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Abstract 

Abstract 
The aim ofthis graduation project is the synthesis ofblock copolymers for the dispersion of 
titaniapigment in a polyester powder coating. These block copolymers consist oftwo blocks, 
an anchor block and a buoy block. The anchor block is designed to adsorb on the pigment, 
whereas the buoy block must be compatible with the polyester binder. For the anchor block 
poly(2-(N,N,-dimethylamino )ethyl methacrylate) and poly(2-hydroxyethyl methacrylate) 
have been used, for the buoy block poly( E-caprolactone) has been used. 
The synthesis ofthe block copolymer was conducted by anionic living polymerization ofthe 
methacrylate block and subsequently the caprolactone block. First the ideal initiator and 
solvent for the reaction were determined. The initiator had to be able to initiate the 
methacrylate block, without the occurrence of side reactions, therefore diphenylhexyllithium 
was used. The solvent, toluene, was chosen in order to prevent side reactions, like backbiting. 
The products ofthe various polymerizations were analyzed by 1H NMR, 13C NMR, GPC and 
GPEC. From the results of these analyses it could be concluded that in all products a 
pollution with homopolymer poly( E-caprolactone) was present. This homopolymer was 
produced during or after the reaction by methoxide. The souree of this methoxide has not yet 
been determined. 
1H NMR shows that both blocks are present in the product, but the formation of a block 
copolymer could not be confirmed by 13C NMR and GPEC. Further analysis by GPEC will be 
necessary for the characterization of the product. 
Because no well defined block copolymer was produced, this product was not used for 
dispersion experiments. Instead, we experimented with a commercial additive, Ceraflour 960, 
in order to find a good technique for the testing ofthe pigment dispersion. This, however, has 
to be further investigated. 
The highest priority in future work should be finding the souree ofthe methoxide pollution. If 
the initiator is the souree ofthe pollution another technique should be used for the synthesis 
of the block copolymers. A second priority is the analysis of the product in order to obtain a 
full characterization. 
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Chapter 1 : Introduetion 

Chapter 1 

Introduetion 
The worldwide industrial development causes a growing need of coatings to decorate and 
proteetour properties. A disadvantage ofthe traditional coatings is that they are solvent 
based. These solvents will vaporize after application and thus large quantities of volatile 
organic compounds (VOC) are emitted into the environment. Due to stricter regulations 
conceming theemission ofVOC, the paint industry is searching for environmentally friendly 
replacements. 

Recently powder coatings have received a lot of attention. These coatings do not contain 
solvents and are manufactured in the form of a powder. In application the powder is 
electrostatically charged and sprayed onto a substrate. After curing a film or coating is 
formed. 

But powder coatings are not perfect. The dispersion of pigments in the current powder 
coatings is not good enough. This is the result of poor interactions between binder and 
pigment. A possible way to improve this interaction is to modify the pigment surface by 
using block copolymers. Block copolymers consist oftwo or more blocks of different 
polymers in one polymer chain. The first block, the anchor block, is designed to adsorb onto 
the pigment. The second block, the buoy block, is compatible with the binder. 

Fora better understanding ofthe interaction ofthe block copolymers with the pigment and 
the binder it is necessary to have a narrow molecular weight distribution ofboth blocks in the 
copolymer. It is therefore necessary to use living polymerization techniques for the synthesis 
ofthe block copolymers. 

The aim ofthis research project is the synthesis ofblock copolymers, which improve the 
dispersion of pigment in a powder coating. The block copolymers will be characterized by 
various techniques and tested in a commercial powder coating. 
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Chapter 2: Theory 

Chapter 2 

Theory 
In this chapter a theoretica! background is given for powder coatings, the structure of binder 
and pigment and the dispersion process. Purthermare the use of block copolymers as 
dispersion additives and the polymerization routes for block copolymers are explained. 
Finally the polymerization of a few suitable monomers is discussed in detail. 

2.1 Powder coatings 

Powder coatings { 1} can be subdivided into thermoplastic and thermosetting on es. 
Thermoplastic powder coatingsforma film without crosslinking, thermosetting powder 
coatings undergo crosslinking. In this thesis thermosetting powder coatings will only be dealt 
with. 

The basic constituents of a powder coating are: 

• binder 
• crosslinker 
• pigments 
• additives 
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Chapter 2: Theory 

2.1.1 Binder 

The binder provides the coating with its mechanica! properties and it is responsible for the 
fixation of solid partiel es. 

A typical type of binder is the polyester resin. It is made by condensing a dicarboxylic acid 
(like terephthalic acid) with a diol (like neopentylglycol). The polyester can be either carboxy 
functional or hydroxy functional. 

Ho{lo-LTaf--©-LH 
Figure 2.1: A carboxy functional polyester resin. 

2.1.2 Crosslinkers 

A coating is crosslinked in order to form a macromolecular network from the separate binder 
resin molecules. Crosslinking can occur with a variety of molecules. 
Hydroxy functional resins are cured with isocyanates, such as isophorone diisocyanate (IPDI, 
see Figure 2.2). Carboxy functional resins can be cured with triglycidyl isocyanurate (TGIC, 
see Figure 2.2). 

~ o)r~ 
0 

Figure 2.2: Afew crosslinking agents, IPDI and TGIC. 

2.1.3 Pigments 

Pigments are added to improve the optical and/or functional properties ofthe coating. 
Pigments are mostly used to color the paint. Pigments exist as agglomerates, aggregates and 
primary particles (See Figure 2.3) {2, 3}. In agglomerates pigments are loosely connected to 
each other, whereas in aggregates this interaction is a lot stronger. 
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Chapter 2: Theory 

Commercial pigments usually are supplied as agglomerates of 1 up to 1000 nm. The paint 
properties, like hiding power, are best if the pigment is in the form of a primary particle. This 
means agglomerates have to be braken into primary particles after they are added to the 
binder. Unfortunately this is not possible for the aggregates. 

Figure 2. 3: Th ree different farms of pigment. 1: Primary particle, 2: Aggregate, 
3: Agglomerate. 

A typical pigment which is used in coatings is titania or Ti02 • Ti02 gives a white color to the 
coating. It can occur in three crystalline farms { 4}, the two tetragonal farms anatase and 
rutile, and a less common form brookite. For pigments only rutile and anatase are of 
commercial importance (See Figure 2.4). 

e Ti 

(a) 0 0 

~ 
~ 

(b) 

Figure 2.4: The (a) anafase and (b) rutileform ofTi02• 

The rutile form has a greater density, hardness and a higher refractive index than the anatase 
form (See Table 2.1 ). Both farms absorb light in the near-ultraviolet (350 - 400 nm) region. 
When exposed to sunlight both are photoactive and can catalyze the oxidative degradation of 
organic materials, anatase however is more photoactive. Although rutile is more expensive it 
is generally preferred in coatings which may be exposed to sunlight. 

Table 2.1: Same properties ofthe anafase and the rutileform ofTi02• 

anatase Ti07 rutile Ti02 

Specific gravity [g/ml] 3.9 4.2 
Hardness lMohl 5 to 6 6 to 7 
Refractive index [n0 ] 2.52 2.76 
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Chapter 2: Theory 

In order to improve the interaction between pigment and binder, the chemica! structure ofthe 
pigment surface and binder must be known. A Ti02 pigment partiele can be viewed in terms 
of acidity and basicity of its surface active groups { 5} (See Figure 2.5). 

OH 

Figure 2.5: A schematic representation ofthe active groups on the Ti02 surface. 

The Ti02 pigment particles are usually treated with silica and alumina mainly to improve the 
durability of the coating, by preventing its photoactive oxidation. Sametimes the pigment is 
treated with an organic coating like trimethylol propane. This coating is added by the 
manufacturer to prevent the pigment from forming aggregates during and after production. In 
some cases it is claimed to improve the dispersibility of the pigment. The acidity and basicity 
of Ti02 are predominantly dependent on its surface treatment (See Table 2.2). The use of 
alumina increases the basicity and the use of silica increases the acidity. The larger the 
basicity ofthe pigment, the better the interaction with acidic polymers will be and vice versa. 

Table 2.2: The isoelectric point ofthe pigment particles dependent on the surface treatment. 

pigment surface type isoelectric point 
titania 6-7 
silica 2 
alumina 7-8 

2.1.4 Additives 

The additives are mainly used to control a number ofproperties, such as flow, gloss, leveling, 
surface wetting and pigment wetting. They are added to a coating system in small amounts of 
less than 3 wt %. The use of pigment wetting and dispersing additives is of economie 
importance because they help to reduce the rising costs ofpigments and energy, by reducing 
the amount of pigments needed in the coating. 
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2.1.5 Production processof a powder coating 

First the components are pre-mixed. This dry blend is subsequently transferred to an extruder 
and heated to ca. 120 °C, which is above the glass transition temperature but below the 
temperature at which fast curing takes place (ca. 200 oe). In the extruder, the mixture is 
homogenized and the pigment particles are deagglomerated and dispersed in the binder. The 
extrusion process usually takes place in less than one minute! After the extrusion step, the 
homogenized mixture is cooled and powdered to obtain the ready-to-use powder coating. 

Figure 2.6: A Iabaratory extruder, the Buss Kokneter. 

2.2 The dispersion process 

The process of successfully dispersing a pigment in a polymer matrix can be divided into 
three stages {2, 3, 6}: 

• W etting. This means the spreading of the medium/binder over the pigment surface. The 
contact angle between pigment and binder then ideally is zero. 

• Size reduction. The agglomerates have to he broken into primary particles. 
• Stabilization. Because in general all particles attract each other as a result of the London

V an der Waals forces the primary particles and aggregates have to be stabilized to prevent 
them from flocculating. 

In general there are three mechanisms to stabilize particles {2, 7, 8, 9, 10}: 

• Charge double layer. In this mechanism a charge double layer is established on the partiele 
medium interface. A charged species is preferentially adsorbed on the surface producing a 
charge layer with the immediate surface-surrounding medium. The repulsive forces 
increase in magnitude as the distance between the particles decreases. The magnitude of 
this harrier depends strongly on the ion concentration of the medium and the dielectric 
constant of the medium. 
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Chapter 2: Theory 

• Steric stabilization. This mechanism is based on the adsorption of polymers on the 
pigment surfaces to reduce pigment-pigment attractive forces. For solvent based coatings 
it was empirically found that the adsorbed harriers should be in the order of 1 OOÀ or 
higher to prevent partiele attractions {2, 8, 9}. The major contributors to the steric 
stabilization force are the osmotic repulsion force and the entropie repulsion force. The 
osmotic repulsion force can be described as the free energy of mixing two layers 
surrounding the pigment particles. The entropie repulsion force can be described as the 
free energy of volume restrietion caused by two layers excluding each others volume. 

lnterpenetration Campression 
Osmotic repulsion Entropie repulsion 

~GM ~GvR 
Figure 2. 7: The steric stabilization force is caused by os motie and entropie repuls ion. 

Together the :free energy of mixing (~GM) and the free energy of volume restrietion (~GvR) 
form the free energy of repulsion (~GJ. If ~GR is positive the dispersion will be stable. 

Formula 2.1 

In Table 2.3 the influence of enthalpie and entropie repulsion on the dispersion stability 
are g1ven. 

Table 2.3: The possible combinations of enthalpie and entropie repulsion and their effect 
on d' t b'l't zsperswn s a z uy. 

~HR ~SR 

Dispersions flocculate on heatin_g_ + + 
Dispersions flocculate on cooling - -

Dispersions are stabie + -
Dispersions are unstable - + 

Forsteric stabilization to be effective, polymers/dispersants are needed that can be 
strongly attached to pigment surfaces, that maintain complete coverage of the pigment 
surface and in which the solvated part extends into the medium to form harriers of 
sufficient thickness. 
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Figure 2. 8: A schematic representation of the depletion stabilization mechanism. 

In the case of a pigment dispersion in a polymer matrix we assume the stabilization to be 
dominated by the steric stabilization mechanism. 

2.3 Block copolymers and their pigment-binder 
interactions 

A block copolymer consists oftwo or more blocks ofhomopolymer in one polymer chain. A 
block copolymer which is used as a dispersing agent, consists of an anchor block and a buoy 
block. The anchor block must be designed to adsorb onto the pigment, whereas the buoy 
block must be designed to have a good interaction with the binder. In Figure 2.9 the anchor
bleek is in the horizontal plane. In the following figure a few examples ofblock copolymers 
are given. Picture A shows a diblock copolymer, picture B and C show triblock copolymers, 
picture D shows a graft block copolymer and E shows a multiblock copolymer or a random 
copolymer. 

c 

D E 

Figure 2.9: Different types ofblock copolymers. A: diblock, Band C: triblock, D: graft, E: 
multiblock. 

Research has shown that diblock copolymers are the most effective in improving the 
dispersion of the pigments. With diblock copolymers the most important stabilization factor 
is the formation of astrong and stabie anchor {2, 10}. 
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Chapter 2: Theory 

2.4 Living polymerization techniques 

The main routes for the synthesis ofblock copolymers are: 

• Attaching a functional endgroup on block A for the initiation the polymerization 
ofblock B. 

• Living polymerization techniques. 

The advantage of living polymerization techniques is that they take place in one step. Another 
advantage is that with these techniques polymers can be synthesized with a narrow molecular 
weight distribution (MWD). A narrow distribution is important because this enables a better 
understanding of the chain lengths necessary for obtaining a stahilizing effect. In order to 
obtain these narrow MWD 's the initiation step of the polymerization must be much faster 
than the propagation and furthermore no termination may occur. In the following paragraphs 
various living polymerization techniques are described. 

2.4.1 Ionic polymerization 

Ionic polymerization is a chain polyaddition. It starts with a reaction of a morromer with a 
species capable of forming an electrically chargedor highly po lar active group on the added 
morromer molecule. Interaction of this group with another morromer molecule results in the 
formation of a covalent bond linking these two species, and simultaneously regenerates the 
active group on the newly added molecule. Termination takes place when the active center 
encounters apolar molecule, like H20 or C02• The growing chain can also be terminated by a 
side reaction like backbiting. The backbiting reaction will be further discussed is Section 
2.8.3. Ifno termination occurs the active center will remain active, even when all morromer 
has been consumed by the reaction. When extra morromer is added after the consumption of 
the morromer supply, the reaction will continue. Ionic polymerization in the absence of 
termination is therefore also called living ionic polymerization. The living anionic 
polymerization ofstyrene was first discovered by Szware {11} in 1956. An example ofliving 
ionic polymerization is given in the figure below. 

Figure 2.10: The mechanism for the living anion ie polymerization of styrene. 
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Chapter 2: Theory 

Ionic polymerization is referred to as classic anionic when the active group is negatively 
charged, or as pseudoanionic ifthis group forms the negative end ofan active dipole. 
Similarly ionic polymerization can be referred to as classic cationic or pseudocationic. In the 
case of pseudocationic or pseudoanionic polymerization the active group can be dormant as 
well as active. Whenever electrically charged end-groups are formed, suitable counter-ions 
have to be present in the polymerizing system to ensure its electric neutrality. The active 
center and counter-ion must be dissociated in order to enable the reaction between active 
center and monomer. 

In order to prevent chain transfer and termination, living ionic polymerizations usually are 
performed at low temperatures and low pressure or inert atmosphere. 

2.4.1.1 Anionic polymerization 

Morromers that can be polymerized anionically must be able to stabilize the anionic reaction 
center and their active center must be nucleophilic enough to attack a monomer. Some 
examples are: 

• vinylic and acrylic monomers, such as styrene, 2- and 4-vinylpyridine, 
alkyl(meth)acrylates; 

• heterocyclic monomers, such as lactones. 

Initiators are generally organometallic species, such as butyllithium or bulky ones, as 
fluorenyl-Na and cumyl-Na. 

2.4.1.2 Cationic polymerization 

For cationic polymerizations, the morromers should have an electron dorrating substituent, 
capable of stahilizing the cationic reaction center. Typical morromers are styrene, N
vinylpyrrolidone, oxazoline and cyclic ethers (e.g. tetrahydrofuran). 

Initiation usually occurs in two steps: first the morromer is protonated or alkylated by the 
initiator, followed by the addition of a second morromer to the cationic monomer, thereby 
initiating the actual polymerization (activated morromer mechanism). 

Typical initiators are: 

• protonic acids, such as H2 S04 , HC104 , FS03H, CF3 S03 H. 
• Lewis acids, such as SnCl4, A1Cl3• Usually, a coinitiator, proton donor (water) or cation 

donor (R3NH+) is necessary to start up the reaction. 

10 



Chapter 2: Theory 

Termination occurs more often than in anionic polymerization. It is usually caused by the 
lesser stability ofthe counter-ion and can occur in the following ways: 

• spontaneous termination, such as anion-cation recombination and anion splitting; transfer 
of a proton from the polymer chain to the monomer; 

• proton expulsion from the reaction center; 
• reaction with nucleophilic species, such as water, ethers, tertiary amines and esters, 

yielding cationic centers, incapable of growing any further. 

2.4.2 Immortal polymerization 

A relatively new class of living polymerizations is immortal polymerization, using metal 
porphyrin initiators. In 1978 the living polymerization of epoxides with aluminum porphyrin 
initiators was discovered. In 1987 the same initiators were found capable of initiating 
methacrylic and acrylic esters. {12, 13}0ther examples of morromers which are able to be 
polymerized with metal porphyrin initiators include lactones, lactide and siloxanes. 

Figure 2.11: An aluminum tetraphenylporphyrin initiator, (TP P )AlX 

Even in the preserree of a chain transfer agent immortal polymerization can provide polymers 
with a narrow molecular weight distribution, this in contrast to other living polymerization 
techniques. Chain transfer does not broaden the MWD in these systems because the chain 
transfer reactions are much more rapid than the propagation and they are reversible. 

For the polymerization ofmethacrylic esters, aluminum porphyrins (TPP)AlX carrying axial 
alkyl (X= R), thiolate (alkylthio X= SR, arylthio X= SAr) and enolate groups (X= 0-C=C) 
are excellent initiators. An example is the polymerization of methyl methacrylate (MMA) 
using (TPP)AlMe as initiator, which is started by conjugate addition ofthe Al-Me bond in the 
initiator molecule to the monomer, generating an enolate-aluminum porphyrin as the growing 
species. 

11 
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The initiation step requires irradiation with visible light (À> 420 nm.). Under irradiation, the 
polymerization ofMMA with (TPP)AlMe occurs at room temperature (See Figure 2.12). 

~ 
Al-Me + 

l 

Vislble Ught 
Me, (Ä. > 420 nm) 

n C=C 
I 

R02C 

Figure 2.12: The immortal polymerization of MMA, generating an enolate-aluminum 
porphyrin as the growing species. 

The Lewis acidic character of the aluminum enolate species plays an essential role in the 
polymerization process, because the morromer is activated through coordination to the 
initiator. By adding an extra amount ofLewis acid the polymerization can be substantially 
accelerated. 

2.4.3 Group transfer polymerization 

Another living polymerization technique is group transfer polymerization (GTP). It was first 
discovered in 1983 by a DuPont research team {12, 14, 15}. GTP provides a facile synthetic 
route for the polymerization of (meth)acrylates, .N,N-dimethylacrylamide, acrylonitrile etc. 
The elementary reaction of GTP is a catalyzed Michael-type addition of a silyl ketene acetal 
to a monomer, which takes place in the preserree of anionic catalysts or selected Lewis acids. 

~eO'If'OSiMe + 

-f-/'Me 
C0

2
Me 

n -<Me 

CO Me 
2 

Me OMe 

MeOzyc,....._~~ )=( 
ll 'Jait., ÖSiMe 

C0
2

Me 

Figure 2.13: The reaction scheme for the GTP of methylmethacrylate. 

2.4.4 Living free-radical polymerization 

In order to obtain living free-radical polymerization, the reactive chain end must be shielded 
to prevent termination and si de reactions, while allowing the insertion of new monomers. T o 
shield the active center nitroxides, like TEMPO, are used {16}. 
Although this technique can be used for a broad range of monomers, it has only been used for 
a limited number of monomers. Examples of polymers synthesized by this technique are 
polystyrene and PMMA. 

12 



Chapter 2: Theory 

2.5 The synthesis of block copolymers with living 
polymerization techniques 

Living polymerizations are very wellsuited for the synthesis ofwell-defined block 
copolymers. In order to perform the polymerization two basic requirements must he met: 

• both morromers must be polymerizable with the same living technique. 
• the living chain end must be reactive enough to initia te the polymerization of the second 

monomer. 

In the case of anionic and immortal polymerizations the second morromer must be more 
electrophilic than the first monomer. In Table 2.4, some morromers are listed according to 
their electrophilicity. A carbanion derived from a given morromer is capable of initiating any 
morromer listed below it in the list. Generally, the more electrophilic a monomer, the less 
nucleophilic its conjugate anion. 

Table 2.4: Anionically polymerizable monomers placed according to their increasing 
electrophilicity. 

dimethylamino styrene, p-methoxy styrene 
p-methyl styrene, a-methyl styrene 
styrene 
butadiene 
isoprene, piperylene 
vinylnaphthalene 
p-chloro styrene, p-bromo styrene 
vinylpyridine 
diphenylethylene 
alkyl methacrylates 
(meth)acrylonitrile 
propiolactone (=P-lactone) 
ethylene oxide, propylene oxide 
ethylene sulfide, propylene sulfide 
vinylidene cyanide, a-cyanoacrylates 

Sometimes, the nucleophilicity ofthe living chain end ofthe first polymer (poly-A) has to he 
lowered in order to prevent side reactions arising from a nucleophilic attack on another site at 
morromer B. One way to accomplish this is to end-cap the living chains with 1,1-diphenyl
ethylene (DPE), sirree this does not homopolymerize, yet can initiate most monomers. 

With monofunctional initiators, AB type block copolymers can be prepared. ABA type block 
copolymers can be prepared with bifunctional initiators. The coupling oftwo AB" living 
chains with a coupling agent, such as a,a' -dibromo p-xylene, phosgene or 
dichlorodimethylsilane is an alternative method, primarily used to produce star-shaped block 
copolymers. Block copolymers of morromers A and Bare denoted in the following way: pA
b-pB. 

13 
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2.6 The choice of monoroers and polymerization technique 

In order to produce diblock copolymers with a narrow MWD, which are capable of dispersing 
Ti02 pigments in a polyester powder coating, monomers and a suitable polymerization 
technique must be chosen. 
The choice of monomer can he divided into a monomer for the anchor block and one for the 
buoy block. The anchor block must contain basic or acidic groups dependent on the surface 
treatment of the pigment. As an anchor block we will therefore use 2-(N,N-dimethylamino) -
ethyl methacrylate (DMAEMA) which is basic and 2-hydroxyethyl methacrylate (HEMA) 
which is neutraL The buoy block must he compatible with the polyester binder. As a buoy 
block poly(E-caprolactone) (pCL) will be used, because pCL is compatible with a wide range 
of polymers like PVC and SAN and we expect it to be compatible with the polyester binder 
too. The structure ofthe monomersis displayed in Figure 2.14. 

~ 
0 

( 
0 

b 
OH 

Figure 2.14: The successive structures of DMAEMA, HEMA and CL 

The polymerization technique must be capable of subsequently polymerizing both species 
into block copolymers with a narrow MWD. Methacrylates can be polymerized by anionic, 
immertal and group transfer polymerization techniques. Lactones can be polymerized using 
anionic and immertal polymerization techniques. Free radical polymerizations have been 
performed succesfully for methacrylates, till now this technique has not been used for the 
polymerization oflactones. The anionic polymerization technique is preferred above the 
immertal one because it can be carried out more easily. 

2. 7 Specific polymers 

In the following sections the polymerization routes for the chosen monomers are explained. 
Possible problems in polymerizing the monomers and solutions to those problems are dealt 
with. 

2.7.1 pHEMA 

A problem with the polymerization ofHEMA is the presence ofthe hydroxide-group. An 
anionic polymerization will be instantly terminated by the reaction of the anion and the 
hydroxide-group. Therefore this group has to be protected. This can be done by the use of a 
trimethylsilyl-group {17, 18, 19}. 
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Chapter 2: Theory 

For the polymerization ofHEMA a diphenylhexyllithium (DPHLi) initiator is necessary {17, 
18}. This initiator is more bulky than butyllithium (BuL i) and therefore it will not attack the 
carbonyl-group ofthe methacrylate monomer. 

The active center of the growing chain is an enelate anion rather than a carbanion. This 
results in a delocalization ofthe negative charge in a n-orbital. The structure ofthe active 
center can be changed by altering the coordination between active center and counter ion. 
Whenever for instanee a commercial sample of alkyllithiums is used to initiate the reaction, 
lithium alkoxides are present in the reaction mixture. These alkoxides are known to complex 
with the chain end and coordinate to the monoroer {16}. 

~OR 
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Figure 2.15: A lithium alkoxide complexed to the chain end of a polyacrylate. 

The effect ofthe alkoxides is complex and depends on the type of alkoxide present. In the 
polymerization of styrene, n-BuOLi is known to accelerate the polymerization in THF, 
whereas t-BuOLi decelerates it. The form ofthe active center can also be modified by the 
addition ofsalts like LiCl {16, 20, 21, 22, 23}. In the case ofMMA LiCl enables reactions at 
higher temperatures with lower MWD' s ( <1.1 ), while not influencing the rate of termination. 
The effect ofLiCl on the MWD is explained by a faster exchange between the active and 
dormant state ofthe growing polymer. 
The choice of solvent also influences the complexation of the active center. In nonpolar 
solvents like toluene the living polymerendis closely associated to the counter-ion. Under 
those conditions a virtually 100% isotactic polymer is formed. If po lar molecules are added or 
in polar solvents like THF, the counter-ions are solvated. The monomer, however, may still 
coordinate to the active center. This leads to the production of syndiotactic polymer. 

In GPC analysis the hydroxide-group of pHEMA will cause problems, because it will be 
adsorbed to the GPC-column. The hydroxide-group therefore is esterified with benzoic 
anhydride { 18, 21}. In this way the hydroxide-group is prevented from interacting with the 
column. 

n 

Figure 2.16: poly(2-(benzoyloxy)ethyl methacrylate). 
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2.7.2 pDMAEMA 

Another anchor-block that was used is poly(2-(N,N,-dimethylamino)ethyl methacrylate). The 
polymerization ofthis monomertakes place similar to that ofHEMA, but in this case no 
protecting-groups are necessary. 

~0 
0 

"}_' 3 

Figure 2.17: 2-(N,N,-dimethylamino)ethyl methacrylate 

2.8.3 pCL 

As a buoy-bloek a polymer compatible with the polyester binder is needed. pCL was selected 
for this task. It is a polyester which can he formed by anionic polymerization techniques. The 
mechanism for the reaction is given in Figure 2.18. 

b 

Figure 2.18: The reaction scheme for the anion ie polymerization of pCL. 

A problem that occurs when polymerizing CL through a living anionic reaction mechanism is 
the occurrence of a side reaction, backbiting ofthe active center onto its own chain{24, 25}. 
The backbiting reaction leads to the formation of macrocycles and thus to short polymer 
chains with a broad MWD. The formed macrocycles are mostly dimers, but also trimers, 
tetramers and pentamers {26}. The backbiting reaction will always occur ifthe monomer 
concentration falls under a critical value of 0.25 M. Only above this critical concentration 
linear polymers can be formed. The backbiting reaction can, however, occur in mixtures of a 
higher concentration depending on the choice of initiator and solvent. 
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Th ere are various ways to prevent the occurrence of this backbiting reaction: 

• The nature ofthe initiator influences the occurrence ofthe reaction because the counter-ion 
ofthe initiator remains attached to the growing chain. By choosing a counter-ion which is 
stronger associated to the active center the backbiting reaction can be suppressed in favor 
of the propagation as long as there is enough monomer available. This is described in 
literature for aluminum alkoxide based initiators like Et2Al0Et {27, 28, 29, 30, 31, 32, 
33}. 

• The nature of the solvent also influences the rate of the backbiting reaction. Whereas in 
THF backbiting will occur within a few minutes, in toluene the reaction will remain free 
from backbiting for as long as 60 minutes {34}. This is of course as long as enough 
monomer is available. The polymerization in THF, however, proceeds much faster than 
the polymerization in toluene. 
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Chapter 3 

Experimental 

In this chapter it is described how the experiments were carried out. The materials and 
re action procedures are descri bed. The last section of this chapter deals with the dispersion 
experiments. 

3.1 Materials 

The chemieals used for the polymerizations were supplied by Aldrich unless mentioned 
otherwise. 2-hydroxyethyl methacrylate (HEMA), 1,1,1,3,3,3-hexamethyldisilazane (HMD), 
trimethylsilyl chloride (TMSCI, supplied by Acros ), 2-(N,N, -dimethylamino )ethyl 
methacrylate (DMAEMA), E-caprolactone (CL), diethylaluminumethoxide (Et2Al0Et, 
supplied as a 1.6 M salution in toluene), secondary butyllithium (sBuLi, obtained as a 1.3 M 
salution in cyclohexane), normal butyllithium (nBuLi, obtained as a 1.6 M salution in 
hexane), diphenylethylene (DPE) and benzoic anhydride. 

The chemieals used for the dispersion experiments are: 

The pigments used were kindly supplied by Kronos. Two Ti02 pigments with a rutile 
structure are used: Kronos 2160, a pigment which is treated with a silica-alumina and an 
organic coating oftrimethylolpropane. Kronos GL96/5980, a pigment which is only treated 
with a silica coating. The commercial additive used was Ceraflour 960, an amide wax. This 
dispersion additive for powder coatings was kindly supplied by BYK. The binder used was 
Uralac P3400. lt was kindly supplied by DSM. This resin is an acid functional polyester 
consisting of terephtalic acid, neopentylglycol and a small amount of isophthalic acid. 

The equipment used for analysis is: 

• 'H-NMR spectra were recorded on a 300 MHz Varian Gemini or a 400 MHz Bruker 
Aspect 3000 spectrometer, using the chemica! shifts ofthe solvents as intemal standards. 
The chemica! shifts are reported in 8 units (ppm). The multiplicity ofthe 1H NMR spectra 
is denoted by s (singlet), d (doublet), t (triplet) and m (multiplet). 

18 



Chapter 3: Experimental 

• Gel Permeation Chromatograms (GPC) were obtained by a Waters GPC with a standard 
column, THP being the elution solvent. The measurements were made relative to 
polystyrene standards. The instaBation is equipped with a differential refraction index 
detector (DRI) and an ultra violet (UV) detector (À=254 nm). 

• Gel Permeation Blution Chromatography (GPEC) was performed with a Waters GPEC 
device. The measurements were made relative to poly(2-vinylpyridine) and poly(E
caprolactone) standards. The instaBation is equipped with an evaporative light spray 
detector (ELSD) and an UV detector (À=254 nm). 

• Scanning electron micrographs were recorded by a Cambridge S 200 Scanning Electron 
Microscope (SEM). 

3.2 General procedure for the polymer synthesis 

• At least one day before use all glass-equipment waspredried in an oven at 140°C. 
• Prior to use impurities were removed from the equipment by heating it under vacuum. The 

equipment then was filled with Argon. This procedure was repeated several times. 
• All monomers and DPE were distilled from CaH2 under vacuum. The distilled compounds 

were collected in a roundbottom flask, flushed with Argon and sealed with a septum. 
• The reaction solvent was refluxed from CaH2• The solvent then was filled into the 

roundbottom flask used for the reaction. This flask was sealed with a septum. 
• lftoluene was used as solvent 1 vol% ofTHP was added in order to break up complexated 

initiator molecules. 
• Prom this moment on all additions to the reaction flask were made by means of syringes 

through the septum. 

Por the experimentsusinga Et2Al0Et initiator: 
• The required amount of initiator was added to the reaction mixture. 

Por the experimentsusinga DPHLi initiator: 
• DPE was added to the solvent and the mixture was titrated with BuLi. As soon as the 

remaining impurities have reacted a red color appeared. When the color appeared and 
remained for at least 15 minutes, the solvent was ready for use. 

• Then the required amount ofBuLi was added to the solvent. The reaction mixture was 
stirred forabout 10 min at room temperature to enable the reaction ofthe initiator with 
DPE, thus forming DPHLi. 

• The mixture then was cooled to the polymerization temperature, using a bath of petroleum 
ether cooled by liquid nitrogen. The reaction temperature varied from -80°C to 20°C 
depending on initiator, monomers and solvent used. About 15 min. after the bath has 
reached the desired temperature, the first monomer was added. 

• After the consumption ofthe first monomer the second monomerwas added to the 
mixture. The polymerization was terminated with a few mi of acidified methanol. 

• The polymer was collected after precipitation in a large excess ofheptane. The final 
product was analyzed by means ofNMR and GPC. 
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3.3 The proteetion ofHEMA with a TMS group {18} 

32 g (0.19 mol) ofHMD was added dropwise to 24 g (0.18 mol) HEMA. During the addition 
the temperature was maintained at l0°C. Approx. 1 ml ofTMSCl wasthen added to the 
reaction mixture at once. The mixture was stirred ovemight under a nitrogen or argon 
atmosphere. The product was obtained by a fractional destillation. The 1H NMR data ofthe 
product are given inSection 3.8. 

3.4 The removal of the TMS groups from pHEMA-TMS 

By the quenching ofthe reaction mixture with acidified methanol the TMS groups were 
allready partially removed from the polymer. The remairring groups were removed by 
dissolving 1.8 g of polymer into 100 ml acidified methanol and refluxing this solution for 2 
hours. The larger part of the methanol was evaporated from the product to obtain a 
concentrated solution. In order to obtain the polymer the solution was precipitated into 
heptane. 

3.5 The benzoylation ofpHEMA(-b-pCL) {18} 

4.5 g (0.02 mol) ofbenzoic anhydride in 3 mi of pyridine was added dropwise to 0.5 g (0.004 
mol) of polymer in 3 mi of pyridine at ooc. The reaction was carried out under a nitrogen 
atmosphere, the mixture was stirred at room temperature for 48 hours. The mixture was 
poured into water, the precipitated polymer was obtained by filtration. The polymer was 
redissolved in THF and precipitated in MeOH two times. The NMR data of the produced 
polymers are given inSection 3.8. 

3.6 Functionalization of pCL 

The endgroup ofpCL can be functionalized by reaction with methacryloylchloride. First 1 g 
ofpCL was dissolved in 10 ml ofTHF. To this solution a few drops oftriethylamine were 
added. Finally a 5 fold excess of methacryloylchloride was added. The mixture then was 
stirred ovemight. The product was collected after precipitation in heptane. 

3. 7 Amine content determination by titration 

Amine titration was performed by titrating a solution of polymer in chloroform with a known 
amount ofHC104 in glacial acetic acid in the preserree of an indicator, crystal violet. From the 
added amount ofHC104 and the amount ofpolymer used, the weight percentage of amine 
groups in the polymer could be calculated. 
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3.8 NMR data of monomers and polymers used 

HEMA: 'H NMR (300 MHz, CDC13) 8 6.13 (1H, s, HC=CCO), 5.58 (1H, s, HC=CCH3), 

4.26 (2H, t, J = 4.67 Hz, OCOCH2), 3.84 (2H, t, J = 4.67 Hz, CH20H), 2.54 (1H, s, 
HOCH2CH2), 1.94 (3H, s, CH3CCO) 

HEMA-TMS: 'H NMR (300 MHz, CDel3) 8 6.13 (lH, s, He=eeO), 5.58 (1H, s, 
He=eeH3), 4.23 (2H, t, J = 5.01 Hz, oeoeH2), 3.83 (2H, t, J = 4.98 Hz, eH20Si), 1.95 (3H, 
s, eH3eCO), 0.13 (9H, s, Si(CH3) 3). 

pHEMA: 'H NMR (400 MHz, eD30D) 8 7.4-7.1 (lOH, m, e 6H5 from initiator), 4.23 (2H, s, 
OeOeH2), 3.97 (2H, s, CH2Si), 2.3- 1.9 (2H, s, eH2CeO), 1.48, 1.30, 1.07 (3H, s, 
eH3eeO), 0.30 (9H, s, Si(eH3) 3). 

benzoylated pHEMA: 'H NMR (400 MHz, eDel3) 8 8.00 (2H, d, eHeeOO), 7.52 (1H, m, 
eHeHeHCCOO), 7.41 (2H, t, eHCHeeOO), 4.36 (2H, s, eH20eO), 4.12 (2H, m, 
eH20eO), 1.80 (2H, s, CH2CeO), 2.1- 1.4 (2H, s, eH2eeH3), 1.23, 1.06, 0.87 (3H, s, 
eH3eeO). 

Be NMR (75 MHz, CDel3) 8 177.14, 176.82, 176.00 (COe(eH2) 2eH3), 166.00 (CO(e6H5)), 

133.18-128.39 (6e, C6H5eOO), 62.80 (CH20eOe(eH2) 2eH3), 62.03 (CH20eOe6H5), 54.65 
(CH2e(eH3)eOO), 44.96, 44.69, 44.69 (C(eH3)), 25.26, 16.86 (CH3eeO). 

pDMAEMA: 'H NMR (400 MHz, eDel3) 8 7.4-7.1 (lOH, m, C6H5 from initiator), 4.08 (2H, 
t, eH20eO), 2.57 (2H, t, eH2N(eH3) 2), 2.28 (6H, s, (eH3) 2N), 2.1- 1.4 (2H, m, eH2eeO), 
1.22, 1.05, 0.88 (3H, m, eH3eeO). 

Be NMR (75 MHz, eDel3) 8 177.56, 177.18, 176.43 (COe(eH2) 2CH3), 133-128 (e6H5 from 
initiator), 62.92, 62.80 (CH20eOe(eH2) 2eH3), 57.11, 56.95 (CH20eN(eH3)), 54.45, 54.04 
(CH2e(CH3)COO), 45.70, 44.97, 44.62, 44.13 (C(eH3)), 31.76, 28.89 (2e, (CH3) 2N), 22.57, 
18.46, 16.58, 14.02 (CH3eeO). 

pCL: 'H NMR (400 MHz, eDel3) 8 4.06 (2H, t, eH20eO), 3.68 (3H, s, eH30eO), 3.65 
(2H, t, eH20H), 2.31 (2H, t, eH2eOO), 1.66 (2H, m, eH2eH20eO, 2H, m, eH2eH2eOO), 
1.35 (2H, m, eH2eH2eH2eOO). 

Be NMR (75 MHz, CDC13) 8 173.71 (CO(eH2) 50H), 173.51 (COeH2), 64.10 (CH20H), 
62.55 (eH20eO), 34.19 (CHz(eH2) 40H), 34.07 (eH2eOO), 32.28 (CH2eH20H), 28.29 
(CH2eH20CO), 25.43 (CH2CH2eO), 25.25 (CH2(eH2) 30H), 24.63 (CH(eH2) 20eO), 24.44 
(CH(eH2) 20H) 

pCL produced with LiOMe: 'H NMR (400 MHz, eDel3) 8 4.06 (2H, t, eH20eO), 3.68 
(3H, s, eH30eO), 3.65 (2H, t, eH20H), 2.31 (2H, t, eH2eOO), 1.66 (2H, m, eH2eH20eO, 
2H, m, eH2CH2eOO), 1.35 (2H, m, eH2eH2eH2eOO). 

Be NMR (75 MHz, eDel3) 8 173.71 (CO(eH2) 50H), 173.58 (eH30CO), 173.52 (COeH2), 

64.12 (CH20H), 62.59 (CH20eO), 51.49 (CH30eO), 34.20 (CHz(eH2) 40H), 34.10 
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(CH30COCH2), 33.85 (CH2COO), 32.31 (CH2CH20H), 28.32 (CH2CH20CO), 25.27 
(CH2CH2CO), 24.65 (CH2(CH2) 30H), 24.54 (CH(CH2) 20CO), 24.52 (CH(CH2) 20H). 

pDMAEMA-b-pCL: 13C NMR (75 MHz, CDC13) ö 177.41, 176.52, 175.83 
(COC(CH2) 2CH3), 173.64 (CO(CH2) 50H), 173.45 (CH30CO), 173.24 (COCH2), 133-128 
(C6H5 from initiator), 63.85 (CH20H), 62.55, 62.23 (CH20COC(CH2) 2CH3), 62.03 
(CH20CO), 56.95, 56.80 (CH20CN(CH3)), 53.87 (CH2C(CH3)COO), 51.22 (CH30CO), 
45.47, 45.35, 44.77, 44.47 (C(CH3)), 33.96 (CHz(CH2) 40H), 33.82 (CH2COO), 33.58 
(CH30COCH2), 32.08 (CH2CH20H), 30.09, 29.06 (2C, (CH3) 2N), 28.06 (CH2CH20CO), 
25.44 (CH2CH2CO), 25.24 (CH2(CH2) 30H), 24.47 (CH(CH2) 20CO), 24.28 (CH(CH2) 20H), 
21.43- 10.82 (CH3CCO). 

benzoylated pHEMA-b-pCL: 13C NMR (75 MHz, CDC13) ö 173.54 (COCH2), 166.05 
(COO(CH2) 20CO), 162.34 ((CH2) 50CO(C6H5)), 134.51-128.44 (6C, C6H5COO), 64.12 
(CH20CO), 62.71 (CH20COC(CH2) 2CH3), 62.24 (CH20COC6H5), 54.65 (CH2C(CH3)COO), 
45.46, 44.90, 44.65 (C(CH3)), 34.10 (CH2COO), 29.67 (CH3CCO), 28.32 (CH2CH20CO), 
25.50 (CH2CH2CO), 24.54 (CH(CH2) 20CO). 

3.9 GPEC measurements 

In order to characterize the block copolymers, the polymers were studied with gel permeation 
elution chromatography (GPEC), which had been developed at our University by Staal and 
Willerus {35}. It is a combination ofGPC and HPLC. The separation ofpolymers is basedon 
both hydrodynamic volume and polarity. The method has proven to be very effective for the 
separation ofhomopolymers as well as (random) copolymers. A polymer solution is injected 
into a nonsolvent, causing the polymer to precipitate onto the GPEC column. By improving 
the solvency ofthe eluent, the polymer is gradually redissolved and eluted. Depending on the 
structure ofthe (co)polymer, each fraction is redissolved at a different eluent-composition. 
Therefore, an elution-chromatogram is obtained, showing the different fractions that 
constitute the entire (co )polymer mixture. Theoretically, a block copolymer should thus be 
eluted in between its respective homopolymers. Furthermore, any homopolymer 
contamination present will be detected. 
Table 3.1 lists some solvents and non-solvents for pDMAEMA and pCL. Block copolymers 
with pHEMA have notbeen analysed (yet). 

Table 3.1: Selected solvents and non-solvents. 

H20 THF acetonitrile MeOH 
PCL - + - -
P2VP - + -I+ + 

PDMAEMA + + - + 

The homopolymers were analysed, together with pDMAEMA-b-pCL, using three different 
eluent gradients: 

1. H20 ~ ACN ~ THF 
2. MeOH ~ ACN ~ THF 
3. MeOH~THF 
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A . 1 d. ti 11 typ1ca gra 1ent was as 0 ows: 
time (min) flow (ml) %A %B %C 

0 0.5 0 100 0 
25 0.5 0 0 100 
50 0.5 100 0 0 
65 0.5 100 0 0 
70 0.5 0 100 0 

For calibration, two polymers ofpoly(2-vinylpyridine) (p2VP) and poly(E-caprolactone) were 
analysed as well. lt is assumed that pDMAEMA behaves similar to p2VP. 

3.10 Dispersion experiments 

Sedimentation experiments {36, 37}: 

0.1 g ofCeraflour 960 was dissolved in 50 ml oftoluene. To this solution 1 g of pigment was 
added. The pigment was dispersed with a high speed mixer at 9,500 r.p.m. for 15 min. The 
dispersion then was poured into a cylinder and allowed to precipitate. The sediment level and 
sedimentation speed were recorded. 

Dispersion experiments: 

In 100 ml of 2-methoxypropylacetate (MP A), 5 g ofUralac was dissolved. To this solution 
0.1 g of Ceraflour 960 was added. Finally 1 g of pigment was added to the solution and the 
dispersion was mixed with a high speed mixer forabout 6 hr. at 24,000 r.p.m. The dispersion 
then was poured into an aluminum tray and dried under vacuum. The dry product was 
evaluated by Scanning Electron Microscopy (SEM). 
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Chapter 4 

Results and Discussion 

In this chapter the results of the experiments are described and discussed. First the results of 
the homopolymerizations are discussed, after that the block copolymerizations and dispersion 
experiments are dealt with. 

4.1 The synthesis of pHEMA 

Prior to the polymerization HEMA was protected by a TMS-group. 'H NMR confirmed that 
all the hydroxide-groups were replaced by TMS-groups. The speetral data ofHEMA and 
HEMA-TMS are given in Sectien 3.8. 

In Table 4.1 the results ofthe homopolymerizations ofHEMA-TMS are summarized. 

Table 4.1: Various polymerizations ofHEMA-TMS. 
Solvent Initiator Temperature Polymerization MN goal' M from1

'
2 

p MWD 
roCl time fmin.l fg/moll GPC fg/moll 

THF Et2Al0Et 20 >60 500 no product 
THF Et2Al0Et -20 65 2000 no product 
THF DPHLi -80 30 7000 14000 4 
THF DPHLi -80 12 6500 13000 1.7 

1 These data are given for the unprotected polymer, corrected for the benzoyloxy-group. 
2 These GPC data were measured by both detectors, DRI and UV. 

In order to prepare a block copolymer an initiator and a solvent suitable for the 
polymerization had to be found. The reaction was carried out in THF, because in this solvent 
a fast polymerization ofboth bleeks is possible. The first two experiments were carried out 
using an Et2Al0Et initiator. This initiator is capable of preventing the back biting reaction of 
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the caprolactone block. Ifthis initiator would be able to initiate the polymerization ofHEMA 
it would provide an easy way for the polymerization of the block copolymers. Unfortunately 
this initiator proved incapable ofpolymerizing HEMA. 'H NMR-spectra ofthe reaction 
mixture confirmed that no polymer had been formed. 

The next step wastheuse ofDPHLi as initiator. This initiator was produced in situ by adding 
n-BuLi to an excess ofDPE. The first amount ofBuLi reacted with the last impurities present 
in the solvent. Aftereach drop ofBuLi the solvent tumed red, the typical color ofDPHLi. As 
this substance reacted with the remairring impurities the red color disappeared. This 
procedure was repeated until the red color remairred for at least 15 min. However, prior to 
obtaining a permanent red color the solvent tumed subsequently blue, violet, green and 
brown. Wh en the addition of initiator was stopped the co lor of the mixture slowly tumed 
from brown over green into blue. These color variations have not been reported in literature. 
Apparently they were caused by a conjugated system of honds. The red color ofDPHLi is 
produced by a system of 14 conjugated honds. A blue color must originate from an even 
bigger conjugated system. This larger conjugated system probably was caused by aggregation 
of one or more DPE molecules to a DPHLi molecule. After the addition of a few more drops 
ofBuLi the solvent obtained a permanent red color, which disappeared instantly after the 
addition ofthe monomer. 

The reaction proved to be successful at -80°C, the 'H NMR data showed the formation of 
pHEMA. The methyl group peaks ofthis spectrum are given in Figure 4.1. 

mm mr rr 

2.0 1.5 1.0 0.5 
ppm 

Figure 4.1: The methyl group peaks of pHEMA produced in THF. 

The three peaks in Figure 4.1 represent respectively the mm, mr and rr configurations of a 
triade of methyl groups. In this context m stands for meso and r for racemic. Meso means that 
two subsequent polymer units have the same configuration. Racemie means that they have an 
opposite configuration. The peaks relate toeach other as 1 : 3.4 : 9.9. This indicates that the 
polymer is predominantly syndiotactic. This tacticity is caused by the solvatation of 
counterions in THF { 16}. 

The chain length was measured using GPC. The first GPC sample measured from pHEMA, 
which was partially protected with TMS, showed a Mw of 720,000 g/mol and a MWD of over 
18. These high values were probably caused by interaction ofthe pHEMA hydroxide groups 
with the column. The hydroxide group therefore was protected by benzoylation after 
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removing its last TMS-groups. After benzoylation an 'H NMR spectrogram was recorded, 
showing complete benzoylation ofthe polymer. From this polymer another GPC spectrogram 
was recorded. The MWD of the benzoylated polymer was 4 and its MP was 14000 g/mol (See 
Table 4.1 ). The reason for the higher MP than expected could be explained by a few factors: 
the broad MWD (the MN is 10000 g/mol), partial deactivation ofthe supplied initiator and 
finally GPC values are given based on polystyrene standards. The GPC data were measured 
by both detectors, DRI and UV, yielding the same data. Because this MWD was still broad 
for a living polymerization technique, the reaction was repeated. In the second experiment the 
MWD was reduced to 1. 7. 

4.2 The synthesis of pCL 

In order to produce a block copolymer both blocks must be polymerizable by the same 
technique, using the same initiator. Therefore the anionic polymerization of CL with a DPHLi 
initiator was tested. To reduce the occurrence ofbackbiting the reaction was carried out in 
toluene. The polymer was collected after precipitation in a large excess of methanol. 

Table 4.2: The homopolymerization of CL in toluene. 
Solvent Initiator Temperature Polymerization MN goal' Mp from MWD2 

[OC] time [min.] [g/mol] GPC2[g/mol] 
Toluene DPHLi 20 5 3400 11000 1.5 

'The MN goal was calculated takmg into account that the polymerizat10n would stop at the 
critica! concentratien of 0.25 M. Without taking this effect into account the MN goal would 
have been 5000 g/mol. 
2Because the UV detector is not sensitive for this polymer only data from the DRI detector 
were used. 

The 'H NMR data ofpCL are given in Sectien 3.8. From these data the average chainlength 
could be calculated. The MN calculated in this way was about 6500 g/mol. Next to the end 
group (ö 3.65) there was another peak (ö 3.68), which was later determined to be caused by a 
methoxide group. 
The GPC analysis showed a polymer ofrelatively narrow MWD. The molecular weight was 
higher than the expected value and the value obtained from 'H NMR analysis. This may be 
caused by the comparison of the measured values to polystyrene standards. 

4.3 The synthesis ofpDMAEMA 

The homopolymer ofDMAEMA has also been produced. This was done in toluene with a 
DPHLi initiator as given in the table below. 

Table 4.3: The homopolymerization o{DMAEMA in toluene. 
Solvent Initiator Temperature Polymerization MN goal MP from' MWD' 

[OC] timelminj Jg/mo!l GPCJg/mo!l 
Toluene DPHLi 0 15 5000 no GPC _Qossible 

'Because the UV detector is not sensitive for this polymer only data from the DRI detector 
were used. 

26 



Chapter 4: Results and Discussion 

This homopolymerization was successful, yielding a yellow sticky polymer. The sticky nature 
was caused by its low Tg. The homopolymer of DMAEMA has a Tg of 19 oe at high chain 
lengths. The Tg ofthis shorter polymer probably was even lower. The sticky nature ofthe 
polymer made it difficult to purify. 
The 1H NMR ofthe polymer confirmed the production ofpDMAEMA (See section 3.8). 
GPC measurements were unsuccessful, because hardly any signal could be measured with the 
DRI-detector. This is probably caused by interaction ofthe polymer with the column and 
because THF is not a good solvent for the polymer. Therefore other techniques must be used 
to measure the chain length of the polymer. These measurements will be discussed further on. 

4.4 The synthesis ofpDMAEMA-b-pCL in THF 

The first block copolymerizations were carried out in THF using DMAEMA and CL. In THF 
methacrylates are more reactive, but the reaction of the CL block must be stopped within a 
few minutes to prevent the occurrence ofthe backbiting reaction. The results of these 
polymerizations are given in Table 4.4. 

Table 4.4: The synthesis ofpDMAEMA-b-pCL in THF using DPHLi. 
Polymer Temp. 1

'
2 Pol. time2 Mwgoaf Mw3 GPC MWD3 DMAEMA: 

nr. [OC] [min.] [g/moll rg/mol] CL4 

1 -80; -80 10; 5 3000; 1100 1,900 1.32 1 : 1.71 
2 -80; -80 120; 3 5000; 5500 No GPC possible 1:4.38 

1 This temperature was measured in the bath. 
2 The first number gives the value for the methacrylate polymerization and the second number 
gives the value for the caprolactone polymerization. 
3 This value is measured by the DRI-detector, because both blocks are not sensitive for the 
UV detector. 
4 The ratio DMAEMA : CL compares the amount ofboth blocks in the product. These results 
are calculated from the 1 H NMR data. 

The product ofthe first polymerization was a yellow/brown sticky polymer paste, which was 
difficult to purify. Even after three precipitations still morromer was present in the polymer. 
This made it difficult to determine the chain length using 1H NMR. The GPC measurement 
indicated that the product had a short chainlength. 

Therefore in a second polymerization the polymerization time of the first block was extended. 
The polymerization time of the second block had to remain short to prevent backbiting of the 
CL. In this experiment also an excess ofLiCl was added. The amount ofLiCl used was a 
tenfold excess over the amount of initiator used {22}. This value was described in literature 
as the most effective. 1H NMR analysis revealed that the tacticity ofthe polymethacrylate 
block was different from the previously formed methacrylate polymers. In this case the mm, 
mr and rr peaks related toeach other as 1.6: 1 : 1.7. This indicated that the polymer formed 
was partially isotactic and partially syndiotactic. The increase in isotacticity could be 
explained by assuming that the LiClligands complexated to the morromer as well as to the 
active center. This increased the amount ofisotactic blocks in the end product {16}. 
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Unfortunately no GPC measurement ofthe experiment with LiCl was possible. Possible 
reasons for the failure of the measurement were that THF is not a good solvent for 
pDMAEMA and that the polymer interacted with the column. 

Another technique that could he used to measure the blocklength of the polymerblocks was 
the endgroup determination basedon the 'H NMR data. The blocklength ofthe CL block 
calculated from these data was 6 monomer units (MN ca. 700 g/mol). Later was determined 
that this very short blocklength was caused by the presence ofhomopolymer CL (See section 
4.7). 
The blocklength of the methacrylate block could also he determined by begingreup analysis 
from 'H NMR data. The two phenyl groups in the DPHLi initiator could he integrated in the 
NMR data. A problem with this determination was that this peaks were broad and partially 
overlapped with the chloroform peak in the 'H NMR data. This analysis revealed that the 
methacrylate block had a MN of7300 g/mol. Because ofthe presence ofhomopolymer CL in 
the product, no indication of the length of the second block could he given. 

From these experiments was concluded that polymerization in THF was not likely to allow 
the polymerization oflong CL buoy blocks. The next polymerization therefore was carried 
out in toluene. 

4.5 The synthesis ofpDMAEMA-b-pCL in Toluene 

During the next polymerization, samples were taken for analysis. In Table 4.5 an overview is 
given ofthe samples taken. Because LiCl does not dissolve in toluene no extra ligands were 
added. This, however, will result in a somewhat broader MWD ofthe methacrylate block. 

In order to collect the polymer the solvent fiTst was removed in vacuo, then the samples were 
redissolved in THF and finally they were precipitated in heptane. All samples were evaluated 
by GPC and 'H NMR measurements, the results ofthese measurements are given in Table 
4.5. 

Table 4.5: Samples taken during the synthesis o[p_DMAEMA-b-pCL in toluene. 
Polymer Temp. 1

'
2 Pol. time2 MN goal2 Mp3 GPC MWD3 DMAEMA: 

nr. roCJ [min.] [g/mol] [g/mol] CL4 

3a -30 75; 0 2500; 0 3200 1.23 1: 0 
3b -30; -10 75; 10 2500; 1000 2000 1.45 1 : 1.25 
3c -30; -10 75; 20 2500; 1000 2800 1.61 1:2.33 
3d -30; -10 75; 30 2500; 1000 2500 1.58 1 : 2.18 
3e -30;-10 75; 40 2500; 1000 4300 1.82 1: 3.66 
3f -30; -10 75; 50 2500; 1000 3400 1.64 1 : 3.00 

1 This temperature was measured in the bath. 
2 The first number gives the value for the methacrylate polymerization and the second number 
gives the value for the caprolactone polymerization. 
3 These values were measured by the DRI-detector, because both blocks are not sensitive for 
the UV detector. 
4 The ratio DMAEMA : CL compares the amount ofboth blocks in the product. These results 
were calculated from the 'H NMR data. 
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GPC data showed a monornadal distribution for all samples, this was an indication that block 
copolymers have been formed without the presence ofhomopolymers. This indication 
however, should be confirmed with other techniques. The MP derived from GPC 
measurements showed a peculiar development, with a maximum at sample 3e. 

In sample 3e there was a rise ofthe MP to 4300 g/mol and this was consistent with the 
DMAEMA : CL ratio derived from 'H NMR data. These high molecular weight data 
probably were caused by a rise in temperature during the polymerization. The lower 
molecular weight inthelast fraction, 3f, probably was caused by the occurrence ofthe 
backbiting reaction. As a confirmation ofthe ratio derived from 'H NMR data the last fraction 
of the block copolymer was titrated for amine groups. The outcome of this titration was a 
methacrylate : caprolactone ratio of 1 to 2.92 a value consistent with the 'H NMR data. 

The chainlength ofthe caprolactone block calculated from 'H NMR by endgroup analysis 
foliowed the development ofthe ratio. The blocklength of sample 3fwas 7.4 monomerunits 
(MN 850 g/mol). Later we found that these short blocklengths again were caused by the 
presence of homopolymer CL (See section 4. 7). 

From the begingroup analysis of the various samples a methacrylate blocklength was 
calculated of 4300 g/mol. This value was higher than the expected value, this could be 
explained by assuming partial deactivation of the initiator, or complexation of initiator 
molecules. Another explanation could be that a part of the phenylgroup peaks was overlapped 
by the chloroform peak, thus preventing a correct integration. Other techniques were used to 
measure the blocklength, which will be discussed further on. 

The 'H NMR data showed that the form ofthe triad of methyl group peaks had changed (See 
Pi gure 4.2). The ratio of the subsequent peaks now was 2.2 : 1.1 : 1, indicating a heterotactie 
polymer in which isotactic blocks were altemated by syndiotactic blocks. In toluene the 
polymer normally is isotactic. The syndiotactic blocks could he caused by the presence of 
ligands, like alkoxides, in the reaction mixture. 

mm mr rr 

1.5 1.0 0.5 
ppm 

Figure 4.2: The methyl peaks ofpDMAEMAproduced in toluene. 
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In order to obtain pDMAEMA-b-pCL with a longer CL block a larger amount of CL was 
added to the reaction mixture. The results ofthis experiment are given in Table 4.6. 

Table 4.6: The block copolymerization ofpDMAEMA-b-pCL in tofuene with DPHLi. 
Polymer Temp. 1

'
2 Pol. time2 MN goal2 Mp GPC3 MWD3 DMAEMA: 

nr. roCl rmin.l rg/moll rg/moll CL4 

4 -30; 20 120; 8 2500; 5000 1800,4000 1.58 1 : 10 
1 This temperature was measured in the bath. 
2 The first number gives the value for the methacrylate polymerization and the second number 
gives the value for the caprolactone polymerization. 
3 These values were measured by the DRI-detector, because both blocks are not sensitive for 
the UV detector. 
4 The ratio DMAEMA : CL compares the amount ofboth blocks in the product. These results 
were calculated from the 1 H NMR data. 

The product was analyzed by 1H NMR, the analysis showed that the ratio of methacrylate vs. 
caprolactone was 1 to 10. From the endgroup determination of polymer nr. 4 was calculated 
that the average number of CL units was 8. If all the product was block copolymer the length 
ofthe methacrylate block would be 0.8 monomer units. This was a clear indication ofthe 
presence of CL block copolymer. This later was confirmed, see section 4. 7. 

By begingroup analysis ofthis polymer a MN of 4200 g/mol for the methacrylate block could 
be calculated. In the GPC spectrum of this polymer two peaks were present one at 1800 g/mol 
and one at 4000 g/mol. This was another indication for the presence of homopolymer in the 
product. Further analysis was required to obtain a clear definition of the product. 

4.6 The synthesis of pHEMA-b-pCL 

Because GPC analysis of pDMAEMA-b-pCL block copolymers was difficult or produced 
data which were not in agreement with the blocklengths derived from 1H NMR data, another 
polymerization was performed. Now instead ofDMAEMA, HEMA was used. After 
benzoylation the GPC ofthis polymer could be measured, as was shown for the 
homopolymer. 
In this experiment also samples were taken during the experiment. 

After benzoylation homopolymer HEMA normally can be collected by precipitation in water. 
The block copolymer, however, did not precipitate in water. The product had to be purified 
before GPC measurements could be made. This was necessary because the main impurities, 
benzoic acid and anhydride, would adsorb on the GPC column. The polymer could be 
collected by evaporating the pyridine from the reaction mixture and redissolving the product 
in THF. This salution then was precipitated in diethylether. In diethylether both polymer 
blocks precipitated, whereas benzoic acid and benzoic anhydride dissolved. This procedure 
had to be repeated in order to obtain a pure polymer. During the purification process much 
polymer was lost. The result ofthis was that only the last two samples (given in Table 4.7) 
yielded enough polymer for the GPC determination. 
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Table 4. 7: Different fractions of benzoylated pHEMA-b-pCL synthesized in tofuene with 
DPHLi. 

Polymer TempY Pol. time2 MN goal2
'
5 Mp GPC3

'
5 MWD3 RatioBEMA 

nr. [OC] [min.] [g/mol] [g/mol] : CL4 

Sa -30; -10 4S; 30 3000; 1000 8000 2.77 1.62: 1 
Sb -30; -10 4S; 4S 3000; 1000 7000 2.17 8.47:1 

1 This temperature was measured in the bath. 
2 The first number gives the value for the methacrylate polymerization and the second number 
gives the value for the caprolactone polymerization. 
3 These values were measured by the DRI and the UV detector. 
4 The ratio DMAEMA : CL compares the amount ofboth blocks in the product. These results 
were calculated from the 1H NMR data. 
5 These data are given for the benzoylated polymer. 

From sample Sb ofthe polymerization a 1H NMR spectrum was recorded prior to the 
benzoylation. These data show that the ratio HEMA: CL before benzoylation was 1 : 1.29. 
After benzoylation another 1H NMR spectrum was recorded, this time the ratio was 8.4 7 : 1. 
These data showed that the amount of CL block in the product decreased dramatically. A 
possible explanation for this decrease is that homopolymer CL present in the product was 
washed away due to the intensive purification proces. Another explanation is that during the 
benzoylation proces the caprolactone endgroup was converted into an alkoxide. This alkoxide 
could have performed a backbiting reaction, forming caprolactone macrocycles, although a 
five fold excess ofbenzoic anhydride was present in the reaction mixture. 

The benzoyl group in the product could be detected by both detectors in the GPC device. Por 
both samples the data obtained by both detectors were the same. The GPC recording of 
sample Sa showed a bimodal distribution, whereas sample Sb had a monornadal distribution. 
These data could be explained by assuming that in sample Sa also homopolymer CL was 
present with a benzoylated endgroup. In sample Sb less homopolymer CL was present and 
therefore no second peak was detected. 

By begingroup analysis could be calculated that the MN of the benzoylated methacrylate 
block was about 2800 g/mol. This value is similar to the expected value. The GPC value of 
the polymer, however, is 7000 g/mol. This value is given for the entire block copolymer, but 
because hardly no CL block is present, an explanation must be found for this relative high 
level. A possible explanation was that the measurement was performed based on polystyrene 
standards. Another explanation for the difference could be that the molecular weight 
determined by begingroup analysis was too low, because ofthe overlap from the chloroform 
peak and the phenyl group peaks in the 1H NMR spectrum. 
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4. 7 Further analysis of the block copolymers 

The previous experiments gave an indication that homopolymer CL might be present in the 
product. In order to prove the presence ofhomopolymer, the product from polymerization nr. 
4 was stirred in methanol. The idea was that block copolymer with a relatively large amount 
of methacrylate or homopolymer methacrylate would dissolve in methanol, whereas 
polycaprolactone or block copolymer with a large amount of caprolactone would not 
dissolve. After stirring the dispersion was filtrated and from both residue and dried filtrate an 
1H NMR spectrum was recorded. The 1H NMR ofthe residue showed that this was pure 
polycaprolactone, with an average block length of 6.5 monomer units. This experiment 
proved that homopolymer CL was present in the product and that endgroup determination, in 
this case, is not a valid method to measure the length of the caprolactone block in the block 
copolymer. 

The question arised how this homopolymer CL was produced. It cannot have been produced 
by backbiting because in that case it would not contain an end group. Next to the endgroup in 
1H NMR spectra ofpolymers containing pCL, another peak was present, whose identity was 
yet unknown. This peak might be caused by a methoxide group. 

To test this hypothesis a polymerization attempt was made with lithium methoxide in the 
reaction mixture instead ofthe DPHLi initiator. The conditions were chosen similar to those 
ofthe last polymerization. The reaction indeed yielded pCL. In the 1H NMR the methoxide 
group in this polymer appeared at 8 3.68 ppm. Because this peak partially overlapped with 
the endgroup, the endgroup of polycaprolactone was functionalized by reaction with 
methacryloylchloride. As a result the endgroup peak disappeared, but the methoxide peak 
remained. From the presence ofthe peak at 8 3.68 we could conclude that this peak present in 
all 1H NMR spectra containing pCL was caused by a methoxide group. 

If in all block copolymers homopolymer of pCL was present, which was formed by lithium 
methoxide, the question arised how this methoxide was formed. The first possibility was that 
it was present as a pollution in the initiator. In commercially supplied butyllithium 
lithiumalkoxides are always present. lt is, however, unlikely that this would be 
lithiummethoxides. The second possibility was that the methoxides were produced by 
quenching the reaction in methanol. In this case the growing chain is terminated by methanol, 
forming a methoxide. This methoxide could initiate polymerization of the remaining 
monomer or it could react with the block copolymer under formation ofpCL homopolymer. 
In contradiction with the second possibility is the fact that the homopolymer pCL was 
produced even when the reaction mixture is immediately precipitated and even when a small 
amount of acid was added to the methanol. 

Another question that arised was why the homopolymer did not show in all the previous GPC 
measurements. One would expect at least two peaks in all GPC data, one for the 
homopolymer and one for the block copolymer. An explanation might be that the previous 
caprolactone homopolymer was so short that it fell below the detection limit of the GPC 
device. 
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In the 1H NMR spectrum ofthe filtrate the peak at ö 3.68 ppm was also present. This showed 
that it was not possible to purify the product from all homopolymer CL by dissolving it in 
methanol. 

4.7.1 Analysis by 13C NMR 

To prove that block copolymer had been formed 13C NMR measurements were performed on 
the block copolymers and the homopolymers ofDMAEMA, benzoylated HEMA and CL. 
The idea was that the carbonyl group of the caprolactone unit attached to the methacrylate 
block would be separately visible on 13C NMR. The spectra ofthe different homopolymers 
and the spectra ofthe final fractions ofthe block copolymers listed in Table 4.5 and 4.6 are 
measured. The data ofthe various spectra are given inSection 3.8. 
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Figure 4.3: The 13C NMR spectrum ofthe polymer sample 3f, pDMAEMA-b-pCL 

From the measurement of pDMAEMA-b-pCL the following could be concluded, see Figure 
4.3. The carbon atoms ofboth blocks could be distinguished in the spectrum. In the spectrum 
also the methoxide peak from the homopolymer CL was present at ö 51.49 ppm. The peak 
from the carbonyl group ofthe first caprolactone unit, which we expected around 200 ppm (a 
ketone) could not be detected in the spectrum. 
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The spectrum ofbenzoylated pHEMA-b-pCL unfortunately was more noisy than the previous 
spectrum. From this spectrum it could be concluded that both blocks were present in the 
product. The spectrum also showed that the hydroxide endgroup of the CL block is 
benzoylated, ö 162.34 ppm. This reduces the number of pCL peaks in the spectrum, because 
the endgroup now differs only little from the other units in the block. 

15 
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Figure 4.4: The 13C NMR spectrum ofpolymer sample 5b, benzoylated pHEMA-b-pCL 

4.7.2 Analysis by GPEC 

The preliminary results, basedon the ELSD detector, are summarized in Table 4.8. 

Table 4.8: Retention times (in minutes)for the different polymersfor different Rradients. 
sample1 H20 ~ ACN ~ THF MeOH ~ ACN ~ THF MeOH~THF 

PCL 530 10-30 1 + 10 1 + 10 
PCL 15000 ca.35 43 16 
P2VP 3000 28 + 35 10 10 
P2VP 37000 40 40-42 12-13 
PDMAEMA 1 + 43? 1 + 73 ? 

PDMAEMA-b-PCL 1 + 30 + 72 1 + 73 13 
1numbers indicate the molecular weight of the polymers. 

With the first gradient, both pCL and p2VP were fragmentated. Therefore, this gradient was 
not suitable for the block copolymer. Besides, the signal intensity was very low for both 
pDMAEMA and pDMAEMA-b-pCL. 
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The second gradient showed even worse results. Again, the two calibration polymers were 
fragmentated according to their molecular weight, which rendered this gradient unsuitable. 
The third gradient showed a nice separation for pCL, whereas the p2VP samples were eluted 
nearly independently aftheir molecular weight. However, the pDMAEMA homopolymer 
could not be detected and the signal for the block copolymer could not be assigned properly. 

In all chromatograms, a significant signal was obtained immediately after injecting the 
samples. This was attributed to polymer which was not fully adsorbed onto the column and 
was eluted right away. Moreover, significant signals were obtained as wellafter ca. 71 
minutes. This, we could not really explain. For the moment, we attributed it to an anomaly of 
the column. 

Further studies are therefore necessary for truly characterizing the block copolymers. 

4.8 Dispersion experiments 

After their production block copolymers must he adsorbed on the pigment surface to perfarm 
their function as dispersing agents. Unfortunately we were not yet able to synthesize well 
defined block copolymers. To find a procedure for the adsorption of additive on the pigment, 
we used a commercial additive from BYK, Ceraflour 960, which had been developed for the 
use in powder coatings. 

Two groups of experiments were carried out: sedimentation experiments and dispersion 
experiments. 

Four sedimentation experiments were carried out: two with additive and two without. The 
experiments were performed with the pigments Kronos 2160 and Kronos GL96/5980. 

Table 4.11: The sedimentation volumes measured in ml. 

Kronos untreated Kronos 2160 
with Ceraflour 960 10.25 9 

without additive 6.75 6 

In all cases sedimentation occurred fast, within a few minutes. This indicates that the pigment 
was not well dispersed. In Table 4.11 the final sediment level is given after 48 hours. The dry 
volume of pigment and Ceraflour 960 is much lower than the final sedimentation volumes. 
These data show that in all cases a large amount of solvent is present in the sediment. This 
again is an evidence for a bad dispersion. Another difference between the experiments with 
and without additive is the structure of the sediment. If additive is used the sediment has a 
tight structure, whereas if no additive is used the sediment is loose. This leads to the 
assumption that in the former case bridging flocculation occurs resulting in a network of 
additive and pigment, with large cavities filled with solvent. 

The dispersion experiments were carried out with only one pigment, Kronos 2160. One 
experiment was conducted with Ceraflour 960 as additive, another experiment was used as a 
blanco and therefore contained no additive. Both samples were prepared for a SEM recording. 
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Unfortunately the sample containing additive was too brittle, so no pictures could he taken. 
The picture from the other sample is given in Figure 4.5. The clusters oftitania pigment are 
clearly visible in the polyester matrix. 

Figure 4. 5: A SEM picture from the product of the dispersion experiment without additive. 
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Conclusions 
Synthesis 

• We were nat able to initiate the polymerization ofHEMA with diethylaluminum ethoxide. 
• Methoxide impurities present in the reaction mixture were found capable of initiating the 

homopolymerization of caprolactone. This leads to pollution ofthe product with 
homopolymers. The souree ofthe methoxides is yet unknown, they could be present in the 
initiator. 

Analysis 

• GPC, with THF as solvent and a standard column, is nat a good methad for the 
determination molecular weight of polymers containing pDMAEMA, because of 
interactions of the polymer with the column. 

• The endgroup determination by 'H NMR in this case is nat a valid methad for the 
determination of the blocklengths in the block copolymers of methacrylate and 
caprolactone, because homopolymer caprolactone is present in the product. 

• 
13C NMR did notprovide evidence for the formation ofthe block copolymers. It showed 
that bath blocks were present in the product, it did however nat show the carbonyl group at 
the conneetion between bath blocks. 

• The first GPEC experiments could nat yet confirm the presence ofhomopolymers or the 
formation ofblock copolymers. 
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Recommendations 

Synthesis 

• The souree of the methoxides and the way they produce homopolymer caprolactone must 
be further investigated. Eventually this souree must be eliminated. 

• If no well defined methacrylate-caprolactone block copolymer can be produced by the 
anionic polymerization technique another living polymerization technique must be used. A 
possible technique would be immortal polymerization. This reaction, however, is quite 
complex. 

• Another synthetic route for the block copolymer is a two step procedure. In the first step 
pCL is produced through an anionic polymerization reaction using an aluminum alkoxide 
initiator. This polymer then is endcapped with methacryloylchloride. The methacrylate 
block can be synthesized onto this endgroup by means of GTP. The endcapping of the 
polymer has already been performed successfully, GTP is reported in literature. 

Analysis 

• The produced polymers have to be further investigated by GPEC in order to determine if 
block copolymer has been formed and in order to determine the block lengths ofthe 
produkt. 

• Another technique to measure the average chain length is MALDI-TOFF mass 
spectroscopy. In order to successfully apply this technique we first must produce block 
copolymers which are :free from pollution with homopolymers. 
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List of Abbreviations 

ACN 
BuL i 
CL 
DMAEMA 
DPE 
DPHLi 
DRI 
ELSD 
HEMA 
HEMA-TMS 
HMD 
GPC 
GPEC 
GTP 
MN 
Mr 
Mw 
MWD 
pCL 
pDMAEMA 
pHEMA 
p2VP 
TMS 
TMSCl 
uv 

acetonitrile 
butyllithium 
E-caprolactone 
2-(N,N-dimethylamino )ethyl methacrylate 
diphenylethylene 
diphenylhexyllithium 
Differential Refraction Index 
Evaporative Light Spray Detector 
2-hydroxyethyl methacrylate 
2-(trimethylsilyloxy)ethyl methacrylate 
1,1, 1 ,3,3,3-hexamethyldisilazane 
Gel Permeation Chromatography, or size exclusion chromatography 
Gel Permeation Elution Chromatography 
Group Transfer Polymerization 
The number average molecular weight 
The molecular weight at the peak 
The weight average molecular weight 
molecular weight distri bution 
poly( E-caprolactone) 
poly(2-(N,N-dimethylamino )ethyl methacrylate) 
poly(2-hydroxyethyl methacrylate) 
poly(2-vinylpyridine) 
trimethyl silyl 
trimethylsilylchloride 
ultra violet 
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