
DEGREE PROJECT, IN SURFACE COATING TECHNOLOGY / MOLECULAR
 , SECOND LEVELSCIENCE AND ENGINEERING

STOCKHOLM,  SWEDEN 2015

Polymerization of Zwitterionic
Sulphobetaine Methacrylate and
Modification of Contact Lens
Substrate

MASTER THESIS

TOBIAS INGVERUD

KTH ROYAL INSTITUTE OF TECHNOLOGY

SCHOOL OF CHEMICAL SCIENCE AND ENGINEERING



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supervisor: Prof. Craig J. Hawker1,2,3 

Dr. Will Gutenkunst1 

Dr. Ilka Paulus1 

Dr. Eric Pressly1 

 

Examiner: Prof. Eva Malmström Jonsson4 

 

1
Materials Research Laboratory, University of California, Santa Barbara, California 93106 

2
Department of Chemistry and Biochemistry, University of California, Santa Barbara, California 93106 

3
Materials Department, University of California, Santa Barbara, California 93106 

4
Department of Fiber and Polymer Technology, Royal Institute of Technology, SE-100 44 Stockholm, Sweden 

 

  



 
 

 

 

 

 

 

 

 

 

To my family 

  



 
 

  



 
 

Abstract 

In this study, the zwitterionic monomer [2-(methacryloyloxy)ethyl] dimethyl-(3-sulfopropyl) 

ammonium hydroxide (SBMA) was polymerized in a controlled manner by reversible 

addition-fragmentation chain transfer (RAFT) polymerization. The SBMA was also 

polymerized by atom transfer radical polymerization (ATRP) but in a less controlled manner 

why ATRP was discarded for further use in the study. The RAFT polymerized p(SBMA) was 

end-group modified through aminolysis forming a thiol end-group. The zwitterionic polymers 

have considerable anti-fouling properties and could be of use in contact lenses to prolong 

the wear-time. Model contact lens hydrogel substrates were synthesized, through free 

radical polymerization, consisting of 1/3 of silicone monomer, 2/3 of dimethyl acrylamide 

(DMA) and small percentages of glycidyl methacrylate (GMA) and ethylene glycol 

dimethacrylate (EGDMA) cross-linker. These had poor mechanical strength and could only be 

used to explore the effect of surface chemical modification. The p(SBMA)-thiol was ‘grafted-

to’, by applying thiol-epoxide ring-opening, at a free radical polymerized co-polymer 

consisting of DMA and GMA indicating that this could work for the model hydrogel surfaces. 
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Sammanfattning 

I denna studie polymeriserades den zwitterjoniska monomeren [2- (metakryloyloxi) etyl] 

dimetyl (3-sulfopropyl) ammoniumhydroxid (SBMA) på ett kontrollerat sätt genom 

”reversible addition-fragmentation chain transfer” (RAFT) polymerisation. SBMA 

polymeriserades också genom “atom transfer radical polymerization" (ATRP) men på ett 

mindre kontrollerat sätt varför ATRP då förkastades för vidare användning i arbetet. 

p(SBMA) blev ändgruppsmodifierad genom aminolys som då bildade en tiol ändgrupp. 

Zwitterjoniska polymerer kan vara bra för att förhindra tillväxt av biofilmer/beläggningar och 

kan därför bidra till att användningstiden för kontaktlinser kan förlängas. Modellytor 

baserade på hydrogel framställdes genom friradikalpolymerisation, med syfte att efterlikna 

en kontaktlins. Modellmaterialet består av 1/3 av silikoninnehållande monomer, 2/3 av 

dimetylakrylamid (DMA) och små mängder glycidylmetakrylat (GMA) samt 

etylenglykoldimetakrylat (EGDMA) som tvärbindare. Dessa modellytor hade dålig mekanisk 

hållfasthet och kunde endast användas för att utvärdera effekterna av ytmodifiering. Genom 

att använda tiol-epoxi ring-öppning utav p(SBMA)-tiol på en sam-polymer bestående av 

(DMA) och (GMA) indikerade detta att "ympning-till" skulle kunna fungera för hydrogels 

modellytorna. 

Nyckelord: zwitterjonisk, RAFT, ATRP, ändgrupps modifiering, ympning-till, kontakt lins 
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1 Introduction 

This study started through a new collaboration between CooperVision and The Hawker 

group at University of California, Santa Barbara, to advance the market for contact lens 

material by enhance comfort and performance. Novel contact lens materials are challenging, 

requiring specific material properties, and a significant business opportunity, and that is why 

this project will be dealing with the design of new materials and their potential processing 

strategies. 

The desired performance and comfort might be conveniently accomplished by surface 

modification of the contacts to give increased lubricity, wettability and reduced biological 

interactions at the surface, while still having the necessary biocompatibility. The bulk 

material of the contacts should have superior mechanical and robust composition properties 

after prolonged wear, and the novel chemistry should be compatible with process demands 

and toxicity of CooperVisions regulatory framework. 

1.1 Contact lenses 

Contact lenses are considered biocompatible medical devices made of polymer networks 

and can be worn to correct vision or for cosmetic reasons. There is an annual increase of 

contacts and it will always be encouraging to tailor and improve the performance of 

contacts. 

The main reasons why customers choose contact lenses over glasses are their functional and 

optical aspects. Other reasons to wear contacts may be that some find it difficult or 

discomforting to wear glasses, or maybe cannot use glasses for practical issues. Contact 

lenses typically provide a better peripheral vision compared to glasses. They can withstand 

rain, snow, condensation, or sweat better than glasses, making them ideal for sports and 

other outdoor activities. [1-4] 

Contact lenses are made out of polymers, composed of many repeating units, monomers. 

Because of their broad range of properties, both synthetic and natural polymers play an 

essential part in everyday life. Synthetic polymers can range from poly(styrene), poly(methyl 

methacrylate) (PMMA) and poly(dimethyl acrylamide) (PDMA). Natural polymers such as 

DNA, cellulose and proteins are fundamental for biological structure and function in many 
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aspects of life. Polymers, both natural and synthetic, are formed by polymerization of 

monomers. Consequently, macromolecules can form unique materials with characteristic 

properties including toughness, viscoelasticity, and by forming amorphous or semi-

crystalline structures. 

During World War II it was discovered that PMMA was biocompatible and that it possessed 

good optical properties. It was therefore used to make one of the first contact lenses. One 

important disadvantage of PMMA contacts is its low oxygen permeability. The eye’s cornea 

take the oxygen from the air through the tear liquid and by using contacts with low oxygen 

permeability a number of adverse clinical issues can occur. This means that having contacts 

which would allow oxygen to easily diffuse through to the eyes is a criterion to reduce the 

problems possible caused by contacts. [5, 6]  

The principal breakthrough was made when soft contacts were introduced by the Czech 

chemists Otto Wichterle and Drahoslav Lím when they published "Hydrophilic gels for 

biological use" in Nature, 1960. [7] This led to the launch of the first soft contacts in the 

1960’s. These contacts were prescribed more often than its precursor as they gave 

immediate comfort. The PMMA contacts required a time of adaptation, months, to the eye 

before achieving the comfort wanted. 

The soft contacts are composed of hydrophilic co-polymer networks and swells in the 

presence of water, e.g. it is a hydrogel. A hydrogel is cross-linked, either by chemical 

(covalent) or physical (e.g., secondary forces, crystallite formation, and/or chain 

entanglements) bonds, that provide its unique swelling behavior and three-dimensional 

structure.[8] The change in volume for the hydrogels is a response to change in the 

surrounding conditions i.e. temperature, pH, solvent composition, or ionic strength. 

Hydrogels have been studied extensively during the past decades since their properties are 

attractive for biomedical applications. [8] Their high water content and the possibility to 

control the swelling kinetics make them more desired. Hydrogels sensitive to pH, change 

their charge in response to the surrounding and are of major interest as carriers in drug 

delivery research. [8] 

The material design of a hydrogel contact lens must satisfy several requirements. Since the 

material will be in direct contact with the eye tissue, it must have good oxygen permeability, 
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wettability, biocompatible and biofouling resistance to reduce damage to the eye tissue. It 

should also be optically transparent, have good mechanical and chemical along with thermal 

stability. 

The first silicone hydrogels were launched in 1998 by Ciba Vision in Mexico. These important 

new materials combined the extremely high oxygen permeability of silicones, with the 

comfort and clinical performance of conventional hydrogels. [9] 

The hydrophilic poly(N,N-dimethyl acrylamide) (PDMA) is an interesting candidate to replace 

the poly(hydroxyethyl methacrylate) (PHEMA) as it is less prone to undergo hydrolysis. 

PDMA show good water solubility and biocompatibility which could be useful in biomedical 

applications for protein synthesis, two-phase catalysts and for selective drug delivery 

systems.[8] 

Tris(trimethylsiloxy)silyl propyl methacryloxy ethyl carbamate has been used as one of the 

major components in commercially available silicone contacts. However, the surface of such 

material is hydrophobic and result in poor compatibility with the environment at the eye. It 

can consequently lead to protein adsorption and fouling which decreases the optically 

properties and make the contacts uncomfortable. This reduces the wear lifetime, even 

though the oxygen permeability would allow longer wearing time. [10] 

To reduce or even circumvent these complications, research groups have started to 

investigate different approaches to coat or integrate anti-fouling properties to the silicone 

contacts as well as making them more hydrophilic. Recent work has shown that zwitterionic 

units have surprising resistance to fouling and provide a highly hydrated surface. [10-14] 

1.2 Zwitterionic polymers 

Polyzwitterions, or polybetaines, are composed of monomers having the same number of 

anionic and cationic groups in their repeating unit. Polybetaines are essentially stable over a 

large pH range, the overall charge of polyzwitterions, Figure 1 A), is zero under normal 

conditions and considered to be characterized as high density polymer-bound ion pairs. 

Polyzwitterions therefore represent a special subclass of polyampholytes and should not be 

confused with the latter, which can have both anionic and cationic sites which may be 

scattered randomly along the polymer chains. Polyampholytes typically carry an overall net 

charge due to the acidic and basic group’s pH-range. For example one of the charged species 



4 
 

may outnumber the other one, Figure 1 B), and both of the charged species may only be 

present in a narrow pH-range, which is the isoelectric point, where the polyampholyte 

carries no net electrical charge, Figure 1 C). [11]  

 

Figure 1 Schematic picture of A) polyzwitterion, B) polyampholyte beyond and C) at the isoelectric point 

Moreover, polyzwitterions have advanced in the past decade due to their good 

biocompatibility, extremely low friction, and/or ultralow-fouling behavior on surfaces. 

Therefore, they are frequently studied for uses in biocompatible materials. In particular, 

polymers of phosphobetaines (PB), sulphobetaines (SB) and carboxybetaines (CB), Figure 2, 

are the ones which show most promising features, i.e. good biological resemblance and a 

chemically stable zwitterionic character in a wide range. 

 

Figure 2 Methacrylate monomers of phosphobetaine, sulphobetaine and carboxybetaine 

Poly(phosphobetaine)s are structurally the closest to phospholipids and thus to our cells lipid 

membranes. Poly(carboxybetaine)s provide the highest hydrophilicity out of these three. 

Poly(sulphobetaine)s are chemically the most inert of these three polymer classes and 
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exhibit zwitterionic character over the broadest pH window (typically pH 2–14). [12] These 

properties make the polyzwitterion family a viable component for contact lens material and 

there is an increase in research concerning these particular polymers for better comfort etc. 

An example is silicone terpolymers of different compositions that have been synthesized to 

evaluate the potential of a new contact lens material where it was concluded that the 

zwitterionic PB unit played an important role as it was shown to increase both the surface 

hydrophilicity and the anti-biofouling properties of the original material. [10, 13] 

Furthermore, T. Shimizu et al. have synthesized silicone hydrogels containing 

phosphobetaine units using random copolymerization with a small amount of cross-linker. It 

was reported that the surface hydrophilicity and the water absorption of the hydrogel 

increased with an increased amount of PB units in the polymer composition. [14] 

1.3 Radical polymerization 

1.3.1 Free radical polymerization (FRP) 

FRP is a type of chain growth polymerization, along with anionic, cationic and coordination 

polymerization and is an important synthesis route for obtaining a wide variety of different 

polymers and composite materials in industry. FRP is made up by vinyl monomers initiated 

with a free radical, produced by an initiator. [15] 

The initiation is divided in two steps. In the first step, called pre-initiation, the initiator 

undergoes a homolytic cleaving, which results in one or two radicals. Figure 3 show how the 

azobisisobutyronitrile initiator thermally decomposes into two radicals and nitrogen gas. 

[15] 

 

Figure 3 Thermal decomposition of azobisisobutyronitrile (AIBN). 
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In the second step the initiating radical reacts with the first vinyl monomer and the reactive 

site is transferred to the monomer residue, which starts to propagate consequently by 

reacting with another monomer, Figure 4. Once a chain has started propagating, Figure 4, it 

continues until no more monomer is left or termination occurs, which could depend on 

several factors, i.e. type of radical and reactivity of the chain, solvent, and temperature. [15] 

 

Figure 4 Initiation and propagation of polystyrene with a phenyl radical initiator. 

Side reactions and inefficient initiation of the radical species occur in all radical chemistries 

and radical polymerization is not an exception. That is why introduction of the efficiency 

factor, f, is necessary. It reflects how effectively the initiator initiates polymerizations. The 

maximum value of f is 1.0, but it is seldom the case that every radical initiates a propagating 

chain, so f-values typically range from 0.3-0.8, due to different types of recombination and 

other side reactions of the radicals in a so called solvent cage effect. [15] 

There are basically two types of termination, combination and disproportionation. The 

former is defined as when two free propagating chains end are combined, forming a carbon-

carbon bond, Figure 5. The polymer will have symmetry around the new bond and the molar 

mass will double.[15] 

 

Figure 5 Termination by the combination of two poly(vinyl chloride) (PVC) polymers. 

The latter, disproportionation, occurs when an alpha hydrogen is abstracted from a 

propagating chain end by another radical, resulting in a terminal saturated group and a 

terminal unsaturated end group, Figure 6. Propagating chains can be terminated by 

contaminants, inhibitors or too high concentration of free radicals etc. and may occur 

according to different mechanisms. Undesired termination reactions can be suppressed by 

having a pure system and keep the radical concentration low. [15] 
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Figure 6 Termination by disproportionation of poly(vinyl chloride). 

Chain transfer is similar to termination by disproportionation. The abstracted hydrogen can 

come from solvent, monomer, initiator or polymer-chain and there are different 

mechanisms suggested. The main mechanism is defined as a hydrogen atom transfer 

creating another radical site. The new radical formed can start propagate, Figure 7, however, 

the radical can be too stable to react any further and by that inhibiting the propagation. [15] 

 

Figure 7 Chain transfer from polypropylene to backbone of another polypropylene. 

Some drawbacks related to FRP are the poor control of the molar mass, the molar mass 

distribution, and the difficulty of preparing well-defined co-polymers or polymers with a 

predetermined end-group functionality. These shortcomings lead to development of new 

techniques based on either reversible deactivation of polymer radicals or degenerative chain 

transfer process, called reversible‐deactivation radical polymerization (RDRP). 

1.3.2 Reversible‐Deactivation Radical Polymerization (RDRP) techniques 

In polymer chemistry, reversible‐deactivation radical polymerization (RDRP) techniques are 

used for synthesizing block copolymers and homopolymers with predetermined molar mass 

and good control over the end-groups. Stable Free Radical mediated Polymerization (SFRP), 

Atom Transfer Radical Polymerization (ATRP) and Reversible Addition-Fragmentation Chain 

Transfer polymerization (RAFT) are the most common and the last two will be further 

introduced. The basic idea is to significantly reduce/nearly eliminate chain termination and 

transfer reactions. Faster initiation than chain propagation will result in a more simultaneous 

propagation start giving more control of the chain length. The reversible-deactivation of the 

chain ends provides the system with lower concentration of active radicals which contribute 
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to more controlled polymerizations enabling block and branched polymers with low molar 

mass dispersity, ĐM. [16] 

In many cases, RDRP are confused, or thought to be synonymous, with living 

polymerizations, which are defined as polymerization where termination or chain transfer 

are eliminated and have linear growth of molar mass with time. Controlled polymerizations 

are defined as where termination and chain transfers are suppressed/reduced, but not 

completely eliminated, through the introduction of dormant/active dynamical equilibrium of 

the species during the polymerization which give a close relation to linear growth of the 

molar mass with time. [16] 

1.3.2.1 Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization, ATRP, was first introduced in 1995 as a new class of 

reversible‐deactivation radical polymerization (RDRP) technique independently by 

Matyjazewski et al. [17] and Sawamoto et al. [18] ATRP gives well-defined structures and low 

molar mass dispersities with controlled molar mass. The ATRP technique’s greatest 

advantage is its versatility for a number of vinyl monomers and solvent systems. [19, 20] The 

attributed control in ATRP is the low concentration of radicals, which are kept low 

throughout the polymerization, suppressing undesired termination and chain transfer 

reactions. This is obtained by a dynamic equilibrium where the chain end of the growing 

species can reversibly be activated and deactivated. The equilibrium consist of a transition 

metal catalyst complex, [19] often a copper(I), with one or several multi-dentate nitrogen-

based ligands, giving an active exchange of halide species between the growing chain and 

the metal complex, Scheme 1. [21] The initiators used for ATRP systems are mainly alkyl 

halides R-X (X = Cl, Br) and the initial concentration of the initiator together with conversion 

of monomer decides the molar mass of the polymer. Initiators with one or more halogen 

atoms resulting in that different architecture of the polymers can be achieved. [22] 
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Scheme 1 The mechanism of ATRP and its schematic components 

 

The system´s components are of importance when performing ATRP, e.g. reactivity and 

efficiency of initiators, monomers, and solvent quality. An efficient and faster initiation will 

result in a more simultaneous start of propagation and the dynamic equilibrium mediating 

metal complex result in more control of the chain length and narrower molar mass 

dispersity. [23] Additionally, there are other assumptions that lead to less control than 

anticipated, such as that the efficiency of the initiator, f, is said to be 1 which is seldom the 

case.  

An advantage is the preservation of the end-group functionality the ATRP systems enables. 

This in turn allows the synthesis of block-co-polymers which marks ATRP as an interesting 

alternative when aiming to produce advanced controlled architectures. The polymerization 

is not usually driven to full conversion as the control usually decreases with higher 

conversion as the degree of side reactions become more prominent. A second monomer can 

be added to the reaction, once the first monomer is nearly or completely consumed, to form 

a block-co-polymer. Another procedure for forming block-co-polymers is to purify the first 

polymer from residual monomer and to do a second polymerization from the corresponding 

polymer. Furthermore, ATRP has shown to be a suitable technique to produce different 

architectures, such as star-like, comb-like, and hyper-branched polymers. [21, 22] 

Conclusively, ATRP provides well defined products, but with relatively high amount of 

catalyst. There have been developments so the use of less catalyst is employed, i.e. ARGET 

ATRP. Copper is the most versatile and effective transition metal for ATRP systems, but still a 

heavy metal and should carefully be considered in terms of environmental aspects and when 

used in biomedical applications. It is therefore important to remove the catalyst complex 

after the polymerization, which will increase the total cost of the material. 
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1.3.2.2 Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization 

The RAFT polymerization is a versatile technique for numerous monomers and can be 

polymerized in a wide range of reaction media, i.e. organic or aqueous solutions and 

dispersed phases. [24, 25] The technique is therefore extensively employed for controlled 

polymerization of both, hydrophilic and hydrophobic monomers. [25-28] Moreover, the 

RAFT chain‐end is preserved to a large extent which makes post‐functionalization of the 

chain-end possible to form interesting architecture of materials. [24, 26, 27, 29] 

The RAFT polymerization has some similarities with FRP: initiation, propagation and 

termination. However, in a RAFT system the termination reactions are suppressed by the 

fast chain‐transfer equilibrium. It is required to add a source of free radicals to initiate the 

polymerization and maintain the propagation. The polymerization starts from radical 

initiators that are formed by heat, redox reaction or photo chemically. [26] 

The RAFT agent provide a degenerative chain transfer and consist of an activating group “Z” 

and propagating group, “R”, which provide the control of the polymerization, i.e. 

suppressing irreversible terminations of active propagating chains, when in excess compared 

to the initiator. [26] 

The thiocarbonylthio groups are a highly efficient group of RAFT-agents and the general 

mechanism of RAFT polymerization is presented in Scheme 2. A free radical, I·, is formed in 

the initial step which start the propagation of monomers, M, followed by the reversible 

chain transfer step in which the RAFT‐agent reacts with the radical of the propagating 

oligomer, (Pn
·). The radical is then transferred to the carbon in the RAFT‐agent, which is 

relatively stable, dormant non-propagating specie. The radical is then transferred back to the 

propagating oligomer, or to the R‐group which will undergo a reinitiation and start 

propagation of monomers forming another propagating oligomer (Pm
·), until it reacts with 

the RAFT-agent creating the dormant specie again. It is of importance that this main-

equilibrium is reached in early state of the polymerization for control. The rate constants are 

strongly dependent on the Z‐group of the RAFT-agent. [26] 
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Scheme 2 The mechanism of RAFT polymerization by employing the thiocarbonylthio RAFT agent. 

 

The versatility of the RAFT technique for a wide range of systems has led to that water can 

be used as reaction medium which is good for economic reasons as well as environmental 

aspects.[27] Hence, polymerization of water‐soluble monomers, such as N,N‐

dimethylaminoethyl methacrylate (DMAEMA), dimethyl acrylamide (DMA) and N-3-

dimethylaminopropyl acrylamide (DMAPMA), has gained significant attention, as well as that 

of zwitterionic monomers. [25] 

1.4 End-group modification and ‘grafting-to’ 

The use of RDRP techniques has led to an increased interest of end-group modifications 

which is an important part for generating novel architectures of polymers and materials. One 

unique feature of RAFT synthesized polymers is the presence of a thiocarbonylthio at the 

polymer chain-end, ω-end, which can be thought of as a masked alkene, thiol, or a 

dienophile for Hetero-Diels-Alder reaction, Figure 8. 
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Figure 8 The thiocarbonylthio polymer chain, ω-end, can form a alkene (A), thiol (B) or be seen as a dienophile (C). 

The end-group modification chemistry of the thiocarbonylthio group is well established and 

has been applied to RAFT polymers. [30] One of the most established and widely used 

methods is the reaction with nucleophiles and ionic reducing agents, i.e. amines, hydroxides, 

borohydrides. The nucleophilic reaction of an amine with a thiocarbonylthio group 

transforms the latter to a thiol which can be utilized further in coupling reactions; including 

disulfide formation, Michael addition of acrylates, and thiol-epoxide ring-opening. The latter, 

Figure 9, is shown in a ‘grafting-to’ approach where the epoxide is either at a free polymer 

or at a modified surface. The kinetics and the mechanism of the thiocarbonylthio group 

reaction with excess amine was reported 1990 and have since been used to cleave RAFT 

agents. [30] The thiols can readily be oxidized to disulfides so the reaction must be done in 

inert atmosphere or in the presence of a reducing agent. [30, 31] 

 

Figure 9 Thiol-epoxide ring-opening for the concept of ‘grafting-to’. 

It has been reported by Matyjaszewski et al. that the ATRP polymer’s halogen end-group has 

a tendency to undergo nucleophilic substitution in the presence of amines. [32] This could 

have a major impact on how well-controlled the radical polymerization is and well-preserved 

the halogen end-groups are after the polymerization, as the metal/ligand complexes are 

mostly consisting of tertiary amino compounds. Their investigations concerning this issue 

indicated that under the conditions used during polymerization processes the interactions of 
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end groups with tertiary amines were negligible. Bromine end groups were readily 

substituted by primary amines such as n-butylamine, Figure 10. 

 

Figure 10 Halogen (X) end group where it is substituted by a primary amine. 

The use of excess ammonia was reported to substitute the bromine end group but was 

presumably followed by an intramolecular cyclization and subsequent ring-opening, forming 

two primary amines at the last two methyl acrylate monomers in the chain, Figure 11. [32] 

 

Figure 11 Treatment with excess of ammonia leads to two primary amines at the chain end. 

Moreover, amines can still be used as nucleophilic agents to replace the halogen end groups 

of the polymer for further use of modifications. Amine epoxide ring-opening have been 

performed in water, in the absence of any catalyst with high yields, to utilize ‘grafting-to’ of 

the amine end-group modified polymer. [33] 

1.5 Ideas for polymerization procedure of SBMA 

Polymerizations of zwitterionic methacrylates have been performed but with less controlled 

results. There are some research reports for controlling the growth of zwitterionic polymers. 

Quemener et al. polymerized sulphobetaine methacrylate (SBMA) monomer in methanol 

with three different molar ratios of [SBMA]/[methyl 2-bromopropionate]/[CuBr]/[ 2,2-



14 
 

bipyridine] = 20:1:1:2, 30:1:1:2 and 50:1:1:2, respectively, under nitrogen for 6 h at 70 °C, 

where the SBMA conversion was more than 99% as confirmed by 1H-NMR from the 

disappearance of the vinyl signals at δ 5.5−6.0 and in each case, the obtained PSBMA 

homopolymer had a relatively low molar-mass dispersity, ĐM of 1.10−1.40. [34] 

Poly(carboxybetaine methacrylate) and poly(carboxybetaine acrylamide) have been 

prepared via ATRP, unfortunately a polymerization with controlled characteristics has not 

been achieved yet. However, Rodriguez-Emmenegger et al. claims the first successful 

controlled RAFT polymerization of (3-methacryloylamino-propyl)-(2-carboxy-ethyl)-

dimethylammonium (carboxybetaine methacrylamide) (CBMAA) in acetate buffer (pH 5.2) at 

both 37 °C and 70 °C. The polymerization afforded very high molar mass polymers 

(determined by absolute size exclusion chromatography, close to 250 000 g/mol in less than 

6 h) with low ĐM (<1.3) at 70°C. The polymerization was additionally carried out at 37°C 

achieving yet lower ĐM (1.06-1.15) at conversion up to 90%, demonstrating the suitability of 

the polymerization conditions for bioconjugate grafting.[35] 

The living character of the polymerization is additionally evidenced by chain extending 

poly(CBMAA-3) at 37 °C and 70 °C. Block copolymerization from biologically relevant poly[N-

(2-hydroxypropyl)methacrylamide] macro chain transfer agents (mCTA) was additionally 

performed.[35] 

1.6 Aim of study 

In this study, the zwitterionic monomer SBMA is to be polymerized either by ATRP or RAFT 

polymerization. The focus will be on finding a suitable system for the monomer in order to 

obtain well defined polymers. The control of the polymerization is important for qualitative 

end-group modify the p(SBMA) in a proper and efficient way to form a competent 

nucleophile for a ‘grafting-to’ approach. The end-group modification will be conducted by 

letting the SBMA polymer react with an appropriate nucleophile, i.e. an amine, forming 

either a thiol or amine end-group for the RAFT polymerized or ATRP polymer. The different 

routes can be seen in Figure 12 B). 

The second part of this study is focused on how to form a suitable substrate, chemically 

similar to that of a hydrogel contact lens, Figure 12 A), as well as a linear co-polymer, Figure 

12 C), for the substrate for analysis of the ‘grafting-to’. The substrate should contain one 
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third of silicone monomers, two thirds of DMA and a small amount of GMA and the cross 

linker EGDMA. The linear co-polymer will only contain DMA and GMA as its purpose is only 

to resemble the actual contact lens substrate. The monomer GMA has a reactive side-group 

containing the epoxide, which is of importance for the possibility of ‘grafting-to’. 

 

Figure 12 The main idea for this study 
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2 Experimental procedure 

2.1 Materials 

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (>97%, CTP), [2-(methacryloyloxy)ethyl] 

dimethyl-(3-sulfopropyl)ammonium hydroxide (97%, SBMA), propylamine (98%), N,N-

dimethylacrylamide (99%, DMA), 2,2’-azobisisobutyro-nitrile (98%, AIBN), ethylene glycol 

dimethacrylate (98%, EGDMA), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (99%, 

PMDETA), ethyl 2-bromoisobutyrate (98%, EBiB), ethyl α-bromophenylacetate (97%, EBPA), 

4,4′-azobis(4-cyanovaleric acid) (≥75%, V-501), 1,4-Dioxane (99%) and Copper(I) Bromide 

(98%, CuBr) were used as received from Sigma-Aldrich. Glycidyl methacrylate (95%, GMA) 

purchased from TCI America, used as received, and Spectra/Por 7 dialysis tubing, 1K MWCO, 

45mm flat width, 16 foot length from SpectrumLabs. The silicone monomers RTT-1011-

100GM methacryloxypropyl T-Structure Siloxane (MW 570-620), DMS-R11-100GM 

methacryloxypropyl terminated siloxane (MW 900-1200) and DMS-R18-100GM 

methacryloxypropyl terminated siloxane (MW 4500-5500) were purchased from Gelest Inc. 

[36] 

2.2 Characterizations 

Fourier Transform Infrared Spectroscopy. The absorption spectra were conducted on a 

single PerkinElmer Spectrum 100 system with the PerkinElmer Universal ATR (UATR) 

accessory equipped with a 9-bounce diamond top-plate. Four scans were recorded for each 

spectrum with a resolution of 4 cm-1. 

Nuclear Magnetic Resonance. 1H- and 13C-NMR spectra were recorded on a Varian 600 MHz 

NMR instrument using D2O and CDCl3 as solvents. The residual solvent peak was used as 

internal standard. 

Gel Permeation Chromatography. Aqueous GPC, Ultrahydrogel Linear, Mw 100 to 7000 kDa, 

with a Borate Buffer 0.8 ml/min and injection volume of 100 µl. Column temperature set at 

45 °C, UV-detector at 206 nm. The samples and poly(vinylpyrrolidone) (PVP) standards, 4, 14, 

22 and 66 kDa, were prepared in deionized water at 1 mg/ml at CooperVision. 

2.3 ATRP of SBMA 

The ATRP was performed by adding [2-(methacryloyloxy)ethyl] dimethyl-(3-

sulfopropyl)ammonium hydroxide (SBMA) (1.0 g, 3.6 mmol), ethyl 2-bromoisobutyrate 
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(EBiB) (53 µl, 0.36 mmol), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (74 µl, 

0.36 mmol) and methanol (5 ml) in a vial provided with a septa and magnetic stirring bar. 

The solution was degassed by performing three freeze-pump-thaw cycles, before adding 

Cu(I)Br (51.6 mg, 0.36 mmol) to the frozen solution, under argon atmosphere. The vial was 

immersed in an oil bath at 70 °C for a variety of time, 0.5-6h, with the DPtarget at 10. The 

polymer was reprecipitated into warm ethanol, approx. 50 °C, after it had precipitated out 

during reaction. 

The same procedure was followed for polymerization from another initiator, ethyl α-

bromophenylacetate (EBPA) (63 µl, 0.36mmol) to evaluate the initiation. 

The crude precipitation and the reprecipitation of p(SBMA) was analyzed in D2O by 1H-NMR. 

2.4 RAFT polymerization of SBMA 

A solution of acetic acid buffer (11 ml, pH 5.2, 0.54 M acetic acid and 1.46 M sodium 

acetate), SBMA (1.68 g, 6.01 mmol) and V-501 (4.2 mg, 15 µmol) were prepared. 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CTP) (41.9 mg, 0.15 mmol) was dissolved in a vial 

by drop wise addition of NaOH (4 ml, 0.05 M) in a sonication bath, the aimed DPtarget was 40. 

The CTP (RAFT agent) solution as quickly added to the monomer/buffer solution and then 

divided into three separate vials equipped with magnetic stirring bars and septa. The three 

vials were purged with argon (40-60 min) in an ice bath before immersed in a 70 °C oil bath 

and polymerized for various lengths of time (0.5, 1, 2, 4 and 6 h). The p(SBMA) was analyzed 

by 1H-NMR in D2O prior to and after dialysis with Spectra/Por 7 dialysis tubing with a 1000 

MWCO for 48 h in deionized water before freeze drying, resulting in a white-pink powder 

and was analyzed by 1H-NMR in D2O. 

2.5 Aminolysis of RAFT p(SBMA) 

The different lengths of the freeze dried p(SBMA) were dissolved in deionized water (2.5 ml) 

and purged quickly with argon before propyl amine was added (0.2 ml, 2.4 mmol, 49 eq of 

the initial RAFT agent). The color changed to white-yellow, and was dialyzed with 

Spectra/Por 7 dialysis tubing with a 1000 MWCO for 48 h in deionized water before 

collecting and freeze drying resulting in a white powder and followed up with 1H-NMR in 

D2O. 
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2.6 Miscibility charting of contact lens substrate components 

Silicone monomers similar to those that CooperVision uses were bought. No information and 

knowledge regarding the composition was known, so all the components had to be 

miscibility charted. CooperVision desired that the finished hydrogel would contain 1/3, 2/3 

and 1 wt% of silicone, dimethylacrylamide (DMA) and ethylene glycol dimethacrylate 

(EGDMA) respective. Three types of silicone monomers were tried RTT-1011 

methacryloxypropyl T-Structure Siloxane (S-RTT), DMS-R11 methacryloxypropyl terminated 

siloxane (S-R11) and DMS-R18 methacryloxypropyl terminated siloxane (S-R18). The S-R11 

and S-R18 are tetra functional monomers and have different length of the silicone spacer 

while the S-RTT is a T-branched vinyl monomer. The miscibility chart of the different weight 

compositions of the components can be seen in Appendix 1. 

2.7 Synthesis of contact lens substrates 

Different compositions of the miscibility chart, Appendix 1, were polymerized in small vials 

which were placed in an oven at 70°C for 1 h. The vials were smashed after the 

polymerization to collect the “contact lens” substrate. These were analyzed with ATR FT-IR. 

2.8 Synthesis of p(DMA-co-GMA) 

Glycidyl methacrylate (GMA) (0.3 g, 2 mmol) and DMA (2.7 g, 27 mmol) were initiated by 

AIBN (60 mg, 0.37 mmol) and polymerized in dioxane (6 ml) while immersed in a 70 °C oil 

bath overnight. Dialysis was performed with Spectra/Por 7 dialysis tubing with a 1000 

MWCO for 48 h in deionized water before freeze drying resulting in a white powder. 

2.9 p(SBMA)-thiol ‘grafting to’ p(DMA-co-GMA)  

The p(SBMA)-2-thiol (30 mg, 3.5 µmol, 0.5 eq.) and p(DMA-co-GMA) (11 mg, 7.7 µmol 

epoxide groups based on GMA concentration in co-polymer) were dissolved in deionized 

water (3 ml). The solution was purged with argon before NaOH (30 µl, 0.05 M, 0.2 eq.), was 

added and the solution was allowed to react under stirring at room temperature overnight. 

The crude reaction mixture was freeze dried resulting in a crude white powder, which was 

analyzed in an aqueous GPC by CooperVision. 
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3 Result and Discussion 

3.1 Synthesis of p(SBMA) and p(SBMA)-thiol 

The zwitterionic monomer SBMA was polymerized by both ATRP and RAFT polymerization 

but the p(SBMA) was only modified for the RAFT polymerized polymer, since it was shown to 

be more well-defined. The importance of having a controlled polymerization is that the end-

groups will be well-defined/controlled and can be modified. If the polymerization is 

uncontrolled, the well-defined end-groups decreases which makes it less applicable for end-

group modification and for the further ‘grafting-to’ procedure. The polymerization of SBMA, 

either by ATRP or RAFT, was shown to be complicated. ATRP procedure seemed to be 

working descent to begin with, but when the polymerization was done, the polymer had 

precipitated out of the methanol. This was of no satisfaction as the growing chain has to be 

in solution for a controlled polymerization. Additional attempts were carried out with 

shorter polymerization time but with the same results. During optimization of the procedure 

some new discoveries were made about the polymerization. The initiation/propagation 

started as soon as the copper(I)bromide was dissolved in the reaction mixture, as the 

methanol thawed. The solution turned snowy-white, with precipitated polymers, which later 

formed chunks. It seemed that the ATRP system started at a temperature well below 0 °C as 

the reaction vessel still had ice on the outside. Another challenging task was removal of 

residual copper from the polymer. Reprecipitation in different types of solvent, and flash-

column, prepared with alumina oxide, worked poorly.  

The other alternative evaluated and tested was a RAFT system with a suitable chain transfer 

agent for a water/acetic acid buffer reaction medium, as the p(SBMA) only seemed to be 

water soluble. The RAFT agent was difficult to dissolve in water but it was performed by 

deprotonation with sodium hydroxide (NaOH) during sonication, resulting in a transparent 

red solution. Though there was a risk of cleaving off the RAFT agent and making it inactive. 

The buffer solution for the reaction medium used was inspired by Rodriguez-Emmenegger et 

al. [35], which was possibly optimized for the carboxybetaine methacrylate they used and 

not for the SBMA used in this study. The RAFT agent was not fully miscible with the reaction 

medium indicated when the resulting mixture of the deprotonated RAFT agent and the 

buffer solution turned slightly turbid. This could depend on the temperature and the 
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concentration, as the solution became less turbid when the vials were immersed in the oil 

bath at 70 °C. 

However, the RAFT polymerization system was more successful than the ATRP, as no 

polymer precipitated during RAFT. The dialysis and freeze-drying of the RAFT p(SBMA) made 

it possible to easily isolate the polymer from remaining monomer and resulted in a pink-

white powder of purified polymer. 

The aminolysis of p(SBMA) was only performed for the RAFT polymerized SBMA since the 

ATRP system was disregarded due to uncertainties of the control of the polymerization and 

end-group preservation. The RAFT p(SBMA) was dissolved in deionized water purged with 

argon and treated with the primary propylamine, which acted as a nucleophile, creating a 

thiol end-group at the p(SBMA), p(SBMA)-thiol. The p(SBMA) solutions color were pinkish 

transparent before aminolysis and yellowish after, which indicated a successful thiol split-off. 

The p(SBMA)-thiol was dialyzed and freeze-dried resulting in a yellow-white powder. 

3.2 Characterizations of p(SBMA) and p(SBMA)-thiol 

3.2.1 1H-NMR Spectroscopy 

The obtained RAFT polymers and end-group modified polymers were characterized with 1H-

NMR spectroscopy. The ATRP polymers were disregarded due to the fast and possibly 

uncontrolled polymerization after a quick control of the degree of polymerization (DP) by 1H-

NMR spectroscopy. The characteristic vinyl signal in the 1H-NMR spectra for the SBMA 

monomer in D2O can be observed at 5.80-6.18ppm, Appendix 2. The 1H-NMR of the crude 

monomer/polymer solution after polymerization, prior to dialysis, is shown in Figure 13. The 

aromatic end-group was barely distinguishable, due to the low concentration and hence it is 

difficult to calculate the degree of polymerization based on the  end-group, DPend-group. The 

monomer conversion could be calculated for the crude monomer/polymer solution by 

dividing the integral of the methylene side-group of the polymer, c’, over the integral sum of 

the monomer, c, and polymer methylene side-group, Figure 13. 
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Figure 13 The crude monomer/polymer solution, in D2O, after 2 h where the calculated monomer conversion were 31.5% 
from the integrals 

A kinetic study was pursued to  predict the degree of polymerization (DPconv), Table 1, as the 

end-groups were difficult to distinguish in the diluted medium immediately after 

polymerization.  

Table 1 The polymerization times for DPTarget=40, conversion of monomer, DPconv, molar mass from DPEnd-Group 

Sample Time (h) Conversion (%) DPConv DPEnd-group 
Mn 

(g/mol) 

p(SBMA)-1 0.5 13.8 6 21 6200 

p(SBMA)-2 1 18.7 7 24 7000 

p(SBMA)-3 2 31.5 13 39 11200 

p(SBMA)-4 2 31.0 12 49 14000 

p(SBMA)-5 4 42.9 17 66 18800 

p(SBMA)-6 6 53.1 21 78 22100 

 

The p(SBMA) end-group was easier to distinguish after dialysis and freeze-drying and can be 

seen in Figure 14 at the aromatic region 7.58-8.04 ppm. The DPend-group was then calculated, 

Table 1, by dividing the integral emanating from the polymer methylene, closest to the ester 

at the side-group, over the aromatic protons with the highest chemical shift. The DPconv were 

in general significantly lower than the DPEnd-group which can depend on several factors, i.e. 
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RAFT agent miscibility, initiation, termination, RAFT agent hydrolysis and loss of end-group. 

Furthermore, the actual DPEnd-group is not in accordance to the initial DPtarget of 40, as the DP 

for several polymerizations are almost twice as high as DPtarget. 

 

Figure 14 
1
H NMR of p(SBMA)-3 after dialysis and freeze drying, in D2O, showing a DPend-group equal to 39 

The NMR before and after aminolysis indicate that it was successful comparing the aromatic 

region, but the formation of a thiol end-group was difficult to detect which should be in the 

lower region of the spectra, Figure 15, approximately 1.5-2.6 ppm. 



23 
 

 

Figure 15 
1
H NMR of p(SBMA)-3-thiol, in D2O were the aromatic end-group of its precursor. 

3.2.2 Gel Permeation Chromatography  

The molar masses and the molar mass dispersities (ĐM) of the polymers, Table 2, were 

determined by gel permeation chromatography (GPC) in deionized water using 

poly(vinylpyrrolidone),PVP, as calibration. The synthesized RAFT p(SBMA) and p(SBMA)-thiol 

showed ĐM values in the interval 1.2-1.3, indicating that the dissolved and initiated RAFT 

agent polymerized in a controlled manner as the calculated theoretical number average 

molar mass was 11500 g/mol. This can mean that optimization of the RAFT agent 

concentration or reaction medium might be needed. The results show fairly good agreement 

regarding the polymerization time; the polymer chain is growing linearly, Figure 16, display 

the chromatogram of p(SBMA) polymers before aminolysis. 
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Figure 16 Chromatogram of p(SBMA) series, dialyzed and freeze-dried, before aminolysis 

There is an increase in molar mass when comparing before and after the aminolysis which 

can be an indication of some disulfide bridging between two thiols or changes in 

hydrodynamic volume of the polymers as the thiol is a less bulkier and more water soluble 

compared to the former aromatic end-group of the RAFT agent, resulting in a bigger 

hydrodynamic volume thus higher molar mass. 

Table 2 Molar mass and molar mass dispersity of p(SBMA) series before and after aminolysis. 

Sample Mn Dispersity (ĐM) 

p(SBMA)-1 8300 1.27 

p(SBMA)-2 8700 1.28 

p(SBMA)-3 10200 1.27 

p(SBMA)-1-thiol 11100 1.24 

p(SBMA)-2-thiol 11100 1.24 

p(SBMA)-3-thiol 12600 1.25 

p(SBMA)-4 10300 1.27 

p(SBMA)-5 12300 1.23 

p(SBMA)-6 13000 1.26 

p(SBMA)-4-thiol 12900 1.24 

p(SBMA)-5-thiol 14400 1.22 

p(SBMA)-6-thiol 15600 1.22 
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3.3  Miscibility charting and synthesis of hydrogel substrates 

The guidelines for the hydrogel substrate (HS) from the start were to have as much cross-

linker, the silicone-containing monomer, as possible, i.e. 1/3 of S-R11 or S-R18, 2/3 of DMA, 

1.0 wt% EGDMA and 0.1 wt% AIBN, but as that did not seem to work due to miscibility 

problems between the different components; a trial-and-error approach was conducted. The 

different compositions examined are presented in Appendix 1, starting with the amount of 

AIBN needed for FRP of DMA and EGDMA, and moving on to compositions with different 

amounts of silicone cross-linker. The T-branched silicon, S-RTT, was found to have better 

miscibility with the rest of the components, and was used to obtain the desired amount of 

silicone in the substrates. The final step to acquire the contact lens substrate required was to 

add small amounts of GMA for a ‘grafting-to’ possibility, e.g. 1.0 wt% and 4.8 wt%, seen in 

Table 3. 

Table 3 Compositions in wt% for HS-1 and HS-5. 

Sample 

S-R11 

(wt%) 

S-R18 

(wt%) 

S-RTT 

(wt%) 

DMA 

(wt%) 

EGDMA 

(wt%) 

AIBN 

(wt%) 

GMA 

(wt%) 

HS-1 1.0 - 33.0 64.0 1.0 0.2 1.0 

HS-5 1.0 - 31.7 61.5 1.0 0.2 4.8 

 

The formation of the HS was accomplished by conducting FRP in small vials, due to the 

slightly volatile monomer DMA, placed in an oven at 70°C to obtain cylindrical HS, which 

were easily removed by breaking the vials, Figure 17. The resulting non-grafted hydrogel was 

glassy when dry and had a swelling degree of 70-78wt% of water content, which can be 

required for a more comfortable contact lens as the cornea itself has a water content of ∼78 

wt%.[37] When the substrates were swollen they were a bit too fragile and sensitive for 

mechanical stresses as they fell apart when pressed but were good enough for a chemical 

modification point of view. 
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Figure 17 Schematic reaction scheme for hydrogel substrates 

 

3.4 Characterization of hydrogel substrates 

3.4.1 Fourier Transform Infrared Spectroscopy 

The one chemical entity that could be characteristic for the hydrogel substrates (HS) is the 

difference in the intensity of the epoxide ring stretch band at ∼900 cm-1. The characteristic 

peak of the epoxide ring is there for the HS containing 4.8 wt%-GMA (5 wt% GMA-HS, Figure 

18) but there is a marginal change or barely none for the HS containing 1 wt%-GMA 

compared to the 0 wt%-GMA containing HS, Figure 18. This could depend on the sample 

preparation for the ATR-FTIR but it might be a sign for that there is a need to increase the 

GMA amount in the hydrogel if the thiol-epoxide ring-opening are to be proved by ATR-FTIR. 

The idea was to do a before and after ‘grafting-to’ to get an indication of whether or not the 

thiol-epoxide ring-opening could work. 
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Figure 18 FT-IR spectroscopy of 1 wt% GMA-HS, 4.8 wt% GMA-HS (5 wt% GMA-HS) and 0 wt% GMA-HS 

 

3.5 Synthesis of p(DMA-co-GMA) and ‘grafting to’ with p(SBMA)-thiol 

The FRP of the p(DMA-co-GMA) was facile enough but it was difficult to precipitate the co-

polymer properly in a variety of solvents whereas dialysis was the better option and carried 

out in deionized water. The targeted composition of the polymer was 90:10 wt% of 

DMA:GMA to have some more reactive sites for modification than for the HSs. 

 

Figure 19 The FRP of GMA and DMA to form  p(DMA-co-GMA) 

The “grafting-to” of p(SBMA)-2-thiol to p(DMA-co-GMA), Figure 20, was first assumed to be 

1.5 eq of p(SBMA)-2-thiol to p(DMA-co-GMA). The conversion of the monomer led to the 
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expectation of a smaller molar mass of the polymer then anticipated by the GPC results for 

the p(SBMA) and p(SBMA)-thiols. The stoichiometric ratios were therefore corrected after 

the ‘grafting-to’ procedure according to the GPC results, resulting in a lower degree of 

‘grafting-to’ than expected regarding GMA concentration in co-polymer. 

 

Figure 20 Reaction scheme of the “grafting-to” of p(SBMA)-2-thiol to p(DMA-co-GMA) 

 

3.6 Characterization of p(DMA-co-GMA) and ‘grafting to’ with p(SBMA)-thiol 

3.6.1 Gel Permeation Chromatography  

The chromatograms, of the p(DMA-co-GMA) and p(DMA-co-GMA)-comb-p(SBMA)-2 

revealed a bimodal molar mass distribution, Figure 21,. This indicates the presence of an 

additional population of polymer. This could mean that the FRP monomers did not co-

polymerize properly, indicating that both homo- and homo-/co-polymer of DMA and GMA 

could be present. The GPC evaluating program was able to extrapolate for two distributions, 

Gaussian distribution curves, which then resulted in two molar mass dispersities, ĐM, for 

both the non-grafted and grafted co-polymers. 

Furthermore, it is of importance to note that the GPC-instrument used in this study was 

calibrated with linear PVP homopolymer narrow standards up to 66 kDa, and that p(DMA-co-

GMA) and p(DMA-co-GMA)-comb-p(SBMA)-2 are out of the calibration range as the molar 

masses are three times higher compared the calibration up to 66 kDa, Table 4. The system is 

neither optimized for analysis of zwitterionic polymers nor higher molar mass co-polymers. 

However, comparisons between the polymers can still be performed. 
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When comparing the distributions of p(DMA-co-GMA) to the distributions of p(DMA-co-

GMA)-comb-p(SBMA)-2 there is an increase in molar mass after the ‘grafting-to’ for the 

higher distribution, indicating a successful thiol-epoxide ring-opening, Table 4, Figure 21, 

where the peak of p(SBMA)-2-thiol is absent after the ‘grafting-to’, through thiol-epoxide 

ring-opening. 

Table 4 p(DMA-co-GMA) before and after ‘grafting-to’. * bimodal distribution 

Sample Name 
Retention time 
(min) Mn 

Dispersity 
(ĐM) 

p(DMA)-co-
(GMA)* 

9.224 155100 1.37 

9.633 22600 1.56 

p(DMA-co-GMA)-
comb-p(SBMA)-2* 

9.450 195100 1.44 

10.052 21700 1.78 

 

 

Figure 21 GPC results of p(DMA-co-GMA), p(DMA-co-GMA)-comb-p(SBMA)-2 and p(SBMA)-2-thiol dissolved in deionized 
water 
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4 Conclusion 

A miscible composition of monomers for the hydrogel substrate were found and 

polymerized, but the resulting hydrogels were fragile and sensitive to mechanical stress in 

the swollen state. Despite this, they were considered as “good enough” for a chemical 

modification point of view since the composition of the elaborated hydrogel substrate was 

similar enough to that of CooperVision’s contact lenses. 

The ATRP of the SBMA monomer for the system used seemed unreliable as the 

polymerizations were quick and not controlled as the polymer was precipitated from 

solution. ATP was discarded as a possible synthetic approach. 

It was possible to polymerize the SBMA monomer using RAFT. The RAFT polymerization gave 

an indication that it worked better than the ATRP as the polymerizations showed to be more 

controlled, but the molar mass of the p(SBMA) polymers were almost twice that calculated 

based on monomer conversion and  theoretical molar mass, indicating inefficient initiation. 

The RAFT polymerization still showed low molar mass dispersity indicating a controlled 

system. The formation of p(SBMA)-thiols through  aminolysis of the p(SBMA) was successful 

as far as the removal of the aromatic end-group are concerned as observed by the NMR 

results but the actual thiol end-group was difficult to detect. The GPC result of the ‘grafted-

to’ the p(DMA-co-GMA) of the p(SBMA)-2-thiol gave indication that it was successful as 

there were an increase in molar mass. 

The p(DMA-co-GMA) FRP showed a bimodal molar mass distribution indicating the presence 

of homo- and homo-/co-polymer. The GPC results indicate that the thiol-epoxide ring-

opening was successful which could in the future be applied to the hydrogel substrates. 
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5 Future work 

Improve RAFT agent miscibility and develop a system that easier dissolves the regents, e.g. 

electrolytes instead of buffer solution. 

Investigate post-modification of p(DMAEMA) side-group with 1,3-propanesultone. 

Improve the mechanical properties of hydrogel substrate. 

Apply thiol-epoxide ring-opening at hydrogel substrate and evaluate. 
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Appendix 1 

Table 1 - Miscibility sheet of hydrogel contact lens substrate 

No. 
A-R11 
(wt%) 

A-R18 
(wt%) A-T (wt%) 

B-DMA 
(wt%) 

C-
EGDMA 
(wt%) 

AIBN 
(wt%) Miscible 

1 - - - - - - - 

2 - - - 90 10 0.2 Yes 

3 - - - 80 20 0.2 Yes 

4 - - - 70 30 0.2 Yes 

5 - - - 90 10 0.4 Yes 

6 - - - 80 20 0.4 Yes 

7 - - - 70 30 0.4 Yes 

8 - - - 90 10 0.6 Yes 

9 - - - 80 20 0.6 Yes 

10 - - - 70 30 0.6 Yes 

11 - - - 90 10 0.8 Yes 

12 - - - 80 20 0.8 Yes 

13 - - - 70 30 0.8 Yes 

14 - - - 90 10 1 Yes 

15 - - - 80 20 1 Yes 

16 - - - 70 30 1 Yes 

17 - - - 90 10 0.1 Yes 

18 - - - 80 20 0.1 Yes 

19 - - - 70 30 0.1 Yes 

20 30 - - 60 10 - No 

21 20 - - 70 10 - No 

22 10 - - 80 10 - No 

23 40 - - 50 10 - No 

24 50 - - 40 10 - No 

25 60 - - 30 10 - No 

26 70 - - 20 10 - Yes 

27 80 - - 10 10 - Yes 

28 - 80 - 10 10 - No 

29 - 70 - 20 10 - No 

30 - 60 - 30 10 - No 

31 - 50 - 40 10 - No 

32 - 40 - 50 10 - No 

33 - 30 - 60 10 - No 

34 - 20 - 70 10 - No 

35 - 10 - 80 10 - No 

36 - - 80 10 10 - Yes 

37 - - 70 20 10 - Yes 

38 - - 60 30 10 - Yes 

39 - - 50 40 10 - Yes 
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40 - - 40 50 10 - Yes 

41 - - 30 60 10 - Yes 

42 - - 20 70 10 - Yes 

43 - - 10 80 10 - Yes 

44 5 - 30 55 10 - Yes 

45 - 5 30 55 10 - No 

46 10 - 25 55 10 - 

Yes (but 
close to 
not be) 

47 - 10 25 55 10 - No 

48 5 - 30 60 5 - Yes 

49 5 - 30 55 10 0.2 Yes 

50 10 - 25 55 10 0.2 Yes 

51 5 - 30 60 5 0.2 Yes 

52 9 - 25 65 1 0.2 

Yes, 
better 
micsibilit
y at 32 C 
but not 
fully 

53 5 - 30 64 1 0.2 Yes 

54 1 1 33 64 1 0.2 No 

55 1 - 34 64 1 0.2 Yes 

56 2 - 33 64 1 0.2 Yes 

57 4 - 32 64 - 0.2 Yes 

58 3 - 33 64 - 0.2 Yes 

Density 1.004* 0.987* 0.986* 0.962 1.051     

* Measured at SHIMADZU AUW220D balance/scale min:1mg, e=1mg, d=0,1/0,01 mg 
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Appendix 2 

 

Figure 1 
1
H NMR of the SBMA monomer 
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