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DT3  4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid 

EAK16-II AEAEAKAKAEAEAKAK a peptide sequence  

ECM  Extracellular matrix 

EMC  Equilibrium Moisture Content 

EG  Ethylene glycol 

EGMA  (Ethylene glycol) methyl methacrylate 

EtOAc  Ethyl acetate 

FL  Fluorescein 

FS  Fish scale 

FTIR  Fourier transform infrared spectroscopy 

GNP  Gold nanoparticle 

GPC  Gel permeation chromatography 

HATU  2-(7-Aza-1-H-benzotriazol-1-yl)-1,1,3,3-tetramethylaminium 

HAP  Hydroxyapatite 
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HCl  Hydrochloric acid 

HDA  Hetero-Diels-Alder reaction   

1H NMR Proton nuclear magnetic resonance 

LCST  Lower critical solution temperature 

MA  tert-Butyl methacrylate 

MALDI-TOF Matrix-assisted laser desorption/ionization - time of flight 

MMA  Methyl methacrylate 

MW  Molecular weight 

NaOH  Sodium hydroxide 

NF  Nitrofurazone 

NP  Nanoparticle 

OEGA  Oligo (ethylene glycol) methyl ether acrylate 

P1  H2N-TTTT-AEAEAEAE-amide a peptide sequence   

P2  H2N-TTTT-AKAKAKAK-amide a peptide sequence 

PBS  Phosphate-buffered saline 

PDI  Polydispersity index 

PMA  Poly (tert-Butyl methacrylate) 

PMMA Poly (methyl methacrylate) 
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PNIPAM Poly (N-isopropylacrylamide) 

POEGA Poly (Oligo (ethylene glycol) methyl ether acrylate) 

POSS  Polyhedral oligomericsilsesquioxane 

PVP  Poly (1-Vinyl-2-pyrrolidinone) 

RAFT  Reversible addition fragmentation chain transfer 

SFRP  Stable free radical mediated polymerization 

TC1/BDAT S, S’-bis( , -dimethylacetic acid) trithiocarbonate 

TC2  Dibenzyl Trithiocarbonate 

TDT  1,3,5-Benzenetricarbodithioic acid / 1,3,5-tris(phenylmethyl) ester 

TEOS  Tetraethyl orthosilicate 

TGA  Thermogravimetric analysis 

UCST  Upper critical solution temperature 

VP  1-Vinyl-2-pyrrolidinone 
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6BAbstract 
This research has three parts. Two parts deal with novel nanoparticle assemblies for drug 

delivery, and are described in Part A, while the third part looks at properties of fish scales, 

an abundant and little-used waste resource, that can be modified to have value in medical 

and other areas.  

Part A describes fundamental research into the affects of block sequence of amphiphilic 

block copolymers prepared from on a new and versatile class of monomers, 

oligo(ethylene glycol) methyl ether acrylate (OEGA) and the more hydrophobic 

di(ethylene glycol) methyl ether methacrylate (DEGMA). Polymers from these 

monomers are biologically safe and give polymers with thermoresponsive properties that 

can be manipulated over a broader temperature range than the more researched N-

isopropylacrylamide polymers. Using RAFT polymerization and different Chain Transfer 

Agents (CTAs) amphiphilic block copolymers were prepared to study the effect of block 

sequence (hydrophilic OEGA and more hydrophobic DEGMA) on their thermo-

responsive properties. Pairing hydrophilic chain ends to a hydrophobic DEGMA block 

and hydrophobic chain ends to hydrophilic blocks (“mis-matched polarity”) significantly 

affected thermoresponsive properties for linear and star diblock copolymers, but little 

affected symmetric triblock copolymers. Specifically matching polarity in diblock 

copolymers yielded nanoparticles with higher cloud points (CP), narrow temperature 

ranges for coil collapse above CP, and smaller hydrodynamic diameter than mis-matched 

polarity. Using this knowledge two linear OEGA/DEGMA diblock copolymers were 

prepared with thiol end groups and assembled into hybrid nanoparticles with a gold 

nanoparticle core (GNP-polymer hybrids). This design was made using the hypothesis 
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that a hybrid polymer drug carrier with a high CP (50-60 ˚C) and a diblock structure 

could be designed with low levels of drug release below 37 ˚C (body temperature) 

allowing the drug carrier to reach a target (tumor) site with minimal drug loss and 

accompanying side effects, to healthy tissue. Once at a tumor site safe wavelengths of 

light could heat the gold core and polymer domain to above the CP releasing the bulk of 

the drug where it is needed. The results were promising but suggested additional 

modification of the copolymer is required to further reduce release low temperature drug 

release. The second half of Part A addressed multi-drug controlled release from tissue 

scaffolds prepared from “nanoparticle fibers”. Tissue scaffolding for cell regeneration 

requires the ability to both physically support cells and promote their growth. This may 

require a drug “cocktail” of low or high molecular weight drugs to be released at different 

rates depending on the therapeutic levels needed for each drug. This work succeeded in 

producing a novel, flexible, and robust system of assembled fibers of nanoparticles that 

could independently control the release of multiple drugs.  

Fish scale is an abundant and growing waste resource, with supplies far exceeding current 

uses, which have focused on harvesting the components of scales (hydroxyapatite and 

collagen) and ignored the scale itself. No studies have looked at the chemical 

modification of the intact scales, but such modifications may make scales suitable and 

even desirable additives into polymers for new composites with useful applications. Part 

B of this research investigated chemical modification of fish scales, characterized the 

changes to the upper biomineral layer and inner collagen layer, and the effects of these 

modifications on nanomechanical properties and moisture uptake. We described some 

possible uses for modified scales. 
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7BChapter 1 Introduction 
This dissertation has two major divisions. The first major division addresses two novel 

drug delivery systems design, and is described in Chapters 3, 4 and 5. The second major 

division is a fundamental study of the chemical modification and nano-mechanical 

analysis of fish scale, an abundant waste resource, and is described in Chapter 6.  

Chapter 3 describes a fundamental study of the affect of end group polarity and block 

sequence on the thermoresponse properties of novel amphiphilic block copolymers from 

a new class of ethylene glycol-containing (meth)acrylates. Polymers from these 

monomers have recently become of interest because of their  broad temperature range 

over which their cloud points (CPs) can be manipulated. Their block copolymers were 

investigated here as possible vehicles to address a a major challenge in the the area of 

drug delivery, which is to reduce the quantity of drug, particularly toxic drugs like 

chemo-therapy, that escape from nanoparticles when they are not at their target site. 

Diblock star copolymers and linear di- and triblock copolymers of hydrophilic 

oligo(ethylene glycol) methyl ether acrylate (OEGA) and more hydrophobic di(ethylene 

glycol) methyl ether methacrylate (DEGMA) monomers were prepared by RAFT 

polymerization with Chain Transfer Agents (CTAs) providing the end groups. The affect 

of matching or mis-matching chain end polarity and block sequence was studied on the 

hydrodynamic diameter, cloud point, and temperature range of the chain collapse on 

linear di- and triblock copolymers and star diblock polymers. The affects of matching or 

mis-matching chain end polarity were significant with linear diblock copolymers but 

more complex with triblock and star copolymers. This study allowed us to determine that 
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amphiphilic diblock copolymers of hydrophilic OEGA and more hydrophobic DEGMA 

with “matched” chain end polarity gave copolymers with higher CP, smaller 

hydrodynamic diameter, and narrower transition window than “mis-matching” polarity.  

The results from this study were used to design and test a gold nanoparticle(GNP)-

polymer hybrid as a novel “high-efficiency” thermoresponsive drug delivery carrier, as 

described in Chapter 4. Typically thermo-responsive drug-delivery polymers are selected 

with CPs near the temperature of the human body (37 ˚C), which means drug begins 

being released immediately when introduced into the body, whether or not it is at the 

target site. The rationale behind this design was that GNPs can absorb a bio-safe 

wavelegth of light and convert it to heat, thereby heating the GNPs local environment. 

When the temperature exceeds the polymer’s cloud point, the drug is released. We 

prepared and studied two amphiphilic “matched” diblock copolymers with CPs between 

50-60 ˚C whose end groups were selected so that the chain end bonded to the 

hydrophobic (drug carrier) block was thiol (T) to bond to the gold core, while the polar 

chain end was a –CO2H (C) which could ultimately be bonded to a targeting ligand. The 

two polymers were: T-D50O50-C (CP = 51.5 ºC) and T-D40O60-C (CP =59.8 ºC) and their 

GNP hybrids. The thero-responsive properties, composition, and end groups were 

verified by UV-vis hydrodynamic diameter, IR spectra, NMR spectra, drug loading 

(ibuprofen), and drug release were determined. The drug release profiles were measured 

at 4 different temperatures to understand how the thermoresponsive properties affect the 

releasing rate and efficiency. At 0.5 h time point, the release percent was from 16.7% to 

39.7% correspondence 20 ºC to 60 ºC, and it increased to 57.0% ~ 94.8% at 24 h. 

Although the low temperature drug release was still considered too high, the results were 



3 

promising, and showed that a larger hydrophobic core reduces early drug loss. Further 

studies are needed to improve polymer design for further reductions in early drug release. 

A novel multi-drug release tissue scaffold was studied in Chapter 5 to address another 

remaining challenge in drug delivery, i.e. the ability for a single scaffold device to 

simultaneously contain and independently control the release of multiple drugs, so each 

drug can be released and maintained at a therapeutic but non-toxic level. This work 

builds on the prior research from our group (Dr. Xiaochu Ding), who first synthesized 

and functionalized drug-containing nanoparticles with peptides and self-assembled these 

into continuous nanoparticle fibers and three-dimensional (3D) scaffolds. Ideally each 

drug is loaded into a “custom” nanoparticle composition the releases that drug at a 

suitable rate. The number and placement of these nanoparticles can be controlled by 

controlling the number of each nanoparticle and its assembly sequence. The novelty of 

this work was preparing and proving control over assembly sequence with three different 

model drug-containing nanoparticles, and quantifying the independent release of each 

drug from the scaffold. This type of nanoparticle scaffold combines the advantages of 

peptide self-assembly and the versatility of polymeric nanoparticle controlled release 

systems for tissue engineering. 

The second part of the dissertation was focus on a new biomaterial: fish scale. Fish scales 

are an abundant yet underutilized waste resource, with supplies far exceeding current 

uses. Current use for scales separate the main components for individual use, which 

sacrifices the properties inherently built into the scale through its hierarchical structure. 

Most research studies also focus on scale components, though recent research has studied 
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hierarchical scale designs. No prior studies have looked at the chemical modification of 

the scales themselves. Here, we used some basic chemical modifications of intact scales, 

and sought to preferentially degrade or enhance one of the two scale domains. The 

chemical, nanomechanical, and moisture uptake changes in the scale domains were tested 

to highlight pathways to potential property enhancements to suggest new applications for 

fish scale waste, and may benefit from the existing hierarchical scale design. The results 

from this research show that different domains can be preferentially (but not exclusively) 

modified and the modulus can be tuned over a broad range, however, all modifications 

resulted in increasing the moisture uptake of the scales compared to unmodified scales, 

indicating some structural damage to the scales despite modifications that increased 

modulus. 
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8BChapter 2 Introduction of RAFT Polymerization 

14B2.1 Introduction 

43B2.1.1 Controlled radical polymerization and RAFT polymerization 

Since the first report by Otsu and co-workers1 opened the door to Controlled Radical 

Polymerizations (CRP) it has become one of the most important polymer synthetic 

methods. This is because CRP allows previously difficult to prepare or even unobtainable 

polymers to prepare that have a desired microstructure such as diblock or triblock 

copolymers, controlled molecular weight, and narrow molecular weight distribution1. The 

most researched CRP methods are stable free radical mediated polymerization (SFRP), 

atom transfer radical polymerization (ATRP) and reversible addition fragmentation chain 

transfer (RAFT) polymerization. Each of these methods has certain advantages and 

disadvantages, but they all permit a greater degree of control over molecular weight 

(MW), monomer sequence, and polydispersity index (PDI) compared to non-controlled 

radical polymerization. The RAFT process appeared in the literature in the early 1970s1 

but in 1998 the use of dithioester chain transfer agents (CTA) was reported and spurred 

research into the RAFT polymerization method2. RAFT polymerization requires the use 

of both a traditional radical initiator as well as a CTA. Figure 2.1 shows two common 

types of CTA used to produce linear polymers (Z and R are function groups). 

 

108BFigure 2.1 Generic structures for a Dithioester and a Trithiocarbonate RAFT CTA. 
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RAFT affords the typical advantages often associated with CRP, i.e. control over end 

group3 4, MW5 and monomer sequence6. However, unlike other CRP methods, RAFT 

tolerates a very wide range of monomers, including functional monomers, such as acids 

and their salts, alcohols, and tertiary amines2 (Figure 2.2). However monomers bearing 

nucleophilic functional groups, such as primary or secondary amines, may cause 

unwanted decomposition of the RAFT moiety during polymerization4.  

 

109BFigure 2.2: Generic families of monomers suitable for RAFT polymerization 

 

RAFT polymerization also occurs under simple and environmentally friendly conditions, 

proceeding in water at room temperature without the need for protecting groups. Aqueous 

RAFT polymerization is well-suited for the synthesis of nano- and micro- scale self-

assembled polymers, which can be useful in electronics and biotechnology7 8.  

44B2.1.2 Mechanism of RAFT Polymerization and Formation of End 

groups 

The commonly accepted mechanism of RAFT polymerization is shown in Figure 2.3. 

Based on the equilibrium, end group control can be achieved through the choice of 

different kinds of CTAs3. Selecting a dithioester, such as that shown in Figure 2.1, gives a 
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CS2Z and R as the polymer chain end groups. Both of these groups also affect the final 

polymer properties, as well as aspects of the polymerization kinetics as shown in Figure 

2.3. Specifically, step two illustrates the initial equilibrium and re-initiation step, and in 

this step the Z group influences the addition rate. For example, Z groups with a 

conjugating structure will stabilize the radical on the carbon, slowing the fragmentation 

step. At the same time, the R group also plays a role in the fragmentation process by 

determining the strength of the S-R bond and the stability of the R• radical after 

fragmentation. That in turn affects the breaking and reforming of the S-R bond. If R• is 

unstable, the fragmentation process is slow because the high energy of activation favors 

maintaining the S–R bond. However, at the same time, because the R• is unstable, when 

it is formed it possesses a higher reaction rate between R• and the monomer. There is a 

balance between these two effects. In step three, the main equilibrium step, the R group 

has bonded to a monomer and functions as the unreactive end group of a growing 

polymer chain. Therefore, it is the Z group that plays an important role in the propagation 

(monomer addition) rate. By appropriate selection of the R and Z groups, the overall 

polymerization rate can be controlled. However, like most free radical reactions, the 

overall rate of a RAFT polymerization is controlled by multiple factors in the system, 

including steric and polar factors, solvent, reactant concentration and reaction 

temperature. 



8 

 

110BFigure 2.3: Schematic of RAFT polymerizations 

In RAFT polymerization, the two chain ends are designated as α- and ω- (Figure 2.4). 

Most chain ends arise from the Z (the ω- end) and R (the α- end) groups of the CTA. 

Consequently, the simplest way to achieve the desired chain ends is to employ a CTA 

with these end groups, but if that is not possible many CTA end groups are easily 

modified after polymer synthesis to give the desired chain ends. Both approaches are well 

represented in the literature.  

 

111BFigure 2.4: End groups of RAFT polymerizations 
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In the RAFT mechanism, the radical initiator (I• in Step 1 of Figure 2.4) and R group on 

the CTA give α- chain ends, while the ω- chain ends are from the CTA only. Various post 

polymerization modifications have been performed on both the α- and ω-end, but because 

all chains are likely to have an ω-end from the CTA, it is more common to remove or 

modify this end than the -end.4, 9 

15B2.2 CTA Synthesis 

45B2.2.1 Single functional CTAs of the ZCS2R type 

Four families of CTAs of the ZCS2R type have been reported, with the family being 

determined by the identity of the Z activating group. In the dithioesters Z = an aromatic 

or aliphatic group. In xanthates Z = –NR2, while in trithiocarbonates Z= –SR, and in 

dithiocarbamates Z = –OR. Every CTA includes a free-radical leaving group (R) and an 

activating group (Z). The structural effects of the Z group on reactivity were studied in 

2003.10 It was found that the N and O atoms in xanthates and dithiocarbamates can 

participate in resonance stabilization with the C=S double bond (Canonical forms: Figure 

2.5). These resonance structures affect the radical reactivity and therefore these CTAs 

give somewhat poor control of molecular weight10-11. Consequently, this introduction 

emphasizes recent studies with dithioesters and trithiocarbonates. 

 

112BFigure 2.5: Canonical forms of xanthates and dithiocarbamates 
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86B2.2.1.1 Dithioester CTAs: 

Dithioesters were reported in 1998 as RAFT CTAs2 and now are the most commonly 

used CTAs in RAFT. Dithioesters possess a simpler structure than trithiocarbonates, 

xanthates, and dithiocarbamates, and they are easy to synthesize. Dithioesters are 

commonly synthesized via Grignard reagents, phosphorous pentasulfide (P4S10), and 

Davy-R reagents, as illustrated below. 

105B2.2.1.1.1 Grignard route: 

 

113BFigure 2.6: General procedure to dithioester CTAs by Grignard route 

The Grignard route is simple and versatile and used to synthesize many thiocarbonyl 

compounds (Figure 2.6). Dithioesters are readily obtained by reaction of Grignard agents 

with halogenated compounds, so this method is often used for RAFT CTA synthesis 

(Figure 2.7, CTA1-CTA4). A dithiobenzoic acid intermediate can also be obtained by 

treating the PhCS2MgX intermediate with aqueous HCl 12. Dithiobenzoic acid is not 

stable at room temperature so it should be stored at or below –20 oC. Many reagents can 

be reacted with dithiobenzoic acid to access a great variety of different CTAs. In 

summary, the Grignard reaction is a valuable and versatile route to RAFT CTAs, but 

because Grignard reagents are sensitive to oxygen and water, the reaction conditions 

must be scrupulously controlled.  
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114BFigure 2.7: CTAs synthesized by a Grignard route 

106B2.2.1.1.2 Synthesis of CTAs from benzoic acid and P4S10 or Davy-R reagents:   

While the Grignard route is simple and versatile it does require careful control over the 

reaction conditions. CTA syntheses using P4S10 or Davy-R reagents require less stringent 

synthetic conditions. Figure 2.8 outlines four different routes to multifunctional 

dithioester CTAs, starting with reaction of benzoic acid and P4S10, giving a transient 

dithiobenzoic acid. This is converted to the desired CTAs in a single step13.  A great 

many thiols and alcohols have been reacted with carboxylic acids using P4S10 to give 

many different CTAs12 14. Three of the paths outlined in Figure 2.8 (paths A, B and C) 

proceed by a radical exchange process, while path D is a nucleophilic reaction. As stated, 

these routes occur in a single step and give high yields. 
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115BFigure 2.8: Synthesis of CTAs from P4S10 (Adapted from Angew. Chem. Int. Ed. 2003, 

42, 2869-2872) 

The Davy-R process, shown in Figure 2.9, is similar to the process using P4S10, and offers 

another route to synthesize dithioester CTAs.12  

 

116BFigure 2.9: Synthesis of CTAs using a Davy-R reagent. 

107B2.2.1.1.3 Other methods  

Radical exchange processes are a powerful, but often less efficient method to synthesize 

new CTAs. In this approach excess radicals (R’•) are used to replace the R group of an 
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existing dithioester moiety (-SR)10, 15.  This process is illustrated in Figure 2.10 and two 

examples of its use are given in Figure 2.11. Radical exchange processes can also be used 

in the synthesis of xanthates, as described elsewhere in 200616.  

 

117BFigure 2.10: Radical exchange process 

 

118BFigure 2.11: Examples of radical exchange  

87B2.2.1.2 Trithiocarbonate CTAs: 

Trithiocarbonates are also commonly used CTAs in RAFT polymerization.  A typical 

synthetic procedure is shown in Figure 2.12. 

 

119BFigure 2.12: Procedure to synthesize trithiocarbonate CTAs 
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120BFigure 2.13: Xanthates and dithiocarbamates 

This method can also be used to give xanthate and dithiocarbamate CTAs (Figure 2.13). 

Skey and O’Reilly studied this method for the synthesis of trithiocarbonate CTAs (Figure 

2.14, CTA5-CTA13), dithiocarbamates (Figure 2.14, CTA14-CTA16), and xanthates 

(Figure 2.14, CTA17-CTA19). They reported this as a high yield method for synthesizing 

functional CTAs17.   

 

121BFigure 2.14: Trithiocarbonate CTAs 

In dithioester CTAs, only one reactive site is present to react with monomer, however, 

trithiocarbonate CTAs possess two active sites. If R1 and R2 are the same, both sites are 

equally reactive and a symmetrical polymer is formed. Figure 2.15 outlines a convenient 

one-step method that is, however limited to the synthesis of a symmetrical CTA with two 
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carboxylic acids18.  If the R groups are not equally reactive, the reaction rates will of 

course differ, and indeed it is even possible that only one of the sites will be activated. 

The above methods can be used to synthesize asymmetric CTAs if desired.  The physical 

properties of a symmetrical polymer will of course differ from those of an asymmetrical 

structure.  

 

122BFigure 2.15: Synthesize the symmetry CTA with two acid group as ends 

 

46B2.2.2 Multi-functional CTAs 

Several types of multi-functional CTAs have been designed to permit the RAFT-

synthesis of more complex polymer architectures, such as star or graft polymers. The two 

major types of multi-functional CTAs are R(CS2R')n, which give star polymers, and 

R1CS2R2CS2R3, which give linear or graft polymers.  

88B2.2.2.1 CTAs for Star Polymers: R(CS2R')n  

Figure 2.16 outlines the synthesis of a trifunctional RAFT CTA that will function as a 

core molecule to give a three arm star polymer. The trifunctional CTA is synthesized by 

reacting a trifunctional carboxylic acid with a benzylic mercaptan and P4S10. However, 

this route is susceptible to side reactions and so gives low yields.13  
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123BFigure 2.16: Trifunctional star CTAs 

89B2.2.2.2 Linear Multifunctional CTAs: R1CS2R2CS2R3 

Linear multi-functional CTAs have been synthesized using a method that is similar to the 

trithiocarbonate CTA synthesis. These CTAs allow the synthesis of more complex linear 

polymeric structures19 (Figure 2.17).  

 

 

124BFigure 2.17: Linear multi-functional CTA synthesis 

 

There are two trithiocarbonate groups in one CTA. So, there are four reaction sites 

(shown in Figure 2.18) that can be utilized that arise from these two trithiocarbonate 

functional groups. The monomers will add to the site that forms the more stable radical. 

For example, in Figure 2.18, the polymerization will happen only at the site that gives the 

PhCH• (CN) radical.  
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125BFigure 2.18: Illustration of the potentially active sites and the preferred reactive site. 

Bivigou-Koumba, et al. researched this type of CTA20 in detail. They synthesized seven 

CTAs (CTA 20 – CTA 26, shown in Figure 2.19) and tested their reaction activity. They 

found that these CTAs yielded polymers with different end groups and different 

molecular weights when they were used despite following the same polymerization 

procedure. For example, a comparison of the polymer resulting from CTA 23, which has 

electron-donating methyl ether end groups, with the polymer resulting from CTA 25, 

which has electron-withdrawing perfluoro end groups, shows that the polymer from CTA 

23 has only half the molecular weight of the polymer resulting from use of CTA 25. The 

mechanism that explains why the molecular weight of the polymers from these two CTAs 

is different is shown in Figure 2.20. When initiator is added, CTA 23 breaks down into 

two other CTAs: CTAy and CTAz (Figure 2.20). This means the CTA 23 is effectively 

present at twice the concentration of CTA 25, which accounts for the molecular weight 

difference. The X group on the benzene ring of this kind of CTA decides the reaction 

orientation. H (CTA 21) and CH3O (CTA 23) as electron-donating groups, induce this 

side reaction while electron-withdrawing groups like CF3 (CTA 25) block it.   
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126BFigure 2.19: Linear multi-functional CTAs 

 

 

127BFigure 2.20: Illustration of the side reactions of CTA 21 and CTA 23 that lead to 

different polymer products from multi-functional CTAs 
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47B2.2.3 Macro-CTAs  

In RAFT polymerization, dithioester or trithiocarbonate functional groups are typically 

the preferred CTAs. Researchers have also been interested in macro-CTAs, and opted to 

prepare these by assembling smaller CTAs. For example, Wang et al. coupled hepta (3, 3, 

3-trifluoropropyl) polyhedral oligomericsilsesquioxane (POSS) with a trithiocarbonate 

CTA via reaction with its end group18a (Figure 2.21). Using this macro-CTA, they then 

prepared a new physical hydrogel. 

 

128BFigure 2.21: Use of a macro-CTA (Copied from ACS Appl. Mater. Interfaces, 2011, 3(3), 

898-909. See Appendix D for a copy of the copyright transfer agreement.) 

To gain improved polymer properties, researchers also studied coupling CTAs to solid 

supports. Polymerization of this kind, where the supported CTA is the site of a polymer 

chain’s growth, is called a “grafting-from” approach (Figure 2.22). This approach may 

require modification of the surface of the support particle, so that it can function as a 
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CTA. GNPs21, carbon nanotubes or graphene22 and resin23 have all been reported as solid 

supports for RAFT polymerization.24 

 

129BFigure 2.22: A “grafting-from” approach 

16B2.3. Polymer end-group removal and modification 

The most common process to control chain end group identity, other than selecting a 

CTA with the desired end group, is removal and/or modification of an existing chain end. 

There are four main approaches to remove or modify the CS2Z group, as illustrated in 

Figure 2.234. 

 

130BFigure 2.23: End group modifications (Adapted from Polym. Chem., 2010, 1, 149-157) 
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Thermal elimination and radical induced end group removal can yield sulfur free end 

groups. Thermal elimination has the advantage of needing no additional chemicals, but 

does require that the polymer and any functional groups on that polymer be stable at the 

reaction temperature. Thermal elimination is typically accomplished at 120-200oC. 

Postma et al. described thermolysis of RAFT-synthesized polymers in 200525 (Figure 

2.24). The weight loss profile observed by Thermogravimetric Analysis (TGA), as well 

as the mechanism of loss, were shown to depend strongly on both the RAFT agent being 

eliminated and the structure of the polymer backbone. A more detailed study was 

published in 200626. The course of thermolysis of poly(methyl methacrylate) (PMMA), 

prepared with dithiobenzoate and trithiocarbonate RAFT agents, was followed by TGA, 

1H NMR spectroscopy, and gel permeation chromatography (GPC).  

 

131BFigure 2.24: Thermolysis of RAFT-synthesized polymersm (Copied from Polym. Chem., 

2010, 1, 149-157. See Appendix D for a copy of the copyright transfer agreement.) 
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Radical induced end group removal involves the exchange between the initiator and 

RAFT end group.   This mechanism is shown in Figure 2.25.  

 

132BFigure 2.25: Mechanism of radical induced end group removal 

Another end group modification involves reaction of dithioester groups with excess 

amine or reducing agents, such as NaBH4. This is one of the most widely used and 

versatile methods of RAFT end group conversion. By this method, it is easy to convert a 

dithioester group to a thiol (-SH). This modification affords a good route to attach RAFT 

polymers to nanoparticles, such as gold nanoparticles (GNP), as shown in Figure 2.26 27. 

 

133BFigure 2.26: Metal nanoparticles attached to RAFT-synthesized polymer via thiol groups 

(Adapted from Polym. Chem., 2010, 1, 149-157)  

Polymer modified gold nanoparticles have great potential for use in advanced materials. 

Compared with other polymerization methods, RAFT polymerization has several 
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84BPermission License Number for Figure 2.24 and Figure 2.26 
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