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1.1 Polymers in general 
 
Polymers are large molecules which are built up of many subunits which are called 
monomers. Polymers can be produced synthetically via chemical approaches or 
originate from natural sources. Starch, rubber, DNA and polypeptides are some 
examples of ‘natural’ polymers and are all produced by biochemical processes in the 
living cell.  
Synthetic polymers have been developed since 1907 (Bakelite by L. Baekeland) and 
commercialized a few years later and since then, the number of different polymers 
has been increased drastically. Polymers have obtained an important place in our 
daily life and they can be found in all kind of applications like clothing, protective or 
decorative coatings and many, many more. 
Besides the relatively simple polymers consisting of only one monomer residue, 
there are copolymers which consist of more than one. Copolymers are a well-known 
and more and more developed class of macromolecules which have been 
synthesized during the last 50 years. When using two different monomers which are 
reacting via the same chemistry e.g. radical, ionic, condensation or ring opening 
(metathesis) polymerization, different compositions are possible. The simplest 
copolymers consist of two different monomers which can be incorporated in the 
polymer in various ways which are depicted in Figure 1. The different possibilities 
are depending on the distribution of the monomer residues over the polymer chain. 
The order of monomers in the polymer chain is determined by the reactivity ratios, 
chemistry and feed ratio. For example, when the monomer reactivity ratios are both 
0, the two monomers enter into the copolymer in equimolar amounts, adopting an 
alternating arrangement along the chain. When the ratios for both monomers are 1, 
the incorporation is depending on the feed ratio of the monomer 1. Block copolymers 
can be prepared by polymerization first one monomer to full conversion and then 
performing a second polymerization with another monomer. 
 

 
Figure 1: Different possible compositions of copolymers. Upper row, from left to right: 
Homopolymer, alternating copolymer, block copolymer. Lower row, from left to right: 
Random copolymer, gradient copolymer and graft or comb copolymer 2. 
 
Besides the relatively simple linear copolymers also more complex structures are 
possible. Ionic polymerization techniques as well as controlled radical techniques 
offer the possibilities to create (block) copolymers with sophisticated architectures 
or topologies and with desired functionality. Various topologies and functionalities 
are depicted in Figure 2. 
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Figure 2: Different polymer topologies. From left to right: linear polymer, graft or 
comb polymer, star polymer, network or crosslinked polymer and a hyperbranched or 
dendritic polymer 2. 
 
In block copolymers, due to the chemical incompatibility of the blocks, micro-phase 
separation can occur. Block copolymers can form micellar, vesicular and cylindrical 
aggregates when dissolved in a selective solvent for one of the blocks, as well as 
phase separate in a variety of structures in the bulk state 3 (Figure 3). The length of 
the different blocks determines its overall morphology. Block copolymers have 
found a wide variety of applications like polymeric compatibilizer 4, as liquid 
crystals 5,6, as micellar structures for drug delivery 7 as well as for opto-electronic 
applications 8. 
 

 
Figure 3: Self-organization structures of block copolymers and surfactants. Clockwise 
from top: face centred cubic (FCC), body centred cubic (BCC), hexagonal ordered 
cylinders (HEX), various minimal surfaces (gyroïd, F-surface and P-surface), 
perforated lamellae (PLAM), modulated lamellae (MLAM), lamellar (LAM) vesicle, 
cylindrical micelle and regular micelles  3,9. 
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1.2 Rod-coil block copolymers 
 
A particularly interesting class of block copolymers are rod-coil block copolymers 
since they show very different solution and solid state properties compared to 
conventional block copolymers 10,11. Theoretically 12 and experimentally 13 it was 
demonstrated that phase separation of rod-coil block copolymers can occur in the 
nano-size range instead of the larger (micro) length scales of classical coil-coil 
systems. This is due to the fact that phase separation is not the only driving force but 
self organization of the rod-like parts contributes as well. For rod-like structures, 
formation of liquid crystalline nematic phases is characteristic 11,14. The Flory-
Huggins parameter, χ, for this kind of polymer pairs is larger, so phase separation 
occurs at lower molar masses than for coil-coil polymers. 
 A specific class of rod-coil block copolymers is based on homo-polypeptide blocks. 
This class has, in contrast to the rod segment of most other rod-coil molecules, an α-
helical peptide segment. This segment is sensitive to environmental changes in 
temperature, ionic strength or pH 15. In the field of controlled drug release, 
polypeptide-based block copolymers are of great interest because polypeptides can 
biodegrade via hydrolysis.  

1.2.1 Rod-coil biohybrids 

 
Conventional block copolymers are able to self assemble in either bulk or selective 
solvents leading into different nano-structures. Replacing one or more blocks by 
polypeptide chains, the number of self assembled structures increases mainly due to 
the ability of polypeptides to organize into secondary structures. These 
polymer/polypeptide hybrid block copolymers are also called biohybrids or 
molecular chimeras 16, originating from the Greek word chimera (χιμαιρα). In the 
greek mythology, chimera was a fire breathing monster with the head of a lion, the 
body of a goat and the tail of a serpent.  
Interestingly, peptides form, depending on their amino acid sequence or primary 
structure, secondary structures like α-helices and β-sheets (Figure 4). Due to their 
chain stiffness, α-helices can be considered as rod- like structures.  
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Figure 4: Secondary structures of polypeptides. Left:  α-helix formed by intramolecular 
hydrogen bonding. Right:  β-sheet formed by intermolecular hydrogen bonding 17. 
 
Since Gallot et al. 18,19 published one of the first articles about these α-helix based 
rod-coil block copolymers, several groups have tried to improve the  synthesis 14,20-

24, analyzed the solid state morphology 12,13,16,25-32 or have tested the solution 
properties 7,15,17,33-36 of these kind of systems.  
Combinations of  poly(benzyl-L-glutamate) or poly(benzyloxycarbonyl-L-lysine) as 
peptide block together with poly(styrene), poly(isoprene), poly(butadiene), 
poly(dimethylsiloxane), poly(ethylene oxide) of poly(propylene oxide) are described 
in literature 11,37. Most of these rod-coil block copolymers were obtained via ring 
opening polymerization of N-carboxyanhydrides from amine functionalized 
polymers which act as a macro-initiator. These macro-initiators were mostly 
obtained via anionic polymerization after which the end-groups were converted into 
an amine moiety. Alternatively, Deming 24 used atom transfer radical polymerization 
(ATRP) after which he converted the bromine into an amine to obtain finally the 
macro-initiator. Lecommandoux 23 used the azide- alkyn cyclo-addition, better 
known as ‘click chemistry’ introduced by Sharpless 38,  to connect the separately 
formed polymers to obtain finally the rod-coil block copolymer. 
 
In contrast to other mesogens, which typically comprise the rigid segment of rod-
coil block copolymers, an α-helical peptide has more conformational freedom and 
may be transformed from rigid rod into for example a random coil or sheet like 
structure 14. A second feature that distinguishes such a peptide based block 
copolymer from other rod-coil block copolymers is the possibility for intermolecular 
hydrogen bonding. In contrast to the non-specific hydrophobic and π-π-interactions, 
the normal driving forces for self assembly, hydrogen bonding interactions, are more 
specific and directional, which allow a more accurate control over the self-assembly 
process. 
From solid state studies, it appeared that rod-coil block copolymers were mainly in 
the lamellar morphology, a layer of vinyl polymer followed by a layer of 
polypeptide (Figure 5).  
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Figure 5: Schematic representation of the hexagonal-in-lamellar solid state morphology 
of poly(vinyl)-poly(peptide) block copolymers 25. 
 
Due to the internal dipole along the α-helix which wants to align in anti-parallel 
directions (Figure 6 & 7) some more complex hexagonal-in-lamellar morphology 
was obtained 25-27,30,39,40. 

  
 
Figure 6: Charge distribution of the 
peptide unit 40.  

 

Figure 7: Alignment of the peptide 
dipole moments parallel to the axis in 
an α-helix 40.

  
A very interesting property of rod-coil block copolymers based on polypeptides is 
their solution behaviour. Depending on both block lengths, these block copolymers 
can form vesicles and micelles in water 7,15,17,41-43. These structures can perform a 
helix to coil transition depending on the pH. Lecommandoux et al. reported that the 
size of the micelles and vesicles can be triggered by pH as well as by salt 
concentration. This implies that these polypeptide based aggregates are able to 
reversibly respond to external stimuli. This makes them very attractive for 
containers for drug delivery 7,31.  
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1.3 Polypeptides 
 

Polypeptides are one class of the ‘natural’ polymers and consist of a perfectly 
defined order of different amino acids connected via amide bonds (Figure 8). 

 
Figure 8: Amide- or peptide bond pointed by arrows. 

 
In organisms, the synthesis is performed by translation and transcription of DNA 
and RNA. Via these processes, the organisms are able to produce monodisperse and 
chemically identical polypeptides.  
In nature 21 different amino acids are used and thus a large variety of combinations 
is possible. Depending on the amino acids and the order of the amino acid residues 
(primary structure), several different secondary and tertiary structures are possible. 
Tertiary structures refer to the spatial arrangement of amino acid residues that are far 
apart in the linear sequence, and to the pattern of disulfide bonds. The dividing line 
between secondary and tertiary structures is a matter of taste.  Biologically, all these 
combinations have different catalytic properties in the case of enzymes and 
functions in the case of e.g. elastin. There is a similarity between polyamides and 
polypeptides except that the monomers are amino acids by definition in the case of 
polypeptides. Synthetically, polypeptides can be synthesized by polycondensation of 
amino acids but it is very difficult to obtain high molecular weight polymers this 
way 44,45. 
Synthesis of polypeptides with defined order in amino acids is no sinecure and 
laborious, and protecting/ deprotecting steps are necessary. For example, in the 
widely applied Merrifield solid-phase peptide synthesis approach, for each monomer 
addition, two chemical steps are necessary. For this reason, this reaction is 
automated nowadays. 
From a material science point of view, homopolypeptides are very interesting since 
they combine material functional properties. They posses structural elements of 
natural polypeptides like α-helices or β-sheets (See Figure 4) but are chemically 
more accessible than their natural counterparts, which are mostly copolypeptides. 

1.3.1 Monomer synthesis 

 
N-carboxy anhydride, sometimes called Leuch’s anhydrides after the inventor, can 
be synthesized via two different routes. Leuch’s method, which he found by 
coincidence when he attempted to purify N-ethoxycarbonyl or N-methoxycarbonyl 
amino acid chlorides by distillation, is shown in Scheme 1. Another route is by 
treating amino acids or their derivates with phosgene, which is called the Fuchs-
Farthing method. The gaseous phosgene can be replaced by solid triphosgene from 
which the phosgene is formed gradually during synthesis 46,47. During this reaction, 
some side products are formed which can lead to side reactions during 
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polymerization. Some of these side products are hydrochloric acid, chloroformyl-
aminoacidchloride and α-isocyano-acidchloride. The latter two can be removed by 
multiple recrystallization steps or by washing with acetonitrile 48 or by an extra 
treatment with gaseous phosgene 49.  As reported recently, formation of all these side 
products can be prevented by making use of a scavenger (e.g. α-pinene or limonene) 
for the chlorine ions which are released during synthesis. This reaction, shown in 
Scheme 2, leads to very pure products after only one crystallization step 50. 

NH2

R

CO2H
Cl Cl

O

NH
O

R

O

O

Cl

AcOEt, , >4h

1.5-2 eq. 2 eq. +

 
Scheme 2: Synthesis of N-carboxyanhydride. A reaction of amino acid with phosgene, 
making use of a scavenger α-pinene. 

1.3.2 NCA polymerization 

 
Polypeptides can be synthesized via several different routes like solid-state synthesis 
or via ring opening polymerization of N-carboxyanhydrides (NCAs). The latter is 
the preferred method for the synthesis of homopolypeptides. 
The synthesis and polymerization of α-amino acid N-carboxyanhydride monomers 
was reported for the first time in 1906 by Hermann Leuchs 51. At that time, the idea 
of polymers was not adopted by the scientific community and Leuchs called the 
polymerization products anhydrides of amino acids. With this term he meant a 
hydrated form of amino acids and he gave them the formula 2a in Scheme 1. In the 
third paper of Leuchs et al. he concluded from the amorphous character and from the 
lack of melting point, in contrast to crystalline dipeptides, that these products were 
polymeric modifications of α-lactams with structure 2b 52.   
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Scheme 1: Synthesis and thermal polymerization of N-carboxyanhydrides by the 
method discovered by Leuchs 53. 
 
Leuchs abandoned the work on NCA after 1907 for several reasons:  
1) Peptide chemistry was a long term research program of his former supervisor E. 
Fischer.  
2) The water or alcohol initiated polymers of NCA proved to be insoluble in the 
most common solvents and were thus difficult to analyze with the analytical tools 
available at that time.  
3) The high molecular weight polymers obtained by ring opening polymerization 
were outside the experimental and mental scope of almost all chemists at that time. 
Staudinger at that time was the only chemist who believed in the existence of 
polymers with a covalent backbone.  
Nevertheless, these highly active, cyclic amino acid derivates are used for stepwise 
peptide synthesis, but mainly for the formation of polypeptides by ring opening 
polymerization, since that time. The story of NCA polymerization for the 
preparation of polypeptides continued after 1921with publications of Curtius et al. 54 
and Wessely et al. 55-59. Both used water, alcohol or primary amines as initiator for 
NCA polymerization and assumed for the first time that the products were high 
molecular weight polypeptides. At this time, the concept of polymers with a 
covalent backbone became more acknowledged by the international scientific 
community.  
In the following decades, the chemistry of NCAs, together with the polymerization 
and characterization of poly(aminoacids) produced from them were extensively 
studied. Between 1940 and 1980, homo-and copoly(amino acids) obtained by ring 
opening polymerization of NCA played an important role as models for natural 
polypeptides and proteins. The relationship between primary (order of amino acids) 
and secondary structure was investigated by means of IR-spectroscopy and wide – 
and small angle neutron scattering measurements.  
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The results of this research allowed for a subdivision of poly(amino acids) in the 
following three classes 60,61:  
1) α-helix forming, when sufficiently long, for example polypeptides from γ-esters 
of glutamic acid, leucine, norleucine and N-substituted lysine.  
2) β-sheet forming poly(amino acids) like polyglycine, -valine, -serine and –
cysteine.  
3) polypeptides of N-substituted amino acids which may form random coils such as 
polysarcosine or which form special helices like proline and 4-hydroxyproline. 
Finally it should be mentioned that the first polymer which was found to form a 
liquid crystalline phase was poly(benzyl-L-glutamate) (PBLG). Elliot and Ambrose 
62 reported in 1950 that concentrating a solution of PBLG resulted in a birefringent 
phase with a high optical rotation. In the following three decades, several 
publications appeared dealing with the synthesis and characterization of lyotropic 
phases based on poly(glutamates).  
Via NCA polymerization it is possible to synthesize homopolypeptides with high 
molecular weight without racemization of the chiral centre. Via this polymerization 
of this kind of monomers it is also possible to obtain block copolypeptides and 
random block copolypeptides 63. Besides the naturally occurring amino acids, a large 
number of alternative NCAs were synthesized and polymerized which lead to an 
increased number of possibilities 64. In the following, the synthesis of the monomer 
and the mechanism of NCA polymerization will be discussed. 

1.3.3 Mechanisms NCA polymerization 

 
NCA polymerizations are traditionally initiated using many different nucleophiles 
and bases, the most common being primary amines and alkoxide anions 64. Primary 
amines are more nucleophilic than basic and are in general good initiators for NCA 
polymerization. Tertiary amines, alkoxide anions and other initiators are more basic 
than nucleophilic and these have found use since in some cases they are able to form 
polymers of very high molecular weight whereas primary amines can not 65. There 
has been no universal initiator or condition to prepare high molecular weight 
polymer from any NCA monomer. Optimal conditions for polymerization have 
often been determined empirically for each monomer. This is partly due to the 
difference in properties of NCAs and their polymers, solubility for example, but also 
this is strongly related to the side reactions that occur during polymerization. 

1.3.3.1 Amine mechanism 

 
The most likely pathways of NCA polymerization are the so called “amine” and 
“activated monomer” mechanisms. The presence of competing polymerization 
mechanisms and side reactions made good control over a larger molecular weight 
range very difficult 64.  
Using primary amines as initiators, the NCA polymerization follows the “amine” 
mechanism, i.e., a nucleophilic attack of the amine on the NCA ring with subsequent 
ring-opening under release of CO2. As long as this mechanism is dominating, the 
reaction is reasonably controlled (Scheme 3).  
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Scheme 3: NCA polymerization via “amine” mechanism. 

1.3.3.2 Activated monomer mechanism 

 
In case of sterical hindrance of the amino group or in the presence of a base, a 
transition to the nucleophilic initiation by a deprotonated NCA anion (activated 
monomer (a.m.) mechanism) occurs (Scheme 4). 
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Scheme 4: NCA polymerization via “activated monomer” mechanism. 
 
The system can switch back and forth between “activated monomer” and “amine” 
mechanisms many times during polymerization. A propagation step for one 
mechanism is a side reaction for the other and vise versa. Due to these side reactions 
block copolypeptides and hybrid block copolymers initiated by a primary amine, 
have molecular weights different from the values predicted from monomer feed 
compositions. A problem in conventional NCA polymerization is that there is no 
control of the reactivity of the growing chain-end during polymerization. Once an 
initiator reacts with a NCA molecule, it is no longer active in the polymerization and 
the resulting carbamate, primary amine or NCA anion end-group is free to undergo a 
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variety of side reactions 65. NCA purity is, as mentioned before, also an important 
issue since it typically contains traces of acids, acid chlorides or isocyanates which 
can quench the propagating chains. Water, another possible impurity, can cause 
problems by acting as initiator (Scheme 5) or as chain transfer agent or even as 
catalyst for side reactions 65 
All these potential reactions present in the reaction media make it difficult to 
achieve a controlled or, even more desired, living polymerization where only chain 
propagation occurs. 
 
 

NH

O
OO

R

+ OH2

NH

O OH
O

R

OH

NH

O

OH

R

O

OH

 
Scheme 5: NCA polymerization initiated by water. 
 
Recently the interest in these polymers experienced a renaissance due to the 
development of procedures, which allow the controlled synthesis of polypeptides 
from N-carboxyanhydrides.  
Several groups have tried to circumvent side reactions by different approaches e.g. 
using transition metal initiators 66, ammonium salts as initiators 21, high vacuum 
techniques 67, decreased reaction temperature 68 and very recently by 
hexamethyldisilazane-mediated polymerization 69. 

1.3.3.3 Transition metal initiators 

 
Using transition metal complexes as active species to control the addition of NCA 
molecules to polymer chain ends is a possible strategy to eliminate side-reactions 
during polymerization. In organic and polymer chemistry, the use of these transition 
metals has been proven to be effective for increase of reaction selectivity and 
efficiency 70. Controlled NCA polymerization has been realized by making use of 
highly effective zero-valent Nickel and Cobalt initiators, e.g. bpyNi(COD) 63,66,71 
and (Pme3)4Co 66,72. These initiators, developed by Deming et al., allowed living 
polymerization of NCAs into high molecular weight polypeptides via an 
unprecedented activation of the NCAs into covalent propagating species. 
Mechanistic studies on the initiation process revealed that both metals, Nickel and 
Cobalt, react identically with NCA monomers by oxidative addition across the 
anhydride bond. This oxidative addition reaction is followed by addition of a second 
NCA monomer which yields complexes identified as six-membered amido-alkyl 
metallacycles (Scheme 6). 
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Scheme 6: Initiation NCA polymerization by transition metal (M=Ni or Co) complexes. 
 
Upon further reaction with an additional NCA monomer, the amide-alkyl 
metallacycle contracts into a five membered amido-amidate metallacycle. This ring 
contraction is expected to occur via migration of an amide proton to the metal bound 
carbon, which releases the chain-end from the metal 73. The active polymerization 
intermediates in this mechanism are the amido-amidate complexes (Scheme 7). 
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Scheme 7: Formation of the active amido-amidate intermediate.  
 
Propagation through the amido-amidate metallacycle was proven to occur by initial 
attack of the nucleophilic amido group on the electrophilic C5 carbonyl of an NCA 
molecule. A large metallacycle would be the result and this cycle can contract by 
elimination of CO2. Proton transfer from the free amide to the tethered amidate 
group would further contract the ring to give the amido-amidate propagating species 
(Scheme 8). 
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Scheme 8: Propagation NCA polymerization in transition metal initiated 
polymerization. 
 
The general requirement for obtaining living NCA polymerization by transition 
metal initiators is the formation of the chelating metallacyclic intermediate. The 
metal is able to move along the growing polymer chain, while being held by a robust 
chelate at the active end. 
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1.3.3.4 Amine salts as initiators 

 
An innovative approach to control amine initiated NCA polymerizaiton was reported 
by Schlaad and coworkers in 2003. They prevented the formation NCA anions, 
which cause significant chain termination after rearranging to isocyanocarboxylates 
64 by using a primary amine hydrochloride salt as initiator. Knobler et al. 74 were the 
first to explore the reactivity of amine hydrochlorides with NCAs. They discovered 
that amine hydrochlorides can react with NCA to give a single NCA addition 
product. Hydrochloride salts are less nucleophilic than the parent amine, which 
effectively halts the reaction after a single NCA insertion by formation of an inert 
amine hydrochloride product. The reactivity arises from the formation of a (very) 
small amount of free amine by reversible dissociation of HCl (Scheme 9). 
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Scheme 9: Primary amine hydrochloride salt initiated NCA polymerization. 
 
The equilibrium, which lies predominantly on the dormant amine hydrochloride 
species side, allows only for a very short lifetime of reactive amine species. As soon 
as a free amine reacts with a NCA molecule, the end-group is immediately 
protonated and is prevented from further reaction. Also the elimination of CO2 from 
the reactive intermediate is facilitated by the acidic conditions and, even more 
important, it suppresses the formation of undesired NCA anions.  
Schlaad et al. increased the reaction temperature (to 40-80°C) to obtain controlled 
polymerization instead of just one single NCA addition. From Knobler et al. it was 
known that increasing the temperature lead to an increase in equilibrium 
concentration of free amine as well as to an increase in the exchange rate between 
amine and amine hydrochloride 75. Polymerization of ε-carbobenzyloxy-L—lysine 
NCA (Z-lys) in DMF, initiated by primary amine hydrochloride end-capped 
polystyrene, lead to the formation of a polypeptide hybrid copolymer in 70-80% 
yield after 3 days at elevated temperature. These polymerizations are slow compared 
with primary amine initiated ones, but the obtained polypeptide segments were well-
defined and had a low polydispersity index, Mw/Mn< 1.03. This is much lower than 
the polydispersities obtained using free amine initiator, which suggests diminished 
side reactions in polypeptide synthesis. 
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More studies are needed to study the generality of this system, but it is clear that the 
use of amine hydrochloride as initiator shows a tremendous promise for controlled 
NCA polymerization. The concept itself of fast, reversible deactivation of active 
species to obtain controlled polymerization is a proven concept in polymer 
chemistry and it can be compared to controlled radical polymerization strategies 76. 

1.3.3.5 High vacuum techniques 

 
In 2004, Hadjichristidis at al. reported primary amine initiated NCA polymerization 
under high vacuum conditions 67. They assumed that a reduced level of impurities in 
the reaction mixture would lead to fewer side reactions during polymerization. 
NCAs can not be purified by distillation and it is doubtful that NCA with higher 
purity can be obtained under high vacuum recrystallization instead of 
recrystallization under inert atmosphere. However, the initiator, n-hexylamine, and 
the solvents were submitted to better purification by the high vacuum method. 
Polymerization of γ-benzyl-L-glutamate NCA and ε-carbobenzyloxy-L—lysine 
NCA under high vacuum conditions in DMF, showed all the characteristics of living 
polymerization. Polypeptides with control over chain length and chain length 
distribution were obtained and even block copolypeptides were prepared.  
The authors concluded that the side reactions are simply the consequence of 
impurities but this conclusion does not seem to make sense. Since the main side 
reactions in these polymerizations do not involve reactions with impurities such as 
water, but instead reactions with monomer, solvent or polymer 64. It is likely that the 
role of the impurities is very complex. Another explanation can be that the 
impurities act as a catalyst for side reactions with monomer, polymer or solvent. It is 
reasonable to speculate that polar species such as water can bind to monomers or to 
the propagating chain end and thus influence their reactivity. 

1.3.3.6 Decreasing the reaction temperature 

 
Giani and coworkers reported in 2004 further insights into the amine initiated NCA 
polymerization 68. Upon decreasing the reaction temperature, they studied the 
polymerization of ε-trifluoroacetyl-L-lysine NCA in DMF initiated by n-
hexylamine. The solvent and initiator were, contrary to the high vacuum work, 
purified using conventional methods and the polymerizations were performed under 
nitrogen on a Schlenk line. The crude polymerization mixtures were analyzed by 
Size Exclusion Chromatography (SEC) and Non-Aqueous Capillary Electrophoresis 
(NACE) after complete consumption of the NCA monomer. By the latter method, it 
is possible to separate and quantify the amount of polymer with different chain ends, 
corresponding to “living” chains and “dead” chains, respectively.  
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The “living” chains are the chains with an amine end-group and ”dead” chains are 
chains with carboxylate and formyl end-groups, originating from reactions with 
NCA anions (Scheme 10) or DMF (Scheme 11) 65. 
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Scheme 10: “Dead” (carboxylate) chain-end originating from reaction of NCA-anion 
with growing chain. 
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Scheme 11: “Dead” chain-end originating from reaction of N,N, dimethyl formamide 
with growing chain. 
 
The abundance of side reactions when the reaction was performed at 20°C was 
illustrated by the detection of 78% “dead” and only 22% “living” chains. A very 
interesting result was obtained for polymerizations performed at 0°C where 99% of 
the chains had a “living” amine chain-end and only 1% was found to be “dead” 
chains. The ultimate proof of “living” polymerization was given by the extra 
addition of NCA monomers, resulting in increased molecular weight and no increase 
in number of “dead” chain-ends.  
This effect of temperature is not unusual and similar trends can be found in cationic 
and anionic vinyl polymerizations 1. Side reactions have similar activation barriers 
to chain propagation and when the temperature is lowered, the activation barrier of 
chain propagation becomes lower than that of the side reactions and thus chain 
propagation dominates kinetically.  
Remarkable is that the elevated level of impurity, compared to the high vacuum 
method, does not seem to cause side reactions at low temperature. This also 
indicates that the growing chains do not react with the impurities but that these 
mainly effect the polymerization by altering the rates of the discrete reaction steps.  

1.3.3.7 Hexamethyldisilazane mediated controlled polymerization of NCA 

 
Very recently, Cheng et al. discovered a surprising finding of controlled, living 
NCA polymerization, mediated by hexamethyldisilazane (HMDS), and identified 
trimethylsilyl  carbamate (TMS CBM) as an unusual chain-propagating group 69. 
The excellent control of polymerization was originally attributed to the higher 
basicity of HMDS (pKa=14) compared to that of other aliphatic amines used 
previously in NCA polymerization (pKa=10-12)77. However, polymerization of γ-
benzyl-L-glutamate NCA, initiated by triazabicyclodecene, a very basic secondary 
amine with pKa = 26, did not show any control of Mw and Mn. Diethylamine and 
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HMDS, both secondary amines which only differ in substituents attached to the 
nitrogen, show very different capabilities of controlling polymerization. Thus the 
unusual capability of HMDS of controlling NCA polymerization should be related 
to its TMS group.  
Seconday amines can either act as an nucleophile to open the NCA ring at the CO-5 
or behave like a base to deprotonate the NH-3 proton 64. 
From FTIR studies it seemed that a trimethylsilyl (TMS) was transferred to CO-2 
from HMDS and formed intermediate 1 in a coordinated manner (Scheme 12). 
Instead of forming isocyanate 2, 1 was submitted to rapid ring opening by the in situ 
generated TMS amine to form TMS carbamate 3. The formation of 3 was confirmed 
by mixing equal molar amounts of γ-benzyl-L-glutamate NCA and HMDS in 
deuterated DMSO and analysis by 13C-NMR and mass spectroscopy. 13C-NMR 
showed the disappearance of the anhydride peak of NCA and the appearance of the 
carbamate peak, indicative for the formation of 3.  Interestingly, both the TMS 
groups can be removed by a reaction with water. Due to this feature, this technique 
is not useful for obtaining bio-hybrids partly consisting of vinyl polymer and on the 
other side polypeptides.  
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Scheme 12: HMDS mediated NCA polymerization through TMS carbamate group. 

1.4 Controlled polymerization of vinyl monomers 
 
For many years, free radical polymerization is widely used industrially and in 
research laboratories for the synthesis of a wide variety of vinyl polymers. 
Nowadays, almost 50% of all vinyl polymers synthesized are produced via radical 
polymerization 78. 
This is due to its versatility, synthetic ease and compatibility with a variety of 
functional groups coupled with its tolerance to water and protic reaction media. 
These latter features lead to the development of emulsion and suspension techniques 
which greatly simplifies the experimental setup and resulted in commercial 
adoption. Also the low sensitivity for impurities of the monomers and solvents made 
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it very attractive. Radical polymerizations are in that sense only sensitive to oxygen. 
Unfortunately, termination reactions like radical coupling and disproportionation 
lead to a decreased control over molecular weight, polydispersity, end-group 
functionalization and architecture. 
The growing demand for functionalized, well defined materials as building blocks in 
applications in nanotechnology has stimulated the development of more controlled 
systems.  
 
The discovery of living anionic polymerization by Michael Szwarc had a 
tremendous impact on polymer science 79,80. Developments in synthetic polymer 
chemistry and polymer physics were facilitated by this work as it allowed producing 
well defined polymers with precisely designed molecular architectures and nano-
structured morphologies. The modern-day nano-technology is considered to be 
partly founded by his discovery of elimination of transfer and termination reactions 
in chain growth polymerization. These chain growth-breaking processes were 
avoided with the development of high vacuum techniques to minimize traces of 
moisture and air in the polymerization of non-polar vinyl monomers. These 
techniques were quickly adapted to industrial scale, which lead to mass production 
of several commercial products. Most of these products are well-defined block 
copolymers performing as thermoplastic elastomers.  
Well-defined bock copolymers prepared by living anionic polymerization require 
fast initiation and relatively slow propagation in order to be able to control the 
chain-length distribution. This can be achieved by using alkyl lithium initiators in 
non-polar solvents via the formation of ion-pairs or their aggregates. The free ions 
have reactivities orders of magnitude higher than the ion-pairs, which in this case 
can be considered as dormant species 79. The exchange processes between dormant 
and active species are fast enough compared to propagation which ensures 
production of materials with low polydispersity 81. 
 
The disadvantages of anionic polymerization are the selectivity for monomers 
containing electron withdrawing substituents and the sensitivity towards moisture, 
carbondioxide and numerous other acidic or basic chemicals. Other methods to 
prepare well defined polymeric architectures are stepwise 82 and transition metal 
catalyzed 83 processes. Therefore, a long term goal of synthetic polymer chemists 
was to develop a radical polymerization process which possesses many of the 
desired characteristics of the before mentioned methods and would lead to well 
defined polymers. These characteristics are molecular weight control, end-group 
control, ability to from block copolymers and a ‘living” nature.  
The first detailed attempt to use initiators that can control radical polymerization of 
styrene and methylmethacrylate was reported by Tobolsky in 1955 84. Dithiuram 
disulfides were used which lead to high transfer constants, resulting in retardation of 
the polymerization. This promising research was overlooked for almost 30 years 
until the use of iniferters (initiators-transfer agent-terminator) was introduced by 
Otsu in 1982 85. As opposed to conventional free-radical polymerization, which 
results in chain termination even at low conversion, this technique provides 
rudimentary characteristics of a typical living system, such as a linear increase in 
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molecular weight with conversion. Nevertheless, other features of a true living 
system, such as accurately controlled molecular weights and low polydispersities, 
could not be obtained since a thio-radical can also initiate polymerization. One of 
the primary requirements for a mediating radical is that it undergoes reversible 
termination of the propagating chain end without acting as an initiator.  
The pioneering work of Otsu in 1982 provided the basis for the development of 
living free radical polymerization. The general mechanism (Scheme 13) is reversible 
termination of the growing polymeric chain, reducing the overall concentration of 
the propagating chain end. In the absence of other reactions leading to initiation of 
new polymer chains, the concentration of reactive chain-ends is extremely low, 
minimizing irreversible termination reactions such as disproportionation and 
combination. All polymers should be initiated only from initiating species and 
growth should occur in a living fashion which allows a high degree of control over 
the entire polymerization process. The success of living polymerization is strongly 
dependent on the mediating radical R·, and a variety of different persistent, or 
stabilized radicals have been developed and employed. These range from 
(arylazo)oxy 86substituted triphenyls 87to nitroxides 88. The latter and their alkylated 
derivatives are the most widely studied and certainly most successful class of 
compounds for controlling polymerization in this type of reactions.  
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Scheme 13: General mechanism of controlled, living radical polymerization. 
 
It is possible to design controlled radical polymerization systems (resembling living 
processes) if propagating radicals are in dynamic equilibrium with a larger amount 
of dormant species, comparable with the free-ion ion-pair system in anionic 
polymerization. The dormant species can not terminate but can be regenerated to 
active radicals which, after a few monomer additions, transform into the dormant 
state 89,90. 
The past decades, various methods of controlled/ living radical polymerization 
(CRP) were developed. These techniques allowed for the preparation of multiple 
well defined polymeric materials, which were not attainable until that time. The 
most widely used CRP methods are atom transfer radical polymerization (ATRP), 
Stable Free Radical Polymerization (SFRP) and degenerative transfer 
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polymerization. The most popular SFRP is Nitroxide Mediated Radical 
Polymerization (NMRP), but also includes Co/porphyrin mediated polymerization91. 
Reversible Addition Fragmentation Transfer (RAFT) is the most successful 
degenerative transfer polymerization technique, but also polymerization in the 
presence of tellurium or antimony compounds can be considered as belonging to this 
technique 92.  
ATRP and NMRP are used in this thesis and will therefore be covered in more 
detail. 

1.4.1 Atom Transfer Radical Polymerization 

 
The name atom transfer radical polymerization originates from the atom transfer 
step, which is the key elementary reaction responsible for the uniform growth of the 
polymeric chains. It has its roots in atom transfer radical addition, a reaction which 
targets the formation of 1:1 adducts of alkyl halides and alkenes catalyzed by 
transition metal complexes93. It has also roots in the transition metal catalyzed 
telomerization reactions 94. However, these reactions do not proceed with efficient 
exchange, resulting in a nonlinear evolution of the molecular weights with 
conversions and in polymers with high polydispersities. ATRP also has connections 
to the transition metal initiated redox processes as well as to inhibition with 
transition metals95. These latter two techniques allow either for an activation or 
deactivation process, without efficient reversibility. The efficient ATRP catalyst 
consists of several different compounds. A transition metal species (Mtn) which can 
expand its coordination sphere and increase its oxidation number, a complexing 
ligand (L) and a counter ion which can form a covalent or ionic bond with the metal 
centre. The complex of the transition metal (Mtn/L) is responsible for the homolytic 
cleavage of an alkyl halogen bond (RX) which generates the corresponding higher 
oxidation state metal halide complex (Mtn+1X/L) and an organic radical (R·) 
(Scheme 14). This radical can propagate with vinyl monomer (kp), terminate as in 
conventional free radical polymerization by either coupling or 
disproportionation(kt), or reversibly be deactivated (kdeact) in this equilibrium by  
Mtn+1X/L to form a halide-capped dormant polymer chain 2,96.  

R-X   +   Mt
n-Y                  R*   +     X-Mt

n-1-Y/ ligand
kdeact

kact

kp

kt

terminationmonomer
 

Scheme 14: General mechanism for transition metal catalyzed ATRP reaction 97. 
 
As a result of the persistent radical effect, termination of the growing chain is 
diminished. The term persistent radical effect was introduced by Fischer 76, who 
explained the unusual non-linear semi-logarithmic kinetic plots obtained by SFRP 
(and thus also NMRP) and ATRP. Stable persistent radicals do not terminate, and 
hence their concentration progressively increases during the reaction, shifting the 
equilibrium in Scheme 14 towards the dormant species (the left side). Fischer and 
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later Fukuda derived precise kinetic equations to correlate the amount of evolved 
persistent radicals with the overall equilibrium and termination constants 76,98. 
One advantage of ATRP over other controlled radical polymerization techniques is 
the commercial availability of all necessary ATRP reagents (alkyl halides, ligands 
and transition metals). Additionally, the dynamic equilibrium between dormant 
species and propagating radicals can be easily and appropriately adjusted for a given 
system by modifying the complexing ligand of the catalyst 97. 

1.4.2 Nitroxide Mediated Radical Polymerization 

 
Interestingly, the development of nitroxides as mediators for radical polymerization 
originates from pioneering work on the nature of standard free radical initiation 
mechanisms and the wish to efficiently trap carbon-centered free radicals.  
It was demonstrated by Solomon, Rizzardo, and Moad that at the low temperatures 
typically associated with standard free radical polymerizations, being 40-60 °C, 
nitroxides such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) (Figure 9) reacted at 
near diffusion controlled rates with carbon-centered free radicals generated from the 
addition of initiating radicals to vinyl monomers 99.  

N

O  
Figure 9: 2,2,6,6-tetramethylpiperidinyloxy (TEMPO). 

 
The resulting alkoxyamine derivatives were essentially stable at these temperatures 
and did not further participate in the reaction, thus acting as radical traps.  
Georges et al. 100 reported the possibility to prepare low polydispersity polystyrene 
by nitroxide mediated free radical polymerization. Since then, a lot of different 
alkoxyamines were developed, all with the goal to broaden the window of possible 
monomers for this technique 101. The most significant breaktrough in the design of 
improved nitroxides was the use of alicyclic nitroxides, which bear no structural 
resemblance to TEMPO. In fact, their most striking difference was the presence of a 
hydrogen atom on one of the R-carbons, in contrast to the two quaternary R-carbons 
present in TEMPO and all the nitroxides discussed above. Interestingly this feature 
is traditionally associated with unstable nitroxide derivatives and may have some 
bearing on the success of these compounds. The phosphonate derivatives developed 
by Gnanou and Tordo 102 and the family of arenes developed by Hawker 103 (Figure 
10) are the best examples of these new materials. These nitroxides have 
subsequently been shown to be vastly superior to the original TEMPO derivatives, 
delegating the latter to a niche role for selective styrene polymerizations.  
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Figure 10: Nitroxide derivatives. Left phosphonate derivative, right arene derivative. 

 
The use of nitroxides developed by Hawker, Gnanou and Tordo, now permits the 
polymerization of a wide variety of monomer families. Acrylates, acrylamides, 1,3-
dienes and acrylonitrile based monomers can now be polymerized with accurate 
control of molecular weights and polydispersities as low as 1.05 104. The versatile 
nature of these initiators can also be used to control the formation of random and 
block copolymers from a wide selection of monomer units containing reactive 
functional groups, such as amino, carboxylic acid, glycidyl, and other 
functionalities. The universal nature of these initiators overcomes many of the 
limitations typically associated with nitroxide-mediated systems and leads to a level 
of versatility approaching atom transfer radical polymerization (ATRP) and radical 
addition fragmentation transfer (RAFT) based systems 105. The main disadvantage of 
any nitroxide initiator is the laborious synthesis of the initiator compared to the 
ATRP initiator, but the metal free polymerization is a very large advantage, 
especially with respect to biomedical applications, which partly compensates for the 
disadvantage.  
 

1.5 Synthesis of rod-coil block copolymers 
 
Block copolymers can be formed from monomers which react by the same 
polymerization mechanism (e.g. radical or ionic polymerization) or by combination 
of two different reaction mechanisms (e.g. ring opening polymerization and radical 
polymerization). The former can be formed by completely reacting monomer A, 
followed by reaction of monomer B (Scheme 15).  

[MA]n-1MA*                  [MA]n [MB]m-1MB*                [MA]n [MB]m [MC]q-1MC*               -   [MA]n [MB]m [MC]q
MB  MC

quenching

 
Scheme 15: Block copolymer synthesis by sequential polymerization of different 
monomers 106. 
 
Combination of two different reaction mechanisms is more complex and until 
recently, two main strategies, which differ in detailed chemistry, have been followed 
to obtain these block copolymers. One route is direct coupling of two preformed 
homopolymers via direct coupling (Scheme 16). A disadvantage of this technique is 
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often associated with incomplete reactions, and thus homopolymer impurities 
remain which have to be removed 107 .  

n  X  [MA]n Y     +    n  X'  [MB]m Y'              n  X  [MA]n YX'  [MB]m Y'
coupling

 
Scheme 16: Block copolymer synthesis by coupling of two preformed polymers 106. 
 
Another alternative approach for obtaining block copolymers of which the blocks 
are formed via different polymerization mechanisms is a transformational approach. 
First, a pre-polymer is synthesized, and after separation the end-group is modified 
furnishing the appropriate functionality for the next polymerization technique 
(Scheme 17). A drawback of this approach is the requirement of an intermediate 
transformation step which is very elaborate.  

I                      I [MA]n-1MA*                     I [MA]n  F                       I [MA]n [MB]m
mechanism 1 termination mechanism 2

MA
MB

Scheme 17: Block copolymer formation by a transformational approach 106. 
 
Controlled radical and ionic polymerization techniques are well suited for the 
synthesis of block copolymers as they usually allow good control over the end-
group. Modifications of polymer end groups are no sinecure and often a purification 
step is necessary. Via this route various block copolymers have been made, namely 
by combining polymerization techniques like ATRP and ring-opening 
polymerization (ROP) 24 and ionic polymerizations with ROP 15,20,34.  
These post-polymerization modifications can be circumvented by starting with a 
bifunctional molecule having initiating groups for both types of polymerization 
(Scheme 18). The concept of bifunctional or dual initiators has been applied 
successfully for the combination of various polymerization techniques. ROP 
combined with nitroxide mediated polymerization (NMP) 108 or with atom transfer 
radical polymerization (ATRP) 109,110 are some examples. A potential advantage of 
this approach is the possibility to perform both reaction steps in one pot, since no 
post polymerization modification is necessary. Whether this approach is practical 
depends on the compatibility of both reactions. Depending on the activation 
temperature of each reaction, these reactions can be performed after each other as 
well as simultaneously.  

MB
A  B                       [MA]nB                       [MA]n[MB]m

mechanism 1

MA

mechanism 2

one pot reaction

MA   MB
mechanism 1          mechanism 2

 
Scheme 18: Block copolymer synthesis from a bifunctional initiator (AB) 106. 
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For the polypeptide containing rod-coil block copolymers, most of the time a two 
step approach is performed. Often, first the vinyl polymerization is performed after 
which the initiator group 20,24,111 is converted into a primary amine, which then can 
act as an initiator for NCA polymerization. Recently, Lecommandoux et al. have 
applied the click chemistry approach developed by Sharpless 38 to obtain the rod-coil 
block copolymers by ‘clicking’ two preformed polymer together 23. 

 1.6 Scope, aim and outline of the thesis 
 
 As will be clear from the foregoing, the last decade rod-coil block copolymers 
based on polypeptides are experiencing a renaissance due to the development of 
controlled synthetic pathways for of the peptide part. Since these rod-coil based 
block copolymer materials show a specific phase separation behaviour, they are 
capable of functioning as the basic building blocks for constructing three 
dimensional nano-objects, potentially applicable as drug carriers like vesicles and 
micelles. Therefore, polypeptide-based rod-coil structures are especially promising 
materials for biomedical applications due to their likely compatibility with the 
human body and due to their programmable stimuli-responsiveness, the latter of 
course depending on the nature and characteristics of the constituent blocks. Several 
groups have synthesized polypeptide based rod-coil block copolymers and have 
studied their solution behaviour. Since all described synthetic methods were based 
on two step approaches, an alternative route was wishful. 
  
 It is the primary aim of this work to investigate the synthesis, the characterization 
and the possible applications of novel, well-defined nano-structured materials based 
on polypeptide-flexible coil block copolymers, synthesized by a novel route, not 
necessarily involving two steps. The unique synthetic approach involves the use of a 
bifunctional initiator, furnishing different rod-coil architectures. The rigid 
polypeptide block is synthesized by controlled ring-opening polymerization of 
NCAs, initiated by the amine functionality of the bifunctional initiator, and the 
flexible coil block is grown by a controlled (‘living’) radical polymerization 
technique, initiated by the corresponding functionality present at the other side of 
the bifunctional initiator. A further aim of this work is to study the self-organization 
of the well-defined block copolymers into three-dimensional structures, for which 
the application of controlled polymerization techniques for constructing both blocks 
is a prerequisite. In order to be useful as e.g. drug delivery systems, the block 
copolymer-based nano-structured objects should be sensitive to external triggers, 
able to open the drug-containing compartments. Performing a preliminary study on 
the responsiveness to external triggers of the nano-structured objects was another 
goal of this work. 
 
 In chapter 2, the synthesis of two different types of dual-headed initiators is 
described. The initiator contains a (protected) primary amine group for initiating the 
NCA polymerization, and a second functionality, containing either a CBr or a 
nitroxide group, for initiating the ‘living’ radical polymerization of 
methylmethacrylate by atom transfer radical polymerization (ATRP) and styrene by 
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nitroxide mediated radical Polymerization (NMRP), respectively. For the ‘living’ 
polymerization of NCAs the Nickel-mediated method developed by Deming is 
applied. For the ATRP/Nickel-NCA system, one dual-headed initiator is developed. 
For the NMRP system, two different initiators will be tested, viz. one with a spacer 
to avoid steric hindrance and one without spacer. The synthesized rod-coil block 
copolymers are molecularly characterized. 
 In chapter 3, a completely metal-free method for synthesizing polypeptide 
containing rod-coil block copolymers, leaving out the Deming’s Nickel complex, 
will be tested. This is important, since the most promising applications of 
polypeptide-based rod-coil block copolymers are expected to be situated in the 
biomedical field, where metals are not desirable. Significant effort is spent on 
finding a good way to control the polypeptide synthesis. To get better insight into 
the macroinitiation of styrene, the kinetics are evaluated and the obtained product is 
analyzed thoroughly. The ultimate challenge in polymer chemistry will be tested for 
this system, a one pot synthesis for making the desired rod-coil block copolymers. 
 In chapter 4, the manufacturing of star-shaped structures, applying the P(S-b-BLG) 
macroinitiator, is investigated. Since the NMRP moiety is still present after finishing 
the block copolymer synthesis, controlled radical cross-linking by divinylbenzene is 
evaluated to obtain stars with a cross-linked core and polypeptide arms. The kinetics 
of this NMRP system is investigated, and the obtained insights are translated to a 
schematic study on rod-coil star polymers. For the star-shaped materials the size of 
the nano-structures in solution is determined.  
 In chapter 5, a macromonomer approach is presented to form novel polymeric 
architectures. By using this method for the synthesis of copolymers containing 
polypeptide and random coil blocks, the laborious synthesis of the bifunctional 
initiator can be avoided and the synthesis of the polypeptide is separated from the 
polymerization of styrene. Via this method, graft copolymers are synthesized with 
different ratios polypeptide macromonomer/styrene, and thus the grafting density of 
the polypeptide arms can easily be varied. Star polymers comparable to those 
described in chapter 4 are synthesized as well.   
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Chapter 2 
 
 
 

Synthesis of Rod-coil block copolymers by a dual-
headed initiator for controlled polymerizations 

 
 

 

Abstract 
 
In this chapter, the synthesis of rod-coil block copolymers is described by a double-
headed initiator approach. Therefore, first three different bifunctional initiators were 
synthesized, each of these combining an initiator for controlled radical 
polymerization on one side and a Deming-type initiator for controlled 
polymerization of -benzyl-L-glutamate-N-carboxyanhydride on the other side. 
The first double-headed initiator, based on an ATRP initiator combined with the 
alloc-amidate nickel group, did show control over molecular weight of the NCA 
polymerization. Macroinitiators with a polydispersity between 1.2 and 1.4 were 
obtained. The PBLG-macroinitiator was used for polymerization of 
methylmethacrylate via ATRP and yielded well-defined block copolymers with a 
polydispersity index of 1.25. Tuning of the reaction condition for ATRP was 
required, and the best results were obtained in DMF as solvent and HMTETA as 
ligand. 
The second and third initiators were both based on a NMRP initiator combined with 
the Deming-type initiator. In one of these double-headed initiators, the alloc-amidate 
nickel group was connected via a spacer with an ester bond in between; in the other 
initiator, this spacer was not present. For both initiators, the NCA polymerizations 
were controlled and macroinitiators with polydispersity between 1.3 and 1.4 were 
obtained.  
For the controlled radical polymerization of styrene, some unexpected results were 
obtained. The ester bond in the spacer showed some hydrolysis, leading to a mixture 
of both homopolymers and an undefined amount of block copolymer. The initiator 
without spacer did not show this but the formation of block copolymers could also 
not conclusively be achieved with this initiator. 
 
Remark: a Reactions were performed by Simone Steig, our collaboration partner at 
Technical University of Braunschweig Germany.
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2.1 Introduction 
 
From a material point of view, rod coil block copolymers form a fascinating class of 
polymers. Especially the combination of bio-inspired structural elements and classic 
polymer chemistry provides very promising opportunities to design materials with 
unique solid-state and solution properties. Rod coil type polymers consisting of 
helical polypeptide and flexible vinyl blocks are a specific example which is 
interesting from a structural and from a functional point of view. The challenges and 
strategies of the synthesis were described in Chapter 1. 
A way to control the NCA polymerization was reported by Deming, using a nickel 
complex as the initiating species, yielding polypeptides with low polydispersity and 
controlled molecular weight 63,66,112. Amino-terminated polyoctenamer and PMMA 
were successfully used as macroinitiators for block copolymers by this technique 
24,65,111,112. 
Here the combination of ATRP or NMP together with the nickel-catalysed NCA 
polymerization is described by making use of a bifunctional initiator. In order to 
circumvent the limitations associated with the synthesis of amino terminated 
macroinitiators, a bifunctional initiator that is able to initiate both polymerizations is 
used. The main advantage of this approach is that polymerizations are conducted 
consecutively without any intermediate polymer analogous functionalization step. 
Moreover, to avoid the unfavourable macro-initiation of NCA, we inverse the 
standard reaction sequence by first synthesizing the polypeptide block followed by 
macroinitiation of the acrylic monomers (Scheme 1). We have chosen a nickel 
mediated NCA polymerization because this method has proven its feasibility in the 
polymerization of a variety of amino acid-based NCAs 73, as well as the possibility 
to obtain high molecular weights.   
Atom transfer radical polymerization (ATRP) was used for the synthesis of the 
flexible block due to its robustness and efficiency in macroinitiation. Both 
polymerization mechanisms include transition metal complexes, and nickel 
complexes can be used for ATRP too 113. Thus one question was whether or not the 
ATRP initiator is stable under the conditions of the last step in the initiator synthesis 
and the NCA polymerization. If the nickel of the NCA initiator does not interfere 
with the ATRP, this gives rise to the possibility of performing even a one pot 
synthesis of a diblock copolymer under appropriate conditions.  
NMP was also used for the synthesis of the vinyl block to show the universal 
applicability of the double-headed initiator approach. Another reason is the 
advantage of NMP that it is less sensitive to variations in parameters like 
concentration and polarity of the solvent. The only limitation is the need of a solvent 
with a boiling point higher than 125°C due to the high activation temperature of 
NMP. 
The disadvantage of NMP is the elaborate synthesis of the initiator, which becomes 
even more challenging for the synthesis of the desired functionalized initiator.  
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2.2 Results and discussion 

2.2.1 ATRP-alloc initiator synthesis a 

 
The key compound in this approach is the double-headed initiator 4 (Scheme 1). At 
one side, this initiator is capable of initiating the nickel catalyzed NCA 
polymerization, and on the other side the controlled living radical polymerization via 
ATRP. The initiator was synthesized as depicted in Scheme 1.  
Therefore, alloc-L-leucine-N-hydroxysuccinimidyl ester 1 was synthesized 
according to a literature procedure 24 starting from L-leucine. Amine protected L-
leucine, alloc-L-leucine, was formed by a reaction of L-leucine and 
allylcarbonylchloroformiate with a 78% yield (literature 80% 24). The carbonyl 
group of alloc-L-leucine was in the next step reacted with N-hydroxylsuccinimide 
via dicyclocarbodiimide (DCC) acylation. The alloc-L-leucine-N-
hydroxysuccinimidyl ester was obtained with a 86% yield (literature 90%  24). This 
forms one side of the bifuncional initiator and this will be connected to the ATRP 
moiety via a spacer. This spacer was introduced by a reaction of alloc-L-leucine-N-
hydroxysuccinimidyl ester with aminoethanol to yield alloc-L-leucine-(2-
hydroxyethyl)amide 2 with 80% yield. Subsequently the ATRP initiator moiety, α-
bromoisobutyrate was introduced by esterification of the hydroxy group with acid 
bromide, which yields the stable compound 3. The overall yield of this precursor of 
the ATRP-nickel initiator is 34%.  
The active initiator for NCA polymerization is the nickel phenantroline complex. 
This could be obtained by reaction of 3 with the nickel cyclooctadiene complex 
(Ni(COD)2) and phenanthroline (phen) ligand in a glove box. Due to the oxygen 
sensitivity of Ni0 in this initiating complex 4, purification was not possible and the 
obtained product had to be stored under nitrogen and handled via Schlenk 
techniques. 
The initiator complex was synthesized with an overall yield of 23%. This active 
compound could not be analyzed by NMR, since nickel is paramagnetic, thus only 
elemental analysis could give some information about the purity of the formed 
complex. 
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Scheme 1: Synthesis of the double-headed initiator for the combination of ATRP and 
nickel-mediated NCA polymerization. 
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From elemental analysis, the elemental ratios of N, C, H and Br were in accordance 
with the proposed structure. However, while the ratio of N, C, H, Br were in 
accordance with expectations, there is a discrepancy between theoretical (N: 8.68, C: 
46.22, H: 4.12, Br: 15.94) and experimental values (N: 10.00, C: 51.46, H: 5.22, Br: 
14.27). The difference up to 100% was assigned to the amount of nickel in the 
complex. From these values, it was calculated that the elemental ratios of nickel 
changed per batch, ranging from 23.47% to 32.26% (19.05% theoretical). This 
implies that there was always more nickel present then expected from the 
calculations, and thus the complexes were not very pure. 
Comparison of these results are not possible since Deming et al. do not mention any 
values in their work 73,114.  

2.2.2 Nickel-mediated polymerization of N-carboxyanhydride a 

 
The feasibility of 4 for the NCA-polymerization was investigated for various 
monomer (γ-benzyl-L-glutamate NCA) to initiator molar ratios, in DMF as solvent. 
The polymerizations were performed at room temperature and three different 
initiator batches were compared in order to obtain information on the effect of the 
residual Ni in 4 on the control of the polymerization.  
Inspection of Figure 1 shows that an increasing monomer to initiator ratio leads to a 
reasonably linear increase of the molecular weight for each individual initiator batch 
as determined by SEC with a light scattering detector. From this graph, it can also be 
observed that the experimentally obtained PBLG had a higher molecular weight than 
the theoretical molecular weight.  

 
Figure 1: Experimental Mn versus theoretical Mn of nickel-mediated NCA 
polymerization for three different batches of initiator (circle, triangle and reversed 
triangle). Dashed line represents the calculated molecular weight for 100% initiator 
efficiency. 
 
 The variations of the experimental molecular weight obtained from the individual 
initiator batches resulted from inactive initiator impurities which do not allow an 
accurate calculation of the monomer to initiator ratio. Deming reported similar 
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effects for nickel amido-amidate initiators 114. Nevertheless, the nickel-mediated 
polymerization of BLG NCA was well-controlled and PLBG with polydispersities 
between 1.2 and 1.4 was obtained. End group analysis of the PBLG macro-initiators 
by MALDI-ToF (see Figure 2) revealed an intact bromo-isobutyrate group thus the 
reaction with Ni(COD)2 and the following NCA polymerization did not destroy the 
ATRP initiator. The major peak at 5388 g.mol-1 in the detailed spectrum can be 
assigned to the proposed structure of the macroinitiator. This peak corresponds to 
the ATRP initiator moiety connected to 23 monomer residues (+Na+). The smaller 
peaks could not be assigned, but are neither pure PBLG (without endgroups) nor 
PBLG with only one of the expected endgroups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  MALDI-ToF spectrum of Nickel mediated NCA polymerization by double-
headed ATRP initiator. Inset: Detailed MALDI-ToF spectrum.  

2.2.3 ATRP of methylmethacrylate by PBLG macro-initiator a 

 
The PBLG macro-initiator was subsequently used in ATRP of MMA. Due to the 
low solubility of polypeptides in conventional ATRP solvents, suitable 
polymerisation conditions had to be identified first. Van Hest et al.115,116 and Börner 
et al. 117 reported the synthesis of block copolymers from sequenced oligo-peptides 
by ATRP in DMSO with CuBr/HMTETA. Although a reduced activity of the ATRP 
catalyst was observed by Börner et al. due to copper complexation by the peptide 
amide groups, good control of molecular weight and polydispersity was obtained in 
this solvent. To screen the possibility and proper reaction conditions for ATRP in 
DMSO, reactions were performed at two different temperatures, viz. 60°C and 90°C, 
both starting from the same macroinitiator. InTable 1, the results obtained from 
ATRP reactions initiated by the same macroinitiator and polymerized at two 
different temperatures are summarized. 
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Table 1: ATRP of MMA by PBGL macroinitiator with Cu(1)Br/ HMTETA in DMSO. 
Nr. Mn 

(exp.) 
(PBLG) 
g.mol-1 

Mn 

(theor.) 
MMA 
g.mol-1 

Mn 
(exp.) 
MMA 
g.mol-1 

PDI Conversion 
% 

Time 
hours 

Temperature 
°C 

1 38.600 17.500 14.400 1.50 24 30 60 
2 38.600 49.900 44.600 1.87 62 22 90 
 
From both measurements, the kinetics were determined as well. From Figure 3, it 
can be concluded that the reaction performed at 60°C showed a linear behaviour of 
ln([M]0/[M]t) versus time. However, the overall conversion after 30 hours was very 
low (24%). A higher conversion (62%) was obtained when the reaction was 
performed at 90°C. In our investigation, however, we could not achieve a controlled 
polymerization in DMSO at 90°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Kinetic plot of polymerization of ATRP of MMA by PBLG-containing 
macroinitiator at different temperatures in DMSO ( 33% vol. Cu1Br]/[HMTETA]). 
60°C (circles), 90°C (triangles).  
 
To verify the origin of this phenomenon, a control experiment was performed, 
replacing the PBLG macro-initiator by bromo-isobutyric acid under comparable 
conditions.  
This measurement confirmed that this effect was not due to the PBLG but due to the 
fact that ATRP in DMSO is very sensitive to the concentration of initiator, catalyst 
and monomer 118. Due to the high molecular weight of the PBLG-macroinitiators 
used in this investigation it was not possible to further increase the concentration. 
Better results were obtained using DMF as solvent, where a linear increase of the 
monomer conversion and thus the molecular weight as a function of time was 
observed (Figure 4). For comparison, the results obtained by ATRP in DMSO at 
90°C are shown as well in Figure 4. 
 
 
 
 

Time (hours)Time (hours)
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Figure 4: Kinetic plot of ATRP of MMA by PBLG containing macroinitiator in 
different solvents. DMSO (33vol%, 803 / 1 .4 / 2.5 [M]/[I]/[CuBr]/[HMTETA] 
(Squares), DMF (33vol%, 811/ 1 / 1.1 / 1.3 [M]/[I]/[Cu1Br]/[HMTETA]) (circles). 
 
Additionally, the influence on the kinetics of PBLG in ATRP under similar 
conditions was investigated. In Figure 4 and Figure 5, it can be observed that ATRP 
of MMA under macroinitiation in DMF follows first order kinetics for the first 50 
hours. When, instead of the PBLG-containing macroinitiator, the unfunctionalized 
-bromo isobutyric acid ethyl ester was used under similar conditions, completely 
different kinetics was observed (Figure 5). First, the reaction starts very fast but 
stops after approximately 1 hour, resulting in a low conversion under these 
conditions. A possible explanation for this behaviour is that this catalyst system is 
too reactive in DMF, and thus the radical concentration is too high, resulting in 
termination reactions. Also a large influence on the monomer conversion was 
observed by the addition of PBLG to the -bromo isobutyric acid ethyl ester system. 
The polymerization starts very fast, even faster than the free -bromo isobutyric 
acid ethyl ester system, but after a short time, ln([M]0/[M]t) becomes linear. This 
linear part is almost parallel to the curve for polymerization by the macroinitiator 
system. Börner et al. proposed that the polyamide backbone of the peptide shows 
interactions with the Cu-catalyst system and thus influences the equilibration of the 
ATRP 117. However, Young et al. proved for oligopeptides of maximum 4 peptide 
residues, that this was not occurring 119.  From these results, it is evident that there is 
a clear molecular weight effect on the ATRP, and it is not possible to transfer the 
conditions used for low molecular weight initiators to polypeptide containing 
macroinitiators. Screening for suitable reaction conditions for each reaction system, 
consisting of polypeptide-containing macroinitiator and monomer, is necessary.  
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Figure 5: ATRP of MMA at 80°C with Cu(I)Br, HMTETA, DMF as solvent and anisole 
as internal standard. ln([M]0/[M]t) as a function of time with macroinitiator (squares), 
free initiator (circles) and free initiator with addition of free PBLG (triangles).  
 
Nevertheless, from the SEC traces shown in Figure 6, it is clear that well-defined 
block copolymers P(BLG-b-MMA) could be obtained by this combination of 
initiators (PDI 1.25). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: DMF SEC traces of the macroinitiator (dashed) and the block copolymer 
(solid) obtained from a bifunctional initiator. 
 
2.2.4 NMRP-alloc initiator synthesis 
 
The possibility of combining NMP with nickel-mediated NCA polymerization was 
investigated by two different initiators, i.e. 8 (with) and 13 (without) a spacer. 
Therefore, two different functionalized initiators were synthesized e.g. amine- and 
hydroxyl-functionalized 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide 
(TIPNO), both discussed by Hawker et al. 120,121. The amine as well as the hydroxyl-
functionalized TIPNO are modifications of the chloride-functionalized TIPNO. The 
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hydroxyl-functionalized initiator was formed by reaction of the chloride moiety with 
potassium acetate, which resulted in the desired product after hydrolysis. The amine-
functionalized initiator was formed after substitution of chloride by azide, which can 
be transformed into an amine moiety. 
For the hydroxyl-functionalized bifunctional initiator 5, a spacer was introduced in 
anticipation on the possible steric hindrance which would probably hamper the NCA 
polymerization. The synthesis of the bifunctional initiator with the spacer is depicted 
in Scheme 2. To obtain this bifunctional initiator, first the alloc-L-leucin-N-
hydroxysuccinimidyl ester was reacted with 6-aminohexanoicacid to yield alloc-L-
leucin-(6-carboxyhexyl)amide 6.  The free carboxylic acid group of 6 was then used 
to react via DCC coupling to the hydroxyl group of the initiator to yield the 
precursor of the Deming type initiator 7. This yielded, after complexation with 
nickel phenantroline, the desired bifunctional initiator 8. A disadvantage of this 
introduced ester bond is that it might interfere with the hydrolysis of the PBLG 
block to form poly(glutamic acid). During the deprotection of the glutamic acid 
groups, also the ester linkage between styrene and PBLG could break, ending up 
with homopolymers, namely polystyrene and poly(glutamic acid). 
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Scheme 2: Synthesis of Deming type bifunctional NMRP initiator with a spacer. 
 
The amine-functionalized bifunctional initiator 10 was used directly to react with 
alloc-L-leucin-N-hydroxysuccinimidyl ester 11 as depicted in Scheme 3 to form, 
after complexation with nickel, the desired bifunctional initiator 13. 
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Scheme 3: Synthesis of Deming type bifunctional initiator without spacer. 
 
Purification of the hydroxyl- and amino-functionalized initiators by column 
chromatography was very difficult due to interactions of the initiator with the 
column material which reduces the yield. Finally pure bifunctional initiators were 
obtained with an overall yield of 15% (7) and 23% (12) for the initiator with and 
without spacer respectively. Both amido-amidate group containing initiators were 
transformed into the active nickel species in a 13% yield and were used to initiate 
the polymerization of γ-benzyl glutamate NCA. NMR analysis of the amido-amidate 
nickel complex was not possible due to the paramagnetic properties of nickel. Due 
to the small amount of initiator, no elemental analysis was performed.  

2.2.5 Nickel mediated polymerization of N-carboxyanhydride a 

 
Both NCA polymerizations were performed under the same conditions as the 
polymerization from the ATRP initiator. In Table 2, the results of NCA 
polymerization started by both initiators are summarized. 
 
Table 2: NCA polymerization initiated by the two different bifunctional NMP 
initiators: (9) with spacer, (13) without spacer. 

Entry Initiator Mn (exp) 
(g.mol-1) 

PDI Conversion 
(%) 

Reaction 
time (h) 

1 9 42.000 1.50 60 16 
2 13 23.000 1.40 77 16 

 
These results suggest that the initiator without spacer gave a higher conversion in 
the same time compared to the initiator with spacer. However, more experiments 
would be needed to support this conclusion. Also the polydispersity index (PDI) of 
the initiator without spacer is somewhat lower than the PDI of the initiator with 
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spacer. For both polymerizations, the obtained polydispersity indices were relatively 
high compared with the results of Deming et al. 114.  
These results indicate that there is no hampering or inhibition of the NCA 
polymerization due to sterical hindrance by the bulky NMP initiator, and thus that 
the incorporation of the spacer might not be necessary. Since the extra reaction step 
for the introduction of the spacer decreases the yield significantly, the avoidance of 
this step is desirable. 
 
2.2.6 NMP polymerization of styrene by PBLG macroinitiator 
 
With both macroinitiators, polymerization of styrene was performed under identical 
reaction conditions. For both polymerizations, the monomer conversion was 
determined by gas chromatography and the obtained polymers were analyzed by 
SEC with DMF as eluent.  
The kinetics of both systems is shown in Figure 7. In this figure, ln([M]0/[M]t) for 
both initiators is plotted versus time and there is a clear difference in kinetics. 
Unfortunately, there was a large difference in molecular weight of macroinitiator, 
which makes it very difficult to compare these results. From this figure it can 
therefore only be concluded that the polymerization for both systems shows first 
order kinetics. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Kinetic plot of NMP of styrene in DMF at 130°C by macroinitiator with 
spacer (8, triangle) and without spacer (13, circle). 
 
Analysis of the DMF-SEC traces obtained from the block copolymer macroinitiator 
show some unexpected results. For the polymerization of styrene by the NMP 
initiator containing the spacer, no clear shift towards higher molecular weight over 
time was observed but the appearance of a shoulder of lower molecular weight was 
detected by SEC (Figure 8).  From the kinetic plot, Figure 7, it is evident that some 
styrene is consumed but it is impossible to prove whether this is realized by thermal 
homo-polymerization of styrene or by block copolymer formation. 

Reaction time (hours) 
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Figure 8: DMF-SEC traces of samples during NMP of styrene by macroinitiator with 
spacer, polymerized in DMF at 130°C. Macromonomer (1), sample after 3 hours (2), 
after 6 hours (3) and after 22 hours (4). 
 
Polymerization of styrene by the macroinitiator which does not contain the spacer 
and thus no ester bond, showed a different behaviour. From Figure 9, it can be seen 
that no shoulder appears at the lower molecular weight side and also a small shift 
can be detected after NMP. While these results might suggest the formation of block 
copolymers with short polystyrene blocks, the molecular weight shift is not large 
enough to undoubtedly support this conclusion. In particular since also in this 
polymerization a broadening of the GPC trace is observed after macroinitiation. 
More experiments and analysis would be necessary to provide more conclusive 
support for the success of this approach. 

 
Figure 9: DMF-SEC traces of samples during NMP of styrene by macroinitiator 
without spacer, polymerized in DMF at 130°C. 
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2.3 Conclusions 
 
It was possible to synthesize bifunctional initiators containing an alloc-amidate 
nickel part for polymerization of N-carboxy anhydrides on one side and an ATRP 
moiety for controlled radical polymerizations at the other side. The Ni catalyzed 
polymerized poly(benzyl-L-glutamate) did show control over the molecular weight 
with obtained macro-initiators of polydispersities between 1.2 and 1.4. The ATRP 
macroinitiator was used for polymerization of methylmethacrylate and yielded well-
defined block copolymers with a polydispersity index of 1.25. However, the ATRP 
requires fine tuning of the reaction conditions in order to ensure control. The best 
results were obtained for ATRP with HMTETA as ligand in DMF as solvent. 
 
For NMP, two different initiators were synthesized, with and without spacer. For 
both initiators, NCA polymerization was successful with good control over the 
molecular weight, again with polydispersity indices between 1.3 and 1.4.  
Unexpected results were obtained for the polymerization of styrene by the initiator 
with spacer. It appears that the spacer is fragile and partly hydrolyses, leading to a 
mixture of both homopolymer and an undefined amount block copolymer. The 
TIPNO without spacer does not show this but the formation of block copolymers 
could also not conclusively be achieved with this initiator. 
 
Altogether, it has to be concluded that the complex initiator structures required for 
the Ni mediated NCA polymerization makes the synthesis tedious and very low in 
yield. The reaction conditions make it prone to side reactions and difficult to handle 
and for this reason we were aiming at a simplified synthetic strategy, which is 
described in Chapter 3. 
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2.4 Experimental 

2.4.1 Materials 

Methanol (abs. a.r.), diethyl ether (97%), chloroform (99+%) stabilized with ethanol 
for analysis, toluene (a.r), dry THF from solvent system, dichloromethane (a.r. 
stabilized with amylene) N,N-dimethylformamide (99%, extra dry), ethanol (abs.), 
ethyl acetate (a.r.) and. n-heptane (a.r.) were obtained from Biosolve and were used 
as received unless stated otherwise. DMSO was obtained from Aldrich. Ethylacetate 
was purified by distillation with the use of CaH2. Zinc dust (< 10 micron, 98%, 
Aldrich), MgSO4 (pure, Aldrich), NH4OH (32%, Aldrich), Cu(OAc)2 (Aldrich), 
vinylbenzylchloride (>90%, Aldrich), NaBH4 (99%, Aldrich), 4-tertbutylcatechol 
(Aldrich), lithium aluminum hydride (1,0 M in THF, Aldrich), 2-methyl-2-
nitropropane (99%, Aldrich), isopropyl magnesium chloride (2.0M in THF, 
Aldrich), α-pinene (98%, Aldrich), R,R-Jacobsen catalyst (98%, Acros), sodium 
azide (99%, Acros), di-tert-butylperoxide (99%, Acros), ammonium chloride 
(+99%, Fluka), dibenzo-18-crown-6 (Fluka) benzaldehyde (+99%, VWR), HCl 
(32%, VWR), γ-benzyl-l-glutamate ester (Sigma) were used as received. Phosgene 
solution in toluene (purum, 20%, Fluka). Styrene (99%, Aldrich), anisole (99,7% 
anhydrous, Aldrich) methylmethacrylate (99%, Aldrich) were distilled before use . 
 

2.4.2 Apparatus 

Size Exlusion Chromatography analyses were carried out using a WATERS Model 
510 pump and a Model 410 (2414) refractive index detector (at 40°C). Injections 
were done by a WATERS Model WISP 712 autoinjector, injection volume used was 
50 µL. The columns used were: a PLgel guard (5m particles) 50*7.5 mm guard 
column, followed by 2 PLgel mixed-C or mixed-D (5m particles) 300*7.5 mm 
columns (40°C.) in series, referred to as the standard column set, Tetrahydrofuran 
(Biosolve, stabilised with BHT) was the eluent, flow rate 1.0 ml/min. Calibration 
has been done using polystyrene standards (Polymer Laboratories, M = 580 up to M 
= 7.1*106 g/mol). 

For the SEC analyses using HFIP (Biosolve, AR-S from supplier or redistilled) as 
eluent measurements were carried using a Shimadzu LC-10AD pump (flow rate 
0.8ml/min) and a WATERS 2414, differential refractive index detector (at 35 °C). 
Injections were done by a Spark Holland, MIDAS injector, and a 50 µL injection 
volume was used. The column is a PSS, 2* PFG-lin-XL (7 µm, 8*300 mm) column 
at 40°C. Calibration has been done using poly(methyl methacrylate) standards. 
SEC analysis with DMF (80ºC, 0.1M LiBr) was performed in Braunschweich on a 
SFD 9404 liquid chromatography pump equipped with a Melz LCD 201 refractive 
index detector thermostated at 35°C, a Wyatt MiniDawn Tristar light scattering 
detector and a Finnigin Spektra SERIES UV 150 UV detector. Separations were 
done using twoPL-Gel Mixed-C (5μm) columns in series. Molecular weights and 
distributions were calculated using the ASTRA Software (Wyatt). The specific 
refractive indices used are 0.107 ml/g for the PBLG and 0.165 ml/g for the block 
copolymer.  
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Matrix Assisted Laser Desorption Ionization - Time of Flight - Mass Spectroscopy 
analysis was carried out on a Voyager DE-STR from Applied Biosystems (laser 
frequency 20 Hz, 337nm and a voltage of 25kV). The matrix material that was used 
was DCTB (40mg/ml). Potassium Triflouroacetic acid was added as cationic 
ionization agent (5mg/ml). The polymer sample was dissolved in THF (1mg/ml). A 
mixture of the matrix material, the ionization agent and the polymer sample was 
made (5:1:5) and placed on the target plate.  
 
Hydrogen-Nuclear Magnetic Repulsion analyses were performed on a Mercury 200 
MHz, a Gemini 300 MHz, a Mercury 400 MHz and an Inova 500 MHz machines. 
For the initiators and other low molecular weight molecules deuterated chloroform 
was used, and for the polymers deuterated DMSO was used.  
 
Gas Chromatography analysis was performed on a Hewlet Packard 5890 Series II 
GC with an Agilent 6890 series injector. Samples of the ATRP and NMRP reaction 
were taken with the use of a three-way valve by which nitrogen was pumped 
through the needle to ensure that no oxygen was introduced to the reaction-system. 

2.4.3 Synthesis of the Deming type initiator 

Synthesis of alloc-L-leucine a (1b in Scheme 4) 
20.0 g (0.152 mol) L-leucine (1a) was suspended in 100 ml distilled water and 
dissolved by addition of 38 ml (0.152 mol) 4N NaOH. The solution was cooled to 
0°C and then, 19.8 mL (0.186 mol) allyl chloroformate was added to the vigorously 
stirred solution with additional 40 ml (0.160 mol) 4N NaOH over five portions to 
maintain the alkalinity of the reaction mixture at about pH=9. Both were added over 
a one hour time period. After one hour, the pH was lowered to pH=2-3 by the 
addition of concentrated HCl.   
The formed suspension was extracted three times with 100 ml diethyl ether. The 
combined organic layers were dried over MgSO4 and concentrated under reduced 
pressure to give the product (yield: 25.5 g, 0.12 mol, 78%)  
1H-NMR (CDCl3, 400MHz, δ in ppm): 0.95 (d,6H), 1.57(m,2H), 4.57 (d, 2H), 5.21 
(d, 2H), 5.90 (m, 1H), 6.15 (d, 1H). 13C-NMR (CDCl3, 100 MHz, δ in ppm): 21.6, 
22.8, 24.7, 41.4,  2.3 (-CH3), 77.0 (-CH2-O), 117.9 (-CH=CH2), 132.5 (-CH=CH), 
156.0 (-COOH), 178.1 (-C=O). 
 
Synthesis of alloc-L-leucine-N-hydroxysuccinimidyl ester a (1 in Scheme 4) 
25.00g (0.116 mol) alloc-L-Leucine was added to 25 dry THF, and 13.4 g 
(0.116mol) N-hydroxysuccinimide was then added to the reaction mixture. After 
cooling the reaction mixture to 0°C, a solution of 25g (0.12 mol) N,N-
dicyclohexylcarbodiimide (DCC) in 20 ml THF was added. A white precipitate was 
observed to form. The reaction mixture was stored in the refrigerator overnight. 
After filtration, the THF was evaporated under vacuum and the product was re-
dissolved in 100 ml ethyl acetate and washed with saturated NaHCO3 and brine. The 
extracts were dried over MgSO4 and after filtration and concentration under vacuum 
the final product was obtained (yield: 31.3 g, 0.1 mol, 86%). 
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1H-NMR (CDCl3, 400 MHz, δ in ppm): 0.98 (d, 6H), 1.70 (m, 1H), 1.82 (m, 2H), 
2.83 (s, 4H), 4.58 (d,2H), 4.72 (m, 1H), 5.08 (s, 1H), 5.21 (dd, 1H), 5.30 (dd, 1H), 
5.90 (m, 1H).  
13C-NMR (CDCl3, 100 MHz, δ in ppm): 21.6, 22.7, 24.6, 25.5, 41.6, 50.8 (-CH3),  
66.1 (-CH2-O-), 118.0 (-CH=CH2), 132.4 (-CH=CH2), 155.4 (-OC=O), 168.6 (-
C=O), 168.7 (-C=O). 
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Scheme 4: Synthetic route of synthesis of alloc-L-leucine-N-hydroxysuccinimidyl ester. 

2.4.4 ATRP initiator synthesis 

Synthesis of alloc-L-leucine-aminoethanol a (2 in Scheme 1) 
5.3 g (17.0 mmol) alloc-L-leucine-N-hydroxysuccinimidyl ester was dissolved in 30 
ml dry THF and 1.6 ml (27.0 mmol) aminoethanol was added. The reaction was 
allowed to take place for 1 hour at room temperature. The formed precipitate was 
filtered off and the residue was washed several times with THF. The filtrate was 
concentrated under vacuum end diluted with ethyl acetate. This solution was washed 
with a saturated NaHCO3 and brine. The organic layer was dried over MgSO4, 
concentrated under vacuum, until white crystals were obtained (yield: 3.5 g, 14 
mmol, 80%). 
1H-NMR (CDCl3, 400 MHz, δ in ppm): 0.91 (q, 6H), 1.60 (m, 3H), 3.32 (m, 1H), 
3.42 (m, 1H), 3.66 (m, 2H), 4.19 (dt, 1H), 4.52 (m, 2H, H-3), 5.19 (d, 1H), 5.27 (d, 
1H), 5.72 (s, 1H), 5.85 (m, 1H), 7.09 (s, 1H).   
13C-NMR (CDCl3, 100 MHz, δ in ppm): 21.9 (CH3), 22.9 (CH3), 24.7 (CH3), 41.5 
(CH2), 42.2 (CH2), 53.6 (CH2), 61.5 (CH2), 67.9 (-CH2O-), 117.9 (-CH=CH2), 132.4 
(-CH=CH2), 156.4 (COON), 173.5 (-C=O).  
 
Synthesis of alloc-L-leucine-aminoethyl-bromoisobutyratea (3 in Scheme 1)                   
Under inert conditions, to a solution of 3.74 g (14.5 mmol) alloc-L-leucine-
aminoethanol in 20 ml dry THF 3.0 ml (21.7 mmol) triethylamine was added. After 
cooling the reaction mixture to 0°C, a solution of 2.7 ml (21.7 mmol) α-
bromoisobutyrate in 20 ml dry THF was added. The reaction mixture was allowed to 
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warm to room temperature and the reaction was continued overnight. After 
filtration, and rinsing the residue, the filtrate was concentrated under vacuum. The 
product was dissolved in chloroform and washed with a saturated NaHCO3 solution 
and with brine. The organic phase was dried over MgSO4 and concentrated under 
vacuum. The final product was obtained after column chromatography over silicagel 
60, eluent diethyl ether/ chloroform 1:1 (yield 3.7 g, 9.1 mmol, 63%) mp: 55.5°C.  
1H-NMR (CDCl¬3, 400 MHz, δ in ppm): 0.92 (q, 6H), 1.51 (m, 1H), 1.66 (m, 2H), 
1.92 (s, 6H), 3.56 (m, 2H), 4.15 (s (broad), 1H), 4.25 (t, 2H), 4.55 (s (broad), 2H), 
5.28 (s, 1H), 5.20 (m, 1H), 5.29 (m, 1H), 5.88 (m, 1H), 6.55(s,1H) 
13C-NMR (CDCl3, 100 MHz, δ in ppm): 21.9 (CH3), 22.9 (-CH3), 24.7 (-CH3), 30.5 
(-CH3), 38.4 (-CH2), 41.3 (-CH2), 53.5 (-CH), 55.9 (CBr), 67.9 (-CH2), 65.9 (-CH2),  
117.9 (CH2=CH-), 132.4 (-CH=CH2), 156.1 (COON), 171.5 (-COOC), 172.6 (-
CON).  
E.A. (exp. (theor.) in %: N 6.29 (6.88), C 45.91 (47.18), H 6.45 (6.68), Br 20.02 
(19.62). 
 
Synthesis of (phen)nickel (amido-amidate-L-leucine)aminoethyl-bromoisobutyrate a  
(4 in Scheme 1) 
To a solution of 500 mg (1.8 mmol) Ni(COD)2 in 40 ml  abs. DMF, a solution of 
1,10-phenanthroline in 15 ml abs. DMF was added. The final solution colours dark. 
After 2 hours reacting at room temperature in nitrogen atmosphere, 740 mg (1.8 
mmol) alloc-L-leucine-aminoethyl-bromoisobutyrate dissolved in 10 ml abs. DMF 
was added. After 5 hours reacting, a green solution was obtained. The reaction was 
continued for 24 hours at 50°C. After cooling, 200 ml diethyl ether was added. The 
formed solution was filtered by a canula and rinsed once with diethyl ether and 
twice with THF. The residue was dried under vacuum and stored under nitrogen 
(average yield over 8 batches: 40%). 
1H-NMR and 13C-NMR measurements of this complex are not possible due to the 
para-magnetic nickel. 
E.A. (exp. (theor.) in %: N: 8.68 (10.00), C: 46.22 (51.46), H: 4.12(5.22), Br: 15.94 
(14.27). 

2.4.5 NMRP initiator synthesis 

Synthesis of t-butylphenylnitrone ( b in Scheme 5) 
Zinc powder, 65.00 g (0.994 mol) was washed with a 5% HCl solution (3x 50 ml), 
water (3x 50 ml), methanol (3x 50 ml) and diethyl ether (3x 50 ml), and 
subsequently the zinc dried under vacuum at 40°C overnight. 
23.46 g (0.228mol) 2-methyl-2-nitropropane (a) and 14.73 g (0.275mol) ammonium 
chloride were dissolved in ethanol (200 ml), and water (100 ml) and THF (200 ml) 
were added until all solids dissolved. The whole mixture was cooled to 0°C. 
Activated zinc powder was added slowly over a period of 15 minutes with stirring. 
The reaction was allowed to warm to room temperature and left overnight. The zinc 
salts were filtered and washed with ethanol (2x 100 ml) and chloroform (100 ml). 
The filtrates were combined and concentrated. To the hydroxylamine (2) 51.78 g 
(0.488mol) benzaldehyde was added slowly and the reaction mixture was refluxed 
for 2 hours. After this the mixture was concentrated and extracted with CH2Cl2 (4x 
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50 mol). The combined organic layers were dried over MgSO4. After concentration, 
the product was purified via a silica column, with as eluent ethyl acetate - n-heptane 
(1:4) to purify the product (yield 24.84g, 61.4%).  
1H-NMR: (400MHz, CDCl3): 8.29 ppm (m, 2H), 7.59 ppm (s, 1H), 7.43 ppm (m, 
3H), 1.60 ppm (s, 9H). 
 
 
Synthesis of 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (c in Scheme 5) 
23.29 g (0.1314 mol) t-butylphenylnitrone (b) was dissolved in THF (300 ml) and 
the solution was cooled to 0°C. A 200 ml 2.0M solution of isopropylmagnesium 
chloride was added drop wise over 30 minutes. The reaction was allowed to warm to 
room temperature and to stir for 16 hours. A concentrated NH4Cl solution (50 ml) 
was added in order to decompose the Grignard reagent. Water (200 ml) was added 
until all solids were dissolved. The organic layer was separated, and the aqueous 
layer was extracted with diethyl ether (4x 50 ml). The organic layers were dried over 
MgSO4. After concentration the hydroxylamine (4) (26.44 g, 91%) was dissolved in 
methanol (300 ml), concentrated NH4OH (12 ml) and Cu(OAc)2 (1.823 g, 0.010 
mol). Air was bubbled through the solution, which turned the solution from yellow 
into dark blue within 30 minutes. The mixture was concentrated and the residue was 
dissolved in a mixture of CHCl3 (100 ml), NaHSO4 solution (50 ml) and water 
(100ml). The organic layer was separated and the aqueous layer was extracted with 
CHCl3 (4x 50ml). Organic layers were combined and dried over MgSO4 and filtered. 
After concentration the product was purified by flash column chromatography with 
as eluent ethyl acetate – n-heptane (1:10). After the first fraction was collected, the 
eluent was changed to (4:1). After concentration the product was obtained (yield 
19.19g, 66.3%).  
 
Synthesis of 2,2,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-
azahexane (d in Scheme 6) 
8.08 g (36.67 mmol) 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (c) and 
11.12 g (72.86 mmol) 4-vinylbenzyl chloride were dissolved in toluene (130 ml) and 
ethanol (130 ml). To this solution the Jacobsen catalyst (3.76g, 5.92mmol), di-tert-
butylperoxide (2.916g, 19.94mmol) and NaBH4 (4.379g, 115.8mmol) were added. 
The reaction mixture was stirred open to air for 20 hours. After concentration the 
mixture was dissolved in water (300 ml) and dichloromethane (250 ml). The water 
layer was extracted with 4 x 80 ml of dichloromethane. The organic layers were 
combined and dried over MgSO4. After concentration in vacuo further purification 
was done by a flash column with dichloromethane – n-heptane (1:9) as eluent. After 
concentration the product was obtained (yield 9.59g, 69.9%).  
1H-NMR for both diastereomers: (400MHz, CDCl3, δ in ppm): 7.47-7.00 (m, 18H), 
4.95 (q, 2H), 4.59 (d, 4H), 3.47 (d, 1H), 3.36 (d, 1H), 2.36 (m, 1H), 1.65 (d, 3H), 
1.56 (d, 3H), 1.43 (m, 1H), 1.31 (d, 3H), 1.06 (s, 9H), 0.90 (d, 3H), 0.80 (s, 9H), 
0.57 (d, 3H), 0.25 (d, 3H). 
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Scheme 5: Synthetic route for synthesis of 2,2,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide. 
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Scheme 6: synthesis of 2,2,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-
azahexane. 

2.4.5.1 NMRP initiator with spacer (8 in Scheme 2) 

Synthesis of 2,2,5-trimethyl-3-(4’-p-acetoxymethylphenylethoxy)-4-phenyl-3-
azahexane (e)  
1.4 g (3.75 mmol) 2,2,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-
azahexane (d) and 1.0 g (0.98 mol) potassium acetate were stirred in 15 mL 
hexamethyl phosphorus triamide at room temperature. After 2 days reaction, the 
reaction mixture was diluted with 40 ml dichloromethane and washed 4 times with 
25 ml water. The organic fractions were combined and concentrated. The crude 
product was purified by silicagel column eluting with dichloromethane- hexane 9:1, 
gradually increasing to dichloromethane- hexane 1:1. The acetoxy derivative was 
obtained as a colorless gum (yield 1.28 g, 90.1%). 
1H-NMR for both diastereomers: (400 MHz, CDCl3, δ in ppm): 7.10- 7.40 (m, 18H), 
5.12 (d, 2H), 4.91 (ds, 4H), 3.45 (d, 1H), 3.31 (d, 1H), 2.44 (m, 1H), 1.60 (d, 3H), 
1.52 (d, 3H), 1.41 (m, 1H), 1.28 (d, 3H), 1.07 (s, 9H), 0.88 (d, 3H), 0.81 (s, 9H), 
0.60 (d, 3H), 0.21 (d, 3H).  
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Synthesis of 2,2,5-trimethyl-3-(4’-p-hydroxymethylphenylethoxy)-4-phenyl-3-
azahexane (5 in Scheme 7) 
1.15 g (2.89 mmol) 2,2,5-trimethyl-3-(4’-p-acetoxymethylphenylethoxy)-4-phenyl-
3-azahexane (e) was mixed with 10 ml water, 3 ml ethanol, 0.02 g (0.076 mmol) 18-
crown-6 and 0.5 g (12.5 mmol) NaOH. This two phase system was vigorously 
stirred and refluxed for 18 hours. The reaction mixture was allowed to cool, and was 
extracted with dichloromethane. The combined organic layers were dried over 
MgSO4 and concentrated under vacuum. The crude product was purified by column 
chromatography, using dichloromethane- diethyl ether 3:2, gradually increasing to 
100% dichloromethane, to give the hydroxyl-functionalized alkoxyamine as a 
colourless oil (yield 0.95 g, 85%). 
1H-NMR both diastereomers (400 MHz, CDCl3, δ in pmm): 7.10-7.40 (m, 18H), 
4.94 (m, 2H), 4.74 (m, 4H), 3.42 (d, 1H), 3.31 (d, 1H), 2.42 (m, 1H), 1.60 (d, 3H), 
1.50 (d, 3H), 1.41 (m,1H), 1.37 (d, 3H), 1.05 (s, 9H), 0.95 (d,3H), 0.77 (s, 9H), 0.62 
(d, 3H), 0.19 (d, 3H). 
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Scheme 7: Synthesis of hydroxyl-functionalized TIPNO. 
 
Synthesis of alloc-L-leucine-aminohexanoic acid (6 in Scheme 2) 
2.0 g (6.4 mmol) alloc-L-leucine-N-hydroxysuccinimidyl ester (1) was dissolved in 
15 ml abs. THF and 1.5 ml (10.0 mmol) 6-aminohexanoic acid was slowly added. 
The reaction was allowed to take place for 1 hour at room temperature. The formed 
precipitate was filtered of and the residue was washed several times with THF. The 
filtrate was concentrated under vacuum end diluted with ethyl acetate. This solution 
was washed with a saturated NaHCO3 solution and brine. The organic layer was 
dried over MgSO4, concentrated under vacuum, until white crystals were obtained 
(yield: 3.5 g, 80%). 
1H-NMR (CDCl3, 400 MHz, δ in ppm): 0.91 (q, 6H), 1.60 (m, 3H), 3.32 (m, 1H), 
3.42 (m, 1H), 3.66 (m, 2H), 4.19 (dt, 1H), 4.52 (m, 2H, H-3), 5.19 (d, 1H), 5.27 (d, 
1H), 5.72 (s, 1H), 5.85 (m, 1H), 7.09 (s, 1H).   
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Synthesis of 2,2,5-trimethyl-3-(4’-p- alloc-L-leucine-aminohexanoxymethyl 
phenylethoxy)-4-phenyl-3-azahexane (7 in Scheme 2) 
0.9 g (2.4 mmol) 2,2,5-trimethyl-3-(4’-p-hydroxymethylphenylethoxy)-4-phenyl-3-
azahexane (5) and 1.9 g (2.9 mmol) alloc-L-leucine-aminohexanoic acid (6)  were 
dissolved in 15 ml abs. THF. A solution of 1.1g (5 mmol) N,N-
dicyclohexylcarbodiimide (DCC) in 5 ml THF was added and a white precipitate 
was observed to form. The reaction was continued for 24 hours after which the 
reaction was filtrated. The residue was washer several times with THF and the 
organic layers were re-dissolved in dichlormethane, washed with saturated NaHCO3 
solution and brine and dried over MgSO4. The crude product was obtained after 
concentrating under vacuum and was purified by column chromatography using 
dichloromethane/ diethyl ether 1:1 gradually increasing to 100% dichloromethane, 
to give the desired alkoxyamine as a highly viscous gum (yield 0.3 g, 35%).  
 
Synthesis of 2,2,5-trimethyl-3-(4’-p-(phyn)Ni-amido-amidate-L-leucine-
aminohexanoxymethylphenylethoxy)-4-phenyl-3-azahexane a (8 in Scheme 2) 
Under inert conditions, 38.0 mg (0.14mmol) Ni(COD)2 and 27.0 mg (0.15mmol) 
1,10 phenantroline were both dissolved in 2  ml abs. DMF each. The dissolved 
phenantroline was added to the Ni(COD)2 solution and the solution changed to a 
dark color. After one hour, 86.5mg (0.13mmol) 2,2,5-trimethyl-3-(4’-p-(phyn)Ni-
amido-amidate-L-leucine-amino 
hexanoxymethylphenylethoxy)-4-phenyl-3-azahexane (7) dissolved in 1 ml abs. 
DMF was added. The reaction was continued for 5 hours at room temperature. To 
the green solution, 50 ml dry diethylether was added. The upper layer of the two 
phase system was filtered and dried under vacuum. The obtained product was stored 
under inert conditions (yield could not be determined due to the very low amount of 
material).  
The obtained product could not be analyzed by NMR due to the paramagnetic 
properties of Ni. 
  

2.4.5.2 NMRP initiator without spacer (13 in Scheme 3) 

Synthesis of 2,2,5-trimethyl-3-(1-p-azidomethylphenylethoxy)-4-phenyl-3-azahexane 
(f in Scheme 8) 
3.1 g (8.29 mmol) 2,2,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-
azahexane (d) and sodium azide 1.611 g ( 24.78 mmol) were dissolved respectively 
suspended in DMF (20 ml). The reaction mixture was stirred at RT under a nitrogen 
atmosphere for 24 hours. Next, the mixture was poured on water (300 ml). This was 
extracted by 3 x 75 ml dichloromethane. The organic layer was dried and 
concentrated in vacuo. To further purify the product a flash column was used with 
dichloromethane as eluent. After concentration the product was obtained (2.72 g, 
86.2%).  
1H-NMR for both diastereomers: (200MHz, CDCl3, δ in ppm): 7.47-7.00 ppm (m, 
18H), 4.93 ppm (q, 2H), 4.34 ppm (d, 4H), 3.45 ppm (d, 1H), 3.32 ppm (d, 1H) 2.36 
ppm (m, 1H), 1.61 ppm (d, 3H), 1.59 ppm (d, 3H) 1.40 ppm (m, 1H), 1.29 ppm (d, 
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3H), 1.06 ppm (s, 9H), 0.90 ppm (d, 3H), 0.80 ppm (s, 9H), 0.57 ppm (d, 3H), 0.24 
ppm (d, 3H). 
 
Synthesis of 2,2,5-trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-
azahexane (10 in Scheme 8 and in Scheme 10) 
2.62 g (6.89 mmol) 2,2,5-trimethyl-3-(1-p-azidomethylphenylethoxy)-4-phenyl-3-
azahexane (f) was dissolved in dry THF (40 ml) and cooled to 0ºC. To this 7.6 ml 
(7.6 mmol)  1.0M LiAlH4 solution in THF was added slowly. The reaction was 
allowed to warm up to room temperature and was left to stir overnight. The reaction 
was continued for 20 hours after which 0.5 ml of water was added slowly. After 
filtration and concentration the product was purified by a flash column using an 
eluent of dichloromethane with a gradually increasing methanol percentage up to 
10%. After concentration the product was obtained (1.26g, 52%). 1H-NMR for both 
diastereomers: (200MHz, CDCl3, δ in ppm): 7.47-7.17 ppm (m, 18H), 4.98 ppm (q, 
2H), 3.85 ppm (d, 4H), 3.44 ppm (d, 1H), 3.33 ppm (d, 1H), 2.30 ppm (m, 1H), 1.94 
ppm (s ,4H), 1.63 ppm (d, 3H), 1.59 ppm (d, 3H), 1.42 ppm (m, 1H), 1.32 ppm (d, 
3H), 1.05 ppm (s, 9H), 0.92 ppm (d, 3H), 0.78 ppm (s, 9H), 0.55 ppm (d, 3H), 0.25 
ppm (d, 3H). 
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Scheme 8: Synthesis of amino-functionalized TIPNO. 
 
Synthesis of 2,2,5-trimethyl-3-(4’-p-alloc-L-leucine-aminomethylphenyl ethoxy)-4-
phenyl-3-azahexane a (12 in Scheme 3) 
455 mg (1.46 mmol) alloc-L-leucine-N-hydroxysuccinimidyl ester (1) was dissolved 
in 8 ml dry THF. 500 mg (1.41 mmol) 2,2,5-trimethyl-3-(1-p-
aminomethylphenylethoxy)-4-phenyl-3-azahexane was added and the reaction was 
continued for one hour at room temperature. The THF was removed under vacuum 
and the desired product was obtained. (yield 0.61 g, 78%) 
1H-NMR for both diastereomers: (400 MHz in CDCl3, δ in ppm) 0.24 (d, 3H), 0.53 
(d, 3H), 0.77 (s, 9H), 0.92-0.95 (m, 6H), 1.04 (s, 9H), 1.29 (d, 3H), 1.52 (d, 3H), 
1.60 (d, 3H), 1.69 (s, NH), 1.81- 1.88 (m, 2H), 2.26-2.35 (m, 1H) 3.29-3.42 (m,1H), 
4.21 (m, 1H), 4.32-4.47 (m, 2H), 4.53-4.55 (m, 2H) 4.87-4.94 (m, 1H), 5.18-5.30 
(m, 3H), 7.14-7.45 (m, 9H). 
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Synthesis of 2,2,5-trimethyl-3-(4’-p-(pphyn)Ni-amido-amidate-L-leucine-
aminomethylphenyl ethoxy)-4-phenyl-3-azahexane a (13 in Scheme 3) 
Under inert conditions, 136 mg (0.50 mmol) Ni(COD)2 and 82 mg (0.48 mmol) 
1,10-phenanthroline were both dissolved in 4 ml abs. DMF. The solution of 
phenanthroline was added to the Ni(COD)2 solution and a dark solution was 
obtained. After two hours, 269 mg (0.49 mmol) 2,2,5-trimethyl-3-(4’-p-alloc-L-
leucine-aminomethylphenylethoxy)-4-phenyl-3-azahexane dissolved in 4 mL abs. 
DMF was added and the reaction was continued for another 5 hours at room 
temperature. 50 mL abs. diethylether was added to the reaction mixture and a 
precipitate was formed. The solution was transferred by canula and the precipitate 
was washed twice with abs. diethylether and twice with 10 ml abs. THF. The 
remaining precipitate was dried under vacuum and stored under nitrogen. (yield: 43 
mg, 13%). 
1H-NMR and 13C-NMR measurements of this complex were not possible due to the 
paramagnetic nickel. 
E.A. (exp. (theor.) in %): N: 13.10 (9.94), C: 51.19 (69.89), H: 5.05 (7.30) 

2.4.6 Monomer synthesis a 

Synthesis of NCA of γ-benzyl-l-glutamate 
5.0 g (0.021 mol) γ-BLG was suspended in 50 ml dry THF in a 100 ml three neck 
roundbottom flask. 16 ml (0.030 mol) phosghene- toluene solution (20%) was 
added. The reaction was performed under reflux for 90°C. After cooling to 4°C, 
some dry diethylether was added, this solution was stored overnight at -25°C and the 
product crystallized. The product was collected by filtering the cold suspension and 
the product was washed with dry diethylether. The product was dried under vacuum 
and stored in the freezer at -25°C (yield: 87.8%). 
1H-NMR: (400MHz, CDCl3): 7.35 (m, 5H), 6.65 (s, 1H), 5.14 (s, 2H), 4.38 ppm (m, 
1H), 2.59 ppm (t, 2H), 2.28 (m, 1H), 2.12 ppm (m, 1H) 

2.4.7 Polymerizations 

Ni-mediated NCA polymerization a (typical procedure) 
Under dry and inert conditions, the (phen)nickel(amido-amidate-L-leucine)-
containing bifunctional initiator was dissolved in abs. DMF and a solution of γ-
BLG-NCA dissolved in abs. DMF was added. The reaction was performed at room 
temperature for 16 hours under nitrogen atmosphere. The PBLG was obtained after 
precipitation in methanol of 0°C containing 4 mM HCl. The final product was 
obtained after re-precipitation from THF in methanol. 
 
Synthesis of block copolymer of polymethylmethacrylate and poly(γ-benzyl-l-
glutamate) by ATRP, kinetic study 
PBLG macroinitiator and Cu(I)Br were dissolved in abs. DMF or abs. DMSO under 
inert conditions. MMA, ligand and anisole as internal standard were added and 
oxygen was removed by three freeze/thaw cycles. The reaction mixture was 
maintained at the desired temperature (60°C or 90°C) with sampling 100 μl at 
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specific times. Samples were passed over a Al oxide column to remove copper 
complex and free Cu(I)Br and were precipitated in methanol. The filtrate was 
analyzed by SEC and the supernatant was analyzed by GC. 
 
Synthesis of block copolymer of polymethylmethacrylate and poly(γ-benzyl-l-
glutamate) by ATRP a 

PBLG macroinitiator and Cu(I)Br were dissolved in abs. DMF or abs. DMSO under 
inert conditions. MMA and ligand were added and oxygen was removed by three 
freeze/thaw cycles. The reaction mixture was maintained at the desired temperature 
(60°C or 90°C). After polymerization between 10 to 50 hours, the reaction mixture 
was cooled to room temperature and the solution was diluted with THF. The copper 
complex and the free Cu(I)Br were removed by an Al oxide column and the filtrate 
was precipitated in methanol. 
 
Synthesis of block copolymer of polystyrene and poly(γ-benzyl-l-glutamate by 
NMRP, kinetic study a 

PBLG macroinitiator was dissolved in abs. DMF under inert conditions. Styrene and 
anisole as internal standard were added and oxygen was removed by three 
freeze/thaw cycles. The reaction mixture was maintained at 125°C with sampling 
100 μl at specific times. Samples were precipitated in methanol. The residue was 
analyzed by SEC and the supernatant was analyzed by GC. 
 
Synthesis of block copolymer of polystyrene and poly(γ-benzyl-l-glutamate by  
NMRP a 

PBLG macroinitiator was dissolved in abs. DMF under inert conditions. Styrene was 
added and oxygen was removed by three freeze/thaw cycles. The reaction mixture 
was maintained at 125°C for 16 hours. The reaction mixture was allowed to cool to 
room temperature. The reaction mixture was precipitated in methanol. 
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Chapter 3 
 
 

Synthesis of Rod-coil block copolymers by a 
bifunctional initiator for controlled polymerizations 

 
 

 
 
 

 

Abstract 

 
A universal, metal-free synthetic pathway to synthesize rod-coil block copolymers is 
described in this chapter. The concept was proven for the synthesis of poly(benzyl-
L-glutamate-b-styrene). A bifunctional initiator, containing a primary amine and a 
nitroxide group, was used in a macroinitiation approach, thereby circumventing all 
polymer analogous reactions. A screening of proper reaction conditions and solvents 
for the polymerization of N-carboxyanhydride (NCA) was performed. All polymers 
were subjected to a comparative size exclusion chromatography study (SEC) in 
THF, DMF and hexafluoro isopropanol (HFIP). Good control over the molecular 
weight in the ring opening polymerization of benzyl-L-glutamate N-
carboxyanhydride (NCA) was obtained in DMF at 0 °C yielding poly(benzyl-L-
glutamates) with low polydispersities around 1.1. The almost quantitative 
incorporation of the dual initiator was confirmed by MALDI-ToF analysis. 
Macroinitiation of styrene by nitroxide mediated controlled radical polymerization 
(NMRP) yielded the block copolymer with high structural control. The diblock 
structure was confirmed by molecular weight increase upon macroinitiation by size 
exclusion chromatography (SEC) and by retention time comparison with 
homopolymers using gradient polymer elution chromatography (GPEC).  
The ultimate challenge in polymer chemistry, a one pot polymerization of a block 
copolymer, was performed. In the one pot reaction, with both monomers present, 
first the NCA polymerization was performed at 0°C, and after 4 days the 
temperature was increased to 125°C. The level of control over the NCA 
polymerization was good and polymers with a polydispersity of 1.1 were obtained. 
The NMRP reaction showed a little less control than for the two pot approach but 
still a well-defined rod-coil block copolymer was obtained with a polydispersity of 
1.2. 
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3.1 Introduction 
 
Block copolymers are a well-known and more and more developed class of 
macromolecules that is being synthesized during the last 50 years. Due to the usual 
incompatibility of the constituting blocks, micro-phase separation can occur. They 
can form micellar, vesicular and cylindrical aggregates when dissolved in a selective 
solvent for one of the blocks, as well as phase separate in a variety of structures in 
the bulk state 3(Figure 3, in Chapter 1). The length of the different blocks determines 
the overall morphology. Block copolymers have found a wide variety of applications 
like as polymeric compatibilizer 4, as liquid crystals 5,6, as micellar structures for 
drug delivery 7 as well as opto-electronic applications 8. 
In addition to the well studied linear coil-coil block copolymers, more complex 
varieties have been developed during the last few years, like rod-coil 10,27, rod-
dendron 122, cyclic 123 and comb-like 41 block copolymers.  
 A particularly interesting class of block copolymers amongst these is the rod-coil 
block copolymer, since this type shows very different solution and solid state 
properties in comparison with conventional block copolymers. Theoretically 12 and 
experimentally 13 it is demonstrated that phase separation of rod-coil block 
copolymers can occur in the nano-size range instead of on the larger length scales of 
classical coil-coil systems. Due to the internal dipole in the α-helix, which wants to 
align in opposite directions, some more complex ‘structure in structures’ are 
obtained 25-27,30,39 
 A specific class of rod-coil block copolymers is based on homo-polypeptide blocks. 
This class has, in contrast to the rod segment of most other rod-coil molecules, the 
α-helical peptide segment the conformation of which can be sensitive to 
environmental changes in temperature, ionic strength or pH 15. In the field of 
controlled drug release, polypeptide-based block copolymers are of great interest 
because polypeptides can biodegrade via hydrolysis.  
 In Chapter 1, the different routes for the synthesis of block copolymers are 
described. 
For the polypeptide containing rod-coil block copolymers, most of the time a two 
step approach is performed. Often, first the vinyl polymerization is performed after 
which the initiator group 24,111 is converted into a primary amine, which then can act 
as an initiator for NCA polymerization. Recently, Lecommandoux et al. have 
applied the click chemistry approach developed by Sharpless 38 to obtain the rod-coil 
block copolymers by ‘clicking’ two preformed polymer together 23. 
 In chapter 2, the Nickel-mediated NCA polymerization was discussed, but since one 
of the potential applications can be found in the biomedical field, the use of nickel is 
undesired. Another disadvantage is the required glove box chemistry for this Ni-
mediated NCA polymerization. The same limitations are also valid for the use of 
Cu-catalyzed ATRP.  
 In this chapter, both polymerizations are performed from a bifunctional initiator via 
a metal-free approach, which makes biomedical applications more feasible. As 
model system, a combination of ring opening polymerization of benzyl-glutamate 
NCA and nitroxide mediated radical polymerization (NMRP) of styrene was chosen. 
This synthesis of block-copolymers was suited for providing a proof of principle of 
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this metal-free approach. The initiator for this approach was originally developed by 
Hawker et al. 120 and contains on one side an amine moiety which acts as an initiator 
for NCA polymerization, and on the other side it contains a moiety acting as an 
initiator for controlled radical polymerization (Scheme 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 1: Rod-coil block copolymer synthesis by a bifunctional initiator. Left part: two 
pot approach. Right part: one-pot approach. 
 
First a two pot system (left route in Scheme 1) was investigated in order to achieve 
complete control and understanding with respect to compatibility of monomers and 
polymerization techniques. Therefore, PBLG was synthesized from (1) in Scheme 1 
and the obtained PBLG (2) was used as macroinitiator for the successive NMP of 
styrene to obtain finally P(BLG-b-S)(3). The obtained macroinitiator was thoroughly 
analyzed by Size Exclusion Chromatography (SEC), MALDI-ToF and 1H-NMR 
spectroscopy. Also circular dichroism spectroscopy was performed to check if the 
PBLG has formed an α-helix. Circular dichroism (CD) is a form of spectroscopy 
based on the differential absorption of left- and right-handed, circularly polarized 
light. It can be used to help determining the structure of macromolecules. Each 
structural element has its own characteristics, as shown in Figure 1.  
 

O N

NH2

O N

NH2 N

H

O

COOBz

n

n

3

O N

NH2 N

H

O

COOBz

n

m

3

1

NH2 N

H

O

COOBz

n

O N

N

H

O

COOBz

n

O N

2

NH

O

O

O

OO

NH

O

O

O

OO
NH

O

O

O

OO

NH

O

O

O

OO

O N

NH2

O N

NH2 N

H

O

COOBz

n

n

3

O N

NH2 N

H

O

COOBz

n

m

3

1

NH2 N

H

O

COOBz

n

O N

N

H

O

COOBz

n

O N

2

NH

O

O

O

OO

NH

O

O

O

OO
NH

O

O

O

OO

NH

O

O

O

OO



  

 60

 
Figure 1: Circular dichroism spectra of the main structural elements in polypeptides 
124. 
 
In order to investigate the macroinitiator efficiency and see whether block 
copolymer formation was possible by this approach, NMRP of styrene was 
performed from the purified PBLG-macroinitiator. The obtained block copolymer 
was analyzed extensively by SEC and gradient polymer elution chromatography to 
prove block copolymer formation rather than the formation of separate 
homopolymers. Also circular dichroism was performed in order to analyze if the 
formed block copolymer still contained an α-helix rod part. 
This detailed insight was transferred towards a more sophisticated, quasi one-pot 
approach in which first the NCA polymerization was performed, followed by NMP 
without any intermediate purification by precipitation. Also these copolymers were 
fully analyzed by SEC and GPEC. Finally, a one-pot approach was attempted, where 
all monomers were added at once and both reactions were performed consecutively. 
The latter is, from a chemical point of view, the most demanding reaction, as it 
requires complete compatibility of all reaction compounds. 
 



  

 61

3.2 Results and discussion 

3.2.1 NCA polymerization 

 
First, the polymerization of the NCA of benzyl-L-glutamate was performed in THF 
at 20°C for two different monomer to initiator molar ratios ([M]/[I]), i.e. 20 and 40. 
Samples were taken at time intervals and analyzed by size exclusion 
chromatography (SEC) using THF as eluent. After 24 hours, two peaks could be 
distinguished. For example for ([M]/[I]) = 40, the SEC shows two peaks at peak 
molar masses of 2400 and 17000 g.mol-1 compared to polystyrene standards (Figure 
2). The peak corresponding to the lower molar mass decreases in intensity relative to 
the high molar mass as the reaction proceeds. Whereas the higher molar mass peak 
slightly shifts towards higher molar mass with increasing polymerization time, the 
low molar mass peak remains at the same position. This bimodality, implying 
limited control over the NCA polymerization, can be explained by hydrogen 
bonding effects which cause formation of aggregates 53,64. 
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Figure 2: Size exclusion chromatograms for benzyl-L-glutamate NCA polymerization 
in time (from 24 to 192 hours). [M]/[I]=40, in THF at 20°C. 
 

Whether poly(benzyl-L-glutamate) (PBLG) forms aggregates, random coil or 
separate helices is largely determined by the capacity of the solvent to break up inter 
and intra molecular hydrogen bonding. Apart from the chemical influences on the 
molecular weight distribution, there is an influence of secondary structures that can 
be formed in a solvent. In less polar solvents, oligomers can form β-sheets and due 
to sterical hindrance, the activity of the chain-ends in these sheets is decreased. In 
contrast to this effect, Kricheldorf 64 described that acceleration can be observed at 
another stage. Due to hydrogen bonding, the NCA concentration is increased near 
the growing chains. However, for oligomers present in the β-sheet, this increase will 
be less pronounced due to sterical hindrance. This effect will result in a hampered 
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chain growth of the oligomers, while longer chains (not organized in β-sheets) grow 
faster, resulting in a bimodal distribution. This effect is observed for non-polar 
solvents like THF, 1,4-dioxane, nitrobenzene and dichloromethane 125. In order to 
discriminate whether the observed bimodal distribution is due to the discussed 
aggregation during polymerization or due to separation during size exclusion 
chromatography, the samples were also analyzed by SEC with hexafluoro 
isopropanol (HFIP) as the eluent. This is a very polar solvent in which the polymer-
polymer interactions by hydrogen bonding as well as the polymer column 
interactions are reduced. Nevertheless, from Figure 3, the bimodal distribution of the 
polymer can clearly be observed, which suggests a lack of control over the 
polymerization under these reaction conditions.  

 

 

 

 

 

 

 

 

 

Figure 3: HFIP SEC traces of PBLG [M]/[I]=20 (black); [M]/[I]=40 (red) polymerized 
in THF. Black line is after 24 hours, red line after 144 hours. 
 
According to literature, in DMF less aggregate formation and less chain 
acceleration, is observed. Therefore, in order to obtain better control over the 
polymerization, DMF was used as a solvent. Giani et al.68 investigated the influence 
of reaction temperature on the control of the N-hexylamine initiated polymerization 
of Ns-trifluoroacetyl-L-lysine NCA. By lowering the reaction temperature from 20 
to 0°C it was found that 99% of all polymer chains were still living at the end of the 
reaction. Up to now, there are no reports applying this approach to other NCAs or 
initiators. Therefore we repeated this approach with benzyl-L-glutamate NCA and 
our amine functionalized initiator for both [M]/[I] ratios of 20 and 40. SEC 
measurements with HFIP as eluent show clearly separated traces and a monomodal 
distribution with polydispersities lower than 1.1 (Figure 4). SEC measurements in 
DMF qualitatively confirm the findings of the HFIP measurements.  
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Figure 4: HFIP SEC traces of PBLG [M]/[I]=40 (1); [M]/[I]=20 (2) synthesized in DMF 
at 0°C and [M]/[I]=20 synthesized in DMF at 20°C (3). 
 

In Table 1, an overview of NCA polymerizations under different conditions is given. 

Table 1: Overview of NCA polymerizations in different solvents and at different 
temperatures.  a: bimodal distribution.              

Reaction conditions SEC (DMF) Entry 

Solvent T (ºC) [M]/[I] Mn(103 g/mol) PDI 

1 THF 20 20 6.1 1.9(a) 

2 THF 20 40 9.9 1.6(a) 

3 DMF 20 20 6.2 1.5(a) 

4 DMF 0 20 5.6 1.1 

5 DMF 0 40 8.0 1.1 

  

Further evidence for the good control of NCA polymerization at 0°C in DMF 
initiated by 1 was obtained from MALDI-ToF spectra. An NCA polymerization in 
DMF at 20°C was performed to check the influence of the temperature on the final 
polymer. In Figure 5 the MALDI-ToF spectrum of PBLG sample synthesized at 
20°C is shown. This spectrum confirms the presence of a low molar mass fraction, 
as already observed in the SEC chromatogram of PBLG formed at 20°C in DMF 
(see Figure 3). The ionization by the laser leads to radical formation in nitroxide 
containing polymers, resulting in very complex spectra. The broadness of peaks B, 
D, E and G indicates that these are caused by radical species, since these are less 
separable in a time of flight technique and these broad peaks are thus an artifact 
related to the measurement. Peak C can not be identified, but analysis of PBLG 
initiated from 4-vinyl benzyl amine (see Figure 3 chapter 5) does not show this 
peak, which implies that peak C originates from initiator fragments as well.  
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Figure 5: MALDI-ToF spectrum of PBLG synthesized in DMF at 20°C initiated by (1). 
Inset: peaks and corresponding structures. 
 

The peak series corresponding to the desired polymer structure 2, PBLG initiated 
from 1, can clearly be identified (peak A in Figure 5 & Figure 6). Peak F can be 
assigned to the polymer with a cyclic end-group, which is the result of a back-biting 
reaction of the terminal amino group under elimination of benzyl alcohol (Scheme 
6). 
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Scheme 6: Back biting reaction occurring in NCA polymerization of benzyl-L-
glutamate under elimination of benzyl alcohol. 
 

The MALDI-ToF spectrum of the reaction performed at 0°C ( Figure 6) does not 
show a low molar mass distribution, nor does it show a peak corresponding to peak 
F in Figure 5. From these experiments it can be concluded that no or little activated 
monomer mechanism or other side reactions occur under these specific conditions. 
Since the backbiting reaction does not take place and the primary amine moiety is 
still available for further polymerization it should be possible to polymerize a second 
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NCA. This is an additional prove for the livingness of NCA polymerization 
performed at 0°C as observed as well by Giani and coworkers. 
 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 6: MALDI-ToF-MS spectra of PBLG synthesized in DMF at 0°C, initiated by 
(1). A: [M]/[I]=20; B: [M]/[I]=40. Inset: enlargement of area 2150-2350 m/z. 
 
In Figure 7, the 1H-NMR of PBLG initiated from 1 and synthesized with [M]/[I] = 
20 is shown. The fact that 1 consists of diastereomers complicates the assignments 
of the peaks. In the spectrum, the PBLG peaks (f-k) and the initiator peaks can be 
clearly identified. By comparison of the integrated peak areas of peak e of the 
initiator and that of peak j of PBLG, a degree of polymerization of 18 was 
calculated. A comparable result was obtained by comparison of peak k (8 protons of 
initiator and 5 protons of PBLG) with peak e. Both calculations are in good 
agreement with the feed ratio and confirm good control over molecular weight 
during polymerization.  
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Figure 7: 1H-NMR spectrum of PBLG in DMSO initiated by (1) with [M]/[I]=20, 
synthesized at 0°C.  
 
Since the next step of the block copolymer synthesis should be performed at 125°C, 
first the thermal stability was investigated by heating the PBLG macroinitiator up to 
125°C for 5 hours, without addition of styrene. After precipitation, the sample was 
analyzed by MALDi-ToF MS (Figure 8). From this measurement it can be 
concluded that there is no degradation of PBLG under the reaction conditions of 
NMRP, but obviously all primary amine end-groups are converted into cyclic end-
groups. This is evident from the disappearance of peak A and increased intensity of 
peak F, but it is not expected to cause problems for the successive NMRP of styrene. 

 

Figure 8: MALDI-ToF spectrum of PBLG initiated from (1) after 5 hours at 125°C in 
DMF. Peak assignment, see Figure 5. 
 

From literature it is well known that PBLG consisting of more than 18 monomeric 
units has a α-helix as a secondary structure 126. this was proven by circular dichroism 
in acetonitrile for our system as well. The spectrum is shown in Figure 9. It is 
obvious that this spectrum shows all the characteristics of an α-helix, which is 
obvious after comparison with Figure 1, namely the minima around 227 and 207 nm 
and the steep increase between 200 and 190 nm.  
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Figure 9: Circular dichroism spectrum of PBLG initiated by (1), recorded in 
acetonitrile. 
 
From all these results it can be concluded that we have achieved a significant 
improvement in the polymerization of NCA without making use of complicated 
catalysts or other complex high vacuum techniques. A large improvement was 
observed by the proper choice of the solvent and decreasing the reaction temperature 
from 20°C to 0°C. After thorough analysis of the obtained PBLG by MALDI-ToF, it 
is clear that the back biting reaction, which can occur during polymerization of 
benzyl-L-glutamate NCA, is suppressed and a controlled polymerization is obtained. 
Another very important result obtained up to now is the incorporation of the NMRP 
initiator, which makes controlled radical polymerization via the formed 
macroinitiator possible at 125°C, at which temperature the stability of PBLG proves 
to be sufficient. 

3.2.2 Nitroxide mediated radical polymerization 

 
The kinetics of the nitroxide mediated radical polymerization of styrene was first 
determined. For this reason, first the PBLG macroinitiator and distilled styrene with 
[M]/[I]=20 were dissolved in DMF in a Schlenk tube, and the internal standard 
anisole was added. During the reaction, samples were taken and the conversion of 
styrene, Mn, Mw and the glass transition temperature were determined as a function 
of conversion or time. The conversion over time is shown in Figure 10. 
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Figure 10: Conversion vs time for NMRP of styrene in DMF, initiated by PBLG 
macroinitiator (2) (Mn=5500 g.mol-1). 
 
Within 12.5 hours, the conversion of styrene, initiated by the macroinitiator, 
increases smoothly up to 70%. A detailed study of the kinetics showed that the 
NMRP for block copolymers did not show a linear fit by plotting ln([M]/[I]) versus t 
but rather by plotting against t2/3. This exponent indicates a decrease of the amount 
of active radicals and an increase of nitroxides, the persistant radicals. This effect is 
known as the persistent radical effect 76,98. It is often caused by coupling of the 
active radical in an early stage of controlled radical polymerization initiated by low 
molecular weight initiators. Nevertheless, by later analysis (Figure 14) no traces of 
homopolymer of PBLG with a double molecular weight were detected, which would 
point in the direction of coupling of active radicals.  
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Figure 11: Linear fit of ln[M0]/[M] versus t2/3 for NMRP of styrene initiated by 
macroinitiator (2) (Mn=5500 g.mol-1). 
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Macroinitiation is confirmed by size exclusion chromatography of the samples taken 
during polymerization. A clear shift of the chromatograms towards higher molecular 
weight can be observed without any remaining macroinitiator. A linear increase of 
molecular weight is observed from the molecular weight of the macroinitiator (5500 
g.mol-1) to 13000 g.mol-1 at approximately 75% conversion. A low polydispersity 
index is retained around 1.1 throughout the reaction, which indicates good control 
over the polymerization.  

0,0 0,2 0,4 0,6 0,8
0

2000

4000

6000

8000

10000

12000

14000

0,0 0,2 0,4 0,6 0,8
0,8

1,0

1,2

1,4

1,6

1,8

2,0

M
n 

(g
/m

o
l)

conversion styrene

p
ol

yd
is

p
er

si
ty

 

0,0 0,2 0,4 0,6 0,8
0

2000

4000

6000

8000

10000

12000

14000

0,0 0,2 0,4 0,6 0,8
0,8

1,0

1,2

1,4

1,6

1,8

2,0

M
n 

(g
/m

o
l)

conversion styrene

p
ol

yd
is

p
er

si
ty

 

 

Figure 12: Number average molecular weight and polydispersity index of P(BLG-b-S) 
versus conversion of styrene (line represents linear fit). 
 

Detailed analysis of the SEC traces also reveals the appearance of a second, high 
molecular weight peak (see Figure 13). This peak does not only increase in intensity 
but also shifts towards higher molecular weights (Note: The shoulder is included in 
determination of the polydispersity index values presented in Figure 12). Hawker 
reported the need of protection of the amine functionality of 1 to prevent formation 
of small amounts of coupled, higher molecular weight products 121. Whether 
protection of the amino group would prevent this coupling reaction in the 
macroinitiation reaction of styrene was not further tested. This protection was not 
performed for two reasons; a: As shown in the stability test in Figure 8, the amine 
end-group of PBLG was lost at high temperatures due to the back biting reaction, b: 
The advantage of the bifunctional initiator, being no need for a post polymerization 
reaction, would be lost by the separate protection step.  
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Figure 13: SEC (DMF) traces (RI detector) of P(BLG-b-S) samples taken during 
NMRP reaction of styrene, initiated by macroinitiator (2) (Mn=5500 g.mol-1). 
 

Gradient polymer elution chromatography (GPEC) gave the final prove for the block 
copolymer structure. The separation of block copolymer from homopolymers is 
possible by the choice of a suitable solvent mixture. Since PBLG is not soluble in 
toluene but polystyrene is, separation of PBLG from polystyrene was obtained by 
applying a toluene:DMF gradient. Starting from 100:0 to elute the polystyrene, the 
eluent is slowly changed into 40:60 over 10 minutes. As polystyrene reference a PS 
standard of Mn 4000 g.mol-1 is used, and for PBLG the macroinitiator is used as a 
reference. From Figure 14, it can be clearly concluded that the styrene initiation by 
the PBLG macroinitiator (bottom curve) yielded quantitative formation of block 
copolymer, and negligible amounts of homopolystyrene are formed by thermal 
initiation. 
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Figure 14: GPEC traces of poly(styrene), poly(benzyl-L-glutamate) and poly(benzyl-L-
glutamate-b-styrene).  
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The glass transition temperatures of the block copolymers were determined during 
controlled radical polymerization of styrene as a function of the Mn of the 
polystyrene block. In all DSC thermograms (see Figure 15 for an example), only one 
glass transition could be detected, which proves that no phase separation occurred in 
the block copolymer samples. 
 

 

 

 

 

 

 

 

 

 
Figure 15: Typical DSC thermogram of P(BLG-b-S).  
 

The Tg of the P(BLG-b-S) is plotted as function of the molecular weight of the 
polystyrene block of the block copolymer, which was started from the PBLG 
macroinitiator. From Figure 16, it can be seen that the Tg increases from 1.4°C for 
the PBLG macroinitiator to 88°C for the final block copolymer which, according to 
the Fox relationship is in good agreement with a Tg of PS of 105°C. 
 

 

 

 

 

 

 

 

 

 
Figure 16: Tg of poly(BLG-b-S) ( Mn(PBLG)=5500 g.mol-1) as function of  Mn of the PS 
block. 
 

Finally, the effect of the high temperature during controlled radical polymerization 
on the α-helix was determined. By circular dichroism in acetonitrile, it was proven 
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that the high temperature did not have any influence on the α-helix secondary 
structure (Figure 17). The rod-coil block copolymer obtained by this bifunctional 
initiator approach thus contained an α-helix block. 

 

Figure 17: Circular dichroism of the obtained rod-coil block copolymer (3) measured in 
acetonitrile. 

3.2.3 One-pot polymerization 

 
Due to the different activation temperatures of the individual polymerizations (NCA 
polymerization: 0 °C; NMRP: 125 °C) and since both reactions can be performed in 
the same solvent, block copolymer synthesis was attempted in one-pot i.e., without 
intermediate isolation of the PBLG macroinitiator. The polarity of the solvent for 
NCA polymerization is very important, as explained before. Therefore a quasi one-
pot and a one pot polymerization were performed (see Figure 18). The former is a 
one-pot reaction in which first the NCA polymerization was performed, followed by 
an addition of styrene and continuation of the reaction at 125°C. In the case of the 
one-pot polymerization, all the components were added to the reaction flask at the 
start of the reaction (see Figure 19). In both cases the polymerization was conducted 
at 0 °C for 4 days, after which the temperature was increased to 125 °C. A sample 
was taken before increasing the temperature, or before the addition of styrene and 
increasing the temperature. The molecular weight of both PBLG blocks determined 
by SEC, revealed a molecular weight of 7800g.mol-1 for the one-pot and 7700 g.mol-

1, for the quasi one-pot, both with a PDI of 1.1. The molecular weight increased to 
14000 g.mol-1(PDI= 1.2) after NMRP initiation in the case of a one-pot approach. 
For the quasi one-pot polymerization, the increase was a little less, namely 11000 
g.mol-1

, which is probably due to the introduction of traces of oxygen before the 
second step. In both cases, the appearance of a shoulder at higher molecular weight 
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coupling product, similar to the one in the consecutive reaction Figure 13, was 
observed. 
 

 

 

 

 

 

 

 

 

 
Figure 18: DMF-SEC traces for a quasi 
one-pot polymerization in DMF. 
 

 

 

 

 

 

 

 

 
 
 
 
Figure 19: DMF-SEC traces for a  
one-pot polymerization in DMF. 

Final evidence for the feasibility of the one-pot approach was obtained from GPEC. 
It shows the trace of the block copolymers with a retention time between the two 
homopolymers. Only a small peak of pure PS is visible, this originates probably 
from thermal initiation of styrene during NMRP. The results confirm the high level 
of control in this one-pot reaction resulting almost exclusively in the formation of 
block copolymer. The formation of coupling two growing chains, forming a PBLG-
homopolymer was not proven by gradient polymer elution chromatography. 
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Figure 20: Gradient polymer elution chromatography of the polymer obtained by the 
one-pot approach. References are polystyrene (Mn=4000 g.mol-1) and the PBLG 
macroinitiator obtained after the first step. 
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3.3 Conclusions 

3.3.1 NCA polymerization 

Well defined poly(benzyl-L-glutamate) was obtained by polymerization of N-
carboxyanhydride initiated by the primary amine moiety present on the bifunctional 
initiator. Good control over the polymerization was obtained by polymerization at 
0°C in N,N, dimethylformamide and PBLG with a PDI of 1.1 or lower was 
possible. By performing MALDI-ToF-MS measurements, it was shown that the 
back biting reaction, a common side reaction for benzyl-L-glutamate NCA 
polymerization was suppressed and the reaction proceeds controlled. Polymers with 
a degree of polymerization up to 40 monomeric units were possible without losing 
control. The polymers formed via this method lost their amine moiety at the end of 
the chain when they were heated to the reaction conditions of NMRP (125°C), due 
to the back biting reaction. The obtained polymer showed the characteristics of an 
α-helix as proven by circular dichroism spectroscopy.  

3.3.2 Nitroxide mediated radical polymerization 

The nitroxide mediated radical polymerization of styrene was initiated by the 
PBLG containing macroinitiator. The reaction showed all the characteristics of a 
living, controlled radical polymerization The persistent radical effect, was proven 
by the kinetic plot. The obtained P(BLG-b-S) shows a small shoulder of high 
molecular weight, which is the result of a coupling reaction, presumably due to the 
present amine moiety. The obtained rod-coil block polymer had a PDI of 1.1 and 
contained an α-helix as proven by CD spectroscopy. 

3.3.3 One-pot polymerization 

Both, the quasi one-pot and the one-pot approach were successful to obtain rod-coil 
block copolymers. The level of control is comparable and for the NCA 
polymerization step, a polymer with a low PDI (1.1) was obtained. The NMRP lead 
to increased molecular weight, with a little less control compared to the separate 
reaction. Still a well defined rod-coil block copolymer was obtained with a final 
polydispersity of 1.2.
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3.4 Experimental 

3.4.1 Materials 

Methanol (abs. a.r.), diethyl ether (97%), chloroform (99+%) stabilized with 
ethanol for analysis, toluene (a.r), dry THF from an in-house solvent system, 
dichloromethane (a.r. stabilized with amylene) N,N-dimethylformamide (99%, 
extra dry), ethanol (abs.), ethyl acetate (a.r.) and n-heptane (a.r.) were obtained 
from Biosolve and were used as received unless stated otherwise. DMSO was 
obtained from Aldrich. Ethylacetate was purified by distillation with the use of 
CaH2. Zinc dust (< 10 micron, 98%, Aldrich), MgSO4 (pure, Aldrich), NH4OH 
(32%, Aldrich), Cu(OAc)2 (Aldrich), vinylbenzylchloride (>90%, Aldrich), NaBH4 
(99%, Aldrich), 4-tertbutylcatechol (Aldrich), lithium aluminum hydride (1.0 M in 
THF, Aldrich), 2-methyl-2-nitropropane (99%, Aldrich), isopropyl magnesium 
chloride (2.0M in THF, Aldrich), α-pinene (98%, Aldrich), R,R-Jacobsen catalyst 
(98%, Acros), sodium azide (99%, Acros), di-tert-butylperoxide (99%, Acros), 
ammonium chloride (+99%, Fluka), dibenzo-18-crown-6 (Fluka), trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (Fluka) benzaldehyde 
(+99%, VWR), HCl (32%, VWR), γ-benzyl-l-glutamate ester (Sigma) 
were used as received. Styrene (99%, Aldrich), Anisole (99,7% anhydrous, 
Aldrich) were distilled before use . 

3.4.2 Apparatus 

Size Exlusion Chromatography analyses were carried out using a WATERS Model 
510 pump and a Model 410 (2414) refractive index detector (at 40°C). Injections 
were done by a WATERS Model WISP 712 autoinjector, injection volume used 
was 50 µL. The columns used were: a PLgel guard (5m particles) 50*7.5 mm 
guard column, followed by 2 PLgel mixed-C or mixed-D (5m particles) 300*7.5 
mm columns (40°C.) in series, referred to as the standard column set, 
Tetrahydrofuran (Biosolve, stabilised with BHT) was the eluent, flow rate 1.0 
ml/min. Calibration has been done using polystyrene standards (Polymer 
Laboratories, M = 580 up to M = 7.1*106 g/mol). 

 
For the SEC analyses using HFIP (Biosolve, AR-S from supplier or redistilled) as 
eluent measurements were carried using a Shimadzu LC-10AD pump (flow rate 
0.8ml/min) and a WATERS 2414, differential refractive index detector (at 35 °C). 
Injections were done by Spark Holland, MIDAS injector, a 50 µL injection volume 
was used. The column is a PSS, 2* PFG-lin-XL (7 µm, 8*300 mm) column at 
40°C. Calibration has been done using poly(methyl methacrylate) standards. 
 
SEC analysis with DMF (80ºC, 0.1M LiBr) was performed in Braunschweig on a 
SFD 9404 liquid chromatography pump equipped with a Melz LCD 201 refractive 
index detector thermostated at 35°C, a Wyatt MiniDawn Tristar light scattering 
detector and a Finnegan Spektra SERIES UV 150 UV detector. Separations were 
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done using twoPL-Gel Mixed-C (5μm) columns in serie. Molecular weights and 
distributions were calculated using the ASTRA Software (Wyatt). The specific 
refractive indices used are 0.107 ml/g for the PBLG and 0.165 ml/g for the block 
copolymer.  
 
Gradient Polymer Elution Chromatography was done using an Agilent SB-CN 
column; 4,6 x 150 mm; 5μm on an Agilent 1100 series setup. The eluents were 
cyclohexane (HPLC-grade, Biosolve) and tetrahydrofuran (HPLCgrade, Biosolve) 
of which the gradient was initially 95/5 (v/v) in and increased in 20 minutes to 
100% THF, which was maintained for 3 minutes  with a constant flow rate of 1 
ml/min. The temperature of the column was 50°C. Detection was done by a 
Polymer Labs ELSD detector.  
 
Matrix Assisted Laser Desorption / Ionitiation - Time of Flight - Mass 
Spectroscopy analysis was carried out on a Voyager DE-STR from Applied 
Biosystems (laser frequency 20 Hz, 337nm and a voltage of 25kV). The matrix 
material that was used was trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) (40mg/ml). Potassium Triflouroacetic acid 
was added as cationic ionization agent (5mg/ml). The polymer sample was 
dissolved in THF (1mg/ml). A mixture of the matrix material, the ionization agent 
and the polymer sample was made (5:1:5) and placed on the target plate.  
 
Hydrogen-Nuclear Magnetic Resonance analyses were performed on Mercury 200 
MHz, Gemini 300 MHz, Mercury 400 MHz and Inova 500 MHz machines. For the 
molecules (1-12) deuterated chloroform was used, and for the polymers deuterated 
DMSO was used.  
 
Gas Chromatography analysis was performed on a Hewlet Packard 5890 Series II 
GC with an Agilent 6890 series injector. Samples of the NMRP reaction were taken 
with the use of a three-way valve by which nitrogen was pumped through the 
needle, so no oxygen was introduced to the system. The Samples were precipitated 
in methanol (40ml methanol per 1ml of DMF solution). From this the GC samples 
were taken with the use of a syringe and a filter. Calculations were made with the 
use of an internal standard (anisole). 
 
Dynamic Scanning Calorimeter was carried out on a DSC Q100 from TA 
instruments. Sample weights were in the range of 3 tot 10 mg. The samples were 
measured in hermetic aluminium cups. The scanning range was between -60ºC and 
150ºC and the cooling and heating ramp was 20ºC/min. The glass transition 
temperature was calculated by the half-height method.  
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3.4.3 Synthesis initiator (see Scheme 7 and Scheme 8) 

 
Synthesis of t-butylphenylnitrone (3) 
Zinc powder (65.00g, 0.994 mol) was washed with a 5% HCl solution (3x 50ml), 
water (3x 50ml), methanol (3x 50ml) and diethyl ether (3x 50ml). The zinc was 
dried under vacuum at 40°C overnight. 
2-Methyl-2-nitropropane (1) (23.46g, 0.228mol) and ammonium chloride (14.73g, 
0.275mol) were dissolved in ethanol (200ml). Water (100ml) and THF (200ml) 
were added until all solids dissolved. The whole mixture was cooled to 0°C. 
Activated zinc powder was added slowly over a period of 15 minutes with stirring. 
The reaction was allowed to warm to room temperature and left overnight. The zinc 
salts were filtered and washed with ethanol (2x 100ml) and chloroform (100ml). 
The filtrates were combined and concentrated. To the hydroxylamine (2) 
benzaldehyde (51.78g, 0.488mol) was added slowly and the reaction mixture was 
refluxed for 2 hours. After this the mixture was concentrated and extracted with 
CH2Cl2 (4x 50ml). The combined organic layers were dried over MgSO4. After 
concentration, the product was purified via a silica column, eluent ethyl acetate: n-
heptane (1:4) was used to purify the product (24.84g, 61.4%). 1H-NMR: (400MHz, 
CDCl3): 8.29 ppm (m, 2H), 7.59 ppm (s, 1H), 7.43 ppm (m, 3H), 1.60 ppm (s, 9H). 
 
Synthesis of 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (5) 
 t-butylphenylnitrone (3) (23.29g, 0.1314) was dissolved in THF (300ml) and the 
solution was cooled to 0°C. A 2.0M solution of isopropylmagnesium chloride 
(200ml, 0.400 mol) was added drop wise over 30 minutes. The reaction was 
allowed to warm to room temperature and was stirred for 16 hours. A concentrated 
NH4Cl solution (50ml) was added in order to decompose the Grignard reagent. 
Water (200ml) was added until all solids were dissolved. The organic layer was 
separated, and the aqueous layer was extracted with diethyl ether (4x 50ml). The 
organic layers were dried over MgSO4. After concentration the hydroxylamine (4) 
(26.44g, 91%) was dissolved in methanol (300ml), concentrated NH4OH (12ml) 
and Cu(OAc)2 (1.823g, 0.010mol). Air was bubbled through the solution, which 
turned the solution from yellow into dark blue within 30 minutes. The mixture was 
concentrated and the residue was dissolved in a mixture of CHCl3 (100ml), 
NaHSO4 solution (50ml) and water (100ml). The organic layer was separated and 
the aqueous layer was extracted with CHCl3 (4x 50ml). Organic layers were 
combined and dried over MgSO4 and filtered. After concentration the product was 
purified by flash column chromatography with as eluent ethyl acetate: n-heptane 
(1:10). After the first fraction was collected, the eluent was gradually changed to 
(4:1). After concentration the product was obtained (19.19g, 66.3%).  
 



  

 78 

CH3

CH3

CH3
N

+

O
-

CH3

CH3

CH3

N
+

O
-

O

CH3

CH3

CH3

NH
OHZn / NH4Cl O

CH3

CH3

CH3
N

OH

CH3

CH3

CH3 CH3

Mg
Cl

Cu(II)(Ac)2, O2

CH3

CH3

CH3
N

O

CH3

CH3

1 2

3

45

- H2O

 
Scheme 7: Synthesis of the stable radical 2,5,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide (5). 
 
Synthesis of 2,5,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-
azahexane (8) 
The 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (5) (8.08g, 36.67mmol) and 
the 4-vinylbenzyl chloride (6) (11.12g, 72.86mmol) were dissolved in toluene 
(130ml) and ethanol (130ml). To this solution the Jacobsen catalyst (3.76g, 
5.92mmol), di-tert-butylperoxide (2.916g, 19.94mmol) and NaBH4 (4.379g, 
115.8mmol) were added. The reaction mixture was stirred open to air for 20 hours. 
After concentration the mixture was dissolved in water (300ml) and 
dichloromethane (250ml). The water layer was extracted with 4 x 80 ml of 
dichloromethane. The organic layers were combined and dried over MgSO4. After 
concentration in vacuo, further purification was done by a flash column with 
dichloromethane: n-heptane (1:9) as eluent. After concentration the product was 
obtained (9.59g, 69.9%). 1H-NMR for both diastereomers: (400MHz, CDCl3): 
7.47-7.00 ppm (m, 18H), 4.95 ppm (q, 2H), 4.59 ppm (d, 4H), 3.47 ppm (d, 1H), 
3.36 ppm (d, 1H), 2.36 ppm (m, 1H), 1.65 ppm (d, 3H), 1.56 ppm (d, 3H), 1.43 
ppm (m, 1H), 1.31 ppm (d, 3H), 1.06 ppm (s, 9H), 0.90 ppm (d, 3H), 0.80 ppm (s, 
9H), 0.57 ppm (d, 3H), 0.25 ppm (d, 3H). 
 
 
Synthesis of 2,5,5-trimethyl-3-(1-p-azidomethylphenylethoxy)-4-phenyl-3-
azahexane (9) 
The 2,5,5-trimethyl-3-(1-p-chloromethylphenylethoxy)-4-phenyl-3-azahexane (8) 
(3.1g, 8.29mmol) and sodium azide (1.611, 24.78mmol) were dissolved 
respectively suspended in DMF (20ml). The reaction mixture was stirred at room 
temperature under a nitrogen atmosphere for 24 hours. Next, the mixture was 
poured into water (300ml). This was extracted by 3 x 75ml dichloromethane. The 
organic layer was dried and concentrated in vacuo. To further purify the product a 
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flash column was used with dichloromethane as eluent. After concentration the 
product was obtained (2.72g, 86.2%). 1H-NMR for both diastereomers: (200MHz, 
CDCl3): 7.47-7.00 ppm (m, 18H), 4.93 ppm (q, 2H), 4.34 ppm (d, 4H), 3.45 ppm 
(d, 1H), 3.32 ppm (d, 1H) 2.36 ppm (m, 1H), 1.61 ppm (d, 3H), 1.59 ppm (d, 3H) 
1.40 ppm (m, 1H), 1.29 ppm (d, 3H), 1.06 ppm (s, 9H), 0.90 ppm (d, 3H), 0.80 
ppm (s, 9H), 0.57 ppm (d, 3H), 0.24 ppm (d, 3H). 
 
 
Synthesis of 2,5,5-trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-
azahexane (10) 
2,5,5-trimethyl-3-(1-p-azidomethylphenylethoxy)-4-phenyl-3-azahexane (9) 
(2.62g, 6.885mmol) was dissolved in dry THF (40ml) and cooled to 0ºC. To this a 
1.0M LiAlH4 solution (7.6ml, 7.6mmol) was added slowly. The reaction was 
allowed to warm up to room temperature and was left to stir overnight. After the 
reaction time of 20 hours 0.5 ml of water was added slowly. After filtration and 
concentration the product was purified by a flash column using an eluent of 
dichloromethane with a gradually increasing methanol percentage up to 10%. After 
concentration the product was obtained (1.26g, 52%). 1H-NMR for both 
diastereomers: (200MHz, CDCl3): 7.47-7.17 ppm (m, 18H), 4.98 ppm (q, 2H), 
3.85 ppm (d, 4H), 3.44 ppm (d, 1H), 3.33 ppm (d, 1H), 2.30 ppm (m, 1H), 1.94 
ppm (s ,4H), 1.63 ppm (d, 3H), 1.59 ppm (d, 3H), 1.42 ppm (m, 1H), 1.32 ppm (d, 
3H), 1.05 ppm (s, 9H), 0.92 ppm (d, 3H), 0.78 ppm (s, 9H), 0.55 ppm (d, 3H), 0.25 
ppm (d, 3H). 
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Scheme 8: Synthesis of a bifunctional initiator. 
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3.4.4 Monomer synthesis 

 
Synthesis of NCA of γ-benzyl-l-glutamate 
Both α-pinene (5.74g, 42.14mmol) and γ-benzyl-l-glutamate (5.00g, 21.07mmol) 
were dissolved in distilled ethyl acetate (40ml) in a three neck round bottom flask. 
The mixture was stirred and heated under reflux at 76ºC. To this a triphosgene 
solution (3.13g, 10.54mmol) in ethyl acetate (20ml) was added drop wise. Two-
third of the solution was added in 1 hour and the reaction was left for another hour 
and then some extra triphosgene solution was added until everything dissolved. 
The reaction mixture was concentrated to 2/3 in vacuo and the same amount of n-
heptane was added. The mixture was allowed to cool to room temperature and was 
further cooled in the freezer. After filtration, the solid was washed three times with 
a 1:4 ethyl acetate : n-heptane solution. After filtration the solid was further 
purified by freeze drying. A white powder was obtained (4.20g; 83% ) Mp=94ºC. 
1H-NMR: (400MHz, CDCl3): 9.07 ppm (s, 1H), 7.34 (m, 5H), 4.45 ppm (q, 1H), 
2.50 ppm (t, 2H), 1.96 ppm (m, 2H). 
The monomer was stored in a freezer (-18 ºC) over P2O5 prior to use. 

3.4.5 Polymerizations 

Polymerization of NCA of γ-benzyl-l-glutamate, initiated by amine functionalized 
alkoxyamine (macroinitiator) 
2,2,5-Trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-azahexane (10) and 
n-carboxy anhydride of γ-benzyl-l-glutamate were weighed in a Schlenk tube of 40 
ml. To perform the synthesis at other temperatures then 20ºC, the tube was placed 
in a refrigerated salt water tank of -2.0ºC. To the mixture the dry solvent (20ml/ 
35ml THF, DMF) was added. The reaction was maintained for 4 or 5 days under an 
inert atmosphere. The solution was precipitated in isopropyl alcohol and placed in 
the refrigerator overnight at 4ºC. By filtration a white solid polymer was collected 
(Yield: ~75%). 
 
Polymerization of block copolymer of polystyrene and poly(γ-benzyl-l-glutamate), 
kinetic study 
The macroinitiator (2.422g, 4.34.10-4mol) was weighed in a Schlenk tube. Dry 
DMF (20ml), distilled styrene (5.286g, 50.75mmol) and distilled anisole (0.600g, 
5.548mmol) were added. Oxygen was removed with three freeze/thaw cycles. The 
reaction was maintained at 125ºC for 12 hours under argon, with sampling of 2 ml 
at specific times. Samples were precipitated in 50ml MeOH. The supernatant was 
analyzed by GC and the filtrate was analyzed by SEC. 
 
Polymerization of block copolymer of polystyrene and poly(γ-benzyl-l-glutamate) 
The macroinitiator (initiator-PBLG) was weighed in a Schlenk tube. Dry DMF and 
distilled styrene were added. Oxygen was removed with three freeze thaw cycles. 
The reaction was maintained at 125ºC for 16 hours under argon. After cooling the 
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sample, the polymer was precipitated in methanol. After filtration a white powder 
was obtained. 
 
Quasi one-pot, two step synthesis of the block copolymer of polystyrene and poly(γ-
benzyl-l-glutamate) 
The initiator, 2,2,5-Trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-
azahexane (12) (60mg, 1.7.10-4mol) and n-carboxy anhydride of γ-benzyl-l-
glutamate (0.99g, 3.78mmol) were weighed in a Schlenk tube of 40 ml. To this, 10 
ml distilled DMF was added, while the tube was placed in a cooled water bath of 
0ºC. The reaction was maintained for 4 days under argon. 5ml sample was 
precipitated in 50ml methanol. Then distilled styrene (0.500g, 4.72mmol) was 
added and the oxygen in the solution was removed by three freeze/thaw cycles. The 
Schlenk tube was placed in an oil bath of 125ºC for 16 hours. After precipitation in 
methanol a white powder was obtained. 
 
One-pot synthesis of the block copolymer of polystyrene and poly(γ-benzyl-l-
glutamate) 
The initiator, 2,2,5-Trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-
azahexane (12) (60mg, 1.7.10-4mol), n-carboxy anhydride of γ-benzyl-l-glutamate 
(1.0g, 3.79mmol) and distilled styrene (1.00g, 9.43mmol) were weighed in a 
Schlenk tube of 40 ml. To this 10 ml distilled DMF was added, while the tube was 
placed in a cooled water bath of 0ºC. The reaction was maintained for 4 days under 
argon after which a 5ml sample was precipitated in methanol. The oxygen in the 
solution was removed by three freeze/thaw cycles. The Schlenk tube was placed in 
an oil bath of 125ºC for 16 hours to polymerize the styrene. After precipitation in 
methanol a white powder was obtained. 
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Chapter 4 
 

Synthesis of peptide core / shell nanoparticles by a 
macroinitiator approach 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract 
 
In this chapter, a universal, metal-free synthetic pathway to synthesize peptide 
core/ shell nanoparticles is described. The concept was proven for the synthesis of 
poly(benzyl-L-glutamate-b-styrene) macroinitiator which was cross-linked by 
divinylbenzene. A bifunctional initiator, containing a primary amine and a 
nitroxide group, was used in an arm first approach. First a PBLG-macroinitiator 
was polymerized, initiated by the primary amine moiety of the bifunctional 
initiator. Two well-defined PBLG-macroinitiators, with each a different PBLG 
block size, were extended with styrene via nitroxide mediated radical 
polymerization. For each PBLG-macroinitiator, two different ratios macroinitiator 
to styrene were reacted. Four different P(BLG-b-S)-macroinitiators were obtained, 
which were cross-linked by divinylbenzene with five different ratios macroinitiator 
to cross-linker agent, ranging from 1:10 to 1:50. The formed peptide core/ shell 
nanoparticles were analyzed by SEC. The remaining starting material was removed 
by fractional precipitation and the nanoparticles were analyzed by SEC again. The 
particle size of the particles was measured by dynamic light scattering and the core/ 
shell structure was proven by transmission electron microscopy. It was proven that 
via this macroinitiator arms first approach, there was control over the molecular 
weight of the polymer as well as control over the hydrodynamic radius as function 
of the block sizes. 
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 4.1 Introduction 
 
The demand to control the composition, structure and function of organic materials 
on the nanometer scale receives increasing interest. This is due to the wide range of 
applications varying from medicine to micro-electronics. Control of macro-
molecular size and shape has been achieved by making use of both covalent and 
non-covalent interactions. The formation of structures with large nano-scale 
dimensions requires the assembly of a large amount of small molecules. The 
synthesis of these well-defined nano-structured entities is facilitated by the 
development of methodologies to utilize covalent interactions. Macromolecules for 
example are robust building blocks which can be designed to undergo a second 
assembly step via non-covalent interactions to form nano-structures such as 
polymeric micelles. Hawker et al. called this general process “the dimensional 
evolution of synthetic organic chemistry” 127.  
Since the development of controlled/ living radical polymerization techniques, 
there is a great opportunity in terms of flexibility, diversity and functionality in the 
design of polymeric building blocks. This versatility allows for the control over 
their self assembly into nano-scale objects of varying shape and size. An important 
advancement in polymer science is the synthesis of functionalized hydrophilic and 
hydrophobic block copolymers with control over molecular weight, sequence and 
end-functionalization. The main target is achieving a high level of control over the 
self assembly process which can lead to materials with functional group complexity 
and structural precision, similar to natural systems.  
Spheres 128,129, toroids 130, helices 131, rods 132, disks 133, vesicles 134, and tubes 135 are 
nanostructures which are accessible by controlling the solution state self 
assembling process 136. The final control over the self assembly process provides an 
opportunity to manufacture materials that are not accessible by conventional 
techniques. 
Spherical polymeric micelles and nano-particles are probably the most accessible 
assemblies leading to significant potential in applications ranging from delivery 
vehicles, molecular imaging agents and precursors to nano-sized microelectonics 
devices 137. For these applications, robust and stabilized structures are required as 
well as the covalent attachment of functional molecules to the nano-particle 
scaffold. Central in the development of these structures and their potential 
applications is the ability to tailor the physical, chemical and biological properties.  
Recently, there has been a great interest in the cross-linking and functionalization 
of polymeric micelles. A comparison with natural viral architectures is valid for 
these functional and stabilized synthetic nano-structures 138. Both moieties posses 
self-assembled shells, have similar length scales and are capable of cell-selective 
targeting.  
Formation of polymeric micelles is the most common and simplest method for the 
assembly of synthetic polymer chains into well-defined nano- and micro-meter 
dimensions. These micelles form spontaneously via the self assembly of 
amphiphilic multi-block copolymers in the solution state. These molecules consists 
of hydrophilic and hydrophobic chain segments of which one of these segments 
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associates when the copolymer is placed in a solvent that solvates only one type of 
block of the overall chain at concentration at or above the critical micelle 
concentration (cmc). In practice, polymeric micelles are obtained by dissolving the 
block copolymer in a good solvent for both segments, followed by adding a non-
solvent for one of the segments. After this, the good solvent for the entire polymer 
is completely replaced by the selective non-solvent. A major disadvantage of 
micelles is their dynamic nature, which leads to instabilities at high temperature, at 
low concentrations and under the influence of certain changes in solvent 
conditions. For this reason there has been significant interest in the stabilization of 
polymeric micelles. Stabilization of self assembled structures is in nature often 
achieved by covalent cross-linking. Contrary to the non-cross-linked counterparts, 
cross-linked micelles are even stable below the critical micelle concentration (cmc) 
of the block copolymer, can be isolated and redissolved as stable nanoparticles and 
are less likely to collapse, for example in the blood stream. As a result, cross-
linking can lead to increased circulation times, allowing drugs to be administered 
over a longer period of time 36. Potential locations for cross-linking are the core 
chain-end, within the core domain, at the interface between core and shell, in the 
shell-domain and at the surface 138.  

 
Figure 1: Schematic representation of different types of functional amphiphilic block 
copolymers utilized in the formation of nanoparticles. Left, shell cross-linked. Right, 
core cross-linked 36. 
 
The location of the cross-links has a dramatic effect on the physical and chemical 
properties of the resulting materials. Shell cross-linked nanoparticles for example, 
have a complete different permeability of the corona than free dangling chains. 
This offers an opportunity to tune the release rate of a particular compound like a 
drug. 
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In this chapter, a comparable structure to the polymeric micelle is synthesized, 
which can be viewed as a core cross-linked, peptide decorated core-shell nano-
structure. Structurally there are similarities to star block copolymers. The latter, in 
which multi arms are connected to a central core, represent one of the simplest 
forms of hyperbranched polymer topologies. The compact structure leads to low 
melt viscosity compared with their linear counterparts of the same molecular 
weight 139. The research towards star polymers, which was started in the 1950’s 
with anionic polymerization 139, has increased due to the development of controlled 
living polymerizations. The driving force for the expanding research on star 
polymers is the growing demand for nano-scale polymeric materials with 
controlled architecture, predetermined chemical composition and multiple 
functionalities, such as dendrimers and hyperbranched macromolecules 140. The 
potential applications of star polymers, for example bio-diagnosis 141, optical 
imaging, controlled drug release 142 and catalysis 143,144, increase significantly by 
adding functionalities to the core 141,143-145 or shell 146 of the star. Several examples 
exists in which block copolymer containing star polymers show micellar behavior 
147. 
There are two approaches to obtain star polymers, namely the “core-first” and the 
“arm-first” approach (see Figure 2). In the “core-first” method a multi functional 
initiator is used and the number of arms is, in the ideal case, equal to the number of 
initiating functionalities on the initiator 148,149. Multifunctional RAFT 150, ATRP 148 
and NMP 151,152 initiators were used to synthesize star polymers. Via this “core-
first” method also some more complex star molecules were prepared, like rod-coil 
153,154, mikto-arm 151,152,155,156 and star block copolymers 157,158. 
The “arm-first” approach on the other hand involves first the synthesis of linear 
arms which can be connected via different routes.  
1: Connecting the pre-formed arms to a multifunctional terminator; this is a 
“coupling onto” approach 159,160. In this approach, the number of arms per star is 
determined by the functionality of the terminator. Due to the low coupling 
efficiency and the low reaction rate, not all functionalities of the terminator will 
react so a mixture of stars with different number of arms is obtained.  
2: Connecting the pre-formed arms via cross-linking with a multifunctional 
monomer, e.g. divinylbenzene. This latter approach can be divided again into two 
chemically different routes, e.g. the macromonomer (MM) and the macroinitiator 
(MI) route 141,143,161-165.    
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Figure 2: Illustration of general strategies of star polymer synthesis 158. 
 
Rod-coil star block copolymers are up to now only synthesized via the core first 
approach 153,166. In this chapter the process of forming a star block copolymer via 
the arm first method will be described by making use of  peptide-containing block 
copolymers with active chain ends. Like in Chapter 3, the starting point is a 
bifunctional initiator with on one side a primary amine moiety which act as an 
initiator for the NCA polymerization. The other side of the initiator is able to act 
like a controlled radical polymerization initiator of the nitroxide mediated radical 
polymerization (NMRP) type. In Figure 3  the approach towards the star polymer is 
shown schematically. This approach should eventually result in core cross-linked 
nanoparticles with the polypeptide block forming the shell and the polystyrene 
forming the (cross-linked) core. The aim is the proof of principle for this approach, 
which should later be expanded to various types of polypeptides and polyvinyls.   
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This approach is promising because the reaction can be performed in individual 
steps. This makes it possible to have control over each step. The amount of arms in 
this technique is not predetermined by the number of functionalities of the initiator 
but is probably depending on the ratio cross-link agent to macroinitiator. Since the 
initiators will all be concentrated in the centre of the star molecule (red dots in 
Figure 2 & 3) this allows even the formation of miktoarm star polymers in a next 
step via an in-out approach (Figure 2).  
  
 
 
 
 
 
 
 
 
 
Figure 3: Macroinitiator approach used for the synthesis of rod-coil star polymer. Red 
dot represents the bifunctional initiator. 
 
To achieve a good insight into the star polymer synthesis and to verify whether the 
aforementioned claims are valid, a systematic research approach was followed 
which is depicted in Scheme 1. To investigate the influence of the polypeptide size 
in the resulting cross-linking process, Poly benzyl-L-glutamate (PBLG) of two 
different degrees of polymerization was synthesized, i.e., 20 and 40 monomer units, 
respectively. Each PBLG macroinitiator was extended with either 20 or 40 
monomer units of styrene to obtain four series of P(BLG-b-S) macroinitiators. 
These variations were made to elucidate the effect of molecular weight on the 
tendency to self-organize (phase separate) during the particle formation. Since 
macromolecules phase separate better when the molecular weights are higher, it is 
expected that P(BLG(40)-b-S(40)) and P(BLG(40)-b-S(20)) show stronger phase 
separation in solution than the other series. This probably will result in better 
defined nanoparticles for the former series then for the series containing only 20  
benzyl-L-glutamate units. On the other hand, there will be sterical differences as 
well, due to the difference in molecular weight. For the macroinitiators with higher 
molecular weigths, the polymerization can be hampered due to the fact that the 
initiator group is less accessible. Finally, each macroinitiator was cross-linked with 
five different macroinitiator to cross-linker agent ratios (molar) varying from 1:10 
to 1:50.                                         
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Bifunctional initiator 

 
Scheme 1: Schematic overview of the star polymer synthesis. 
 

4.2 Results and discussion  
 
In Scheme 1, the applied polymerization sequence is shown starting with a 
bifunctional initiator. This initiator contains a primary amine as initiating moiety 
for NCA polymerization and a nitroxide group for controlled radical 
polymerization. This dual initiator principle was already applied in Chapter 3 to 
form well-defined diblock copolymers 167. Here we expand this research by 
performing a cross-linking step to obtain star-shaped biohybrids or core cross-
linked micelles. By this three-step procedure, it should be possible to tune the 
length of the α-helix rod-like segment and of the polystyrene part by varying the 
[M]/[I] molar ratios in which [I] is the initiator or the macroinitiator, respectively. 
Hawker et al. and Matyjaszewski et al. have shown that in principle it is possible to 
perform cross-linking when the initiator group is still present at the chain-end. The 
amount of arms per star molecule can be tuned as well, by varying the ratio diblock 
copolymer, containing the initiator group, to the amount of cross-linker reagent, 
divinylbenzene 121,161.  
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4.2.1 PBLG synthesis from a dual initiator 

 
For our systematic approach, we started with the polymerization of γ-benzyl-L-
glutamate NCA from the amine group of the dual initiator in two different ratios 
[M]/[I] to vary the length of the α-helix rod-like part. The polymerizations are 
described in detail in Chapter 3. 
Figure 4 shows the size exclusion chromatograms of the poly(benzyl-L-glutamate) 
for both [M]/[I]= 20 and 40, polymerized at 0°C in DMF. 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 4: DMF-SEC plots of PBLG initiated by bifunctional initiator with [M]/[I]= 20 
(solid) and 40 (dashed), polymerized at 0°C in DMF. 
 
Both traces are monomodal with a very low polydispersity index of 1.1. A clear 
shift is observed for the two different [M]/[I] ratios with the corresponding molar 
mass of 4100 g/mol (entry 1, Table 1) and 8100 g/mol (entry 4, Table 1). To 
compare the molecular weights of the PBLG-macroinitiator, the P(BLG-b-S)-
macroinitiator and the final star polymers, the molar masses are determined by SEC 
using light scattering detection instead of using polystyrene standards. (See Table 
1) 

4.2.2 Block copolymer synthesis 

 
Since the PBLG is initiated from the dual initiator, the nitroxide group is present as 
end-group. In Chapter 3 we have demonstrated this macroinitiator principle 167. For 
the formation of the star block copolymers, we intended to systematically 
investigate the influence of the length of flexible polystyrene block as it is expected 
to have an impact on the size of the core as well as the tendency to phase separate.  
For the synthesis of the block copolymer, each PBLG batch was therefore divided 
into two equal portions. Each portion was used as a macroinitiator for extension 
with styrene with the molar ratios styrene / macroinitiator = 20/1 and 40/1 (see 
Scheme 1). In this way we obtained four sets of polymers, namely P(BLG(20)-b-
S(20)), P(BLG(20)-b-S(40)), P(BLG(40)-b-S(20)) and P(BLG(40)-b-S(40)). These 
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block copolymers were obtained via procedures similar to the ones described in 
Chapter 3. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5: DMF-SEC traces of 
PBLG(20) macroinitiator (solid) and 
P(BLG(20)-b-S(20)) (dotted) and 
P(BLG(20)-b-S(40)) (dashed). 
 

Figure 6: DMF-SEC traces of 
PBLG(40) macroinitiator  
(solid) and P(BLG(40)-b-S(20)) 
(dotted) and P(BLG(40)-b-S(40)) 
(dashed). 
 

In the size exclusion chromatograms, a clear shift toward higher molecular weights 
is observed for the macroinitiator containing 20 monomer units of benzyl-L-
glutamate with a clear distinction between the materials with 20 and 40 styrene 
monomer residues (Figure 5). In the case of 40 monomer units of benzyl-L-
glutamate, the shift is less pronounced and there is no clear distinction between the 
diblock copolymers with 20 or 40 monomers (Figure 6). This can be explained by 
the difference in hydrodynamic volume between a rod and a coil as described by 
Schlaad 27. The hydrodynamic volume of the α-helix contributes more than the 
hydrodynamic volume of the random coil, and thus the relative increase in 
hydrodynamic volume is smaller compared to a shorter α-helix. These 
measurements clearly prove the successful synthesis of block copolymers, whereby 
the exact molar masses are difficult to determine using polystyrene calibration. For 
this reason, the absolute molecular weights were determined using SEC equipped 
with a light scattering detector (Table 1). From the results it can be seen that the 
macoinitiation from the PBLG(20) (Mn = 4100 g/mol, entry 1 Table 1) leads to a 
molecular weight of 6500 (entry 2, Table 1) and 8600 g/mol (entry 3 Table 1) for 
the P(BLG(20)-b-S(20)) and P(BLG(20)-b-S(40)), respectively. A similar 
agreement with the expected increase in molecular weight was observed for the 
PBLG(40) polymers (entries 5 and 6 Table 1).   
As discussed in the previous chapter, all SEC traces of the block copolymers show 
a second peak at high molecular weight which is probably a result of radical-radical 
coupling. This should not cause a problem in the next step because these species 
are not reactive anymore due to the loss of the nitroxide moiety.  
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Table 1: Molecular weights and corresponding polydispersity indices of the PBLG-
macroinitiator and the resulting block copolymers, determined by DMF-SEC with 
light scattering detector. (Calculated with viscotek software) 
Entry Polymer Mn 

(103g mol-1) 
Mw 

(103g mol-1) 
PDI 

1 PBLG (20) 4.1 4.4 1.1 
2 P(BLG(20)-b-S(20))  6.5 7.3 1.1 
3 P(BLG(20)-b-S(40)) 8.6 9.5 1.1 
4 PBLG (40) 8.1 9.7 1.1 
5 P(BLG(40)-b-S(20))  9.9 11.0 1.1 
6 P(BLG(40)-b-S(40)) 12.2 13.4 1.1 

 

4.2.3 Kinetics of star polymer formation 

 
The precipitation of the synthesized block copolymers was performed at room 
temperature so as to assure that the nitroxide initiator is still present and active. As 
shown by Matyjazsewski, by varying the macroinitiator to cross-link agent ratio, 
divinylbenzene (DVB), it is possible to tune the amount of arms per star-molecule 
161. To investigate the applicability of this approach to peptide containing block 
copolymers, first the kinetics of DVB incorporation was monitored. Besides the 
DVB also some styrene was added to the reaction mixture. The styrene acts as a 
kinetic standard to compare the polymerization of all the components of technical 
grade DVB. Commercial, technical grade DVB (80%) contains approximately 55% 
meta-DVB and 25% para-DVB, less than 17% of meta- and para- 
ethylvinylbenzene and less than 1% ortho-, meta- and para diethyl-benzene. This 
means that only around 80% of the technical grade DVB is available for cross-
linking, 17% is not able to cross-link but available for polymerization and 1% is 
not able to polymerize at all 168. However, the use of pure p-DVB was not desired 
since the purification is a tedious and time consuming procedure and due to its high 
reactivity, the storage and handling becomes more difficult. The kinetic 
measurement should therefore also answer the question whether technical grade 
DVB can be used directly for this process without further purification.  
For the kinetic study, a model block copolymer was used containing PBLG with a 
degree of polymerization of 40 and polystyrene of 30 monomer units (Mn = 8900 
g/mol). To obtain as much information as possible from this measurement, a high 
ratio of DVB to macroinitiator was used (ratio [DVB]: [macroinitiator] 85:1), to 
investigate whether gellation occurs or not. The reaction was performed at 125°C 
for 12 hours and samples were taken during the course of the polymerization. The 
conversion of all components in the cross-linking reaction was followed by GC 
(Figure 7) and the formed polymers were analyzed by SEC in DMF. The 
conversion of the added styrene is, as expected, equal to the conversion of ethyl-
styrene and proceeds smoothly to 60% in 12.5 hours.  The cross-linker agents m-
DVB and p-DVB also show a smooth incorporation into the growing polymer and 
an initial reaction rate twice as high as styrene. After 12.5 hours, almost 100% m-
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DVB is incorporated and 85% of p-DVB. From GPC measurement conducted on 
the reaction samples withdrawn at different reaction times it can be seen that no 
significant increase in molar mass occurs in the first 120 minutes (Figure 8). 
Apparently, incorporation of both DVB components occurs solely by one double 
bond at this stage. However, a significant increase in molar mass was observed 
after 250 minutes, which corresponds to a conversion of approximately 55% of 
DVB, which eventually leads to fully gelled and insoluble polymer samples.  
 
 
 
 
  
 
 
 
 
 
 
 
Figure 7: Conversion of m-dvb 
(circles), p-dvb (triangles), styrene and 
m-and p- ethyl styrene (open circles) 
from cross-linking reaction with 
P(BLG(40)-b-S(30)). 
 

 
Figure 8: Number average molar 
weight versus reaction time of cross-
linking reaction with P(BLG(40)-b-
S(30)) with technical grade DVB. 
 

A linear kinetic fit is obtained by plotting ln([M]0/[M]) versus t2/3 instead of t 
(Figure 9). This is typical for the persistent radical effect which is caused by 
coupling of active radicals in an early stage of the polymerization. This coupling is 
well known for controlled radical polymerization by low molecular weight initiator 
but not for macroinitiators. From Figure 10, it is evident that during the reaction 
with DVB, cross-linking takes place which can be seen from the pronounced shift 
in SEC traces. While the amount of macroinitiator decreased in time, it can also be 
observed that some macroinitiator remained unreacted. The reaction ended up in a 
gel, which could not be analysed further by SEC. 
It has to be noted that these kinetic reactions were not optimized in terms of the 
product characteristics. This will be done in the next step. However, these initial 
results clearly show that the approach is viable and the technical grade DVB can be 
used in this synthesis. 
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Figure 9: Linear fit of ln([M]0/[M]) 
versus reaction time2/3 for the reaction 
of styrene (squares) p-DVB (circles) 
and m-DVB (triangles). 
 

 
Figure 10: DMF-SEC traces of the star 
polymer formation over time. A: 
Macroinitiator; B : After 65 min., C: 
After 120 min. and D: After 240 min. 

4.2.4 Star polymer formation of P(BLG(20)-b-S(20)) and P(BLG(20)-b-S(40)) 

 
The insights obtained from the kinetic measurements encouraged us to continue the 
approach with the goal to make well-defined peptide core/shell nanoparticles. We 
further systematically investigated the cross-link reaction of peptide containing 
block copolymers according to Scheme 1. Initially the cross-linking reaction was 
attempted with the block copolymer containing 20  benzyl-L-glutamate residues 
and different DVB to macroinitiator molar ratios. In this systematic investigation, it 
was aimed for DVB to macroinitiatior ratios ranging from 10:1 to 50:1, taking into 
account that technical grade DVB contains only 80% difunctional monomers. 
Moreover, no additional styrene was added, since approximately 20% of DVB are 
monofunctional monomers. For all the polymerizations we started with 1 gram 
macroinitiator and the amount of DVB was calculated according to the targeted 
molar ratio. The amount of solvent was for all reactions around 5 ml and the 
reactions were performed for 18 hours at 125°C. After the reaction, all polymers 
were dissolved, unless a gel was formed, and these solutions were analyzed by SEC 
with a light scattering detector. 
The successful cross-linking of both macroinitiators consisting of 20 benzyl-L-
glutamate residues by technical grade DVB was confirmed by SEC analysis 
(Figure 11 and Figure 12). The chromatograms of the obtained polymers show a 
clear shift towards higher molecular weight as function of the cross-linker agent to 
macroinitiator ratio.  
After 18 hours of reaction, still some macroinitiator remained in both systems as 
well as the shoulder corresponding to the higher molecular weight peak of the 
macrointiator. As stated earlier, these products were probably the result of coupling 
of two growing chains. They do not contain the nitroxide moiety and were thus not 
reactive in the cross-linking process anymore. Several explanations are possible for 
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the remaining macroinitiator. An obvious explanation would be that the reaction 
time was not sufficient and the incorporation would slowly continue. However, 
from the SEC traces, it can also be seen that with increasing ratio DVB to 
macroinitiator the amount of remaining materials decreases. This trend is more 
pronounced for the P(BLG(20)-b-S(40)) system and even more for the P(BLG(40)-
b-S(20)) and P(BLG(40)-b-S(40)) in paragraph 4.2.5. This indicates that the 
amount and size of the formed nano-particles was not sufficient to fit all the 
macroinitiators.  Hawker et al. found up to 1-2% of their macroinitiator remaining 
in the final star polymer . 163 Matyaszewski et al.161 found for a comparable system, 
intiated by ATRP, an incorporation of 95% of all the chains, thus 5% remaining 
starting material. By the addition of extra monofunctional monomers, and thus 
increasing the core size, they were able to incorporate an additional amount of 
macroinitiator. While both mentioned studies were done with coil-like 
macroinitiators and not with rod-coil systems, this strengthens the theory that not 
all macroinitiators fit into the star polymer, unless the core size is increased. 
It should be noted that it is possible to remove the starting material and the high 
molecular weight shoulder by fractional precipitation, as will be shown for one 
system with 40 benzyl-L-glutamate monomer residues. All formed nanoparticles 
were fractional precipitated, followed by SEC measurments in order to acquire 
correct values for Mn and Mw. The mentioned Mn and Mw  values summarized in 
Table 2 have been determined after this fractionation procedure. 
For the systems starting with macroinitiator P(BLG(20)-b-S(20)) and P(BLG(20)-
b-S(40)), peptide core/shell nanoparticles were obtained for ratios cross-link agent 
to macroinitiator up to 20:1. For higher ratios, gelation occurred and further 
analysis of the polymers was not possible. By means of high throughput 
experimentation, Hawker et al. have found that there is a general trend for 
macroinitiation by NMRP. For macroinitiators with a low molecular weight, a low 
ratio of DVB to macroinitiator was needed to obtain well-defined star polymers 
because low molecular weight macroinitiators are very prone to cross-linking 163. 
Similar research of the Matyaszewski group confirmed this finding for a 
comparable system based on ATRP 161. 
In our case also other factors could play a role during cross-linking, for example 
inter- and intramolecular hydrogen bonding of peptide blocks. For instance PBLG 
blocks shorter than 18 monomer residues are not completely in the α-helix state 
whereas a PBLG blocks larger than 18 are 126. In the case of shorter blocks, 
intermolecular forces can dominate over the intramolecular interactions, which give 
rise to agglomeration and could finally contribute to gel-forming. Even the use of 
hydrogen bonding breaking solvent like DMF does probably not completely 
prevent such interaction 169. 
Analysis of the SEC chromatograms of the obtained nanoparticles yielded the 
number and weight average molecular weights of the products.  For the DVB to 
P(BLG(20)-b-S(20)) macroinitiator 10:1 ratio, a nanoparticle with a Mn of 115 x 
103 g.mol-1 and a PDI of 1.35 was obtained. For the same macroinitiator but a DVB 
to macroinitiator ratio of 20:1, a Mn of 315 x 103 g.mol-1 with a PDI of 1.86 was 
obtained. The increase in PDI indicates that the control of the cross-link reaction is 
reduced with increasing DVB to macroinitiator ratio.  
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In the case of P(BLG(20)-b-S(40)) macroinitiator, number average molecular 
weights of 135 x 103 and 384 x 103 g.mol-1 were found for the DVB to 
macroinitiator ratios of 10:1 and 20:1, respectively. The corresponding PDIs were 
1.35 and 1.78, which again indicates that for higher DVB to macroinitiator ratios 
the control is reduced. 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 11: DMF-SEC traces of star 
polymers obtained from P(BLG(20)-b-
S(20)) (solid) DVB to macroinitiator 
ratio 10:1  (dotted) and 20:1 (dash 
dot). 

 
 
Figure 12: DMF-SEC traces of star 
polymers obtained from P(BLG(20)-b-
S(40)) (solid) DVB to macroinitiator 
ratio 10:1  (dotted) and 20:1 (dash 
dot). 

 
 
Table 2: Data obtained from SEC analysis of the star polymers obtained for 
P(BLG(20)-b-S(20)) and P(BLG(20)-b-S(40)) macroinitiators polymerized in DMF 
with various cross-link agent to macroinitiator ratios. The values were determined 
after fractional precipitation.   

Macroinitiator Ratio  
DVBa:MI 

Mn  
(103g mol-1) 

Mw  
(103g mol-1) 

PDI 

P(BLG(20)-b-S(20)) 9.8 115 156 1.4 
P(BLG(20)-b-S(20)) 17.7 315 589 1.9 
P(BLG(20)-b-S(20)) 11.8 135 182 1.3 
P(BLG(20)-b-S(40)) 17.0 384 687 1.8 
a: The amount DVB, m-DVB and p-DVB, is 80% of the amount DVB technical grade 
80%    

4.2.5 Star polymer formation of P(BLG(40)-b-S(20)) and P(BLG(40)-b-S(40))   

 
The systematic research was expanded to block copolymers consisting of 40 
benzyl-L-glutamate residues. For this series also the DVB to macroinitiator molar 
ratio was varied in the same range and the cross-link reactions were performed 
under similar conditions as for the series of 20 benzyl-L-glutamate units. 
In contrast to the results obtained from the macroinitiators containing 20 monomer 
units in the PBLG block, for neither series containing 40 benzyl-L-glutamate units, 
gelation was observed even at ratios up to 50:1. The tendency for self organization 
(phase separation) is stronger due to the higher molecular weight, which 
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automatically results in phase separation between the two blocks. Due to pre-
organization all the styrene chains are close together including the growing chain 
ends, which makes it more likely to react with the pendant group of a DVB 
molecule incorporated in another chain.   
The series of macroinitiator P(BLG(40)-b-S(20)) shows a pronounced shift in SEC 
traces for the DVB to macroinitiator ratios 40:1 (Figure 13& 14). The trace 
corresponding to the 10:1 ratio is relatively broad compared to the higher cross-
linker to macroinitiator ratios. Moreover, the amount of remaining macroinitiator is 
relatively high in this example.  The level of remaining macroinitiator decreases up 
to the ratio of 30:1 and then is reaches a plateau value. Since 10:1 and 20:1 both do 
not reach this plateau, it can be concluded that there is not sufficient space to 
connect all available macroinitiator molecules. As explained in paragraph 4.2.4, 
this is in good agreement with findings of Hawker and Matyaszewski 161,163. 
In addition, no further molecular weight increase was observed when the DVB to 
macroinitiator ratio was increased from 40:1 to 50:1. This indicates that the 
maximum packing for this system is already reached at the 40:1 ratio.  
 
 
 
 
 
 
 
 
 
 
 
Figure 13: DMF-SEC traces of star 
polymers obtained from P(BLG(40)-b-
S(20)) of different DVB to 
macroinitiator ratios, 1:10 (dotted) 
1:20 (dashed), 1:30 (dash dotted). Solid 
line is the macroinitiator. 
 

Figure 14: DMF-SEC traces of star 
polymers obtained from P(BLG(40)-b-
S(20)) of different DVB to 
macroinitiator ratios, 1:40 (dash dot 
dotted) and 1:50 (short-dashed). Solid 
line is the macroinitiator. 

 
Comparable results were obtained for the P(BLG(40)-b-S(40)) system. For the 
DVB to macroinitiator ratio 10:1, again the chromatograms are relatively broad and 
some macroinitiator remains. The level of the remaining macroinitiator reaches a 
plateau value for ratios higher than 30:1 which implies that for ratios lower than 
30:1, again, the available space in the star polymer is not sufficient to connect all 
the available macroinitiator molecules. In this system still an increase in molecular 
weight is observed between the ratio 40:1 and 50:1. A possible explanation can be 
the higher molecular weight of the styrene block of the macroinitiator, which 
results in a larger core size than in the case of the P(BLG(40)-b-S(20)) system. The 
surface of a sphere with a larger radius is of course larger, which means that more 
chains fit on the surface of this sphere. Again, this is indeed in good agreement 
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with the findings of Matyaszewski et al. For this reason it should be interesting to 
determine the maximum DVB to macroinitiator ratio for this system. Also the 
addition of extra styrene is very interesting since this increases the core size, which 
would create more space for extra macroinitiator molecules. 162 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: DMF-SEC traces of star 
polymers obtained from P(BLG(40)-b-
S(40)) of different DVB to 
macroinitiator ratios, 1:10 (dotted) 
1:20 (dashed), 1:30 (dash dotted). Solid 
line is the macroinitiator. 

Figure 16: DMF-SEC traces of star 
polymers obtained from P(BLG(40)-b-
S(40)) of different DVB to 
macroinitiator ratios, 1:40 (dash dot 
dotted) and 1:50 (short-dashed). Solid 
line is the macroinitiator. 

 
After 18 hours of reaction, both chromatograms show remaining macroinitiator as 
well as the shoulder of higher molecular weight than the macroinitiators but lower 
than the star polymer.  
In Figure 17, it is shown that the macroinitiator and the product of higher molecular 
weight can be removed by fractional precipitation. From this figure, it becomes 
also clear that fractional precipitation works better for the higher cross-linker to 
macroinitiator ratios than for the ratios 10:1 and 20:1. This is due to the larger 
difference in molecular weight between macroinitiator and star polymer, as the so 
called cloud point is dependent on the molecular weight. When the difference in 
molecular weight is larger, the difference in cloud point is also larger and thus the 
fractionation becomes more efficient. 
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Figure 17: DMF-SEC traces of star polymers after fractional precipitation obtained 
from P(BLG(40)-b-S(20)) of different macroinitiator to DVB ratios, 1:10 (solid) 1:20 
(dashed), 1:30 (dash dotted), 1:40 (dash dot dotted) an d 1:50 (short dashed). 
 
In Table 3, the molecular weights obtained for different cross-linker to 
macroinitiator ratios are summarized for the block copolymers containing 40 
benzyl-L-glutamate residues . As expected, an increase in molecular weight is 
observed for higher cross-link agent to macroinitiator ratios. When these results are 
compared to the results obtained for the systems consisting of 20 benzyl-L-
glutamate (Table 2) residues, one remarkable difference can be observed. The 
obtained molecular weights for the systems starting with 20 monomer residues for 
cross-link agent to macroinitiator ratio 10:1 and 20:1 have a higher molecular 
weight than the corresponding systems of 40 benzyl-L-glutamate residues.  
As discussed earlier, for the system  P(BLG(40)-b-S(20)), there is almost no 
increment in molecular weight observed between DVB to macroinitiator ratios  
40:1 and 50:1. This implies that the maximum packing is probably obtained for this 
system at a DVB to macroinitiator of 40:1. For the P(BLG(40)-b-S(40)) system, a 
small increment is observed between the two highest cross-linker to macroinitator 
ratios and thus the maximum packing is still not reached at a DVB to 
macroinitiator ratio of 40:1 
Polydispersities of the peptide core/shell nanoparticles are in the range of 1.4 to 1.6 
which is surprisingly low considering the applied chemistry. It should be noted, 
however, that these values were determined after fractional precipitation.  
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Table 3: Data obtained from SEC analysis of the star polymers obtained for 
P(BLG(40)-b-S(20)) and P(BLG(40)-b-S(40)) macroinitiators polymerized in DMF 
with various cross-linkt agent ratios. The molecular weights were determined after 
fractional precipitation.  

Macroinitiator Ratio  
DVBa:MI 

Mn  
(103g mol-1) 

Mw  
(103g mol-1) 

PDI 

P(BLG(40)-b-S(20)) 11.2 54.3 77.4 1.4 
P(BLG(40)-b-S(20)) 19.5 123 166 1.4 
 P(BLG(40)-b-S(20)) 30.5 238 320 1.3 
P(BLG(40)-b-S(20)) 43.0 277 380 1.4 
P(BLG(40)-b-S(20)) 51.0 281 399 1.4 
P(BLG(40)-b-S(40)) 10.4 47.8 79.4 1.6 
P(BLG(40)-b-S(40)) 23.3 122 181 1.5 
P(BLG(40)-b-S(40)) 33.3 278 383 1.4 
P(BLG(40)-b-S(40)) 41.9 428 595 1.4 
P(BLG(40)-b-S(40)) 50.8 548 819 1.5 

a: The amount DVB, m-DVB and p-DVB, is 80% of the amount DVB technical grade 
80%. 
 
When the number average molecular weight is plotted versus the cross-linker agent 
to macroinitiator ratio, some trends can be observed. This is depicted in Figure 18 
for the systems starting from the macroinitiator consisting of 20 and 40 benzyl-L-
glutamate residues. For the latter the increase of molecular weight levels off at 
about 280 x 103 g.mol-1, which implies that the maximum packing is obtained for a 
cross-linker agent to macroinitiator ratio close to 40. However, for the system 
consisting of 40 styrene and benzyl-L-glutamate residues, a linear trend is observed 
which implies that from this macroinitiator, a large range of molecular weights can 
be obtained. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Number average molecular weight as function of cross-linker (DVB) to 
macroinitiator ratio for the P(BLG(40)-b-S(20)) system (closed circles) and for the 
P(BLG(40)-b-S(40)) system (open squares). 
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4.2.6 Dynamic light scattering of star polymers 

The hydrodynamic radii of all the star polymers obtained after fractional 
precipitation were determined by dynamic light scattering at 20°C, as function of 
the concentration. Therefore, several different concentrations were made varying 
from 8.0 mg. mL-1 to approximately 0.15 mg.mL-1. The results summarized in 
Table 4, were averaged over the entire concentration range, because there were 
only very small differences in radius as function of concentration. This implies 
that, in the chosen concentration range, the star polymers were under their critical 
overlap concentration and the star polymers were all in their ‘natural’ 
configuration. Although the radii were determined with a good accuracy, the 
polydispersity of the particles is relative poor. A PDI of 0.1 implies a monomodal 
distribution over the radii and a PDI of approximately 0.250 implies a broad range. 
However, it is obvious for all systems, that increasing the ratio DVB to 
macroinitiator, leads to peptide core/shell nanoparticles with increasing 
hydrodynamic radii. 
 
Table 4: Radii (z-average) of the star polymers obtained from each series. Data has 
been averaged over entire concentration range of 0.15 to 8.0 mg.mL-1. 

macroinitiator Molar 
ratio 

DVBa:MI 

Radius (z-average) 
(nm) 

PDI 

P(BLG(20)-b-S(20)) 9.8 13.5 ± 1.1 0.258 ±0.05 
P(BLG(20)-b-S(20)) 20.4 17.7 ± 1.2 0.241 ± 0.02 
P(BLG(20)-b-S(40)) 10.2 11.8 ± 0.8 0.299 ± 0.02 
P(BLG(20)-b-S(40)) 20.2 17.0 ± 1.2 0.274 ± 0.03 
P(BLG(40)-b-S(20)) 11.2 10.1 ± 1,0 0,269 ± 0.09 
P(BLG(40)-b-S(20)) 19.5 12.2 ± 1.1 0.277 ± 0.04 
P(BLG(40)-b-S(20)) 30.5 15.3 ± 1.2 0.280 ± 0.05 
P(BLG(40)-b-S(20)) 43.0 18.8 ± 1.6 0.288 ± 0.06 
 P(BLG(40)-b-S(20)) 51.0 19.3 ± 1.2 0.257 ± 0.05 
P(BLG(40)-b-S(40)) 10.4 9.4 ± 0.3 0.217 ± 0.01 
P(BLG(40)-b-S(40)) 23.3 12.1 ± 1.1 0.201 ± 0.02 
P(BLG(40)-b-S(40)) 33.3 15.2 ± 0.2 0.192 ± 0.008 
P(BLG(40)-b-S(40)) 41.9 18.6 ± 1.2 0.272 ± 0.05 
P(BLG(40)-b-S(40)) 50.8 21.3 ± 1.6 0.253 ± 0.06 

a: The amount DVB, m-DVB and p-DVB, is 80% of the amount DVB technical grade 
80% 
 
In Figure 17, the relation between radius of the particle versus the ratio DVB to 
macroinitiator is shown. For the two cases of the short PBLG part, consisting of 20 
monomer residues, only two samples were obtained and for that reason these 
results are not shown. For the entries of the PBLG (40) system, a clear linear trend 
can be observed. For the system of P(BLG(40)-b-S(20)), a levelling off is observed 
around the ratio DVB to macroinitiator of 40:1, similar to the trend observed in 
SEC. The system P(BLG(40)-b-S(40)) does not show this and it appears that still 
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some increase in particle size can be observed between the two highest cross-link 
ratios.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19: Hydrodynamic radius determined by dynamic light scattering as function 
of cross-linker (DVB)  to macroinitiator ratio for the P(BLG(40)-b-S(20)) system 
(closed circle) and for the P(BLG(40)-b-S(40)) system (open square). 
 

4.2.7 Transmission electron microscopy 

One way to prove the existence of a core shell structure is using electron 
microscopy. In Figure 20, a transmission electron microscope (TEM) image of the 
star polymer formed from P(BLG(40)-b-S(40)) with the highest DVB to 
macroinitiator ratio (50:1) is shown. In this picture the difference in contrast 
between the core (dark) and the periphery (light) is clearly visible, which indicats 
that the desired core cross-linked shell morphology is obtained via this route. Due 
to the drying process during sample preparation, some larger particles are stuck to 
the grid and the smaller particles are moved to the drying front at the edge of the 
droplet. The depicted picture is taken in the centre of the grid and this causes a 
slightly disturbed picture of the particle size. However, from this picture, it is 
apparent that the particle size, determined by light scattering, is in agreement with 
the microscopy picture and also the relatively broad size distribution is clearly 
visible. The smaller particles which are visible on this TEM-image are all 
agglomerated with larger particles and due to that, these smaller particles are not 
migrated to the drying front at the edge of the grid. 
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Figure 20: Transmission electron microscope picture of peptide core/ shell 
nanoparticle starting from P(BLG(40)-b-S(40)) with a DVB to macroinitiator ratio of 
50:1. 
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4.3 Conclusions 
 
It is possible to synthesize peptide core/ shell nanoparticles by a metal-free arms 
first approach. The primary amine moiety of the bifunctional NMRP initiator was 
used to first form the PBLG macroinitiator. This macroinitiator can be extended 
with styrene to form a P(BLG-b-S) diblock copolymer. This diblock copolymer-
macroinitiator can be cross-linked by making use of a divinyl compound, in our 
case divinylbenzene, in different cross-linker agent to macroinitiator ratios. For all 
four different systems, some remaining starting material was found, as well as 
some product originating from the coupling reaction which took place during 
diblock-macroinitiator synthesis. Both these remaining materials could be removed 
by fractional precipitation, but it should be noted that for higher DVB  to 
macroinitiator ratios, the removal of this material was more successful. 
A clear dependence of the particle size on the cross-linker agent to macroinitiator 
ratio and on the block length of the macroinitiator was found. 
For both systems consisting of only 20 benzyl-L-glutamate residues in the block 
copolymer, gelation occurred at cross-linker agent to macoinitiator ratios higher 
than 20:1. In that sense, it is very difficult to draw conclusions from these 
polymerizations. The cross-linking reactions for these systems were found to be 
controlled for only the low cross-linker agent to macroinitiator ratios (10:1) and the 
obtained polydispersity indices for this ratio are relative low, namely around 1.3. 
The polydispersities of the higher ratio (20:1) were close to 1.9 indicating a 
reduction of control. The obtained particle radius for both series, determined by 
light scattering, was in the range between 13.0 to 17.5 nm. 
Both the systems built up of 40 benzyl-L-glutamate residues allowed a higher 
cross-linker agent to macroinitiator ratio, namely up to 50:1.  
There was a linear trend observed between molecular weight and DVB to 
macroinitiator ratio for the P(BLG(40)-b-S(20)) system. However, no further 
increase in molecular weight was observed between DVB to macroinitiator ratios 
40:1 and 50:1, thus the maximum packing was obtained for this system for DVB to 
macroinitiator ratio around 40:1. The polydispersities of the particles were for all 
polymers below 1.5. Also a linear trend was observed for the particle radius versus 
the DVB to macroinitiator ratio ranging from 10-20nm. However, no further 
increase in radius of the core/ shell nanoparticle was observed between the DVB to 
macroinitiator ratio of 40:1 and 50:1. 
For the P(BLG(40)-b-S(40)) system also a linear trend was observed between 
molecular weight and DVB to macroinitiator ratio, even up to the highest studied 
ratios. The polydispersities of the polymers, after fractional precipitation, were all 
below 1.5 except for cross-linker agent to macroinitiator ratio 10:1. Also a linear 
trend was obtained for the relation between particle radius and DVB to 
macroinitiator ratio. For this system, no plateau in radius was observed for ratios 
higher than 40:1. This P(BLG(40)-b-S(40)) system offers a lot opportunities for 
control over the molecular weight and the core/shell nanoparticle radius, which can 
be important for potential applications.  
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4.4 Experimental 

4.4.1 Materials 

Methanol (abs. a.r.), diethyl ether (97%), chloroform (99+%) stabilized with 
ethanol for analysis, toluene (a.r), dry THF from a solvent system, dichloromethane 
(a.r. stabilized with amylene) N,N-dimethylformamide (99%, extra dry), ethanol 
(abs.), ethylacetate (a.r.) and. n-heptane (a.r.) were obtained from Biosolve and 
were used as received unless stated otherwise. DMSO was obtained from Aldrich. 
Ethylacetate was purified by distillation with the use of CaH2. Zinc dust (< 10 
micron, 98%, Aldrich), MgSO4 (pure, Aldrich), NH4OH (32%, Aldrich), Cu(OAc)2 
(Aldrich), vinylbenzylchloride (>90%, Aldrich), NaBH4 (99%, Aldrich), 4-
tertbutylcatechol (Aldrich), lithium aluminum hydride (1,0 M in THF, Aldrich), 2-
methyl-2-nitropropane (99%, Aldrich), isopropyl magnesium chloride (2.0M in 
THF, Aldrich), α-pinene (98%, Aldrich), R,R-Jacobsen catalyst (98%, Acros), 
sodium azide (99%, Acros), di-tert-butylperoxide (99%, Acros), ammonium 
chloride (+99%, Fluka), benzaldehyde (+99%, VWR), HCl (32%, VWR) and γ-
benzyl-l-glutamate ester (Sigma) were used as received. Styrene (99%, Aldrich), 
anisole (99,7% anhydrous, Aldrich) and divinylbenzene (technical grade, 80%) 
were distilled before use. 
 

4.4.2 Apparatus 

SEC analysis with DMF (60°C, 0.1 M LiBr) was carried out using a Waters 2695 
Alliance pump + injector, equipped with a Waters 996  Photo Diode Array UV 
detector, Viscotec RALLS (Right Angle Light Scattering) detector, Viscotek 250 
Dual detector Viscosity detection + Differential refractive Index detection and a 
Waters 2414  refractive index detector (40°C). The injection volume used was 50 
µL. The column set used was a set of 3 PLgel mixed-C columns (5m particles 
300*7.5 mm each) (40°C) in series. 
Flow rate was 1.0 ml/min. Data acquisition and processing software were Waters 
Empower2 (all detectors) and Viscotek Omnisec4 (LS, Visco and Waters DRI 
detection). 
Sample solutions were filtered (0.2 µm PTFE filter, 17mm, PP housing, Alltech). 
 
Gas Chromatography analysis was performed on a Hewlet Packard 5890 Series II 
GC with an Agilent 6890 series injector. Samples of the NMRP reaction were 
taken with the use of a three-way valve by which nitrogen was pumped through the 
needle, so no oxygen was introduced into the system. The samples were 
precipitated in methanol (40ml methanol per 1ml of DMF solution). From this the 
GC samples were taken with the use of a syringe and a filter. Calculations were 
made with the use of an internal standard (anisole). 
 
Transmission electron microscopy was performed on a FEI Technai 20 (type 
sphera) operating voltage 200 kV, LaB6 filament and a bottom mounted Gatan 
CCD camera (1k*1k). The samples were prepared from a 2 mg/ml  
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dichloromethane / DMF (50/ 50) solution casted on carbon-coated 200 mesh grids( 
freshly glow discharged) and dried overnight.  
 
Dynamic light scattering measurements were performed on a Malvern Zatasizer 
nano zs equipped with a 4W, 633 nm He-Ne laser. The measurements were done at 
21°C. Each sample was allowed to equilibrate for 2 min. before the measurement 
started. 
 
 
 

4.4.3 Synthesis initiator 

The bifunctional initiator was synthesized as described in Chapter 3 

4.4.4 Monomer synthesis 

Synthesis of NCA of γ-benzyl-l-glutamate 
Both α-pinene (5.74g, 42.14mmol) and γ-benzyl-l-glutamate (5.00g, 21.07mmol) 
were dissolved in distilled ethyl acetate (40ml) in a three neck round bottom flask. 
The mixture was stirred and heated under reflux at 76ºC. To this a triphosgene 
solution (3.13g, 10.54mmol) in ethyl acetate (20ml) was added drop-wise. Two-
third of the solution was added in 1 hour, the reaction was left for another hour and 
then some extra triphosgene solution was added until everything dissolved. 
The reaction mixture was concentrated to 2/3 in vacuo and the same amount of n-
heptane was added. The mixture was allowed to cool to room temperature and was 
further cooled in the freezer. After filtration, the solid was washed three times with 
a 1:4 ethyl acetate : n-heptane mixture. After filtration the solid was further purified 
by freeze drying. A white powder was obtained (Yield: 4.20g; 83% ) Mp=94ºC.  
1H-NMR: (400MHz, CDCl3): 9.07 ppm (s, 1H), 7.34 (m, 5H), 4.45 ppm (q, 1H), 
2.50 ppm (t, 2H), 1.96 ppm (m, 2H). 
The monomer was stored in a freezer (-18 ºC) over P2O5 prior to use. 
 

4.4.5 Polymerizations 

Polymerization of NCA of γ-benzyl-l-glutamate, initiated by amine-functionalized 
alkoxyamine (macroinitiator)(1) 
2,2,5-Trimethyl-3-(1-p-aminomethylphenylethoxy)-4-phenyl-3-azahexane and n-
carboxy anhydride of γ-benzyl-l-glutamate (for the desired monomer to initiator 
ratio) were weighed in a 250 ml three neck flask. The flask was placed in a 
refrigerated salt water tank of -2.0ºC. To the mixture 75 ml cold (4°C) dry DMF 
was added and the reaction was performed for 4 or 5 days under an inert 
atmosphere. The solution was precipitated in isopropyl alcohol and placed in the 
refrigerator overnight at 4ºC. By filtration a white solid polymer was collected. 
(Yield: ~75%) 
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Polymerization of block copolymer of polystyrene and poly(γ-benzyl-l-glutamate) 
The macroinitiator (initiator-PBLG) was weighed in a Schlenk tube and dry DMF 
was added resulting in a 12.5 wt% macroinitiator solution. Distilled styrene was 
added for the desired monomer to initiator ratio (20:1 or 40:1, respectively). 
Oxygen was removed with three freeze thaw cycles. The reaction was maintained 
at 125ºC for 16 hours under argon. After cooling the reaction mixture, the polymer 
was precipitated in methanol. After filtration a white powder was obtained. 
 
Polymerization of star-shaped polymer of divinylbenzene and block copolymer of 
polystyrene and poly(γ-benzyl-l-glutamate), kinetic study 
The macroinitiator (initiator-P(S-b-BLG) (1.59g, 1.79.10-4mol) was weighed in a 
Schlenk tube. To this distilled divinylbenzene (technical grade, 80%) (1.164g, 
8.94mmol), distilled styrene (1.116g, 10.7mmol) and distilled anisole (0.183g, 
1.69mmol) were added. After three freeze/thaw cycles the tube was brought under 
an argon atmosphere. The tube was placed in a hot oil bath of 125ºC. Reaction time 
was 12 hours, with sampling of 1 ml at specific times. Samples were precipitated in 
40ml MeOH. The supernatant was analyzed GC and the residue was analyzed by 
SEC. 
 
Polymerization of star-shaped polymer of divinylbenzene and block copolymer of 
polystyrene and poly(γ-benzyl-l-glutamate) 
The macroinitiator (initiator-P(S-b-BLG) was weighed in a Schlenk tube a n d  d r y  
D M F  w a s  a d d e d .  Distilled divinylbenzene (technical grade, 80%) was added 
for the desired cross-linker agent to initiator ratio (10:1 to 50:1), Oxygen was 
removed with three freeze thaw cycles. The reaction was maintained at 125ºC for 
18 hours under argon. After cooling the sample the polymer was precipitated in 
methanol. After filtration a white powder was obtained.  
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Chapter 5 

Graft copolymers and core-shell biohybrids by 
controlled radical polymerization of peptide based 

macromonomers 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Abstract 
 
In contrast to the previous chapters, in which the rod-coil block copolymers were 
synthesized by a dual headed or bifunctional initiator, we explored the 
macromonomer (MM) approach to obtain different polymeric architectures. The 
low reaction temperature for NCA polymerization allowed us to synthesize a vinyl 
bond containing macromonomer in one step. First the synthesis of a styrene 
monomer containing an amine moiety was performed. This amine moiety was used 
as an initiator for the ring opening polymerization of NCA. The obtained 
macromonomer was used in nitroxide mediated radical polymerization. The 
synthesis of graft copolymers is described, whereby the ratio macromonomer to 
styrene was varied. Also an attempt was made to form peptide core shell 
nanoparticles comparable with the structures from chapter 4. The main advantage 
of this approach is the avoidance of the tedious synthesis of a bifunctional initiator 
and even the possibility to use a commercial available NMRP initiator. In this 
chapter some preliminary results are shown which show the potential of this 
macromonomer approach, however, much more effort should be spend to achieve 
the full potential of this technique.                  
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5.1 Introduction 
 
The combination of different polymer segments may give rise to features such as 
micro- or nano-phase separated structures in the solid state, which is highly 
important in biological systems 1-5. Especially the introduction of poly(amino)acid 
chains into vinyl polymers is expected to add specific functionality to 
macromolecular systems, since poly(amino acids) have various functions like 
biological and catalytic activities based on their highly ordered structures 6. This, 
combined with the excellent mechanical properties of vinyl polymers as building 
blocks for these systems, will lead to interesting materials. Gallot et al. 7 were one 
of the first to synthesize poly(amino acid)-based rod coil polymers by end-group 
modification of polybutadiene and polystyrene obtained by living anionic 
polymerization followed by NCA polymerization. Yamashita et al. 8,9 reported the 
synthesis of γ-methyl-D-glutamate-based block and graft copolymers via telechelic 
polystyrene and aminoacetalized poly(vinyl alcohol), respectively.  
In previous chapters, the formation of rod-coil bock copolymers was described by 
making use of a bifunctional initiator which can initiate NCA polymerization from 
one side as well as the controlled radical polymerization from the other. This is 
often referred to as a macroinitiator approach since the second block is formed by 
initiation from the first containing an initiator end-group.  
A relatively unexplored route towards rod-coil copolymers is the macromonomer 
(MM) approach which can lead to polymers with new and unique properties. Graft 
copolymers, bottlebrush copolymers and star shape copolymers are possible 
architectures available by this technique 10.  
There are three different methods to form polypeptide-based graft or brush 
copolymers namely: 

1) Polymerization from a multifunctional linear macro-initiator, i.e. “grafting 
from”.  

2) Grafting onto. In this case, a pre-formed side chain is grafted onto a 
multifunctional linear chain.  

3) Polymerization of macromonomers. This last method also offers the 
possibility to form hyper branched or even star shape polymers.  

Each of the aforementioned methods have their advantages and disadvantages, 
which are listed in Table 1. 
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Table 1: Comparison of different chemical pathways to prepare graft copolymers. 11, 
+: good control, 0: intermediate control and -: poor control. 
 Grafting onto Grafting from Macromonomer 

polymerization 
Main chain 
polydispersity  

+ + - 

Side chain 
polydispersity 

+ 0 + 

Control of graft 
density 

- 0 + 

  
Several different groups have shown the possibility to form graft copolymers by 
using the  macromonomer technique 10,12-17. However, so far, most of the work was 
focused on the structures with flexible linear or flexible branched side chains. 
Except for some computer simulations 18-20,  little is known about flexible polymer 
brushes with rigid side chains besides some pioneering work 8,15,21.  When the side 
chains of cylindrical brushes consist of certain peptides, the secondary structure of 
these peptides, e.g. helices vs. coils, may also affects the main chain of the brushes. 
Side chains with relatively high rigidity, which are responsive to pH and 
temperature, will not only introduce more interesting properties but also may lead 
to potential  application in gene transfection 15.  Inoue et al. 22 demonstrated for the 
first time the formation of poly(vinyl)-poly(amino acid) graft copolymers by using 
a poly(amino acid) having a terminal vinyl group. The latter was produced via 
polymerization of N-carboxyanhydride initiated by a styrene derivative, containing 
a primary and a secondary amino-group, developed by Maeda 23. This 
macromonomer was then copolymerized with styrene or methylmethacrylate, 
initiated by AIBN. After extraction of the unreacted macromonomer by 
trifluoroacetic acid, graft polymers were obtained with incorporation of the 
macromonomer close to the feed ratio. Applications of the obtained poly(amino 
acid) graft copolymer can be expected as biomedical material such as 
chromatographic-type cell separators 24. 
Schmidt et al. 15 have obtained a graft copolymer via a two step approach. First the 
poly(amino acid) is synthesized, initiated by hexylamine. This polymer is then 
connected to methacryloyl chloride to obtain the final macromonomer. This double 
bond containing macromonomer was polymerized via radical polymerization 
initiated by AIBN. The results were not very satisfying and for this reason also the 
grafting from approach was conducted. For this grafting from approach, a 
monomer with a protected amino group was developed because the amine moiety 
can act as chain transfer agent in a radical polymerization. Due to this protected 
amino moiety, a deprotection step is needed in order to perform a NCA 
polymerization and to finally obtain a graft copolymer.  
Schlaad et al. have tested the surfactant properties of bottlebrush copolymers 
obtained via a grafting from approach 25. Therefore, first a linear block copolymer 
was synthesized via ionic polymerization of which one part consisted of 
poly(benzylamine) and the other block of poly(styrene). From the 
poly(benzylamine) block of this polymer, a ring opening polymerization of benzyl-
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L-glutamate NCA was performed. After removal of the benzyl group of the 
poly(benzyl-L-glutamate) grafts, the surfactant properties of this bottle brush 
copolymer were compared with the corresponding linear rod-coil block copolymer 
to obtain finally a peptide-stabilized latex particle.   
Macromonomers can also be used to make more complex polymer architectures 
like star polymers. Matyjaszewski et al. 26-29 have demonstrated the possibility of 
star polymer formation by using flexible macromonomers (See Chapter 4 Figure 
2). These star polymers were obtained by copolymerizing the macromonomer with 
divinylbenzene in a pseudo-batch procedure via controlled radical polymerization. 
During the star polymer synthesis by cross-linking macroinitiator chains, like in 
Chapter 4, two different reactions contribute to the formation of star polymers. One 
is a star-star reaction including a radical-radical coupling reaction and a radical-
vinyl group reaction between two star molecules, and the second is a star-linear 
polymer reaction. While both reactions increase the star molecular weight, star-star 
coupling reaction broadens the molecular weight distribution of the final product. 
During the synthesis of star polymers by cross-linking of the linear macroinitiators, 
star-star reactions occur throughout the star formation process due to the fact that 
the number of initiating sites (dormant form of radicals) in the star core is equal to 
the number of arms per star 30. Thus, reducing the ratio of initiating sites to arms 
per star could lower the star-star coupling process and increase uniformity. 
The application of the macromonomer technique, containing an α-helix rod part, 
together with controlled radical polymerization was not performed earlier. In this 
chapter we will show both the possibility to obtain graft copolymers as well as star-
shape polymers. The advantage of the macromonomer approach over the 
macroinitiator approach for obtaining star polymers is the avoidance of the 
laborious synthetic route of the bifunctional initiator. It also offers the opportunity 
to use the commercially available blocbuilder®, the nitroxide-based controlled 
radical polymerization technology of Arkema. 
 
 

5.2 Results and discussion 
 
5.2.1 Macromonomer 
 
First a poly(amino acid) macromonomer had to be synthesized, preferably without 
any post-polymerization step required to introduce the double bond. Therefore, 4-
vinyl-benzylamine, a primary amine containing styrene derivative was chosen as 
initiator for ring opening polymerization of N-carboxyanhydride. In Figure 1, the 
reaction to obtain this styrene derivative is shown. 
4-Vinyl benzylchloride was converted into 4-vinyl benzylamine via the Gabriel 
synthesis using potassium phthalimide.  In this route the chloride group was 
replaced via nucleophilic attack by the nitrogen anion of phtalimide (81% yield), 
which is after recrystallization converted into amine with hydrazine. This 4-vinyl 
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benzylamine was purified by vacuum distillation at a temperature as low as 
possible to maintain the double bond (yield 87%). 
 

Cl

N
OO

NH2

potassium phtalimide

DMF, 40 °C

hydrazine monohydrate

Ethanol, reflux

 
Figure 1: Reaction scheme for the synthesis of 4-vinyl beznylamine from 4-vinyl-
benzylchloride. 
 
The macromonomer was obtained via polymerization of N-carboxyanhydride in 
DMF at 0°C initiated by the amine moiety at the styrene derivative, as depicted in 
Figure 2. 

NH

O

NH2

COOBz

n
NH2

+
NH

O
OO

R

0 °C

DMF

 
Figure 2: Synthesis of the macromonomer by NCA polymerization in DMF at 0°C, 
initiated by 4-vinyl benzylamine. 
 
The obtained macromonomer was analyzed by MALDI-ToF MS and SEC. From 
MALDI measurements (Figure 3) it is obvious that the polymerization had indeed 
been initiated by the amine group of the styrene derivative. Again, as described in 
Chapter 3, due to the low polymerization temperature, almost no back-biting 
reactions take place. The MALDI trace is very narrow, which indicates good 
control over the polymerization. From this MALDI spectrum, it is also visible that 
the additional peaks found in the macroinitiator spectrum (Figure 5 and Figure 6 in 
Chapter 3) are not present. This is a good indication that the peaks in Figure 5 and 
Figure 6 originate from the TIPNO moiety of the macroinitiator, which is absent 
here. 
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Figure 3: MALDI-ToF spectra of PBLG macromonomer initiated by 4-
vinylbenzylamine (Mn=3800 g.mol-1, PDI: 1.08). Inset, peaks and corresponding 
structures. 
 
Analysis of the macromonomer by SEC (Figure 4) shows a PBLG-macromonomer 
with a number average molecular weight of 3800 g.mol-1 and a polydispersity 
index of 1.08. There is also no signal detected for polymers with molar masses 
higher than PBLG, which implies that during NCA polymerization in DMF at 0°C, 
no polymerization of 4-vinylbenzylamine had taken place and that there were 
already some graft copolymers formed during NCA polymerization. This 
polymerization of the double bonds was a common problem for all the attempts by 
other groups working on the macromonomer approach. This is an advantage of the 
NCA polymerization performed at 0°C over all other synthetic strategies for 
macromonomer synthesis. Also the avoidance of a post-polymerization step for 
introducing a double bond is an advantage over methods used by other groups.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: DMF SEC trace of a macromonomer (Mn=3800 g.mol-1, PDI: 1.08) initiated 
by 4-vinylbenzylamine. 
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5.2.2 Graft copolymerization 
 
This styrene based macromonomer was then used in copolymerizations with 
styrene for which the molar ratio macromonomer to styrene (m:p, Figure 5) was 
varied. Four different graft copolymers were synthesized via controlled radical 
copolymerization of the macromonomer and styrene as shown in Figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Schematic representation of controlled radical copolymerization of a PBLG 
macromonomer with styrene. From left to right, macromonomer, styrene, TIPNO and 
graft copolymer. 
 
To make the results comparable and also to distinguish the incorporation of the 
macromonomer, for each copolymer a molecular weight of 50.000 g.mol-1 at 100% 
conversion was targeted. It was chosen for ratios styrene to macromonomer ranging 
from 20:1 to 5:1. In practice this means that for each composition the linear main 
chain part has a different length but the length of the grafts is exactly the same. The 
amount of monomers with respect to TIPNO is chosen in such way that, without 
incorporation of the macromonomer, it is impossible to obtain polymer of a 
molecular weight of 50.000 g.mol-1

 at 100% conversion. The maximum molecular 
weight which could be obtained by homopolymerization of styrene varies from 
approximately 5000 g.mol-1 to 18.500 g.mol-1 for the for the styrene to 
macromonomer ratio 5:1 and 20:1, respectively. All polymerizations were 
performed for 18 hours in DMF.  
From the SEC traces, depicted in Figure 6, it is obvious that, as expected, the 
chromatograms overlay almost perfectly, except for the most concentrated one (one 
macromonomer per 5 styrene units). Probably is the amount of styrene per 
macromonomer is too low, which makes it too sterically demanding in one 
molecule.  In all the polymerizations an undetermined amount of unreacted 
macromonomer remains. Since no kinetic data are available from the reactions, it is 
not clear what the conversion is for the individual reactions at the end of the 
polymerization (all reactions were performed for the same time). From that point of 
view, it is also possible that a longer reaction time would be required to obtain full 
conversion of the macromonomer since not all the vinyl bonds of the 
macromonomer are as easily accessible as desired. This can also explain why the 
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graft copolymer with the ratio 5:1 is not perfectly overlaid with the graft 
copolymers with other styrene to macromonomer ratios. Probably more reaction 
time is needed when the ratio decreases and thus the number of macromonomers 
per polymer chain increases. From the SEC traces it can also be seen that the 
relative amount of unreacted macromonomer decreases with decreasing 
macromonomer concentration, viz. from 5:1 to 20:1. There is a small shoulder on 
the low molecular weight side of the graft copolymer trace. The shoulder is more 
pronounced for the less concentrated (20:1), gradually decreasing until it is 
vanished for the most concentrated (5:1). An explanation for this shoulder can be 
that it results from homopolymerization of styrene.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: DMF-SEC traces of graft copolymers obtained via controlled radical 
copolymerization of PBLG-macromonomer with styrene in different ratios styrene to 
macromonomer.  
 
In Table 2, the molecular weights and polydispersities obtained by SEC with DMF 
as eluent and light scattering detector are summarized. For the evaluation of the 
molecular weights of the graft copolymer, the peak corresponding to the 
macromonomer was not taken into account.  
The molecular weights obtained for all four polymerizations are in good agreement 
with the target molar masses and the polydispersities of these graft copolymers 
were relative low, namely 1.2-1.3. Other groups did not mention the polydispersity 
obtained by free radical polymerization 22 or they did not obtain any graft 
copolymer at all 15. Only for the graft copolymer with the highest content of 
macromonomer (Entry 1), the experimentally determined molecular weight is much 
lower than the target molecular weight. However, it should be mentioned that this 
graft copolymer was hard to dissolve for analysis by SEC, as opposed to the three 
other polymers. This is an indication that more PBLG has been incorporated, which 
decreases the solubility.  
From Table 2, it can also be seen that the Mn and Mw are decreasing with 
decreasing styrene to macromonomer ratio (entry 2-4). This could imply that 
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preferably first the styrene is polymerized and gradually, when the concentration of 
styrene is decreasing, the macromonomer is incorporated. This would further imply 
that the macromonomer is not equally distributed over the chain, but that a more 
gradient-like structure is formed, which probably finally ends in a 
homopolymerization of the macromonomer. The final polymer is thus expevted to 
be a kind of gradient graft copolymer with a bottle brush-like structure. Kinetic 
data should provide much more information about the rate of incorporation of the 
macromonomer as well as styrene, but due to lack of time, this could not be 
performed. 
 
Table 2: Molecular weights and polydispersities obtained from controlled radical 
polymerization of PBGL-macromonomer in different ratios with styrene. Target 
Mn=50.000 g.mol-1. Values obtained by SEC in DMF equipped with light scattering 
detector. 

Entry Molar ratio 
(MM:styrene) 

Mn 

(g/mol) 
Mw 

(g/mol) 
PDI 

1 5:1 38200 45800 1.2 
2 10:1 48300 60200 1.2 
3 15:1 46900 59800 1.3 
4 20:1 43700 53800 1.2 

 
Inoue et al. removed unreacted macromonomer by extraction with 
trifluoroaceticacid, a good solvent for PBLG but not for polystyrene 22. A 
comparable purification was performed for our system as well. To test whether this 
purification method is applicable, the largest and lowest ratio, viz. 20:1 and 5:1, 
graft copolymers were dissolved in dimethylformamide (10% (w/w)), the solvent 
used for polymerization. This polymer solution was precipitated into trifluoroacetic 
acid (10 times excess). The 20:1 graft copolymer precipitated directly due its 
relatively low concentration of grafted PBLG. In contrast, the 5:1 graft copolymer 
did not precipitate and a clear solution remained. This suggests that indeed a large 
amount of PBLG macromonomer was incorporated. To precipitate the latter 
polymer, some cold methanol was added to the solution until precipitation 
occurred. Both, via this route purified graft-copolymers were analyzed by SEC and 
the chromatograms are shown in Figure 7. For the macromonomer to styrene ratio 
20:1, the purification worked well and almost no macromonomer was left after 
purification. Only a very small shoulder is detected, which was probably due to the 
evaporation of trifluoaroacetic acid during filtration. Evaporation gradually 
increases the solvent quality, i.e. the concentration of DMF gradually increases, 
which partially dissolves the macromonomer and the graft copolymer. For the 5:1 
ratio system, a kind of fractional precipitation was performed, and probably too 
much cold methanol was added which resulted in the precipitation of some 
macromonomer.  
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Figure 7: SEC traces of two different graft copolymers. Solid: macromonomer; 
dotted, 20:1 and dashed, 5:1. 
 
All these experiments show that it is possible to synthesize a graft copolymer by 
this route and that the remaining macromonomer can be removed by extraction by 
a selective solvent or by fractional precipitation. To get a better insight over the 
distribution of the macromonomer over the chain, kinetic analysis should be 
performed. 

5.2.3 Star polymer synthesis 

In contrast to Chapter 4, in this chapter we made use of a macromonomer instead of 
a macroinitiator approach for the star polymer synthesis. This MM is obtained via 
the same procedure as depicted in Figure 2. The schematic representation of the 
synthesis of a star polymer is depicted in Figure 8. From this picture, it is already 
clear that an important parameter for this polymerization is the molar ratio between 
the different components (a, b and c in Figure 8), as well as the molecular weight of 
the macromonomer 10.  
For example, in controlled radical polymerizations the molar ratio of the monomers 
(MM and DVB) to initiator determines the amount of potentially active chains, and 
thus the molecular weight of the product. However, incorporation of the 
macromonomer into the star, and thus increase in molecular weight is only possible 
until the star reaches its saturation size, e.g. maximum packing. The molar ratio 
monomer to initiator also influences the possibility of star-star coupling (i.e. 
radical-radical coupling), especially in the initial stage of the polymerization. For 
this reason, a low initiator to monomer ratio is desired since star-star coupling leads 
to an increase in polydispersity index. For the traditional macroinitiator approach 
(Chapter 4), a decrease in macroinitiator moieties directly leads to a low average 
molecular weight and a reduction in average number of arms per star. In the MM 
approach, initiator and arms (MM) are independently controllable and thus this 
problem can be circumvented. 
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Figure 8: Schematic representation of star polymer synthesis by a MM approach. a: 
macromonomer, b: divinyl compound, c: initiator. 
 
To investigate the influence of the ratios between all the components, i.e. the molar 
ratio MM to divinyl compound, MM to initiator and divinyl compound to initiator, 
seven different sets were tested as summarized in Table 3.  
For the first two reactions, the ratio DVB to MM was kept constant at 5 but the 
amount of initiator, TIPNO in this case, was varied. The variation in TIPNO results 
in different molar ratio of DVB to TIPNO and a different molar ratio MM to 
TIPNO. The sets obtained by this variation result in molar ratios: [DVB]/ [PBLG-
MM]/ [TIPNO] = 5/1/0.22 and 5/1/0.0.078 (entry 5 and 6 in Table 3). 
In the case of the third reaction, the ratio DVB to MM was set to 1 and the ratio 
DVB to TIPNO was set to 21. This finally resulted in a ratio [DVB]/ [PBLG-MM]/ 
[TIPNO] = 1/1/0.05 (entry 7 in Table 3).  
As explained in Chapter 4, commercial DVB contains about 20% monofunctional 
monomers and 80% p-DVB and m-DVB. To investigate the influence of these 
monofunctional compounds on the cross linking reaction, a reaction was performed 
containing some styrene as well. For this set (entry 8 in Table 3), the ratio DVB to 
MM was set to 5 and the ratio styrene to MM to 2.9. This results in a molar ratio of 
[DVB]/ [PBLG-MM]/ [styrene]/ [TIPNO] = 5/1/2.9/0.049. As a control 
experiment, purified DVB was used in one reaction (entry 9 in Table 3), once 
again, to investigate the influence of monofunctional monomers present in 
commercial DVB.  
Just an intermediate concentration was chosen for the next reaction (entry 10 in 
Table 3). In this case it resulted in a molar ratio [DVB]/ [PBLG-MM]/ [TIPNO] = 
1.6/1/0.015, which was close to the initial ratios used by Matyjaszewski et al. for 
flexible MMs. 26-29 Finally, a high ratio of DVB to MM was chosen to see whether 
it is possible to synthesize a large star polymer in one step. For this reaction, a 
molar ratio [DVB]/ [PBLG-MM]/ [TIPNO] = 15/1/0.05 was applied. All these 
polymerizations were performed in DMF as solvent and the reactions were 
conducted for approximately 40 hours. 
In Table 3 are the molar ratios summarized as well as the obtained number and 
weight average molecular weights. 

+ ++ +

a b c 



  

 124

 
Table 3: Overview of molar ratios of the different compounds of series for star 
synthesis by macromonomer approach. 
Entry [DVB] [MM] [TIPNO] [Styrene] Mn 

(103  
g.mol-1) 

Mw 
(103  

g.mol-1) 

PDI 

5 5 1 0.22  569 3800 6.7 
6 5 1 0.078  489 2300 4.7 
7 1 1 0.050  21 44 2.1 
8 5 1 0.049 2.9 867  n.d 
9 7a 1 0.052  gel gel  
10 1.6 1 0.015  61.2 141 2.3 
11 15 1 0.049  gel gel  
a: purified DVB instead of technical grade. 
 
In Figure 9, the SEC traces are shown for these star polymer syntheses, except for 
Entry 9 and 11, which both resulted in an insoluble gel and which could thus not be 
analyzed. From this figure, it is evident that the DVB to MM ratio is a very 
important parameter. For the first two reactions, entry 5 and 6, where the ratio 
DVB to MM was kept constant at five, a pronounced shift in molecular weight 
between star and MM is observed. The amount of TIPNO does not seem to 
influence the molecular weight significantly but has a clear influence on the 
polydispersity index, which is 6.7 for entry 5 and 4.7 for entry 6 . Since a reduction 
of the amount of active radicals reduces the possibility of radical-radical coupling, 
a better controlled polymerization is obtained for the synthesis with the lower 
amount of initiator. However, this is difficult to prove for our systems, since the 
difference in polydispersity indices is small and both polymers are not well-
defined. 
This is in contrast to the small shift between macromonomer and star polymer for 
the set where the ratio DVB to MM was kept at 1 (entry 7). The polydispersity of 
this set was the lowest with 2.1 but also the obtained molecular weight was 
significantly lower compared to entries 5 and 6. 
The addition of extra styrene has a negative effect on the polymerization of the 
macromonomers to star polymers. There is a very broad peak in the SEC 
chromatogram which indicates very poor control over the polymerization (Entry 8).  
The experiment with the intermediate ratios, Entry 11, gives moderate control, but 
the polydispersity is 2.3, which is lower than the polydispersities of Entries 5 and 6. 
From a polydispersity point of view, the ratios used in this experiment appear to be 
the best ratio to start a more extensive study on the formation of well-defined star 
polymers. 
When the concentration of DVB was increased, an insoluble gel was obtained. This 
was irrespective of whether purified (Entry 9) or technical grade DVB (Entry 11) 
was used. For comparison, 7 equivalents purified DVB are comparable to 8.8 
equivalents of technical grade DVB.  
Entry 9, where pure DVB was used, results in a gel and this indicates that a small 
amount of monofunctional monomer is needed to reduce the high reactivity of pure 
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DVB. Finally, the series where an excess of DVB was used indeed results in the 
formation of a gel. 
As Matyjaszewski et al. 26-29 have demonstrated, also the way in which DVB and 
initiator are added, has an influence on the polymerization results. Two approaches 
are possible, a batch-like and a pseudo batch-like approach.  In the former, all DVB 
and initiator are added at once, in the latter additional DVB and some initiator are 
added after 60% conversion of the first batch of DVB. By the pseudo batch 
approach, Matyjaszewski et al. obtained star polymers with a low polydispersity 
index. All previously described syntheses were performed by a batch-like approach 
and probably a large improvement can be found in applying a pseudo batch 
approach as well. 
In all the analyzed experimental sets, there is some remaining macromonomer. For 
the first two sets, the size of the star polymer reached saturation and prevented 
additional star-MM reactions when the star core became so congested that both the 
initiating sites and vinyl groups within the star core were unable to participate in 
further reactions with linear polymer chains. For the set of entry 9, probably not 
sufficient DVB was added to ensure a large incorporation of macromonomer. 
As demonstrated by Matyjaszewski et al. 26-29, during the pseudo batch approach, 
the amount of remaining material is reduced after each addition of DVB and 
initiator. In the first stage of the polymerization, the molecular weight increases due 
to star-star coupling as well as due to star-macromonomer reactions. In the second 
stage, due to the congestion around the core of star polymers, the star-star reactions 
stopped and only star-macromonomer reactions are possible. 
At this stage, only small molecules, such as free DVB and TIPNO, are able to 
access the core and react with the initiating sites and vinyl groups in the star core. 
Thus, addition of another 
batch of DVB and TIPNO at this stage can introduce more pendent vinyl groups 
and initiating sites to the star core, while expanding its size and functionality. This 
expansion decreases core congestion and enables further star-linear polymer 
reactions. With appropriate amounts of additional DVB and TIPNO, it is possible 
to allow star-macromonomer reactions but to limit star-star coupling reactions. 
Therefore, the later added batches of DVB and TIPNO can increase the star yield 
and star molecular weight without broadening of molecular weight. This has to be 
further explored in a future research. Finally it should be mentioned that it is 
possible to remove the macromonomers by either fractional precipitation, as in 
Chapter 4, or by selective extraction as in the case of graft copolymers.  
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Figure 9: DMF SEC traces from star polymers obtained by the macromonomer 
approach. Numbers refer to entries mentioned in Table 3 
 
To explore the full potential of the star polymer synthesis by the macromonomer 
approach, more experiments should be performed. For optimization, more energy 
must be spent on the semi-batch approach, where at each step, more DVB is added.  
In this way, well-defined peptide core-shell structure can be obtaine, which could 
be, e.g. be applied as containers for drug delivery.
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5.3 Conclusions 
 

5.3.1 Graft copolymers 

It was possible to synthesize graft copolymers in molar ratios styrene to 
macromonomer ranging from 5:1 to 20:1. There was a good control over the 
molecular weight, and the graft copolymers all had a polydispersity index below 
1.3, which an improvement is compared to the systems used up to now. After the 
polymerization, there is always some remaining starting material, which could be 
removed by a selective solvent for the macromonomer. This technique offers good 
possibilities for obtaining graft copolymers and, with some optimization, it should 
also be possible to control the synthesis of more complex structures like bottle 
brush polymers. 
 

5.3.2 Star polymers 

While the star polymers obtained via this method are not yet as well-defined 
compared to polymers synthesized in Chapter 4, this macromonomer approach 
offers some advantages and promising possibilities. One of the advantages is the 
avoidance of the complex synthesis of the bifunctional initiator and the possibility 
to use the commercially available NMP initiator of Arkema. Also the amount of 
initiator can be reduced because, it is not necessary to use one initiator moiety per 
arm. When the proper conditions are found, this technique offers more freedom and 
via the initiator, other functionalities can be incorporated in the star polymer. 
However, extra experiments should be performed to explore the full potential of 
this macromonomer approach.
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5.4 Experimental 

5.4.1 Materials 

Methanol (abs. a.r.), diethyl ether (97%), chloroform (99+%) stabilized with 
ethanol for analysis, toluene (a.r), dry THF from an in-house solvent system, 
dichloromethane (a.r. stabilized with amylene), N,N-dimethylformamide (99%, 
extra dry), ethanol (abs.), ethyl acetate (a.r.) and. n-heptane (a.r.) were obtained 
from Biosolve and were used as received unless stated otherwise. DMSO was 
obtained from Aldrich. Ethylacetate was purified by distillation with the use of 
CaH2. Zinc dust (< 10 micron, 98%, Aldrich), MgSO4 (pure, Aldrich), NH4OH 
(32%, Aldrich), Cu(OAc)2 (Aldrich), vinylbenzylchloride (>90%, Aldrich), 
Potassium phthalimide (98%, Aldrich), hydrazine monohydrate (98% Aldrich) 
NaBH4 (99%, Aldrich), 4-tertbutylcatechol (Aldrich), lithium aluminum hydride 
(1,0 M in THF, Aldrich), 2-methyl-2-nitropropane (99%, Aldrich), isopropyl 
magnesium chloride (2.0M in THF, Aldrich), α-pinene (98%, Aldrich), R,R-
Jacobsen catalyst (98%, Acros), sodium azide (99%, Acros), di-tert-butylperoxide 
(99%, Acros), ammonium chloride (+99%, Fluka), trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (Fluka), HCl (32%, VWR), and γ-benzyl-
l-glutamate ester (Sigma) were used as received. Styrene (99%, Aldrich) and 
divinylbenzene (technical grade 80%, Aldrich) were distilled prior to use.  
 

5.4.2 Equipment 

SEC analysis with DMF (60°C, 0.1 M LiBr) was carried out using a Waters 2695 
Alliance pump + injector, equipped with a Waters 996  Photo Diode Array UV 
detector, Viscotec RALLS (Right Angle Light Scattering) detector, Viscotek 250 
Dual detector Viscosity detection + Differential refractive Index detection and a 
Waters 2414  refractive index detector (40°C). The injection volume used was 50 
µL. The column set used was a set of 3 PLgel mixed-C columns (5m particles 
300*7.5 mm each) (40°C) in series. 
The flow rate was1.0 ml/min. Data acquisition and processing software were 
Waters Empower2 (all detectors) and Viscotek Omnisec4 (LS, Visco and Waters 
DRI detection). 
Samples were filtered (0.2 µm PTFE filter, 17mm, PP housing, Alltech). 
  
Matrix Assisted Laser Desorption Ionitization - Time of Flight - Mass 
Spectroscopy analysis was carried out on a Voyager DE-STR from Applied 
Biosystems (laser frequency 20 Hz, 337nm and a voltage of 25kV). The matrix 
material that was used was trans-2-(3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene)malononitrile (DCTB) (40mg/ml). Potassium Triflouroacetic acid 
was added as cationic ionization agent (5mg/ml). The polymer sample was 
dissolved in THF (1mg/ml). A mixture of the matrix material, the ionization agent 
and the polymer sample was made (5:1:5) and placed on the target plate and the 
solvent was allowed to evaporate. 
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Hydrogen-Nuclear Magnetic Repulsion analyses were performed on a Mercury 200 
MHz, a Gemini 300 MHz, a Mercury 400 MHz and an Inova 500 MHz machines. 
 

5.4.3 Synthesis initiator 31 

Synthesis of t-butylphenylnitrone (3 in Scheme 1) 
Zinc powder (65.00g, 0.994 mol) was washed with a 5% HCl solution (3x 50ml), 
water (3x 50ml), methanol (3x 50ml) and diethyl ether (3x 50ml), and the zinc was 
subsequently dried under vacuum 40°C overnight. 
2-Methyl-2-nitropropane (1) (23.46g, 0.228mol) and ammonium chloride (14.73g, 
0.275mol) were dissolved in ethanol (200ml), water (100ml). THF (200ml) was 
added until all solids were dissolved. The whole mixture was cooled to 0°C. 
Activated zinc powder was added slowly over a period of 15 minutes with stirring. 
The reaction was allowed to warm to room temperature and left overnight. The zinc 
salts were filtered and washed with ethanol (2x 100ml) and chloroform (100ml). 
The filtrates were combined and concentrated. To the hydroxylamine (2), 
benzaldehyde (51.78g, 0.488mol) was added slowly and the reaction mixture was 
refluxed for 2 hours. After this the mixture was concentrated and extracted with 
CH2Cl2 (4x 50ml). The combined organic layers were dried over MgSO4. After 
concentration, the product was purified via a silica column, eluent ethyl acetate - n-
heptane (1:4) was used to purify the product (24.84g, 61.4%). 1H-NMR: (400MHz, 
CDCl3): 8.29 ppm (m, 2H), 7.59 ppm (s, 1H), 7.43 ppm (m, 3H), 1.60 ppm (s, 9H). 
 
Synthesis of 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (5 in Scheme 1) 
 t-Butylphenylnitrone (3) (23.29g, 0.1314) was dissolved in THF (300ml) and the 
solution was cooled to 0°C. A 2.0M solution of isopropylmagnesium chloride 
(200ml, 0.400 mol) was added drop wise over 30 minutes. The reaction was 
allowed to warm to room temperature and to stir for 16 hours. A concentrated 
NH4Cl solution (50ml ) was added in order to decompose the Grignard reagent. 
Water (200ml) was added until all solids were dissolved. The organic layer was 
separated, and the aqueous layer was extracted with diethyl ether (4x 50ml). The 
organic layers were dried over MgSO4. After concentration the hydroxylamine (4) 
(26.44g, 91%) was dissolved in methanol (300ml), concentrated NH4OH (12ml) 
and Cu(OAc)2 (1.823g, 0.010mol). Air was bubbled through the solution, which 
turned the solution from yellow into dark blue within 30 minutes. The mixture was 
concentrated and the residue was dissolved in a mixture of CHCl3 (100ml), 
NaHSO4 solution (50ml) and water (100ml). The organic layer was separated and 
the aqueous layer was extracted with CHCl3 (4x 50ml). Organic layers were 
combined and dried over MgSO4 and filtered. After concentration the product was 
purified by flash column chromatography with as eluent ethyl acetate – n-heptane 
(1:10). After the first fraction was collected, the eluent was changed to (4:1). After 
concentration the product was obtained (19.19g, 66.3%).  
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Scheme 1: Synthesis of the stable radical 2,5,5-trimethyl-4-phenyl-3-azahexane-3-
nitroxide (5). 
 
Synthesis of 2,5,5-trimethyl-3-(phenylethoxy)-4-phenyl-3-azahexane (6 in Scheme 
2) 
The 2,5,5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (5) (19.370g, 36.67mmol) 
and the sytrene (7.642g, 73.34mmol) were dissolved in toluene (130ml) and 
ethanol (130ml). To this solution the Jacobsen catalyst (3.76g, 5.92mmol), di-tert-
butylperoxide (3.061g, 20.93mmol) and NaBH4 (4.389g, 116.01mmol) were added. 
The reaction mixture was stirred open to air for 20 hours. After concentration the 
mixture was dissolved in water (300ml), 0.5M HCl (20 mL) and dichloromethane 
(250ml). The water layer was extracted with 4 x 80 ml of dichloromethane. The 
organic layers were combined and dried over MgSO4. After concentration in vacuo 
further purification was done by a flash column with ethylacetate – n-heptane 
(1:20) as eluent. After concentration the product was obtained (9.59g, 69.9%). 1H-
NMR for both diastereomers: (400MHz, CDCl3): 7.47-7.00 ppm (m, 18H), 4.95 
ppm (q, 2H), 4.59 ppm (d, 4H), 3.47 ppm (d, 1H), 3.36 ppm (d, 1H), 2.36 ppm (m, 
1H), 1.65 ppm (d, 3H), 1.56 ppm (d, 3H), 1.43 ppm (m, 1H), 1.31 ppm (d, 3H), 
1.06 ppm (s, 9H), 0.90 ppm (d, 3H), 0.80 ppm (s, 9H), 0.57 ppm (d, 3H), 0.25 ppm 
(d, 3H). 



  

 131

CH2

O

CH3 N
CH3

CH3

CH3

CH3

CH3

  (5),   Mn(salen), NaBH4, air

 
Scheme 2: Synthesis of the NMRP initiator. 
 

5.4.4 Monomer synthesis 

 
Synthesis of N-carboxyanhydride (NCA) of γ-benzyl-l-glutamate 
Both α-pinene (5.74g, 42.14mmol) and γ-benzyl-l-glutamate (5.00g, 21.07mmol) 
were dissolved in distilled ethyl acetate (40ml) in a three neck round bottom flask. 
The mixture was stirred and heated under reflux at 76ºC. To this a triphosgene 
solution (3.13g, 10.54mmol) in ethyl acetate (20ml) was added drop wise. Two-
third of the solution was added in 1 hour, the reaction was left for another hour and 
then some extra triphosgene solution was added until everything dissolved. 
The reaction mixture was concentrated to 2/3 in vacuo and the same amount of n-
heptane was added. The mixture was allowed to cool to room temperature and was 
further cooled in the freezer. After filtration, the solid was washed three times with 
a 1:4 ethyl acetate : n-heptane solution. After filtration the solid was further 
purified by freeze drying. A white powder was obtained (Yield: 4.20g; 83% ) 
Mp=94ºC.  
1H-NMR: (400MHz, CDCl3): 9.07 ppm (s, 1H), 7.34 ppm (m, 5H), 4.45 ppm (q, 
1H), 2.50 ppm (t, 2H), 1.96 ppm (m, 2H) 
The monomer was stored in a freezer (-18 ºC) over P2O5 prior to use. 
 
Synthesis of 4- vinylbenzylphthalimide  
4-vinylbenzylchloride (10g, 60mmol) and potassiumphthalimide (13.5g, 72mmol) 
were suspended in 30 mL dry DMF. The suspension was stirred at 40°C for 24 
hours. This reaction mixture was allowed to cool down to room temperature and 80 
mL water was added. The reaction mixture was extracted with 75 mL and 
subsequently twice with 30 mL diethyl ether. The combined organic layers were 
washed with 25 mL 0.2M NaOH and with 25 mL brine and dried over MgSO4. 
After removal of the solvent the crude product was obtained (Yield: 15.8 g, 95%). 
The product was recrystallized twice from methanol, after cooling down to  
-18°C for 18 hours the pure product was obtained after filtration. (Yield: 10.4g, 
64%). 
1H-NMR: (400MHz, CDCl3): 7.82-7.85 ppm (m, 2H), 7.71-7.73 ppm (m, 2H), 
7.40-7.42 ppm (m, 2H), 6.62-6.69 ppm (m, 1H), 5.68-5.72 (d, 1H), 5.26 (s, 2H), 
5.20-5.23 ppm (d, 1H), 4.97-5.01 (d, 2H) 
 

6 
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Synthesis of 4-vinylbenzylamine 
To a solution of 4- vinylbenzylphtalimide (10.0g, 36 mmol) in 100mL ethanol, 
hydrazine (2.6g, 52 mmol) and tertbutylcatechol (0.1 g) were added. The resulting 
mixture was heated to reflux for 3 hours under vigorous stirring. The solution was 
allowed to cool down and 1.0M HCl was added up to pH = 1-2. The white 
suspension was filtered off and the residue was washed twice with 20 mL 1.0M 
HCl. The combined filterates were made alkaline to pH 10-11 by the addition of 
NaOH. The turbid aqueous layer was extracted four times with diethyl ether 
(50mL). The combined organic layers were washed once with 0.2M NaOH (20 
mL) and once with brine. After concentration under vacuum a slightly yellow 
liquid was obtained. The liquid was distilled under high vacuum (T: 42°C, P<10-3 
mbar) and a colourless liquid was obtained (Yield: 4.57g, 86%). 
1H-NMR: (400MHz, CDCl3): 7.32-7.35 (d, 2H), 7.16-7.19 (d, 1H), 6.61-6.71 (m, 
1H), 5.67-5.73 (d, 1H), 5.19-5.23 (d, 1H), 4.21 (s,2H), 1.66 (broad, 2H). 
 
Purification of p-divinylbenzene 32 
300 g DVB with 200 mL toluene were added in a 1 L 3-neck reactor equipped with 
a reflux condenser and a mechanical stirrer. The mixture was heated up to 80°C for 
30 min. after which 140 g Cu(I)Cl was added. This slurry was allowed to cool 
slowly to 50°C. 13 mL methanol was added to accelerate the p-DVB-Cu(I) 
complexation. The yellow complex was allowed to precipitate overnight in the 
fridge and was then filtered off. Subsequently, it was resuspended in 300 mL 
toluene and heated up to 80°C for 30 min, followed by filtration at that 
temperature. The toluene was removed from the filtrate with rotation evaporation 
and the remaining DVB was further purified by several recrystallizations at -18°C. 
  

5.4.5 Polymerizations 

 
Polymerization of NCA of γ-benzyl-L-glutamate, initiated by 4-vinylbenzylamine 
(macromonomer)(1) 
4-Vinyl benzyl amine and N-carboxyanhydride of γ-benzyl-l-glutamate (20 
equivalents) were weighed in a Schlenk tube. The flask was placed in a refrigerated 
salt water tank of -2.0ºC. To the mixture 75 ml cold (4°C) dry DMF was added and 
the reaction was maintained for 4 or 5 days under an inert atmosphere. The solution 
was precipitated in isopropyl alcohol and placed in the refrigerator overnight at 
4ºC. By filtration a white solid polymer was collected. (Yield: ~75%). 
 
Polymerization of graft copolymer of polystyrene and poly(γ-benzyl-l-glutamate-
macromonomer 
The macromonomer (vinyl-PBLG) was weighed in a Schlenk tube and dry DMF 
was added. Distilled styrene was added required for the desired styrene to 
macromonomer ratio (20:1, 15:1, 10:1 and 5:1, respectively). 2,5,5-trimethyl-3-
(phenylethoxy)-4-phenyl-3-azahexane was added to obtain a molecular weight of 
50,000 g.mol-1. Oxygen was removed with three freeze thaw cycles. The reaction 
was maintained at 125ºC for 18 hours under argon. After cooling the sample the 
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polymer was precipitated in methanol. After filtration a white powder was 
obtained. 
 
Polymerization of star-shaped polymer of divinylbenzene and poly(γ-benzyl-l-
glutamate)-macromonomer 
The macromonomer was weighed in a Schlenk tube a n d  d r y  D M F  w a s  
a d d e d .  Distilled divinylbenzene (technical grade, 80%) was added required for 
the desired cross-linker agent to macromonomer ratio. 2,5,5-Trimethyl-3-
(phenylethoxy)-4-phenyl-3-azahexane was added and oxygen was removed with 
three freeze thaw cycles. The reaction was maintained at 125ºC for 40 hours under 
argon. After cooling the sample the polymer was precipitated in methanol. After 
filtration a white powder was obtained.  
 
Extraction of the macromonomer 
The polymer, graft copolymer or star-shape polymer, was dissolved in DMF until a 
10% (m/m) solution was obtained. This was added drop-wise to trifluoroacetic 
anhydride. When a precipitate was formed, this was filtered off and further 
analyzed. In one case, a clear solution remained and to this, cold methanol was 
added until the solution turned opaque. After centrifugation, the product was 
isolated and further analyzed. 
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Appendix A: 

ANOVA analyses 
Linear Regression for NMRP reaction of styrene (page 71, figure 11) 
Y = A + B * X 
 
Parameter Value Error t-Value Prob>t 
A -0.04657 0.01441 -3.23089 0.01031 
B 0.01684 3.22724E-4 52.16744 <0.0001
 
R R-Square Adj. R-Sq Root-MSE(SD) N 
0.99835 0.9967 0.99634 0.02646 11
 
ANOVA Table: 
Item Degree of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Statistic Prob>F 

Model 1 1.90546 1.90546 2721.44175 <0.0001 
Error 9 0.0063 7.00166E-4   
Total 10 1.91176    
 
Linear regression for Molecular Mass increment for PS-b-PBLG (page 72, figure 
12) 
Y = A + B * X 
 
Parameter Value Error t-Value Prob>t 
A 5704.72384 185.20078 30.80291 <0.0001
B 10189.25375 442.98392 23.00141 <0.0001
 
R R-Square Adj. R-Sq Root-MSE(SD) N 
0.99252 0.9851 0.98324 299.71703 10
 
ANOVA Table: 
Item Degree of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Statistic Prob>F 

Model 1 4.7526E7 4.7526E7 529.06476 <0.0001 
Error 8 718642.39855 89830.29982   
Total 9 4.82447E7    
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Linear Regression for NMRP reaction of styrene, meta/para-divinylbenzene (page 
99, figure 9) 
 
Linear fit for Styrene 
Y = A + B * X 
 
 
Parameter Value Error t-Value Prob>t 
A -0.01523 0.00834 -1.82491 0.010131
B 0.01115 1.90666E-4 58.47569 <0.0001 
 
R R-Square Adj. R-Sq Root-MSE(SD) N 
0.99869 0.99737 0.99708 0.01561 11
 
ANOVA Table: 
Item Degree of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Statistic Prob>F 

Model 1 0.83316 0.83316 3419.40635 <0.0001 
Error 9 0.00219 2.43656E-4   
Total 10 0.83535    
 
Linear fit for meta-DVB 
Y = A + B * X 
 
Parameter Value Error t-Value Prob>t 
A -0.06575 0.01952 -3.36787 0.00828 
B 0.02436 4.46106E-4 54.61493 <0.0001
 
R R-Square Adj. R-Sq Root-MSE(SD) N 
0.99849 0.99699 0.99666 0.03652 11
 
ANOVA Table: 
Item Degree of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Statistic Prob>F 

Model 1 3.97861 3.97861 2982.79058 <0.0001 
Error 9 0.0012 0.00133   
Total 10 3.99062    
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Linear fit for para-DVB 
Y = A + B * X 
 
Parameter Value Error t-Value Prob>t 
A -0.12243 0.03411 -3.58945 0.00584 
B 0.0416 7.79337E-4 53.43244 <0.0001
 
R R-Square Adj. R-Sq Root-MSE(SD) N 
0.99843 0.99686 0.99651 0.0638 11
 
ANOVA Table: 
Item Degree of 

Freedom 
Sum of 
Squares 

Mean 
Square 

F Statistic Prob>F 

Model 1 11.62234 11.62234 2855.02567 <0.0001 
Error 9 0.003664 0.00407   
Total 10 11.65898    
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Summary 
 

Synthesis and characterization of bio-hybrid with complex architectures 
 
Over the last past decades, progress in the synthesis towards peptide containing 
rod-coil block copolymers, has lead towards new areas of potential applications in 
the field of drug delivery. These so called biohybrids or chimeras were, up to now, 
always obtained in a multi-step approach including one or more modifications of a 
reactive end-group. 
Mostly, people used ionic or controlled radical polymerization techniques to 
obtain well defined vinyl-polymers. The obtained polymers were then converted 
onto a potential initiator for polymerization of the peptide block. Several different 
approaches were performed to have control over the polymerization of peptide part. 
However, for the most of these techniques, sophisticated equipment was required 
or there was made use of transition metal catalyzed reactions. 
The avoidance of any metal catalyst would be a clear advantage for the use of these 
materials in medical applications. 
In this PhD research, the goal was to synthesize different biohybrids via a 
combination of controlled polymerization techniques. These polymerization 
techniques are ring opening polymerization (ROP) of N-carboxy-anhydride (NCA) 
to obtain the peptide part. The vinyl part should be obtained by controlled radical 
polymerization, like nitroxide mediated radical polymerization (NMRP) or atom 
transfer radical polymerization (ATRP). The key in our approach is the use of a 
double headed or bifunctional initiator. This double headed or bifunctional initiator 
is capable to initiate the ROP of NCA on one side. On the other side it will allow us 
to perform a controlled radical polymerization technique. Macroinitiation of the 
ring opening polymerization of NCA will be circumvented by this approach. The 
full potential of this approach will be tested by the synthesis of different polymeric 
architectures like rod-coil block copolymers, graft copolymers and also peptide 
based core/ shell nanoparticles. 
In chapter one, an overview is given over all possible polymerization techniques 
used for ROP of NCA. Also a short review is incorporated about the controlled 
living radical polymerization techniques and finally all approaches towards block 
copolymers are reviewed. 
In Chapter two, the polymerization of a rod-coil block copolymer is described by 
making use of a double headed initiator. This initiator combines a bipyNi(COD) 
initiator developed by Deming et al. for ROP of NCA on one side, together with 
ATRP or NMRP. The use of ATRP is attractive since this technique is able to 
polymerize a range of different monomers, this in opposite to NMRP which is 
only tolerant to styrene- and acrylic monomers. 
The combination of the bipyNi(COD) system combined with ATRP of 
methylmethacrylate lead toward well defined P(BGL-b-MMA) rod-coil block 



  

 140

copolymers with polydispersity of 1.2. NMRP was also combined with 
bipyNi(COD), but this did not lead to conclusive results. 
The successful synthesis of a rod-coil block copolymer by metal free 
polymerization of NCA in combination with nitroxide mediated radical 
polymerization is described in chapter 3. This was achieved with a bifunctional 
initiator containing an amine moiety for initiation of NCA ring opening 
polymerization and a nitroxide moiety for controlled radical polymerization of 
olefins. Block copolymers were obtained in two consecutive polymerization steps 
and in a one-pot approach. In both approaches, first the NCA polymerization was 
performed at 0°C, followed by polymerization of styrene. To get a better insight in 
the macroinitiation of the polymerization of styrene, a study of the kinetics is 
performed. Via this approach a well-defined rod-coil block copolymer was 
obtained with a polydispersity index around 1.1. 
In chapter 4, this research was expanded. Since the obtained block copolymers still 
contains the nitroxide moiety for NMRP, a cross-linking reactions of the rod-coil 
block copolymers with divinylbenzene were performed. First the kinetics was 
monitored to get a better insight in the cross-linking reaction. This knowledge was 
transferred to macroinitiation of divinylbenzene with P(BLG-b-S) in a schematic 
way. This cross linking is performed up to different cross-link densities and in this 
way it was possible to obtain peptide core/ shell nanoparticles with good control 
over size of the core, the length of the arms and the amount of arms per star. 
The NCA polymerization performed at 0°C has some other advantages which are 
explored in chapter 5. While in previous chapters, a macroinitiator approach was 
performed, in this chapter, a macromonomer approach is performed. 
The low reaction temperature for NCA polymerization allowed us to synthesize a 
vinyl bond containing macromonomer in one step. First the synthesis of a styrene 
monomer containing an amine moiety was performed. This amine moiety was used 
as an initiator for the ring opening polymerization of NCA. The obtained 
macromonomer was used in nitroxide mediated radical polymerization. The 
synthesis of graft copolymers is described, whereby the ratio macromonomer to 
styrene was varied. Also an attempt was made to form peptide core shell 
nanoparticles comparable with the structures from chapter 4. The main advantage 
of this approach is the avoidance of the tedious synthesis of a bifunctional initiator 
and even the possibility to use a commercial available NMRP initiator. In this 
chapter some preliminary results are shown which shows the potential of this 
macromonomer approach, however, much more effort should be spend to achieve 
the full power of this technique. 
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Samenvatting 
 

Synthese en karakterisatie van bio-hybriden met complexe architectuur 
 
Gedurende de laatste decennia is er veel vooruitgang geboekt op het gebied van 
peptide bevattende rod-coil copolymeren. Dit heeft er toe geleid dat er een nieuw 
potentieel aan toepassingen is ontstaan, bijvoorbeeld op gebied van 
geneesmiddelen afgifte. Deze zogenoemde bio-hybriden, ofwel chimeras, werden 
tot op heden altijd verkregen door middel van een meerstaps benadering waarbij 
één of meerdere modificaties van de reactieve eindgroep werden uitgevoerd. 
De meest gebruikte technieken, om het vinyl gedeelte (de coil) te verkrijgen, waren 
tot op heden ionische- en gecontroleerde radicaal polymerisatie. Hierna werden de 
op deze manier verkregen polymeren omgezet naar een potentiële initiator voor het 
peptide blok (de rod). Verschillende benaderingen werden toegepast om controle te 
hebben over de polymerisatie van het peptide. Echter, voor de meeste van deze 
technieken wordt gebruik gemaakt van overgangsmetaal gekatalyseerde reacties. 
Vermijden van deze katalysatoren zou een enorm voordeel opleveren ten behoeve 
van het gebruik in medische applicaties. 
Het doel van het onderzoek, beschreven in dit proefschrift, was het synthetiseren 
van verschillende bio-hybride architecturen door middel van gecontroleerde 
polymerisatie technieken. Het peptide gedeelte wordt verkregen door ring opening 
polymerisatie (ROP) van N-carboxyanhydride (NCA). Het vinyl gedeelte 
daarentegen, wordt verkregen door gecontroleerde radicaal polymerisatie 
technieken zoals Nitroxide Mediated Radical Polymerization (NMRP) of door 
middel van Atom Transfer Radical Polymerization (ATRP). De sleutel in onze 
benadering is het gebruik van een tweewaardige initiator of een bifunctionele 
initiator. Deze initiators zijn beide in staat om aan één kant de polymerisatie van 
NCA te initiëren. Aan de andere kant, bezit deze initiator de functionaliteit om 
gecontroleerde radicaal polymerisatie te faciliteren. Door gebruik te maken van 
deze aanpak, wordt macro-initiatie voorkomen evenals post-polymerisatie reacties. 
De potentie van deze aanpak wordt getest voor de synthese van verschillende 
polymeer architecturen zoals daar zijn, rod-coil blok-copolymeren, kam-
copolymeren en zelfs nanodeeltjes met een peptide periferie.  
 In het eerste hoofdstuk is een overzicht gegeven van alle polymerisatie technieken 
die gebruikt kunnen worden om NCA te polymeriseren. Daarnaast is er een kort 
revue toegevoegd over gecontroleerde radicaal polymerisatie. Uiteindelijk zullen 
de verschillende benaderingen vermeld worden hoe blok-copolymeren verkregen 
kunnen worden. 
 In hoofdstuk 2 is de polymerisatie van rod-coil blok-copolymeren beschreven, 
waarbij gebruik gemaakt wordt van tweewaardige initiators. Deze initiators 
combineren een bipyNi(COD) initiator ontwikkeld door Deming et al. aan een 
kant, en een ATRP of een NMRP initiator aan de andere kant. De ATRP groep is 
erg interessant omdat het de mogelijkheid beidt om veel verschillende monomeren 
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te polymeriseren. Dit in tegenstelling tot NMRP dat alleen in staat is om styreen-
achtige en acrylaat-achtige te polymeriseren.  
De combinatie van het bipyNi(COD) geïnitieerde polymerisatie van benzyl-L-
glutamate NCA, in combinatie met ATRP van methylmethacrylaat leidde tot een 
goed gedefinieerd poly(BLG-b-MMA) rod-coil blok-copolymeer met een Mw/Mn 
of 1.2. NMRP initiators zijn ook ontwikkeld, gecombineerd met bipyNi(COD) 
maar deze leverde echter geen eenduidige conclusies.  
 De succesvolle synthese van rod-coil blok copolymeren door middel van een 
geheel metaal vrije benadering is beschreven in hoofdstuk 3. Dit is bereikt door 
gebruik te maken van een bifunctionele initiator welke aan één zijde een primair 
amine bevat, en aan de andere zijde een nitroxide groep, geschikt voor NMRP. Via 
deze benadering zijn blok-copolymeren verkregen die gesynthetiseerd werden in 
een twee opeen volgende en tevens via een één pot synthese.  
In beide benaderingen wordt eerst de NCA polymerisatie uitgevoerd bij 0°C 
waarna de polymerisatie van styreen wordt uitgevoerd. Om een beter inzicht te 
verkrijgen in de macro-initiatie van styreen, is de kinetiek bestudeerd. Via deze 
methode zijn goed gedefinieerde blok-copolymeren verkregen met een 
polydispsiteit index van 1.1. 
 In hoofdstuk 4 zijn de resultaten van hoofdstuk 3 verder uitgewerkt. Doordat het in 
blok-copolymeer dat in hoofdstuk 3 is beschreven nog steeds de nitroxide groep 
voor NMRP bevat, is het mogelijk om deze blok-copolymeren te verknopen met 
divinylbenzeen. Om een beter inzicht te verkrijgen in deze verknoping is eerst de 
kinetiek bestudeerd van de macro-initiatie van divinylbenzeen met P(BLG-b-S). De 
kennis die werd verkregen is vervolgens gebruikt voor de synthese van 
nanodeeltjes met een peptide periferie aan de hand van een systematische studie. 
De verknoping reactie is uitgevoerd voor verschillende verknoping dichtheden. 
Hiermee is het mogelijk om nanodeeltjes te verkrijgen waarbij goede controle over 
de grootte van de kern, het aantal peptide ketens per deeltje en de lengte van deze 
peptide ketens wordt verkregen. 
 De polymerisatie van NCA bij 0°C biedt nog extra mogelijkheden welke zijn 
verkend in hoofdstuk 5. Terwijl in vorige hoofdstukken gebruik werd gemaakt van 
de macro-initiator benadering, is er in dit hoofdstuk gebruik gemaakt van een 
macromonomeer aanpak. De lage temperatuur die gebruikt wordt bij de 
polymerisatie van NCA biedt ons de mogelijkheid om een vinyl binding bevattend 
macromonomeer te verkrijgen in één reactie stap. Hiervoor is eerst een styreen 
derivaat gesynthetiseerd die een primaire amino groep bevat. Deze amino groep is 
vervolgens gebruikt als initiator van de ring opening polymerisatie van NCA. Het 
aldus verkregen macromonomeer is gebruikt in NMRP. Met deze methode zijn 
kam-copolymeren gemaakt waarbij de verhouding macromonomeer tot styreen 
gevarieerd is. Er is ook getracht om via de macromonomeer methode nanodeeltjes 
te maken met peptide periferie, structuren vergelijkbaar met verkregen in hoofdstuk 
4. Het grote voordeel van deze methode, is het vermijden van de omslachtige 
synthese van de bifunctionele initiator en de mogelijkheid om commercieel 
verkrijgbare NMRP initiators te gebruiken. In dit hoofdstuk worden enige 
voorlopige resultaten gepresenteerd die de mogelijkheden demonstreren van de 
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macromonomeer methode. Echter, er zal nog veel werk verricht moeten worden om 
de volledige potentie van deze methode te benutten. 
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Dankwoord 
 
De weg gaat verder, eindeloos, 
Vanaf de deur waar hij begon. 
Ik moet hem volgen, rusteloos, 
Tot ver achter de horizon. 
Met moede voeten tot hij aan, 
Een grotere weg raakt in ‘t verschiet, 
Een kruispunt van komen en van gaan, 
En waarheen dan? Ik weet het niet. 
 
  In de ban van de ring, de reisgenoten. J.R.R. Tolkien 
    
 
 
Zo, weer een gedeelte van de reis volbracht. Na vier jaar onderzoek door de 
wondere wereld van gecontroleerde polymerisatie technieken, heeft deze etappe 
geresulteerd in het reisverslag dat hier voor u ligt. Tijd om door te reizen naar 
nieuwe oorden en ander onontgonnen gebied, het wordt alleen maar 
onherbergzamer….  
Het hele avontuur is begonnen als voedsel voor de hersenen, en voedsel hebben ze 
gehad. Uitdagingen in overvloed, soms meer dan goed is voor een mens maar, 
zoals dan gezegd wordt, dat hoort bij een promotieonderzoek, het zal dan wel zo 
zijn… 
 
Hoewel alleen mijn naam op de kaft van dit reisverslag prijkt, zou het volbrengen 
van deze sage zou nooit mogelijk geweest zijn  zonder hulp, ruggensteun van en 
ruggespraak met talloze mensen die ik vanaf deze plek graag zou willen bedanken. 
 
Ten eerst gaat mijn dank uit naar mijn promotor professor Cor Koning die mij de 
mogelijkheid heeft geboden om een promotie onderzoek te doen in zijn vakgroep 
polymeerchemie.  
Many, many thanks to my direct, “daily” supervisor Andreas Heise. It was the 
proposal which attracted my to do a PhD research and I still do not regret this 
choice. I really appreciate the freedom you offered me and especially to do the 
peptide synthesis on a method which was not in the proposal, without the Deming 
catalyst. Although you didn’t believe in this primary amine route, you allowed me 
to test this and we all know what the result is.  
Both Cor and Andreas many thanks for the corrections and comments on the 
manuscript 
 
Vervolgens wil ik graag de leescommissie bedanken, te weten prof. dr. R.P. 
Sijbesma, prof. dr. A.J. Schouten voor het doornemen van mijn proefschrift en voor 
de bijbehorende op- en aanmerkingen.  
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Also part of my core-committee is Prof. Dr. H. Menzel, many thanks for reading 
the manuscript and, of course, for the additional remarks. 
 
Very usefull was the collaboration with Prof. Dr. Henning Menzel who offered the 
possibility to analyze the peptide samples on their size exclusion chromatography 
apparatus. Simone Steig, thanks for the analysis and cooperation of NCA 
polymerization. Although you struggled with the Deming catalyzed route of NCA 
polymerization, you managed to make the rod-coil block copolymers starting with 
the initiaters I synthesized in the beginning of my PhD. 
Many thanks to dr. Nicolas Gogibus, you helped me to find my way in a complete 
new surrounding and this accelerated to find my own way at the University of 
Eindhoven. Your practical skills helped me to get a flying start at the begining of 
my PhD and also allowed me to synthesize the initiaters of chaper two within a 
very short time. 
 
Het project voorstel bestond uit twee verschillende subonderwerpen, namelijk, 
functionaliseren van een silicium oppervlak met peptide moleculen en daarnaast de 
synthese van rod-coil block copolymeren.  
Ik heb me gefocust op het enten van peptiden op een silicium oppervlak. De 
methode om de silicium wafer te functionaliseren door middel van licht, een 
nieuwe techniek, heeft niet gebracht wat ik er van verwacht had. Toch gaat mijn 
dank uit naar prof. dr. Han Zuilhof voor de samenwerking en het vertrouwen dat hij 
heeft geschonken in het werk. Ook dr. Ahmed Arafat, mijn begeleider tijdens de 
werkbezoeken in Universiet van Wageningen, ben ik veel dank verschuldigd en het 
spijt me dan ook dat er geen mooie publicatie uit voort gekomen is.  
 
Hoewel er veel goeds uit mijn hoofd is gekomen, is er helaas weinig tastbaars uit 
mijn handen afkomstig. Er zijn twee mensen die eigenlijk alle data van hoofdstuk 3 
tot en met 5 hebben gegenereerd. Daarom mijn speciale dank aan ir. Gijs Habraken 
en dr.ir. Matthijs de geus. 
Gijs Habraken, jij was de eerste student die interesse had in “playing with polymers 
and peptides” en mijn gevoel zegt dat je daar niet veel spijt van hebt gekregen. 
Dankzij mijn idee (lees frustratie) en jouw inzet is het NCA polymerisatie via een 
primair amine initiatie een succes verhaal geworden. Zonder jou hadden hoofdstuk 
3 en 4 er een stuk leger uitgezien. Ik wens jou heel veel succes met je eigen 
promotie onderzoek en ik denk dat je een heel mooi vervolg kan maken van 
“playing with polymers and peptides”. 
Matthijs, jij kwam als post-doc op mijn onderzoek voor 4 maanden. Het doel was 
het maken van ster-vormige  structuren, een peptide periferie en een polystyreen 
kern. Hiervoor heb jij de macro-initiator methode en de macro-monomeer methode 
getest. Zonder jouw inbreng waren hoofdstuk 4 en 5 niet geweest wat het geworden 
is, hartelijk dank hiervoor. 
 
Het STO, 1.43 team wil ik ook graag nog aanhalen. Wouter, David, Jelena, 
Nicolas, Saskia, Yenny, Syed, Jens en Timo. Ik heb jullie aanwezigheid in het 



  

 146

kantoor altijd als erg plezierig ervaren en ik ben jullie dan ook veel dank 
verschuldigd voor de ontspanning tussen de proefjes door.  
De harde kern, Yenny, Saskia en Ali, hoewel ik jullie voor het eind van mijn 
verhaal heb verlaten om het verhaal in alle rust te kunnen schrijven, zijn jullie toch 
tot het einde mijn favoriete kantoorgenoten gebleven. 
Saskia, jij bent en blijft natuurlijk mijn favoriete lievelings kantoor genoot. Samen 
ons ongenoegen uitten en elkaar daarna ook weer uit het dal praten, bedankt, ik had 
het slechter kunnen treffen. 
Yenny, my favorite Chinese office mate. I hope you learned a lot of Holland and 
many thanks for learning me the Chinese version of happy birthday.  
Ali, hopefully, you will win the Nobel prize for your sophisticated research with 
your sophisticated methods resulting in very sophisticated structures. Thanks for 
the laughs and good luck for the remaining months.  
David, thanks for starting up the swim training and the nice discussion during the 
travel to the swimming pool. Unfortunately, our surface functionalization story 
never became a success story but I really liked the cooperation.  
Timo, we zijn niet erg lang kantoorgenoten geweest maar van jouw dieren geluiden 
heb ik ook op kantoor STO 1.45 nog mogen genieten, bedankt. 
In SPC, very special thanks for Raf. Thanks for all the talks, help, drinks and 
sleeping facilities etc. etc. many thanks for being member of SPC. 
My lab buddies, Marie Claire and Hector, I am sorry for my poor singing capability 
but you both were able to make me silent without offending me (just by switching 
on the radio). 
Hector, I hope you did not hate my daily joke with liquid nitrogen, my sombrero 
comments and so on, if so, I am very sorry. Good luck with your research. 
In de groep polymeerchemie zijn veel mensen die me met raad en daad hebben 
bijgestaan. Wieb, dank voor de geboden hulp met analyses en dergelijke. 
Uiteindelijk heb je zelfs geholpen om een “oude” GPC geschikt te maken voor 
DMF waardoor ik de monsters niet meer hoefde te verzenden naar mijn partners in 
Duitsland. Dit kwam de versnelling in optimalisatie erg ten goede, hiervoor 
uitermate veel dank. 
Marion, hoewel we niet veel hebben kunnen samenwerken, ben je van groot belang 
geweest om een goed beeld te krijgen wat er tijdens de NCA polymerisatie plaats 
vond. Daarnaast was jouw expertise van grote waarde voor het bewijzen dat er 
werklelijk rod-coil block copolymeren gevormd waren door middel van GPEC. 
En natuurlijk alle overige collega’s van SPC. Hartelijk dank voor alle leuke, goede 
en wetenschappelijke gesprekken  tijdens de koffie pauze, in de FORT en tijdens 
uitjes. 
 
Daarheen en weer terug 
 
Er zijn natuurlijk ook nog mensen die mij, vanaf jongs af aan hebben gestimuleerd 
om te doen waar ik goed in ben.  
Wieteke, jij bent de eerste geweest die me heeft aangemoedigd om goed te leren. 
Nu kan ik zeggen dat ik me geen betere jeugdliefde heb kunnen wensen en jij bent 
altijd in mijn achterhoofd gebleven. Ik hoop dat je van boven meekijkt met me en 



  

 147

ook begrijpt dat dit stukje ook mede door jouw toedoen tot stand is gekomen, heel 
veel dank. 
 
Mijn ouders dank ik voor de opvoeding met onbegrensde mogelijkheden. Heerlijk 
dat ik altijd heb mogen kiezen voor de dingen waarvan ik dacht dat ze goed waren. 
Hoewel jullie het er misschien niet altijd mee eens geweest zijn, hebben jullie al 
mijn keuzes gerespecteerd. 
Zus en zusjes, Jeanette, Myke en Annejet ik ben blij dat ik jullie broer mag zijn. 
Mijn vrienden behoren tot een uitzonderlijke klasse. Dankzij de leuke weekenden 
was het voor mij iedere zondag weer mogelijk naar Eindhoven af te reizen met een 
hoop energie. Hoewel jullie bijna allemaal moesten afhanken na het verhaal over 
springveren, kraaltjes, naalden en kettingen, waren jullie toch allemaal erg 
geïnteresseerd. Voor jullie heb ik dan ook de kaft zo gemaakt dat jullie deze wel 
begrijpen. Veel dank voor de leuke en minder leuke momenten. 
 
Tineke. The first cut is the deepest… 
Tja, lastig te zeggen hoe belangrijk je voor mij bent geweest. Op het “juiste” 
moment maakte je het “uit” en dit heeft mij aangezet om verder te studeren in het 
verre Groningen, er gaat niets boven. Daarna, ik was toen al aan het promoveren in 
Eindhoven, kwam je terug op de beslissing en ik geniet daar nog dagelijks van. 
Heel veel dank voor het bieden van de mogelijkheid om te worden wie ik ben en 
zeer veel dank voor de steun in mijn rug tijdens het schrijven van dit meesterwerk. 
Pelle, mooie vent, jij wilde er zo graag bij zijn dat je zelf maar hebt besloten om op 
de wereld te komen. Je bent een groot geschenk. 
 



  

 148

Curriculum Vitae 
 
Johannes Rutger Idsard zag het levenslicht 27 april 1975 te Utrecht en groeide op 
in Wijk bij Duurstede. In 1992 behaalde hij zijn MAVO diploma waarna hij zijn 
opleiding vervolgde met de HAVO aan het Revius lyceum te Doorn. Zijn HAVO 
diploma behaalde hij in 1995 waarna hij zijn chemische carrière startte met de 
Hoger Laboratorium Opleiding aan de hogeschool van Utrecht. In de zomer van 
2000 startte hij zijn studie polymeerchemie aan de Rijks Universiteit Groningen te 
Groningen. In 2001 behaalde hij zijn diploma van de HLO met specialisatie 
kunststof-en polymeer chemie en in 2004 legde hij zijn doctoraalexamen  met 
succes af. De passie voor onderzoek leidde ertoe dat hij in datzelfde jaar startte met 
zijn promotie onderzoek in de polymeerchemie groep van Prof. Dr. C.E. Koning, 
onder begeleiding van Dr. A. Heise. Sinds 1 december 2008 is Rutger werkzaam 
bij Agrotechnology food and science Group (AFSG) van de  WUR. 
 
Johannes Rutger Idsard was born at 27 April 1975 in Utrecht and he grew up in 
Wijk bij Duurstede. After he obtained his MAVO certificate in 1992, he continued 
his educational trajectory at the Revius lyceum in Doorn to obtain his HAVO 
certificate. His chemical career started with higher professional education in 
Utrecht in the laboratory direction. He obtained his bachelor degree in the field of 
polymer chemistry in 2001, at that time he already started at the State University of 
Groningen. After graduation in April 2004 with a major in polymer chemistry, he 
was employed as a PhD student at the University of Technology in Eindhoven in 
the polymer chemistry group of prof. dr. C.E. Koning under guidance of dr. A. 
Heise. Since 1st December, Rutger is working for agrotechnology food and science 
Group (AFSG) of the WUR. 



  

 149

List of Publications 
 
2008 
Knoop, J.R.I., Habraken, G.J.M., Gogibus, N., steig, S., Menzel, H., Koning, C.E.,  
Heise, A. Synthesis of poly(benzyl-L-glutamate-b-styrene) rod-coil copolymers by 
dual initiation in one pot. Journal of polymer science, Part A: polymer chemistry, 
46(9), 3068-3077 
 
2007 
Knoop, J.R.I., Habraken, G.J.M., Menzel, H., Koning, C.E., Heise, A. Rod-coil 
diblock copolymerization from a bifunctional NMRP initiator. PMSE preprints, 97, 
(84-85) 
 
Steig, S., Cornelius, F., Heise, A., Knoop, J.R.I., Habraken, G.J.M., Koning, C.E., 
Menzel, H. Synthesis of rod-coil block copolymers using two controlled 
polymerization techniques. Macromolecular symposia 248(1), 199-206 
 



  

 150

Presentations at conferences and symposia 
 
2008 
Knoop, J.R.I., Habraken, G.J.M., De Geus, M., Menzel, H., Koning, C.E., Heise, 
A. Synthesis of star-shape biohybrids by arms first approach. PTN Dutch polymer 
days: Lunteren, February 4-5 2008 
 
2007 
Knoop, J.R.I., Habraken, G.J.M., De Geus, M., Menzel, H., Koning, C.E., Heise, 
A. Synthesis of star-shape biohybrids by arms first approach. Controlling polymers, 
40th jubilee symposium KNCV section macromolecules: Veldhoven, November 26-
27 2007 
 
Knoop, J.R.I., Habraken, G.J.M., Menzel, H., Koning, C.E., Heise, A. Rod-coil 
diblock copolymerization from a bifunctional NMRP initiator. 234th ACS national 
meeting: Boston, Ma, August 19-21 2007 
 
2006 
Knoop, J.R.I., Habraken, G.J.M., Menzel, H., Koning, C.E., Heise, A. Synthesis of 
star-shape biohybrid by arms first approach. Macro Group UK International 
Conference on Polymer Synthesis: Warwick, 31 July - 3 August 2006 

   


	schut_met-cover_verklaring
	Table of contents
	1. General introduction
	2. Synthesis of Rod-coil block copolymers by a dual-headed initiator for controlled polymerizations
	3. Synthesis of Rod-coil block copolymers by a bifunctional initiator for controlled polymerizations
	4. Synthesis of peptide core / shell nanoparticles by a macroinitiator approach
	5. Graft copolymers and core-shell biohybrids bycontrolled radical polymerization of peptide based macromonomers
	Appendix A:
	Summary
	Samenvatting
	Dankwoord
	Curriculum Vitae
	List of Publications

