature, which
suggests that the system has an upper critical solution temperature. However, the
temperature of phase separation is higher than the boiling point of the quaternary mixture
by using saturated Glu-PEI aqueous solution. The first plan by decreasing the solute
concentration in the Glu-PEI aqueous solution only resulted in very weak signals in
SANS. The phase separation temperature can also be decreased by replacing EtOH with
MeOH, because the polarity of MeOH is closer to water than that of EtOH. Therefore, by
keeping Glu/PEI (w/w; @) at 5/1 and the volume ratio of MeOH and aqueous solution (1”)
at 8.6, the phase separation temperature of a quaternary mixture by using sample x0.5
([Glu] = 12.5 g-L'l, [PEI] = 2.5 g-L'l, water) was determined to be 40°C. Another two
mixtures of sample x0.5 and MeOH with X’ values at 6 and 15, respectively, were used as
a comparison. In SANS measurements, the solvents were replaced with deuterated ones.

However, temperature drop methods were discarded because phase separation occurred

-55-



faster than the temperature drop velocity by using the thermostat. Therefore, the
measurements were switched to fast mixing.

The fast mixing measurements were performed by mixing the deuterated Glu-PEI
aqueous solution with CD3;OD by a stopped flow equipment. The relationship between
the concentration of Glu-PEI aqueous solution and the count rate was examined. Sample
x2.0 ([Glu] = 50 g-L" and [PEI] = 10 g-L", D,O) was chosen because the scattering
intensity was three times increased compared to that in sample x1.0 ([Glu] = 25 g'L™" and
[PEI] =5 gL', D,0O) (Fig. 5.1.1A). Mixtures were prepared at various temperatures at 35,
20, 10, and 5°C to check the signal strength. The signal strength was growing by
decreasing the temperature, as summarized in Fig. 5.1.1B. However, crystallization had
happened within sample x2.0 at 5°C before it was mixed with CD;OD. Therefore, 10°C

was chosen for the following experiments.
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Fig. 5.1.1. Image A shows how the count rates rises by increasing the concentration of aqueous
solution in SANS measurements (the concentration in the mixture was doubled in the black curve
compared to that in the red line); image B shows the relationship between the count rates and the
mixing temperature, where different temperature is shown in different colors.

Count Rate (n'sec)
Count Eate (n'sec)

Frame beaning was used to improve the statistics because the count rate in the
diluted mixture was too low to get good signals. Firstly, the measurements were repeated
for five times. For example, the black curve in Fig. 5.1.2 A is the sum of five curves.
Next, the statistics was achieved by beaning frames with progressive steps and the
number of frames was reduced from 300 to 56 thereafter. The fluctuation in the blue

curve was much lower than that in the black curve, as shown in Fig. 5.1.2 A.
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Finally, the Q range was optimized by applying neutron beams with three
wavelengths at 5, 12, and 19 A (Fig. 5.1.2B). By using 5A neutrons, the count rate began
to decrease only at ~35 sec, which means that the scanning time is too limited for data
analysis. As a comparison, the count rate only began to decrease after 260 sec with 12 A
neutrons. As to the 19 A neutrons, the count rate increased until ~1000 sec. However, a
longer wavelength brings simultaneously a lower count rate. Therefore, 12A neutron was

chosen as the optimal wavelength for standard SANS measurements.
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Fig. 5.1.2. Image A shows the relationships between the statistics and frame beaning in the SANS
measurements. The bold black curve (partially hidden under the blue curve) is the sum of five
colorful curves, and the bold blue curve is the beaned frame. The data were collected per second.
Image B shows how the count rates change with neutron wavelengths.

With the above optimized parameters, sample x2.0 was mixed with CD;0D by using
three A’ values at 6, 8.6, and 15, respectively. By analyzing the curve I(Q) — Q (not
shown), there is a relationship I(Q) ~Q™, indicating the existence of objects with a sharp
surface. Then, results were found to fit the spherical objects by using a 3D Beaucage

model, and the equation is written as follows:
I(q) = 1(0) exp( -R,’q’ /3P, { erf [(R,q)/N6] /q}°
Three parameters, including the radius of gyration R,, the forward scattering

intensity I(0), and the Porod constant P4 can be derived from the above equation. Their

relations with time are summarized in Fig. 5.1.3. Fig. 5.1.3A indicates that the size of
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PILP droplets grows from ~30 nm to ~100 nm during the first ~260 sec. In addition, three

924 Purthermore, the values of

curves share the same growth mode of R, with time: R, ~t
R, in three mixtures are different with the order Ry 6> Ry 56> R 15 at the same moment.
The differences in size can be attributed to the polarity of the mixture. The A’ = 6 mixture
with a lower polarity can induce fewer PILP droplets with larger sizes compared with the

other two mixtures. The value of 1(0) also increases following the equation I(0) ~ t*7

(Fig. 5.1.3B) in each sample. According to its definition, 1(0) is proportional to the
volume fraction of the PILP phase and the scattering contrast between PILP and
supernatant. Supposing that the scattering contrast is constant during the measuring time,

the increase of I(0) can be treated as the growth of each PILP droplet.
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Fig. 5.1.3. The changes of R, I(0), and P, with time in ~260 sec in the SANS measurements.
The values of a in each figure are the prefactors in the 3D Beaucage equations.
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P, shows a different tendency from the exponential growth of R, and 1(0). It starts

with an exponential growth, before shrinking exponentially in three curves. The increase

and decrease with time can be summarized as P, ~ t** and P, ~ t™*° (Fig. 5.1.3C-D),

respectively. The transition time is different for each sample. The transition time is ~8 sec
for the mixture at A’ = 6, whilst it takes ~50 sec for the P4 value in the mixture at A’ = 15
to decrease. As P4 is proportional to the volume fraction, the ratio of surface area to
volume, and the scattering contrast of the particle, the growth of P4 can be attributed to
the growth of each PILP droplet, whilst its decrease results from the coalescence among

PILP droplets.

Small Angle X-ray Scattering Experiments in Glu—PEI-Water—Alcohol Systems

SAXS was applied to provide the fast kinetics information of possible PILP
formation and transformation during the first 2 sec. The quaternary systems are Glu-PEI-
water-MeOH/EtOH. The results by mixing sample x1.0 with MeOH with A’ at 6, 8.6, or
15 are summarized in Fig. 5.1.4. Data in &’ = 15 mixture show some difference from the
other two series of data and are left for further data analysis.

There exists a relationship I (Q) ~Q™*, which suggests the existence of objects with a
sharp surface from the first data collection. The changes of R,, 1(0), and P4 with time are
analyzed by using the A’ = 8.6 mixture as an example thereafter. The general trend is that
PILP droplets grow during the measuring period (0-2 sec) (Fig. 5.1.4A). They continue
to grow until ~0.4 sec before the size leaps from ~35 nm to ~40 nm. After the jump, the
growth rate of PILP droplets slows down, which is judged from the slope of the curve
(Fig. 5.1.4A). The gap is also observable in the A’ = 6 mixture at the same moment.
However, the size value in the A’ = 8.6 is smaller than that in the A’ = 6 mixture. The
reason has been explained in the SANS section. The polarity of the A’ = 8.6 mixture is
higher than that in the > = 6 mixture. The higher polarity results in PILP droplets smaller
in size but larger in number density. The size of PILP droplets in SAXS measurements is
larger than that in SANS measurements. For example, the PILP size in SAXS
measurement is ~40—45 nm by using A’ = 8.6 mixture at 1 sec. However, the size at the

same moment in SANS measurement is ~30—40 nm. The reason is that the concentration
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in SANS measurements is doubled compared to that in SAXS measurements. The more

concentrated solution can cause PILP droplets larger in number but smaller in size.
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Fig. 5.1.4. The changes of Ry, 1(0), and P, with time in SAXS measurements. Sample x1.0 is used,
and the values of A’ are 6, 8.6, and 15, respectively.

The values of 1(0) by using A’ = 8.6 and A’ = 6 mixtures increase till 0.4 sec. Then,
they leap to a higher value and keep constant until 2 sec (Fig. 5.1.4B). As to the P4 values,
they decrease during the first 2 sec, which is contradictory to the P4 increase in SANS
measurements (Fig 5.1.3C-D). The decrease of P4 by using sample x1.0 suggests the
coalescence of PILP droplets. PILP droplets formed are polydisperse in size distribution

(Image not shown).
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Fig. 5.1.5. The changes of R,, 1(0), and polydispersity with time in SAXS measurements. Sample
y1.0 is used, and the values of A’ are 6, 8.6 and 15, respectively.

MeOH was replaced by EtOH for the fast kinetic research by using sample y1.0
([Glu] = 25 gL' and [PEI] = 2.5 gL', H,0). Three values of 1>’ (defined as
EtOH/aqueous solution v/v) are constant at 6, 8.6 and 15. The results are summarized in
Fig. 5.1.5. The values of R, increase during the measuring period for three mixtures from
Fig. 5.1.5A. The values of R, in both mixtures are close to each other. 1(0) values in the
A’ = 8.6 and A”° = 6 mixtures are constant before the values leap between ~0.5-0.6 sec
(Fig. 5.1.5C). The polydispersity in each mixture decreases with time, suggesting that

PILP droplets are getting monodisperse in size distribution.
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Comments

Some preliminary data herein need further explanation. For example, the result by
using A’ or A’ = 15 mixture shows different trends (Fig. 5.1.4 and Fig. 5.1.5C) or values
(Fig. 5.1.5A-B) from that by using the &> or A”> = 8.6 and A’ or A”> = 6 mixtures. In
addition, the gaps in SAXS data need further analysis to exclude the possibility that they
might be induced by the machine instead of phase behavior. Furthermore, the
contradiction between the decrease of P4 in SAXS measurements and the increase of P4 in
SANS measurements during the first 2 sec needs to be clarified. Considering the long
application time for SANS and synchrotron SAXS, the measurements are still incomplete,

but it was not possible to complete them within this thesis.

5.1.3 Discussion

The quenching of Glu-PEI aqueous solution with alcohol can result in Glu
precipitation via a metastable L-L phase separation. The formation of the PILP phase is a
fast process, and it happens before the first data collection at ~0.02 sec. Therefore,
whether the phase separation is passing through a spinodal or binodal decomposition, it is
too fast to capture in the current system. The results herein are mainly focused on the
multi-step PILP transformation. During the first ~260 sec, the initially formed PILP
droplets pass through multi-step coalescent and grow processes before the size reaches
~100 nm. PILP droplets can grow further and those formed thereafter can act as matrices
for the nucleation and growth of nanoplatelets later on.

PILP droplets are comparable to the initially formed liquid-like CaCOs-PAA
precipitates.” Such liquid-like CaCO3-PAA precipitates (collected after reacting for ~100
ms) are observable with cryo-TEM technique, which can grow and coalescent into
spherical amorphous-like nanostructures. Both pieces of research support the notion that
crystallizations with additives are multi-step processes, and PILP droplets can grow by
Ostwald ripening and coalescence processes before the crystalline structure is formed

within the PILP droplets.
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5.2 Hierarchical Glutamic Acid Microspheres

5.2.1 Introduction

Biominerals are hierarchical structures with nanostructures as building blocks.”” A
variety of inorganic materials have been applied as model systems to understand the
mechanism of biomineralization and bioinspired crystallizations.'" '* Crystallization of
organics can also be suitable model systems. Organic crystals have lower lattice energy,
and exhibit a larger variety of possibilities for molecular recognition, because the
building blocks for organics are large molecules instead of small ions in inorganic
counterparts. Therefore, organics can be better influenced by additives, resulting in a
variety of polymorphs. The ultimate goal of crystallization of organics is similar to their
inorganic counterparts, which is to control the nanoparticle (NP) size, morphology,
orientation, polymorph, and importantly, the NP self-assembly, self-organization or
recrystallization into bulk crystals.

The Nakanishi group pioneered the reprecipitation method for the preparation of
organic NP dispersions.®' The organic NPs precipitate by adding a miscible non-solvent
into the mother liquor. However, as-prepared NPs are colloidally stable only for a short
period. Without a stabilizer, NPs grow up into microscale by an Ostwald ripening process.
On the other hand, organic NPs can aggregate into hierarchical micro to macro-structures
with the existence of stabilizers, including surfactants,* polyelectrolytes,”® dendrimers,™

>7 8% 85 and surfactant-polyelectrolyte mixtures.*

double hydrophilic block copolymers,
NPs can aggregate into mesoscopically structured single crystals with crystallographic
orientations, namely “mesocrystal”. The aggregation of NPs can also pass through a fast
self-organization process without showing mutual crystallographic orientations.”

In this section, the preparation of DL-Glu (Glu) macroporous microspheres with
polyethyleneimine (PEI) as an additive is systematically investigated by tuning a variety
of parameters such as Glu/PEI (w/w; @) , non-solvent, the volume ratio of a non-solvent—
EtOH and aqueous solution (A’”), the molecular weight of PEI, temperature, and pH value.
Then, the method is extended to L- and D-Glu microsphere preparation. This is a model

system to understand how macroporous organic microspheres are prepared from

nanostructure self-organization via a bioinspired precipitation route.
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5.2.2 Results

It is known that Glu crystallizes directly into sheet-like precipitates by mixing the
mother liquor with EtOH (Fig. 1.1A). However, adding a small amount of PEI into Glu
aqueous solution can result in the mixture of two morphologies after the precipitation,
namely reference crystals and microspheres (Fig. 5.2.1A). Since microspheres are the
only product attributed from the existence of PEI, various parameters were tested to
optimize the procedure of their preparation. The standard system investigated is a
quaternary Glu-PEI-water-EtOH one (A’> = 9). The influence of important parameters

such as @, [Glu], pH value, and temperature will be discussed in the following paragraphs.

GIu/PEI (w/w)

T T T 1
0.00 0.01 0.02 0.03 0.04 0.05
Glu Mass Fraction

Fig. 5.2.1. Fig. A is a representaive image, showing the mixture of reference crystals and
microspheres; Fig. B is a binary phase diagram, indicating how the value of ¢ and Glu mass
fraction in Glu-PEI solution affect the purity of microspheres. The compositions for the
preparation of pure microspheres (m) are wrapped with the red circle; other compositions
correspond to the mixture of reference crystals and microspheres (V).

A series of experiments were performed by mixing a Glu-PEI aqueous solution
(water as solvent) with EtOH at 60°C, and the results are summarized in Fig. 5.2.1B.
Pure microspheres were prepared when the values of ¢ are between 10/1 and 20/1;
otherwise, a mixture of microspheres and reference crystals were obtained. Pure
microspheres were preferentially prepared by using nearly saturated or supersaturated
Glu-PEI aqueous solution (Fig. 5.2.1B), which is also advantageous for obtaining a large
quantity of microspheres. The mixing temperature was chosen at 60°C instead of at R.T.
to increase the solubility of Glu.

Compared to temperature rise, altering the pH value from the isoelectric point of Glu

at 3.2 is a more effective way to increase Glu solubility. A series of experiments were
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performed by using 0.5 M H,SO4 aqueous solution (pH value is ~0.5) as a solvent at
60°C. The results are summarized in Table 5.2.1. Pure microspheres can be prepared in a
wide Glu mass fraction range (i.e. up to 0.2) and in a relatively high ¢ range (i.e. up to
70/1). By using acidic aqueous solutions, pure microspheres were also prepared at R.T, as
summarized in Table 5.2.2.

The polarity of solvent is a key parameter to control the driving force of precipitation.
It can be tuned by changing the alkaline groups of the alcohol or the value of A”°. Firstly,
i-propanol and n-propanol were used for microsphere preparation, only obtaining
reference single crystals. MeOH can produce pure microspheres but only in a small
quantity. The reason is that the driving force of Glu precipitation with MeOH is not as
strong as that by using EtOH, since the polarity of MeOH is closer to that of water
compared to EtOH. Then, various A’ values at 5, 7, 9, and 11 were tested for the
preparation of microspheres. Pure microspheres were obtainable when the A”* value was
at 11 and 9; otherwise, a mixture of microspheres and reference crystals were obtained.

Thus, A’> was kept at 9 in the following experiments.

Table 5.2.1 Recipes for the preparation of microspheres under acidic conditions at 60°C

Glu wt% PEI wt%

6-1 3,2 0,16
6-2 10 0,6
6-3 10 1
6-4" 14 0,2
6-5 14 0,6
6-6 14 1
6-7" 18 1
6-8* 20 1

* some insoluble crystals in the aqueous solution

In addition, the molecular weight (Mw) of PEI was found to have no affect on the
microsphere preparation by using PEI with various Mw at 800, 1300, 2,000, and 750,000,
respectively. The result implies that the charge density of the polyelectrolyte is important
for the preparation of microspheres instead of chain length. Furthermore, quiescent

condition was preferred for the preparation of microspheres instead of using stirring.
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Otherwise, glue-like structures were formed adhering to the vessel. Also, the complex
formation between Glu and PEI in aqueous solution is the prerequisite for the formation
of microspheres. A control experiment was performed by mixing a Glu solution with a

mixture of PEI and EtOH, only obtaining reference crystals.

Table 5.2.2 Recipes for the preparation of microspheres under acidic conditions at R.T.

Glu wt% PEI wt%
7-1* 14 0.2
7-2" 14 0.6
7-3* 14 1
7-4" 18 1

* some insoluble crystals in the aqueous solution

184_2603085) - 100 pm 2 1 s " - sem  SaiA-S2 Dute 2oy
Fig. 5.2.2. Images A and B are POM and SEM images of Glu microspheres, respectively. Image
C is a SEM image of the surface of a microsphere.

500 nm 2w w0 s,

Fig. 5.2.2 provides structural details of microspheres. The as-prepared microspheres
show a clear Maltese-cross extinction pattern between the crossed polarizers (Fig.
5.2.2A), which suggests the existence of lamellar nanostructure assembly in a radial
orientation. However, when samples were air-dried or redispersed in EtOH, only weakly
birefringent patches could be observed (image is not shown). This phenomenon indicates
that the dehydration of microspheres causes a permanent disruption of the ordered
structure. The size of microspheres is polydisperse from several micrometers to ~100 pum.
Fig. 5.2.2B-C are representative SEM images. Fig. 5.2.2B is an overview image of the
microspheres, which are 7-20 um in size (Glu wt% = 3.2, PEI wt% = 0.16, .’> =9, 60°C,
water). Fig. 5.2.2C shows that the surface of microspheres is porous, and the porosity
comes from the gaps between nanoplatelets (Glu wt% = 4, PEI wt% = 0.2, L = 9, 60°C,
water). Nanoplatelets are ~200-1000 nm in width, and are radially oriented.Glu

microspheres prepared by using acidic Glu-PEI solutions show a different morphology
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from those by using neutral Glu-PEI solutions. Microspheres under acidic conditions are
from ~2-10 um in diameter. Fig. 5.2.3A shows that a microsphere is composed of twisted
nanoplatelets as large as 1 um. In addition, microspheres prepared under acidic
conditions show porosity as high as 17 m*g" compared to the value at 2.5 m*g” from
those under neutral conditions in BET measurements. On the other hand, increasing the
pH value to a basic range is harmful for the preparation of microspheres, only obtaining

reference crystals (Fig. 5.2.3B).

0

Flg 523 Image A is a SEM image of sample 6-3. Image B shows the crystals obtained using
basic aqueous solution (Glu wt% = 10, PEI wt% =1, A’ =9, R.T, 0.1M NaOH).

Two methods were applied to clarify the inner structure of microspheres. In the first
route, the microspheres were grinded into small pieces. Fig. 5.2.4A-B show that
microspheres are solid with nanoplatelets being arranged in a radial way, corresponding
well with the results in Fig. 5.2.2C. Microspheres were also embedded into epoxy to
obtain microtome sections. The cross-sectional image from Fig. 5.2.4C shows that
nanoplatelets are vertical to the cut area, which again suggests that all nanoplatelets are
radially oriented. A closer scan reveals that the thickness of the nanoplatelets is ~40-50
nm (Fig. 5.2.4D).

In addition to the isolated microspheres, superstructures of microspheres were
formed. The SEM image shows that the sheet-like superstructures are microsphere
monolayers, where microspheres are densely packed within the monolayer (Fig. 5.2.5A;
Glu wt% = 3.2, PEI wt% = 0.32, >’ =9, 60°C, water). The sheet-like superstructures are
formed along the wall of vessel. Microspheres prepared by using an acidic Glu-PEI

solution form superstructures in another way. A microsphere superstructure ~50 um in
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diameter is composed of small microspheres ~5um in size as building blocks (Fig. 5.2.5B;

sample 6-4).

Fig. 5.2.4. Images A-B
(Glu wt% = 4, PEI wt% = 0.2, > = 9, 60°C, water). Images C-D are TEM images of the same
sample, indicating the microtome sections of a microsphere.

WAXS results indicate that microspheres show the same crystallographic structure
(Fig. 5.2.6A) as reference crystals (Fig. 5.2.6B). Both show a conglomerate structure, and
all peaks attribute to a thermodynamically stable polymorph B-L-Glu. However, the
intensities of some peaks in microspheres are different from those in the reference
crystals. For example, the intensities of both (040) and (020) peaks are suppressed in the
microspheres, compared to those in the reference crystals. The reason for the intensity
suppression is that both directions exist only on the nanoscale. In addition, microspheres
prepared by using acidic or neutral Glu-PEI solution show the same WAXS pattern

(image not shown).
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Fig. 5.2.5 shows SEM images of superstructures withl microspheres as building blocks by using
neutral (A) and acidic (B) solutions.
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Fig. 5.2.6. Image A is WAXS patterns of microspheres (Glu wt% = 3.2, PEI wt% = 0.16, A>> =9,
60°C, water). Image B is the WAXS data of reference crystals.

Since Glu shows a conglomerate structure, a similar recipe was extended for the
preparation of L- or D-Glu microspheres. Fig. 5.2.7A-B show L- and D-Glu microspheres
prepared by using neutral Glu-PEI solution and EtOH. The microspheres are between 10
and 20 um in size, and all nanoplatelets show the same radial orientation as that shown in
DL-Glu microspheres.

L-Glu microspheres were used as the column fillers in a HPLC system for chiral
separation uses. Several achiral mixtures, DL-Binaphthol, DL-Phenylethanol, and DL-
Propranolol were tried as the fluid phases. However, there was no chiral separation effect
observed at all because of several possible reasons. First, the microspheres used are tens
of micrometers in diameter and are polydisperse in their size distribution, which can
cause the big gaps between microspheres. The solution can then flow freely without

interacting with L-Glu thoroughly. Second, chiral separation always follows “the four
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point interactions”, which means that a chiral tetrahedral receptor needs at least four
functional groups to interact effectively with a chiral tetrahedral solute of similar
dimensions on the molecular level.*” Current microspheres are not qualified to this
standard yet. For future application in chiral separation, microspheres have to be prepared
micrometer or submicrometer in size. More interacting points on chiral microspheres then
need to be introduced. Both improvements can increase the interactions between the

column and fluid phase, and can possibly induce chiral separation.

— 200 pm

Date -

Figl. 5.2.7. Images A and B are SEM images of L- and D-Glu microspheres, respectively. (L- or
D-Glu wt% = 3.2, PEI wt% = 0.16, > = 9, 60°C, water).

5.2.3 Discussion

Amino acids are zwitterions, and altering the pH value of their aqueous solution is an
important way to produce amino acids into various polymorphs and morphologies.** * In
addition, the pH value is also a key parameter for controlling the interactions between
Glu and PEI in a Glu-PEI aqueous solution. The pH values of the saturated Glu-PEI
aqueous solution (¢ = 10/1) with water and 0.5M H,SO4 as a solvent are 3.6 and 0.5,
respectively. In both cases, carboxylic acid groups on Glu are at least partially protonated,
and Glu and PEI interact with each other via electrostatic interactions, intermolecular
hydrogen bonds, and hydrophobic interactions.

Pure microspheres can be prepared in a range of ¢ values. When ¢ is lower than 10/1,
the driving force for Glu precipitation is not strong because a certain amount of Glu

molecules can be trapped in the thermodynamically stable Glu-PEI complexes. Therefore,

the precipitation is incomplete. On the other hand, only a small amount of Glu molecules
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forms Glu-PEI complexes in Glu-PEI aqueous solutions. When the above solution is
mixed with EtOH, nucleation happens within the PILP droplets as well as in the bulk
phase. Those particles nucleated from the bulk phase grow up into reference crystals.
Therefore, ¢ value has to be controlled precisely to assure that all nucleation happens
within PILP droplets.

The PILP route changes the kinetics of Glu precipitation. The mixture of Glu-PEI
aqueous solution and EtOH immediately turns turbid. As a comparison, there is no
turbidity in the precipitation of Glu reference crystals. Passing through metastable PILP
droplets, the nucleation barrier is highly decreased, which results in the acceleration of
the nucleation rate. The acceleration of nucleation via a metastable L-L phase separation
process is suggested to play a key role in protein and colloid crystallizations.>**** The
example herein indicates that the acceleration of precipitation kinetics also exists in the
precipitation of organics with polyelectrolyte as additives.

The nucleation of nanoplatelets happens within each PILP droplet. PILP droplets,
instead of staying as being isolated, form a PILP superstructure to lower their interfacial
energy. Then, as formed nanoplatelets within the PILP superstructure can locally reorient
themselves into a radial orientation. Therefore, the as-prepared microspheres show a
Maltese-cross extinction pattern between the crossed polarizers (Fig. 5.2.2A). It was
demonstrated that the assembly of lamellar nanostructures in a radial orientation is the
key for the formation of such patterns in many macromolecular systems such as
polymers,”® DNA,’! polysaccharides,’® and proteins.” The existence of the Maltese-cross
extinction pattern can be extended to Glu precipitation with PEI as an additive, where
nanoplatelets are equivalent to the lamellar structure in macromolecular systems. The
Maltese-cross extinction pattern is weakened or disappeared when microspheres are air-
dried. This phenomenon is similar to the weakening of the Maltese-cross extinction
patterns in bovine insulin after being dried, and rehydration is not helpful to regain the
pattern.” The dehydration of microspheres indicates a permanent disruption of the fine
structures between nanoplatelets by capillary forces. The mechanism of the formation of
Glu microspheres from a multi-step route from section 5.1 and 5.2 are summarized in Fig.

5.5.1.
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Fig. 5.5.1. The scenario of a multi-step Glu precipitation with PEI as an additive. Step 1—2 takes
~2 sec, and the size of PILP droplets is ~30 nm (SAXS); Step 2—5 takes ~260 sec. Each PILP
droplet is ~100 nm, and the PILP superstructure is at least micrometers in size; Step 5—7 takes
hours to days, and the microspheres are ~50 um in size.
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5.3 L-His Precipitation with PAA as Additives

The precipitation of L-Histidine (His) with poly (acrylic acid) (PAA) as an additive
was investigated herein, varying the His/PAA mass ratio (w/w; @’), [His], the volume
ratio of EtOH and His-PAA aqueous solution (). The experiments were similar to the
preparation of Glu microspheres. First, a His-PAA aqueous solution was prepared. The
aqueous solution was mixed with EtOH at R.T. thereafter. Finally, the precipitates were
collected by centrifugation for characterization. POM was applied to distinguish the bulk
crystals from the goal products, as bulk crystals show contrasts in POM while goal
products do not (the reason will be discussed later in this section). The samples with pure
goal products were sent to SEM to scan the structural details.

First, various parameters were tested to prepare pure goal products. Three aqueous
solutions with ¢’ at 9/1, 7/1, and 5/1 were used, and their compositions are summarized
in Table 5.3.1. In aqueous solutions with ¢’ higher than 9/1, precipitation can happen
within PILP as well as in the bulk phase, resulting in a mixture of bulk crystals and goal
products. On the other hand, the driving force for His precipitation is weakened by using
aqueous solutions with @’ lower than 5/1, only obtaining a mixture of precipitates and
coacervates. Then, the effects of [His] and A, for the preparation of goal products are
considered together. As to the values of A;, pure goal products are can only be obtained

when the values are between 5 and 9.

Table 5.3.1 The composition of the His-PAA aqueous solutions

His/PAA (w/w; @°)| [His] (gL [PAA](g'L™)
9 80 8.9
7 80 11
5 80 16

Table 5.3.2 summarizes the results from a series of experiments. Firstly, the [His]
effect needs to be discussed. [His] = 40 gL' is a preferred concentration for the
preparation of goal products in eight combinations of @ and A; out of nine. In addition,
pure goal products were obtained in seven cases out of nine by using an aqueous solution
with [His] = 27 g-L". The driving force for the His precipitation is low by using an

aqueous solution with [His] = 20 g-L"', resulting in a mixture of bulk crystals and goal
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products in small quantities. On the other hand, high [His] = 80 g-L"' is also harmful for
the preparation of the goal products. The reason is that a large amount of His molecules
are not included in the metastable PILP phase, and the precipitation can happen directly
within the bulk phase. Compared to the [His] effect, the effect from the values of A; is

sample dependent.

Table 5.3.2 Crystallization results from aqueous solutions with various values of ¢’

[His] (gL ™) EtOH/aqueous solution (v/v ; &)
@ =5 5 7 9
80 S s mixture
40 mixture s s
27 mixture s s
20 / S mixture
=7 5 7 9
80 mixture mixture mixture
40 S s )
27 s s )
20 S mixture mixture
=9 5 7 9
80 mixture mixture mixture
40 S s )
27 S mixture S
20 mixture mixture mixture

s means goal products

mixture means the existence of bulk crystals with microspheres and nanostructures

The morphology and structural details of goal products are summarized in Fig. 5.3.1.
Fig. 5.3.1A is a POM image, which shows that the goal products are microspheres. They
are polydisperse in size distribution with the size range from tens of micrometers to ~100
um. The lacking of shining colors from this image suggests that the products are
amorphous or are superstructures of nanocrystals. Fig. 5.3.1B is an overview SEM image
of microspheres, which indicates that the microspheres are porous on the surface. A
magnified SEM image in Fig. 5.3.1C indicates that the porosity comes from the gaps

between of nanoplatelets, and nanoplatelets are the building blocks of the microspheres.
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Nanoplatelets are tens of nanometers in thickness and micrometers in size. In addition to
microspheres which are the superstructure of nanoplatelets, isolated nanoplatelets are also

observable in some samples, as shown in Fig. 5.3.1D.

20 pm

Fig. 5.3.1. Image A is a POM image of microspheres (¢’ = 5/1, o, = 7, and [His] = 80 g-L™).
Images B and C are SEM images, indicating an overview of microspheres and the surface details
of microspheres, respectively (¢’ = 7/1, A = 5, and [His] = 40 g-L'"). Image D shows the
existence of isolated nanoplatelets (¢’ = 9/1, , = 5, and [His] =27 g-'L™").

5.4 L-Pro Precipitation with Oppositely Charged Polymers as Additives

L-proline (Pro) and its derivatives are successful catalysts for many asymmetric
reactions.94 Because most organic reactions happen in organic solvents which are non-
soluble solvents to Pro, Pro is always modified with hydrophobic functional groups to
make the derivatives soluble in organic solvents. Another possible route is to prepare Pro
into colloidal dispersions, which should be effective to increase the catalytically active

surface areas on Pro. Therefore, the plan is to design Pro nanostructures or Pro
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superstructures with nanostructures as building blocks by using charged polymers as

additives.

Fig. 5.4.1 Both are POM images. Image A was obtained by mixing 0.1 mL Pro aqueous solution
with a mixture of 0.03 mL methylpyrrolidone and 0.87 mL acetone. Image B was obtained by
mixing 0.1mL Pro aqueous solution containing 30 mg polyacrylic acid with a mixture of 0.89 mL
acetone and 0.01 mL tetrahydrofuran.

The experiments were performed as follows. Firstly, a series of Pro aqueous solution
with various amounts of polymeric additives were prepared. Then, one aqueous solution
was mixed with an organic solvent, such as N-Methylpyrrolidone, acetone, or their
mixture. Various polymers and block copolymers such as poly(1-vinylpyrrolidine-co-
acrylic acid), poly(4-styrenesulfonic acid-co-maleic acid), poly(styrene-alt-maleic acid),
poly(sodium 4-styrenesulfonate), and poly(acrylic acid) were applied as additives for the
formation of Pro nanostructures (Fig. 5.4.1). However, only bulk crystals were
immediately obtained by mixing a Pro-polymer aqueous solution with a non-solvent. The
driving force for bulk crystallizations is still strong by using nearly saturated Pro solution.
In addition, the interactions between Pro and polymers are not strong enough to form a
metastable PILP phase. Parameters such as the pH value,”” temperature, non-solvency,

etc. are needed to be investigated in follow up experiments.
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6. Preparation of Patterned Hybrid Thin Films

Abstract

The preparation of bioinspired thin films meets difficulty in constructing orders
crossing nano-, micro-, and macro-scale. In this chapter, the design of patterned thin
films within a quaternary DL-Lys-HCI (Lys)-polyacrylic acid (PAA)-water—-EtOH
system is presented combining the polymer-induced liquid precursor (PILP) route with an
evaporation process. By dip-coating quaternary dispersions onto hydrophilic glass slides,
the following multi-step process happens, which includes solvent evaporation, continuous
spherulitic mesocrystallization, and a spherulitic recrystallization to a mesocrystalline
thin film. Annealing is applied to optimize the processing of the mesocrystalline thin film.
Instead of using dip-coating, hierarchical thin films with at least four orders of hierarchy
as well as a self-organized pattern structure can also be prepared, starting from the
redissolution and recrystallization of the microsphere dispersion. As a comparison,
spherulitic thin films are obtained by replacing Lys with L-Lys-HCI, suggesting that the
lattice energy can dictate the nanoscale organization. Starting from the same composition,
various processing routes terminate at different thin film patterns, suggesting that
biomimetic routes are far away from equilibrium processes, and self-organization is

important in designing functional thin films with unique properties.

* The LC-PolScope images were taken in Prof. Dr. Dirk Volkmer’s lab in University of
Ulm with the help from Dr. Haofei Gong.
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6.1 Preparation of Mesocrystalline Patterned Thin Films

6.1.1 Introduction

The production of continuous thin films across nano- and macro-scale is of the
utmost importance for their industrial applications. Compared with vapor processing
routes, which can prepare thin films in a large area with a precisely controlled thickness,
solution routes are advantageous for processing nearly all kinds of solid materials at
relatively low temperatures, on various substrates, and into complex structures.”® In
principle, thin films are only obtained when the solute-substrate interaction is stronger
than substrate-solvent and solute-solvent ones.”” Otherwise, directly depositing chemicals
from their mother liquor always results in isolated single crystal items on the substrate.
Adding polymeric additives and changing the substrate property are practical ways to
increase the solute-substrate interaction. Processing is also indispensible in controllable
thin film synthesis. Two suitable ways, namely spin-coating and dip-coating, have been
employed to prepare homogeneous liquid thin layers at macroscale. Spin coating is
characterized for the fast evaporation rate, resulting in isolated patterns.” Dip coating is
specific for the slow evaporation rate, and is preferential for continuous thin film

99, 100
syntheses.””

For example, dip coating is used for the preparation of continuously
ceramic thin film, namely evaporation-induced self-assembly.'® To position and to orient
structures at micro- or even macro-scale are key requisites in the preparation of
continuous thin films.

Nature is an expert in processing various materials into well defined hierarchical thin
films.*” Two organic compounds are independent ingredients in biomineralization: highly
charged biomacromolecules and insoluble organic matrices. Soluble biomacromolecules
play a key role in controlling the nucleation of biominerals and the final morphology; the
matrices are suggested to induce the nucleation position at the surface, and to confine the
crystallization to proceed within a compartment.'' Various biomimetic investigations
have been performed to prepare continuous thin films. Supramolecular assemblies such

102, 103 104

101 - -
as self-assembled monolayers, = Langmuir films, and composite membranes

have been used as model insoluble matrices to control the growth of thin films with
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polyelectrolytes as soluble additives. Isolated thin films with polygonal morphologies are
always obtained because of lacking long distance interactions.'® ' Therefore, it is
interesting to prepare continuous thin films across large areas on various substrates, and
to mimic the exact roles of two biomacromolecules in controlling the nucleation and
growth of a thin film.

PILP route process is suggested to play a fundamental role in the morphogenesis of
biominerals.'” ' The micromolar quantities of short-chained polyanionic
polyelectrolytes such as poly(aspartic acid) were added to the mineralizing system to
interact with mineral cations. The interactions between mineral cations and
polyelectrolytes can induce a metastable liquid-liquid phase separation followed by the
coalescence of liquid-like colloids on the substrate. Solidification and crystallization then
happen in sequence to form a mesocrystalline thin film, since the building blocks of a
grain are crystallographically ordered NPs.'” To follow a PILP route is significant
because it can retain the morphology of precursors and produce a variety of morphologies
from a non-equilibrium process. PILP route herein is combined with dip coating for the
preparation of mesocrystalline DL-Lys-HCl—poly(acrylic acid) (Lys-PAA) thin films on
the glass slides. Solvent evaporation plays a key role in the mesocrystallization of a
continuously spherulitic thin film on the slide. Then, a mesocrystalline thin film is
obtained from the spherulitic phase following an Ostwald’s rule of stages. The
morphology and crystal structure of the final mesocrystalline thin films were investigated
by tuning parameters such as temperature, Lys/PAA (w/w; ¢”°), [Lys], and EtOH/Lys-
PAA aqueous solution (v/v; A;). High quality thin films can be prepared through an

annealing route.

6.1.2 Results

The multi-step process starts from an evaporation process. When a Lys-PAA
aqueous solution was mixed with EtOH, metastable liquid droplets were immediately
formed by an L-L phase separation, because EtOH is a non-solvent to Lys and PAA. The
metastable droplets several micrometers in size are clearly observable from a series of
optical microscopy (OM) images in Fig. 6.1.1. Then, droplets began to collapse within 1

min, and a homogeneous liquid layer was formed within 2 min. The reason is that the
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evaporation rate of EtOH is much faster than that of water. Therefore, Lys becomes
soluble, which causes the collapse of PILP phase. Finally, spherulite nucleation starts

within 6 min.

20pm

Fig. 6.1.1. The POM images show the disappearance of PILP droplets followed by the formation
of spherulites on the hydrophilic glass slide.

The following process is the growth of spherulites (Fig. 6.1.2). It takes 8 min for the
spherulites to fill in the whole area, after which they stop growing as they meet with each
other. Spherulites in Fig. 6.1.2 are ~100-200 um in diameter with a wide size distribution.
The air humidity is very important for the size control of spherulites. When the humidity
is high, fiber-like spherulites several millimeters in size are obtained (image not shown).
Contrarily, spherulites less than 100 um in diameter are formed when the humidity is low
(image not shown). The reason is that the humidity controls the evaporation rate of water.
EtOH evaporates much faster than water because the vapor pressure of EtOH is much
higher than that of water in the PILP dispersion. This difference causes the increasing

water percentage in the dispersion. Therefore, the humidity becomes an influential factor
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when water becomes the main solvent component. For example, water evaporates slowly
when the humidity is high. Then, the first formed spherulites have enough time to grow
up to a very large size, suppressing the nucleation of other spherulites. Finally, there may

be as few as one to several spherulites covering the slide.

Fig. 6.1.2 The growth kinetics of spherulites on the glass slide.

A comparison experiment was performed by dipping the Lys-PAA aqueous solution
on the slide and only isolated white particles were obtained. This result suggests that the
existence of EtOH is essential for the formation of continuous thin films. First, the
surface tension of EtOH is low, which is helpful for spreading the liquid layer
homogeneously on the slide. Second, fast homogeneous nucleation of NPs spanning
continuously on the slide can be attributed to the existence of EtOH, which is a non-
solvent to Lys and helps to form metastable PILP droplets.

Parameters such as [Lys], [PAA], ¢”°, and A, affect the quality of as-prepared thin
films. The composition of aqueous solutions is summarized in Table 6.1.1. These
aqueous solution was mixed with EtOH (A, = 9) for the preparation of thin films.
Polycrystalline thin films are reliable using samples B and C. As to sample A, thin films
only show weak polycrystalline signals under polarized optical microscope (POM),
which suggests that the driving force of crystallization is weak under such conditions. On
the other hand, the coexistence of microspheres and a polycrystalline thin film is
observed in sample D, which is caused by the fast nucleation and growth of microspheres
directly in the solution.

The @’ effect was investigated by keeping the value at 5, 10, and 20, as summarized
in Table 6.1.2. Polycrystalline thin films were obtained when the ¢’ values are between

10 and 20. However, spherulitic thin films were stable when ¢’ is kept at 5 (Fig. 6.1.3D).
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Table 6.1.1. The composition of aqueous solutions, where @’ is constant at 10/1

[Lys] (gL") [PAA] (g-L")
A 30 3
B 50 5
C 70 7
D 100 10
Table 6.1.2. The composition of aqueous solutions, where [Lys] is constant
[Lys] (L) [PAA] (gL
C 70 7
G 70 3.5
M 70 14

Table 6.1.3. Morphologies of thin films by mixing sample C with EtOH at various values of 2,
o | >9 7 5 3 2 11

Morphology ‘ Amorphous Polycrystalline Polycrystal with cracks

Fig. 6.1.3. Images A and B are POM and OM images of a doman at the same area (sample G; A
=5), respectively. Images C and D are LC-PolScope images of sample G, A, =5 and sample M, L
= 3, respectively.
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The value of A is also an important parameter to determine the quality of the
polycrystal thin film (Table 6.1.3). The morphologies of thin films by mixing sample C
with EtOH at various values of A, were examined. When A, > 9, there is a weak contrast
in POM, suggesting that polycrystalline thin films are poorly crystallized. High quality
polycrystalline thin films are obtained when A, is between 3 and 7. However cracks are
observable when A, is between 1 and 2.

The birefringence microscopy technique (LC-PolScope) was used to find the inner
relationship between the polycrystalline thin film and the spherulitic morphology. LC-
PolScope measures the retardance magnitude at every pixel of a charge-coupled device
(CCD) image. It can therefore provide quantitative information of the orientation of each
polycrystal. An LC-PolScope image in Fig. 6.1.3C shows the dominance of warm color
in the horizontal direction and paramount cold color in the vertical direction. Such
orientation is reminiscent of iso-oriented spherulites.

AFM helps to understand the structural information on the surface. AFM images
show that the surface morphology of a polycrystalline domain is similar to that of a
spherulite. Each domain is composed of radially oriented fibrous structures (Fig. 6.1.4A).
Fibers are highly branched, which is typical for spherulitic structures (Fig. 6.1.4B).""
Each branch is a nanoparticle (NP) array and each NP is ~30—40 nm in size, as shown in
Fig. 6.1.4C. As the building blocks are NPs and those within one polycrystalline grain are
oriented, polycrystalline thin films are mesocrystalline in nature with the surface

morphology as a reminiscence of spherulitic mesocrystallization.

‘\3\‘ —\.__ \:‘- \.' e | . |
Fig. 6.1.4. Image A is an overview of a spherulitic domain; image B shows the fiber-like

structures on the surface of polycrystalline film; image C indicates that the fiber-like structure is
an NP assembly. (sample G; &, = 5)
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Mesocrystalline thin films, spherulitic thin films, and Lys precipitates show different
crystallographic structures to each other, as demonstrated in Fig. 6.1.5. There are two
possible explanations. The first one is that the component in spherulitic or
mesocrystalline thin films has a formula different from DL-Lys-HCI. Another possibility
is that there are two new Lys polymorphs in spherulitic and mesocrystalline thin films,

separately. Further work on clarifying the crystal structures is needed.

Intensity

5 I 10 15 20 25 30 35 40 45
2 Theta

Fig. 6.1.5. Crystallographic patterns of thin films by mixing sample M, A, and F (A, = 3). The
bottom pattern is from Lys precipitates collected in solution.

AFM, time-resolved WAXS, and LC-PolScope were used independently to detect
the structural transformation from spherulitic to mesocrystalline thin films. AFM result
shows clearly NPs ~40 nm in diameter are immediately formed within the spherulitic
matrix (Fig. 6.1.6A). Therefore, the formation of spherulite thin films is a spherulitic
mesocrystallization. There was no visible size change for NPs thereafter by comparing
results in Fig. 6.1.6A and C, suggesting that the transformation from a spherulitic to
mesocrystalline thin film happens following an Ostwald rule of stages.

WAXS data show that there is no crystalline structure within a newly formed
spherulitic thin film (Fig. 6.1.6B; the blue pattern). Some peaks show up in ~5 hours,
suggesting the crystallization of NPs with time (Fig. 6.1.6B; the red pattern). The peaks
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belonging to the above spherulitic thin film correspond well to the pattern from sample M
(Fig. 6.1.5; the black pattern). The mesocrystalline thin film, which is formed from an
Ostwald’s rule of stages, shows a pattern (Fig. 6.1.6B; the black pattern) different from
the spherulitic thin film.

T T T T T T T
5 10 15 20 25 30 35 40 45

2 Theta
Fig. 6.1.6. Image A is an AFM image, showing a spherulitic thin film after being formed in one
hour. The image is 500 nm in size. Image B indicates a series of time-resolved WAXS patterns.
The pattern collected in 1 hour (blue) and 5 hours (red) has been compared with that from the
final product (black). Image C is a LC-PolScope image during the transformation from spherulitic
to mesocrystalline thin films (in one hour). (sample G; A, = 5)

LC-PolScope technique helps to understand the orientation transformation between
the spherulitic and mesocrystalline thin films. Fig. 6.1.3C already shows that the nearly
iso-oriented mesocrystalline thin films are reminiscent of spherulitic thin films. The
question is whether the same area shows the same orientation before and after the
recrystallization from spherulitic to mesocrystalline thin films. Fig. 6.1.6C shows that
grains start to grow sporadically within the spherulitic matrix. Most mesocrystalline seeds
follow the same orientation as the spherulitic matrix. However, some mesocrystalline
seeds show close orientations to their matrices because of the existence of thermal
fluctuation.

Temperature drop is a key technique in material processing. It is herein used to tune
the properties of mesocrystalline thin film such as the size and orientation of
mesocrystalline grains. The evaporation process was performed at 40°C and the
spherulitic thin film formed was subjected to a temperature drop in two ways: quenching
or annealing. The experiments were performed by using sample G and the value of A, = 5.

If the temperature was dropped immediately from 40°C to R. T., the structural
change also happened immediately and finished within 5 min. Fig. 6.1.7 is a POM image,
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indicating the existence of closely packed worm-like structures. Each worm-like structure
is several hundreds of nanometers in width and several micrometers in length. The
inserted image is an OM image from the same area, where rough structures spread
homogeneously on the slide. Fig. 6.1.7 reminds us of its similarity to spinodal thin films.
The kinetics of a quenching process is summarized in Fig. 6.1.8. Three POM images in
sequence show that the structural change is homogeneous and simultaneous within the
spherulitic matrix. The whole process finishes within 5 min. AFM and WAXS will be
helpful in determining the morphology at the nanoscale and the crystallography of the

above thin film.

S AR A Fn — . '
Fig. 6.1.7 is a POM image, showing the morphology of a thin film by quenching the temperature
from 40°C to R. T. The inserted image is an OM image from the same area. (sample G; A, = 5)

In another route, a spherulitic thin film was annealed from 40°C to R. T. slowly,
obtaining a mesocrystalline thin film. Fig. 6.1.9A is a typical POM image, showing that

each mesocrystalline grain is tens of micrometers in size. Different from nearly iso-

oriented mesocrystalline grains prepared at R.T. directly (Fig. 6.1.3C), an LC-PolScope
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image shows that the orientation of mesocrystalline grains by an annealing process is

randomly distributed (Fig. 6.1.9B).

Fig. 6.1.8 are POM images, showing the kinetic change from spherulitic to spinodal-like thin film
by quenching the temperature from 40°C to R.T. They were taken at the same position. (sample G;
}\.2 = 5)

Fig.y 6.1.9. Fig A s a PO ima, sowing a meocrystalliethinfflm by anealing the sample
irzoin;)lmc to R. T. in 24 hours. Fig. B is a LC-PolScope picture of the same sample. (sample G;

AFM was used to check the structural details of mesocrystalline thin films on micro-
and nano-scale. Three domains in Fig. 6.1.10A are the reminiscences of spherulitic
domains. Each domain is tens of micrometers in size. Each white spot is the nucleation
position of a spherulitic domain. The whole domain is flat on the nanoscale (within £5
nm from AFM image analysis; not shown), except for the boundary (~ —40 nm) and the
nucleation spot (~ +40 nm). Each domain breaks into many single crystalline grains ~5—
20 pum in size, as observed from Fig. 6.1.10B. Although grains show polygonal
morphology from both POM and LC-PolScope images in Fig. 6.1.9, a detailed scan in
Fig. 6.1.10B shows that the boundaries between grains are curved lines. Fig. 6.1.10C
shows that the building blocks of grains are tightly packed NPs ~40—50 nm in size. NPs
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are the only phase, suggesting that PAA is dispersed homogeneously with Lys in NPs.
Compared with the mesocrystalline thin films obtained directly at R.T., those from an
annealing process are advantageous for the flat surface on the nanoscale and the random

orientation distribution of grains.

\ : [
/ : -."‘ .
k 2 : | MRS A

Fig. 6.1;10. Three AFM images at different scales, showing structures from domain, grain, to NPs.
(sample G; A, =5)

Fig. 6.1.11. The nucleation and growth of a mesocrystalline thin film from a spherulitic matrix in
an annealing process. Two grains in the black rectangles are magnified newly formed grains from
the black circles. (sample G; &, = 5)
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The nucleation and growth process of the mesocrystalline thin film was also
examined by combining a heating platform with the LC-PolScope technique (Fig. 6.1.11).
Spherulitic thin film was stable between 50°C and 40°C. At 39°C, the appearance of
several nuclei was observed, two of which are highlighted by black circles (see the
magnified images in the white cubes) in Fig. 6.1.11. The growth of grains was then
scanned at 38°C. After the calculation, the average growth rate of a mesocrystalline grain
is ~ 360 nm'min”' at 38°C. It is difficult to determine the precise rate since the growth on
each direction is not equal and the formed mesocrystalline grains do not grow spherically.

To examine the stability of mesocrystalline thin films, samples were heated at 170°C,
which is close to the melting point of Lys. However, there was no change in the

mesocrystalline thin film thereafter.

6.1.3 Discussion

This work is inspired by the patterned thin films in biominerals, where morphologies
far from equilibrium are produced from a biological control of grains such as orientation,
size, shape, and arrangement. Different from biomimetic thin films with isolated single
crystalline patches by using a LB membrane or self-assembly monolayer as a template,
continuously mesocrystalline thin films were obtained. A metastable Lys-PAA-water-
EtOH mixture was dropped on a hydrophilic glass slide via a dip-coating approach. The
following evaporation process fused the immediately nucleated PILP NPs onto the glass
slide to form spherulitic domains, resulting in continuous thin film. The following
crystallization and recrystallization of NPs caused the formation of mesocrystalline grains
several micrometers in size within each domain whilst the morphology of NPs was
maintained. An annealing process was found to be advantageous for optimizing the
synthesis of thin films, which are flat on the nanoscale.

Thin films herein are unique for their mesocrystalline property. Normally, single
crystalline thin films start to grow from a surface-induced heterogeneous nucleation,
where the grains larger than the critical value continue growing by moving the grain
boundary forward. Grains after a surface-induced heterogeneous nucleation show single-
crystal morphologies. In mesocrystalline thin films, however, the building blocks are

crystallographically oriented NPs, which interact with each other by dipole-dipole
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interactions. Mesocrystalline thin films have also been reported elsewhere. For example,
mesocrystalline CaCOs—poly(aspartic acid) thin films were selectively grown on the
patterned hydrophilic thin films from PILP deposition.'® Similarly, the PILP route can be
used to explain the multi-step formation of the mesocrystalline thin films in this section.

The continuous thin films are formed from a spherulitic mesocrystallization process
during the evaporation process. After the formation of a homogeneous liquid layer on the
slide, further evaporation causes an L-L phase separation after the solute concentration
surpasses the threshold value. The metastable PILP nanodroplets, which are rich in
solutes, fall on the slide and form a continuous NP thin layer. Thereafter, the final
evaporation process ruptures the continuous NP layer into many domains tens of
micrometers in size. Simultaneously, NPs are weakly connected on the receding direction
of the liquid layer. Therefore, they are radially oriented and coalesce into spherulitic thin
films within each domain. The formation of the spherulitic domains is a far from
equilibrium process.”

The recrystallization into mesocrystalline thin films from the spherulitic phase is
induced by the thermal fluctuation. Interestingly, there is no observably morphological
change for the NPs during the recrystallization process, and only the radial interactions
between NPs in a spherulitic domain are replaced by the dipole-dipole interactions
between NPs. Therefore, the transformation from spherulitic to mesocrystalline thin films
corresponds well with the Ostwald’s rule of stages. However, it is possible for NPs in the
spherulitic phase to move locally during the recrystallization process. The driving force
for NP reorientation is weak at R.T. Thus, nearly iso-oriented mesocrystalline thin films
were obtained, which is the reminiscence of the iso-oriented spherulitic thin films.

The annealing process is advantageous for obtaining high quality mesocrystalline
thin films for two reasons. Firstly, it provides NPs more thermal energy to move locally;
therefore, thin films with a flat surface on the nanoscale are obtained. Secondly and
importantly, it provides energy for NPs to reorient themselves and to interact with the
neighboring NPs. There are reversible structural fluctuations between NPs within
spherulitic thin films when the temperature is above the recrystallization value. However,
the interactions between NPs become irreversible when the temperature stays below the

recrystallization value. Then, neighboring NPs can reorient themselves by dipole-dipole
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interactions within spherulitic domains. Consequently, NP clustering seeds are formed.
When the seed size is larger than a critical value, mesocrystalline grains grow irreversibly.
They stop growing when two growing grains meet each other. The orientation of grains is
randomly distributed because of the existence of relatively large thermal fluctuations. The
whole process is summarized in Fig. 6.1.12.

Mesocrystalline thin films show several key differences from classical thin films
using atoms or ions as building blocks. First, both the size and orientation of grains are
unchangeable by heating the as-prepared mesocrystalline thin films near to the melting
point of Lys. In classical thin films, however, recrystallization indeed happens by heating
the sample to a temperature near to the melting point. Then, thin films with large grains
are obtained from an recrystallization process. However, the recrystallization process is
not observable in the mesocrystalline thin films. Therefore, it is more difficult to break
the dipole-dipole interactions between crystalline NPs in the mesocrystalline thin films,
compared to break the ionic or covalent bonds in classical thin films. Secondly,
mesocrystalline thin films are free from cracks. The NPs in mesocrystalline grains are
reminiscence of PILP nanodroplets and their existence helps to release the stress from
neighbouring domains during the evaporating and recrystallization process, the latter of
which is the main reason that the thin films are crack free. Cracks are otherwise
extremely hard to remove from crystalline thin films from a solution route by a surface-

induced heterogeneous nucleation.

Fig. 6.1.12. The mechanism of mesocrystalline thin film formation

Results herein support the notion that the combination between PILP route and

evaporation can be a possible route for the formation of bioinspired hybrid thin films.
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Evaporation force, as well as other physical forces, can be used to bring order on the
micro- to macro-scale. Mesocrystalline thin films with preferred orientations can be
obtained by using templates with preexisting orders. In addition, specific nucleation
points can be introduced to precisely control the nucleation position. Therefore,
patterning and lithography can be combined to the current PILP system for the
preparation of patterned biomimetic thin films with a preferred orientation and at

designed positions.
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6.2 Hierarchical Mesocrystalline Thin Films

6.2.1 Introduction

Hierarchy is a universal principle in biominerals such as bones and woods.”” For
example, bone has up to seven hierarchical levels of organization.'” Various biominerals
have been analyzed with microscopes to understand their structural details. On the other
hand, a general biomimetic method for hierarchical material synthesis is still lacking. The
main reason is that biominerals are constructed far from equilibrium processes, which are
characterized as being porous and show curved morphologies.!" Current synthetic
methods for hierarchical materials are always performed within the preexisting templates,
which are introduced from lithography or patterning.'” Only few free standing
hierarchical materials have been prepared successfully till now.” '

Solvent evaporation is indeed effective in the formation of various patterned thin
films, though it is not a driving force in biomineralization. Solvent evaporation is far
from equilibrium process, which can position supramolecules, macromolecules, and NPs

HL 12 The uniformity of the solvent evaporation on the

into various complex patterns.
substrate and the fluctuation of the solute boundaries are suggested among the key
parameters to understand the morphology of patterned structure.''? Thin films are
obtained only if the substrate-solute interactions are stronger than the solvent-substrate
and solvent—solute interactions.”’

Here, the preparation of hierarchical thin films with four hierarchy levels is
introduced. The reaction starts from DL-Lys-HCl-poly(acrylic acid) (Lys-PAA)
microsphere redissolution and recrystallization on a hydrophilic slide. An evaporation-
induced self-organization of PILP nanodroplets is responsible for the formation of
hierarchical mesocrystalline thin films. To the best of our knowledge, this is the first

proof for the direct transformation of PILPs into a hierarchical mesocrystalline thin film

with four hierarchy levels in a single preparation step.

6.2.2 Results

Fig. 6.2.1 A is an OM image, providing an overview of the patterned thin films on

the slide. Patterns show a fan-shaped morphology and are hundreds of micrometers in
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size. Each pattern starts from the same nucleation position where structures begin to grow.
Patterns stop growing when they meet each other. The growing direction of the boundary
is abruptly changed at the boundary, as clear seen in Fig. 6.2.1A. Fig. 6.2.1 B focuses on
one pattern. The pattern contains many pin-leaf structures, all growing radially from the
same nucleation center. Each pin-leaf structure is tens of micrometers in width, and the
structure is growing wider along the growing direction. Each fan-shaped pattern is an

assembly of pin-leaf structures.

Fig. 6.2.1. Both are OM images. Image A shows an overview of two patterns and the boundary in
between. Image B focuses on one pattern, giving the structural details on the microscale.

AFM was used to provide structural details of the thin film on the micro- and nano-
scale. Fig. 6.2.2A shows the structural details of one pin-leaf structure. There are two
kinds of structures within a pin-leaf: axis and wings. Each axis structure is ~1 pm in
width, growing along the growth direction of the pattern. Wings are rod-shaped structures,
hundreds of nanometers in width and several micrometers in length. Wings grow
vertically to the axis. In Fig. 6.2.2B, it is clear seen that both axis and wings contain
lamellar structures. Four lamellar structures grow in parallel along the axis direction. As
to the wings, several lamellar structures which are ~50 nm in width pack in parallel to
form rod-like structures along the direction of wings. A closer scan of several lamellar
structures indicates that each lamellar structure is a 1D NP assembly (Fig. 6.2.2C). The

size of NPs is ~50 nm. Hierarchical thin films are mesocrystalline in nature.
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images A, B, and C is 10, 4, and 2 pm, respectively.

WAXS data indicate that the hierarchical thin film shares the same crystalline
structure with microspheres precipitated directly from the solution (Fig. 6.2.3). However,
the intensities of some peaks are different in two patterns, which can explain the size and

orientation of NPs within mesocrystalline thin films.

----- Thin Film
----- Microspheres

Intensity

10 15 20 25 30 35 40 45 50
2 theta

Fig. 6.2.3 shows the WAXS patterns from microsphere and hierarchical thin film. The standard
pattern is shown at the bottom as columns.

The formation of hierarchical thin films is as follows. When the microsphere
dispersion is dropped on the glass surface, the solvent begins to evaporate. As the vapor
pressure of EtOH is higher than that of water, EtOH evaporates faster than water. At a
certain composition, the solution becomes unsaturated, and the microspheres begin to

dissolve (Fig. 6.2.4). Then, further evaporation makes the solution saturated again. The
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newly formed PILP NPs self-assemble into the seeds, which act as nucleation points for

the growth of hierarchical domains by adsorbing NPs from the solution.
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Fig: 6.2.4. Three OM images show how the precursor liquid thin film is formed from microsphere
redissolution. Pictures were taken in 0, 5, and 10 min.

6.2.3 Discussion

The existence of EtOH is essential for the formation of hierarchical thin films. EtOH
helps to spread the precursor phase on the surface and to form a continuous liquid layer.
In addition, EtOH is a non-solvent for Lys. With the evaporation of the solvent, L-L
phase separation happens and PILP nanodroplets nucleate. PILP droplets fall on the slide
and aggregate into a hierarchical thin film. K,SO4/PAA hierarchical crystals are obtained
by evaporating the K,SO4PAA aqueous solution, where a slow evaporation is
responsible for the oscillation growth modes between 2D and 3D.'"

PAA has multiple effects from its interaction with Lys, to the NP nucleation and NP
self-organization. Firstly, PAA forms complexes with Lys in aqueous solutions. In
addition, PAA can stabilize PILP NPs at the nanoscale from an Ostwald ripening process.
Furthermore, PAA molecules near to the NP surface might be responsible for assembling
NPs into the lamellar structure, wings, and axis during the solvent evaporation. PAA is
reported elsewhere to have two chemical environments; it can be strongly incorporated,
or loosely attached to the crystal surface in K;SO4/PAA hierarchical crystals.''° However,
it is difficult to distinguish how PAA distributes within the hierarchical thin film in this
section, because the decomposition temperature of Lys and PAA is too close to
distinguish by using a thermogravimetric analysis.

The structural analysis is summarized in Fig. 6.2.5. The formation of complex
structures between Lys and PAA and their precipitation by an evaporation process is

believed to be responsible for the formation of free-standing hierarchical thin films
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without the introduction of pre-existing hierarchy by lithography. These results are
among the few in preparation of hierarchical thin films by using bottom-up approaches.
The presented thin films show many similarities to natural systems, though on different
size scales. To understand the mechanism of hierarchical or self-organized thin films, it is
useful to understand complex structure formation in the biosphere and in turn rationally

design synthetic thin films with complex structures.

Fig. 6.2.5 shows every hierarchy in the mesocrystalline thin film. Five structures are 1. NPs, 2.
lamellar structure, 3. wings and axis, 4. the pin-leaf structure and 5. the fan-shaped pattern.

-97 -



6.3 Self-organized Hybrid Thin Films

6.3.1 Introduction

Periodically patterned superstructures are common in the biosphere. For example,
nacre shows spiral or target patterned structures with the periodicity at the microscale.'"

"4 They also exist in self-oscillating chemical reactions,'” semi-crystalline polymer

116 117-120

crystallization from melt, ° and biomimetic crystallization processes. Kato’s group
systematically investigated the formation of periodic patterned CaCO3;/PAA hybrid thin
films on a chemically cross-linked hydrogel matrix.'"*'*! A two-step mechanism is
suggested as follows: the formation of CaCO; flat thin film with c-axes periodically
switching between perpendicular and parallel to the growth direction, followed by the 3D
growth using the flat thin film as a template. Wang ef al. observed the existence of
periodic patterns in BaCO; precipitation with double hydrophilic block copolymers as
additives on the glass slide by tuning the pH value and concentration of the block

"8 The coupled reaction-diffusion process where the formation of Ba®'-

copolymer.
polymer complex as the key step is responsible for the formation of periodic patterns.
The equal distanced patterns suggest that a process with mathematics very similar to the
Belousov-Zhabotinsky reaction in nature. In both cases, the periodicity of patterns is
several micrometers in size.

In this section, the formation of periodic pattern from DL-Lys-HCl (Lys)
precipitation with poly(acrylic acid) (PAA) as an additive is introduced. The thin films

were formed directly on the glass surface with solvent evaporation. Evaporation and

interactions between Lys and PAA are collaborative for the formation of periodic patterns.

6.3.2 Results

Fig. 6.3.1 A is a POM image, showing an overview of a ring-like superstructure
about one millimetre in size scale. The periodicity on different directions is slightly
different. For example, the periodicity on the right direction is ~27 um; whilst that on the
left side is only ~24 um. Therefore, a ring-like superstructure is an assembly of several

fan-shaped patterns. Several mismatch gaps between fan-shaped patterns are observed
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and highlighted within the white circles in Fig. 6.3.1 A. The periodicity within each fan-
shaped pattern is equally distanced. Several periodic superstructures grow simultaneously
on the slide, and they stop growing when they collide with each other (Fig. 6.3.1 B). The

periodicity near to the boundary is not regular any more.

Bild_000062) m f | )"—' > o ed ™~
Fig. 6.3.1. Image A is an overview of a ring-like structure, where the mismatches are highlighted
by white circles. Image B shows the boundaries among ring-like structures.

SEM helps to understand the structural details of a fan-shaped pattern on the micro-
and nano-scale. Fig. 6.3.2A is an overview SEM image of a fan-shaped pattern (on the
right side of the ring-like superstructure in Fig. 6.3.1), proving again the equal periodicy
in length within the fan-shaped pattern. Fig. 6.3.2B shows that the bright colour in Fig.
6.3.1 A comes from nanosheet assembly. All nanoplatelets are oriented parallel to the
glass surface and along the radial growth direction of a fan-shaped pattern. Each ring
structure is ~20 pm in width, and the gap in between is ~7 um in length in Fig. 6.3.2B. A
SEM image at high magnification tells that nanoplatelets are ~100 nm in width and ~1
um in length, as shown in Fig. 6.3.2C.

50 pm Spum o 1 pm

Fig. 6.3.2. Three SEM images of the self-organized structures at different scales.
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6.3.3 Discussion

The formation of Lys/PAA periodic structure is governed by the combination of
precipitation and solvent evaporation. Lys/PAA complexes exist in the water-EtOH
mixture. During the evaporation process, the solution becomes supersaturated for Lys,
which causes the precipitation of nanoplatelets. The precipitates are organized into the
direction along the receding line of the liquid layer during the evaporation process, and
an arc layer is obtained thereafter. This is the initial step for the generation of an
oscillation reaction. Simultaneously, the liquid layer is unsaturated because of the
precipitation. Then, a gap is formed because of no precipitation whilst the liquid is
receding. The two-step process is one circle of an oscillation reaction. In short, the
oscillation reaction produces nanoplatelets periodically, and continuous evaporation helps
position the nanoplatelets into a fan-shaped periodic pattern with equal distance. The
periodicity in this section is ~27 um and larger than those from CaCOs-PAA system'®* '’
and BaSO4-block copolymer patterned thin films."'® The reason is that the periodicity
depends not only on the oscillation reaction but on the kinetics of the evaporation process.

The autocatalytic precipitation coupled with the diffusion of nanoplatelets with an
evaporation process establishes a reaction-diffusion system that leads to fan-shaped
patterns. The equal distanced fan-shaped patterns remind us of their similarity to the
structure from the Belousov-Zhabotinsky type. However, modelling work is needed to be
carried out. Some more experiments are still needed to investigate how the parameters,
such as the solute concentration and the humidity affect the periodicity of self-organizing
patterned thin films. In addition, WAXS measurement can be helpful to understand the

orientation of the nanoplatelets within the thin film.
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6.4 Preparation of L-Lys:-HCI/PAA Thin Films

6.4.1 Spherulitic Thin Films

This section is designed to understand how the chemical structure affects the self-
organization of the nanostructures and the final morphologies. The interactions between
L-Lys-HCI (L-Lys) or DL-Lys-HCI and PAA should be similar. However, they result in
thin films with differnt morphologies.

Fig. 6.4.1.1. Image' Ais a POM image, displaying the thin film during solvent evaporation
(sample S). Image B and C are OM and POM images of the as-prepared sample, respectively
(sample S). Image B and C were taken at the same position.

The composition of L-Lys—PAA ageuous solution is summarized in Table 6.4.1. For
example, the newly formed spherulites show bright contrast in POM and each spherulite
is from tens to hundreds of micrometers in size (Fig. 6.4.1.1A). The boundaries between
spherulites are clear to see. However, the contrast begins to fade in several hours, as
shown in Fig. 6.4.1.1B. Each spherulitic domain corresponds to a pattern in Fig. 6.4.1.1C.
The solute concentration in L-Lys—PAA aquous solution is a key parameter for the
preparation of thin films. If the solute concentration is lower than sample T, an
incomplete thin film is obtained. Polycrystalline thin film forms when the solute

concentration in the ageuous solution is higher than in sample R (see section 6.4.2).

Table 6.4.1. The composition of aqueous solutions

[L-Lys] (gL  [PAA] (gL

R 50 5
S 40 4
T 30 3
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SEM images indicate the existence of sheet-like structures, covering the whole
surface (Fig. 6.4.1.2A). A close scan of one spherulite shows that each spherulite is a
nanosheet assembly in a radial arrangement (Fig. 6.4.1.2B). Nanosheets are more than 1
um in length, and the thickness is less than 100 nm (Fig. 6.4.1.2C). Each nanosheet

composes several 1D nanofibers arranging themselves in parallel.
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Fig. 6.4.1.2. SEM images of the structulral details of sample S on dilffelrent scales.

Compared to mesocrystalline thin films obtained from DL-Lys-HCI/PAA system
(Section 6.1), L-Lys'HCI/PAA precipitates as spherulites with nanoplatelets as building
blocks. In addition, both the composition and the interactions between the two systems
are similar on molecular level. However, different crystallographic properties between L-
Lys-HCI and DL-Lys-HCI decide the different morphologies of nanostructures and how
nanostructures self-organize themselves, both of which cause the morphological

difference between the two systems.

6.4.2 Hierarchical Thin Films

L-Lys‘HCI/PAA thin films can also show hierarchical structures. A hierarchical thin
film was scanned by SEM. Each domain is millimeters in size, as shown in Fig. 6.4.2.1A.
The domain contains many slender structures, and each slender structure is about several
micrometers in width and hundreds of micrometers in length (Fig. 6.4.2.1B). From Fig.
6.4.2.1C, each slender structure contains brick-like sub-structures, which lie in parallel
along the growth direction of the slender structure. Each brick-like structure is assembled
from NPs, which could only be observed by the fracture of the thin film (Fig. 6.4.2.1D).

Compared to four hierarchy levels observed in the DL-Lys-HCI/PAA thin film, only
three hierarchies are obtained in the L-Lys-HCI/PAA thin film. One possibility is that the
lamellar structures merge together to form brick-like structures. In Section 6.2, the wing

or axis structure, which is comparable to a brick-like structure, remains as lamellar
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assembly. We plan to use chiral thin films for chiral separation or chiral adsorptions. BET

measurements are needed to clarify the porosity of thin films.

il 1100 m h
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Fig. 6.4.2.1. SEM images of hierarchical thin films on different scales.

6.4.3 Discussion

As a comparison, L-Lys'HCI/PAA thin films were prepared as a comparison to DL-
Lys-HCI/PAA thin films in section 6.1 and 6.2. Although continuous thin films were also
obtained for the L-Lys'HCI/PAA system, they show spherulitic morphology with
nanoplatelets as building blocks. Such results suggest that lattice energy and molecular
structure plays key roles in determining the morphology of the building blocks and
subsequently their self-organization, since interactions between L-Lys-HCl or DL-
Lys-HCI and PAA at the molecular level are supposed to be the same whilst the lattice
energies of L-Lys'HCIl and DL-Lys-HCI are different. The preparation of such chiral

hybrid thin films has numerous applications in chiral adsorption and separation science.
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7. DL-Glu-H,0 2D Nucleation and Growth from Nanoparticles

Attachment and Relaxation

Abstract

Non-classical crystallization has become increasingly evident from studies in
colloidal and protein systems and investigations in bio-inspired crystallizations and
biomineral analysis experimentally or theoretically. This section presents the nucleation
and growth of a molecular layer by nanoparticle (NP) attachments and relaxation as
observed using in-situ atomic force microscopy (AFM). Liquid- or amorphous-like NPs
attach to a preexisting molecular layer from the very beginning, followed by their
shrinkage both in height and size to form crystalline seeds, which grow further to form a
crystalline molecular layer by using the preexisting molecular layer as a template.
Analytic ultracentrifugation (AUC) demonstrates the existence of clustering structures in
the DL-Glu-H,O solution system, which may be equal to or aggregate into NPs in the
supersaturated solution. The nucleation of single crystal crystalline layers by liquid- or
amorphous-like NP attachment and relaxation rather than the attachment of single
molecules provides a strong proof for non-classical crystallization routes in molecular

systems microscopically.
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7.1 Introduction

22 .
protein

Evidence from biomineral analysis,”® bioinspired crystallization,'”
crystallization,* and colloidal assembling® ® suggests that nucleation in crystallization is
a multi-step process, namely non-classical crystallization. The simulation work by ten
Wolde et al. pioneers the non-classical crystallization route by predicting the existence of
a dense liquid precursor.’ By passing through the critical point, proteins aggregate into a
dense liquid phase by density fluctuation, instead of crystallizing by structural fluctuation
in the classical pictures. Then, the highly reduced nucleation energy barrier results in the
increase of the nucleation rate. Experimental studies of protein crystallization both in
bulk solution and microscopically reach a similar conclusion, and provide strong
evidence for the existence of liquid precursors before crystallization happens within the
dense liquid phase. Most recently, a multi-step transition during an S layer protein
assembly process passing through isolated molecules, amorphous clusters, and crystalline
clusters was reported by using an in-situ atomic force microscope (AFM).° In the above
study, however, the interferences from the conformation transformation of proteins and
lipidic substrate effect cannot be excluded, both of which effects the generalization of the
underling mechanism. Along with few successful cases in protein systems, proteins are
very flexible and complex when used to mimic nucleation in molecular systems.

Colloidal assembly is always used as a supporting system for better understanding of
nucleation in molecular crystallizations. The colloidal system is advantageous for the
visibility to “see” each colloid from scattering under microscope, and its relatively slow
transformation time which is usually from minutes to hours. The theory work shows
nicely that hard-sphere colloidal clusters demonstrate a metastable structure, and they
must transform into the same polymorph as bulk crystals before being used as nuclei.®’
The above two-step route corresponds well with the Ostwald rule of stages. However, an
experimental study provides another picture. Gasser et al. observed that initially formed
clusters already show the thermodynamically stable hexagonal close-packed structures
before they grow into 3D colloidal crystals by colloidal attachments, which follows
classical nucleation theory exactly (CNT).'’ Besides the discordances between theoretic

and experimental results, colloidal systems are not comparable to molecular ones for
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several reasons. Monodisperse colloids are spherical with a homogeneous charge
distribution. In addition, the hydration layer is thin compared to the size of colloids. On
the contrary, molecules are asymmetric in morphology. Their charge distribution is
inhomogeneous, and is affected heavily by solvent adsorption. Therefore, more complex
colloids with anisotropic and various charging properties have been used for the
nucleation study.

Precursors are also detected in (bio) mineralization systems. Clusters (~1 nm) during
the nucleation of CaCOs by using a relatively slow diffusion method, gas diffusion, was
detected by analytic ultracentrifugation (AUC)? and cryo-transmission electron
microscopy (TEM),” separately. By directly mixing salts containing Ca®>" and COs>,
however, a liquid-like phase was captured 100 ms after mixing."” In both cases,
amorphous and crystalline CaCOj; can be obtained thereafter in sequence. But, due to
experimental limitations associated with viewing nucleation in 3D with a resolution on a
molecular level, a multi-step nucleation picture in molecular systems is still lacking. Here,
a 2D AFM observation of DL-Glu-H,O nucleation and growth via nanoparticle (NP)
attachments and relaxation is presented. The shrinkage of NP size to a minimum value
accompanies the disappearance of NPs smaller than the critical value. Simultaneously,
the size decrease of NP is followed by the nucleation of crystalline seeds, which serve as
nuclei for the growth of new crystalline molecular layers. This section provides the

experimental observation of multi-step nucleation in molecular systems microscopically.
7.2 Results

A small DL-Glu-H,O crystal was immersed into a supersaturated DL-Glu aqueous
solution, and the changes on the crystal surface were detected by an AFM tip. Fig. 7.1A
presents a series of representative AFM images collected with time. Since AFM can only
provide the height information of NPs, Fig. 7.1B records the height change NPs with time.

The first 15 min sees the height increase in NPs. The height of the black, blue, and
green NPs increases during the first 9 min and it keeps almost constant during the next 6
min. However, the height of other circled NPs fluctuates during the first 9 min, and

reaches their peak value at 15 min. The height increase of NPs in the supersaturated
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mother liquor can be attributed to the NP reorientation or growth due to molecule or
cluster attachment.

The height shrinkage of NPs was observed in the next 11 min. The height of NPs
(blue, black, yellow, and red NPs) shrinks from ~3-7 nm to ~1-3 nm, whilst small NPs
(green, orange, purple, and other small NPs) disappear. This result suggests the existence
of the critical height of NPs. Considering there is a shrinkage process, the critical height
is not a constant, but varies with time. For example, the red NP height at ~3.5 nm is
suggested as the critical height at the 15™ min. At this moment, only NPs higher than this
value can stay as nuclei. In addition, the height order is changing before and after the
shrinkage period. For example, the black NP has the largest height at the 15" min.
However, its height is smaller than the other six NPs at the 26™ min.

As to the purple and red NPs, which are close in height, the purple NP disappears
whilst the red one shrinks to ~2 nm. One possible explanation is that the purple NP is
very close to the blue one. During the NP shrinkage, there might be a direct mass transfer
between the purple and blue NPs, which is an Ostwald Ripening process on the nanoscale.
As to the red NP, it may even obtain masses from the surrounding NPs.

The shrinkage can be attributed to a relaxation process with mass transfers between
NP and NP as well as between NP and the mother liquor. The height of NPs before the
shrinkage is much larger than that of a molecular layer (~0.4 nm). In addition, the NP
surface is smooth from a 3D analysis without any discontinuous height gradient (image
not shown). Therefore, NPs before the shrinkage are liquid- or amorphous- like, and may
contain water and DL-Glu'-H,O molecules. Kuznetsov ef al. also mentioned that the
liquid droplets rich in proteins can adsorb on the crystal surface, and crystallize into
multilayer layers.'** NPs after the shrinkage begin to grow in parallel with the preexisting
molecular layer. The relaxation process may combine with the expelling of water and
DL-Glu-H,0O molecules, which is entropically beneficial to the ordering of the remaining

DL-Glu-H,O molecules.'*
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Fig. 7.1. Image A is a series of AFM images with time. Each AFM image is 2 pm in size. Seven
NPs were picked out to track the height change of NPs, which is summarized in image B.
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The next step is the growth of molecular layers, as summarized in Fig. 7.2. To begin
with, Fig. 7.1 must be returned to. As to the red NP, its transformation into a crystalline
layer begins to be visible in the +26 image in Fig. 7.1A. In the +31 image in Fig. 7.1A,
the new layer is already 100 nm in size with a flat surface. However, the single layer
growth mode is not the only mode, as shown in Fig. 7.2. For example, the black NP
grows into a double crystalline layer. The growth of a double layer is observed until the
37™ min. Then, the layer on top disappears within the next 10 min. The disappearance of
the top layer of the double layer for the NP within the black circle suggests that crystals
grow by completing discrete unit cells rather than filling cells here and there on the

124
layers.

+34 min +37 min +47 min

Fig. 7.2. Three AFM images in sequence show the growth of new layers.

A simple control experiment proves that NPs originate from the solution. The
existence of NPs was observed to deposit on a Si wafer within a DL-Glu supersaturated
solution. However, there is no NP on a dry Si wafer or the wafer immersed into water, as
shown in Fig. 7.3. Therefore, NPs must come from Glu supaersaturated solution.
However, these small NPs are transient, and can disappear in the next scan (each scan
takes 3 min).

Large NPs, however, can stay at the same position for a continuous scanning. In Fig.
7.4, the height change of a NP is illustrated. The first 10 min is the NP fluctuation period.
Then, the next 20 min sees a continuous height decrease from 12 to 2 nm, which is a
relaxation process. The final NP height drops to 1 nm, and the value keeps constant

thereafter. The growth of a new molecular layer is not observable, which may be
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attributed to the unit cell mismatch between DL-Glu-H,O and Si. However, the structural
details of the attached NPs are impossible to scan because of the limit of size resolution

in AFM.
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Fig. 7.3 AFM images A, B and C was taken at the same area in air, in double distilled water, and
in a DL-Glu supersaturated aqueous solution, respectively. Each image is 5 um in size.
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Fig. 7.4. Image A is an AFM image taken at 60 min. The image is 2.5 um in size. The height
change of the NP is summarized in image B.

The existence of DL-Glu-H,O clusters in a 2g-L" aqueous solution was proven by
AUC. By calculating the sedimentation coefficient, the diameter of the clusters is
estimated to be 2.1+0.1 nm based on the density of DL-Glu-H,0O. The AUC result shows
that pre-nucleation clusters can exist even in the unsaturated solution, which suggests that
the threshold value for the appearance of clusters does not depend on the saturation value
of monomers. The existence of a strong convection blocked the possibility to measure
clusters in more concentrated samples. However, it is expected that cluster number

density increases with the increase of monomer concentration, supposing that the size of
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NPs is constant with the monomer concentration. The actual cluster size may be larger
than 2.1+0.1 nm, because the possible existence of solvent can loosen the structure.
Therefore NPs observed in AFM should be clusters or cluster aggregates.

Measurements in mass spectroscopy, cryo-TEM, SANS, SAXS, and light scattering
are still unsuccessful in scanning the existence of clusters in DL-Glu-H,O supersaturated
solution so far. Therefore, it is still difficult to conclusively back up the described

mechanism by a second analytical technique.
7.3 Discussion

The 2D nucleation and growth of a molecular layer can be divided into three steps:
NP formation & attachment, NP relaxation, and the growth of newly formed molecular

layers, which will be discussed in sequence. The whole process is summarized in Fig. 7.5.

Wy - y - Yy
1 2 3
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Fig. 7.5. A series of cartoons show the relaxation of a NP in a supersaturated solution. An
amorphous or liquid-like NP is shown in green. The red layer represents one molecular layer and
the preexisting molecular layer is shown as a black line.

NP formation & attachment is a transient process, which is difficult to capture by
AFM and other techniques. Therefore, two routes have been applied to provide indirect
proofs that the attached NPs come from solution. Firstly, NPs were observable by dipping
supersaturated DL-Glu solution on a Si wafer, which directly proves their existence in
mother liquor. Secondly, AUC measurements detected the existence of prenucleation
clusters ~2 nm in diameter in an unsaturated DL-Glu solution. NPs can be clusters or
their aggregates in the supersaturated solution. When the crystal is immersed in the

mother liquor, NPs immediately attach to the crystal layer to lower their interfacial
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energy. Molecular layer growth by NP attachments have also been observed in
inorganic'® and macromolecular crystallizations.'** '** However, former research failed
to provide details of NP transformation into molecular layers.

Considering that the height of initial NPs (several nanometers) is obviously larger
than that of a molecular layer (~0.4 nm), there will be a relaxation process for NPs to fit
their height and structure to the level of a molecular layer. The size shrinkage has been
observed elsewhere during the coarsening of crystalline NPs, where the coarsening NPs
change shape or lose monomers to decrease the internal energy and chemical potential **
127 However, in both cases, the decrease in size during the crystalline NP coarsening
process is slight. Here, a large portion of NP size (or volume) is lost. A possible
explanation is provided as follows. The attached NPs are amorphous- or liquid-like in
nature with the existence of water molecules. The following relaxation process is a
crystallization process of the remaining solute molecules, combined with the expelling of
solute and solvent from NPs. This process is an entropically beneficial process. The
relaxation can be realized in several other ways in other systems. For example, the
structural transformation of S-layer proteins from an amorphous to crystalline phase was
reported, where the condensation and relaxation were realized from conformational
transformation of proteins.’ In another case, simulation results showed that during the
nucleation of colloidal crystals with oppositely charged colloids, there was a phase
transformation from the initially formed liquid-or amorphous-like clustering structures to
the crystalline nuclei, which continued growing into colloidal crystals.” The phenomena
of relaxation are various and depend heavily on the system, such as the molecule,
reaction condition, efc. The relaxation is the rate-determining step in multi-step
nucleation processes.

The shrinkage process sees the disappearance of small NPs, which proves the
existence of the critical height during the relaxation process. Similar results have been
observed elsewhere in protein crystallization with AFM.'*® The critical height herein is
different from the critical nucleus in CNT for several reasons. In CNT, the crystalline
critical nucleus exists in a solution, and is a constant value in size. Herein, the critical

height is variable during the relaxation process.
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The pre-existing molecular layer can act as a template for the growth of new layers.
It can provide the orientation for the molecular patterning, and lower the interfacial
energy during the relaxation. This explanation can also explain why NPs on a Si wafer
fail in growing into a molecular layer. Therefore, a succession of mass transfers changes
the internal NP structure, and a multi-step process is advantageous for lowering the
activation energy of nucleation. In addition, the release of solvents as well as some solute
during nucleation is beneficial for the formation of densely packed nuclei from an

entropic point of view.
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8. Summary of the Thesis & Outlook

To precisely control the size, morphology, and polymorph of crystals is the ultimate
goal in the crystallization science. A series of nucleation and crystallization theories have
been put forward to understand the underlying physical mechanism of crystallization.
Although crystallization is well understood from a phenomenological perspective, current
theories are still far from being satisfactory in explaining many phenomena in
crystallization. Evidence in biomineralization and colloidal assembly challenges classical
crystallization theories, suggesting insights to the physical mechanisms on the nano- and
micro-scale to facilitate the rational synthesis of high-quality crystals.

The primary objective of this thesis is to understand crystallization as a multi-step
process, which passes through the formation of precursor phases on the nanoscale, the
relaxation of the precursor phase into crystalline nanostructures, and the aggregation of
nanocrystals (with polymeric additives) or the recrystallization into bulk crystals (without
polymeric additives) on the micro- and macro-scale. The main emphasis of this thesis is
on the precipitation of organics with a polymeric additive by addition of a non-solvent,
but also on the crystallization of organics by a temperature drop. In particular, the multi-
step crystallization is pursued to create materials such as porous microspheres and
patterned thin films.

Chapter 4 provides the phase behavior of a quaternary DL-Glutamic acid (Glu)—
polyethyleneimine (PEI)-water—EtOH system. The presented model system is used to aid
a description of interactions between the target molecules and oppositely charged
polyelectrolytes, and in turn how this interaction influences the phase behavior of such a
quaternary system. It is found that these interactions can effectively be tuned by varying
Glu/PEI w/w and the solvent components, resulting in precipitation from a polymer-
induced liquid precursor (PILP), coacervation or the formation of homogeneous mixtures.
Coacervation is observed to occur over a wide range of Glu/PEI with various volumes,
and the composition of coacervates is characterized by NMR. Different from metastable
liquid precursors in the precipitation of Glu, coacervates are a thermodynamically stable
phase rich in solute as proven by the path independence of reaching a thermodynamic

equilibrium. Therefore, thermodynamically stable coacervates have to be distinguished
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from metastable PILP phase as the latter is relatively difficult to handle due to its
transient properties. In the second part of this chapter, the Glu-PEI aqueous solution is
characterized. The combination of atomic force microscopy, small angle scattering, and
E-potential measurements confirms the coexistence of monomers and Glu/PEI complexes
and the aggregates of complexes. This case study reveals that the existence of preexisting
complexes is the prerequisite for the formation of liquid precursors in the precipitation
processes, and that there might be a direct structural transformation between the Glu/PEI
complexes in aqueous solution and the metastable liquid precursors in a water-EtOH
mixture.

The next chapter concerns the mechanism of Glu precipitation with PEI as an
additive. The experiments are performed by mixing Glu-PEI aqueous solution with a
non-solvent — EtOH. The results presented herein support the hypothesis that the
precipitation of organic compounds bearing an opposite charge to the polyelectrolyte
additive is a multi-step process starting with a liquid-liquid (L-L) phase separation. The
combination of stopped flow and small angle scattering demonstrates that the initially
formed liquid precursors pass through an alteration of growth and coalescence before the
nucleation of nanoplatelets within them. The nucleation period of liquid precursors is as
such a fast process, and is beyond the limit of data collection. Therefore, the possibility of
a very rapid L-L phase separation being spinodal in nature followed by a binodal phase
separation cannot be discounted, or likewise a binodal process from the very beginning
due to the fast mass diffusion in solution compared to polymer blends cannot be ruled out.
In the following step, the coalescent PILP droplets grow into spherical PILP
superstructures to lower their interfacial energies. The nucleation of nanoplatelets
happens within each PILP droplet thereafter. Finally, nanoplatelets reorient themselves,
and self-organize in a radial direction into the final crystalline microspheres. Therefore,
the precipitation of Glu with PEI as an additive is a multi-step process, including a liquid-
liquid phase separation, the nucleation of nanostructures, and the self-organization of
nanostructures. The existence of PEI changes the precipitation of Glu to start from a
metastable L-L phase separation, which can highly decrease the nucleation barrier and
accelerate the rate of precipitation. The results presented here agree well with those from

protein and colloidal crystallization. The recipe was then extended to the precipitation of
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organics in other oppositely charged amino acid-polyelectrolyte systems, which suggests
that the multi-step mechanism is general with regard to the precipitation of organics with
an oppositely charged polymer additive. The liquid precursor routes can shape the
polymer controlled inorganic crystallization or the precipitation of organics for the better
understanding of biomineralization and for designing functional bio-inspired inorganic-
and organic-polymer hybrid materials.

In Chapter 6, the multi-step crystallization route is extended to the preparation of
patterned thin films in combination with an evaporation process. By dipping a quaternary
DL-Lys'HCI (Lys)—polyacrylic acid (PAA)—water—EtOH dispersion on a hydrophilic
slide, the solvent evaporation induces precipitation and the formation of a thin film in
sequence. Different from the generally accepted surface-induced heterogeneous
nucleation route, from which single crystalline domains are always formed, nanoparticle-
based mesocrystalline thin films are obtained instead. The fast evaporation process
caused by the volatile solvent EtOH is responsible for the homogeneous nucleation of
NPs. Then, the following complete evaporation causes the mesocrystallization of a
continuous spherulitic thin film along the receding line of the liquid, which again
transforms into a mesocrystalline thin film. Furthermore, annealing is used to optimize
the property of the mesocrystalline thin films. The dipole-dipole interactions between
neighbouring NPs provide the orientation forces for the formation of mesocrystalline
domains. The multi-step formation of mesocrystalline thin films is advantageous for
obtaining large area crack-free thin films. As evaporation is a non-equilibrium process, it
can be used to tune the kinetics of crystallization. Therefore, hierarchical or periodical
thin films can be formed by starting the evaporation from the recrystallization of
microspheres. This is the first report for the preparation of mesocrystalline thin films with
four hierarchy levels by using bottom-up approaches on a free-standing slide. The results
reveal that evaporation provides an easy but effective way for the formation of patterned
structures on the micro- and macro-scale on a free standing solid surface via the
positioning of NPs after their fast nucleation, resulting in different kinds of patterns. This
is possible by controlling the concentration of NPs, solvent evaporation rate, and other
physical forces. Spherulitic L-Lys-HCI-PAA thin films are prepared as a comparison to
DL-Lys'HCI analogues, suggesting that the morphology also depends heavily on the
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lattice energy, since the molecular interactions between DL-Lys-HCI or L-Lys-HCIl and
PAA are the same, whilst the lattice energies of DL-Lys-HCI or L-Lys-HCI are different.
To rationally control the lattice energy of the target crystals, the interactions between ions
and polymeric additives in combination with the processing route can be a productive and
general way to prepare high quality biomimetic thin films.

Non-classical crystallizations are not limited to crystallizations with oppositely
charged polymers as additives. Chapter 7 concerns the nucleation and growth of a new
molecular layer on the growing DL-Glu-H,O crystals from a supersaturated mother liquor
by using in-situ atomic force microscopy (AFM). There is no observation of the growth
on the preexisting molecular layers by a molecular attachment. Instead, the nucleation
and growth of a molecular layer proceed via a nanoparticle (NP) attachment and
relaxation process, before the observation of the growth of a newly formed molecular
layer. Since NP attachment to the crystal surface is too fast to observe by using in-situ
AFM, two indirect proofs for the existence of NPs in the mother liquor are provided as
follows. Analytical ultracentrifugation proves the existence of clusters even in the
unsaturated mother liquor; the attachment and relaxation of NPs on a silicon wafer is
observed within the mother liquor. Therefore, NPs (~2-6 nm) are attributed to the clusters
(~2 nm) or cluster aggregates according to their different sizes. Both the smooth surface
of NPs and their lack of height steps reveal that NPs are amorphous in nature. Although
the growth of a molecular layer by NP attachment has been reported elsewhere such as in
protein crystallization systems, the details of the structural transformation from NPs to
crystalline molecular layers are still lacking. As revealed in this thesis, the height
shrinkage of NPs, combined to the structural transformation from 3D amorphous-like
NPs to 2D crystalline nuclei, is observed during the relaxation process. During this period,
small NPs disappear, which proves the existence of a critical height of NPs. The
nucleation and growth of a newly formed molecular layer from NP relaxation is
contradictory to the classical nucleation theory, which hypothesizes that the nuclei show
the same crystallographic properties as the bulk crystals. Different from theoretical or
simulating predictions, which suggest a transient structural transformation during
molecular crystallization, experimental results herein prove that the relaxation is the rate-

determining step, and is possibly long enough for time-resolved characterization such as
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AFM. The relaxation can be realized by conformational transformation in protein
assembly or by size shrinkage in the current molecular system. The formation of a
molecular layer by NP attachment and relaxation (e.g. clusters, liquids, amorphous
materials, or nanocrystals) rather than attachment of single molecules provides a different
picture from the currently held classical nucleation theory regarding the growth of single

crystals from solution.

There are plenty opportunities alongside with the extremely difficult technical
bottlenecks and theoretical limits within the understanding of multi-step crystallizations.
Several experimental routes are suggested as follows to advance the understanding of the

rational design of functional materials.

1. Understanding Crystallization from Colloidal Assembly

Colloidal assembly is a supporting system to mimic nucleation in molecular
crystallizations. Colloids, especially anisotropic ones with inhomogeneous charge
distributions, are preferred to mimic molecular crystallization because molecules are
often anisotropic with asymmetric charge distributions. In addition, biomacromolecules,
nanocrystals, and even carbon fullerenes are closer to molecules in size, and their surface
properties can be tuned conveniently by chemical modification or adsorption. Therefore,
studying their assembly by using AFM and small angle scattering is a promising route to
find more details for the better understanding of nucleation in molecular crystallization

systems.

2. Rational Selection, Design, and Ordering of Polyelectrolytes

To rationally understand the interactions between polyelectrolyte functional groups
and organic molecules, phage display selection can be used to find out those peptides,
which interact effectively with organic crystals. Then, artificial peptides can be
synthesized and used as additives for precipitation of organics. Furthermore, artificial
peptides or polyelectrolytes can be grafted to the surface to form patterned structures on
the micro- or nano-scale, which can be used as templates for the selective growth of

nanocrystals.
3. Biomimetic Thin Films
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A biomimetic route is an effective way to introduce hierarchy into thin films on a
free standing surface. Future work will focus on the preparation of biomimetic thin films
with unique orientation by using insoluble polymer matrices as substrates. In addition,
lithography and patterning can be combined to precisely control the nucleation points in
grains. To find forces which can provide the order across microscale and macroscale is

also meaningful for the design of patterned thin films.
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Appendixes

1. Abbreviations

AUC analytical ultracentrifugation
B birefringence
(pp-p0)2 contrast factor
C solubility
CNT classical nucleation theory
C, particle number concentration
C, saturated concentration
C" threshold concentration
D diffusion coefficient
d thickness
DFT density function theory
e.Vv. electron volt
oy/oQd the differential cross section
f frictional coefficient
f(0) wetting prefactor
Fy focal length of the objective
Fy buoyant force
Fr frictional force
F; centrifuged force
F; focal length of the tube lens
g the vector of the scattering center to the one integrating particle
G rate of nucleation
Glu DL-Glutamic acid
Gy change of free energy per unit volume
His L-Histidine
I incident flux
I scattered flux
K reactions rate coefficients
k spring constant
ks Boltzmann's constant
L-L liquid-liquid
Lys DL-Lys-HCI
M mobility of grain boundary
m index number in the rate of grain growth
Mg molar mass of solute
M., molecular weight
n refractive index
Na avogadro constant
NMR nuclear magnetic resonance
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NP nanoparticle
Ny/V particle number density
OM optical microscopy
P(q) shape factor
PAA polyacrylic acid
PEI polyethyleneimine
PILP polymer-induced liquid precursor
POM polarized optical microscopy
Pro L-Proline
q scattering vector
r radius
R retardance
r* critical size
R, the radius of gyration
S incident wave vector
s' scattered wave vector
S(q) structure factor
Se sedimentation coefficient
SEM scanning electron microscopy
t time
T transmission
T absolute temperature
T* critical temperature
TEM transmission electron microscopy
u velocity
up velocity of grain boundary motion
U rate of grain growth
v volume of molecule
\ volume
V, volume of one scattering body
WAXS wide angle x-ray scattering
\ mass
X molar fraction or composition
X deflection
X* critical molar fraction or critical composition
z structural size
o constant number in grain growth
B interaction term
Y surface tension
Yo |average grain boundary energy per unit area of the grain boundary
Vs surface tension of a certain grain
AG™ Gibbs free energy of mixing
AGq energy loss for creating new interface
AGy energy gain for creating new volume
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AH™ Enthalpy of mixing

AS™ Entropy of mixing
Ap the driving force for grain growth
£ detector efficiency
n viscosity
0 contact angle
A volume ratio
p scattering length densities
Psol density of solvent
c interfacial tension
T induction time
Q solid angle
OAB interaction between A and B
Or angular velocity
r average radius
vV partial specific volume
[0) the mass ratio of Glu/PEI

the mass ratio of His/PAA
the mass ratio of Lys/PAA

s te

2. Experiments

Materials

DL-Glutamic acid monohydrate, L-Glutamic acid, D-Glutamic acid (Glu), and DL-
Lys-HCI (Lys) are from Aldrich; polyethylenimine (PEI) with various Mws at 600, 1,300,
2,000 or 750,000 are from Aldrich; PAA, 63 wt% aqueous solution with Mw ~2,000 is
from Acros Organics; the microscope cover slides from Fisher Scientific with 10 mm in
diameter; CD3;OD is from Aldrich (99.8 atom % D); water is double distilled water; D,O
is from Aldrich (99.9 atom % D).

Chapter 4

1. Sample Preparation

A series of aqueous solutions containing various concentrations of Glu and PEI were
prepared. Then, the aqueous solution was mixed with EtOH at different volume ratios.
The mixture was heated in the oven at 40°C overnight and was left at 25°C for at least 24

h before the measurements.
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2. Titration Measurements

A series of aqueous solutions were mixed with EtOH to determine the phase
boundary of the quaternary system. The measurements were performed by dipping EtOH
into the aqueous solution with stirring. After adding a certain volume of EtOH, the
mixture became turbid and the EtOH volume was recorded. The measurements were

performed at R.T.

3. NMR Measurements

After separating the coacervate phase from the supernatant phase by centrifuging
samples at 7,000 rpm for 5 min, the solvent in both phases was evaporated thoroughly in
the vacuum oven at 40°C for 24 h. Afterwards, 1 ml D,O was added into the tube to

solubilize the remaining solute for NMR measurements.

Section 5.2

A series of aqueous solutions containing a quantity of Glu and PEI were prepared.
The solvent could be pure water, | M NaOH or 0.5 M H,SO4 aqueous solution. The
above aqueous solution was stirred for 24 hours at 60°C or R.T. before it was quickly
mixed with EtOH at various volume ratios. The mixture was then kept quiescent for 48 h
at R.T. for the completing the precipitation. Finally, the precipitates were rinsed with

EtOH for three times to remove the unbound PEI completely before characterization.

Section 6.1

First, aqueous solutions with various concentrations of Lys and PAA were prepared
with double distilled water. Then, Lys-PAA aqueous solution was mixed with EtOH 1/9
(v/v). After being shaken for 10 seconds, the above dispersion was dipped onto the
microscope cover slide with a micropipettor. The slide was left in air or in the oven for

solvent evaporation for 24 hours.

Section 6.2

Firstly, an aqueous solution containing 70 g'L"' Lys and 7 g'L"' PAA was prepared
by using double distilled water. Then, Lys-PAA aqueous solution was mixed with EtOH
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1/9 (v/v). The white precipitates formed within 24 hours. After being sonicated for 1 min,
21 pL dispersion was dropped on the hydrophilic microscope cover slide with a

micropipette. The slide was left in air for solvent evaporation for 24 hours.

Section 6.3

The procedure is similar to that in section 6.2. the only difference is that the aqueous

solution used here contains 30 g-L"' Lys and 3 g'L™' PAA.

Section 6.4.1 & 6.4.2

With the same procedure described in Section 6.1, L-Lys-HCI was used instead of
DL-Lys-HCI.

Chapter 7

First, a DL-Glu saturated solution was prepared at 50°C. This solution was cool
down to 20°C for the formation of a supersaturated solution for AFM measurements. The
scanning was directly on the surface of a DL-Glu-H,O crystal. Both the crystal and tip
were infiltrated into a droplet, which contains a supersaturated DL-Glu-H,O mother
liquor. The droplet volume is between 0.2 and 0.4 ml. In the blank experiments, the tip
was immersed into the droplet which contains supersaturated DL-Glu-H,O or water for

the scanning. The scanning was performed directly on the silicon surface.

Characterization

Light microscopic images were taken with a Leica DMRB microscope and a
birefingence microscope (LC-PolScope).

SEM measurements were performed on a LEO 1550 GEMINI.

AFM images were recorded on a multimode AFM (Veeco Instruments) with a
tapping mode. Wide-angle X-ray scattering diffractograms were recorded on a Bruker D8
advance diffractometer.

Nitrogen sorption measurements were performed at 77K using a Quadrasorb
machine from Quantachrome Instruments.

Metrohm - 716 DMS Titrino was used to measure the pH values of a series of

aqueous solutions.
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As to nuclear magnetic resonance measurements, the 'H measurements were carried
out on a Bruker-DMX 400 instrument at 25°C.

AUC experiments were performed on a XL-I ultracentrifuge (Beckman Coulter,
PaloAlto, CA) equipped with a Raleigh interference optics. Other centrifugation
experiments were performed on a preparative ultracentrifugation instrument.

The neutron experiments were performed using the KWS1 diffractometer at the FRM
IT at the Technische Universitaet, Miinchen. The experiments were performed with
neutrons of 5, 12 and 19 A in wavelength to find the appropriate Q range. The data
obtained from the samples were corrected for the background scattering, sensitivity of the
individual detector channels, and finally evaluated in an absolute scale from calibration
with a secondary standard. The scattering from pure solvents were measured and used for
background correction. The transmission describing the decrease of non-scattered
neutrons by the sample was automatically measured for all spectra.

The time-resolved small-angle X-ray scattering (SAXS) measurements were
performed on the beamline ID2. The wavelength is 1 nm and the measuring distance is 2
m and 8§ m.

The static SAXS measurements were performed on a Nanostar Bruker AXS with the
distance 25.5 cm. Samples for SANS and time-resolved SAXS measurements were

mixed by using a stopped flow equipment, where there is no dead time for mixing.

Other Preparations

1. Cleaning of Glass Slide

The slides were rinsed in a solution containing an equal volumes of concentrated
H,SO04 (96-98 wt%) and aqueous H,O; solution (40 wt%) at R.T. for 24 hours before
being used.

2. Glu Preparation

Glu was prepared by a recrystallization process. First, a supersaturated Glu aqueous
solution was prepared by mixing DL-Glu'H,O powder with water at 50°C. After the
remaining powders were filtered out, the supersaturated aqueous solution was charged
quickly into EtOH 1/9 (v/v). It took several days for Glu to precipitate completely, before

the Glu powder was dried in a vacuum oven.
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