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ZUSAMMENFASSUNG

In dieser Arbeit wurde die Rolle selektiver, nicht-kovalenter Wechselwirkungen bei der
Selbstorganisation von Diblockcopolymeren untersucht. Durch Einfiihrung elektrostatischer,
dipolarer Wechselwirkungen oder Wasserstoffbriickenbindungen sollte es gelingen, komplexe
Mesostrukturen zu erzeugen und die Ordnung vom Nanometerbereich auf grofere Lingen-
skalen auszuweiten. Diese Arbeit ist im Rahmen von Biomimetik zu sehen, da sie Konzepte
der synthetischen Polymer- und Kolloidchemie und Grundprinzipien der Strukturbildung in

supramolekularen und biologischen Systemen verbindet.

Folgende Copolymersysteme wurden untersucht: (i) Blockionomere, (ii) Blockcopolymere

mit chelatisierenden Acetoacetoxyeinheiten und (iii) Polypeptid-Blockcopolymere.

(i) Das Mischen verdiinnter Losungen (Tetrahydrofuran) entgegengesetzt geladener Block-
ionomere, Polystyrol-block-poly(1-methyl-4-vinylpyridiniumiodid) und Poly(1,2-butadien)-
block-poly(methacrylsdure Césiumsalz), fithrt zur spontanen Bildung polyionischer Komplexe
und dann zu Vesikel. Wegen der Unvertriglichkeit der solvatisiernden Blocksegmente weisen
die Vesikel eine Membran mit mikrophasenseparierter, asymmetrischer Struktur und damit
amphiphilen Charakter auf. Die Struktur der Membran kann durch Anderung der Selektivitit

des Losungsmittels invertiert werden.

(i) Wohldefinierte Homopolymere und Blockcopolymere auf der Basis von 2-(Aceto-
acetoxy)-ethylmethacrylat konnen sowohl durch kontrollierte radikalische Polymerisation
(RAFT) als auch durch Gruppentransferpolymerisation und nachfolgender azeotroper Aceto-

acetylierung erhalten werden.

Wasserstoftbriickenbindungen zwischen den Acetoacetoxyseitengruppen in Poly[2-(aceto-
acetoxy)-ethylmethacrylat] fiihren zur Bildung von doppelt-helikalen Superhelices in fester
Phase. Bei Raumtemperatur kollabiert die helikale Superstruktur innerhalb weniger Tage in

kleine, aus einzelnen Polymerketten bestehende Kugeln.

Poly(n-butylmethacrylat)-block-poly[2-(acetoacetoxy)-ethylmethacrylat] zeigt in verdiinnter
Cyclohexanlosung das Phasenverhalten eines (super-)stark segregierenden Systems. Das
Mizellierungsverhalten und Auftreten sphérischer und zylindrischer Morphologien kann auf
der Basis geometrischer Uberlegungen hinreichend beschrieben werden. Quellen des aus
Poly[2-(acetoacetoxy)-ethylmethacrylat] bestehenden Mizellkerns mit 2,2,2-Trifluoroethanol
fiihrt zur Anderung der Form der Aggregate von Kugel iiber Zylinder zu Vesikel.



Blockcopolymere auf der Basis von Poly[2-(acetoacetoxy)-ethylmethacrylat] dienen der Her-

stellung von anorganisch-organischen Kolloiden und strukturierten diinnen Filmen.

(ili)  Polypeptid-Blockcopolymere werden durch ringdffnende Polymerisation von a-
Aminosdure-N-carboxyanhydriden (NCA) mit m-aminofunktionalisierten Makroinitatoren
erhalten. Maskierung der wachstumsaktiven Aminofunktion als Hydrochlorid ermdglicht eine
kontrollierte Polymerisation der NCA und Bildung von Blockcopolymeren mit nahezu mono-

disperser Molekulargewichtsverteilung.

Abhingig von der chemischen Zusammensetzung bilden Poly(1,2-butadien)-block-poly(L-
glutamat)-Copolymere in verdiinnt wéssriger Kochsalzlgsung sphéirische Mizellen oder Vesi-
kel. Die Konformation (Sekundérstruktur) der solvatisierenden Polypeptidsegmente kann iiber
den pH-Wert der Losung eingestellt werden; der Kniuel-Helix Ubergang liegt bei etwa pH 5.

Die Konformationsédnderung hat keinen Einfluss auf GréBe und Morphologie der Aggregate.

Feste Filme von linearen Polystyrol-block-poly(Z-L-lysin)-Copolymeren (Knauel-Stdbchen)
weisen eine hexagonal-in-lamellare Struktur mit groBer langreichweitiger Ordnung auf. Die
Bevorzugung dieser Morphologie lédsst sich mit starken Dipol-Dipol-Wechselwirkungen und
der hexagonalen Packung der Helices innerhalb der Polypeptidschichten erkldren. Die Grenz-
flaiche zwischen den Schichten ist dabei nicht planar sondern gekriimmt bzw. onduliert. Diese
Ondulationen sind statistische Variationen der Dicke der Polypeptidschichten, welche durch

die Kettenldngenverteilung der Helices verursacht werden.

Der Einsatz von linearen und sternféormigen Poly(glutaminséure Natriumsalz)-Blockcopoly-
meren als Stabilisatoren in der Heterophasenpolymerisation von Styrol fiihrt zur Produktion
elektrosterisch stabilisierter Latices mit Polypeptiddekoration. Die kolloidalen Eigenschaften
der Latices hdngen stark von der Architektur des polymeren Stabilisators ab. Verzweigte Co-
polymere fiihren zu kleineren Latexpartikeln mit breiterer (bimodaler) GroBenverteilung und

geringerer kritischer Koagulationskonzentration.
Polyethylenoxid-block-poly(L-lysin) ist ein geeigneter Trager fiir cis-Dichlorodiamin-platin
(IT) in der Antikrebstherapie von lymphogen metastasierenden Tumoren der oberen Luft- und

Speisewege.



ABSTRACT

In this work, the basic principles of self-organization of diblock copolymers having the in-
herent property of selective or specific non-covalent binding were examined. By the intro-
duction of electrostatic, dipole—dipole, or hydrogen bonding interactions, it was hoped to add
complexity to the self-assembled mesostructures and to extend the level of ordering from the
nanometer to a larger length scale. This work may be seen in the framework of biomimetics,
as it combines features of synthetic polymer and colloid chemistry with basic concepts of

structure formation applying in supramolecular and biological systems.

The copolymer systems under study were (i) block ionomers, (ii) block copolymers with

acetoacetoxy chelating units, and (iii) polypeptide block copolymers.

(i) The mixing of dilute tetrahydrofuran solutions of oppositely charged block ionomers,
polystyrene-block-poly(1-methyl-4-vinyl-pyridinium iodide) and poly(1,2-butadiene)-block-
poly(cesium methacrylate), led to the spontaneous formation of a polyion complex, which
self-assembled into vesicular aggregates. Due to a very high incompatibility of the solvating
block segments, vesicles had a microphase-separated, asymmetric membrane and were thus
amphiphilic in nature. Inversion of the structure of the membrane could be achieved by a

change of the selectivity of the solvent.

(i)  Well-defined homopolymers and block copolymers based on 2-(acetoacetoxy)ethyl
methacrylate were prepared by either RAFT radical polymerization or Group Transfer Poly-

merization / azeotropic acetoacetylation.

Promoted by hydrogen bridging interactions between adjacent acetoacetoxy units, poly[2-
(acetoacetoxy)ethyl methacrylate] produced large double-stranded superhelices in the solid
state. The helical superstructure was found to collapse within a few days at room temperature,

dissociating into small globules of single polymer chains.

Poly(n-butyl methacrylate)-block-poly[2-(acetoacetoxy)ethyl methacrylate] copolymers in
dilute cyclohexane solution were found to exhibit the phase behavior of a (super) strongly
segregated system. The micellization behavior and appearance of spherical and cylindrical
morphologies could appropriately be described on the basis of geometric considerations. A
swelling of the poly[2-(acetoacetoxy)ethyl methacrylate] core with 2,2 2-trifluoroethanol was

accompanied by a change of the shape of aggregates from spheres to cylinders to vesicles.



Poly[2-(acetoacetoxy)ethyl methacrylate]-based block copolymers were further used for the

fabrication of colloidal organic—inorganic hybrid materials and thin ordered films.

(ili) Polypeptide-based block copolymers were prepared by ring-opening polymerization of
a-aminoacid-N-carboxyanhydrides (NCA) using o-primary amino-functional macroinitiators.
Screening of the free amine initiating/propagating species as hydrochlorides promoted a well-
controlled polymerization of NCA, producing block copolymer samples with a nearly mono-
disperse distribution.

Depending on chemical composition, poly(1,2-butadiene)-block-(L-glutamate) copolymers
self-assembled into spherical micelles or vesicles in dilute aqueous NaCl solution. The con-
formation or secondary structure of the solvating polypeptide segments could be triggered via
the pH of the solution, the coil-helix transition occurring at pH ~ 5. The dimension and the

morphology of aggregates were not affected by the change of conformation.

The solid films of linear polystyrene-block-poly(Z-L-lysine) coil-rod copolymers exhibited a
hexagonal-in-lamellar morphology with high long-range order. The preferential formation of
this kind of morphology was attributed to the existence of strong dipole—dipole interactions
and a hexagonal packing of a-helices within the polypeptide layers. The interface between the
layers was not planar but considerably curved or undulated. Such undulations, i.e. statistical
flutuations in the thickness of the polypeptide layers, were produced in response to the chain

length distribution of helices.

Linear and star-shaped poly(sodium glutamate)-based block copolymers were used as stabiliz-
ers in the heterophase polymerization of styrene to produce electrosterically stabilized latexes
with a polypeptide decoration. The colloidal properties of the latexes were found to depend
vastly on the architecture of the block copolymer stabilizer. Branched copolymers yielded
smaller latex particles with broader (bimodal) size distribution and lower critical coagulation

concentration.

Poly(ethylene oxide)-block-poly(L-lysine) was successfully used as a carrier for cis-dichloro-
diammineplatinum(Il) in the anti-cancer therapy of the lymphogenic metastasizing squamous

cell carcinomas of the head and neck regions.
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1 INTRODUCTION

Materials science deals increasingly with nanostructures, i.e. structures with a characteristic
dimension of 1-100 nm. This particular range of length scale is called the mesoscopic range,
as it is located between the microscopic range of atoms and molecules and the macroscopic
range of solids. Solid-state physics and electronics have entered the field of nanostructures by
making use of lithography and etching processes (“top-down” approach), which enable the
fabrication of structures no smaller than ~200 nm. Nature, on the other hand, may serve as a
model for the building-up of smaller structures. Here, individual molecules are integrated into
larger functional units and complex structural hierarchies via self-organization (‘“bottom-up”
approach), leading to such advanced materials as wood or bone. It is one of the great chal-
lenges in research disciplines like chemistry, physics, or materials science to find ways to
structure molecules so as to enable them to produce functional superlattices by self-organi-
zation, for example by making use of the self-assembly features of supramolecular chemical

. 1.2 -
devices'? or block copolymers.”

The micellar aggregates, lyotropic phases, and solid-state mesophases of diblock copolymers
are among the best examined supramolecular systems, which is due to the fact that a simple
encoding via the chemical composition and the overall number of repeating units (N) makes it
possible to control both the shape and the size of the resulting superstructures.”’ The phases
of amphiphilic diblock copolymers which are most commonly observed in solution are
spherical and cylindrical micelles and vesicles, and in the solid state bcc-packed spheres

(BCC), hexagonally packed cylinders (HEX), lamellae (LAM), and gyroid (Figure 1-1).
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Figure 1-1. Illustration of the “classical” mesophases (left) and theoretical phase diagram (right; f:
mole fraction of one comonomer, y: Flory-Huggins interaction parameter, N: overall number of re-
peating units; picture taken from ref. *) of non-crystalline linear diblock copolymers.
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The origin of structure formation in copolymer systems is the simultaneous establishment of
attractive and repulsive forces, i.e. covalent linkage of incompatible block segments A and B.
A quantitative measure of the strength of the repulsive interactions between polymer blocks is
given by the Flory-Huggins interaction parameter y. The process of minimizing surface ten-
sion at the A—B interface is governed by the counterbalance of thermodynamic demixing and
chain elasticity. The volume fraction (or mole fraction f) of comonomers determines the local
geometry and thus the interface curvature of the morphology; the dimension of the structure is

given by the size of A and B domains.

The free energy of a structure can be calculated by means of self-consistent field theory. The
structure with the lowest energy conforms to the equilibrium structure, the stability range of
which can be represented in a phase diagram as shown in Figure 1-1. By making use of such a
phase diagram, it is possible to purposefully produce different superstructures by variation of
the lengths of the blocks A and B. However, this also implies that no other equilibrium struc-

tures than the ones included in the diagram can be obtained.

Block copolymer mesostructures with higher complexity are accessible upon increasing the
number of incompatible blocks and/or introducing other than linear copolymer architectures.’
Pioneered by the work of Stadler’ et al.,” ABC triblock copolymers were found to produce a
variety of previously unknown morphologies.” Even a non-centrosymmetric structure could

be obtained in the equimolar blend of an ABC and an AC block copolymer (Figure 1-2).'°

Figure 1-2. TEM micrographs of (A) the “knitting pattern” morphology of a linear ABC triblock
copolymer'' and (B) a non-centrosymmetric lamellar structure of an ABC/AC blend (picture taken
from ref. '%).
Another (biomimetic) approach is to introduce additional enthalpic contributions to the mix-
ing free energy in a block copolymer system. Such contributions might originate from non-

covalent interactions like van-der-Waals, hydrogen bonding, charge transfer, dipole—dipole,

or electrostatic interactions as well as from crystallization processes—Ilike in biological or
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supramolecular as well as colloidal systems. Most experimental studies, however, have been
focusing on conformationally anisotropic rod—coil block copolymers; this topic has recently
been reviewed by Lee et al.'? Here, the dipole—dipole interactions between rod-like segments
may lead to unusual morphologies like the disordered zigzag lamellar phase of polystyrene—

1.1 see Figure 1-3). The establishment

poly(hexyl isocyanate) block copolymers (Ober et a
of additional specific interactions in a rod—coil system, as for example realized in the charged
polystyrene—poly(isocyanodipeptide)s, can produce a rich polymorphism of complex meso-

structures including filaments or helical superstructures (Nolte et al.'>'®; see Figure 1-4).

Figure 1-3. TEM micrograph of a disordered zigzag lamellar solid-state morphology of a linear
polystyrene—poly(hexyl isocyanate) diblock copolymer (picture taken from ref. '%).

AL

Figure 1-4. TEM micrographs of the morphologies formed by polystyrene-block-poly(isocyano-
dipeptide)s in aqueous solution: (A) vesicles, (B) bilayer filaments, (C) left-handed superhelix (D:
schematic representation), and (E) right-handed helical aggregate (pictures taken from ref. %),

These two examples may be enough to demonstrate the simplicity of adding complexity to the
mesostructures diblock copolymers via specific interactions. However, the understanding of
the basic principles of structure formation in such systems is not yet complete, making a reli-

able prediction of the phase behavior and morphologies difficult if not impossible.
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The aims of the present work have been to find new, easy-to-prepare systems and biomimetic
concepts for the creation of complex mesostructures and to contribute to a better understand-
ing of the phase behavior of block copolymers. Main attention was turned to linear diblock
copolymers, i.e. block ionomers (— electrostatic interactions), chelating block copolymers
(— hydrogen bonding and metal ion coordination interactions), and polypeptide-based rod—
coil block copolymers (— hydrogen bonding and dipole—dipole interactions) (see Chart 1-1).
Their synthesis and characterization will be described in chapter 2, including new develop-
ments and improvements of experimental techniques. Chapter 3 will summarize the system-
atic studies on the phase behavior of these block copolymers and the description of novel
complex mesostructures. Finally, in chapter 4, the use of block copolymers in the fabrication
of functional colloids, i.e. organic—inorganic hybrid materials, latexes, and drug—carrier

systems, will be discussed.

Chart 1-1. Schematic illustrations of the diblock copolymer systems investigated (left to right):
block ionomers, chelating block copolymers, and polypeptide-based block copolymers.
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2 POLYMER SYNTHESIS AND CHARACTERIZATION

One of the major challenges of this work concerned the synthesis of well-defined functional
diblock copolymers, i.e. block ionomers (chapter 2.1), copolymers comprising acetoacetoxy
chelating moieties (chapter 2.2), and hybrid block copolymers with a synthetic block segment
and a polypeptide segment (“molecular chimeras”,'” chapter 2.3). The synthetic techniques of
choice were ANIONIC POLYMERIZATION and RAFT RADICAL POLYMERIZATION. Any of the
procedures described in the following chapters are considerable improvements of current
state-of-the-art techniques or are new developments as in the case of chelating polymers. A
controlled polymerization of 2-(acetoacetoxy)ethyl methacrylate, which is a commercially
available monomer, has so far not been described. However, as will be seen later, it is possi-
ble to synthesize well-defined homopolymer and copolymers of this special monomer via
RAFT radical polymerization. This very simple approach might open new possibilities in the

fields of organic—inorganic colloids, polymer—metal coatings, and fabrication of ordered metal

arrays on surfaces, to mention just a few.

Lots of efforts went into the synthesis and characterization of polypeptide block copolymers.
The characterization of products obtained by ring-opening polymerization of amino acid-N-
carboxyanhydrides (2,5-dioxo-4-R-tetrahydro-oxazol, Leuchs anhydride) turned out to play a
key role when trying to optimize the reaction conditions. For whatever reason, no adequate
procedures have so far been reported that allow a determination of absolute molecular weight
distributions of synthetic polypeptide block copolymers. However, SIZE EXCLUSION CHROMA-
TOGRAPHY (SEC) can provide this information without even referring to any kind of calibra-
tion curve or molar mass-sensitive detecting devices. The newly developed data evaluation
method is based on the established procedure to determine the molecular weight of a diblock
copolymer from its chemical composition and the molar mass of the first block segment (pre-
cursor), applied on an ensemble of monodisperse SEC fractions. The molecular weight aver-
ages and distributions obtained by this very simple and straight-forward approach were found
to be in reasonable good agreement with the ones determined by NMR, osmometry, and SEC
with on-line viscometry or multiangle laser light scattering. Having access to this information
made it finally possible to optimize the reaction conditions in a way that polypeptide block
copolymers with a Poisson molecular weight distribution were produced. A higher level of

control of polypeptide synthesis can, however, only be achieved with solid-phase synthesis.
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For the synthesis of block ionomers, which are asymmetric block copolymers with a low
content of ionic residues, the established recipes of sequential anionic polymerization were
employed. However, the functional monomer is usually second in the sequence of monomer
addition, which can make characterization and purification of the copolymer products very
difficult. It would be desirable if the minority species could be polymerized first. As will be
shown in the next subchapter, polybutadiene-based copolymers can be easily transformed into
well-defined block ionomers via radical addition of ®-functional mercaptanes. This approach
combines the advantageous features of anionic polymerization with the versatility of radical

addition reactions.
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2.1 Block ionomers

Block ionomers are segmented copolymers with an electrolyte content of less than 15 mol
%."® The preparation of well-defined ionomer samples requires the application of living/con-
trolled polymerization techniques, usually followed by a chemical modification step to pro-
duce the polyelectrolyte block segment.” Ionomers of choice were polystyrene-block-poly(1-
methyl-4-vinyl-pyridinium iodide) (PS-b-PVP'T) and polybutadiene-block-poly(cesium
methacrylate) (PB-b-PMA Cs"), which can be prepared by living ANIONIC POLYMERIZATION
and subsequent chemical modification (quaternization and ester hydrolysis, see Scheme 2-1).

19-21

Recipes were adopted from literature, and the synthesis and characterization of ionomer

samples shall therefore just very briefly be described here (chapter 2.1.1).

1. HCI
2. CsOH
(0X e} —— o0
7_ Cs*
y y

Scheme 2-1. Quaternization of P4VP with methyl iodide (left) and hydrolysis/neutralization of
PtBMA (right).

However, due to the different reactivities of propagating anionic species and monomers, the
sequence of monomer addition in anionic polymerization must follow the following order:
dienes, styrenes, acrylates, methacrylates, vinylpyridines, ethylene oxide.”” It is therefore in-
evitable that the synthesis of the above mentioned block copolymers starts with the major
component (styrene or butadiene), followed by polymerization of the functional monomer (4-
vinylpyridine or tert-butyl methacrylate). As a matter of fact, block copolymer and precursors
might exhibit very similar hydrodynamic volumes and solubility characteristics, making the
characterization with SIZE EXCLUSION CHROMATOGRAPHY (SEC) and purification very diffi-
cult. It would be therefore desirable if polyvinyl-based block ionomers could be prepared
starting with the short functional (ionic) segment. A very promising approach, which will be
described in chapter 2.1.2, is the free-radical addition of functional mercaptanes to the double

bonds in polybutadiene-based block copolymers.”

2.1.1 Conventional anionic polymerization
2.1.1.1 Polystyrene-block-poly(1-methyl-4-vinyl-pyridinium iodide)
First, PS-b-P4VP copolymers were synthesized by a sequential anionic polymerization of

styrene and 4-vinylpyridine (4VP) in tetrahydrofuran (THF) at —78 °C."” Polymerizations

were initiated by sec-butyl lithium employing LiCl as an additive in a six-fold excess with
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respect to the initiator. In order to avoid side reactions during the crossover step, the living
polystyryl lithium was endcapped with 1,1-diphenylethylene prior to the addition of 4-vinyl-
pyridine. "H NMR confirmed the chemical structure (spectra not shown), and SEC indicated a
monomodal molecular weight distribution of the PS-b-P4VP copolymer products (cf. Figure
2-1). Note that under the supposedly best experimental conditions for fractionation in the SEC
mode (mobile phase: DMA + 0.5 wt % LiBr at 70 °C; stationary phase: SDV, polystyrene
gel), adsorption of copolymer chains in the pores of the stationary phase could not completely
be avoided, as indicated by the strong tailing of chromatographic peaks. Since fractions of
copolymer chains were eluting after the precursor (cf. Figure 2-1), it was hardly possible to
decide whether or not samples were contaminated with traces of PS. A clear separation of
homopolymer and copolymer fractions should be achieved with LIQUID ADSORPTION CHRO-

MATOGRAPHY AT CRITICAL CONDITIONS (LACCC, see also chapter 2.3.1.2).

0.20 -
0.15}
0.10}

0.05F

norm. Rl detector signal [a.u.]

14 15 16 17 18 19 20 21 22 23

0.00

elution volume [ml]

Figure 2-1. SEC chromatograms (eluent: DMA+ 0.5 wt % LiBr, flow rate: 1.0 mL min™'; columns:

300 x 8 mm, 5 pm MZ-SDplus, 10°, 10°, 10° A; 70 °C; detector: RI) of PS-b-P4VP (precursor of

sample SP2, cf. Table 2-1) (solid line) and the corresponding PS precursor (dashed line).
For the subsequent quaternization of pyridine residues,”® PS-b-P4VP precursor polymers were
dissolved in a THF/nitromethane (~1:2 w/w) mixture and stirred with a 10-fold excess of
methyl iodide at room temperature for 4 days. As indicated by 'H NMR analysis (DMF-dy),
considering the signals of protons next to the nitrogen atom arising at 6 ~ 8.4 (4VP) and 9.0
ppm (4VP"), quaternization of the P4VP segment is achieved in virtually quantitative yield.
The molecular characteristics of the synthesized PS-b-P4VP'T copolymer samples are sum-

marized in Table 2-1.
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Table 2-1. Molecular characteristics of PS-b-P4VP'T™ cationomers prepared by sequential anionic
polymerization of styrene and 4-vinylpyridine and subsequent quaternization with methyl iodide.

chemical structure entry precursor x* y PDI* degree of
quaternization®

SPI  PS-b-P4VP 211 12 (1.3) quantitative
SP2  PS-b-P4VP 211 33 (1.2) quantitative

$ Number-average degree of polymerization of PS; SEC analysis (eluent: THF at 25 °C; stationary
phase: SDV; detector: RI/UV; calibration: PS) of the PS precursor, which was isolated prior to the
addition of the second monomer. * Number-average degree of polymerization of P4VP; '"H NMR
(400.1 MHz, CDCls, 25 °C). ¥ Polydispersity index; SEC (eluent: DMA + 0.5 wt % LiBr at 70 °C;
stationary phase: SDV; detector: RI; calibration: PS). & TH NMR (400.1 MHz, DMF-d,, 25 °C)

2.1.1.2  Poly(1,2-butadiene)-block-poly(cesium methacrylate)

1,3-Butadiene was polymerized at —78 °C in THF with sec-butyl lithium as the initiator in the
presence of LiCl (see above). The living polybutadienyl lithium was end-capped with 1,1-
diphenylethylene and then tert-butyl methacrylate (tBMA) was added as the second monomer
to yield PB-b-PtBMA copolymers.”’ The chemical structure of copolymers was confirmed by
"H NMR analysis (microstructure of PB: 93% 1,2 and 7% trans-1,4; spectra not shown). SEC
analyses indicate that copolymer products have a narrow molecular weight distribution (ap-
parent polydispersity index, PDI < 1.1) and should be free of PB homopolymer impurities (cf.
Figure 2-2).

0.25F

0.20

0.15F

0.10

norm. RI detector signal [a.u.]

©

o

a
T

0.00 . S . ) S )
29 30 31 32 33 34

elution volume [ml]

Figure 2-2. SEC chromatograms (eluent: THF, flow rate: 1.0 mL min™; columns: 300 x 8 mm, 5
um MZ-SDplus, 10%, 10%, 10° A; 25 °C; detector: RI) of PB-b-PtBMA (precursor of sample BM2,
cf. Table 2-2) (solid line) and the corresponding PB precursor (dashed line). Note that the RI trace
of the copolymer sample was corrected with respect to the comonomer-specific detector response.
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The PB-b-PtBMA precursor polymers were transformed into PB-b-PMA Cs" by an HCI-
catalyzed hydrolysis of ester groups in dioxane®' and subsequent neutralization with CsOH.
The quantitative modification of methacrylate units was confirmed by 'H and *C NMR and
FT-IR analysis (spectra not shown). The molecular characteristics of the PB-b-PMA Cs" co-

polymers prepared are listed in Table 2-2.

Table 2-2. Molecular characteristics of PB-b-PMA Cs' anionomers prepared by sequential anionic
polymerization of 1,3-butadiene and tert-butyl methacrylate and subsequent hydrolysis of ester

residues.
chemcial structure entry precursor x* y PDI® degree of
hydrolysis®
BM1 PB-b-PtBMA 216 9 1.09 quantitative
BM2 PB-b-PtBMA 216 29 1.07 quantitative

$ Number-average degree of polymerization of PB; SEC analysis (eluent: THF at 25 °C; stationary
phase: SDV; detector: RI; calibration: PB-1,2) of the PB precursor, which was isolated prior to the
addition of the second monomer. * Number-average degree of polymerization of PtBMA; 'H NMR
(400.1 MHz, CDCls, 25 °C). ¥ Polydispersity index; SEC. * NMR and FT-IR.

2.1.2 Anionic polymerization and radical addition of mercaptanes

The free-radical addition of mercaptanes (RSH) to unsaturated substrates is a valuable tool in
synthetic organic chemistry for the synthesis of functional thioethers.** Like in other free-
radical processes, the addition of thiyl radicals to unsymmetrically substituted multiple bonds
occurs in an anti-Markownikoff orientation (cf. Scheme 2-2) and tolerates the presence of

most functional groups (—OH, -NH,, -COOH, etc.).

RSH —= RS-

T
R

+ RSH —= /P/ + RS-
'R

[

Scheme 2-2. Functionalization of unsaturated polymers via radical addition of mercaptanes.

However, this reaction has not extensively been used for modification of unsaturated poly-

mers. The only examples reported in the literature are—to the best of our knowledge—the
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hydroxylation of telechelic polybutadienes® and the carboxylation of SBR rubbers.?® For
whatever reason, modification yields were always less than 50%. Nevertheless, the addition
of commercial ®w-amino- or w-carboxy-functional mercaptanes to PB-based block copolymers
would be a convenient route towards block ionomers (see below). The precursor block co-
polymers are available by living sequential ANIONIC POLYMERIZATION in a high quality, i.e.
free of homopolymer contaminants and with narrow molecular weight distribution.”” The sub-
sequent modification reaction should then satisfy the following two basic requirements: (i) the
addition of thiyl radicals should be quantitative and (ii) cross-linking of the PB segment must

be avoided.

The poly(1,2-butadiene)-block-poly(ethylene oxide) (PB,s-b-PEO7s; subscripts denote the
number-average degrees of polymerization) used throughout these studies was prepared in
two steps. First, a PB»s-OH (PDI = 1.08) was prepared by the anionic polymerization of 1,3-
butadiene in THF using SBuLi as an initiator and ethylene oxide as a quenching agent.28
According to "H NMR analysis, the end-capping of chains was quantitative and the PB micro-
structure was 97% 1,2 and 3% trans-1,4. Then, the phosphazene base t-BuP4 was used to de-
protonate the PB,s-OH macroinitiator to initiate the polymerization of ethylene oxide in THF
(T = +50 °C, 3 days). Polymerization was quenched with acetic acid, and the product was
precipitated in cold acetone, re-dissolved in water, and freeze-dried.”” The chemical structure
of the copolymer was confirmed by "H NMR analysis. As indicated by SEC (cf. Figure 2-4),
the product had a narrow molecular weight distribution (apparent PDI = 1.07) and did not

contain any homopolymer impurities.

The m-functional mercaptanes used for the modification of PB-PEO were methyl 3-mercapto-
propionate (MMP), 3-mercaptopropionic acid (MPA), and 2-mercaptoethylamine (MEA). In a
typical procedure, the radical addition of the mercaptanes to PB,s-b-PEO7s was performed as
follows (cf. Table 2-3, entry DM1): PB,s-b-PEO75 (1.0 g, 0.213 mmol) and AIBN (0.254 g,
1.62 mmol) were dissolved in dry THF (30 mL) to give a ~3 wt % solution. After addition of
MMP (6.1 g, 53.3 mmol), the solution was degassed and then refluxed for 24 hours under a
dry argon atmosphere. The crude product was precipitated into cold hexane, filtered, re-
dissolved in water, and dialyzed (molecular weight cut-off: 1 kDa) against bi-distilled water.
After freeze-drying, the modified copolymer sample DM1 was isolated as a colorless fluffy
material in a 55% yield. The sample did not contain detectable amounts of mercaptane, as in-

dicated by GAS CHROMATOGRAPHY (GC) (and smelling).
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Table 2-3. Experimental conditions for the radical addition of the w-functionalized mercaptanes
MMP, MPA, and MEA to PB,s-b-PEO;s (initiator: AIBN, solvent: THF, temperature: 65 °C) and
molecular characteristics of modified products.

entry mercaptane [C=C]o/[RSH]¢/[AIBN]p time Xe-c® pPDI®
()

DMI1 MMP 1:10:0.30 24 1.0 1.05

DM2 MPA 1:10:0.31 24 0.6 -

DM3 MEA 1:10:0.64 24 0.8 -

& Conversion of C=C double bonds; 'H NMR analysis (400.1 MHz, CDCls, 25 °C). * Polydispersi-

ty index; SEC (eluent: THF at 25 °C; stationary phase: SDV; detector: RI; calibration: PS).
'H NMR was applied to confirm the chemical structures of the modified copolymer samples
DM1-3; the exemplary spectrum of DM1 bearing ester functional groups is shown in Figure
2-3. The characteristic signals of the newly formed thioether linkage (-CH,SCH,—) could be
observed at 0 ~ 2.6 and 2.8 ppm. Evidently, the spectrum of DM1 did not reveal any trace of
unsaturated PB units (0 = 4.8-5.6 ppm), indicating that the addition of MMP to the PB block
segment had been achieved in a quantitative yield. In the case of the polyelectrolyte block
copolymers DM2 (-COOH) and DM3 (-NH;), however, about 40% and 20% of PB double
bonds remained untouched (spectra not shown) (see Table 2-3). Anyway, modification yields

achieved were higher than the ones reported earlier in the literature (see above).

111213

12'56'12
3/2/ 30 H
: 7 1

75
4 8

- - 25

ppm
Figure 2-3. "H NMR spectrum (400.1 MHz) of MMP-modified PB-b-PEO sample DM in CDCl,
at 25 °C.
As shown by SEC analysis (see Figure 2-4), sample DM1 and the PB,s-b-PEO7s precursor
exhibited virtually the same molecular weight distribution (PDI < 1.1). From this it was con-

cluded that under the chosen experimental conditions an intermolecular radical cross-linking
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of the PB segments had been avoided. Due to the somewhat larger hydrodynamic size of
ester-functional units, DM1 was eluting somewhat faster than the parent copolymer (AV ~ 0.1
mL). It is noteworthy that the DM1 sample showed a distinct UV absorption at A = 260 nm,
which supposedly originated from the (N — o) transition of the thioether moieties. However,

a characterization of DM2 and DM3 with SEC could not be achieved yet.

28 _I T T T T T T T T T T T T T T T I_
24}
20}

16+

RI detector signal [a.u.]

24 25 26 27 28 29 30 31 32
elution volume [mL]

Figure 2-4. SEC chromatograms (eluent: THF, flow rate: 1.0 mL min™; columns: 300 x 8 mm, 5
pum MZ-SDplus, 10°, 10°, 10° A; 25 °C; detector: RI) of the PB,s-b-PEO-s precursor (dashed line)
and the functional block copolymer DM1 (solid line; methyl 3-mercaptopropionate, MMP).
Building on the very promising results obtained with MMP, the methodology of the radical

addition of mercaptanes to PB-based block copolymers shall be used to generate a “library” of

functional block copolymers.
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2.2 Block copolymers with acetoacetoxy chelating units

Polymers with chelating B-dicarbonyl residues, like the ones based on 2-(acetoacetoxy)ethyl
methacrylate (AEMA) (the chemical structure is shown in Scheme 2-3), have so far only been
available as homopolymers, random copolymers, and resins.”® Advantageously, acetoacetoxy
groups are tolerated by radicals and need not to be masked or protected (see below), but
nevertheless the resulting products are chemically disperse and therefore less or not suited for
systematic studies on colloidal and materials properties. Information on the chemical and
physical properties of poly(AEMA) (in the following abbreviated as PAEMA) are not existing

in the literature.

Foopy

Scheme 2-3. Chemical structure of 2-(acetoacetoxy)ethyl methacrylate (AEMA) (keto tautomer).

A way to circumvent this major drawback is to use one of modern techniques of controlled
radical polymerization, for instance ATOM TRANSFER RADICAL POLYMERIZATION (ATRP) or
REVERSIBLE ADDITION-FRAGMENTATION CHAIN TRANSFER (RAFT) RADICAL POLYMERIZA-
TION.”' Both these methods are designed to produce poly(meth)acrylates with predetermined
molecular weight and narrow molecular weight distribution. However, as will be shown in the
following subchapter 2.2.1, ATRP does not promote a controlled polymerization of AEMA.
By the RAFT process, on the other hand, well-defined PAEMA homopolymers and block co-

polymers could be prepared.”

A synthesis of copolymers based on AEMA via anionic polymerization techniques would
require a suitable masking of the CH-acidic acetoacetoxy group. However, all attempts to pre-
pare a ketal derivative of AEMA with a sufficiently high purity were not successful. It was
therefore decided to employ an indirect route to prepare PAEMA, namely the acetoacetylation
of a poly(2-hydroxy-ethyl methacrylate) (PHEMA). Precursor polymers were synthesized in a
separate step by GROUP TRANSFER POLYMERIZATION (GTP).* This procedure is experimen-
tally more demanding than the previous one, but it can provide materials of better quality
regarding purity and molecular weight distribution.”* A description of this approach will be

given in subchapter 2.2.2.
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2.2.1 Radical polymerization of 2-(acetoacetoxy)ethyl methacrylate

As seen from the SEC trace A shown in Figure 2-5, the free radical polymerization of AEMA
initiated by 2,2’-azobis(isobutyronitrile) (AIBN) yields an ill-defined product with a multi-
modal molecular weight distribution. Also, as expected, the molecular weight of the final pro-

duct is much higher than calculated from the monomer/initiator ratio.
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Figure 2-5. SEC chromatograms (eluent: THF; flow rate: 1.0 mL min’'; columns: 300 x 8 mm, 5
pm MZ-SDplus, 10°, 10°, 10° A; 25 °C; detector: RI) of PAEMA obtained by (A) free radical
polymerization, (B) ATRP, and (C) RAFT radical polymerization. Experimental conditions: A:
[AEMA], = 2.1 M, [AIBN], = 10.0 mM, solvent: ethyl acetate, temperature: 60 °C, time: 20 h. B:
[AEMA], = 2.1 M, [aBiB], = 10.5 mM, [CuBr], = 7.4 mM, [CuBr,], = 0.4 mM, [dNbpy], = 14.7
mM, methyl ethyl ketone, 90 °C, 80 min; C: [AEMA], = 5.2 M, [CPDB], = 0.0264 M, [AIBN], =
4.9 mM, ethyl acetate, 60 °C, 18 h.

The radical polymerization of AEMA via ATRP using tert-butyl a-bromoisobutyrate (aBiB)
as the initiator and CuBr/4,4’-dinonyl-2,2’-bipyridine (dNbpy) as the catalyst complex™ gives
considerably better results. SEC analysis (trace B in Figure 2-5) reveals that the resulting
PAEMA, however, has a bimodal and moderately broad molecular weight distribution (appar-
ent PDI ~ 1.5). Noteworthy that in the early stages of polymerization the color of the reaction
mixture turned from red-brown to yellow could be observed, pointing to a structural change
of the catalyst complex. Presumably, the dNbipy ligand was replaced by the growing multi-
dentate AEMA chains. As a matter of the changed structure of catalyst complex, the position
of the equilibrium between dormant covalent species and propagating radicals (see Scheme
2-4) might have been shifted to the right, thus promoting side reactions like the recombination
of polymer chains. Also, a decrease of the rate of exchange between different species could be

a reason for the broadening of the molecular weight distribution.
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Br
%f + CuBr/ligand ~—— %i + CuBr, / ligand
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RO RO
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Scheme 2-4. Dynamic equilibrium between covalent dormant species (left) and propagating radi-

cals (right) in Atom Transfer Radical Polymerization (ATRP).
In order to avoid ligand exchange in the course of polymerization, a more effective ligand
than dNbipy was used, namely tris[2-(dimethylamino)ethyl]amine (MesTREN).*® However,
polymerization in the presence of MesTREN produced an insoluble polymer gel. It is assumed
that MesTREN as a base is sufficiently strong to abstract CH-acidic protons of AEMA, thus
promoting an aldol-type cross-linking of the polymer chains. Apparently, a controlled poly-
merization of AEMA via ATRP may only be achieved when acetoacetoxy groups are suitably
masked, for example as ketals, to reduce their ligating capability (— dNbpy) and chemical re-

activity (— MesTREN).

RAFT radical polymerization is performed in the presence of a highly efficient chain transfer
agent, such as 2-cyano-prop-2-yl dithiobenzoate (CPDB), metal ion salt catalysts are not in-
volved. The controlled character of polymerization is maintained by a reversible addition-
fragmentation process, in which the dithiocarbonyl moiety is transferred between active and

dormant chains (see Scheme 2-5).%’

2SS p == IySp == Z¥S g

W ()
U monomer
monomer

Scheme 2-5. Reversible addition-fragmentation equilibrium between active and dormant chains in
the presence of a chain transfer agent (CPDB: Z = -C¢Hs, R = -C(CN)CH3).

3738 polymerization of AEMA was per-

Following a standard recipe described in literature,
formed in the presence of CPDB as the chain transfer agent and AIBN as the radical source in
ethyl acetate at 60 °C. Experimental details and molecular characteristics of the PAEMA

samples obtained in different entries are summarized in Table 2-4.

Under the given reaction conditions, virtually quantitative monomer conversion was reached
within 15 to 20 hours. Initial kinetic experiments indicate that polymerization follows first-
order kinetics with respect to monomer. In addition it was found that the molecular weight of
polymers was increasing linearly with conversion. The final products usually exhibited a

monomodal and narrow molecular weight distribution (apparent PDI < 1.2) (cf. the SEC chro-
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matogram of sample A5 in Figure 2-5, trace C). These results suggested that RAFT radical
polymerization promoted a controlled synthesis of PAEMA. However, the experimental mo-
lecular weights were always found to be considerably higher as calculated from the ratio
[AEMA]y/[CPDB], the efficiency of CPDB being in the range of 35-70%. The reason for the

partial deactivation of the chain transfer agent is not known yet.

Table 2-4. Experimental conditions and molecular characteristics of PAEMA homopolymers ob-
tained by RAFT radical polymerization (initiator: AIBN, chain transfer agent: CPDB, solvent:
ethyl acetate, temperature: 60 °C).

entry [AEMA]/[CPDB]/[AIBN], time Xy n* PDI®
M) (h)
Al 5.2/0.271/0.037 20 >0.99 30 (19) 1.16
A2 2.6/0.132/0.020 n.d. 0.82 44 (16) 1.17
A3 5.2/0.072/0.020 15 >0.99 106 (72) 1.16
A4 3.7/0.052/0.007 20 0.96 145 (69) 1.15
A5 5.2/0.026 /0.005 18 0.39 177 (77) 1.13
A6 2.6/0.021/0.004 46 0.85 176 (105) 1.13

* Monomer conversion; gravimetric analysis. © Number-average degree of polymerization; 'H
NMR endgroup analysis (cf. Figure 2-6), values in brackets correspond to the theoretical degree of
polymerization as calculated by X, [AEMA]y/[CPDB]j. ¥ Polydispersity index; SEC (eluent: THF
at 25 °C; stationary phase: SDV; detector: RI; calibration: PBMA).
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Figure 2-6. "H NMR spectrum (400.1 MHz) of PAEMA sample A1 in CDCl; at 25 °C.

The "H NMR spectrum of sample Al in CDCls, shown in Figure 2-6, confirmed the expected
chemical structure of PAEMA. The spectrum showed the characteristic signals of both aceto-
acetoxy tautomers (keto: 6= 2.3 ppm; enol: 6= 5.1 and 11.9 ppm, two possible enol forms),
the first being the preferred structure (~92%). Virtually the same amount of keto/enol was

found in polar aprotic solvents like DMF-d;. The signals at 6 = 0.8-1.2 ppm arising from the
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protons of the a-methyl groups of the backbone were used to determine the triad tacticity of

the polymer:* mm = 0.13, mr = 0.27, and rr = 0.60 (m = meso, I = racemic).

Note that well-defined samples of PAEMA are available for the first time. Some of physical

properties and a list of solvents and non-solvents are summarized in Table 2-5.

Table 2-5. Selected physical properties of PAEMA and list of solvents and non-solvents.

sample  method

Density 1.2632 g cm” Al DENSITY OSCILLATION
TUBE
Dipole moment ~8.1-107° Cm (2.4 D) Al DIELECTRIC RELAXATION
per unit SPECTROSCOPY
Glass Transition 276.1 (Ac, =0.269 J g K™ Al DIFFERENTIAL SCANNING
Temperature 276.5 (Ac, = 0.306 Jg-l K'l) A3 CALORIMETRY
274 K Al DIELECTRIC RELAXATION
SPECTROSCOPY
Thermal stability up to ~460 K Al, A3  THERMOGRAVIMETRIC
ANALYSIS
Solubility parameter ~ 21.2 (MPa)"? GROUP CONTRIBUTION
METHOD (SMALL)
Solvents chloroform, tetrahydrofuran,

dioxane, methyl ethyl ketone,
acetone, ethyl acetate, dimethyl
formamide, dimethyl sulfoxide,
trifluoroethanol, trifluoroacetic
acid

Non-solvents cyclohexane, benzene, methanol,
water

" P. Friibing, Applied Condensed-Matter Physics, University of Potsdam, Germany.

RAFT radical polymerization further promises to produce a large variety of block copolymers
based on AEMA. Synthesized PAEMA samples carrying 2-cyano-prop-2-yl dithiobenzoyl
endgroups were used as chain transfer agents for RAFT radical polymerization of a second
monomer, namely methyl methacrylate (MMA), n-butyl (meth)acrylate (BMA and BA), and
N-isopropylacrylamide (NiPAM).** Among all these block copolymers synthesized, only the
PAEMA-b-PBMA was used for further investigations on supramolecular assembly. Polymeri-
zation of BMA was carried out in the presence of PAEMA Al using AIBN as the initiator in
ethyl acetate at 60 °C. Experimental conditions and molecular characteristics of the isolated
product are listed in Table 2-6. The SEC chromatogram of the copolymer and that of the

corresponding PAEMA precursor are shown in Figure 2-7.
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Table 2-6. Molecular characteristics of the PAEMA-b-PBMA copolymer, synthesized by RAFT
radical polymerization of BMA using PAEMA sample Al as chain transfer agent.

entry  [BMA]y/[1]¢/[AIBN], time Xy fama’ n* m® PDI®
M) (h)
BAI 6.3/0.156 /0.031 18 0.84 0.87 30 206 1.15

* Monomer conversion; gravimetric analysis. £ Mole fraction of BMA in the copolymer; '"H NMR
(400.1 MHz, CDCl;, 25 °C). * Number-average degree of polymerization of PAEMA; 'H NMR. *
Number-average degree of polymerization of PBMA; 'H NMR. ¥ Polydispersity index; SEC
(eluent: THF at 25°C; stationary phase: SDV; detector: RI; calibration: PBMA).
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Figure 2-7. SEC chromatograms (eluent: THF; flow rate: 1.0 mL min™; columns: 300 x 8 mm, 5

um MZ-SDplus, 10°, 10°, 10° A; 25 °C; detector: RI) of PAEMA-b-PBMA sample BA1 (solid

line) and the corresponding PAEMA precursor Al (dashed line), as obtained by RAFT radical po-

lymerization.
SEC results indicate that the PAEMA-b-PBMA product contains traces of unreacted PAEMA
precursor (< 3 wt %; fraction eluting from 27 to 31 mL) and ~6 wt % of presumably recom-
bined polymer chains (fraction eluting at ~23 mL), i.e. the purity of the diblock copolymer is

greater than 93 %.

2.2.2 Acetoacetylation of poly(2-hydroxyethyl methacrylate)

The alternative method to prepare well-defined block copolymers based on AEMA was the
transesterification or acetoacetylation of PHEMA segments with tert-butyl acetoacetate
(tBAA), as illustrated in Scheme 2-6. The PBMA-b-PHEMA precursor polymers were syn-
thesized by GTP of BMA and TMSHEMA (the trimethylsilyl-protected derivative of HEMA)
and subsequent hydrolysis of the TMS group. Following a standard procedure described in the
literature,™ sequential polymerizations of BMA and TMSHEMA were performed at room
temperature in tetrahydrofuran (THF) with 1-methoxy-1-trimethylsilylsiloxy-2-methyl-prop-

1-ene (MTYS) as the initiator and tetrabutylammonium bibenzoate (TBABB) as a nucleophilic
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catalyst. '"H NMR was used to confirm the chemical structure of the isolated products and to
determine the mole fraction of comonomers. According to SEC, all block copolymers exhibit
a monomodal and narrow molecular weight distribution (PDI = 1.03-1.09; cf. Table 2-7).
TMS residues were then quantitatively removed by HCl-catalyzed hydrolysis at room tem-
perature, as shown by the disappearance of Si(CH3) signals at 5= 0.1 ppm in 'H NMR spec-
tra. Note that the triad tacticity of PHEMA prepared under GTP conditions is mm = 0.14, mr =
0.41 , and rr = 0.45 ("H NMR, DMSO-dp).

Regarding the acetocetylation of PBMA-b-PHEMA copolymers it has to be taken into consi-
deration that these are equilibrium reactions (cf. Scheme 2-6). In order to achieve high yields
of acetocetylated HEMA (AEMA) units, the released tert-butyl alcohol should be removed
from the reaction mixture. Performing the reaction in toluene at 130 °C and distilling off the
alcohol, a procedure first reported by Witzeman and Nottingham,*' 69-97% of HEMA units
were acetoacetylated. Another method developed by us employed the removal of the tert-
butyl alcohol within a ternary azeotrope with benzene and water. The azeotrope has a boiling
point of 67.3 °C, and the acetoacetylation reaction can therefore be carried out at much milder
conditions. In a typical procedure, a mixture of tBAA and PBMA-b-PHEMA ([tBAA]/
[HEMA] ~ 1.5) in benzene was stirred for 1 h at room temperature. Then, water was added
and the solution was refluxed (usually overnight) in a liquid-liquid extraction apparatus to
remove the aqueous phase (water + tert-butyl alcohol). The acetoacetylated products were

finally isolated by precipitation into hexane.

° X o~

OH

Scheme 2-6. Transesterification of PHEMA segments with tert-butyl acetoacetate (tBAA).

As shown by 'H NMR analysis (comparing the signal intensities of <OCH,— protons of BMA
and AEMA units arising at 6 = 3.92 and 4.14/4.32 ppm, respectively; cf. Figure 2-8), the de-
gree of acetoacetylation of HEMA residues was always greater than 95%. SEC indicates that
the narrow molecular weight distribution of PBMA-b-PHEMA copolymers was maintained
during the acetoacetylation. As further seen from the chromatograms in Figure 2-9, the
PBMA-b-PAEMA products elute faster in the SEC mode than the hydroxylated precursors,

which is due to the somewhat larger hydrodynamic volume of the derivatized functional seg-
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ment. The molecular characteristics of the PBMA-b-PAEMA copolymers obtained by GTP

and subsequent azeotropic acetoactylation are listed in Table 2-7.

It should be mentioned that PAEMA homopolymers cannot be prepared by this method as
both the PHEMA precursor as well as the acetoacetylated product are not soluble in benzene

solution.

Table 2-7. Molecular characteristics of PBMA-b-PAEMA copolymers, synthesized by sequential
Group Transfer Polymerization (GTP) of BMA and TMSHEMA and subsequent acetoacetylation

of HEMA residues.
entry fann m?® n* pPDI® residual HEMA units
(mol %)
BA2 0.90 342 39 1.05 <5
BA3 0.85 58 10 1.07 <5
BA4 0.78 80 22 1.03 <5
BAS5 0.55 76 60 1.09 <5

& Mole fraction of BMA in the copolymer; '"H NMR analysis (400.1 MHz, CDCls, 25 °C) of
PBMA-b-PTMSHEMA. * Number-average degree of polymerization of PBMA; SEC analysis
(eluent: THF at 25°C; stationary phase: SDV; detector: RI; calibration: PBMA) of the PBMA pre-
cursor, which was isolated prior to the addition of the second monomer. * Number-average degree
of polymerization of PAEMA; '"H NMR. ¥ Polydispersity index; SEC.
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Figure 2-8. "H NMR spectrum (400.1 MHz) of PBMA-b-PAEMA sample BA4 in CDCl; at 25 °C.
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Figure 2-9. SEC chromatograms (eluent: DMA + 0.5 wt % LiBr; flow rate: 1.0 mLmin™; col-
umns: 300 x 8§ mm, 10 pum PSS-GRAM, 30, 30, 100, 3000 A; 70 °C; detector: RI) of PBMA-b-
PAEMA BA4 (solid line) obtained by the azeotropic acetoacetylation of PBMA-b-PHEMA
(dashed line) with tBAA.
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2.3 Polypeptide block copolymers

Linear polypeptide block copolymers can be obtained via (i) a SOLID-STATE PEPTIDE SYN-
THESIS (Merrifield synthesis) and subsequent coupling with a carboxylated polymer™ or (ii) a
RING-OPENING POLYMERIZATION of a-amino acid N-carboxyanhydrides (NCA) initiated by a
primary amino-functional macroinitiator™ or a transition metal-based system.**** The first
method enables one to synthesize very well-defined samples with a perfectly monodisperse
polypeptide segment. Disadvantageously, it is a costly and time-consuming process producing
polypeptides in rather low yields. The primary amine-initiated polymerization of NCA, on the
other hand, is experimentally less demanding and allows one to synthesize polymer materials
on a several gram scale. Due to the rather complex mechanism of the reaction (see chapter
2.3.2), the resulting polypeptides sometimes exhibit a very broad molecular weight distri-
bution (PDI > 2).* A careful fractionation of crude products is therefore required in order to
obtain copolymer fractions with a narrow distribution. With transition metal complex ini-
tiators, which are rather difficult to handle compounds, polypeptides with PDI < 1.2 can be

obtained.**

Note that is was a goal to synthesize not only linear but also hetero star-shaped samples of the
AB; type (B denoting the polypeptide segment). For obvious reasons, copolymers of the latter
structure are not accessible by a solid-state synthesis and coupling on a solid support. The
method of choice is the grafting of polypeptide arms from an w-polyamino-functional macro-
initiator via NCA polymerization. Due to expected experimental problems, transition metal

complex macroinitiators were not investigated.

In the following chapter 2.3.1 will first be described the anionic synthesis and characterization
of mono- and polyamino-functional polymers,*” which served as the macroinitiators for the
polymerization of NCAs. Most polypeptide block copolymers were prepared according to a

4830 synthetic procedures will briefly be described in the first

standard recipe from literature,
part of chapter 2.3.2. More emphasis will lie on the complete molecular characterization of
(linear) copolymer samples.”’ Note that no adequate procedures have so far been reported that
allow determination of absolute molecular weight distributions.!” As will be shown, advanced
S1zE EXCLUSION CHROMATOGRAPHY (SEC) can provide this information, making it possible
to evaluate the level of control in NCA polymerization. In the last part of the chapter will be
described a novel approach for a controlled polymerization of NCAs, by which nearly mono-

disperse block copolymers can be obtained.’'>
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2.3.1 wo-Amino-functional macroinitiators

Various o-amino-functional polymers based on ethylene oxide,” styrene, and butadiene®’
were prepared employing living ANIONIC POLYMERIZATION techniques. The synthetic proce-
dures, which will be described in the following subchapters, are significant improvements of
existing procedures. Not included in this work is the first synthesis of primary amino-end-

functionalized polyacrylates by RAFT RADICAL POLYMERIZATION.

2.3.1.1 Monoamino-functional poly(ethylene oxide)s

The preferred route for the preparation of functionalized poly(ethylene oxide)s (PEO) is the
anionic ring-opening polymerization of ethylene oxide using suitable initiators or terminating
agents.”* Note that the controlled polymerization of oxiranes requires larger counterions than
lithium, and thus potassium alkoxides and amides are the most commonly employed initia-

27,56
> and

tors.”* Other effective initiating systems are metalloporphyrins™ as well as carbanions
alkoxides®’ with bulky organic counterions generated from the phosphazene t-BuPy. Note that
t-BuP4 is a very strong base with pK, = 30.2 (DMSO), which upon protonation gives a very
soft and bulky cation of ~14 A in diameter.”® It might therefore be used to prepare a variety of
novel metal-free anionic initiators with diverse functionalities from readily available protic
and CH-acidic compounds. Also, due to the known counterion effects on ion pair association
and reactivity,22 the use of [t-BuP4H]" instead of smaller metal counterions should lead to

considerably higher polymerization rates.

A novel route towards primary amino-endfunctional PEOs is shown in Scheme 2-7.° The
initiating system of choice was o-methylbenzyl cyanide/t-BuP4 to produce an a-cyano-PEO
in the first step. Subsequent reduction of the cyano group with lithium aluminiumhydride led
to the primary amino-functional group.” Depending on whether acetic acid or methyl iodide
was used to quench ethylene oxide polymerization, the PEO chains carried either a hydroxyl

or a methoxy group at the ®-chain end.*® Results are summarized in Table 2-8.

.
Ht NC otH . O}H
T LAk, AN T
NC%- [tBuP,H* X O
NC ot | ot
. . LAH,  HN )
CH,l

Scheme 2-7. Synthesis of primary amino-endfunctional (heterotelechelic) poly(ethylene oxide)s.
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Table 2-8. Molecular characteristics of primary amino-functional PEO samples, as prepared by
anionic ring-opening polymerization of ethylene oxide with o-methylbenzyl cyanide/t-BuP4 and
subsequent reduction of a-terminal cyano groups with LiAlH,.

chemical structure entry X" PDI* famino

H,N OtH
El 53 1.04 1.0

H,N ot
X E2 109 1.06 1.0

* Number-average degree of polymerization; SEC (eluent: CHCl; at 25 °C; stationary phase: SDV;
detectors: RI/UV; calibration: PEO). ¥ Polydispersity index; SEC.  Degree of amino-functionali-
zation; SEC; C NMR (100.6 MHz, CDCls, 25 °C), considering the signal at 123 ppm of residual
cyano moieties.

&

The synthetic procedure was as follows: o-methylbenzyl cyanide was added to a solution of
t-BuP4 in tetrahydrofuran (THF) at —70 °C. Then, ethylene oxide was condensed into the
reactor. The reaction solution was stirred for 1 hour at —70 °C, then slowly warmed to +45 °C
and kept at this temperature for 20 hours under a dry argon atmosphere. The reaction was
quenched by the addition of either acetic acid (— sample E1’) or methyl iodide (— sample
E2’). In the latter case, a 20-fold excess of the terminating agent with respect to the initiator
was employed, and the solution was stirred for three days at room temperature.”” The solvent
was then evaporated to dryness, and the residue was re-dissolved in water. The aqueous poly-
mer solution was washed three times with the strongly acidic cation exchanger DOWEX
50WX4-100 (Sigma) to extract protonated phosphazene, ultrafiltrated with bi-distilled water

(molecular weight cut-off: 1 kDa), and freeze-dried.

Gravimetrical analyses indicated that after 20 hours a monomer conversion was greater than
90%. Note that with K as the counterion, reaction times would have been in the range of
days.®® According to SEC, samples E1’ and E2’ had a very narrow molecular weight distri-
bution (polydispersity index, PDI < 1.1, see Table 2-8 and Figure 2-10). Molecular weights
were close to the calculated ones, indicating a high efficiency of the a-methylbenzyl cyanide
initiator. Quantitative analysis of UV and RI detector traces also suggested that the average
number of aromatic initiator units per polymer chain was equal to unity (see Figure 2-10). °C
NMR analyses (100.6 MHz, CDCl3, 25 °C) confirmed the expected chemical structure of the
samples; characteristic signals of terminal functional groups were observed at &/ppm = 123.0
(-C=N), 72.5, 61.8 (—CH,CH,OH) (E1’) and 124.4 (-C=N), 73.0, 59.4 (-CH,CH,OCH3)
(E2°).>** 1t should be emphasized that the NMR spectrum of E2” did not reveal any trace of
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hydroxyl chain ends. These results were further supported by MATRIX-ASSISTED LASER DE-
SORPTION/IONIZATION TIME-OF-FLIGHT MASS SPECTROMETRY (MALDI-TOF MS)'. In the
mass spectrum of E2’, just a single homologous series with Am = 44.0 Da (molar mass of an
ethylene oxide repeating unit) could be observed. The residual mass (r.m.) of PEO chains was

found to be 144.8 Da, almost exactly matching the calculated molar mass of cyano and

methyl endgroups (m(CyHgN) + m(CH3) = 145.11 Da).
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Figure 2-10. SEC chromatogram (eluent: CHCl; flow rate: 1.0 mL min™'; columns: 300 x 8 mm, 5
um MZ-SDplus, 103, 105, 10° A; 25 °C; detector: UV and RI) of PEO sample E1’ (line: normal-
ized RI signal intensity; circles: average number of aromatic initiator units per PEO chain). The
absolute concentration of aromatic units in an SEC slice was determined applying Lambert-Beer’s
law from the UV detector output and a detector calibration constant; the detector was calibrated
with an o-methylbenzyl cyanide standard solution. The concentration of polymer chains was cal-
culated from the ratio of the normalized RI signal intensity over the molecular weight of the
eluting PEO fraction.

For the preparation of primary amino-terminal PEOs, solutions of E1’ (— El) and E2’ (—
E2) in THF were slowly added to a stirred suspension of lithium aluminumhydride in THF
([LiAlH4)/[-CN] ~ 20). Mixtures were heated to reflux and stirred for 2 hours under an argon
atmosphere.” After cooling to room temperature, the reaction mixture was quenched with
water, ultrafiltrated, and freeze-dried. The ?C NMR spectra of samples E1 and E2 did not
show a signal at o~ 123.0 ppm, indicating quantitative reduction of the cyano group. The sig-
nal of the methylene carbon atom next to the amino functional group was observed at 0= 51.4
and 54.4 ppm, respectively. However, sample E2 was found to contain ~30 mol % of hy-
droxylated PEO chains (additional signals arising at 6= 72.3 and 62.0 ppm, see above), which

had not been observed for the precursor polymer E2°. A reasonable explanation for the occur-

rence of ether cleavage cannot be given at the moment.
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Since alcohols are known as slow initiators for NCA polymerization,** samples E1 and E2
were not suited for the preparation of PEO-polypeptide diblock copolymers. Instead it was
used a commercial ai-methoxy-m-amino-PEO sample (Aldrich, product # M4147) with MW ~
5 kg/mol (— sample EL1 and EG1, Table 2-11).

2.3.1.2  Monoamino-functional polystyrenes and polybutadienes

In order to prepare well-defined polymers with a high degree of functionalization, living an-
ionic polymerization was usually applied using either functionalized initiators or termination

63-67
agents.

It should be emphasized that any of these reactions demands high-purity experi-
mental conditions and a suitable masking of the functional groups.”” The most general and
efficient procedures for the w-endfunctionalization of polystyrenes and polydienes include the
capping of living polymeric anions with 1,1-diphenylethylene derivatives® or the termination
with o-functional-a-haloalkanes® or —chlorosilanes.”® Here, the latter was the methodology

of choice.

Chlorosilane derivatives bearing a bis(trimethylsilyl)amino group have so far been prepared
in a three-step procedure in less than 40% yield.”” It was possible to modify the process and to
obtain 1-(chlorodimethylsilyl)-3-[N,N-bis(trimethylsilyl)amino]-propane (CAP) from readily

available reagents in just two steps in a 46% yield (cf. Scheme 2-8).*

B~~~  KBr \ H—§|-CI \ MWWann—L
~ ~c; ~
Si E z Si Si |
s 7N 7N |
o NK o Nex —¥> o NSyl
—Si —Si —Si
/ / /
LiCl

Scheme 2-8. Synthesis of 1-(chlorodimethylsilyl)-3-[N,N-bis(trimethylsilyl)amino]-propane (CAP)

used to prepare o-primary amino-functional polystyrenes and polybutadienes.
In the first step, 3-[N,N-bis(trimethylsilyl)amino]-1-propene was synthesized by nucleophilic
substitution of allyl bromide with potassium N,N-bis(trimethylsilyl)amide (yield: 66%; color-
less liquid; bp 82 °C at 30 mbar; 'H NMR: &/ppm = 0.0-0.3 (m, 18H, —-Si(CHs)3), 3.44 (d, J =
4.6, 2H, -CH,N-), 5.04 (dd, J = 10.1, 17.2, 2H, CH,=), 5.78 (m, 1H, =CH-)).”' The N-allyl
disilazane intermediate was then hydrosilylated with chlorodimethylsilane using chloro-
platinic acid as the catalyst to afford CAP as a colorless liquid (bp 104 °C at 1 mbar) in 69 %
yield.” The chemical structure of CAP was confirmed by 'H NMR: &/ppm = 0.0-0.3 (m, 18H,
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~NSi(CHs)s), 0.43 (s, 6H, CISiCHs), 0.72 (m, 2H, CISiCH,-), 1.45 (m, 2H, —CH,-), 2.75 (m,
2H, -CH,N-).

A series of w-amino-endfunctional polystyrenes (PS) and polybutadienes (PB) was prepared
by quenching the solutions of either polystyryl lithium (~20 wt % in cyclohexane) or poly-
butadienyl lithium (~2 wt % in tetrahydrofuran, THF) with a solution of the freshly distilled
CAP (1.2 mol equiv with respect to lithiated chain ends, + 5 mol % sBuLi to remove last
traces of impurities) in THF. Subsequent removal of the trimethylsilyl (TMS) protecting
group was achieved by HCl-catalyzed hydrolysis at room temperature. 'H NMR spectra of the
final products were in accordance with the expected chemical structure (PB; microstructure:
90% 1,2 and 10% trans-1,4), and the lack of TMS signals at 6 ~ 0.2 ppm confirmed the com-
plete removal of the protecting groups. According to 'H NMR analysis, considering the areas
beneath the signals of end groups at 6 = 0.5-1.0 (s-butyl, 8H) and —0.2-0.1 ppm (—Si(CHj3),
CH,—, 8H), and LACCC measurements (LACCC = LIQUID ADSORPTION CHROMATOGRAPHY
AT CRITICAL CONDITIONS,”” cf. Figure 2-11), the degree of functionalization of the samples
was usually greater than 90%. The molecular characteristics of m-amino-functional polymer

samples are summarized in Table 2-9.

Table 2-9. Molecular characteristics of w-amino-functional PS and PB® samples, as prepared by
anionic polymerization and termination with CAP.

chemical structure entry X PDI famino method
L N S1 57 1.04 0.94 "HNMR
P >0.95 LACCC”
$2 217 1.03 0.90 LACCC’
| Bl 27 1.10 0.95 '"H NMR
ST m 85 1.08 0.87 'H NMR
’ B3 119 1.08 0.95 '"H NMR

$ Microstructure: 90% 1,2 and 10% trans-1,4; '"H NMR (400.1 MHz, CDCl;, 25 °C). # Number-
average degree of polymerization; SEC (eluent: THF at 25 °C; stationary phase: SDV; detectors:
RI/UV; calibration: PS and PB-1,2, respectively). * Polydispersity index; SEC.  Degree of amino-
functionalization; "H NMR, LACCC (eluent: THF/n-hexane 60/40 (w/w) at 45 °C; stationary
phase: SGX NH,; detector: ELSD). " Dr. J. Falkenhagen, Bundesanstalt fiir Materialforschung und
—priifung (BAM), Berlin, Germany.
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Figure 2-11. LACCC chromatograms (eluent: THE/n-hexane 60/40 (w/w); flow rate: 0.5mL min™';
column: 250 X 4 mm, 7 pm SGX NH,, 120 A; 45 °C; detector: ELSD) of ®-amino-functional PS
samples S1 (solid line) and S2 (dashed line). Note that under the critical conditions established for
the H-terminated PS precursors (dotted line), any fraction of non-functionalized polymer chains
elute at 4.7 minutes independent of molecular weight, whereas the ones carrying an amino func-
tional group elute faster in the SEC mode.

2.3.1.3  Polyamino-functional polystyrenes

There are two different ways to synthesize polyamino-endfunctional polymers via ANIONIC
POLYMERIZATION, namely (i) the initiation or termination of the polymerization with reagents
carrying more than one masked amino group and (ii) the sequential copolymerization of an
amino-functional monomer (see Scheme 2-9). The latter method is the preferred one because
it is experimentally much less demanding. However, the better availability of block copoly-
mers is at the expense of perfect control of the degree of amino-functionalization, i.e., macro-

initiators exhibit an average number of amino endgroups with a Poisson distribution at the

best.
=
_>—Li
Cl KCI
St E 2 S| \/@/\ y
\S./N-K \S./N
// | // |

l/~ 2nd monomer

l (HY)

\/\/\N\/\W—-(NHZ)y

Scheme 2-9. Synthesis of 4-[N,N-bis(trimethylsilyl)aminomethyl]-styrene (TMSAMS) used to
prepare ®-polyamino-functional polystyrenes.
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The functional monomer of choice was 4-[N,N-bis(trimethylsilyl)aminomethyl]-styrene
(TMSAMS), which can be readily prepared by nucleophilic substitution of 4-chloromethyl-
styrene with potassium N,N-bis(trimethylsilyl)Jamide in hexamethyldisilazane (see Scheme
2-9).*” The product was isolated as a clear, colorless liquid in a 43 % yield (bp 72 °C at 0.05
mbar), 'H NMR: &/ppm = 0.07 (s, 18H, —Si(CHs),), 4.08 (s, 2H, —CH,N-), 5.18, 5.70 (2d, T =
11, 18 Hz, 2H, —CH,=), 6.69 (dd, —CH=), 7.20, 7.33 (dd, 4H, CH-phenyl). It should be em-
phasized that this reaction pathway considerably facilitates the synthesis of amino-functional
monomers. TMSAMS had so far been prepared in a three-step reaction from chloromethyl

methyl ether, lithium N,N-bis(trimethylsilyl)amide, and 4-vinylphenyl magnesiumchloride.”

Four samples of PAMS-b-PS copolymers were prepared by sequential anionic polymerization
of TMSAMS and styrene in THF at —78 °C using SBuLi as the initiator"— their molecular
characteristics are listed in Table 2-10. The TMS protecting groups were removed by HCI-
catalyzed hydrolysis as described above. "H NMR confirmed the expected chemical structure
of copolymers, &/ppm = 0.5-1.0 (m, CH,, CHj3, s-butyl), 1.3-2.4 (m, CH, CH,), 3.8-4.2 (m,
—NCH;-), 6.2-6.9 (m, m-CH, phenyl), 6.9-7.3 (m, o/p-CH, phenyl). SEC analysis showed that
the (TMS-protected) block copolymers have a narrow molecular weight distribution (PDI =
1.08-1.14) and are free of PAMS precursor. MALDI-TOF mass spectrometric measurements
enabled the determination of the absolute number-average degree of polymerization of the
PAMS homopolymer precursors (Am = 133.4 Da, r.m. = 58.3 Da, expected: 133.1 and 58.0
Da, respectively; cf. Figure 2-12), which is equal to the average amino-functionality of the

copolymer.

Table 2-10. Molecular characteristics of PAMS-b-PS copolymers (®-polyamino-functional PS), as
prepared by sequential anionic polymerization of TMSAMS and styrene.

chemical structure entry X" y¢ PDI*
S4 182 4.3 1.13

S5 63 8.0 1.08

O O » O S6 193 7.7 1.14
NH, |, S7 188 12.6 1.14

* Number-average degree of polymerization of the PS block; 'H NMR (400.1 MHz, CDCl;, 25
°C). * Number-average degree of polymerization of PAMS (precursor sample was isolated prior to
the addition of the second monomer); MALDI-TOF MS (matrix: 2,5-dihydroxy benzoic acid,
cation: Ag"). ¥ Polydispersity index; SEC analysis (eluent: THF at 25 °C; stationary phase: SDV;
calibration: PS) of TMS-protected block copolymers.
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Figure 2-12. MALDI-TOF mass spectra (N, laser operating at 337 nm; linear mode; matrix: 2,5-
dihydroxy benzoic acid; cation source: silver trifluoroacetate; calibration: bovine insulin) of the
PAMS precursors ([M-Ag]") of copolymers S4 (left), and S7 (right).

However, all attempts failed to achieve a living/controlled polymerization of 1,3-butadiene as

the second monomer.

2.3.2 Polypeptide block copolymers

2.3.2.1 Conventional synthesis and characterization

For a synthesis of polypeptide-based block copolymers, the polymerization of an N-carboxy-
anhydride (NCA) should proceed via the nucleophilic ring-opening of the NCA at the C-5
position. This process, which is called the “amine” mechanism, is depicted in Scheme 1.%
Linear or star-shaped block copolymers are obtained depending on whether monoamino- or

polyamino-endfunctional polymers were used to initiate the polymerization of the NCA.

o} 0]
~H NH. *+(z-1)NCA
Polymer-NH, I >=O —>—> Polymer- N 2 T Polymer-N H H
R - (Z' ) 2 H R

4

NCA

Scheme 2-10. Ring-opening polymerization of an NCA via the “amine” mechanism.

The NCAs of N*-benzyloxycarbonyl (Z)-L-lysine (ZLLys) and y-benzyl-L-glutamate (BLGIu)
were prepared by the Fuchs-Farthing method using bis(trichloromethyl)carbonat (triphosgene)
as the phosgenation agent.”* The reaction was performed in THF as the solvent at 40 °C. The
crude products were purified by repeated re-crystallization from a THF/petrolether 1:2 (v/v)
mixture prior to use and were dried in high vacuum at room temperature. The chemical struc-

ture and purity of NCAs was checked by '"H NMR and measurement of melting points.
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The primary amino-functional macroinitiator (see Table 2-9 and Table 2-10) and the NCA
were placed in separate flasks and dried in high vacuum for 1 hour at room temperature. N,N-
dimethylformamide (DMF) was then cryo-distilled from CaH; into the flasks (chloroform was
used to dissolve PB macroinitiators), and the two solutions were combined via a transfer
needle to give a ~8 wt % reaction mixture. Polymerizations were performed at 40 °C for at
least 2 days under a dry argon atmosphere. After evaporation of the solvent in high vacuum,
the residual solid was dissolved in CHCl; and precipitated in either petrolether or methanol.
Macroinitiator contaminants in the copolymer samples were removed by the extraction with
cyclohexane (— PS) or petrolether (— PB). Finally, block copolymers were dried in vacuum

at 35-40 °C to constant weight.

A list of linear and star-shaped block copolymers prepared by this procedure is provided in
Table 2-11. As indicated by SEC and ANALYTICAL ULTRACENTRIFUGATION (AUC) (selected
samples), samples were free of any homopolymer contaminants. '"H NMR was applied to con-
firm the chemical structure (see Figure 2-13) and to determine the absolute number-average
degree of polymerization or molecular weight (M,) of the block copolymers. Note that under
the chosen conditions, samples were dissolved on a molecular level and were not forming
aggregates. The spectra of star-shaped copolymer samples did not show a signal of residual
benzyl amino groups at o ~ 4 ppm (see Figure 2-13) indicating that the number of polypeptide
grafts should be equal to the functionality of the corresponding macroinitiator. However, it
cannot completely be excluded that residual benzyl amine signals were buried under some

signals of the polypeptide backbone.

According to a standard SEC analysis (eluent: DMA + 0.5 wt % LiBr at 70 °C, stationary
phase: PSS-GRAM polyester gel) applying a calibration recorded with PS standards, the sam-
ples exhibited a rather broad molecular weight distribution with apparent PDI values in the
range of 1.2-1.8. It was, however, not possible to characterize the PB-containing block co-
polymers by SEC employing either THF or CHCI3 as a common solvent (stationary phase:
SDV). Assumingly due to a large effective dipole moment arising from the polypeptide o.-
helix (z = 3.5 D per monomer unit),” samples were quantitatively adsorbed onto the SDV

columns.
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Table 2-11. Molecular characteristics of the linear and star-shaped polypeptide block copolymers,
as prepared by “conventional” ring-opening polymerization of the N-carboxyanhydride of Z-L-
lysine (ZLLys) or y-benzyl-L-glutamate (BLGlu) using the o-primary amino-functional macroini-
tiators listed in Table 2-9 (— linear) and Table 2-10 (— star-shaped).

chemical structure sample X" 25 y& pPDI®
0 SL1 52 69 1 1.4
Ii\/\/N NTH
T T SL2 52 11 I 1.4
SL3 217 93 1 1.3
R = (CH,),;NHC(O)OBzI; ZLLys (SL1-SL3) SG1 >2 104 1 13
R = (CH,),C(0)OBzl; BLGlu (SG1-SG2) SG2 57 274 1 1.5
SL*1 182 243 ( 4) 1.8°
SL*2 193 65 ( 8) 1.3
O O O SL*3 193 255 (8 1.6
N SL*4 188 54 (12) 1.2
N NTH
H &M , SL*5 188 123 (12) 1.4
2ly
’ SL*6 188 227 (12) .50
R = (CH,),;NHC(O)OBzI; ZLLys (SL1*-SL6*)
R = (CH,),C(0)OBzl; BLGlu (SG1*-SG2*) SG*1 63 176 (8 1.4
SG*2 63 293 ( 8) 1.6°
BGl1 27 64 1 —
AL TN T ﬂ}” BG2 85 75 | -
" ‘ BG3 85 55 1 -
R = (CH,),C(0)OBzl; BLGlu (BG1-BG4) BG4 119 24 | B
oy
\O o] N N-TH
x H| 2" ELI 114 40 1 12
EG1 114 31 1 1.2

R = (CH,);NHC(0)OBzl; ZLLys (EL1)
R = (CH,),C(0)OBzl; BLGlu (EG1)

* Number-average degree of polymerization of the first block segment (macroinitiator).  Number
of polypeptide arms of the block copolymer (= amino functionality of the macroinitiator). * Num-
ber-average degree of polymerization of the polypeptide segment; 'H NMR (400.1 MHz, DMF-d,
(SL), CDCl; (SG, BG), DMSO-d4 (EL) 25 °C). ¥ Polydispersity index; SEC (eluent: DMA + 0.5
wt % LiBr at 70 °C, stationary phase: PSS-GRAM, calibration: PS), * multimodal.
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Figure 2-13. '"H NMR spectra (400.1 MHz) of PS-b-PZLLys samples SL1 and SL*4 (DMF-ds, 25
°C) and PB-b-PBLGlu sample BG4 (CDCl;, 25 °C) (top to bottom). Signals denoted with * and *
correspond to protonated solvent and water traces, respectively. Signals marked with { were used
to determine the molar ratio of comonomers.
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2.3.2.2  Advanced characterization of block copolymers

The linear block copolymer samples exhibited all monomodal distributions (see Figure 2-16)
and showed the expected elution behavior in an SEC mode. In the case of star-shaped sam-
ples, chromatograms were only monomodal when the number of peptide units was less then
200 (see Table 2-11). Above this limit, bimodal or even multimodal chromatograms were ob-
tained (see Figure 2-14). Additionally, some fraction of polymer chains was eluting after the
corresponding macroinitiator. It is therefore evident that fractionation was not only driven by

size exclusion but also by adsorption phenomena.
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Figure 2-14. SEC chromatograms (eluent: DMA + 0.5 wt % LiBr at 70 °C, stationary phase: PSS-

GRAM, detector: RI) of the star-shaped PS-b-PZLLys samples SL*4 (solid line), SL*6 (dashed

line), and SL*1 (dotted line).
One should take into consideration that the samples might not only be polydisperse with re-
spect to molecular weight but also with respect to conformation or secondary structure. Since
polypeptide B-sheets are usually less soluble than a-helices,”* a B-sheet containing polymer
fraction might rather elute in the adsorption than in the size exclusion mode. Also the hydro-
dynamic properties of polypeptides might depend very much on their secondary structure. In
order to examine the secondary structure of different chromatographic fractions, the bimodal
sample SG*2 was analyzed by SEC with a FOURIER TRANSFORM-INFRARED SPECTROSCOPY
(FT-IR) device (see Figure 2-15).” Indeed, the faster eluting fraction was found to contain ex-

clusively a-helical polypeptide chains (V c=0, amide 1 = 1651 cm'l), whereas in the second frac-

tion a-helices and B-sheets (V c=0, amide 1 = 1625 cm'l) could be identified.””’®
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Figure 2-15. SEC chromatogram (eluent: DMA/iso-propanol 90:10 (v/v), stationary phase: RP 18,

65 °C) (left) of the PS-b-PBLGIlu sample SG*2 and FT-IR spectra (right) of the fractions eluting at

9.84 (A) and 12.35 minutes (B).
Due to a superposition of two different distributions, molecular weight and conformation, the
true molecular weight distribution of block copolymer samples cannot be determined by a
conventional SEC analysis. In principle, 2D-CHROMATOGRAPHY (i.e. coupling of LACCC and
SEC) would be suited to treat such a problem,”* but so far it was not possible to establish
critical conditions allowing to separate polypeptide B-sheets from oa-helices. It was therefore
attempted to racemize peptide units, aiming to convert the secondary structure of the poly-
peptide chains into a random coil. Indeed, as shown by CIRCULAR DICHROISM SPECTROSCOPY
(CD), treatment with lithium diisopropylamide (LDA) or phosphazene base t-BuP,4 afforded
racemization of L-peptides and thus destruction of a-helical or B-sheet secondary structures.
However, reaction was sometimes accompanied by a partial hydrolysis of the protecting
groups. Note that this side reaction must strictly be avoided because the SEC elution behavior
might then be affected by the presence of free amino (Lys) or carboxyl groups (Glu). So far, it
was not possible to isolate the pure racemic isomers of polypeptide block copolymers. At this
point, however, it seemed not reasonable to continue SEC analysis of the star-shaped copoly-

mer samples.

Secondary structure effects seemed not to play an important role for the SEC fractionation of
the linear block copolymers. It was therefore decided to focus on the characterization of the
samples SL1-3. Two different SEC methods were employed to determine absolute molecular
weight averages and molecular weight distributions: (i) SEC with on-line differential vis-
cosity (DV) detection applying universal calibration (UC) (SEC-DV/UC)*"** and (ii) SEC
with on-line tracing of the copolymer composition (SEC-UV/RI).** The first method is well
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established in the literature and does not need further explanation. It should be emphasized
that the concept of universal calibration has successfully been applied to polypeptides.®' The
second method allows determination of molecular weight distributions of diblock copolymers
without referring to any kind of calibration curve or molar mass-sensitive device. It is based
on the standard procedure to calculate number-average molecular weights (M,) from the
chemical composition of a copolymer and the molar mass of the first block segment, applied
on an ensemble of monodisperse copolymer fractions. In general, the chemical composition of
diblock copolymer fractions is accessible by a quantitative analysis of two independent
detector traces (for example UV and RI). The M,, value of the precursor is taken as the molar
mass of the first block (Table 2-9). From this set of data, molecular weight distributions and
molecular weight averages can be calculated. Since the distribution of the first block was
neglected, results are only apparent. However, the less disperse the first block and the broader
the distribution of the second block, the better should be the agreement with the true molecu-

lar weight distribution of the sample.®

The SEC chromatograms of the samples SL1-3 including specific viscosity (measured with a
Viscotek model H502B on-line viscometer) and composition traces (calculated from UV and
RI signal intensities) are shown in Figure 2-16. In SEC, it is expected that copolymer frac-
tions elute faster the higher the mole fraction of ZLLys. Indeed, samples SL.1 and SL2 show
such an elution behavior but SL3 does not. The chemical gradient along the chromatogram
observed for SL3 indicates that the late copolymer fractions were passing too slowly through
the stationary phase. Due to adsorption, fractions with a ZLLys content of 40-60 mol % were
detected at the same elution volume as the corresponding macroinitiator. Also, there was a
considerable shift between the maximums of RI and specific viscosity traces of ~0.7 mL,

which was not observed for samples SL1 and SL2 (see Figure 2-16).

The results of SEC-DV/UC and SEC-UV/RI analyses for samples SL1-3 are summarized in
Table 2-12. It can be seen that there is very good agreement between the number-average
molecular weights obtained by NMR (Table 2-13) and SEC-DV/UC, deviations are usually
less than 10%. Results of SEC-UV/RI are also in reasonable agreement with NMR (deviations
< 20%). Polydispersity indexes were found to be in the range of 1.4-1.7 (SEC-DV/UC) or 1.2-
1.6 (SEC-UV/RI). It should be noted that the best agreement between methods was obtained
for sample SL1 with the lowest molecular weight (69 ZLLys units, Table 2-11).
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Figure 2-16. SEC chromatograms (eluent: DMA + 0.5 wt % LiBr at 70 °C, stationary phase: PSS-
GRAM, detectors: UV, RI, DV) of the linear PS-b-PZLLys samples SL1-3 (top to bottom). Solid
lines: RI, dotted lines: specific viscosity, open circles: mole fraction of ZLLys in the copolymer.
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Table 2-12. Number-average molecular weights (M,) and polydispersity index (PDI) values of the
linear PS-b-PZLLys samples SL1-3 as determined by SEC-DV/UC and SEC-UV/RI.

sample M, (kg'mol™) PDI
SEC-DV/UC%*™ SEC-UV/RI¥ SEC-DV/UC**  SEC-UV/RI*
SL1 21.7 23.6 1.7 1.6
SL2 35.8 414 1.6 1.2
SL3 51.0 54.6 14 1.3

& Eluent: DMA + 0.5 wt % LiBr at 70 :’C, stationary phase: PSS-GRAM. * Universal calibration

curve was recorded with PS standards. = Signal of the RI detector was corrected according to the

comonomer-specific detector response.
The samples SL1-3 were further analyzed by means of MEMBRANE OSMOMETRY (MO) and
AUC SEDIMENTATION EQUILIBRIUM runs, which are standard methods for the determination
of absolute number- and weight-average molecular weights (My,), respectively. Results are
summarized in Table 2-13. Regarding M, values, there is good agreement between NMR,
MO, and SEC results. Again, deviations are smallest for the sample SL1. AUC, on the other
hand, provided values for My, which were about two times smaller than the ones obtained
from SEC analyses. At a first glance, this result suggested that results from SEC were wrong.
However, AUC values for M,, were even smaller than the corresponding M, values deter-
mined by NMR or MO, thus making rather AUC results doubtful. At the present, a conclusive
explanation for the failure of AUC in the determination of M, cannot be given. It should be
noted that NMR, IR, and UV SPECTROSCOPY, ELEMENTAL ANALYSIS, AUC, and conventional
SEC were the methods used by others to determine the molecular weights of polypeptide
block copolymers.”**%° A comparison of results obtained by different methods has not

been done yet.

Table 2-13. Comparison between values of number- (M,) and weight-average molecular weight
(M,,) obtained by NMR, Membrane Osmometry (MO), Analytical Ultracentrifugation (AUC), and
Size Exclusion Chromatography (SEC).

sample M, (kg'mol™) M, (kg:mol™)
NMR?® MO"* SEC* AUC? SEC*
SL1 23.7 27.6 21.7 19.0 36.6
SL2 34.7 27.6 35.8 18.8 57.5
SL3 472 31.5 51.0 43.0 73.2

$ Frequency: 400.1 MHz ('H), solvent: DMF-d,, 25 °C. * Membrane: regenerated cellulose (mole-
cular weight cut-off: 20 kDa, Gonotec GmbH), solvent: DMF, 25 °C. ¢ Eluent: DMA + 0.5 wt %
LiBr at 70 °C, stationary phase: PSS-GRAM, universal calibration. * Sedimentation equilibrium:
0.1-0.6 wt % polymer solutions in DMF, 25 °C, 20K rpm.
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However, although My, values could not yet be confirmed, it is believed that the two SEC
procedures used provide reliable information about the true molecular weight distribution of
linear PS-b-PZLLys copolymers. SEC-UV/RI is much easier to apply and enables a quick
evaluation of a large number of chromatograms, produced for example in screening experi-

ments to find best conditions for a controlled polymerization.

2.3.2.3  Advanced polymerization of amino acid-N-carboxyanhydrides

The broad distributions of samples SL1-3 (PDI ~ 1.5) indicate that the so far applied recipe
did not promote a well-controlled polymerization of the NCA. For the following series of ex-
periments, the same initial monomer and initiator concentrations were used as for the syn-
thesis of SL1, i.e., [ZLLys-NCA]y ~ 8 wt % and [ZLLys-NCA]¢/[S1]o = 31. Polymerizations
were conducted for 3 days in DMF as the solvent under a dry argon atmosphere. Conversion
of the NCA always went to completion as indicated by SEC analysis of the crude reaction
mixtures. Products were precipitated in methanol/water 70:30 (v/v) and extracted with cyclo-
hexane to remove any residual PS precursor. The number-average molecular weights (M,,) and
distributions (PDI) of the PS-b-PZLLys copolymer samples were determined by means of
NMR and SEC-UV/RI, respectively.

It is well known that acidic or other contaminants in the NCA sample can have severe impact
on the distribution of polypeptide products.®* Recently, Poché et al.”’ reported an advanced
procedure that allows preparation of NCAs in a very high purity. Accordingly, ZLLys-NCA
was prepared from ZLLys and triphosgene in ethyl acetate (instead of THF) as the solvent.
The crude product was then successively washed with cold water and aqueous NaHCOs, pre-
cipitated from petrolether, and dried in high vacuum. Polymerization of the so obtained NCA
with S1 the macroinitiator in DMF at 40 °C yielded sample SL4, which had a monomodal
molecular weight distribution with PDI = 1.2 (see Figure 2-17 and Table 2-14). It is evident
that this PDI value is considerably smaller than that of reference sample SL1 (PDI = 1.6). An
even narrower distribution could be obtained upon increasing polymerization temperature: the
sample SL5 produced at 80 °C under otherwise identical conditions exhibited a distribution
with PDI = 1.1. It should further be noted that the efficiency of the macroinitiator, as calcu-
lated from the ratio of the targeted molecular weight over the experimental molecular weight
(NMR), was not affected by neither the purity of the NCA nor the polymerization temperature
(~0.64, see Table 2-14.)
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Figure 2-17. Mass distribution (SEC-UV/RI) of the linear PS-b-PZLLys samples SL1 (dotted
line), SL4 (dashed line) and SL5 (solid line) obtained for different reaction conditions (see text).

Table 2-14. Experimental results for the polymerization of ZLLys-NCA, prepared by two different
methods, ! employing macroinitiator S1 in DMF at 40-80 °C ([ZLLys-NCA]y/[S1], = 31,
[ZLLys-NCA]y ~ 8 wt %).

sample method of T M, PDI* initiator
NCA preparation °O) (kg'mol™y* efficiency®
SL1 ref. 7 40 21.7 1.6 0.63
SL4 ref. *! 40 21.4 1.2 0.64
SL5 ref. *! 80 20.8 1.1 0.66

*1H NMR (400 MHz, DMF-d, 25 °C). * SEC-UV/RI (eluent: DMA + 0.5 wt % LiBr at 70 °C,

stationary phase: PSS-GRAM, detectors: UV, RI). 3 M, @&/ perimental * qyantitative conversion

of ZLLys-NCA.
A second reason for a non-controlled polymerization of NCAs is the occurrence of side re-
actions, the most likely one being the so-called “activated monomer” process.”> Whereas the
key step in the “amine” mechanism is the nucleophilic opening of the NCA ring at the C-5
position (see Scheme 2-10), it is the deprotonation of an NCA molecule that initiates the
“activated monomer” process. The NCA anion (NCA") is a sufficiently strong nucleophile to
initiate the oligomerization of NCAs, and the produced N-aminoacyl NCA compounds can
then undergo condensation to yield high-molecular weight products (Scheme 2-11). Note that
the propagating primary amine can act as both a nucleophile and a base, thus polymerization

will always switch back and forth between the “amine” and “activated monomer” mechanism.
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Scheme 2-11. Polymerization (condensation) of NCAs via the “activated monomer” mechanism.

One way to avoid the “activated monomer” process is to use metal-amine complex catalysts
instead of primary amine initiators.*** Polymerization then proceeds in a controlled manner
via a “coordination” polymerization process to yield polypeptide block copolymers with PDI
< 1.2 (determined by SEC with on-line MALLS detection using 0.1 M LiBr in DMF as the
eluent at 60 °C). However, as seen from Scheme 2-11, it would just need protons to re-pro-
tonate eventually formed NCA™ and thus to avoid the “activated monomer” pathway. For this
reaction to be successful, re-protonation of NCA ™ must be faster than a nucleophilic attack of
another NCA molecule. It was therefore decided to use the hydrochloride of a free primary
amine macroinitiator for NCA polymerization. Note, the hydrochloride is a dormant species,
and the growing free primary amine and H'(CI") is released upon dissociation. This process is

illustrated in Scheme 2-12.

Polymer—NH,

o
Pol —NH O —— "amine" mechanism
olymer ) R N

+

H* (> NCA

NCA™

Scheme 2-12. Tentative mechanism of the ring-opening polymerization of NCAs using primary
amine hydrochlorides (chloride ions omitted).

It has to be mentioned that a screening of primary amines as hydrochlorides had successfully

been applied for the synthesis of o-aminoacyl compounds.”®* It was emphasized that the
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reactions proceeded smoothly without producing polymeric by-products. Interestingly, also
the anilide from phenylalanine-NCA and p-chloroaniline hydrochloride could be obtained in a
high yield, although the free amine is known for its poor aminolytic power and its ability to

initiate NCA polymerization (presumably via an “activated monomer” route).”

The hydrochloride of S1 (S1-HCI) was obtained by treating a solution of the polymer in THF
with aqueous HCI. The product was precipitated and dried in vacuum at 40 °C to constant
weight. All block copolymers prepared (SL6-9) with the S1-HCI macroinitiator in DMF at 40-
80 °C exhibited very a narrow molecular weight distribution, close to a Poisson distribution
(see Table 2-15, Figure 2-18, and Figure 2-19). These results seem to confirm the novel con-
cept described above for achieving a controlled polymerization of NCAs. According to SEC
and AUC analyses (Figure 2-19), sample were free of PZLLys homopolymer, which might
have eventually been formed by a chloride-initiated polymerization of the NCA.** In addition,
initiator efficiencies were found to be ~0.8, somewhat higher as for the free amine initiating

system (~0.65).

Table 2-15. Experimental results for the polymerization of ZLLys-NCA (prepared according to
ref. °') employing the hydrochloride of S1 in DMF at 40-80 °C ([ZLLys-NCA]y/[S1], = 31,
[ZLLys-NCA]y ~ 8 wt %, * 20 wt %).

sample T M, PDI* initiator
(°C) (kg'mol™y* efficiency®
SL6 40 17.9 (1.01) 0.78
SL7* 40 18.5 (1.01) 0.74
SL8 60 18.0 (1.01) 0.77
SL9 80 16.3 (1.01) 0.84

*1H NMR (400 MHz, DMF-d, 25 °C). * SEC-UV/RI (eluent: DMA + 0.5 wt % LiBr at 70 °C,

stationary phase: PSS-GRAM, detectors: UV, RI). 3 M, @&\ perimental * qyantitative conversion

of ZLLys-NCA.
However, kinetic studies have not yet been performed to confirm the mechanism depicted in
Scheme 2-12. It is expected that the rate of polymerization depends on the position of the
hydrochloride/amine equilibrium and thus on the polarity of the reaction medium and on the
temperature. It should be mentioned that BLGlu-NCA did not undergo polymerization with
primary amine hydrochlorides when the same experimental conditions as for the ZLLys-NCA
were applied. It seems that in this case the hydrochloride/amine equilibrium is too far shifted

to the left hand side, thus inhibiting polymerization.
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Figure 2-18. Mass distribution (SEC-UV/RI) of the linear PS-b-PZLLys samples SL6 (dashed
line) and SL9 (solid line) obtained by polymerization of ZLLys-NCA with S1-HCI in DMF at 40
or 80 °C. For comparison, the distribution of SL5 (dotted line) prepared with S1 is also included in
the plot.
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Figure 2-19. Sedimentation coefficient distributions (AUC) of the linear PS-b-PZLLys samples
SLS5 (dotted line) and SL9 (solid line) obtained by polymerization of ZLLys-NCA with S1 and
S1-HCI, respectively, in DMF at 80 °C.
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3 BLOCK COPOLYMER MESOSTRUCTURES

The following part of the work is devoted to the formation of mesophases with diblock co-
polymers, the synthesis and characterization of which has been described in chapter 2. Any of
the copolymer systems examined has the inherent ability to establish specific interactions via
electrostatic interactions (block ionomers), dipole—dipole interactions (polypeptide block co-
polymers), or hydrogen bonding (chelating polymers/polypeptide block copolymers). As will
be seen, such specific interactions can introduce a higher order of complexity and hierarchy in

the resulting mesostructures as well as make them able to respond to an external stimulus.

Regarding the formation of polyion complexes by mixing oppositely charged block ionomers
(chapter 3.1), attractive electrostatic forces alone might not be sufficient to add complexity to
a mesostructure. It is evident that additional repulsive forces are needed, which for example
originate from the strong segregation of the two solvating block segments. In fact, following
this rule, vesicles with an asymmetric membrane could be obtained from a pair of block iono-
mers. This is a first step in the generation of aggregates with a reduced or broken symmetry

and finally exhibiting chirality.

The polymers referred to as chelating polymers are homopolymers and block copolymers
based on 2-(acetoacetoxy)ethyl methacrylate (chapter 3.2). There are several aspects making
this polymer system very attractive for colloid chemistry and structural investigations, among
them the ability to coordinate to metal ions and metals and to establish hydrogen bridges bet-
ween adjacent acetoacetoxy units. Hydrogen bonding certainly is one of the most important
motifs promoting the formation of secondary, tertiary, and quaternary structures in biological
and supramolecular systems. Poly[2-(acetoacetoxy)ethyl methacrylate] might therefore be
considered as a “supramolecular polymer”, which combines the advantageous features of a
synthetic polymer (e.g. facile synthesis and processing) with the ability to form ordered struc-

tures on a higher level (chapter 3.2.2).

Also, poly[2-(acetoacetoxy)ethyl methacrylate] block copolymers might exhibit features of
strongly segregating systems, the hydrogen bonding interactions between acetoacetoxy units
contributing to a high incompatibility of block segments. Poly(n-butyl methacrylate)-block-
poly[2-(acetoacetoxy)ethyl methacrylate]s, for example, were found to self-assemble into re-
verse micellar aggregates with an unusually high grafting density. Depending on experimental
conditions, either spherical or cylindrical micelles or vesicles could be observed (chapter

3.2.1).



BLock COPOLYMER MESOSTRUCTURES 46

Last but not least, the formation of aggregates and solid-state structures using polypeptide
block copolymers (“molecular chimeras™) will be described in chapters 3.3.1 and 3.3.2. Poly-
peptides are highly attractive building blocks because of many reasons, the most important
one being their ability to establish a well-defined secondary structure of either an a-helix or a
B-sheet via hydrogen bonding. The conformation of the polypeptide can be easily triggered by
an external stimulus like temperature or the pH of the medium. The polypeptides investigated
here are the helix-forming poly(L-glutamate) and poly(Z-L-lysine), which can be regarded as
rod-like mesogens. As a matter of the large dipole moments, structure formation in the solid
state (or lyotropic phases) is governed by the strong dipole-dipole interactions between the o.-
helices, which can lead to substantial deviations from the “classical” phase behavior of block
copolymers (cf. chapter 1). Indeed, polystyrene-block-poly(Z-L-lysine) copolymers almost
exclusively form a lamellar superstructure or, being more accurate, an undulated or zigzag
lamellar phase. Such undulations, i.c. statistical fluctuations in the thickness of polypeptide
layers, are due to the packing of a polydisperse ensemble of helices (chapter 3.3.2). The chain
length distribution of rod-like segments, however, is usually not considered when regarding
the phase behavior of rod-coil block copolymers, thus making a comparison between theory
and experiment very difficult if not impossible. Thanks to the earlier described advances in
the synthesis and characterization of polystyrene-block-poly(Z-L-lysine)s (chapter 2.3.2), the
impact of polydispersity on the properties of the resulting solid-state structures could for the

time be examined in a systematic way.
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3.1 Block ionomers and polyion complexes

The basic idea of this project was to employ a modular approach to generate a “library” of
mesostructures in dilute solution, just by mixing two different diblock copolymers. By bring-
ing together competing repulsive and attractive forces, it was hoped that the self-assembly
process could be directed towards superstructures with a higher complexity. Suitable systems
are pairs of strongly segregating block copolymers carrying complementary recognition sites
in one block segment, like positively and negatively charged block ionomers. Harada and
Kataoka were the first to employ oppositely charged double-hydrophilic block copolymers,
namely poly(ethylene oxide)-block-poly(L-Lysine) (PEO-b-PLLys) and poly(ethylene oxide)-
block-poly(L-aspartate) (PEO-b-PLAsp), for generation of monodisperse spherical “polyion

8895 Interestingly, PIC micelle

complex (PIC) micelles” in aqueous media (see Scheme 3-1).
formation was only observed for pairs of block copolymers with a matching length of the
charged segment (“chain length recognition”).”® Note that the solvating corona or shell of PIC
micelles consisted of PEO chains only. If the shell were consisting of two segregating com-
ponents, one might have expected the formation of for example a spherical micelle with a
corona being divided into two compartments, a so-called “Janus micelle” (named after the

two-faced Roman god Janus).”” Such micelle exhibits a broken symmetry, and thus a higher

complexity than a conventional core—shell aggregate.

recagnition rmicellization

{/S\’M complexation segregation

Scheme 3-1. Modular approach for the generation of a library of block copolymer superstructures
(here: formation of a PIC micelle, Harada and Kataoka®®).

Very recently, Luo and Eisenberg described a one-step procedure to obtain block copolymer

1% The system investi-

vesicles with preferentially segregated acidic and basic corona chains.
gated was a mixture of polystyrene-block-poly(acrylic acid) (PS300-b-PAA ) and polystyrene-
block-poly(4-vinylpyridine) (PS310-b-P4VPs3) ionomers (the subscripts denoting the number
of repeating units) in N,N-dimethylformamide (DMF)/water 50:50 (w/w) at pH ~ 3. As a
matter of different block lengths and thus different space filling requirements or curvature,

PAA chains were segregated into the inside of the vesicles, while the outside corona consisted

of P4VP chains. This is the first example of a vesicular aggregate with an asymmetric mem-
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brane made by diblock copolymer self-assembly. As reported by Stoenescu and Meier, asym-
metric vesicles could also be obtained from poly(ethylene oxide)-block-poly(dimethyl silox-
ane)-block-poly(methyl oxazoline) (PEO-b-PDMS-b-PMOXA) amphiphilic triblock copoly-
mers in aqueous media.'”' The location of the hydrophilic PEO and PMOXA domains within
the vesicle membrane was determined by the relative block length or volume fraction of the

two block segments.

A list of amphiphilic block ionomers based on polystyrene-block-poly(4-vinylpyridine) (SP’:
PS-b-P4VP, SP: PS-b-P4VP'T, Table 2-1) and polybutadiene-block-poly(methacrylic acid)
(BM’: PB-b-PMAA, BM: PB-b-PMA Cs", Table 2-2) used in this work is given in Table 3-1.
Dilute solutions (0.003-0.25 wt %) of block ionomers were obtained by dissolution of the dry
powders in tetrahydrofuran (THF). PIC samples were prepared by mixing block ionomer
solutions. Since THF is a selective solvent for PS and PB block segments, reverse aggregates
with a PS/PB corona and an ionic core should be formed. The length of the solvating blocks
was ~200 in order to satisfy the yN >> 10 criteria for strong segregation (j: Flory-Huggins
interaction parameter, ypspg ~ 0.13 at 295 K,102 N = Nps + Npp: degree of polymerization).6

Ionic segments consisted of about 10 or 30 repeating units.

Table 3-1. Molecular characteristics of diblock copolymers used for the generation of polyion
complex aggregates (cf. Scheme 3-1).

chemical structure sample X y £/ ¢y$

SP’1 211 12 0.054 0.057
SP”2 211 33 0.135 0.144
BM’1 216 9 0.040 0.059
BM’2 216 29 0.118 0.167
SP1 211 12 0.054 0.075
SP2 211 33 0.135 0.183
BMI 216 9 0.040 0.058
BM2 216 29 0.118 0.164

# Mole fraction of ionic block.  Volume fraction of the ionic block, densities used for calculation:
p/gem™ =1.04 (PS), 0.96 (PB), 0.98 (4VP), 1.02 (MAA), 1.72 (4VP'T), 2.64 (MA Cs").
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As indicated by low scattering intensities in DYNAMIC LIGHT SCATTERING (DLS), samples of
the SP” and BM’ series (see Table 3-1) and the corresponding pyridine-carboxylic acid com-
plexes did not form stable aggregates in THF solution.'” Evidently, the volume fractions of
functional repeating units were chosen too small and/or the segregation between electrolyte
and solvating segments was too weak to cross the disorder—order phase boundary (cf. Figure
1-1). In the case of the SP and BM samples carrying permanent positive or negative charges,
respectively, incompatibility of the solvating and functional segments was much higher, thus
forcing the formation of aggregates. In fact, the scattering intensities observed for SP and BM
solutions were several orders of magnitude higher (>120 kHz for 1 wt % polymer solutions,
laser power: ~35 mW) than for SP> and BM’. Also, compared to the corresponding pyridine-
carboxylic acid complex, a PIC made from pyridinium (P4VP'T") and carboxylate polyions
(PMA Cs") should have a much lower solubility product and thus a higher stability in THF
solution. For these reasons, the block ionomers SP2 and BM2 with the highest amount of
ionic block (~17 mol %, Table 3-1) were chosen as model systems for the following

. 104
studies.

Dilute THF solutions of samples SP2 and BM2 and the corresponding stoichiometric PIC
([+V/[-] = 1) were first analyzed at room temperature by means of DLS and STATIC LIGHT
SCATTERING (SLS). It is known that the analysis of the aggregation behavior of ionomers with
LIGHT SCATTERING is complicated, often producing difficult to evaluate data. The size of the
aggregates and aggregation numbers (Z = average number of ionomer chains per aggregate)
obtained from DLS and SLS measurements were therefore considered as rough estimates.
Accordingly, the values of the ratio of the radius of gyration over the hydrodynamic radius

(R¢/Rn) loose significance in the determination of the structure of aggregates.

At 25 °C, the 0.003—0.25 wt % solutions of SP2 and BM2 in THF contained aggregates with
Rn ~ 50 nm and 75 nm, respectively (DLS, see Figure 3-1). Sample BM2, which was rather
poorly soluble in THF (less than 0.8 mg/mL), seemed to form stable aggregates only when the
concentration was less than 0.02 wt %. At higher concentrations, the hydrodynamic radius of
aggregates was steeply increasing above 100 nm, indicating coagulation of aggregates or for-
mation of some kind of cluster. In the case of SP2, on the other hand, the size of aggregates
remained the same in the whole concentration range investigated. Noteworthy, there was no
evidence for a dissociation of aggregates nor of a polyelectrolyte effect. Aggregation numbers
were in the order of Z ~ 700 (SP2) and 1000 (BM2) (SLS).'™ Evidently, the dimensions of

SP2 and BM2 aggregates were larger as expected for an ordinary spherical micelle.'%""
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Additional SMALL-ANGLE NEUTRON SCATTERING (SANS) experiments suggested that in a 1
wt % solution of SP2 in THF-dg vesicles were present. The hydrodynamic radius of SP2
vesicles was found to be R, = 59 nm and the thickness of the membrane was AR = 17 nm. For
the ~0.8 wt % solution of BM2, it was observed a mixture of large vesicles (R, = 124 nm, AR
= 66 nm) and micelles (R, = 23 nm). However, as mentioned above, THF solutions of BM2
were not stable when the polymer content was greater than 0.02 wt %, making these results
rather doubtful. However, it is fact that the hydrodynamic radius of BM2 aggregates, as
determined by DLS, exceeded the contour length of a single polymer chain. A hollow
vesicular structure therefore appeared more likely than a compact core-shell structure of a

micelle.

Upon mixing the solutions of oppositely charged block ionomers SP2 and BM2 so that []/[+]
= 1.0, a neutral PIC (SP2:BM2) should be formed, accompanied by the release of cesium
iodide. Note that cesium iodide to a certain extent is soluble in THF. First DLS measurements
indicated that in 0.01-0.25 wt % solutions of SP2:BM2 in THF aggregates with R, = 65-80
nm were present (see Figure 3-1). Although the CONTIN analysis108 of DLS data provided
monomodal particle size distributions, diffusion coefficients showed a non-linear dependence
on the scattering vector. This indicates that the sample exhibits a considerable polydispersity.
The aggregation number was estimated to be Z ~ 1200,'** somewhat higher than for the ag-

gregates of the pure block ionomers.
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Figure 3-1. Concentration dependence of hydrodynamic radii (DLS) of aggregates formed by PS-
b-P4VP'T sample SP2 (triangles), PB-b-PMA Cs’ sample BM2 (circles), and the mixed sample
SP2:BM2 ([+)/[-] = 1) (squares) in THF at 25 °C.
In order to show that a PIC had been formed in the mixed SP2 and BM2 ionomer solution,

samples were analyzed by means of ANALYTICAL ULTRACENTRIFUGATION (AUC). Sedimen-
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tation-velocity runs were applied to fractionate the 0.1 wt % THF solutions of SP2, BM2, and
SP2:BM2. The sedimentation coefficient distributions (see Figure 3-2) of aggregates of SP2
and BM2 were very broad with a peak value of the sedimentation coefficient (S) of ~1590 and
270 Sved, respectively. The distribution, which was obtained for the mixed sample SP2:BM2,
was considerably narrower and exhibited a maximum at S ~ 600 Sved. These results confirm
that the mixing of oppositely charged block ionomers produced a novel PIC species, which
again was forming stable aggregates in dilute THF solution. It is evident that the steric stabili-
zation by the hydrophobic corona chains could not prevent the ionomer aggregates from coa-

lesence followed by polyion complexation.

Knowing the sedimentation coefficient and the hydrodynamic radius allowed determination of
the density (p) of aggregates (hard-sphere model).'”” For the PIC aggregates, p= 0.922 gcm™
was obtained, a value ranging between the density of the solvent (0.889 gcm™) and the bulk
densities of PB (0.96 gcm™) and PS (1.04 gem™). This result was a first hint that the PIC
aggregates had a hollow vesicular structure, which later could be confirmed by SANS and
TRANSMISSION ELECTRON MICROSCOPY (TEM). It further suggested that the cesium iodide (o
= 4.51 gem™) released during polyion complexation was partly if not completely extracted
from the polymer and transferred into the THF phase, thus fixing the structure of aggre-
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gates.
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Figure 3-2. Sedimentation coefficient distributions g(S) obtained for the aggregates in 0.1 wt %
solutions of PS-b-P4VP'T sample SP2 (dashed line), PB-b-PMA Cs" sample BM2 (dotted line),
and the mixed sample SP2:BM2 ([+]/[-] = 1) (solid line) in THF at 25 °C.

The TEM image shown in Figure 3-3 was obtained by drying a 0.01 wt % solution of PIC

aggregates in THF on a carbon-coated grid. The contrast in the micrograph was due to small

amounts of cesium iodide in the original solution, giving a negative staining of the particles.
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Note that all attempts to selectively stain the PB segments by exposing the specimen to OsO4
vapor were not successful. However, it can be clearly seen spherical vesicles, which are about
100-200 nm in diameter. This is in reasonable agreement with the results obtained from DLS
indicating that the original dimension of aggregates had been well preserved during the prepa-
ration of the TEM specimen. The thickness of the collapsed polymer membrane, which in

TEM shows as a bright layer between the dark regions, was estimated to be ~30 nm.'**

Figure 3-3. TEM micrograph of negatively stained aggregates of the PIC SP2:BM2 ([+]/[-] = 1),
as prepared by fast drying of a 0.01 wt % THF solution.
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Figure 3-4. LS/SANS curve of a 0.7 wt % solution of the PIC SP2:BM2 ([+]/[-] = 1) in THF-ds at

25 °C. The solid line is the result of fitting the data to the form factor of a polydisperse hollow
sphere.''*!!!

The LS/SANS scattering curve, which was obtained for a ~0.7 wt % solution of the PIC in
THF-ds, is shown in Figure 3-4. It is characteristic for vesicles as scattering objects and ex-
hibits the expected scaling laws for the scattering intensity, i.e. 1(q) o g at intermediate val-

ues of the scattering vector q and 1(q) oc q* at high values of q. However, presumably due to
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the contributions of a structure factor, the best possible fit of the data to the form factor of a
polydisperse hollow sphere''® was less than perfect. Nevertheless, it was found that the hydro-
dynamic radius of the PIC vesicles should be Ry ~ 50 nm, which is in reasonable agreement
with TEM results. The thickness of the membrane should be AR ~ 5 nm, which is consider-
ably less than the ~30 nm estimated by TEM. It is a working hypothesis that the AR value ob-
tained from SANS is not a measure of the thickness of the complete polymer membrane but

of the PIC layer (cf. Chart 3-1).

Regarding the inner structure of the vesicle membrane, it seemed reasonable that the insoluble
[P4VP":PMA ] layer was covered by two solvating PS/PB layers. However, as the solvating
segments were strongly segregating (yN >> 10), the membrane should have an asymmetric

"I Dye to the different volumes and thus space filling

structure (cf. the work of Meier et al.).
requirements of the PS and PB segments (¢ps/dps ~ 1.8), PS was expected to form the outer
layer of the membrane and PB the inner one (see the illustration in Chart 3-1). Such a micro-
phase-separated structure of the membrane would explain the unsuccessful attempts to stain
the vesicles for TEM analysis (see above), the PS outer layer shielding the PB from the OsO4

vapor.
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Chart 3-1. Structure of PIC vesicles having an asymmetric membrane.

TEM analysis of a cryo-microtomed (—20 °C) and selectively stained (OsO,4) polymer film,
prepared by slowly evaporating a 0.1 wt % THF solution of PIC vesicles, provided further
evidence for the proposed structure. The obtained micrograph shown in Figure 3-5 revealed a
rather regular pattern of spherical PB domains (dark) in a PS matrix (bright) and nothing like
a lamellar morphology, which one might have expected regarding the mole fractions of the
two hydrophobic segments (fps/fps ~ 1, cf. Figure 1-1). The occurrence of a “cubic* morpho-
logy could only be explained assuming that the PIC vesicles originally had a phase-separated
microstructure, as shown in Chart 3-1, and maintained their structure during the preparation

of the specimen. Of course, due to shrinkage, PB domains should be smaller than the original
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size of the inner PIC vesicle compartment. However, the diameter of PB spheres observed in
TEM was only ~25 nm, which is considerably smaller than the 36 nm calculated for a PB
sphere containing 1200 chains (= aggregation number, SLS), each having 216 repeating
units.'”’ Either the true aggregation number of PIC vesicles is smaller than estimated by SLS
and/or domains were further shrinking upon lowering the temperature below the glass transi-

tion temperature of PB (T, ~—14 °C) for microtoming.

Figure 3-5. TEM micrograph of a cryo-microtomed and OsOy-stained polymer film, prepared by

solvent casting from a 0.1 wt % solution of the PIC SP2:BM2 ([+]/[-] = 1) in THF (dark: PB,

bright: PS). Note that some deformation of the specimen occurred during microtoming.
Evidently, a microscopic technique like TEM cannot provide a picture of the asymmetric PIC
membrane in its original state. Also, none of the scattering and fractionation methods used in
the characterization of colloidal systems could reveal to the inner structure of PIC vesicles.
Asymmetry in the membrane might be recognized in SANS contrast variation experiments by
an apparent decrease of the thickness of the membrane. Note that the form factor of the PIC
vesicle is the same as that of an “ordinary” vesicle. Future investigations shall therefore be
extended to a spectroscopic analysis of PIC structures in solution with NMR and SURFACE-

ENHANCED RESONANCE RAMAN SPECTROSCOPY (SERR).

Note that the PIC vesicles should exhibit stimulus-responsive features, which shall be exam-
ined in greater detail in the future. Since polyion complexation is a reversible process, PIC
vesicles might disintegrate upon the addition of a low-molecular weight acid or base, and thus
release molecules entrapped in the inner compartment. Also, PIC vesicles are amphiphilic in
nature and should therefore change morphology when exposed to different solvents. For
example, the addition of hexane, a non-solvent for PS, to the solution of PIC vesicles in THF
might induce an inversion of the membrane structure. ATOMIC FORCE MICROSCOPY (AFM)

studies on thin films prepared from dilute solutions of PIC vesicles in THF and THF/hexane
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1:1 (v/v) seemed to confirm this expectation, see the AFM phase images shown in Figure 3-6.
The mechanism and the dynamics of the PIC vesicle membrane shall in the future be investi-

gated in detail using spectroscopy, especially SERR.

1 80 nm
40 nm

0nm

Figure 3-6. AFM micrographs (tapping mode; left: phase, right: height) of the collapsed vesicular

aggregates of the PIC SP2:BM2 ([+]/[-] = 1), obtained by spin-coating of a 0.1 wt % THF solution

(A) and THF/hexane 1:1 (v/v) (B) on mica. Note that in both phase images the substrate appears

bright, showing that the phase contrast should be the same in both pictures—dark: PB, bright: PS.
In summary, it was possible to generate a novel complex, stimulus-responsive morphology
via a modular approach, just by mixing oppositely charged block ionomers with a most sim-
ple chemical structure. Here, electrostatic interactions were employed to control the formation
of the superstructure, but other specific interactions like hydrogen bonding, donor—acceptor
interactions, or stereocomplex formation could also be applied. A library of block copolymers
with different molecular weights, compositions and recognition sites shall be prepared using
the methodology described in chapter 2.1.2, i.e. functionalization of PB-based block copoly-
mers with o-functional mercaptanes. Having such a library in hand, it would be possible to

produce series of complex superstructures with adjustable or tunable properties for special

applications.
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3.2 Chelating block copolymers

Homopolymers and block copolymers based on 2-(acetoacetoxy)ethyl methacrylate (AEMA)
are interesting materials in various aspects. First coming into one’s mind is the high affinity of
B-dicarbonyl chelates towards metals and metal ions.''* Polymers of this kind have therefore a
great application potential in the field of organic-inorganic hybrid materials.”® Furthermore, -
dicarbonyl compounds are commonly involved in hydrogen bonding motifs,'"* for example in
biological macromolecules (uracil or thymin in nucleic acids)''* or synthetic supramolecular
assemblies,' and can produce highly ordered superstructures like double helices, tubes, or rib-
bons. Accordingly, on a less sophisticated level, block polymers with PAEMA segments
might exhibit some kind of secondary structure, which should affect the phase behavior and
add complexity to the resulting structures. Indeed, PAEMA was found to form large helical
superstructures with a persistence length of several hundreds of nanometers—this will be

described in the second part of this chapter (3.2.2).""

Regarding the solubility parameters of PAEMA (&= 21.2 MPa’?, Table 2-5) and of n-butyl
isobutyrate (6= 16.6 MPa"*)' reveals another very interesting property of PBMA-PAEMA
(PBMA = poly(n-butyl methacrylate)) copolymers. Using these solubility parameters for the
estimation of the Flory-Huggins interaction parameter yields ypgma-papma ~ 0.8, a value being
substantially larger than the ones reported for other non-ionic block copolymer systems like

16 or polystyrene-block-poly(ethylene oxide)

polystyrene-block-poly(4-vinylpyridine) (~0.35)
(~0.28)'"". Such a high value of y indicates that PAEMA and PBMA are highly incompatible
and further suggests that PBMA-PAEMA copolymers might exhibit a phase behavior which
is referred to as the super strong segregation limit (SSSL).''® This system would therefore be
well suited to evaluate theoretical models and predictions about the size and shape of micellar

aggregates.'’’ The following chapter 3.2.1 is devoted to fundamental studies on the micelliza-

tion behavior of PAEMA-PBMA block copolymers in dilute organic solution.'"

3.2.1 Reverse micellar aggregates

Initial SEC and NMR studies suggested that chloroform (CHCls) and tetrahydrofuran (THF)
are non-selective solvents for PBMA-b-PAEMA, i.c. aggregation does not occur in these sol-
vents. Cyclohexane and dimethyl sulfoxide (DMSO), on the other hand, were found to solvate
selectively one or the other block segment. In cyclohexane, only the 'H NMR signals of
PBMA and none of PAEMA could be observed (see Figure 3-7), suggesting the presence of
aggregates with a PBMA solvating corona and a PAEMA core. Aggregates with the inverse
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structure are formed in DMSO (spectrum not shown). In the following part, the focus will be
on the aggregation behavior of PBMA-b-PAEMA copolymers in dilute cyclohexane solution
at room temperature; a list of copolymer samples (BA1-5) is given in Table 3-2. Note that the
glass transition of core-forming PAEMA should occur at about +3 °C (Table 2-5), and the

aggregates can therefore be considered as equilibrium structures.
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Figure 3-7. "H NMR spectra (400.1 MHz) of PBMA-b-PAEMA sample BA5 (see Table 3-2) in
CDCl; (top) and cyclohexane-d,, (bottom) at 25 °C (/ = solvent).

Table 3-2. Molecular characteristics of the PBMA-b-PAEMA copolymers examined with respect
to the aggregation behavior in dilute cyclohexane solution.

chemical structure sample m (Ng) n (Ny) £,
BA2 342 39 0.10
BA1 206 30 0.13
BA3 58 10 0.15
BA4 80 22 0.22
BAS 74 60 0.45

# Mole fraction of AEMA units.

DYNAMIC LIGHT SCATTERING (DLS) analysis was performed on 0.1-0.4 wt % solutions of

BA1-4 in cyclohexane. In the case of BAS, the copolymer sample with the highest mole frac-
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tion of AEMA (see Table 3-2), the concentration had to be lowered to 0.005-0.00625 wt % in
order to avoid precipitation. DLS showed the presence of aggregates with hydrodynamic radii
Rp = 10-50 nm. All measured particle size distributions were found to be monomodal. It is
noteworthy that virtually identical values of R, were obtained at any scattering angle and con-
centration examined, indicating a nearly monodisperse size distribution of the aggregates. The
results also suggest that the polymer concentration had been chosen well above the critical

micellization concentration (cmc; not determined).

STATIC LIGHT SCATTERING (SLS; standard Zimm analysis) provided information on the radius
of gyration (R,), the second virial coefficient (A;), and the aggregation number (Z) of the ag-
gregates BA1-5 in dilute cyclohexane solution; data are summarized in Table 3-3. The values
obtained for R,/Ry suggested that BA1 and BA2 micelles had a spherical shape (Ry/Rpn ~ 0.8,
theoretical value for a hard sphere: Ry/Ry = 0.775).'* Values of Rg/Ry > 1, which on the other
hand had been found for the samples BA4 and BAS, suggested that these micelles had a non-
spherical or cylindrical morphology. Accordingly, the values of A, were positive for BA1 and
BA2 (— closed aggregation) and negative for BA4 and BA5 (— open aggregation). However,
the micelles of BA3 were too small in size (R, = 11 nm, Table 3-3) to access the value of R,
with sufficiently high accuracy. Since A, > 0 and Z = 93, the BA3 micelles supposedly had a
spherical shape like the ones of BA1 and BA2. For BA2 and BAS, light scattering results
could be confirmed by the visualization of the micelles with ATOMIC FORCE MICROSCOPY
(AFM; not shown).'”!

Table 3-3. Experimental light scattering results (DLS and SLS) obtained for the micellar aggre-
gates of PBMA-b-PAEMA samples BA1-5 in dilute cyclohexane solution (BA1-4: 0.1-0.4 wt %,
BAS5: 0.005-0.00625 wt %) at 20 °C.

sample Rn Re R¢/Rn VA A, 10°
(nm)*® (nm)* (mol cm™ g*)"
BA2 32 26 0.81 342 0.15
BA1 31 24 0.77 311 0.12
BA3 11 (38) (3.45) 93 0.14
BA4 12 21 1.75 120 -1.50
BAS 49 54 1.10 1025 -81.4

& Hydrodynamic radius (DLS). $ Radius of gyration (SLS). $ Aggregation number, Z = My, micelie /
My, potymer (SLS/NMR, SEC). # Second virial coefficient (SLS).

Regarding the high value of y ~ 0.8 (see above), it appears appropriate to discuss the scaling

behavior of aggregation numbers Z in the framework of the model introduced by Antonietti
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and Forster.'”'* This model is based on the work of Zhulina and Birshtein'>® and describes
spherical micelles in the strong segregation limit, where the strong enthalpic repulsion of two
blocks A and B (here: PAEMA and PBMA, respectively) leads to the formation of a sharp
core—corona interface. Because of the sharp boundaries, the size of the spherical core is deter-
mined by space filling arguments leading to a scaling relation Z oc No” (Na: number of repeat-
ing units of the insoluble block). Note that for cylindrical micelles it is Z oc Na. In addition, Z
oc Ng™® (Ng: number of repeating units of the soluble block) has experimentally been found

for several block copolymer systems and low-molecular weight surfactants.'®’
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Figure 3-8. Plot of the aggregation number of block copolymer micelles (Z) as a function of the
number of repeating units of the soluble block (Ng) and the insoluble block (N,);'"" circles:
PBMA-b-PAEMA/cyclohexane (this work; BA1-3), triangles: PS-b-P4VP/toluene (ref. '*7),
squares: PS-b-PMAA/dioxane-water 80:20 (v/v) (ref. '*%). Linear fit, BA1-3: Zy + aNa, Zo=23.7 +
1.1, =2.01 £ 0.02.

As can been from the plot in Figure 3-8, the aggregation numbers obtained for the micelles of
BA1-3 in cyclohexane (see Table 3-3) are in very good agreement with the expected scaling
law:

Z=ZgNa” Ng"® (1)
with Zo =23.7 + 1.1.'"7 Note that the aggregation numbers of BA1-3 micelles are substantially
larger than for example the ones reported in the literature for polystyrene-block-poly(4-vinyl-
pyridine)/toluene'®” or polystyrene-block-poly(methacrylic acid)/dioxane-water 80:20 (v/v)'**

(triangles and squares in Figure 3-8).

The volume and the interface area of the spherical PAEMA core are given by
41/3RS =ZNaw )
4R =Zb? (3)
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respectively. v = mo (oo N)" = 0.282 nm® (Mo: molar mass (214.22 gmol™), py: bulk density
(1.263 gem™, Table 2-5), Ni: Avogadro’s number) denotes the molar monomer volume, R,
the radius of the core, and b the interchain distance at the core—corona interface. The values of

R. and b, which were calculated for BA1-3, are summarized in Table 3-4.

From these two basic equations, the aggregation number is calculated by

Z=36nNA" 1 b (4)
According to experimental results,'®” the interchain distance b is determined by the number of
repeating units of the soluble block (Ng) and does not depend on Nx:

b = bo Ng* )
For BA1-3, linear regression of the data listed in Table 3-4 yielded by = (0.88 = 0.01) nm and
£=0.127 £ 0.001 (bilogarithmic plot not shown, cf. Figure 3-9). It should be pointed out that
by, the interchain distance b extrapolated to Ng — 1, is very similar to the ones obtained for
ionic surfactants in water (by ~ 0.82 nm). For block copolymers, it is usually found by > 1 nm

and £~ 0.14.'

The Z, parameter is then given as

Zo=367w by ° =367 4’ (6)
Ao = w2 by = 0.59 + 0.01 is an dimensionless intrinsic packing parameter, which is related
to the geometric packing parameter A introduced by Israclachvili'® via
A= v(al)! = (Naw)(B*Naw'?) ' = ?* b
= AyNg (7)

For surfactants, v/(al) is calculated from the optimal head group area a, the volume v, and the
contour length | of the hydrocarbon chain. For block copolymers, it is considered v= Naw, @

=b2, and | = Ny1p'2.1Y7

Table 3-4. Geometric characteristics of the spherical micelles of PBMA-b-PAEMA samples BA1-
3 in cyclohexane.

sample N, Ng Z I, R. b A*
(nm)© (nm)* (nm)”
BA2 39 342 342 10.1 9.6 1.8 0.13
BA1 30 206 311 7.8 8.6 1.7 0.14
BA3 10 58 93 2.6 4.0 1.5 0.20

& Contour length of the PAEMA chain, |./nm = 0.26-N,. $ Radius of the spherical PAEMA core,
eq. 2. " Interchain distance at the core—corona interface, eq. 3.~ Geometric packing parameter, eq.
7.
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Knowing the value of A makes it possible to predict the shape and size of a surfactant or block
copolymer micelle. Depending on A they will form spherical micelles (4 < 1/3), non-spherical
or cylindrical micelles (1/3 < A < 1/2), bilayers or vesicles (1/2 < A< 1). For BA1-3,itis A=
0.13-0.20 (see Table 3-4) and micelles should therefore have a spherical shape; this finding is
consistent with the result from DLS/SLS measurements. As can be seen from the plot A4 vs. Ng
in Figure 3-9, as calculated according to eq. 7, a decrease in Np should cause a shape transi-
tion from spheres to cylinders to bilayers. Spheres should be formed if Ng > 10, cylinders if

Ng ~ 2-10, and bilayers or vesicles if Ng = 1-2.
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Figure 3-9. Plot of the geometric packing parameter, A, vS. the number of repeating units of the
soluble block, Ng, for PBMA-b-PAEMA in cyclohexane (@ BA1-3). The solid line was calculated
according to eq. 7 using 4y = 0.59 and £=0.127 (see text).

Hence, any of the samples investigated (BA1-5, Ng > 58) should exhibit a spherical morpho-
logy. This prediction is in obvious disagreement with the experimental results from DLS/SLS
and AFM measurements (see above), which clearly showed non-spherical or cylindrical mi-

celles for BA4 (Ng = 80) and BAS (N = 74).

It is important to note that, for the sake of simplicity, packing parameters 4 were calculated
employing | = Nu w'”? as the length of the core-forming block segment (cf. eq. 7), i.e. mono-
mer units were considered to have a cubical shape, which is certainly not true for AEMA. For
local packing issues, however, it is indispensable to distinguish between long monomers with
a small side group and short monomers with a large side group. The aspect ratio, i.e. the ratio
of segment lengths parallel and perpendicular to the chain axis, appears to be a suitable para-
meter for describing the geometry of a given monomer unit. It can be expressed as

o =Ly 3 )

with L =1./N, =2.6 A as the contour length of the AEMA unit. Eq. 7 then transforms into



BLock COPOLYMER MESOSTRUCTURES 62

_ 0_—1/3A0 NB—Zs (9)
As can be seen from the plot in Figure 3-9, the aspect ratio of the insoluble monomer has con-

siderable impact on the “phase diagram” of block copolymer micelles; the smaller the value

173

of o~ the more the shape transition points are shifted to higher Ng. Hence, the Antonietti—

/

Forster model extended by the aspect ratio o', seems to describe the micellization behavior

of PBMA-b-PAEMA correctly—at least on a semi-quantitative basis.
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Figure 3-10. Plot of the geometric packing parameter, A4, vS. the number of repeating units of the
soluble block, N, for different aspect ratios of the insoluble monomer, c¥=04,06,0.8,and 1.0
(top to bottom) (eq. 9; 4y =0.59 and € = 0.127).

1

For the special case o B'=0.4, the aspect ratio calculated for AEMA, the transition from

spheres to cylinders should have occurred at Ng ~ 370 and that of cylinders to bilayers at Ng ~
70. All PBMA-b-PAEMA samples (but BA3, see above) should then have formed cylindrical
rather than spherical micelles, which obviously is not true. The apparent failure of the model,
however, might be due to experimental errors in the determination of especially 4y and ¢ (cf.
eq. 9); these values had been obtained on the basis of eq. 5 considering just three data points
(BAT1-3). If the value of & was just ~10% larger, shape transitions would have been expected
to occur at Ng ~ 200 (sphere — cylinder) and Ng ~ 50 (cylinder — bilayer), which is in good
agreement with experimental data. The micelles of BA3 (Ng = 58), however, should then be

non-spherical in shape, contrary to what has earlier been proposed (see above).

Whether or not the proposed model can appropriately describe the micellization behavior of
strongly segregated block copolymer systems remains an open question. An extension of the
studies to a far larger number of block copolymer samples with different compositions and

molecular weight will be necessary—this work is currently in progress.'"’
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It is obvious, however, that the presence of a selective solvent (or metal ion salt, see chapter
4.1) should increase the molar volume of the core-forming monomer unit, thus affecting the
value of the packing parameter (4 o« v, eq. 9) and the morphology of the aggregates. A swell-

ing of the micellar core would in Figure 3-9 be represented as a vertical line (Ng = const.).

Swelling experiments were performed with spherical micelles of BA1 in dilute cyclohexane
solution using 2,2,2-trifluoroethanol (TFE) as a selective solvent for PAEMA (cf. Table 2-5).
Since in addition TFE is not miscible with cyclohexane, TFE should quantitatively be taken
up by the PAEMA core. Six samples of ~0.4 wt % solutions of BA1 in cyclohexane contain-
ing different amounts of TFE, molar ratio fr = [TFE]/[AEMA] = 0.33-10 (12), were prepared
and then analyzed by DLS and SLS—the results are summarized in Table 3-5.

Table 3-5. Characteristics of the micelles formed by PBMA-b-PAEMA sample BA1 in cyclo-
hexane at 20 °C in the presence of different amounts of 2,2 2-trifluoroethanol (TFE), as obtained
by dynamic and static light scattering (DLS and SLS).

sample fr" dn/dc Ru Re R/Ry  Z% A, 10°

(ecm’gh?  (m)*  (nm)’ (mol em™ g?)*
BA1 0 0.0534 31 24 0.77 311 1.2
BA1-0.33 033 0.0405 30 42 1.42 547 1.1
BAI-1.0 1.0 0.0342 32 63 1.97 1075 0.2
BAI1-2.0 2.0 0.0183 32 53 1.66 3193 0.7
BA1-5.0 5.0 —0.0109 28 40 1.43 6505 0.8
BA1-10.0 10.0 —0.0324 28 28 1.00 293 0.6
BA1-12.0 20.0 precipitation / gelation

" Molar ratio [TFE]J/[AEMA]. © Refractive index increment. * Hydrodynamic radius (DLS). * Radi-

us of gyration. * Aggregation number, Z = My, micetie / (My, ga1 + 30-F-Mrgg). ¥ Second virial coef-

ficient (SLS).
As can be seen by the values of the ratio Ry/Rp, the addition of ~15 wt % TFE (fr = 0.33) was
already sufficient to transform the spherical BA1 micelles (Ry/Ri = 0.77) into cylindrical ones
(Re/Ri > 1.4). The existence of cylindrical micelles was observed up to fr = 5.0. Aggregation
numbers were found to increase tremendously with increasing amount of TFE, reaching a
maximum value Z ~ 6500 at fr = 5.0. At fr = 10, light scattering data suggest the presence of
vesicular aggregates (Ry/Ry = 1) with Z ~ 290. Further addition of TFE led to the precipitation

of aggregates as a gel.

Evidently, the morphology of aggregates can be triggered by swelling of the PAEMA core
with TFE. Although it is not yet possible (see above) to apply the extended Antonietti—Fdrster
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model for a quantitative analysis of these swelling experiments, it is believed that this can be

done in the near future.

3.2.2 Superstructures stabilized by hydrogen bridging

Hydrogen bonding interactions are well documented for B-dicarbonyl systems in literature.'"
Acetylacetone, which is the most prominent example, shows both intra- and intermolecular
hydrogen bonding motifs (-OH ~O=C<). However, as will be seen below, the homopolymers
of 2-(acetoacetoxy)ethyl methacrylate (PAEMA) can produce large assemblies in solution and
in the solid-state.'” Since homopolymers are not amphiphilic in nature, thus excluding the
occurrence of micellization or segregation processes, the existence of these superstructures
could only be explained by the presence of hydrogen bonding interactions between polymer

chains (dipole moment observed for PAEMA: u = 2.4 Debye/monomer unit, Table 2-5).

As mentioned earlier in chapter 2.2.1, the acetoacetoxy groups in PAEMA preferentially exist
in the form of a keto tautomer (~92 %, '"H NMR). However, considering the two possible tau-
tomers, it is the B-ketoester which might at all give rise to intermolecular hydrogen bridging,
as illustrated in Scheme 3-2. The circumstance that the AEMA units are connected via cova-
lent bonds and thus are brought into close proximity should further promote the interacting
between adjacent acetoacetoxy groups. This should not apply for low-molecular weight aceto-

acetates.
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Scheme 3-2. Hydrogen bridging between adjacent acetoacetoxy groups in PAEMA.

FOURIER TRANSFORM-INFRARED SPECTROSCOPY (FT-IR) was first applied to show the exis-
tence of hydrogen bonds along PAEMA chains (sample A2, see Table 2-4); tert-butyl aceto-
acetate (tBAA) and poly(tert-butyl methacrylate) (PtBMA) were used as reference materials.
It was hoped that the spectrum of PAEMA would reveal additional signals in the region of
carbonyl valence vibrations (>C=0"H-; v = 1600-1800 cm'l), which could not be observed
for tBAA. However, this was not found to be the case. The spectra in Figure 3-11 suggest that
the carbonyl signals of PAEMA are just a superposition of those of tBAA and PtBMA. It
should be pointed out that FT-IR measurements were performed with neat tBAA and PAEMA
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specimens. Packing of acetoacetoxy groups in tBAA should therefore be nearly as close as in

PAEMA, thus diminishing any differences in the tendency of forming hydrogen bridges.

In the '"H NMR spectrum of PAEMA sample Al (see Figure 3-12), which was measured at a
concentration of ~5 wt % in CDCls, the characteristic signals of the acetoacetoxy unit show at
0= 2.28 (—-CHs3) and 3.55 ppm (—CH,—). The corresponding signals of tBAA arise at 6= 2.23
and 3.33 ppm, respectively (acetylacetone, 5= 2.17 and 3.62 ppm)'*. The downfield shift of
the methylene proton signals by 0.22 ppm indicates a considerably stronger CH-acidity of the
acetoacetoxy groups in PAEMA as compared to tBAA. This effect might be well explained
by the presence of another electron-withdrawing group in the proximity of the methylene pro-

tons and hydrogen bonding interactions as illustrated in Scheme 3-2.
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Figure 3-11. FT-IR spectra (region of carbonyl valence vibrations) of PAEMA sample A2 (solid
line), tert-butyl acetoacetate (dashed line), and poly(tert-butyl methacrylate) (dotted line).
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Figure 3-12. '"H NMR spectra (400.1 MHz) of tBAA (top) and PAEMA sample Al (bottom) in
CDCl; at 25 °C; region of methylene (6= 3.3-3.6 ppm) and methyl (6 = 2.2-2.3 ppm) proton sig-
nals of the acetoacetoxy group.
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As mentioned above, hydrogen-bridging in the PAEMA homopolymers promoted the forma-
tion of very large assemblies in the solid state, for example when drying ~0.3 wt % solutions
of PAEMA in tetrahydrofuran (THF) on a hydrophobic substrate. Figure 3-13 shows typical
ATOMIC FORCE MICROSCOPY (AFM) images of rod-like superstructures formed by PAEMA
sample A6 (number of AEMA repeating units, N = 176; Table 2-4) on graphite. The rods are
~12 nm in diameter and exhibit a persistence length (Ip) in the range of several hundreds of
nanometers (compare: poly(y-benzyl-L-glutamate) in N,N-dimethylformamide: Ip ~ 150 nm,
DNA in 0.2 N aqueous NaCl: I ~ 60 nm)'*’. AFM amplitude imaging with a sufficiently high
resolution revealed a helical structure of these rods (see Figure 3-14), the pitch of the helix
being ~25 nm. Rather as expected for a non-chiral system, both types of helices with opposite
screw sense could be observed. Very similar structures were observed for PAEMA sample A2
with n = 44, i.e. the dimension of the helical superstructure seems not to depend on the length
or molecular weight of the individual PAEMA chains. Nevertheless, both the thickness and

the pitch are by far larger as expected for any kind of single-stranded helix.'*’

0 1.17 pm Q 1.17 pm 0 1.17 pm
Data type Height Data type Amp11itude bata type Phase
Z range 25.00 nm Z range 0.1500 wv Z range 120.0 @

Figure 3-13. AFM tapping mode images (1.17 x 1.17 um) of the rod-like superstructures formed
by PAEMA sample A6 at room temperature; the specimen was prepared by evaporating a drop of
a ~0.3 wt % polymer solution in THF on graphite.

Figure 3-14. Magnification of the AFM amplitude image in Figure 3-13 (0.18 x 0.18 um) showing
PAEMA helical strands with a left-handed (left) and a right-handed (right) sense.

However, the superhelices of hydrogen-bridged PAEMA chains were found to be not stable at

room temperature. The AFM images in Figure 3-15, taken a few days after the first analysis
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of the specimen (A2), showed a large number of small globules with a diameter of ~3 nm in-
stead of a few large helices. Considering the bulk density of PAEMA (1.263 gcm™, see Table
2-5), a globule of that size should be made of just a single A2 chain. It is reasonable to as-
sume that these globules result from the collapse (dissociation) of the superhelices, the driving
force for the helix—globule transition being the considerable gain in entropy. Note that such a
transformation in the solid-state could only take place because the glass transition of PAEMA

is well below room temperature (T, ~ +3 °C, see Table 2-5).

0 1.00 pm 0 1.00 pm 0 1.00 pm
Data type Height Data type 2mp1itude Data type Phase
Z range 10,000 nm Z range 0.08000 v Z range 12.00 @

Figure 3-15. AFM tapping mode images (1.0 x 1.0 um) of PAEMA globules, which are produced
upon aging of the helical superstructures (cf. Figure 3-13 and Figure 3-14) at room temperature;
sample A2, substrate: graphite.

Figure 3-16. Magnification of the AFM amplitude image in Figure 3-15 (0.18 x 0.18 um) showing

globules of single PAEMA chains.
It can be seen in Figure 3-16 that the PAEMA globules are aligned in two parallel rows. The
occurrence of such a rather unusual arrangement might be a hint that the original superhelices
were composed of two strands of PAEMA chains, like for example in DNA. However, even a
DNA double-helix of the type A is no wider than 2.55 nm,"*® which is one forth the diameter
of a PAEMA superhelix. A definite structure model of the superhelix cannot be given at the
present stage of investigations; supposedly it should be a double helix with an inner hollow
compartment. Detailed investigations of the structures with microscopic and scattering tech-
niques are currently in progress. These studies might possibly be complicated by the fact that
the PAEMA superhelices can arrange into larger bundles. First AFM results (not shown) in-
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dicate that such bundles can have a diameter of ~25 nm and a persistence length of greater

than 1 pm.

It is also noteworthy that these superstructures could not be observed in dilute THF solution
(DYNAMIC LIGHT SCATTERING (DLS)). Supposedly, the THF molecules act as Lewis base and
interfere with the hydrogen bridges in PAEMA, thus avoiding the growth of aggregates. This
result, on the other hand, might be taken as evidence for the stabilization of superstructures
via hydrogen bonding. However, first results suggest that very large assemblies are present in
the dilute solutions of PAEMA in trifluoroethanol (TFE). TFE is well known, in contrast to
THEF, for its ability to stabilize hydrogen bonds. The structure of the PAEMA aggregates in

TFE could not yet be determined—this is subject of ongoing work.
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3.3 Polypeptide block copolymers

Gallot et al.**>*'*"! introduced linear polyvinyl-polypeptide AB block copolymers and were
the first to investigate their lyotropic phase behavior and solid-state morphologies. Due to the
a-helical secondary structure of the polypeptide segment, these polymers are classified as
rod—coil block copolymers. In the solid-state, a lamellar morphology of alternating polyvinyl
and polypeptide sheets was found, regardless of the volume fraction of comonomers. The
intersheet spacing or long period (d), as determined by SMALL-ANGLE X-RAY SCATTERING
(SAXS), was 25-35 nm, just very weakly depending on the molecular weight of the copoly-
mer. In addition to this lamellar superstructure, the a-helical polypeptide chains arranged in a
hexagonal array with a characteristic lattice spacing dy ~ 1.5 nm. The longer the polypeptide
chains, the more often helices were back-folded (up to seven times). A schematic illustration
of the hexagonal-in-lamellar morphology formed by polypeptide block copolymers is depic-
ted in Chart 3-2."

polypeptide

polyvinyl

Chart 3-2. Schematic representation of the hexagonal-in-lamellar solid-state morphology of poly-
vinyl-polypeptide block copolymers.
As indicated by five to seven orders of SAXS reflections, the quality of lamellar order in the
films was extraordinarily high.*’ In addition, X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
showed that lamellae were aligned perpendicularly to the surface.""

Samyn et al.*® and Hayashi et al.'**"*

extended studies to ABA triblock copolymers, which
consisted of a central polyvinyl/polydiene block and two outer polypeptide blocks, essentially
supporting the results of Gallot et al. However, very peptide-rich copolymers did not form a
hexagonal-in-lamellar morphology, instead it was observed spheres or cylinders of the minor-
ity phase dispersed in a matrix of hexagonally arranged polypeptide helices.'** As reported by
Klok et al.,*”"** polypeptide diblock oligomers formed a hexagonal-in-hexagonal structure.

Compared to solid-state structures, the aggregation behavior of polypeptide block copolymers

132,1
1'3,36

has been examined to much lesser extend. Hayashi et a investigated the micelles of



BLock COPOLYMER MESOSTRUCTURES 70

ABA triblock copolymers in various organic solvents, polypeptides (A) always forming the
solvating corona of the aggregates. Depending on the volume fraction of the polybutadiene
phase (B), either spheres (0.18-0.22), cylinders (0.28-0.51), or lamellae (0.56-0.72) could be
observed by TRANSMISSION ELECTRON MICROSCOPY (TEM). Evidently, the helical secondary
structure of the polypeptides had no effect on the phase behavior in dilute solution, in contrast
to its dominant role for structure formation in concentrated solutions and in the solid-state.*
Nolte et al."'® reported for polystyrene-block-poly(isocyanodipeptide)s an unexpectedly rich

phase behavior including the formation of filaments and “helical superstructures” in aqueous

111 137,1
L. 1. 37,138

media (see Figure 1-4). Very recently, Schlaad et a and Lecommandoux et a inde-
pendently described the pH-responsiveness of poly(L-glutamate)-based vesicles in aqueous

solution.

In the following chapter 3.3.1 will be described the work on the aggregation behavior of poly-
butadiene-block-poly(L-glutamate) (PB-b-PLGluNa) copolymers.''' Main focus of the project
was to examine the effect of the helix-coil transition in the solvating peptide segments, trig-
gered by the pH of the solution, on the properties of aggregates. Chapter 3.3.2 will summarize
the structural investigations on thick films of linear and bottlebrush-shaped polystyrene-block-
poly(Z-L-lysine)s (PS-b-PZLLys)."**'*" The impact of the chain length distribution of poly-

peptide segments and the topology of copolymers on solid-state structures will be discussed.

3.3.1 Aggregates in dilute solution

A series of four polybutadiene-block-poly(sodium L-glutamate) copolymers (PB-b-PLGluNa)
(BN1-4, Table 3-6) was synthesized to study the aggregation behavior in dilute aqueous solu-

- 111
tion.

The y-benzyl protecting groups of corresponding precursor polymers BG1-4 (Table
2-11) were removed by a palladium-catalyzed hydrogenation at room temperature using am-
monium formiate as the hydrogen source;'*' carboxylic functional groups were subsequently
neutralized with NaOH. FOURIER TRANSFORM-INFRARED SPECTROSCOPY (FT-IR) proved the
successful deprotection of the samples by the lack of the characteristic ester vibrational bands
(Vv =1731, 1165 cm™) and appearance of a carboxylate band (v = 1395 cm™). Note that the
hydrogenolysis, unlike hydrolysis in strongly alkaline or acidic environments, proceeds at
very mild reaction conditions without risking considerable racemization or degradation of the

polypeptide segment. It is also important to mention that the PB double bonds were not

touched by the hydrogenolysis (FT-IR).
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Table 3-6. Molecular characteristics of the linear PB-b-PLGIuNa copolymers investigated with
respect to the aggregation behavior in dilute aqueous solution.

chemical structure sample X z f’
BN1 27 64 0.70
o~ SSNT YN BN2 85 75 0.47
7 o, o BN3 85 55 0.39

NaO
z BN4 119 24 0.17

#* Mole fraction of L-glutamate units.

The samples BN1-4 dissolved readily in water or aqueous NaCl solution at room temperature.

1.,'** a soft poly(1,2-)butadiene block with a glass transition tem-

As suggested by Forster et a
perature of about —14 °C, should promote the generation of equilibrium structures rather than
frozen-in, metastable states. Poly(L-glutamate) was chosen as the water-soluble block because
of its ability to perform a pH-induced coil-helix transition; the random coil conformation is
adopted when glutamate units are neutralized and thus charged.'*® In the case of BN1-4, the
transition from a random coil to an a-helix occurred at pH ~ 5.2, as indicated by CIRCULAR
DICHROISM SPECTROSCOPY (CD) (cf. Figure 3-17). The appearance of a single isodichroistic
point at 4 =204 nm suggested that no other than these two conformations were present. From
the absolute values of the molar ellipticity ([®]), it was possible to estimate the percentage of
coil at pH > 6 to be 100%, decreasing to ~20% at pH = 4.3.'** Lowering the pH of the solu-
tion below the pK, value of glutamic acid (4.32) resulted in precipitation of the copolymers.

Hence, 80% was the maximum percentage of a-helix which could be achieved for B1-4 under

preservation of solubility.
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Figure 3-17. CD spectra of the PB-b-PLGIu(Na) sample BN3 (0.05 wt %) in a 0.12 M aqueous
NaCl solution at 25 °C: pH = 6.0 (dotted line, helix:coil 0:100), 5.2 (dashed line, helix:coil 20:80),
4.6 (solid line, helix:coil 70:30)."**
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The solutions of BN1-4 (0.1-0.5 wt %) were analyzed by DYNAMIC LIGHT SCATTERING (DLS)
at pH 4.6-6.0 to yield the size distribution and the average hydrodynamic radius (Ry) of the
aggregates; the results are summarized in Table 3-7. The DLS measurements were performed
in the presence of NaCl ([NaCl]/[LGlu] > 6) to suppress electrostatic interactions between the
polyelectrolyte molecules. It is further important to mention that virtually identical results
were obtained whether or not the solutions had been treated with ultrasound and/or heat, and
the samples were re-analyzed after days or weeks of storage. The narrow size distributions ob-
tained for BN1-4 aggregates (cf. Figure 3-18), however, suggested that the samples were in a

well-equilibrated state.

Table 3-7. Hydrodynamic radii (R,) of the aggregates formed by the PB-b-PLGlu(Na) samples
BN1-4 in dilute aqueous NaCl solution in dependence of the pH and the conformation of the PLGu

segment.
sample £ Ry (nm)®
pH 4.6 pH 5.2 pH 6.0
helix:coil 70:30% helix:coil 20:80° helix:coil 0:100%
BN1 0.70 - 16 17
BN2 0.47 32 - 35
BN3 0.39 81 70 90
BN4 0.17 84 86 90

# Mole fraction of the L-glutamate block.  Determined by DLS. ® Estimated from CD molar ellip-
ticities (cf. Figure 3-17) according to ref. 144 * Precipitation of the copolymer.
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Figure 3-18. Intensity-weighted size distribution (CONTIN) of the aggregates formed by the PB-
b-PLGIuNa samples BN3 (dashed line) and BN4 (solid line) in a 0.5 wt % aqueous NaCl solution
(pH ~ 6.0) at 20 °C.

Samples BN1 and BN2 (mole fraction of LGlu, f, > 0.4) were found to form small aggregates

with R, ~ 17 and 35 nm, respectively, while the aggregates of BN3 and BN4 (f, < 0.4) were
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considerably larger, i.e. Ry, = 70-90 nm (see Table 3-7). All aggregates had a spherical shape,
as indicated by the absence of depolarized scattering of light, and consisted of a PB core and a
PLGlu corona. The hydrodynamic size of the aggregates, however, was virtually not affected
by the conformation of the PLGlu segment (see below). Note that, despite the fact that PB and
PLGlu are highly incompatible and the critical micellization concentration (cmc) of copoly-
mers should be considerably lower than 0.1 wt %, samples BN1-3 contained large amounts of
supposedly non-aggregated chains (R ~ 2 nm; cf. Figure 3-18). SIZE EXCLUSION CHROMATO-
GRAPHY (SEC; eluent: 0.145 N aqueous NaCl at 25 °C, stationary phase: PL-aquagel, detec-
tors: RI and MALLS) suggested that the weight fraction of aggregates was less than ~1%.
Sample BN4 with the lowest content of LGlu (f,= 0.17), on the other hand, showed only large
aggregates (see Figure 3-18). It therefore appears that an intramolecular stabilization of the
hydrophobic segment is not feasible when the radius of gyration (or volume) of the PB coil

exceeds that of PLGlu, that is when f, < 0.32.

The aggregates formed by BN1 and BN2 at pH 4.6-6.0 supposedly are spherical micelles. For
BNI1, estimation of the radius of the PB core and the thickness of the PLGlu corona yields 5
nm and 11 nm, respectively. The latter value is well between the limiting end-to-end distances
of a randomly coiled (2.8 nm) and a fully stretched polypeptide chain (24.3 nm). It is interest-
ing to note that an a-helix with 64 LGlu units would have a length of 9.6 nm,"*® which is very
similar to that of a stretched corona chain. That is why a change in conformation of the PLGlu
segment might not have been reflected in the size of the micelles. In the case of BN2 micelles,
the thickness of the PLGlu corona at pH 6.0 is ~19 nm, and the length of the 70% o-helical
PLGluys chain at pH 4.6 should be in the order of 16 nm. A shrinkage of the hydrodynamic
size of micelles by ~10% could indeed be observed (AR, = -3 nm, see Table 3-7), but this is
within the range of experimental errors. Additional STATIC LIGHT SCATTERING (SLS) meas-
urements are needed to characterize the micellar aggregates in greater detail. However, the
determination of aggregation numbers by SLS is heavily complicated by the fact that PLGlu
is a weak polyelectrolyte, for which the degree of ionization and conformation are dependant

on concentration.

In the case of the copolymers BN3 and BN4, the hydrodynamic radius of the aggregates,
although spherical, exceeded the contour length of the copolymer chains (~45 nm) by a factor

of 1.5-2. The aggregates were therefore too large to be simple micelles'®’ and should rather be

145-147 9148

. 149
polymer vesicles, also referred to as “polymersomes™ ™ or “peptosomes” ™ (cf. Scheme

3-3). In order to prove the vesicular structure of the aggregates, the aqueous solutions of BN3
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were investigated by SMALL-ANGLE NEUTRON SCATTERING (SANS) (see Figure 3-19). The
form factors found at all examined concentrations (1-4 wt %) were in perfect agreement with

the form factor of vesicles (see solid lines in Figure 3-19). Data analysis''®'"!

yielded an outer
vesicle radius R, = 62 nm and a bilayer thickness AR = 28 nm with particle size distributions
of 33% for any sample. The peptosomes of BN3 could be visualized in electron micrographs
which were taken from freeze-fractured specimens of the aqueous polymer solution (see
Figure 3-20). The micrographs showed spherical aggregates that are 110-190 nm in diameter,

which is in accord with the results obtained from scattering experiments.
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Figure 3-19. SANS curves of 1.0 (triangles), 2.0 (circles), and 4.0 (squares) wt % solutions of PB-
b-PLGluNa sample BN3 in 0.12 M NaCl in D,0 at 25 °C (pH ~ 6). The solid lines are the result of
fitting the data to the form factor of a polydisperse hollow sphere.''®!!!

Figure 3-20. Freeze-fracture electron micrograph of a vesicular solution of PB-b-PLGluNa sample
BN3 (5 wt %) in pure water (pH ~ 6).

It must be emphasized that those structures were generated by simple dissolution. Hence,

there must be a driving minimum of free energy and an exchange of single block copolymer
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units, which established the present equilibrium situation, independent of the history of the
sample. The strong tendency of water-soluble amphiphilic block copolymers to form vesicular
aggregates was already documented for other systems by a number of working groups.'**'>
The novelty in the present case is that the solvating chains are polypeptides, which can per-
form a helix—coil transition in dependence on pH without serious change of the vesicle mor-

phology (cf. Scheme 3-3).
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Scheme 3-3. Schematic representation of the pH-induced coil-helix transition in PB-b-PLGlu(Na)
vesicles in dilute aqueous solution.

1.71% reported for a PB4g-b-PLGluy99 copolymer

It should be noted that Lecommandoux et a
in aqueous NaCl solution the formation of polymer vesicles with R, = 100-150 nm, the size
depending strongly on pH and salt amount. However, this sample had the same composition
as BN1, which formed spherical micelles with R, ~ 16 nm. The reason for the discrepancy of

results is not known yet.

3.3.2 Solid-state structures

In this section, the structural analysis of PS-PZLLys bock copolymer films by CIRCULAR
DICHROISM SPECTROSCOPY (CD), SMALL-ANGLE X-RAY SCATTERING (SAXS), and MICROS-
copy (AFM and TEM) will be described."*”'*® The films of linear and bottlebrush-shaped
polymer samples (Table 3-8 and Table 3-10) of about 1 mm thickness were prepared by
solvent-casting from 5-10 wt % polymer solutions in N,N-dimethylformamide (DMF) as a
non-selective solvent; liquid samples on teflon-coated aluminum foil (BYTAC™) were slowly
dried within 12-24 hours at 40 °C. The solids were then scratched off the foil and analyzed as
powders. It is important to note that virtually the same morphology was produced, irrespec-
tive of the solvent used for casting of the film (DMF, chloroform, or dioxane) and whether or
not the film was annealed at 110 °C, above the glass transition temperature of the PS block. It
is noteworthy that decomposition of the samples occurred at 250 °C before the melting of the
PZLLys block (THERMOGRAVIMETRIC ANALYSIS (TGA) and DIFFERENTIAL SCANNING CALO-
RIMETRY (DSC)).
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3.3.2.1 Linear block copolymers

As mentioned above, PS-PZLLys block copolymers exhibit a hexagonal-in-lamellar structure
in the solid state (see Chart 3-2), the formation of which being governed by the packing of the
PZLLys helices. Gallot et al.*** reported three or more orders of sharp lamellar reflections in
the X-ray diffraction patterns, indicating a very high quality of lamellar order (the films were
prepared by “slow evaporation of dioxane’). The high ordering might be attributed to the fact
that the stacks of polypeptide lamellae are very rigid and have an “infinite” persistence length.
It is important to note that copolymer samples were carefully fractionated and thus had a near-

ly monodisperse molecular weight distribution.

For the films of non-fractionated PS-PZLLys samples, on the other hand, the SAXS patterns
obtained at low angles were rather ill-defined, often showing just a single, broad peak (cf.
Figure 3-21, left) (Schlaad et al.'*). Nevertheless, the long-range order in the films was very
high, i.e. in the range of microns, as seen by ATOMIC FORCE MICROSCOPY (AFM) (see Figure
3-21, right).'*" The apparent discrepancy between SAXS and AFM results could be explained
with the existence of an undulated or zigzag lamellar superstructure. Here, stacks of lamellae
are extended “infinitely” but the thickness of individual polypeptide layers is statistically fluc-
tuating as illustrated in Chart 3-3. As will be discussed below, the origin of the fluctuating
PZLLys layer thickness lies in the chain length distribution of helices.'*
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Figure 3-21. Left: Radial-averaged SAXS diffractogram of the DMF-cast film of PS-b-PZLLys
sample SL1 (Table 3-8). The inset shows the first three reflections arising from a hexagonal array

of PZLLys helices, see text. Right: AFM amplitude image (0.5 x 0.5 pm, Z range: 25 mV) of a
film prepared by spin-coating a ~2 wt % solution of SL1 in DMF on silicon. Note that the lamellae
are oriented perpendicularly to the substrate."'
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Chart 3-3. Schematic representation of the hexagonal-in-undulated lamellar or zigzag morpho-

logy of linear PS-b-PZLLys copolymers.
The molecular characteristics of the PS-b-PZLLys copolymers used for the fabrication of
thick films are listed in Table 3-8. Note the different molecular weights and compositions of
the samples and in particular the wide range of (absolute) polydispersity index values, PDI =

~1.01-1.64.

Table 3-8. Molecular characteristics of the linear PS-b-PZLLys copolymers used to study struc-
ture formation in the solid state.

chemical structure sample X z f o} PDI*
. o ] SLI 52 69 057 0.74 1.64
Sie~NT H“H
H' H SL2 52 111 0.68 0.82 127
) R SL3 217 93 0.30 0.48 1.32
I SL4 52 60 0.54 0.71 1.24
é SL7 52 50 0.49 0.68 (1.01)
I~ ], SL9 52 40 0.45 0.64 (1.01)

* Mole fraction of ZLLys. * Volume fraction of the ZLLys (densities used for calculation: p/gcm™

=1.090 (PS) and 1.265 (PZLLys), determined with DENSITY OSCILLATION TUBE in DMF at +40

°C). ¥ Polydispersity index (SEC-UV/RI).
The radial-averaged SAXS curves (scattering vector, s < 0.2 nm™) of the films formed by
these PS-b-PZLLys samples are shown in Figure 3-22. Evidently, only the highest-molecular
weight sample SL3 showed at all a distinct second order Bragg peak, which allowed the clear
assignment of the lamellar superstructure. Considering a lamellar structure for all specimens,
the peak maximum is a measure of the long period (d) — results are summarized in Table 3-9.
The presence of the PZLLys a-helix was confirmed by CD spectroscopy (spectra not shown),

the estimated percentage of helix being usually greater than 80%.'*’

The hexagonal packing
of the helices was observed by SAXS at s > 0.6 nm™, i.e. three reflections with a Bragg spac-
ing in the ratio 1:3%:2 (cf. Figure 3-21), and the characteristic spacing between helix lattices

was dy ~ 1.5 nm (distance between a-helices = (4/3)"° dy ~ 1.7 nm). The correlation length
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for SL3 was determined from the width of the SAXS peaks via the Scherrer equation to be

~20 nm, i.e. approximately 150 PZLLys helices were forming an ordered domains.
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Figure 3-22. Radial-averaged SAXS diffractograms obtained for DMF-cast films of linear PS-b-
PZLLys copolymers SL1 (left, solid line), SL2 (left, dashed line), SL3 (left, dotted line), SL4

(right, solid line), SL7 (right, dashed line), and SL9 (right, dotted line).

Table 3-9. Characteristics of the solid-state lamellar morphologies of the linear PS-b-PZLLys co-
polymers SL1-4,7,9 (Table 3-8) as obtained from SAXS analysis.

sample dy d dg dp & &
(nm)” (nm)° (nm)* (nm)*
SL1 1.42 16.7 4.5 12.2 1.2+0.1 2.0£0.1
SL2 1.49 29.4 4.8 21.7 1.9+£0.2 22+0.1
SL3 1.48 345 13.8 12.7 1.4 2.0
SL4 1.46 14.1 3.5 10.6 1.8+0.2 2.0+0.1
SL7 (1.49) 13.4 3.7 9.7 1.0£0.1 2.0+0.1
SL9 (1.46) 12.1 3.9 8.2 0.8+0.1 20=0.1

* Spacing between lattices of PZLLys a-helices. * Long period. ¥ Thickness of PS (ds) and PZLLys
microdomains (d,);"” estimated experimental error: £ 10%. * Normalized scattering-average of

curvature (k) and averaged normalized interface area (7).
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The concept of the “interface distribution function” (Ruland)'®’ was applied to determine the

thickness of the PS and PZLLys layers, ds and dy, respectively (d = dgs + dp)."” The results are
shown in Table 3-9 and Figure 3-23. It can be seen that the thickness of the PZLLys layer (d;)

is linearly proportional to the number-average degree of polymerization of ZLLys (z). The

slope of the line graph in Figure 3-23 indicates that the contribution of every ZLLys unit to

the length of the helix is 1.9 A, which is somewhat higher than the 1.5 A calculated for a

100% crystalline polypeptide o(18s)-helix.*’ Hence, the PZLLys lamellae are composed of

monolayers of interdigitated o-helices,” as illustrated in Chart 3-3, and the main axis of the
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helices is oriented perpendicularly to the PS-PZLLys interface. Backfolding of the helices, as
described by Gallot et al.** for high-molecular weight samples, can be excluded for all sam-
ples but SL3, which had the largest PS block (X = 217). The thickness observed for the
PZLLys layer of SL3, however, was very similar to that of SL1, which contained 24 ZLLys
units less (cf. Table 3-8). Anyway, interdigitation or backfolding are ways to compensate the
large dipole moments of a-helices (1 = 3.5 Debye per unit)” and to minimize the energy of
the PZLLys layers. Since the hexagonal packing of helices does not allow for a regular anti-
parallel orientation of the dipole moments, it is expected that the thickness of PZLLys layers
cannot exceed a certain limit. As seen from Figure 3-23, this limit should be well above ~20

nm.

20 -
15+ ]

10} -

thickness of PZLLys layer, d_[nm]

O a | 1 1 1 1
0 25 50 75 100 125

number of ZLLys units, z

Figure 3-23. Dependence of the number-average thickness of PZLLys layers (d;, SAXS) on the
number-average number of ZLLys units (z, NMR). Solid line: linear fit through experimental data
(except [], SL3), slope: (0.19 £ 0.01) nm. Dashed line: di/nm = 0.15-z, calculated line assuming a
fully extended o-helix with a projected length of a ZLLys segment of 1.5 A.* Dotted line: d;/nm
~2R, = (2/3)*I, 2°°, calculated line assuming random coil conformation of PZLLys (Rg: radius of
gyration, I : length of a ZLLys segment = 3.6 A).

SAXS data were further analyzed by the “kappa-iota (x-¢) formalism” (Burger et al.'*®); this
approach is based on the extraction of characteristic geometric quantities, namely the dimen-
sionless parameters describing the interface curvature (x) and the specific interface (z), from
the asymptotic Porod regime. These parameters allow determination of structures on the basis
of a general phase diagram comprising the most prominent block copolymer mesophases (cf.
Figure 3-24). Most importantly, this method is applicable even when SAXS curves show only

a single broad reflection. Also, local interface and curvature properties are assumed to equili-

brate rapidly and should not depend on the pathway of film processing.'*’

The results obtained from the -7 analysis of SAXS data are summarized in Table 3-9, and the

experimental x-z values are inserted in the generalized phase diagram shown in Figure 3-24.
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The value of the reduced specific interface was found to be 1= 2.0 (SL2: 1= 2.2), which is the
expected value for a plane lamellar phase. Despite of that, all structures exhibit a noticeable
curvature, as indicated by the values of the reduced mean curvature, x = 0.8-1.9. It is note-
worthy that, taking into account the x-z phase diagram, lamellar structures exist at all with 1=
2.0 and x> 1. The most reasonable model of a structure exhibiting the given properties should
be a disordered zigzag lamellar morphology as depicted in Figure 3-25. Note that a similar
morphology on the 100-200 nm length scale has earlier been observed for a poly(hexyl iso-
cyanate)-polystyrene rod—coil block copolymer system (see Figure 1-3)."* However, the gen-
eration of a plane PS-PZLLys interface (¢ = 2.0) between the “kinks” requires a fractionation
of the copolymer chains according to length during the casting of the film. Otherwise a rough
surface with a substantially larger interface area would have been formed, which for energy

reasons is not favorable.
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Figure 3-24. Experimental kappa-iota data obtained for films of linear PS-b-PZLLys copolymers,
inserted in the generalized phase diagram.'*®

It is evident that the structures with the smallest value of the curvature parameter x were
produced from the copolymers SL7 (1.0) and SL9 (0.8), which exhibit a nearly monodisperse
Poisson distribution (PDI ~ 1.01). The highest values (x = 1.8-1.9), on the other hand, were
observed for the samples SL2 and SL3 with a moderate PDI ~ 1.25. In fact, it is well expected
that increasing the variance in the length of the helices produces larger fluctuations in the
thickness of the PZLLys layers and more kinks, the latter contributing to the curvature of
lamellae. The zigzag morphology can thus be rationalized as illustrated in Figure 3-25 (A and
B). However, this seems to hold true as long as the entropic contributions to the free energy

are greater than the interfacial tension between the PS and PZLLys layers. Note that the gen-
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eration of a fluctuating thickness of layers is at the expense of a larger interface area. When
the molecular weight distribution of the copolymer sample is too broad, as in the case of
samples SL1 and SL3 (PDI > 1.3), plane lamellae with an intermediate x = 1.2-1.4 were
formed. It is supposed that the dropping of the x value is due to a decrease of the number of
kinks per volume unit or, in other words, extension of the plane interfacial domains between
two kinks, see Figure 3-25 (C). Fractionation of the copolymer chains occurs parallel to the
interface, i.e. all PZLLys layers have the same average thickness. Thus, the existence of a
plane lamellar structure consisting of uniform PZLLys layers, the thickness of which varying

from layer to layer, can be excluded here. For such a structure, it should be =2 and x= 0.

g o o m\”ﬂHl|\H|||||"“"”'"|||||||||

Figure 3-25. Schematic representation of the disordered zigzag lamellar morphology formed by
linear PS-PZLLys block copolymers with low (A), moderate (B), and high polydispersity (C) with
respect to the length of helices.
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It is interesting to see that even for copolymers with a Poisson distribution, SAXS patterns are
rather ill-defined and do not show higher orders of lamellar reflections. Based on the structure
model described here, however, the situation should change when the PZLLys blocks are
strictly monodisperse. Having monodisperse samples at hand would offer the possibility to
learn more about the basic principles and energetics in the self-assembly processes of rod-coil

block copolymers — this is subject of ongoing work.

However, it has so far not been paid much attention to polydispersity when dealing with struc-
ture formation of rod-coil block copolymers. In fact, many of the systems being investigated
have been prepared by polycondensation reactions,'? which usually produce polymers with a
Schulz-Flory distribution (PDI = 2) or even broader molecular weight distribution. Poly-
dispersity effects could play a considerable role in these systems and might explain deviations
from the predicted phase behavior (cf. Gersappe et al."®’) as well as the appearance of unusual
morphologies. In coil—coil systems, on the other hand, polydispersity might at all affect the

dimension of a phase but not its structure.'®'



BLock COPOLYMER MESOSTRUCTURES 82

3.3.2.2 Bottlebrush-shaped block copolymers

Apart from the secondary structure effects arising from dipole-dipole interactions and chain
length distribution of helices, it was also of interest to examine the impact of copolymer
architecture on the phase structure in the solid state. It was a major question whether or not
the entropic contributions introduced by branching (cf. Chart 3-4) would affect the packing of
polypeptide helices, thus promoting the formation of other than lamellar morphologies. For
this purpose, a series of heteroarm star- or bottlebrush-shaped PS-PZLLys block copolymers
of the type ABy was synthesized; the molecular characteristics of samples SL*1-6 are summa-

rized in Table 3-10 (see also Table 2-11).

Table 3-10. Molecular characteristics of the star- or bottlebrush-shaped PS-b-PZLLys copolymers
used to study structure formation in the solid state.

chemical structure sample X z y £/ o}
i i SL*1 182 243 4 057  0.74
O O " '? ] SL*2 193 65 8 0.25 0.41
— N-TH

N H SL*3 193 255 8 057  0.73
SL*4 188 54 12 022 037

HN
)0 SL*5 188 123 12 040  0.57

Qo
é SL*6 188 227 12 055  0.71

J zly_ y

# Mole fraction of the ZLLys. * Volume fraction of the ZLLys (densities used for calculation: p /

% zan:(; 1.090 (PS) and 1.265 (PZLLys), determined with DENSITY OSCILLATION TUBE in DMF at
Among the samples SL*1-6, only SL*1, SL*3, and SL*6 showed the characteristic CD signal
arising from PZLLys segments adopting an a-helical conformation. For these samples, the
number of PZLLys repeating units (z/y, Table 3-10) exceeded the minimum of 10-15 units,
which is required for the formation of a stable helix.®* Accordingly, in SAXS/WAXS, only
the films of SL*1, SL*3, and SL*6 might at all show the characteristic Bragg peaks of a hexa-
gonal packing of a-helices. Indeed, such a structure with dy ~ 1.4 nm could be observed for
SL*1 (z/y = 61) and SL*3 (z/y = 32) but not for SL*6 (z/y = 19). Note that the diameter of a
PZLLys o-helix exceeds the contour length of the styrene linking unit by a factor of about six,
leading to some steric overcrowding of chains at the bottlebrush junction (cf. Chart 3-4). This
is in particular true for sample SL*6 with the highest number of PZLLys branches (y = 12),

not allowing the anti-parallel packing of helices in a hexagonal array. The correlation length
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was determined to be 9-11 nm in the isotropically averaged state, which corresponds to six

helices in a line.
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Figure 3-26. CD spectra of films (spin-coated from DMF solution onto a quartz plate) of bottle-
brush-shaped PS-b-PZLLys copolymers SL*1 (solid line), SL*3 (dashed line), and SL*6 (dotted
line). Note that the measured CD signal intensity is not a direct measure of the helix content as it
also depends on the length of the polypeptide segment and the thickness of the film."**
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Figure 3-27. Radial-averaged SAXS diffractograms obtained for DMF-cast films of bottlebrush-

shaped PS-b-PZLLys copolymers SL*1 (left, solid line), SL*3 (left, dashed line), SL*6 (left,

dotted line), SL*4 (right, solid line), SL*2 (right, dashed line), and SL*5 (right, dotted line).
These specimens were thus in a less ordered state than the ones obtained from linear PS-b-
PZLLys copolymers (see above). This was also reflected by the broad SAXS peaks in the
low-angle region, and the fact that only SL*4 showed at all a second-order Bragg peak (see
Figure 3-27), which allowed the clear identification of a lamellar phase. Analysis with the &~z
formalism revealed a lamellar structure for all specimens SP*1-6 (see Table 3-11 and Figure
3-28). For most samples, strong dipole-dipole interactions could not be established, simply

because the PZLLys chains were too short to form a helix (see above). Due to the high graft-
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ing density of PZLLys segments, the PS bottlebrush backbone should be rather stiff, like for

162-164

worm-like polymacromonomers, thus giving the preference for lamellar structures.

The long period was found to be d ~ 21 nm for SL*1-6, independent of molecular weight and
relative volume fractions of the comonomers. It is evident that the dense branching of bottle-
brushes led to significantly smaller repeat units as compared to linear chains, even though the
overall molecular weights were much higher. Thus, PZLLys grafts should be arranged rather
parallel to the PS-PZLLys interface, as illustrated in Chart 3-4, in contrast to the perpendi-
cular orientation of helices in the films of linear block copolymers (Chart 3-3). Comparison of
the thickness of phases (di, Table 3-11) with the contour length of the bottlebrush backbone
(lc = 1-2 nm) suggested that the brushes were stacked from both sides or formed a “cap” as
depicted in Chart 3-4. However, the finer details of these structures remain to be analyzed.
Also not known is the role of polydispersity or helix length distribution in the structure forma-

tion of bottlebrush-shaped block copolymers.

Table 3-11. Characteristics of the solid-state lamellar morphologies of the bottlebrush-shaped PS-
b-PZLLys copolymers SL*1-6 (Table 3-10) as obtained from SAXS analysis.

sample du d ds do & & morphology
(nm)” (nm)* (nm)* (nm)*

SL*1 1.43 229 6.2 17.5 1.2 2.0 undulated lamellar
SL*2 - 21.3 8.8 12.7 1.3 2.1 undulated lamellar
SL*3 1.41 20.6 5.7 15.5 1.6 2.7 undulated lamellar
SL*4 - 17.0 - - 1.6 2.1 undulated lamellar
SL*5 - 22.0 6.7 8.9 1.3 3.0 undulated lamellar
SL*6 - 20.4 6.5 16.0 0.3 2.0 plane lamellar

# Spacing between lattices of PZLLys a-helices. * Long period. * Thickness of PS (ds) and PZLLys

microdomains (dp)."”” ¢ Normalized scattering-average of curvature (x) and averaged normalized
158

interface area (2).

Chart 3-4. Schematic representations of lamellar superstructures formed by bottlebrush-shaped
PS-b-PZLLys copolymers.
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It is obvious that PZLLys bottlebrushes can stabilize a larger interface area than linear chains
(see also chapter 4.1), which might promote the generation of undulations. In fact, analysis of
SAXS data with the x-7 formalism revealed only for SL*6 a plane lamellar morphology,
whereas SL*1-5 produced undulated and curved structures (see Figure 3-28). In the case of

SL*3 and SL*5 (Figure 3-28: circles at the furthest top), quantitative evaluation of the scatter-

165,166

ing peaks revealed an excess area of 35 and 50%, respectively, which indicated the pres-

ence of “superundulated” lamellar phases. Similar structures have previously been reported
13,14

(disordered zigzag

165,166

for polystyrene-poly(hexyl isocyanate) rod-coil block copolymers
phase, Figure 1-3) and for polyelectrolyte-lipid complexes (egg carton phase). However,
evaluation of the experimental interface distribution curves gi(r) (r = cord length)'*"'® for
SL*1-6 suggested the existence of lamellar structures with a perfect lateral order and a statis-
tically fluctuating thickness of individual layers. As can be seen from the TEM micrograph in
Figure 3-29, the film of SL*4 indeed showed an extremely long persistence length with prac-
tically no tilt of domain orientation in the observed area of 2 x 2 um. Unfortunately, due to

problems with the thickness of the specimen and projection averaging, undulations could not

be observed directly.
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Figure 3-28. Experimental kappa-iota data obtained for films of bottlebrush-shaped PS-b-PZLLys
copolymers, inserted in the generalized phase diagram.'™®
Note that undulations were always considered as statistical fluctuations of the layer thickness.
However, 2D-SAXS analysis of the SL*4 film revealed a highly ordered undulated lamellar
phase. Film alignment perpendicular to the X-ray beam led to the observation of centro-
symmetric rings, whereas a distorted hexagonal pattern was found for the parallel alignment

139

(not shown).”” These two patterns as well as the k-7 data were in agreement with the structure
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of corrugated lamellae, where the one-dimensional undulations were localized in a distorted
hexagonal lattice as depicted in Chart 3-5. Such localized undulations led to a stiffening of the

lamellae and a coupled increase of the long-range order, as visualized by TEM (Figure 3-29).

Figure 3-29. TEM micrograph of the undulated lamellar structure of the polymer film SL*4, mi-
crotomed perpendicular to the film surface and stained with RuO, (dark: PZLLys, bright: PS).

palkistyrens

Chart 3-5. Schematic representation of the corrugated lamellar morphology of the polymer film
SL*4, revealed from 2D-SAXS analysis with orthogonal and parallel alignment of the specimen to

the X-ray beam.'*
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4 FUNCTIONAL COLLOIDS

In the following section will be described some potential applications of chelating block co-

polymers (chapter 4.1) and polypeptide block copolymers (chapters 4.2 and 4.3).

The strong affinity of chelating block copolymers based on 2-acetoacetoxy-ethyl methacrylate
(AEMA) towards metals and metal ion salts can be used for the production of polymer-metal
hybrid materials. However, for reasons of availability, most of the work in this field has been
done with poly(acrylic acid)- or polyvinylpyridine-based block copolymers,”® see for exam-
ple work of Antonietti et al.,'”*" Mbller et al.,"®*"* and Eisenberg et al."™"®" First results on
the loading of PAEMA reverse micelles with metal ions (Fe*', Pd**, and Co®") will be pre-
sented in chapter 4.1, demonstrating the great potential of PAEMA block copolymers in the
generation of monodisperse hybrid nanoparticles and thin, ordered films.

Chapter 4.2 deals with the use of polypeptide block copolymers as stabilizers in the hetero-

phase polymerization of styrene.'*

The aim of this project was to study the impact of the
polymer architecture on the properties of the resulting latexes. It was expected that, due to the
increased bulkiness of the head group, multi-arm polyelectrolyte star block polymers exhibit a
higher stabilization efficiency and should therefore produce smaller particles than their linear
analogs. Also, whether polypeptide chains were linear or branched should be reflected in the
thickness of the stabilizing corona and thus the stability of particles against electrolytes. Note
that polypeptide-decorated latexes are interesting materials for biomedical applications, for

example as carriers in drug delivery systems.

In chapter 4.3, the use of poly(ethylene oxide)-block-polypeptide copolymers as carriers for
cis-dichlorodiammineplatinum(II) (cisplatin) in anti-cancer therapy will be presented; this
work has been done in collaboration with Prof. Dr. J. A. Werner and Dr. A. Diinne, Klinikum
der Philipps-Universitit Marburg, Germany. This special drug-carrier system, described for

the first time by Kataoka et al.,"”*""’

was chosen for the therapy of squamous cell carcinomas
of the head and neck regions (HNSCC), which spread via the lymph node system.'”® Current
therapies of the HNSCC are not very efficient and seized by severe side-effects (reduction of
the survival rate in more than 50 % of the patients)."” In pre-clinical studies on the model
VX2 carcinoma of the New Zealand white rabbit, the new therapy was successful in 90 % of
the cases. Building on these very promising results, it is planned to continue the project and to

enter the clinical stage of HNSCC chemotherapy.
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4.1 Polymer-metal hybrid materials

The ability of PBMA-b-PAEMA copolymers to complex and solvate different metal ion salts
in organic media is attributed to the presence of the bidentate acetoacetoxy (B-dicarbonyl)
group in AEMA. As already mentioned in chapter 2.2, there are two (three) tautomeric forms
of the acetoacetoxy unit in equilibrium, the major one being the keto tautomer (~92 %). Both
the keto and the enol tautomer can form complexes with transition metal ions.''***° The keto
tautomer is a “soft” ligand, only capable of replacing neutral molecules like water or ethers,

whereas the enolate can well exchange acetate or halide anions (see below).

Initial complexation studies were performed with iron(IlI) chlorides, namely FeCl;-6H,O and
anhydrous FeCls, the structures of which are depicted in Chart 4-1. The solids were added to a
~0.1 wt % micellar solution of PBMA34,-b-PAEMA;9 (sample BA2, Table 2-7) in cyclo-
hexane at room temperature. Note that these micelles were spherical in shape (R, = 32 nm,
DLS), consisting of a PAEMA core and a PBMA corona (cf. chapter 3.2.1). Due to their very
poor solubility in the hydrophobic continuous phase, the ferric salts should preferentially be
located inside the micellar core. It is obtained a sterically stabilized colloidal dispersion.

Cl
H20\|/OH2

/Fe
H,0 (|:I\0H2

Chart 4-1. Structures of FeCly-6H,0 (left) and FeCl; (right).””!

The FeCls-6H,O was found to dissolve readily within a few minutes, and the color of the
micellar solution changed from colorless to wine red. The presence of the polymer—metal
complex was confirmed by UV/VISIBLE SPECTROSCOPY (see Figure 4-1),'*' but its structure
had not been investigated in detail. Supposedly, it exhibited the same octahedral structure as
FeCl;-6H,0, see Chart 4-1, with the four water molecules adjacent to the iron atom being
replaced by two keto tautomeric acetoacetoxy ligands (fre = [Fe]/[[AEMA] = 0.33). The two
chloride substituents, on the other hand, should not have been touched by the acetoacetoxy
groups. Accordingly, the solubilization of anhydrous FeCls failed when applying the same
experimental protocol. Right after small amounts of a water/methanol mixture had been added
to the dispersion, transforming the iron(IIl) chloride into a hydrate, the red-purple complex

was formed immediately.
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Figure 4-1. UV-visible spectra of the ~0.1 wt % micellar solutions of PBMA-b-PAEMA sample
BA2 (dashed line) and BA2/FeCl;-6H,0 (fr, = 0.33; solid line) in cyclohexane.

Due to the different densities of organic and inorganic components (FeCls-6H,O: p = 1.82
gcm’3), ANALYTICAL ULTRACENTRIFUGATION (AUC) could be used to examine the chemical
composition of BA2-FeCl;-6H,0 colloids. As can be seen from the sedimentation-velocity
experiments (see Figure 4-2), the sedimentation coefficient distribution (g(S)) of the BA2
micelles in cyclohexane were shifted to higher S values after the loading with FeCl;-6H,0 (f.
= 0.5). Both distributions exhibited the same shape, which suggested that the ferric salt was
evenly distributed among the aggregates. Since complexation was a heterogeneous process
(see above), there must have been a dynamic intermolecular exchange of salt molecules
between the aggregates, for example via a fusion-fission mechanism.””> The polymer—metal

colloids might therefore be considered as equilibrium structures.
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Figure 4-2. Sedimentation coefficient distributions g(S) of ~0.4 wt % micellar solutions of PBMA-
b-PAEMA sample BA2 (dashed line) and BA2/FeCl;-6H,0 (fz. = 0.5; solid line) in cyclohexane at
25 °C.
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The LIGHT SCATTERING results obtained for the ~0.4 wt % micellar solutions of BA2 in cyclo-
hexane in the presence of different amounts of FeCls;-:6H,0, fg. = 0-1.0, are summarized in
Table 2-1. Evidently, neither the shape nor the size of micelles was affected by the loading of
the ferric salt into the PAEMA core. All solutions contained spherical micelles, as indicated
by the ratio Ry/Ry, ~ 0.8, with a hydrodynamic radius R, ~ 30 nm. The aggregation number (Z)
of the micelles, on the other hand, was found to decrease with increasing amount of
FeCl;-6H,0; at fre = 0.85, the aggregation number had dropped to ~60% of the initial Z value
observed for the pure BA2 micelles. Having in mind the results described in chapter 3.2.1, it
was expected that the loading of the PAEMA core with the ferric salt would lead to a growing
of the aggregates and eventually to a shape transition from spheres to cylinders. Evidently, the
system seemed to follow opposite rules, thus suggesting that the PAEMA core was rather
shrinking but swelling upon loading with FeCl;-6H,O. Whether or not it is the case is not
known yet for sure. Additional ANALYTICAL ULTRACENTRIFUGATION (AUC) and SMALL-
ANGLE X-RAY SCATTERING (SAXS) studies shall be performed to obtain the missing infor-

mation about the true density and dimension of the polymer—metal micellar core.

Table 4-1. Characteristics of the micelles formed by PBMA-b-PAEMA sample BA2 in cyclo-
hexane at 20 °C in the presence of different amounts of FeCl;:6H,0 (fg.), as obtained by dynamic
and static light scattering (DLS and SLS).

sample fre Rn R, R¢/Rn A, 10° z*
(nm)” (nm)® (molcm™ g?)*

BA2 0 32 26 0.81 1.50 342
BA2-0.25 0.25 33 29 0.88 0.92 274
BA2-0.33 0.33 33 28 0.85 0.94 269
BA2-0.45 0.45 31 27 0.87 1.30 297
BA2-0.60 0.60 30 27 0.90 1.10 266
BA2-0.85 0.85 28 24 0.86 —-0.61 207
BA2-1.00 1.00 coagulation

" Molar ratio [Fe]l/[AEMA]. * Hydrodynamic radius (DLS). * Radius of gyration (SLS). ¥ Second
virial coefficient (SLS). & Aggregation number (SLS) = My, micetie / (My, a2 + 39 Tre-MEeciz-6120),

refractive index increments used for evaluation of Zimm plots: dn/dc = (0.0619 + 0.0151-fgg )

3 1121
cm’ g™,

It is worth mentioning that DLS provided identical values for the hydrodynamic radius of
micelles, regardless of the concentration of the solution and the measuring angle, which in-
dicated the existence of a narrow, monodisperse size distribution of particles. The narrow size
distribution of the polymer—metal hybrid micelles could also be visualized by ATOMIC FORCE

MICROSCOPY (AFM), see the typical micrographs of the BA2-0.33 micelles (fre = 0.33) spin-
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coated from dilute cyclohexane solution on mica. Also, dispersions were only stable when fg,
< 0.9, and coagulation of the aggregates occurred at fg. > 1. Note the first negative value of
the second virial coefficient (A;) of sample BA2-0.85 (see Table 4-1). The steric stabilization
by the PBMA layer then might not have been sufficient to shield the attractive forces between

the PAEMA—metal centers and to avoid coalesence.?’?

0 1.00 pm 0 1.00 pm

Data type Height Data tupe Amplitude Data tupe Phase
Z range 50.00 nm Z range 0.08000 W Z range i15.00 °

Figure 4-3. AFM tapping mode images (1.0 x 1.0 ym) of PBMA-b-PAEMA micelles loaded with
FeCl;-6H,0 (sample BA2-0.33, Table 4-1), spin-coated from cyclohexane solution on mica.

As mentioned earlier, AEMA in the keto tautomeric form is only capable of replacing neutral
ligands in metal ion salts. The exchange of acetate (OAc) substituents requires the presence of
B-ketoesterenolates, which can be produced by deprotonation of the AEMA units with for
example triethylamine (TEA) (see Scheme 4-1).2% Assisted by the addition of TEA, it was
indeed possible to transfer cobalt(Il) (— Co(OAc),xH,0), copper(Il) (— Cu(OAc),'xH,0),
and palladium(Il) (— Pd(OAc),) metal ions into the PAEMA core of BA2 micelles in cyclo-
hexane (fyetar ~ 0.5). Complexation of the metal ions was accompanied by a precipitation of
triethylammonium acetate and a change of color of the solution from colorless to either pink
(Co), green (Cu), or yellow (Pd) (UV/visible spectra not shown).'?' Similar observations con-
cerning the color of metal acetoacetonates have been reported in literature.''>2**?% Again, as
indicated by DLS and AFM studies, the micelles maintained their spherical shape and size (Ry
~ 33 nm). As a matter of a very narrow particle size distribution, micelles tend to form

ordered domains upon evaporation of the solvent (cf. Figure 4-4).
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Scheme 4-1. Formation of a -ketoesterenolate by deprotonation of acetoacetoxy units in AEMA
with triethylamine (TEA) and complexation of metal(II) acetates (Mt"(OAc),).
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0 400 nM 0 400 nm
Data tupe Height Data tupe Amplitude Data type Phase
Z range 40,00 nm Z range 0.06000 U Z range i00.0 °

0 4,00 pm 0 4,00 pm 0 4,00 pm
Data type Height Data type Ampli tude Data type Phase
Z range 100.0 nm Z range 0.2000 VU Z range 80.00 °

Figure 4-4. AFM tapping mode images (top: 0.4 x 0.4 pm, bottom: 4.0 x 4.0 um) of PBMA-b-

PAEMA micelles loaded with palladium(II) ions (fpg = 0.55). The specimen was prepared by dry-

ing a drop of the micellar solution on graphite.
These first results demonstrate that PAEMA-based block copolymers are interesting materials
to produce well-defined polymer—metal hybrid materials. However, many questions remain to
be addressed, for example the scaling laws for hybrid micelles (R o¢ fme®, Z ¢ fme”) and the
structure of the polymer-metal adducts formed in the confinement of a micellar core. It is
further planned to enter the fields of catalysis and biomineralization processes. Water-soluble
PAEMA block copolymers in particular shall be used as additives for controlling the miner-

alization of biominerals (e.g. CaCOs3) or semiconducting materials (e.g. CdS).
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4.2 Polypeptide-decorated latexes

Heterophase polymerization, one of the oldest polymerization techniques, enables the facile
preparation of aqueous dispersions, so called latexes, with a high polymer content but low vis-
cosity. For this and other reasons, it plays a very important role in industrial-scale syntheses
of e.g. dispersion colors, adhesives, or clues.”’*?"" However, the ease of operation opposites
the complexity of the mechanism of heterophase polymerizations, which is still subject of

: S 208,209
current mnvestigations.”

In a typical procedure, hydrophobic monomers like styrenes or acrylates are polymerized in a
free-radical process in aqueous media in the presence of an emulsifier, usually a low-mole-
cular weight surfactant (tenside) or amphiphilic block copolymer. Commonly used tensides
such as sodium dodecylsulfate (SDS) or cetyltrimethylammonium bromide (CTAB) will pre-
vent the latex from coagulation via electrostatic repulsion between polymer particles; non-
ionic surfactants and block copolymers with e.g. hydrophilic PEG segments instead will
stabilize particles by steric repulsion. Block copolymers with a polyelectrolyte stabilizing
moiety combine the best properties of both stabilization modes, namely the long-range
electrostatic repulsion between polymer colloids and the good stability against ionic additives.
Even though block copolymers are available in a large variety, '" only a very few studies
have been reported yet about the stabilization abilities of linear polymeric surfactants with

211-216

polyelectrolyte sequences. However, studies referring to the effects of branching on the

stabilization ability of copolymers are not known in literature.

In the present work, the emulsifying properties of linear polystyrene-block-poly(sodium D,L-
glutamate)s (PS-b-PGluNa) are compared with those of heteroarm star-shaped analogues with
the same chemical composition.'”> Samples were prepared by hydrolysis of PS-b-PBLGlu co-
polymers SG1-2 and SG*1-2 (Table 2-11) with aqueous NaOH; the molecular characteristics
of these samples are listed in Table 4-2. Heterophase polymerization reactions were carried
out in sealed test tubes under an argon atmosphere in a rotational thermostat at 80 °C using
the following recipe: 1.0 g styrene, 2.0 g de-ionized water, 10-50 mg block copolymer in 2 g
0.1 N NaOH, and 32 mg 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]. Table 4-3
summarizes the main characteristics of the obtained polystyrene latexes, namely the average
particle sizes and polydispersity indexes (PDI) of the particle size distributions. All poly-
merization runs yielded stable latexes with a polymer content of ~20% (as targeted) and

particles of 70-220 nm in diameter (dn; DYNAMIC LIGHT SCATTERING, DLS).
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Table 4-2. Structures and molecular characteristics of linear and star-shaped PS-b-PGluNa copoly-
mers used as emulsifyers in the heterophase polymerization of styrene.

chemical structure entry x* z5 % w, X
|_ N N H
T'\/\/H H SN1 52 104 1 0.74
o SN2 57 274 1 0.87
X ONa |,
o SN3 63 176 8 0.78
‘ O 1 O SN4 63 293 8 0.85
N NTH
] H zly y

* Number-average degree of polymerization of PS. ¥ Average number of GluNa repeating units. ®
Average number of PGluNa arms. ¢ Weight fraction of GluNa in the copolymer.

Table 4-3. Characteristics of latexes obtained from aqueous heterophase polymerization of styrene
at 80 °C in the presence of different amounts of linear and star-shaped PS-b-PGluNa emulsifiers

(Table 4-2).
run Cstabilizer d,” eore” leorona’ PDI* Eqtabilizer
(Wt %) (nm) (nm) (nm) (10" cm* g™)
SN1/1 1.1 153 144 5 1.01 3.061
2 3.1 116 79 19 1.03 2377
/3 4.7 99 76 12 1.03 1.784
SN2/1 1.0 214 194 10 1.01 2.047
2 3.1 141 121 10 1.02 1.649
/3 4.9 132 107 13 1.02 1.070
SN*1/1 1.0 131 125 3 1.16 4.178
2 3.9 76 62 4 1.22 2.697
/3 4.9 74 68 3 1.23 1.901
SN*2/1 1.0 130 123 4 1.14 4.444
2 3.0 91 61 (15) 1.18 2.779
/3 5.0 88 92 (—4) 1.15 1.128

* Hydrodynamic diameter of dispersed latex particles; DLS. 5 Weight-average diameter of dried

particles with collapsed corona; TEM. * Thickness of PGluNa corona, (dy-Oeore)/2. & Polydispersity

index; TEM. " Stabilizer efficiency.
As expected,”” the hydrodynamic diameter of particles decreases with increasing amount of
stabilizer; this is true for both linear and star-shaped stabilizers. However, a clear difference
between both types of stabilizers exists with respect to the average particle size, the width of

the particle size distribution, and the thickness of the corona. In general, the linear block co-

polymers lead to significantly larger particles (d, = 100-220 nm) than the star-shaped ones
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(70-130 nm), which is observed for both the hydrodynamic and the hard core diameter (dcore;
TRANSMISSION ELECTRON MICROSCOPY, TEM). The thickness of the PGluNa corona (lcorona)
of linear and branched polypeptide chains is clearly different with 10-20 nm and 3-4 nm,
respectively. Apparently, linear hydrophilic blocks are stretched out into the aqueous phase

whereas branched polypeptide blocks form a much thinner but more compact corona.

As indicated by experimental data on the stabilizer efficiency (see Table 4-3), the star-shaped
block copolymers are able to stabilize a considerably larger particle surface than their linear
analogues. It is noteworthy that, on a weight base, the efficiencies obtained with PS-b-
PGluNa copolymers are only by a factor of two lower compared to SDS (~6:10" cm’ g™ at 1
wt % stabilizer based on monomer). The differences in stabilizing capacity and the possible
occurrence of a second nucleation step in the course of polymerization, however, might be the
reason for the different particle size distributions of the latexes (see Table 4-3). Apparently,
the branched stabilizers are efficient enough to stabilize both newly formed particles and
those of the older generation, especially at lower degrees of surface coverage, thus producing
broadened or even bimodal particle size distributions (PDI > 1.1; see Figure 4-5) — this pro-
cess is illustrated in Chart 4-2. In the case of the linear stabilizers, where such a stabilization
is possible, both generations will coalesce and form a "mixed" generation with a monomodal

or even narrow, almost monodisperse size distribution (PDI < 1.04).
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Figure 4-5. Particle size distributions of the latexes obtained in the presence of the linear PS-b-
PGluNa stabilizer SN1 (run 3; left) and the branched analogue SN*1 (run 3; right). Insets show the
corresponding TEM micrographs (scale bar = 100 nm) of the dried latex samples.
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Chart 4-2. Schematic drawing of the adsorption of branched stabilizers onto a particle surface at

high/low surface coverage and stabilization of secondary nucleated particles.
Another behavior of latexes which is strongly influenced by the kind of stabilizer and its
arrangement is the stability against electrolytes. It was both theoretically predicted”'” and
experimentally verified”"” that the critical coagulation concentration depends strongly on the
thickness of the corona. For example, polystyrene latexes stabilized with SDS or PEE44-b-
PSS4ss (EE = ethyl ethylene, SS = styrene sulfonate) coagulate at 0.03 M and 6.0 M NacCl.
The latex particles prepared with the PS-b-PGluNa stabilizers exhibit an intermediate ccc,
which is about 1.0 M and 0.2 M for linear and star-shaped samples (normal saline: ~0.15 M
NaCl). These data indicate that the linear block copolymers act as electrosteric stabilizers.
However, even though the corona thickness is almost the same, the star-shaped stabilizers
lead to a critical coagulation concentration, which is about one order of magnitude higher than
that of SDS — this confirms expectations that branched polypeptide chains form a more dense

and compact stabilizing layer than sulfonate headgroups.

The nature of the stabilizer not only determines the stability of colloidal particles but also its
electrophoretic mobility. The mobility of charged colloidal particles in an electric field mainly
depends on the charge density (p.), effective particle size (defr), and electrolyte concentration
in the continuous phase. Particles being electrosterically stabilized with for example PEE44-b-
PSS4ss (dp = 294 nm, p. = 159 uC cm'z), exhibit a constant electrophoretic mobility of ~3.5
ums” em V™! up to 0.1 M KCI. The mobility of particles is decreasing at higher KCI concen-
trations due to the shielding of charges.”'® The electrolyte concentration-dependent mobility
of purely electrostatically stabilized particles, on the other hand, shows a maximum, and the
maximum mobility (~6.5 pms™ cm V™' for particles with di, = 31 nm and p- = 6.1 uCcm™) is

considerably higher compared to electrosterically stabilized systems.*"

However, as can be
seen in Figure 4-6 (left), particles with a branched PGluNa stabilizing layer exhibit the char-
acteristics of electrosterically stabilized particles. The electrophoretic mobility is only slightly
decreasing up to 1 mM KCIl, whereas the decrease is much steeper at higher electrolyte con-

centrations.
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As a matter of the pH-dependent degree of ionization of the PGlu segment (pK, ~ 4.3), the
electrophoretic mobility of particles is also affected by changes of pH (cf. Figure 4-6). In the
pH range from 3.5 to 10.0, mobility is strongly increasing from pH 3.5 to ~6 and is almost
constant at pH > 6. Since the size of particles (dy) was found to remain constant within
experimental errors, the strong increase in the mobility should be caused by an increasing

charge density of the particles with increasing pH.
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Figure 4-6. Dependence of the electrophoretic mobility of PS particles stabilized with the star-
shaped PS-b-PGluNa (SN3, 1.0 wt %) on KCI concentration (left) and on pH (right).
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4.3 Polypeptide-based drug carriers

Polymeric micelles with a typical size of 20-50 nm in diameter have been receiving much
attention as colloidal carriers for the targeting of poorly water-soluble and amphiphilic drugs
or genes."” 2?2 Polymeric micelles are one example of polymer-based pharmaceuticals or
“polymer therapeutics”, i.e. rationally designed macromolecular drugs, polymer—drug and
polymer—protein conjugates, polymeric micelles containing covalently bond drugs, and poly-

plexes for DNA delivery™* 1.5

(see the pioneering work of Ringsdorf et al.”””). Most polymeric
micelles in aqueous media are composed of amphiphilic block copolymers with a solvating
poly(ethylene oxide) (PEO) shell, due to the good solubility of PEO in water and good bio-
compatibility.’*****?® In addition, these micelles exhibit a unique disposition characteristics in
the body.""”

194,195,227
Kataoka et al. "™

examined very intensively PEO-PAsp (Asp = a,B-aspartic acid) block
copolymer micelles as carriers for the anti-tumor agent cis-dichlorodiammineplatinum(II)
(cisplatin, CDDP)***** (see the chemical structure in Chart 4-3). Note that the clinical use of
CDDP has a limitation due to significant toxic side effects and short circulation periods in the
blood.”"**! When solubilized within the polypeptide core of PEO-PAsp micelles, the chloride
ligands of CDDP are substituted with the carboxylate residues of Asp, which are good leaving
groups. Hence, this system promotes a sustained release of CDDP through ligand exchange
reaction. In contrast, when the chloride ligands are substituted with amino acids containing S-
or N-groups in the side chain, e.g. cysteine or lysine, the resultant complexes are too stable

and eventually show no anti-tumor activity.*”’

CNgye!
AN
H,N" NH,

Chart 4-3. Structure of the square planar CDDP complex.

However, just the opposite was observed in the CDDP therapy of VX2 carcinomas, which is a
model of the squamous cell carcinomas of the head and neck regions (HNSCC), spreading via

the lymph node system.”

The drug—carrier systems used were CDDP-loaded micelles of PEO;4-b-PLGlus¢ (— sample
EG1, Table 2-11) and PEO;4-b-PLLys4 (— sample EL1, Table 2-11), which were prepared
following a procedure described by Kataoka et al.”*’ Briefly, the solutions containing 100 mg
polymer in 10 mL H,O and 93.6 mg CDDP in 10 mL H,O were combined and stirred for 2
days at 35 °C. Mixtures were then either ultrafiltrated (molecular weight cut-off: 1 kDa) or fil-
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tered through a 0.2 um Millipore filter to remove non-solubilized CDDP. As indicated by
ATOMABSORPTION SPECTROSCOPY (Labor Rolf Sachse, Berlin, Germany), the samples con-
tained 0.86-1.11 wt % Pt (EG1/CDDP) and 0.004-0.015 wt % Pt (EL1/CDDP). Evidently,
despite of the fact that PLGIu should form less stable complexes with CDDP than PLLys (cf.
Scheme 4-2), the loading capacity of EG1 micelles was two orders of magnitude higher than

that of EL1 micelles.

o o) 0
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¢oq_ ooc
p{
HNT NH, H N 2_NH,
Pt
HNT NH

3 3

Scheme 4-2. Tentative structure of the complexes of CDDP with LGlu (left) and LLys (right)
amino acid residues.
Pre-clinical studies were carried out by Dr. A. Diinne and Prof. J. A. Werner (Klinikum der
Universitdt Marburg, Germany) on the VX2 carcinoma of the New Zealand white rabbit. Note
that carcinomas of rats spread via the blood vessel system, and are thus not suited as models
for the lymphogenic metastasizing HNSCC. The protocol was as follows: Samples of cancer
cells of the VX2 carcinoma were extracted from the thigh and injected into the ears of the

rabbits;233

the first appearance of microtumors was observed after eight days. CDDP therapy
was applied for 14-21 days, injecting 3 x 0.3 mL (series I) or 0.15 mL per day (series II) of

the ~1 wt % aqueous solutions of EG1/CDDP (I) and EL1/CDDP (I+II) into the rabbits’ ears.

Figure 4-7. Histological cuts of the lymphatic tissue of New Zealand white rabbits before (A) and
after (B) chemotherapy with CDDP (series I, see text). Lymph node: A/left and B; lymphatic ves-
sel: A/right).
In the control experiment of series I, where no CDDP therapy had been applied, macroscopic

metastasizing in the lymph nodes of the rabbit’s ear could be observed. The histological cuts

(see Figure 4-7/A) showed not only tumors in the first draining lymph nodes but also in the
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afferent lymphatic vessels, which proofed the lymphogenic metastasizing of the VX2 carcino-
ma. On the other hand, those rabbits (12) that received chemotherapy with EG1/CDDP or
EL1/CDDP were free of metastases. The histological cuts (cf. Figure 4-7/B) also revealed the
presence of secondary follicles in the lymph nodes, which are the immuno response of B-lym-
phocytes to an antigene contact. In series II, applying a lower dose of the drug, nine out of ten

rabbits had successfully been treated with EL1/CDDP.***

It is important to note that both CDDP—carrier systems gave the same positive results in the
therapy of the VX2 carcinoma. However, the amount of platinum was substantially lower in
EL1/CDDP than in the EG1/CDDP micelles (see above), which suggested a higher anti-tumor
activity of the first system. This is a surprising result, at a first glance, as the drug was cova-
lently trapped inside the EL1/CDDP micelles, thus avoiding a sustained release (see above). It
is a working hypothesis that the targeting of drug-loaded micelles occurred by the “enhanced
permeability and retention” (EPR) effect,”***’ i.e. the passive accumulation of high molecu-
lar-weight macromolecules (> 50 kDa) or micelles in tumor rather than normal tissue, as illus-
trated in Figure 4-8. The drug—carrier should be entering the tumor cells by endocytosis and
be transferred to the lyosomes. Liberation of the drug should finally be accomplished by an
enzymatic or acidic degradation of the polymer carrier within the lyosomes (“lyosomotropic
222

delivery”).
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Figure 4-8. Passive targeting of long-circulating polymer therapeutics by the “enhanced per-
meability and retention” (EPR) effect and lysomotropic delivery of small molecule drugs (picture
taken from ref. **).

However, the true mechanism of drug targeting and delivery remains to be clarified. It is fur-

ther planned to optimize the preparation of the PEO-b-PLLys/CDDP micelles and to enter the
clinical stage of chemotherapy of the lymphogenic metastasizing HNSCC.
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5 SUMMARY AND OUTLOOK

The main goal of this work was to examine the basic principles of self-organization of diblock
copolymers having the inherent property of selective or specific non-covalent binding. By the
introduction of electrostatic, dipole—dipole, or hydrogen bonding interactions, it was hoped to
add complexity to the self-assembled mesostructures and to extend the level of ordering from
the nanometer to a larger length scale. In some sense, this work may be seen in the framework
of biomimetics, as it combines features of synthetic polymer and colloid chemistry with basic

concepts of structure formation in supramolecular and biological systems.

Focus in this work was put on linear diblock copolymers, which are the polymer amphiphiles
with the most simple primary structure. Diblock copolymers can usually be produced in high
quality with a reasonable expenditure of synthetic work and, very important for later system-
atic studies on phase behavior and structure formation as well as for applicational issues,
appropriately characterized on a molecular level. The copolymer systems under study were (i)
block ionomers, (ii) block copolymers with acetoacetoxy chelating units, and (iii) polypeptide
block copolymers. Block ionomer samples could readily be prepared using standard recipes
reported in the literature. For the synthesis of well-defined chelating and polypeptide block
copolymers, on the other hand, development of new strategies and/or considerable improve-
ments of established procedures were necessary. The same applied for the characterization of
especially polypeptide-based copolymers, which in the past had not appropriately been ad-

dressed.

(i) Block ionomers were prepared by sequential anionic polymerization and subsequent
modification of functional block segments. As an alternate route, the radical addition of ®-

functional mercaptanes onto polybutadiene-based block copolymer has been described (chap-

ter 2.1).
RSH  + m/ AIBN
y $
R

Mixing dilute THF solutions of oppositely charged block ionomers, polystyrene-block-poly(1-

y

methyl-4-vinyl-pyridinium iodide) and poly(1,2-butadiene)-block-poly(cesium methacrylate),
led to the spontaneous formation of a polyion complex, which self-assembled into vesicular
aggregates. Due to a very high incompatibility of the solvating block segments, i.e. yN >> 10,

vesicles had a microphase-separated, asymmetric membrane and were thus amphiphilic in na-
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ture. The structure of the membrane was subject to inversion upon application of an external

stimulus like changing the selectivity of the solvent (chapter 3.1).
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(if)  Well-defined block copolymers based on 2-(acetoacetoxy)ethyl methacrylate (AEMA)
were prepared for the first time making use of RAFT radical polymerization or Group Trans-

fer Polymerization (GTP) / azeotropic acetoacetylation (chapter 2.2).
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PBMA-b-PAEMA copolymers were found to exhibit the phase behavior of a (super) strongly
segregated system (y ~ 0.8, N ~ 100 at N ~ 125). The micellization behavior and appearance
of spherical and cylindrical morphologies could appropriately be described on the basis of
simple geometric considerations. Packing parameters for the reverse micelles in cyclohexane
were calculated according to Antonietti—Forster model, taking additionally the aspect ratio of
the insoluble monomer unit (AEMA) into consideration. Covered by this model, swelling of
the PAEMA core was accompanied by a change of the shape of aggregates from spheres to

cylinders to vesicles (chapter 3.2.1).

Promoted by hydrogen bridging interactions between adjacent acetoacetoxy units, PAEMA
homopolymers produced large double-stranded superhelices in the solid state. Diameter and
pitch of the helices were ~12 nm and 25 nm, respectively, and the persistence length was
>300 nm. The helical superstructure was found to collapse within a few days at room

temperature, dissociating into small globules of single polymer chains (chapter 3.2.2).
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PAEMA-based block copolymers were further used for the fabrication of colloidal organic—

inorganic hybrid materials and thin ordered films (chapter 4.1).

(iii) Polypeptide-based block copolymers were prepared by ring-opening polymerization of
a-aminoacid-N-carboxyanhydrides (NCA) using o-primary amino-functional macroinitiators.
Advanced characterization with especially SIZE EXCLUSION CHROMATOGRAPHY (SEC-UV/RI
method) showed that the samples produced by standard recipes had a broad molecular weight
distribution with a polydispersity index PDI ~ 1.5. Screening of the free amine initiating/pro-
pagating species as hydrochlorides was found to promote a well-controlled polymerization of
NCA, producing block copolymer samples with a nearly monodisperse distribution (PDI ~
1.01) (chapter 2.3).

Polymer—NH3+

| 0
/—\:to
Polymer—NH, O — "amine" mechanism
R ND

+

" NCA

NCA~
Depending on chemical composition, poly(1,2-butadienc)-block-(L-glutamate) copolymers
self-assembled into spherical micelles (hydrodynamic radius, Ry, < 40 nm) or vesicles (R, =
70-90 nm) in dilute aqueous NaCl solution. The conformation or secondary structure of the
solvating polypeptide segments could be triggered via the pH of the solution, the coil-helix
transition occurring at pH ~ 5. The dimension and morphology of the aggregates was, how-

ever, not affected by the change of conformation (chapter 3.3.1).
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The solid films of linear polystyrene-block-poly(Z-L-lysine) (PS-b-PZLLys) coil-rod copoly-
mers exhibited a hexagonal-in-lamellar morphology (intersheet spacing, d = 12-35 nm) with
high long-range order (persistence length: >1 um). The preferential formation of this kind of
morphology was attributed to the existence of strong dipole—dipole interactions and a hexa-
gonal packing of the PZLLys a-helices within polypeptide layers. The average thickness of
polypeptide layers was found to be linearly proportional to the number of PZLLys repeating
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units, thus suggesting an orientation of helices perpendicular to the PS—PZLLys interface. The
evaluation of SMALL-ANGLE X-RAY SCATTERING (SAXS) data with the kappa-iota formalism
showed that the interface between the PS and PZLLys layers was not planar but considerably
curved or undulated. Such undulations, i.e. statistical flutuations in the thickness of the poly—
peptide layers, were produced in response to the chain length distribution of PZLLys helices.
A detailed analysis of interface—curvature properties of structures obtained in dependence of
the molecular weight distribution of copolymers supported the existence of a hexagonal-in-

zigzag lamellar morphology (chapter 3.3.2.1).
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Films of bottlebrush-shaped PS-b-PZLLys copolymers (ABy) exhibited an undulated lamellar
morphology (d ~ 21 nm, independent of composition). PZLLys chains were oriented parallel
to the PS-PZLLys interface, thus stabilizing a larger surface area and producing disordered
(super-)undulated lamellar structures. In one special case, the formation of a regular corru-

gated lamellar phase could be observed (chapter 3.3.2.2).

Linear and star-shaped polypeptide-based block copolymers were further used as stabilizers in
the heterophase polymerization of styrene to produce electrosterically stabilized latexes with a
polypeptide decoration. The colloidal properties of the latexes were found to depend vastly on
the architecture of the block copolymer stabilizer. Branched copolymers yielded smaller latex
particles with broader (bimodal) size distribution and a lower critical coagulation concen-

tration (chapter 4.2).
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Finally, poly(ethylene oxide)-block-poly(L-lysine) was successfully used as a carrier for Cis-
dichlorodiammineplatinum(II) (cisplatin) in the anti-cancer therapy of the lymphogenic me-

tastasizing HNSCC (chapter 4.3).

The obvious next steps in the particular projects have already been mentioned in the previous
chapters. These include establishment of the radical addition of mercaptanes onto unsaturated
polymers as a general modular methodology for the production of well-defined functional
block copolymers and systematic studies on the mechanism of NCA polymerization initiated
by primary ammonium salts. The comprehensive characterization of polypeptide block copo-
lymers will be further pursued. Also, work in the field of stimulus-responsive materials shall
be intensified. It appears especially interesting, keeping in mind the results described in chap-
ter 3.2.1, to make the insoluble core of aggregates responding to the external stimulus rather
than the solvating corona; poly(1,2-butadiene)-block-(L-glutamate)s, for example, shall there-
fore be investigated in dilute organic solution. The studies on the aggregation behavior of po-
lypeptide block copolymers shall also be extended to samples with bottlebrush architecture

(“macro-tenside”).

Most emphasis will be on the exploitation of the modular concept of mixing strongly segrega-
ting diblock copolymers with complementary recognition sites. This concept has so far only
been applied to oppositely charged block ionomers making use of electrostatic interactions. It
is planned to employ diblock copolymer systems comprising hydrogen bonding or donor—
acceptor interactions or stereocomplex formation motifs, to mention just a few. The attractive-
ness of this approach is seen in the possibility to access a library of complex superstructures

and the simplicity of producing stimulus-responsive materials with tunable properties.
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6 EXPERIMENTAL PROCEDURES AND METHODS

SYNTHESIS

A detailed description of synthetic procedures, if not included in the text, can be found in the
PhD theses of Hildegard Kukula (University of Potsdam, 2001), Stefan Schrage (University
of Potsdam, 2002), and Theodora Krasia (University of Potsdam, 2003).

ANALYTICS

ANALYTICAL ULTRACENTRIFUGATION. Measurements were performed on an Optima XL-I
ultracentrifuge (Beckman-Coulter, Palo Alto, CA) with Rayleigh interference and
UV/visible absorption optics. Sedimentation velocity experiments were done with 0.1-1.0
wt % polymer solutions at 25-40 °C and 60000 rpm. Time-dependent concentration pro-
files were evaluated with correction for diffusion broadening using the SEDFIT 5 software
(Peter Schuck, Division of Bioengineering and Physical Science, National Institutes of

Health, Bethesda, USA; http://www.analyticalultracentrifugation.com/).

ATOMIC FORCE MICROSCOPY. Measurements were performed with a Nanoscope Multimode
II1a (Digital instruments, Santa Barbara, CA) employing silicon cantilevers (kK = 42 N/m;
Olympus Optical Co. Ltd., Japan). Specimens were prepared by spin-coating of 0.1 wt %
polymer solutions on a mica, silicon, or graphite substrate. Surfaces were scanned in the

tapping mode at a resonance frequency of 250-300 kHz.

CIRCULAR DICHROISM SPECTROSCOPY. Spectra were recorded with a JASCO J 715 at 25 °C.
Measurements were performed on ~0.1 wt % polymer solutions (solvent: THF, dioxane, or
DMEF) or on thin films, which were obtained by spin-coating of concentrated solutions on a

quartz plate.

DENSITY OSCILLATION TUBE. Density measurements were performed on a density meter
DMA 5000 (Anton Paar) at 25 °C. The specific density of the bulk polymer was extrapo-
lated from the density data measured for ~1-5 wt % solutions of the polymer in an organic

solvent.

DIELECTRIC RELAXATION SPECTROSCOPY. Measurements were performed in dry nitrogen bet-
ween —140 and +60 °C and from 0.1 Hz to 10 MHz. The Novocontrol ALPHA frequency-

response analyzer was used together with the QUATRO cryosystem. Data were recorded
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as a function of frequency under nearly isothermal conditions (AT .x = 0.25 K) in steps of

10 K and 5 K below and above —10 °C, respectively.

DIFFERENTIAL SCANNING CALORIMETRY. Measurements were performed on a Netzsch DSC
200 at a heating/cooling rate of 10 Kmin™'. Glass transition temperatures were determined

from the inclination point of the second heating curve.

FOURIER-TRANSFORM INFRARED SPECTROSCOPY. Spectra of neat samples were recorded on a
BioRad 6000 FT-IR being equipped with a Single Reflection Diamond ATR. For the ana-
lysis of chromatographic fractions, samples were sprayed onto a germanium disc using an
LC 500 interface (Lab Connections, Inc., USA) and measured off-line on a commercial

FT-IR instrument.

LIGHT SCATTERING. Static light scattering experiments (SLS) were carried out at 20 °C with a
frequency-doubled Neodym-YAG laser light source (Coherent DPSS532, intensity: 300
mW, A =532 nm), an ALV goniometer, and an ALV-5000 multiple-tau digital correlator
(ALV GmbH, Langen, Germany). Measurements were performed on 0.005-0.4 wt % poly-
mer solutions at scattering angles from 15°-150° at 3° intervals. Data were evaluated by a
standard Zimm analysis. Refractive index increments (dn/dc) were measured on an NFT-
Scanref differential refractometer operating at A = 633 nm. Dynamic light scattering (DLS)
experiments were carried out on a spectrometer consisting of an argon ion laser (1 = 488 /
633 nm, intensity: 30-600 mW; Coherent Innova 300), a self-constructed goniometer, a
single-photon detector (ALV SO-SIPD), and a multiple-tau digital correlator (ALV-5000/
FAST). DLS autocorrelation functions were measured at different polymer concentrations
(0.005-0.4 wt %) and scattering angles (30°, 50°, 70°, and 90°). Autocorrelation functions
were evaluated with the program FASTORT.EXE (Schnablegger, H.; Glatter, O. Appl.
Opt. 1991, 30, 4889) to obtain diffusion coefficients, which then were transformed into

hydrodynamic radii via the Stokes—Einstein equation.

LI1QUID ADSORPTION CHROMATOGRAPHY AT CRITICAL CONDITIONS OF ADSORPTION. Measure-
ments were done on a Hewlett Packard HPLC system (HP1090) using an Evaporative
Light Scattering Detector (SEDEX 45, ERC) at 45 °C. The flow rate was 0.5 mL min"' and
10 pL of about 1.5 wt % polymer solutions were injected. The eluent with the critical sol-
vent composition for polystyrene at 45 °C was THF/n-hexane 60/40 (w/w), and the column
used was a 250 X 4 mm SGX NH; (silica gel modified with aminopropyltriethoxysilane,

Separon) with a 120 A pore size and 7 pm average particle size.
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MATRIX-ASSISTED LASER DESORPTION/IONIZATION TIME-OF-FLIGHT SPECTROMETRY. Mass
spectra were recorded on a Bruker Reflex III or a Kratos MALDI 3 employing a nitrogen
laser source (4 = 337 nm) in the reflectron or linear mode, respectively. Either 1,8-di-
hydroxy-9[ 10H]-anthracenone or 2,5-dihydroxy benzoic acid was used as the matrix and
silver trifluoroacetate as the cation source. Bovine insulin was used to calibrate the

equipment.

MEMBRANE OSMOMETRY. Measurements were done on a membrane osmometer Osmomat 90
(Gonotec GmbH, Berlin, Germany) using a membrane of regenerated cellulose (RC; mole-
cular weight cut-off: 20 KDa). Series of measurements were performed on four 0.1-1.0 wt

% polymer solutions in DMF at 20 °C.

NMR SPECTROSCOPY. 'H and '*C NMR spectra were recorded at 25 °C on a Bruker DPX-400
spectrometer operating at 400.1 MHz and 100.6 MHz, respectively. Signals were refer-

enced to the characteristic signal arising from traces of protonated solvent.

S1ZE EXCLUSION CHROMATOGRAPHY. Standard SEC analysis was performed on Thermo Sepa-
ration Products set-ups being equipped with TSP UV1000 and Shodex RI-71 detectors.
The eluents used were THF or CHCI; at 25 °C and a flow rate of 1.0 mL min™. 100 uL of
about 0.15 wt % polymer solutions were injected. The column sets consisted of three 300 X
8 mm MZ-SDplus (spherical polystyrene gel with 5 um average particle size) with a pore
size of 10°, 10°, and 10° A, respectively. Polystyrene, poly(1,2-butadiene), poly(n-butyl
methacrylate), and poly(ethylene oxide) (Polymer Standards Service GmbH, Mainz, Ger-

many) were used for calibration.

A third SEC set-up was equipped with TSP UV2000, Viscotek H502B on-line differential
viscometer, and Shodex RI-71. DMA containing 0.5 wt % LiBr was used as the eluent at
70 °C and a flow rate of 0.7-1.0 mL min™. The column set consisted of four 300 X 8 mm
PSS-GRAM (spherical polyester gel with 10 um average particle size) with a pore size of
30, 30, 100, and 3000 A, respectively. The standard and the universal calibration curve
(log [n]-M vs. elution volume) was recorded with polystyrene standards. Chromatograms
were evaluated using the NTeqGPC V5.1.5 software package (hs GmbH, Ober-Hilbers-

heim, Germany).

SMALL-ANGLE NEUTRON SCATTERING. Measurements were performed at the facilities of the
Hahn-Meitner-Institut (HMI, Berlin, Germany) and the Forschungzentrum Jiilich (FRJ-2,
Jiillich, Germany). Exemplary, at the HMI, neutrons were derived from a liquid hydrogen
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source cold source and monochromated by a mechanical velocity selector; the mean de
Broglie wavelength was set to 4 = 0.60 nm with a wavelength distribution of AA/4y = 0.1.
The 2D *He detector with 64 x 64 elements of 10 x 10 mm® was positioned at sample-to-
detector distances of 1, 4, and 16 m. Quartz cells with a path length of 1 mm were used as
sample containers which were inserted into aluminum sample holders. All measurements
were carried out at 25 °C, and the scattered intensity was put on absolute scale by a cali-

bration with the solvent.

SMALL-ANGLE X-RAY SCATTERING. SAXS curves were recorded on Kratky camera and rota-
ting anode instruments with slit and pinhole collimation, respectively, at room temperature.
Any of the set-ups was equipped with a Cu K, X-ray radiation source (14 = 0.15418 nm).
For the Kratky camera, which enabled the recording of data in the scattering vector range
of s =2/A-sinf=0.03-0.95 nm™ (26: scattering angle), a proportional counter (Anton Paar,
Graz, Austria) was employed. With respect to the pinhole system, a Nonius rotating anode
(4 kW, Cu K,) and an image-plate detector system were used. Placing the sample at a dis-
tance of 40-140 cm to the image plates made s = 0.02-0.95 nm™ available. Also, a Rigaku
rotating anode (18 kW, Cu K,) with a two-dimensional detector (1024 x 1024 pixels,
Bruker) was employed (MPI-P, Mainz, Germany). The beam diameter was 0.5 mm and the
sample to detector distance was 1.3 m. 2D diffraction patterns were transformed into an 1D

radial average of the scattering intensity.

THERMOGRAVIMETRIC ANALYSIS. TGA was performed on a Netzsch TG 209 at a scanning

rate of 20 Kmin™".

TRANSMISSION ELECTRON MICROSCOPY. Studies were performed with a Zeiss EM 912 Omega
operating at 120 kV. Specimens were prepared by placing a drop of 0.01 wt % solutions
onto a 400 mesh carbon-coated copper grid, the solvent was left to evaporate at room
temperature. Polymer films were obtained by solvent-casting and were ultramicrotomed
with a Leica Ultracut UCT. Specimens with a thickness of 30-50 nm were transferred onto
carbon-coated copper grids and stained with OsO4 (— polybutadiene) or RuO4 (— poly-
styrene or polypeptides).

UV/VISIBLE SPECTROSCOPY. Spectra were recorded at room temperature on an UVIKON
940/941 dual-beam grating spectrophotometer (Kontron Instruments) using a quartz cell
with 1 cm optical path length. Measurements were performed with 0.1-0.2 wt % polymer

solutions in cyclohexane.
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