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Introduction

1 Introduction
1.1 Smart polymers and their bioconjugates
1.1.1 Stimuli-responsive polymers

Stimuli-responsive polymers are polymers that respond with large property changes to
small physical or chemical changes in their environment. They are usually classified
according to the stimuli they respond to as temperature-, pH-, ionic strength-, light-,
electric- and magnetic field-sensitive. Some polymers respond to a combination of two or
more stimuli.

Introduction of stimuli-responsive polymers into artificial materials or bioactive
compounds allows for modulation of their structure that is induced by the respective
external stimuli. Consequently, on/off switching of the corresponding functions may be
achieved at a molecular level.'

Surfaces modified with stimuli-responsive polymers (SRPs) can dynamically change
their physico-chemical properties in response to changes in their environmental conditions.
These surfaces are frequently referred to as “smart” surfaces. The triggered control of
interfacial properties that are imparted from immobilized SRPs at the solid-liquid interface
has wide-spread application in the design of biomaterials, regenerable biosensors, and
microfluidic bioanalytical devices. Nath et al. have created thermoresponsive surfaces by
immobilization of an elastin-like polypeptide (ELP) on a glass surface. The authors
succeeded in the reversible addressing of an ELP fusion protein to the surface, which
enables a reversible modulation of protein binding at the solid-liquid interface.’

Much attention has been devoted to polymer gels whose degree of swelling changes
considerably on variation of temperature, solvent, electric field, or pH.>® Such materials
could be useful as components of actuators that are able to convert chemical energy into
mechanical energy, as absorbents for solvent extraction or as a part of drug delivery
systems.”® Kuckling et al. reported the synthesis of double-responsive graft copolymer
hydrogels from poly(N-isopropylacrylamide), PNIPAAm, and poly(2-vinylpyridine), PVP,
with temperature- and pH-dependent swelling properties. The swelling behavior was
mostly dominated by PNIPAAm but at high PVP grafting densities, a cooperative effect on
pH change was observed. Separation of the temperature- and pH-sensitive component led
to a gel that could be swollen by either temperature or pH change.” Stile et al. have
proposed peptide-modified PNIPAAm-co-poly(acrylic acid) hydrogels as model networks
for the investigation of cell-material interactions in three dimensions and as potential

injectable scaffolds for tissue engineering applications.'®
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1.1.2 Smart polymer-protein conjugates

Stimuli-responsive polymers can be physically mixed with or chemically conjugated to
biomolecules to yield polymer-biomolecule systems that respond to biological as well as to
physical and chemical stimuli. Conjugation of a synthetic polymer to a biomolecule yields
a new, hybrid type of molecule that can synergistically combine the individual properties
of the two constituents, leading to new and unusual properties. Based on their similarity
with biopolymers, R. Dagani has introduced the expression “smart polymers” for stimuli-
responsive polymers as they are able to mimic the non-linear response of biopolymers
caused by cooperative interaction between monomers.'' A.S. Hoffman et al. have
synthesized and thoroughly investigated the conjugation of “smart” polymers to proteins.

Conjugation was performed both randomly'*"* 116

and at specific sites of the protein.
Many other research groups have randomly conjugated smart polymers to proteins,
especially for affinity separations and enzyme recovery,'” " but the Hoffman group seems
to be the only one so far that has synthesized and studied site-specific smart polymer
bioconjugates.

Random, smart polymer-protein conjugates are mainly used in phase separations for
recovery of enzymes from complex solutions or in phase separation immunoassays. For
example, thermally induced precipitation of PNIPAAm-protein conjugates from a complex
solution will selectively remove only the protein conjugated to PNIPAAm from the
solution, leaving the other components in solution."*'* Alternatively, if the conjugated
protein forms a complex with another biomolecule, e.g. by affinity recognition, the
complex will also be selectively precipitated from the solution, and the affinity receptor is

detached by eluting with a displacer (Fig. 1.1).%

AN® - 5 == )

thermoresponsive .
polymer-ligand affinity 'receptor affinity complex
conjugate for ligand
stimulus-induced
separate, redissolve precipitation
and recycle
eluting
solution
B Y0)
recover
or discard
Fig 1.1. Stimuli-induced phase separation of a conjugate of a smart polymer and a ligand that is

complexed with a recognition protein.
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Conjugation of smart polymers to specific sites on proteins is performed by inserting a
reactive amino acid at the selected site, such as cysteine that possesses a reactive thiol
group. Such a functionalization of a protein is accomplished by genetically engineering a
site-specific mutation into the DNA sequence of the protein and then cloning the mutant in
cell culture. The specific site for polymer conjugation may be located far away from the
active site to avoid interference with the biological function of the protein or nearby the
active site to control the ligand-protein recognition process and the activity of the
protein.?"*

Site-specific placement of a smart polymer near the active site of a protein may permit
sensitive environmental control of the ligand/protein receptor recognition process, which
controls all living systems. Small changes in environmental conditions can cause large
changes in polymer conformation, leading to reversible “blocking” or “unblocking” of the
protein active site and possibly to triggered release of a bound ligand from the protein

ST . 15,16
binding site. ™

Hoffman et al. mainly used genetically engineered streptavidin, a
tetrameric protein, in their studies of polymer-protein conjugates. Streptavidin is one of the
most widely used proteins in affinity separations, analytical assays, and clinical diagnostics
due to the high binding affinity of biotin to the four binding pockets of streptavidin. Ding
et al. bound biotin to a conjugate composed of PNIPAAm and the streptavidin mutant
E116C at temperatures below the lower critical solution temperature, LCST. Raising of the
temperature to thermally induce polymer collapse triggered the release of some of the
bound biotin molecules. Cycling of the temperature through LCST for several times led to
the release of all of the bound biotin (Fig. 1.2)."° The triggered release of bound ligands
may be used to release therapeutics, for localized drug delivery within the body, or to
release and recover affinity-bound ligands under eluate-free conditions. Size-selective
blocking of biotinylated proteins was possible using a site-specific poly(N,N-
diethylacrylamide)/streptavidin conjugate. Gating was found to be sensitive to the size of
the protein, e.g. immuno-y-globulin, IgG (150 kDa), was unable to bind below and above
LCST, protein G (6.2 kDa) was found to bind at all temperatures but bovine serum
albumin, BSA (67 kDa), bound only at temperatures above LCST, where the polymer is
collapsed. In other words, below LCST, the polymer sterically interferes with the access to
the adjacent binding site acting as a “polymer shield”, whereas, above LCST, polymer
collapse exposes the adjacent site.” Fig. 1.2 illustrates the concept of shielding by smart

polymers.
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biotin

smart
" streptavidin - 5 polymer .
Y - —_— M
E z T<LCST E E T>LCST E :

blocked accessible triggered release
biotinylated
rotein L 3
PO By
= L] me

< S
s T>LCST o T<LCST -

blocked accessible no release

Fig. 1.2. Different shielding mechanisms, top: triggered release of bound biotin, bottom: blocking of
biotinylated protein by expanded polymer at T < LCST and unblocking through polymer
collapse at T > LCST.”

Other approaches for polymer-protein conjugation use polymers with binding sites for
protein functionalities. For example, Uludag et al. have synthesized NIPAAm polymers
that contain protein-reactive N-acryloxysuccinimide and LCST-altering, hydrophobic
alkylmethacrylates to obtain thermoresponsive, protein-conjugating polymers. The
thermosensitive polymers were capable of retaining a co-injected therapeutic protein at an
application site where tissue regeneration was required and might therefore be applied for
drug delivery.®*

The above-mentioned investigations, along with those of many other researchers, are on

the threshold of polymer therapeutics, which will be discussed in the following section.

1.2 Polymer therapeutics in modern medicine

Polymer therapeutics include polymers which are inherently biologically active,”

polymer-drug conjugates, polymeric micelles,® polymer-protein conjugates,””*® and
29,30

polymer-coated liposomes.””" Fig. 1.3 shows an overview of these therapeutic agents.
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drug

polymeric drug, polymer-drug conjugate, polymer-protein conjugate,
e.g. Copaxone® dextrin-2-sulphate e.g. HPMA-doxorubicin e.g. PEG-enzymes, SMANCS

=
5
D

polymer-coated polymeric micelle
liposome

Fig. 1.3. Overview of different polymer therapeutics.”

Polymer-controlled drug delivery has evolved from the need for prolonged and better
control of drug administration. Besides, toxic side effects involved with chemotherapy
frequently limit the dosage levels. The different means for prolonging the permanence of
substances in blood circulation include covalent conjugation of drugs to polymers, drug
encapsulation in liposomes, and physical entrapment of drugs in particles, such as micelles
or microspheres. The conjugation of anti-tumor agents to polymers yields a new class of
anticancer agents that can mediate tumor-selective targeting and reduce toxicity. In
conventional drug delivery, the drug concentration in the blood rises on administering, then
peaks and declines. Controlled-release devices can maintain the drug in the desired
therapeutic range with a single dose and localize delivery of the drug to a particular body
compartment.

Most anti-tumor agents are low-molecular weight compounds that penetrate all tissues
by passing across the cell membrane, whereas polymer conjugates can only gain entry to
the cell by pinocytosis (uptake of material by a cell from the environment by folding
inward and pinching off of the plasma membrane®®). This process involves membrane
internalization to form vesicles, which entrap the large polymer drug and deliver it to the
cell’s interior. The polymer drug circulates for a longer time in the body and accumulates
more effectively in tumor tissue as compared to low-molecular weight components. This
phenomenon has been termed “enhanced permeability and retention (EPR) effect” by
Maeda et al.** and has been attributed to tumor vessels that are usually more “leaky” to
macromolecules and to the lack of effective tumor lymphatic drainage so that
macromolecules leaving the blood vessels are not returned to circulation very quickly.

These factors allow conjugate concentration in tumor tissue to reach levels that are 10-
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1000 times higher than normally found after administration of the free drug. Fig. 1.4

demonstrates the differences in cellular uptake of free and conjugated drugs.

macromolecules are free drug crosses
internalized by pinocytosis plasma membrane
[ ]
[
& <.
[
°
& '
pH 7.4
°
o o
ENDOSOME:
hydrolysis of
acid-sensitive
spacers

LYSOSOME:
hydrolysis

of peptidyl
spacers by
lysosomal
enzymes E

<
-.
Fig. 14. Mechanisms of cellular uptake of low-molecular weight anti-tumor agents and polymer-drug
conjugates.“

Molecular weight and stability are the key factors in the optimization of polymer
conjugates: polymer backbone as well as polymer-drug linkages must be sufficiently stable
and the molecular size must be small enough to ensure elimination from the body by the
kidneys, i.e. renal excretion. Thus, polymer-drug conjugate not captured by tumor tissue
can largely be removed and the harmful drug is directed away from potential sites of
toxicity.

H. Ringsdorf was the first one to propose a model for polymer-drug conjugates, and he
suggested using water-soluble polymers to which the drug could be bound covalently by a
linkage that could be degraded at a desired rate in the target site. Furthermore, the inclusion

of cell-specific targeting residues would enhance selective delivery further.”® With the use
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of synthetic polymers, potential carriers are at hand that can be tailor-made with all the
desired features, such as targeting moieties, peptidyl spacers for enzymatic cleavage, pH-
sensitive linkers, etc. Polymer carriers for drug conjugation have to meet some
requirements that have to be considered in the design of polymer-drug conjugates, such as
biocompatibility, lack of immunogenicity, biological inertia, and functional groups for
covalent conjugation to drugs and targeting residues. Even though natural polymers, such
as dextran or human serum albumin, are easily available and biocompatible, they exhibit
high immunogenicity, which is a major drawback of these compounds.

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer conjugates with anti-tumor
agents have been most extensively studied. HPMA is water-soluble, biocompatible, non-
immunogenic and non-toxic at the maximum administrable dose.”* Generally, the drugs are
bound to the polymer backbone using peptidyl spacers designed for cleavage by lysosomal
thiol-dependent proteases. These enzymes are elevated in many human tumors.” There is
also a number of cell-specific targeting groups that has been incorporated into the HPMA
copolymer structure, e.g. galactose for targeting the liver. The first synthetic polymer-drug
conjugate that was in clinical study is N-(2-hydroxypropyl)methacrylamide copolymer-
doxorubicin (PK 1), in which the anti-tumor agent doxorubicin is bound to the polymer
backbone by a Gly-Phe-Leu-Gly peptidyl side chain. The conjugate displays anti-tumor
activity, is five to ten times less toxic than free doxorubicin and shows evidence of tumor-
selective targeting. ™

Beside HPMA copolymers, there are a number of other polymers suitable for drug
conjugation. One of the most extensively studied polymers is poly(ethylene glycol), PEG, a
linear polyether diol that is biocompatible, soluble in aqueous and organic media, non-toxic

37,38

and exhibits very low immunogenicity. Its polymer backbone is chemically inert, and

the terminal hydroxyl groups are available for derivatization. Drug conjugates are usually

prepared from monomethoxy-PEG, mPEG, which is generally activated first and then

reacted with the target molecule.**°

In recent years, the number of approved polymer-protein drugs as anti-tumor agents has

grown and includes PEGylated L-asparaginase (Oncaspar®) for treatment of acute

28,41

lymphocytic leukaemia in children as well as a conjugate of poly(styrene-co-maleic

anhydride) and the anti-tumor protein neocarzinostatin (SMANCS) for treatment of liver
cancer.”’

Beside the above-discussed polymer-drug and polymer-protein conjugates, polymers
also play a vital role in the stabilization of drug-loaded micelles and liposomes. These
areas are especially important where polymer-drug conjugation fails, e.g. lack of
derivatizable groups in the drug, decrease or loss of activity after conjugation. Self-

42-44

assembling micellar delivery systems are receiving increasing attention and structure-
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reactivity relationships of micellar structures formed from PEO as hydrophilic block and
poly(L-amino acid) as hydrophobic block carrying doxorubicin are well documented in the
literature. For example, poly(ethylene glycol)-block-poly(aspartate) doxorubicin conjugates
form micelles that accumulate in solid tumors and exhibit anti-tumor activity.**** An EPR
effect is also found in the case of polymer micelles and maximizes tumor capture. The
micelle may subsequently disassociate to give smaller block copolymer units that can be

excreted.

1.3 Block copolymer micelles

One of the most prominent properties of amphiphilic block copolymers is their ability to
form micelles in selective solvents. If a block copolymer is dissolved in a solvent that is a
good solvent for one block but a poor solvent for the other, the formation of micelles is
most likely. Provided that the block ratio is not too asymmetric, it is also possible to obtain
inverse micelles from the same block copolymer by choosing appropriate solvents.
Polymer micelles have a compact core constituted by collapsed insoluble parts and a
diffuse corona composed of soluble chains.

Depending on the ratio of core radius, Reoe, to corona diameter, deorona, micelles are
classified into crew-cut micelles (Rcore >> deorona) and star micelles (Reore << dmmm).47

Consequently, star micelles are spherical with small cores and expanded coronas,"

whereas crew-cut micelles possess large cores and short coronal “hair”.* For star micelles,
the radius of the core seems to be independent of the length of the soluble block and scales
as NB3/5, where Ng is the number of units in the insoluble block.*” Beside the rather
spherical shapes, there also exist other morphologies of block copolymer aggregates in
solution, such as vesicles, wormlike micelles, etc.

Micelle formation requires the presence of two opposing forces, i.e. an attractive force
between blocks leading to aggregation and a repulsive force that prevents the unlimited
growth of micelles into a distinct macroscopic phase. Micellar growth is further limited by
entropic factors due to a constraint in length that induces a negative entropy change owing
to stretching of the chains. The micellization process is sufficiently cooperative to yield
colloidal particles with narrow size distribution and high aggregation numbers.

The thermodynamic reasons for micelle formation are strong negative energy changes
as a result of solvent incompatibility of the core block in conjunction with steric repulsion
of the soluble, corona-forming polymeric chains and a combination of intermolecular
forces, including hydrophobic interaction, electrostatic interaction, metal complexation,

and hydrogen bonding of the constituent block copolymers.*
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Critical phenomena play an important role in micelle formation; micelles exist only
above a certain minimum concentration, i.e. the critical micelle concentration, cmc. The
critical micelle concentration is defined as the concentration below which only single
chains are present but above which single chains and micellar aggregates coexist. Similarly
to a critical concentration for micellization, there is also a critical micelle temperature and,
in the case of pH-responsive blocks, a critical micelle pH.”'* The block lengths of the
copolymers have a considerable impact on the cme, where the length of the insoluble block
affects the cmc much more than that of the soluble block. Theories developed by
Nagarajan et al.”®> and Whitmore et al.>* suggest a scaling relation for aggregation numbers
Z that is proportional to NAO‘NBﬁ, where N, = length of insoluble block, Ng = length of
soluble block, o and B = exponents of scaling relations. Typical exponent values are
a=0.73 and B=-0.17 for polystyrene-block-polyisoprene in n-heptane or o =0.7 and
B =-0.08 for poly(ethylene oxide)-block-poly(propylene oxide) in water.”> Forster et al.
have postulated a universal scaling relation Z oo No*Ng* for strongly segregated diblock
and triblock copolymer systems that was derived from micellization experiments with
polystyrene-block-poly(4-vinylpyridine) in toluene.™

The micellization process is believed to obey the scheme of “closed association”, which
describes a dynamic equilibrium between micelles and molecularly dissolved block

- 56,57
copolymer (unimers).””

There is also a mechanism of “open association” that comprises a
series of equilibria between unimers, dimers, trimers and so on. Micelles formed in
selective solvents are dynamic if single block copolymer molecules are exchanged via a
thermodynamic equilibrium. However, for a micelle with a glassy core, i.e. with a glass
transition temperature of the core-constituting block that is sufficiently high, as is the case
for polystyrene, the structure is “kinetically frozen” and may not represent the
thermodynamic equilibrium.”®

Micelles of block copolymers and low-molecular weight surfactants display different
characteristics in terms of lability and exchange kinetics. For example, critical micelle
concentrations for polymeric micelles are in the micromolar or nanomolar range, whereas
those of low-molecular weight surfactants usually lie in the millimolar range.’”®
Furthermore, polymer micelles display a smaller rate of dissociation as compared to
surfactant micelles.

Ionic block copolymers possess hydrophilic blocks of ionic repeating units and
hydrophobic blocks of nonionic units. Due to the high degree of incompatibility between
the ionic and nonionic blocks, micelles formed from ionic block copolymers display
extremely low critical micelle concentrations and high aggregate stabilities. Ionic block
copolymers are usually divided into two categories, i.e. block polyelectrolytes and block

ionomers, the difference being the polyelectrolyte forming either the micellar corona
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(block polyelectrolyte) or the micellar core (block ionomer).” Block copolymers
containing ionic groups in the corona have a much larger overall size despite their smaller
aggregation numbers as compared to non-ionic polymers due to electrostatic repulsion.
Non-ionic block copolymer micelles are constituted either of block copolymers containing
two different hydrophobic segments or of amphiphilic block copolymers. The requirement
for micelle formation in these systems is the use of a selective solvent for one of the
blocks.”!

Micellization conditions usually have to be found by trial and error and are mainly
guided by the solubility properties of the individual blocks. Preparation of micelles is
usually performed either by addition of a precipitating solvent (mixture) for one block or
by direct dissolution in an appropriate solvent (mixture). Changing temperature, pH or
ionic strength may result in selective solvent conditions, favoring the formation of
micelles. For example, poly(vinyl pyrrolidone)-block-poly(ethylene oxide) forms micelles
in aqueous solutions on titration from pH1 to pH 10, and polystyrene-block-
poly(methacrylic acid) forms micelles upon direct addition to a mixture of dioxane/water
80:20 (v:v) followed by stepwise dialysis to pure aqueous buffer.®’

Armes et al. have investigated a plethora of micelles formed from ionic and non-ionic
block copolymers, some of them displaying response to pH, temperature, and other stimuli.
The term “schizophrenic” was coined, describing hydrophilic AB block copolymers that

. . . . . 62.63
are able to form both conventional and inverse micelles in aqueous media.””

Recently,
Armes et al. have reported on the zwitterionic AB diblock copolymer poly(4-vinyl benzoic
acid)-block-poly(2-(diethylamino)ethyl methacrylate), PVBA-b-PDEA, that undergoes
spontaneous self-assembly in aqueous solution at 20 °C to form both micelles and inverse
micelles simply by switching the solution pH.** At pH 2, PVBA-core micelles are found,
whereas at pH 10, PDEA-core micelles form. Possible applications of this “schizophrenic”
block copolymer are as a pigment dispersant or in the separation and purification of
proteins.

Double-responsive behavior of block copolymer micelles has been reported by
Laschewsky et al. who synthesized water-soluble block copolymers from N-
isopropylacrylamide, NIPAAm, and the zwitterionic monomer 2-[N-(3-methacryl-
amidopropyl)-N,N-dimethyl]Jammoniopropane sulfonate, SPP. Double-thermoresponsive
behavior is found due to the lower critical solution temperature (LCST) of PNIPAAm and
the upper critical solution temperature (UCST) of PSPP displayed in aqueous media. The
colloidal aggregates can switch reversibly with temperature, and the micellar domains are
formed at low and high temperature from the block that is collapsed under the given
conditions, i.e. PSPP at low temperatures and PNIPAAm at high temperatures.”* The

varying polarity of the micellar core — rather polar at low temperature with PSPP as core
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and unpolar at high temperature with PNIPAAm as core — enables the solubilization of
compounds simply by varying the temperature.

Possible applications of polymer micelles are manifold and range from biotechnology to
nanoscience. Antonietti et al. used polymer micelles as “nanoreactors” to produce highly
dispersed metal or semiconductor particles.®*® Spatz et al. performed a controlled
mineralization of gold nanoparticles in micelles composed of polystyrene-block-poly(2-
vinylpyridine).®” Micelles that show a pH-dependent behavior suggest applications as
sensors or pH-driven chemical or drug delivery systems. Polymer micelles as drug carriers
were first envisioned by Ringsdorf et al.®® The application as drug delivery systems arises
from the micellar size that is typical of that of a virus, thereby avoiding filtration by the
kidneys and reticuloendothelial system uptake (reticuloendothelial system = group of cells
having the ability to take up and sequester inert particles and vital dyes®’). Besides,
polymer micelles used as carriers of tumor therapeutics circulate in the blood for a long
period of time and eventually pass through the capillaries that are disrupted near tumor

growth.”

1.4 Synthesis of functionalized polymers via controlled radical
polymerization

Preparation of well-defined, functional polymers is a major concern in the development
of polymer-protein and polymer-drug conjugates. Most of the polymers used so far for the
synthesis of polymer therapeutics have relatively broad molecular weight distributions and
compositions are not uniform. Especially in the light of a detailed investigation of the
biodistribution of these conjugates, it is desirable to have well-defined polymers that allow
for a detailed correlation of structure, molecular weight and solution properties with the
biological profile. Very narrow molecular weight distributions ensure well-defined
compositions and distinct retention times of the conjugates in the body.

The solution to this problem seems to be controlled/living polymerizations that yield
polymers with low polydispersities and defined molecular weights. These polymerizations
include anionic polymerization, atom-transfer radical polymerization (ATRP), and
reversible addition-fragmentation chain transfer (RAFT) polymerization.

Anionic polymerization requires the use of rather stringent reaction conditions, being
very sensitive to impurities. Besides, a large number of monomers cannot be polymerized
due to interaction with the reactive initiators (metal amides, alkoxides, or organometallic
compounds). For example, anionic polymerization fails for monomers containing active

hydrogen atoms, such as primary and secondary acrylamides, acrylic acid, etc. In order to
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polymerize these monomers, protecting groups have to be introduced which necessitates
deprotection of the functional groups after polymerization. Furthermore, polymerization of
polar monomers in polar solvents is complicated by side reactions due to interaction of
functional groups with the carbanion center.”"”?

Atom-transfer radical polymerization generally uses transition metal ions complexed to
nitrogen-containing ligands as catalysts. Even though requiring less severe polymerization
conditions than anionic polymerization, ATRP suffers two major drawbacks. One is
contamination of the polymers by the transition metal catalyst and the second is
complexation of certain monomer functionalities by the metal ions. For the latter reason,
polymerization of carboxyl-, amine-, or hydroxyl-containing monomers is only possible if
the functionality is protected.””’* One exception to this rule has been the successful
synthesis of N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers via ATRP in
DMSO as solvent, leading to quite narrowly distributed molecular weights but displaying
some difficulties in choice of monomer/solvent ratio due to possible competitive chelation
of the transition metal ion by solvent.”

For the design of polymer-protein or polymer-drug conjugates from well-defined
functional polymers, a polymerization technique is needed that does not require expensive
reactors or other costly equipment but can be performed with means that are available in a
standard, even non-polymeric, laboratory. No complicated purification of reactants should
be necessary and protecting group chemistry should be evitable. The method of choice
seems to be RAFT polymerization that can be applied to virtually all kinds of monomers
without protection of functional groups using common solvents and initiators at
temperatures ranging from 25 °C to 100 °C. For example, acrylic acid, that cannot be
polymerized in a non-protected form via anionic or atom-transfer polymerization, can be
RAFT polymerized without modification. The use of dithiocarbonyl compounds
RS(C=S)Z as chain transfer agents results in end-functionalized polymers that can be
further derivatized. The dithiocarbonyl-derived —S(C=S)Z chain ends are especially
attractive for conjugation to proteins since hydrolysis yields thiol-terminated polymers that
react selectively with thiol-reactive functionalities, such as cysteine residues, in the protein.
If required, the R group of the chain transfer agent can be chosen in such a way that it
contains a derivatizable functionality which is introduced to the other chain end in the
RAFT process, giving rise to two functional groups at both ends of the polymer chain that
may be modified further. Such a telomeric polymer might be interesting for attaching a
protein to one end and a targeting moiety to the other, which transports the protein to the
desired site in the body. Additionally, RAFT polymerization offers the possibility of
synthesizing a vast range of different polymer architectures, including block, graft and star

76-79
copolymers.
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Motivation

2 Motivation

The purpose of the present work was to create new routes for the synthesis of polymer-
peptide / polymer-protein conjugates and eventually polymer-drug conjugates. As a means
to achieve this, reversible addition-fragmentation chain transfer (RAFT) polymerization
was employed, which is a novel, controlled radical polymerization technique that does not
require protection group chemistry on functional monomers like other controlled
polymerization methods and can be applied to virtually any radically polymerizable
monomer. RAFT polymerization generally leads to well-defined polymers with narrow
molecular weight distributions and chain end functionalization. The functionalized
polymeric chain end can subsequently be modified for attachment of model compounds
and proteins.

As the RAFT process tolerates virtually any monomer functionality, a great variety of

polymers can be synthesized in a well-controlled manner.

Since RAFT is a relatively new polymerization method, it was of interest to perform
this polymerization on a variety of monomers that are suited for the synthesis of
bioconjugates and also to investigate the kinetic characteristics of the process as not many
details were known at that point. Useful polymers include active esters, such as poly(N-
hydroxysuccinimide methacrylate), or the stimuli-responsive poly(N-isopropylacrylamide)
and poly(acrylic acid).

By the use of thiocarbonylthio compounds as chain transfer agents, these functionalities
are incorporated into the polymeric structure. The thus obtained dithiocarbonyl-terminated
polymers can be hydrolyzed to obtain thiol-terminated polymers. Thiol-terminated
polymers provide ideal conjugation sites for the thiol groups of peptides and proteins that
are relatively rare so that selective binding can be achieved.

Beside synthesizing endgroup-functionalized polymers, a variety of active ester

monomers can be (co)polymerized to have binding sites for primary amino groups.

Characterization of the functionalized homopolymers and block copolymers in terms of
endgroup functionality, solution behavior, and molecular weight (distribution) provides

new insights into their potential use as drug carriers or as components of bioconjugates.

As an approach to the synthesis of bioconjugates, the conjugation of active ester
polymers to model peptides and of stimuli-responsive polymers to thiol-functionalized
proteins can be probed. The protein streptavidin was chosen for the synthesis of polymer-

protein conjugates as this system had been investigated thoroughly and it is possible to
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genetically engineer thiol groups at the desired sites. Characterization of the protein-
polymer conjugates provides some new insights into the features of these conjugates,
especially in terms of their ability to block/unblock binding of ligands to the protein’s
active site.

The synthesis of stimuli-responsive polymers, such as thermoresponsive poly(NV-
isopropylacrylamide) or pH-responsive poly(acrylic acid), and their incorporation into
block copolymers with subsequent conjugation to proteins enables modulation of structure

and binding properties by pH and/or temperature.
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3 Fundamentals of controlled radical polymerization

Controlled polymerization has become of vital importance since Szwarc' reported the
“living” nature of the anionic polymerization of styrene and diene monomers in 1956.
Living polymerization is defined as a polymerization that undergoes neither irreversible
termination nor irreversible chain transfer. A plot of molecular weight versus conversion is
therefore linear, and the first-order time-conversion plot results in a straight line in the
absence of termination. If initiation and equilibration between active species are fast with
respect to propagation, the polymer chains all grow at the same rate, thereby decreasing the
polydispersity. Consequently, the molecular weight of the polymers produced in a living
polymerization process is governed by the stoichiometry of the reaction and the degree of
monomer conversion. The living nature of the propagating chains is the basis of the
synthesis of block, graft, star, and hyperbranched copolymers.

Until recently, ionic polymerizations were the only “living” techniques available that
controlled efficiently the architecture and structure of vinyl polymers. Due to the
incompatibility of the propagating ionic polymer chains with a great number of functional
groups and some monomer classes along with the rather drastic reaction conditions that
require extremely pure solvents, complete absence of oxygen and mostly very low
temperatures, more convenient polymerization methods were desired.> The answer to this
problem was the control over radical polymerization which tolerates a much greater
number of functional groups and offers moderate reaction conditions, such as a convenient
temperature range and the tolerance of impurities. In a first attempt to control the radical
polymerization of styrenes and methyl methacrylates, in 1955, Ferington and Tobolsky
used dithiuram disulfides as initiators." However, due to the high transfer constants
involved, retardation of polymerization was observed. Considering the nature of ionic
polymerizations, in order to establish a living radical polymerization process, it was
reasonable to assume that initiation should be fast providing a constant concentration of
growing chains and that the living process involves equilibration between propagating free
radicals and dormant species. As these equilibria are shifted towards the dormant species,
the concentration of free radicals decreases substantially and thereby suppresses any
transfer and termination steps. Therefore, these polymerizations are usually denoted as
controlled/living polymerizations rather than as true living polymerizations because

termination and transfer cannot be avoided completely.
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3.1 Conventional radical polymerization

3.1.1 Mechanism

Radical chain polymerization may be considered as a process comprising three steps:
initiation, propagation and termination.’ The initiation reaction is the attack of the
monomer by a primary radical originating from the initiator. This is generally achieved by
homolytic cleavage of the initiator molecule to yield a pair of radicals:

LN

In the initiation step, radicals are usually generated by thermal decomposition of a
particular species, such as an azo or peroxy compound (e.g. 1,1’-azobis(isobutyronitrile)
AIBN and tert-butyl hydroxyperoxide TBHP). Alternatively, radicals can also be formed
electrochemically or photochemically. The initiation process continues with the initiating
species adding to a monomer molecule, yielding a propagating polymer chain.

In the propagation step, the polymer chain reacts with the unsaturated group in the
monomer via radical addition to the double bond.

Once the propagating chain is established, the polymer chain continues to react with
monomer until some sort of termination occurs. There are two main termination events: (i)
disproportionation occurs when a hydrogen atom is transferred from one propagating chain

to another, yielding two dead polymer chains.

H
o L |
~wCHy— (le + (le— CHyww —’—>kt d wwCHy— (le + (le= CHwww
X X X X

(i) Combination occurs when two propagating polymer chains combine to form one
dead polymer chain.
«wCHz—cl':H + (l’:H—Cszvw e WCHZ—(liH—(llH—CHZ«ww
X X X X

3.1.2 Kinetics

The afore-mentioned steps can be translated into a kinetic scheme and a rate equation.
Based on the assumption that the dissociation of the initiator is the rate-determining step in
the initiation, the rate of initiation is given by:

Ri=2fkq[1] Eq. 3.1
where f is the efficiency of the initiation process, kq is the rate constant of initiator
decomposition and [I] is the initiator concentration. The overall rate of monomer
consumption may be considered as the sum of the rate of initiation R; and the rate of

propagation R, i.e.
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d[M
My bg. 32
dt

However, if the number of monomers consumed in the initiation step is much less than
the number of monomers consumed in the propagation steps, which is the case for a

process producing high-molecular weight polymers, then the equation simplifies to:

e el Y Eq.3.3

As the rate constant of propagation is principally independent of the chain length, R,
may be expressed as follows:
R, = kp [M][Py"] Eq. 3.4
where k, is the rate constant of propagation, [M] and [P,’] are the concentrations of
monomer and propagating radical chains, respectively. Based on the assumption that the
number of radicals during the polymerization remains constant (steady-state
approximation), the following relation between the rate of initiation R; and the rate of
termination R; is obtained:
Ri=R; Eq. 3.5
Since termination processes are always bimolecular radical processes, the rate of
termination is expressed as:
R.=2k [Py Eq. 3.6
where k; is the rate constant of termination. The value of & is composed of a
disproportionation and a combination term. Inserting Eq. 3.6 into Eq. 3.1 and considering
Eq. 3.5 yields Eq. 3.7:

1/2
1
[71= [MJ Eq.3.7
k[
Eq. 3.7 can be substituted by Eq. 3.4, yielding the rate equation for free radical
polymerization:
1/2
Sk, 1]

Another side reaction of free radical polymerization is chain transfer. It occurs when the
radical at the chain end is transferred to another species, resulting in the formation of dead
polymer chains and a small radical. It is usually facilitated by the addition of a chain
transfer agent, such as a halide or thiol. In the chain transfer process, an atom is transferred
from the transfer agent to the growing polymer chain, thereby terminating its growth and

giving rise to a new, shorter radical species. As a result, a lower-molecular weight polymer
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is formed. An example of a chain transfer reaction is the chain transfer of a propagating

styrene radical to carbon tetrachloride:

Cl

b . e

k L]
+CCly —%—> +CCls

— -/ n — |
Chain transfer can be problematic in some systems since the propagating species might
transfer quickly to initiator, monomer, polymer or solvent.

Chain transfer kinetics can be described by the Mayo equation:®
+C,, +C 151 +C, 1 Eq. 3.9
P ( ) Sl [M]

where Pn and ( )

, 1s the number-average degree of polymerization with and without
chain transfer, respectively. Cwm = kim/k, 1s the chain transfer constant of transfer to
monomer, Cs is the chain transfer constant of transfer to solvent, Cj is the chain transfer
constant of transfer to initiator, [M] is the monomer concentration, [S] is the chain transfer
agent concentration, and [I] is the initiator concentration.’

In most cases, transfer to monomer and to initiator can be neglected, which simplifies
Eq. 3.9 to Eq 3.10:
N

1
Eq. 3.10
T !

Degenerative chain transfer takes place when the polymer acts as a transfer agent itself,
with chain transfer agent and chain transfer product having the same chemical structure.
One example of such a transfer reaction is polymerization mediated by a polymeric iodide:

wvCHy—1 + HyCww ——= ww(CH, + [—CHyww

Under controlled conditions, degenerative transfer may be used for polymerization in a
living manner. One example is reversible addition-fragmentation chain transfer (RAFT)

polymerization, which will be discussed below.
3.2 Controlled/living polymerization
The definition of the terms “controlled” and “living” has been the subject of much

controversy and a uniform terminology has not yet been agreed on.” One definition of a

living polymerization has been proposed by Webster:"
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(a) the polymerization proceeds to complete conversion with further monomer addition
leading to continuing polymerization

(b) the number-average molecular weight is directly proportional to conversion

(c) the number of polymer chains in the system remains constant throughout the
polymerization process

(d) the molecular weight can be controlled via the reaction stoichiometry

(e) polymers with chain end functionality are obtained quantitatively

An ideal living polymerization process is characterized by the following reaction steps:
initiation:
R +M ki, P
propagation:
. k .
Pi +M —F—=> Py
A polymerization is termed living if there are no irreversible transfer and termination
reactions throughout the polymerization."” Considering a controlled living polymerization
process, there is a fast initiation step and ki>>k,. The equilibration between different active
centers will be faster than the polymerization process itself. This means that the number of

active centers is always constant:
[P*]=>[P"]=const. Eq.3.11

In this case, only the propagation reaction has to be taken into account. The polymerization
rate R, follows a pseudo-first order time law, where k,p, can be defined as the “apparent”

rate constant:

dM .
R, =—%=kp[P 1M]=k,,[M] Eq. 3.12
Integration of Equation 3.12 results in:
[M]O .
In—=—=k [P'lt=k,t Eq. 3.13
[M]t P[ ] app q

In the absence of termination reactions, the first-order time-conversion plot is a straight
line with slope kupp = &, [P].
In living polymerizations, the number-average polymerization degree P, increases linearly
with monomer conversion x;:

concentration of reacted monomers [M], - x )

P

n

Eq. 3.14
concentration of polymer chains [P]
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where [P] is the total concentration of polymer chains (including those resulting from
termination). A non-linearity of the relationship between number-average polymerization
degree and monomer conversion is indicative of either a slow initiation or the occurrence
of transfer reactions since the concentration of polymer chains increases with monomer
conversion in both cases. The termination of polymer chains cannot be deduced from such
a plot as only the concentration of active chains decreases, whereas the total concentration
of all chains remains constant. If the number-average polymerization degree is found to be
greater than the one calculated from Eq.3.14, either initiator termination (initiator
efficiency /= [P*])/[I]o < 1) or termination via recombination occurs.

In the case of living polymerization with fast initiation, the expected molecular-weight
distribution should be identical with a Poisson distribution,'® and the non-uniformity U or

polydispersity index PDI, respectively, are given by:

M P
U=PDI-1=—"-1= "jzi«l Eq.3.15
Ml’l 1)11 n

Therefore, using living polymerization, it is basically possible to produce polymers with
very narrow molecular-weight distributions. If, however, broad molecular-weight
distributions should be observed in a controlled/living process, this might be ascribed to
impurities of the reactants, slow initiation, co-existence of different active species or
depolymerization.

In the last decade, three methods of controlled free radical polymerization have gained
importance in the synthesis of well-defined polymers with controlled molecular weights
and narrow molecular weight distributions. These recent methods include stable free-
radical polymerization (SFRP) - best represented by nitroxide-mediated polymerization
(NMP) — atom-transfer radical polymerization (ATRP), and reversible addition-
fragmentation chain transfer (RAFT) polymerization.

In nitroxide-mediated polymerization (NMP), nitroxides and N-alkoxyamines are used
to deactivate the growing radical reversibly, thus reducing the overall concentration of the
propagating radical chain end.''™ In the absence of other reactions resulting in the
initiation of new polymer chains the probability of irreversible termination reactions is very
low so that a high degree of control over the polymerization is obtained. Nevertheless, it
has to be noted that NMP is successful for making homopolymers and block copolymers
based on styrene and its derivatives, but fails mostly in other systems. The only exception
known so far is the successful polymerization of acrylates in the presence of phosphonate-

derivatized nitroxyl radicals that has been reported by Tordo et al.'®!**
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ks, .
e P—X — we P+ Xe N—O-
kq 4 X = N-oxyl, e.g.
(J+M
kp
Fig. 3.1. Mechanism of nitroxide-mediated polymerization (NMP).

Atom-transfer radical polymerization (ATRP) makes use of a reversible transfer to a
halogen atom between growing polymer chains and a redox-active transition metal
catalyst.’'" In the key reaction step, macromolecular alkyl halides are activated by
reduction to free radicals and the transition metal complexes are oxidized by coordinating
the halogen atoms. A number of monomer classes have been polymerized successfully by
ATRP, including styrenes, acrylates, methacrylates, and vinyl pyridine. The major
drawbacks of the ATRP process are its incompatibility with a variety of monomers, such as
acidic or highly polar monomers, due to interaction with the catalyst, and subsequent
removal of the transition metal catalyst after polymerization.

ka . mi . X =halide, pseudohalide
wm P —X + Mt"/L, —= we P+ X=MtT/L, ’
kq 4 Mt = Cu, Fe, Ru, Ni, Pd
M |
ke m = valency of metal ion
L =ligand

Fig 3.2. Mechanism of atom-transfer radical polymerization (ATRP).

Reversible addition-fragmentation chain transfer (RAFT) polymerization will be dealt

with in the following section.

3.3 RAFT polymerization

Although the synthetic potential of the RAFT process is well documented, its
mechanistic and kinetic understanding is still the subject of lively debate in the scientific
community. Recently, the mechanism and kinetics of RAFT polymerization have been
investigated by various research groups in order to determine rate coefficients and other
kinetic parameters.’'* Despite the combined effort to elucidate the specifics of the RAFT
process, there is some disagreement between different studies concerning kinetic and
mechanistic details. It has to be noted, though, that even well-established controlled radical
polymerization techniques, such as nitroxide-mediated or atom-transfer radical
polymerization, are still being the subject of ongoing research in terms of their mechanism

and kinetics.'®?>%
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3.3.1 Mechanism

From a conceptual point of view, the “iniferter” (imitiator — transfer — terminator)
technique introduced by Otsu in 1982°7% is a predecessor to the controlled radical
polymerization method known as reversible addition-fragmentation chain transfer (RAFT)
polymerization.”*' In the iniferter case, disulfides R-S-S-R or N,N-diethyldithiocarbamoyl
Et;N(C=S)SR compounds were proposed as photochemical initiators where cleavage

occurs at the C-S bond to yield a carbon-based radical and the mediating thio radical
(Fig. 3.3).

EtzN—l(ll—SR _hv EtzN—l(ll—S' + R

S S

EtzN—ﬁ— S + M — EtzN—ﬁ—S—(M)n_l—M
S S

Fig. 3.3. Decomposition of dithiocarbamoyl compounds used in the iniferter technique.

Albeit the linear increase of molecular weight with conversion observed with this
method, it fails to produce polymers with controlled molecular weights and low
polydispersities as the thio radical can also initiate polymerization. With the introduction of
a variety of (thiocarbonyl)sulfanyl derivatives of common structure Z-C(=S)-SR by
Rizzardo et al., chain transfer agents became available that can be fragmented in a
controlled manner in the presence of initiating species. The key to the living character of
RAFT polymerization is the very high transfer constant associated with the
thiocarbonylthio group and, consequently, the fast equilibration between active and
dormant polymer chains. One of the major accomplishments of the RAFT method as
compared to the iniferter technique is the use of dithiocarbamates that have the nonbonded
electron pair of nitrogen incorporated into an aromatic system resulting in highly effective
chain transfer agents in styrene and (meth)acrylate ester polymerization. In contrast, simple
N,N-dialkyl dithiocarbamates are ineffective in RAFT polymerization.42 Besides these
dithiocarbamates, a great variety of dithioesters, trithiocarbonates, xanthates and similar

compounds have been found to be effective chain transfer agents (cf. Fig. 3.4.).%*
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S
7—C-sk
thiocarbonylthio compound

S S
R'—g— SR R'S—lle— SR
dithioester trithiocarbonate

S S
R'O—l(lj— SR R'R"N—lCl:— SR

xanthate dithiocarbamate
Fig. 3.4. General structures of chain transfer agents used in RAFT polymerization.

The experimental conditions employed in RAFT polymerization are those used for
conventional free radical polymerizations. The polymerization can be performed in bulk,
solution, emulsion or suspension. Common initiators, such as azo or peroxy compounds,
are used and there are no particular limitations on solvent and reaction temperature. One of
the major advantages of the RAFT process over other controlled/living radical
polymerization processes is its compatibility with a wide range of monomers including
functional monomers containing acid, acid salt, hydroxyl or amino groups.

The mechanism of the RAFT process is believed to involve a series of reversible
addition-fragmentation steps. Addition of a propagating radical P," to a thiocarbonylthio
compound gives an adduct radical which fragments into a polymeric thiocarbonylthio
compound and a new radical R® (Fig. 3.5.). The radical R® then reinitiates polymerization
to give a new propagating radical P,,". Subsequent addition-fragmentation steps set up an
equilibrium between the propagating radicals P," and P, and the dormant polymeric
thiocarbonylthio compounds by way of an intermediate radical. Equilibration of the
growing chains gives rise to a narrow molecular weight distribution. Throughout the
polymerization and at its end, the majority of the polymer chains are end capped by a

thiocarbonylthio group.

S P,—S
P, + %SR — >LSR >:S + Re
Z Z Z

Fig. 3.5. Simplified mechanism of the RAFT process (addition-fragmentation step).

Evidence for this mechanism was found by direct ESR observation of the intermediate

radical*® and by end group analysis of the polymer products by NMR and UV-vis

spectroscopy’’ as well as by MALDI-TOF mass spectrometry.*’*
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3.3.2 Kinetics

Despite the growing number of publications in the area of RAFT polymerization,
detailed kinetic data for RAFT systems are still rare but their investigation is one of the
major subjects of recent research. Early estimates for some of the coefficients involved
have been made by Fukuda et al.”*** and Monteiro et al.”” Some research groups have

51,52 - -
~“ with the most comprehensive

33,54 55,56
| 1.>>

investigated controlled/living processes using simulation,
studies performed by Fischer and Souaille,” Barner-Kowollik et a and Vana et a

The overall mechanism of RAFT polymerization can be divided into five major steps:
(1) initiation, (2) propagation, (3) chain transfer, (4) reinitiation, (5) chain equilibration,

and (6) termination (Fig. 3.6).

(1) Initiation

_ kq
initiator ———> 21
ki
[* + monomer (M) ———> P

(2) Propagation

k
P, s + monomer (M) —2—» P,

(3) Chain transfer

S kadd Pn_ S . kBy Pn_ S
R \ o s w
7 K.add 7 kg 7
(1a) (2a) (1b)

S . .
simplified: P, + >\7$R — U >: S + Re
V4 Z

(4) Reinitiation

k
Re + monomer (M) ——> Pje

(5) Chain equilibration (degenerative transfer)

S ks ParS kg P,—S
P_e + >—S—Pn >'—s—1>n >:s + Pe
7 kg 7z kp 7

(2b)

(6) Termination
<ke>
Pye + Pp* ———> Puyim (or PytPy)

Fig. 3.6. Major steps of the RAFT process.
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The decomposition of the initiator I proceeds with the effective rate coefficient kq = kd*-
/. where kq is the rate coefficient for initiator composition and f is the initiator efficiency.
The reaction of an initiator-derived radical I° with monomer is described by the rate
coefficient of initiation 4; (step (1) in Fig. 3.6). The rate of addition of propagating radicals
P," to chain transfer agent is given by the rate coefficient of addition k44, where the reverse
reaction is described by the coefficient k.44 ((2) in Fig. 3.6). This RAFT preequilibrium
can be considered as a transfer reaction in which the leaving group R is released as
initiating free radical. The corresponding chain transfer coefficient  is a composite of the
rate coefficients governing the pre-equilibrium (simplified (2) in Fig. 3.6). Reinitiation of
polymerization by the chain transfer agent leaving group R® proceeds with the rate
coefficient of initiation &’ and propagation of the polymeric radicals is described by the
rate coefficient of propagation k, (step (3) in Fig. 3.6). The equilibrium between growing
and dormant polymeric chains ((4) in Fig. 3.6) is the core of the RAFT process and is
described by the equilibrium constant K, representing the quotient of the rate coefficient of

addition kg and the rate coefficient of fragmentation k.:

kﬂ
=— Eq. 3.16
k—ﬂ

In the addition step, kg controls the bimolecular reaction between free polymeric
radicals and polymeric chain transfer agent, which leads to the formation of macroRAFT
radical (2b); kp describes the inverse average lifetime of the intermediate macroRAFT
radical.”

Bimolecular termination between growing chains to form “dead” polymer is described
by the mean rate coefficient of termination <k> (step (5) in Fig. 3.6). Among the
termination reactions not considered in the above mechanism are termination between free
polymeric radicals and initiator-derived radicals I or initial chain transfer agent-derived
radicals R°®. These can usually be neglected.

The rate of polymerization R, is similar to conventional free-radical polymerization:

R, = kp [M][Py"] Eq. 3.17

The variation of [P,"] with time is quite different from that in free-radical
polymerization and can be described as follows, assuming that [2b] <<[1b]:

LP’:]:Zf[l] ke —k [P -k, [1a][P ]+ k_,[2a] Eq. 3.18
d oKq (L add n —add q. 3.
where [1a] and [2a] are the concentrations of chain transfer agent and intermediate
radical, respectively (cf. Fig. 3.6).
The polymer chains that are able to propagate are divided among dormant CTA-capped

chains, propagating chains P,°, and intermediate radicals, leading to a reduced
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concentration of propagating radicals and therefore to less termination reactions compared
to free-radical polymerization.”’

For the estimation of the chain transfer constants, the Mayo equation can only be used if
consumption of chain transfer agent and monomer can be neglected. This is only the case
for less active chain transfer agents in low-conversion polymerizations. The direct
application of the Mayo method underestimates the transfer constant for more active chain
transfer agents. For reversible chain transfer, the rate of consumption of chain transfer
agent depends on two transfer constants, Cyy = ku/kp and C.w = ko/k’, which describe the
reactivity of the propagating radical P,” and expelled radical R®, respectively:

_d[CTA] ~C [CTA]
d[M] " [M]+C,[CTA]+ C_,[macroCTA]

Eq. 3.19

Under the assumption that the adduct radical (2a) (Fig. 3.6) undergoes no reactions

other than fragmentation, the rate constants for chain transfer are:®

kﬂ
ky =Koy ——
Keais + Ky Eq. 3.20
and
k., =k, Keus Eq.3.21
k_sia + kg

If the rate of the reverse reaction between R* and macroCTA is negligible and the chains
are long, Eq. 3.17 simplifies to that of conventional chain transfer:*’
_ d[CTA4] ~C [CTA]
d[M] " M]
_k, [M]d[CTA] dIn[CTA]
"k, [CTAJ[M] dIn[M]

Eq. 3.22

As can be seen from Eq. 3.20, the slope of the plot of In[M] versus In[CTA] yields the
transfer constant. If the rate of reactions of R* with macroCTA is not negligible, the
apparent transfer constant obtained from the plot is lower than the actual transfer constant.
The transfer constants of various thiocarbonylthio compounds have been reported to extend
over more than five orders of magnitude (< 0.01 to > 1000) depending on the R and Z

groups of the CTA and the respective monomer.®

333 Influence of chain transfer agent structure
Different RAFT agents are required for monomers with different properties. Methyl
methacrylate, for example, gives rise to radicals that are very good leaving groups and can

only be polymerized effectively when the chain transfer agent has an at least equally good
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leaving group. Furthermore, the thiocarbonyl group has to be activated toward radical
addition. If the thiocarbonyl is not active enough, extensive propagation may occur before
transfer. In the case of a highly active monomer such as vinyl acetate, the thiocarbonyl
group can also be too active to radical addition and the intermediate radical formed will be
too stable so that no chains will be available for propagation. In this case, the thiocarbonyl
compound has to be deactivated toward radical addition.”!

The selection of the transfer agent is crucial for the synthesis of low-polydispersity
products. It does not only depend on the chain transfer constant but also on the structure of
the transfer agent. The R moiety should be a good homolytic leaving group, and the formed
R® radical should be able to reinitiate the polymerization. Its leaving group ability is
determined by both steric and stability factors. The R group can be either of alkyl or aryl
nature. The most frequently used R groups in the RAFT polymerization of styrenes and
(meth)acrylates are benzyl (-CR’’’;Ph) and cyanoalkyl (-CR’’’,CN) moieties. The
capability of R® as a leaving group is also determined by the nature of the propagating
species formed in the course of polymerization. In order to avoid retardation, the R’”’
substituents should be chosen in a way that R* easily adds to monomer. The ability of R® to
reinitiate polymerization will also depend on the nature of the monomers used in RAFT
polymerization. It has been shown that the most effective R groups in RAFT
polymerization of styrene and methacrylates are cyanoalkyl and benzyl derivatives,
whereas benzyl derivatives are less effective in vinyl acetate polymerization due to the
slow initiation which might result in retardation of the polymerization. For this reason,
cyanoalkyl derivatives and their corresponding esters (-CR’’’,CO,alkyl) are the R moieties
of choice in vinyl acetate polymerization.®'

The Z group should activate the C=S double bond toward radical addition in order to
ensure a higher transfer constant. The Z moiety usually includes alkyl, aryl, or heterocyclic
groups. In polymerization of (meth)acrylates and styrenes, dithiocarbamate chain transfer
agents with conjugating or electron-withdrawing groups at the nitrogen atom are much
more effective than dithiocarbamates with simple alkyl substituents. Consequently, the
preferred Z groups are aromatic azacycles, such as pyrroles or imidazoles, or cyclic
amides, such as lactams, imides or phthalimides. The reason for the higher effectiveness of
the above-mentioned chain transfer agents seems to be correlated with the higher activity
of the C=S double bond towards radical addition. This, in turn, is attributed to the
conjugating or electron-withdrawing substituents that bestow greater double bond character
upon the C=S double bond. In carbamates and amides, the N-CO link has partial double
bond character as a result of the delocalisation of the non-bonded nitrogen lone pair with
the p electrons of the carbonyl group.®* As a result, the oxygen of the carbonyl group has a

partial negative charge. Since sulfur has a higher electron affinity than oxygen, this effect
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would be expected to be more pronounced in dithiocarbamates. If the nitrogen lone pair
participates in an alternate m-system (e.g. the aromatic pyrrole ring), the lone pair will be
less available for delocalization into the thiocarbonyl bond resulting in a greater double
bond character for the C=S double bond and hence a greater reactivity of the chain transfer

agent towards radicals (see Fig. 3.7.).

R\ > R\ s
| N~/< > +N :<
R/ S—R" R/ S—R"

Fig. 3.7. Effect of nitrogen substituents R on double bond character of C=S bond in dithiocarbamates.

Similar considerations apply in the case of xanthate esters. The effectiveness of xanthate
ester chain transfer agents in providing low polydispersity polymers in acrylate
polymerization increases in the series where R’ is ~OEt < -OC¢Hs < OC¢Fs.

For the right choice of chain transfer agent, it has to be considered that the transfer
constants of both xanthates and dithiocarbamates are strongly dependent on the type of
monomer used. Dithiocarbamate and xanthate derivatives possess relatively low transfer
constants in the polymerization of styrene and methacrylates. Nevertheless, in
polymerization of vinyl acetate, vinyl butyrate, vinyl chloride and similar vinyl monomers,
dithiocarbamates and xanthates show higher transfer constants, enabling the synthesis of
polymers with narrow molecular-weight distributions.’'

Tab. 3.1 summarizes the most effective CTA moieties used in the RAFT polymerization

of different monomer classes.
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Tab. 3.1. Overview of effective chain transfer agent moieties used for the RAFT polymerization of
different monomer classes.’

i
Z—C-SR
monomer Z R
styrene pyrrole, imidazole, lactams, benzyl, 1-phenylethyl, 2-phenylethyl,
imides, phthalimides 2-(alkoxycarbonyl)prop-2-yl,

2-cyanoprop-2-yl, 2-cyanobut-2-yl,
1-cyanocyclohexyl
methacrylates phenyl, methylthio, pyrrole, 2-phenylpropyl, 2-cyanoprop-2-yl,

imidazole, lactams, imides, 2-cyanobut-2-yl, 1-cyanocyclohexyl
phthalimides,
OR’ (R’ =Et< C6H5 < C6F5)

vinyl acetate’  N-aryl, N-alkyl, alkoxy 2-(alkoxycarbonyl)prop-2-yl, cyanomethy]l,

2-cyanoprop-2-yl, 2-cyanobut-2-yl,
1-cyanocyclohexyl

acrylates/ phenyl, pyrrole, methylthio, benzyl, 2-cyanoprop-2-yl
acrylic acid lactams
acrylamides  phenyl 2-phenylpropyl

*complete inhibition with dithioesters, trithiocarbonates and aromatic dithiocarbamates
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