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Abstract

Abstract

Reversible addition fragmentation chain transfehKR)-mediated polymerization has emerged as a
versatile method for preparing polymers with cohtwger molecular weight and polydispersity.
Inherent in its mechanism is the retention of thairc transfer agent, the RAFT agent, at the
polymer chain ends. Typically RAFT agents are magef two parts, the so called R (leaving) and
Z (thiocarbonyl thio, stabilizing) groups. These aetained as the -and thew-end groups of the
final polymer, respectively. RAFT polymerizationfels a ready method for preparing polymers

with well defined end functionalities.

The a-end functionality can easily be built into the Rgp. The Z group, however, is thermally
unstable and can impart color and smell to therpely Hence, two new methods for Z end group
removal were introduced. Both methods take advantdighe facile reaction between thiocarbonyl
thio compounds and radicals. By matching the fumetiities of the R groupo(-end group) with
that of the end modifiedc-chain end, both methods offer an easy route tessicg telechelic
functional polymers. End functional polymers havany important uses in industry and in the

biomedical field.

An alcohol functional xanthate RAFT agent was sgatbed and successfully used to conduct the
RAFT-mediated polymerization of N-vinylpyrrolidon@fNVP). Characterization by NMR and
MALDI ToF MS confirmed thato -hydroxyl-w-xanthate-functional PVP was easily produced.

In the first end group modification method radicalsere generated as in atom transfer radical
addition (ATRA). A hydroxyl functionala -haloester was used as the ATRA initiator with a Cu
catalyst system. The alkyl radical produced by &IRRA initiator then replaced the Z group giving
a telechelic hydroxyl functional polymer. NMR ansity showed that the thiocarbonyl thio end
group was completely removed. The hydroxyl funaidyg was quantified by derivatizing with
trichloro acetyl isocyanate and subsequent anabysiSMR. MALDI ToF MS analysis, however,

was inconclusive.
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In the second method the thiocarbonyl thio end gneas removed by simply heating the polymer
with hydrogen peroxide, thereby replacing the Zugrevith a hydroxyl end group at the-chain
end, giving a telechelic functional polymer. Thdethtelic hydroxyl functional polymer was
subsequently crosslinked with a trifunctional isacgte to make a PVP hydrogel. This confirmed
that the end-modified polymer was indeed telechdilee swelling kinetics of this hydrogel were

determined in water at 3T.
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Opsomming

Die omkeerbaar addisie-fragmentasie-kettingoord@8FO)-beheerde polimerisasie proses is ‘n
veelsydige metode vir die bereiding van polimeret mgekontrolleerde molekulére massas en
poliverspreiding. Die meganisme van die reaksie elseh die behoud van die

kettingoordragverbinding aan die punte van dierpeérketting. OAFO-verbindings bestaan tipies
uit twee dele: die sogenaamde R-(verlatende) geoegie Z-(tiokarbonieltio, stabiliserende) groep.
Hierdie groepe word onderskeidelik as dieen die «-endgroepe van die finale polimeer behou.
RAFT-verbindings kan gebruik word om polimere meed gedefineerde end-funksionaliteite te

berei.

Die a-endfunksionaliteit kan maklik in die R-groep ingebword. Die Z-groep is egter termies
onstabiel en kan kleur en ‘n onaangename reuk sapdlimeer verleen. Gevolglik is twee nuwe
metodes voorgestel vir die verwydering van die dggnep. Beide metodes trek voordeel uit die
maklike reaksie tussen tiokarbonieltioverbindingsradikale. Deur die funksionaliteite van die R-
groep (@-endgroep) met dié van die endgewysigdekettingpunt te pas, bied beide metodes ‘n
eenvouding roete vir die bereiding van telechelfes&sionele polimere. Endfunksionele polimere

het baie belangrike gebruike in die nywerheid edienbiomediese gebied.

'n Alkoholfunksionele xantaat RAFT-verbinding mékaholfunksionaliteit is suksesvol berei en
gebruik in die OAFO-beheerde polimerisasie van Nelpirollideen (NVP). KMR-analise en
MALDI ToF MS het bevestig dalie a -hidroksiel-w-xantaat-funksionele PVP suksesvol en maklik

berei is.

In die eerste endgroep wysigingsmetode is radikaiggenereer soos in die
atoomoordragradikaaladdisie (AORA). Hiervoor is tn-halo-ester as AORA-afsetter gebruik,
tesame met ‘n Cu-katalissisteem. Die alkielradik&at ontstaan het het vervolgens die Z-groep
vervang, wat op sy beurt tot die onstataan varlecheliese polimeer met hidroksielfunksionaliteit
aanleiding gegee hd€MR-analise het bewys dat die tiokarbonieltio-erwgr volledig verwyder is.

Die hidroksielfunksionaliteit is gekwantifiseer deun derivaat daarvan te maak met
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trichloroasetielisosianaat, asook deur die daargevae KMR-analise. Resultate wat met behulp

van MALDI-ToF-MS verkry is, was egter onoortuigend.

In die tweede metode is die tiokarbonieltio-endge&ewyder deur eenvoudig die polimeer met
waterstofperoksied te verhit. Op dié manier is digroep met ‘n hidroksielendgroep aan die
ketting punt vervang, wat weer aanleiding gegee thet'n telecheliese hidroksielfunksionele
polimeer. Hierdie polimeer is daarna gekruisbindt nmetrifunksionele isosianaat om ‘n PVP-
hidrogel te berei. Dit het bewys dat die endgewgsigolimeer inderdaad telechelies was. Die

swelkinetika van hierdie hidrogel is in water by°87bepaal.

Vi
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Chapter 1
General Introduction and objective

1.1 Introduction

Advances in materials science demand the provisi@mart materials, i.e. materials with advanced
properties and increased sophistication. This widke these materials better suited for their
intended uses. As some of these materials areteseléom polymers, this establishes a very
important niche for polymer chemists. The polymextenials find employment in important fields
like medicine and electrical engineering. Frequetittse smart materials need to have well defined
functional groups, pendant or located at the cleaids. This is illustrated schematically in Figure
1.1 below.

Pendant functional polymel

End functional polymers

WW

mono end functional polymer hetero telechelic end functional polymer

W

telechelic functional polymer

@, B = Functional group
Figure 1.1. Schematic illustration of pendant funabnal and end functional polymers.

The presence of the functional groups enablestutiber application of the usual organic synthetic
procedures to these materials as routes to maklugnaed structures. In medicine, for example,
biomolecules can be covalently attached to the rpefg at these functional groups to make
polymeric
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drug delivery vehicles with improved pharmacokingtroperties. These biomolecules include
proteins, peptides and liposomes or low moleculeight organic drug conjugates. The challenge,
therefore, is for the polymer chemist to come uphvgimple and effective ways to introduce the

functional groups into the polymer structure.
1.2 Objective of this work

In this work, two simple methods of making teleahelhydroxyl functional Poly(N-
vinylpyrrolidone) (PVP) are introduced. PVP is alymeer of choice in numerous biomedical
applications due to its excellent biocompatibilityalso has numerous industrial applications and i
also widely applied in cosmetics. It is thereforeiateresting polymer system. The details of this
work are briefly outlined in the section below. Tla&d functional PVP, prepared here, is
subsequently characterized by SEC, NMR, UV and MALDBF MS.

1.3 Layout of thesis

1.3.1 Chapter 1. Introduction

This chapter gives a very brief insight into whydtional polymers are important. It also contains a

short outlines on the details of the rest of thekwo
1.3.2 Chapter 2. Historical and theoretical backgrand

Chapter 2 contains a brief overview on the chemisfrCRP as well as the shortcomings of this
process. LRPtechniques are then introduced with a greater esipton RAFT as it is the method
used in this work. A brief outline on methods usedhake end functional polymers is also given as
well as methods used to make PVP.

1.3.3 Chapter 3. RAFT-mediated polymerization of NV

In this chapter the RAFT-mediated polymerizationNdfP is described. The preparation of an
alcohol functional xanthate chain transfer (RAFTQemt is described. Its ability to mediate the
polymerization of NVP to givea-hydroxyl-«-xanthate functional PVP is assessed. The
subsequently made PVP is characterized by SEC, WMRVIALDI ToF MS.
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1.3.4 Chapter 4. Thiocarbonyl thio end group removiaby an ATRA based
radical exchange process for the preparation ofaw-hydroxyl telechelic
functional PVP

An ATRA based radical exchange process is introduae an efficient way to remove the-
xanthate end group. By using a hydroxyl functioAdRA initiator, this technique results in the
replacement of the xanthate end group with a hydréunctional one. As the starting polymer
material was alreadyn -hydroxyl end functional, this offers an easy rotte make telechelic
hydroxyl functional PVP. The telechelic functionBVP is subsequently characterized by the
relevant spectroscopic techniques. The hydroxyttionality is quantified by derivatizing with

trichloro acetyl isocyanate (TAI).

1.3.5 Chapter 5. Thiocarbonyl thio end group removlaby an ATRA based
radical exchange process for the preparation ofaw-hydroxyl telechelic
functional PVP

In this chapter a facile method for the removaltled xanthate end group by merely heating a
mixture of the polymer solution with J@, is introduced. This process is shown to resulthie
replacement of the xanthate end group with a hydrerd moiety resulting in telechelic hydroxyl
functional PVP. The telechelic hydroxyl function@VP is then crosslinked by reacting with a
trifunctional isocyanate to give a PVP hydrogeleTdwelling behavior of this hydrogel, in DDI

water, is also assessed.
1.3.6 Chapter 6. Conclusions and outlook

This chapter gives a short overview of the achiexes in this work. It also contains a brief
overview of the problems encountered in this waknell as an overview of possible methods to

rectify these problems in future work.
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Chapter 2

Historical and theoretical background

2.1 Why the need for well defined end functional dgmers?

End functional polymers have an important econopasition. They are used industrially to make
block copolymers which find numerous applicatiorss taermoplastic elastomers, dispersants,
lubricants and as nonionic surfactants. They ase aked to make polymer networks with well
defined segment lengths. From the industrial atichately the economical standpoint this requires
that these (pre)polymers have well defined end mréunctionalities. This is important for
optimizing the formation of the advanced structugspecially considering the chemistries utilized
in making them into complex architectures. For eglemelechelic functional polymers terminated
with alcohol and carboxylic acid functionalitieseansed to make their respective polyesters via
condensation reactions. Hydroxyl telechelic funwdilo polymers are reacted with difunctional
isocyanates to form polyurethanes. When they aended for making networks, the telechelic
functional polymer is reacted stoichiometricallythvia multifunctional crosslinking molecule
bearing a complimentary functionality. This leadsatwell defined polymer network which is very

important for correlating structure property redaships.
2.2 Methods of preparing end functional polymers

End functional polymers are mainly prepared bynlivionic polymerization and by the free radical
polymerization mechanism. However, living ionic yrokrization processes suffer from the fact that
very stringent reaction conditions have to be ewglo They require a complete absence of
moisture and they are also intolerant to functiagraups. Hence when end functional polymers are
desired, functional group protection chemistry ttabe used, inevitably adding more reaction steps
and from the industrial perspective adding to tlests’ Living ionic polymerization is also
restricted to a few monomer types. Radical polyration methods are, therefore, generally used to
prepare functional polymers. These are applicable wider range of monomers and are generally

very tolerant to functional groups either on thidators or on the monomers.
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2.3 Free radical polymerization

FRP is a chain growth polymerization technique. Bhsic reactions of this process are shown in
Scheme 2.1.

Initiation

—1 @ —AO 5 20
1
+ X X
o —/ > I/\./
2 3 4
Propagation
X X X
X J—
D i e S O
n-1
5
Termination

X
4 [
XX B \Ig)\}|
m
| .
2 W o 5
n-1 2por,
W
|

Scheme 2.1. Basic reactions in free radical polymeation.

In the initiation step, primary radicals are getedlaby thermally or photochemically induced
homolysis of the initiator. In Scheme 1.1 initiatics illustrated by thermally induced homolysis.
Typical initiators used are azo compounds like AlBNperoxide initiators like benzoyl peroxidle.
The primary radicals2( Scheme 2.1) add to the monomers to produce thgapgating radicalsd(
Scheme 2.1). Propagation is the chain buildingestahereby the polymer chain grows by further
addition of monomers. Chain growth is terminatedbibyolecular reactions either by coupling of
propagating radicals or by disproportionation rieexst. Propagation is first order with respect to
radical concentration, whilst termination is secomrdler. A number of other chain breaking
reactions can also take place; these are mainiy ¢rensfer reactions to monomer and to solvent.

The latter happens when polymerization is carrigdm solution.
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2.3.1 Attractive features of FRP processes

FRP reactions are very robust! They have a reasonaberance to traces of impurities like
stabilizers, and oxygen. They also exhibit a highel of tolerance to functional groups like
alcohols, carboxylic acids and tertiary amine gsoufdded to this they are also applicable to
virtually all unsaturated monomer ranges, hencg #re widely used in industry and in research

labs to make functional polymers.
2.3.2 Drawbacks of FRP processes

Despite its robust nature and its remarkable viditgatonventional free radical polymerization has
its drawbacks. Control of molecular weight is pemd molecular weight distributions are broad.
Chain transfer reactions to monomer and to solaemtilways present and chain functionalization is
not always quantitative. This is a hindrance whetympers with precisely controlled molecular
weight distributions and accurately known end fiowlities are required for making advanced

structures. Nevertheless FRP has been appliedke ara functional polymers.
2.3.3 End functional polymers by FRP

Telechelic functional polymers by radical polymatinon were first obtained via the so called
DEP3* The procedure relies on using a very high initiatoncentration resulting in high radical
concentrations. These conditions favor primary aaldtermination and therefore lead to a low
degree of polymerization. All initiator is used bpfore all monomers have reacted resulting in
oligomers. Success of this procedure depends ondimplete exclusion of termination events like
chain to solvent or chain to monomer in order toogenpletelya, w-telechelic functional polymet.
Termination should only be by combination. High wersions are not ideal as they retard the
termination step by the Tromsdorff-Norrish (gelleef>> DEP is however, restricted to monomers

that terminate mainly by primary radical terminatitke styrene:®

a,w-Telechelic functional polymers have also been ss®@ by using chain transfer agents which
do not have transferable hydrogen atoms. Exampiekide substituted disulfides or carbon
tetrachloride. This procedure was however limitgdtibe fact that a lot of monomers were not

compatible with the limited range of suitable chémsfer agents availabfe.
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Cho and Kim reported the use of a combination otfiwnal azo initiators and chain transfer agents,
with the same functionality as a route to accessing-telechelic functional polymers. This they
called a two component iniferters system ( inifierténitiators-tranfer agentterminators)® The
group of Rizzardo also utilized substituted allylidisulfides containing the appropriate
functionalities to prepare, w-PS and PMMA

In all the examples considered in this case, tloetsbmings of FRP were evident in that conversion
of end functionalities was not quantitative and pudymers prepared were characterized by high
Mw/Mp, ratios. These shortcomings, among other conchavg provided the impetus to “tame” the
FRP process in order to realize the full benefit§orobust and versatile nature culminating ia th

invention of several LRP processes.
2.4 Living Radical Polymerization

The problems encountered with conventional radecdymerization have recently been countered
with the advent of LRP processes'° The most successful of these methods are NME,RP*13
and RAFT **® There are other methods of controlled radical pelsizatior! e.g. TERP and Stibine
Mediated Polymerization, however only NMP, ATRP &WFT will be discussed here given that
they are most studied so far. There has been @ ld¢bate on what is the best terminology to use
i.e. Controlledor Living radical polymerizatior In this work only the term living will be used as
the processes considered yield living polymerssi$ibecause whilst termination reactions are not
totally eradicated, the polymers produced showasttaristics of living polymers, e.g. the ability to

chain extend and form block copolymers.
2.4.1 Features of LRP

Considered broadly, the LRP processes aim to sgppeactions that irreversibly terminate growing
chains and make the chains grow simultaneouslyymachic equilibrium is established between a
low concentration of propagating radicals/growirttpios (Re, Scheme 2.2) and a much larger
concentration of dormant chains{iX) thereby enabling all the chains to grow at slaene time

making the process living.
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Initiation M P
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o kd - — Y
P4 X —=——— PX — P+ X
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. M
P+ P, T’dead chaing" K

Scheme 2.2. The mechanistic basis of living radicpblymerization processes.

In NMP and ATRP this is achieved by reversibly dagphe growing chains with stable nitroxide
radicals and halogens respectively (= X) to giveedbrmant forms (RX). These can be reactivated
by homolytic cleavage of the:PX bond? In RAFT on the other hand the “livingness” is atéal by
degenerative transfer between the propagatingaksditowing chains and certain thiocarbonyl thio
compounds. The exchange reactions must be very fast in caleive all the chains a chance to
grow at the same rate. The dormant chains shouldvoeed thermodynamically so as to keep a low
steady state concentration of propagating radmadsminimize terminatioflf initiation is fast and
termination events are rendered insignificant ladlins can grow at the same rate, molecular weights
evolve linearly with conversion and the polymersédow polydispersities. The features of these
LRP systems were thoroughly considered by Quirk &ed’ and they made the following
recommendations for the polymerizations systentsetoonsidered as living.

* When all monomer is consumed, chain growth carebemed by adding more

monomer

* Molecular weights evolve linearly with conversion

* The number of polymer chains is not affected byeosion

* Molecular weight is predetermined by the reactiosigichiometry, initial monomer and

chain transfer agent concentrations, as well agarsion

* PDI values are low and decrease with conversion

* Block copolymers can be prepared if monomers atleé@dne after the other

» Chain end functionalities are predictable and netagiquantitatively
These processes are now considered individualywbeMP and ATRP will be considered briefly
here, whilst RAFT will be covered in more detaWgn that it is the LRP system used in this work.
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2.4.2 NMP

In NMP, X is a stable nitroxide radical e.g. TEMPTLY.
%;ﬁi W .;\yj
N ~ . + N
n n
R R R R R R
9 10 11
\te\rmination

dead chains

Scheme 2.3. lllustration of a TEMPO mediated NMP

A dynamic equilibrium is established between dortredkoxyamine terminated chain8)(and the
propagating radicals/growing chairlf)]. The dormant species are activated by a thernradiyced
homolytic cleavage of the alkoxyamine’s C-O bondjitee again the propagating radical and the
stable nitroxide radicall@).? This is illustrated in Scheme 1.3. For the systenexhibit living
behavior, the nitroxide radical should not:

* initiate chain growth

* react with itself

» take part in side reactions lif-hydrogen abstraction.

* be unstable

In the earliest work on this method, TEMPO was wsethe stable nitroxide radicai*®
2.4.3 ATRP

ATRP is a transition metal complex catalyzed prec&$e ingredients include a transition metal
complex, an alkyl halide and the monomer. The mataiplex undergoes a one electron oxidation
step which is accompanied by a reversible abstraaif the halogen atom from the alkyl halide.
This results in the metal complex being oxidized dhe formation of an alkyl radical, which

subsequently initiates the polymerizatfothe polymer chain grows until it abstracts back th
halogen from the metal complex (deactivation) teegihe dormant species X, Scheme 2.4,

where X is the halogen) and the metal complex iloveer oxidation state. The activation and

10
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deactivation reactions can occur repeatedly tabéstaa dynamic equilibrium between active and
dormant chainé This reaction profile is illustrated below

X +1
RX + [MLJX  ——= R + [MLJ'X,

=4 L p; + [MLy]x+lX2 —_— Pn*X + [MLy]XX

terminatio-h"w._‘_
RN
P + P, ———> dead chains

Scheme 2.4. The mechanistic basis of ATRP.

Copper based catalytic systems have been the muokéd, by the group of Matyjaszew&* and
are the most versatile. Other transition metal lgstasystems used include Ruthenium, Iron,
Molybdenum, Chromium, Rhenium, Rhodium, Nickel @alladium***® For the more successful
copper based systems, multidentate nitrogen ligarelthe most effectivé.For maximum catalytic
efficiency, the ligands have to be chosen carefullgeir activity decreases with coordination
number as well as with the number of linking carlaooms? The effects of the nature of the alkyl

halide as initiator have also been studied.
2.4.4 RAFT

RAFT is probably the most successful LRP procebss i because it is compatible with the widest
range of monomer classes including those with &aonttionality. These can not be polymerized
easily under ATRP conditiosThe chain transfer agents used for RAFT are smleftom

dithioesters, trithiocarbonates, dithiocarbamatasgd xanthates. The generic structures of all

commonly used RAFT agents are shown in Figure 2.1:

11
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<— Reactive C=S double bond

E R group, must be a good

Z group, activates homolytic leaving group

the C=S double bord >

//\

\E E JE

Dithioester Trithiocarbonate Xanthate Dithiocarbamate

O—wu

L]

16

Figure 2.1. Generic structures of all commonly use®AFT agents.
2.4.4.1 Mechanism of the RAFT process

Scheme 2.5 shows the mechanism of the RAFT praceitss generally accepted in literatdfe®

() Initiation ———
2
M .
an p———P;
2 17
m s S Kadg s, S Krag_ S s
()] n + \ \R a Pn/ Y \R rag. \ \Pn + R
M k-add 2 k—frag. 20
kp z 12 18 Z 19
v pr_M _p
20 21
V) . S S S s Kiag. S S
LI -—ﬁ‘ PN TN I TN
w n K m n k m n
-add 7 -frag. 17
kp z19 22 ZZ3

(Vha. P: 4 |© ——— Dead Chains

b. P; 4+ R* —— > Dead Chains

C. P:; + P, ———— Dead Chains

Scheme 2.5. The RAFT mechanism.

Initiation is usually as in conventional radicalyuerization, by azo compounds, such as AIBN, or
by peroxides, such as benzoyl peroxide. Howeveerothethods can be used, including thermal
initiation for styren&" and ultraviolet (UV) irradiatioR® After initiation the propagating radicals

12
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(17) add to the CTAX2) to give the intermediate radicdld) which subsequently fragments to give
the new radicalZ0) as well as the dormant chaih9. The radical Z0) then reinitiates polymer
chain growth. The propagating radical@ BL7) and Ry (21) then rapidly equilibrate between the
dormant forms X9) and @3) capped with the thiocarbonyl moiety, and theitivaty propagating
forms, equatiorfV). Termination events can still happen as in congeat radical polymerization,
however they are limited by keeping a low conceitneof active radical species.

The fast equilibration between the actively propisgaforms and the dormant thiocarbonyl capped
forms thus ensures that all chains get a chancgrdw at the same time. EquilibriuifV) is
considered the main equilibrium as it ensures arapchange between active and dormant forms of
all growing chains ensuring that they all grow la¢ same rate and thus ensuring polymers with
controlled molecular weight distribution and preedile molar masslt is also the stage in which
most monomer is consumed. Overall the RAFT proasss be considered as an insertion of
monomers between the thiocarbonyl thio and thedemrZC(S)S—R, bond of the RAFT agent by a

radical chain reaction.
2.4.4.2 For a successful RAFT mediated polymerizain

In the most ideal case for RAFT to be a living @®x; it must adhere to the characteristics destribe
earlier (Section 2.4.1). All polymer chain growtlush be initiated at the same time and more so by
the R group reinitiating radical@) of the RAFT agent (Scheme 2&nd the contribution of chains
initiated by the initiator derived radicals shoudd negligible®?® However, despite the need for
rapid dormant-active form interchange, the thernmagtyic equilibrium must favor the dormant
chain forms (in this caske9 and23). This helps to ensure a low propagating radioakcentration so

as to minimize bimolecular termination events. @ttleain breaking events like chain transfer to

monomer and to solvent should also be minimized.
2.4.4.3 Choice of RAFT agent

An appropriate RAFT agent should have a high ctraimsfer constant,(Cin order to ensure a rapid
and quantitative initiation of chain growth. The & the dormant chains/macro CTAKI(and23)
should be high as well to ensure fast equilibratietween the dormant and active forths.
Therefore, the Z and R groups of the RAFT agentilshbe chosen carefully and should be tailored

13
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with the reactivity of the monomer to be polymedz&he important considerations were given by

114 as follows:

Moadet a
 the C=S double bond of theRAFT agent and the macro RAFT aged® (and 23
respectivelyshould have a higkugg
» the intermediate radical&& and22) should fragment easily to give the active radigacses
and should not participate in side reactions.
* in equilibrium (1) Kfrag> Kadd
* Re (20) should reinitiate the polymerization rapidly agfticiently.
All these considerations bear down to the struabfitbe Z and R groups.

2.4.4.4 The Z group

The Z group mainly functions to influence the reast of the C=S double bond towards radical
attack as well as stabilizing the intermediate caldspecies 18 and 22, Scheme 2.5) that are
subsequently formet:?®*The generic forms of all RAFT agents’ Z groups gireen in Fig. 2.1.
R; can be of aryl or alkyl functionality. Chiefari. ef* found that the reactivity of the C=S double
bond towards propagating radicals, decreased inotder shown in Fig. 2.2, in polystyrene
polymerizations.

Swww
S

F F 0 £
I & Owwn \
= o > N> c > / >> N
: Et /
Et
F F

Figure 2.2. Decreasing order of ability of variousZ groups to activate the C=S double bond of RAFT
agents.

The stability of the radical intermediatelB(and22) has therefore been rationalized to be affected
by resonance stabilization as well as electrorfiece$ emanating from the Z groti?**°Indeed the
chain transfer coefficients of the RAFT agents ajgmerally decrease in the following order:
dithiobenzoates > trithiocarbonates > dithioalkdesa xanthates > dithiocarbamates. This general
classification also gives control over most monash&it must also be kept in mind that whilst the

Z group stabilizes the intermediate radicals, istralso maintain appropriate fragmentation rates of
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the intermediate radicai:*! Xanthate and dithiocarbamate RAFT agents, exhilhitw G, towards
monomers stabilized by an electron withdrawing groelg. styrene and acrylates. This has been
attributed to the interaction of these CTAS’ oxygerd nitrogen lone electron pairs, respectively,
with the C=S double bond as depicted in the zviittec canonical forms belo#?®?"*?

‘T‘
Et\o)\s/Rl - Et\O+J\ Ry

S

S S
Et )L R - Et /k R;
\l‘\l S/ 1 \’T‘+/ S/

Et Et
Scheme 2.6. Canonical forms of xanthates and ditldgarbamates.

This lowers the reactivity of the C=S double bohdréby lowerind,qq(Scheme 2.5) and reducing
the extent of uniform polymer chain growth resugtim polymers with high molecular weight
distributions being producéd. However, if the O or the N atoms, of the xanthaaesl the
dithiocarbamates respectively, are adjacent tdreleevithdrawing groups, like —GIEF;, their lone
electron pairs become less available to interath te C=S double bond. This then enables good
control over molecular weight distribution in thelymerization of the stabilized monomé¥s.
Xanthate RAFT agents, however, give good contrdhvgioorly stabilized vinyl monomers like

VAC*#%*3and NVP*>*which are fast propagating.
2.4.4.5 The R group

The R group has two main roles:
* It must be a good homolytic leaving group and msoea better one than,® in the
intermediate radicall®) in order for the equilibrium below to favor theoduction of the

reinitiating radicals Re, 20, Scheme 2.7). These must peduced as fast as possible to

ensure that all chains get formed and start growairthe same time.

* The radicaR® (20) must also efficiently reinitiate the polymerization
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Scheme 2.7. lllustrating the directions the intermdiate radical (18) can fragment towards.

Moad et al. noted that for R to be a good homolytic leavingugr, due attention has to be paid to
electronic and steric factors as well as substtrudimat increase the stability of the reinitiating
139

radical”™ The following trend for reduction in apparent & constants for various RAFT agents

in bulk styrene polymerizations at Pwas established:*

Me

Me H H Me o
lon — m 5 m ~
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AW // > > / > Me ~
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Figure 2.3. General trend for leaving group abilityof R group determined in styrene polymerizations.

In concluding this discussion, the wide varietyRAFT agents differing in structural details of the
R and Z groups enable one to carefully select RAgEnts typically suited for the particular

11* and by Favier and Charrejféighlight the major

monomer class. Recent reviews by Meahd
considerations to be made when choosing RAFT adenfmarticular monomers. The latter review,
in particular, also considers the relevant expenit@eequirements for a successful RAFT mediated

polymerization.

Good correlations between theoretical and experiaiemolecular weights as well as low
polydispersity indexes are all good indicators efedl controlled RAFT mediated polymerizatidn.
Livingness is confirmed by the presence/retentibthe thiocarbonyl thio moiety at the polymer
chains’ w-chain end. Evidence of this presence has beenidemwby NMR® UV-vis*®*° ES|
MS,**** and MALDI ToF MS**? Added to confirming the livingness of RAFT maddypaers,

this evidence also serves to confirm the mechanitthe RAFT proces** The ability to chain
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extend or form block copolymers by simply addingrenmonomer, and initiator, has also served to

3

confirm livingnes$'>*° This approach, to making block copolymers is thated in Scheme 2.8.

S| monomer A ﬁ
R\S/C\Z polymerization WS/C\Z
Wﬁr B %D / polymerization

Scheme 2.8. Preparation of block copolymers by tHRAFT process.
2.4.4.6 Shortcomings of RAFT mediated polymerizatio

Retardation is by far the most debated problem witist RAFT mediated systems. It has been
attributed to a lot of things. From experimentathi@ques to issues intrinsic with the RAFT
mediated polymerization system itself. Poor deoxygi@n, impurities in monomer and/or solvent
as well as residual inhibitor in monomer can athre the rate of a free radical polymerization.
Plummeret al*® showed that impurities in the RAFT agent itselfi @so retard a RAFT mediated
polymerization. Retardation also increases withéasing RAFT agent concentration.

47,48

On issues inherent to the system, slow fragmemfatf and intermediate radical

termination*>#%:>0

of the intermediated radical$§ and22 in Scheme 2.5) have been pointed out as
causes of retardation. Slow fragmentation is rdlate increased stability of the intermediate
radicals. It has been put forward as the causetafdation in RAFT mediated polymerizations of
acrylates were dithiobenzoaté® where used as the CTAs. The increased stabilizdtis been
attributed to delocalization of the radical wittethhenyl group This gives it the longer lifetime

necessary for it to participate in side reactions.

Recently Geelen and Klumpernfaprovided direct evidence of termination reaction®lving the
intermediate radicalsl8 and22) in a (real) RAFT-mediated polymerization. Thegyashowed that
the termination products take no further part m plolymerization reaction through out its duration.
This has provided evidence of the role of radieamination in retardation experienced in RAFT.
On the other hand, it has also been shown that sdewitiation by the leaving group radic&qj

Scheme 2.5, manifests itself as an apparent imbrbiperiod, i.e. the initialization peridd.
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Initialization™? is defined as the process by which the startingFRAgent is consumed, whilst the
initialization period is the time this process take complete.

2.4.4.7 Advantages of RAFT mediated polymerization

Compared to all the other LRPs for making polym&AFT is the most versatile given that it is
adaptable to the widest monomer range. This iscegpetrue for the unstabilised vinyl monomers,
mainly vinyl acetate and N-vinylpyrrolidone whicheadifficult to polymerize with methods like
ATRP and NMP. (Meth)acrylic acids can be polymeatizasily by RAFT>*° However they can
not be polymerized directly by ATRP as they desttlog catalyst by coordinating to it and by
protonating nitrogen containing ligants’ RAFT-mediated polymerizations largely require junst
CTA to be added to an otherwise conventional FR¥eti@n mixture under typical FRP conditions.
This makes them attractive in that they requirei@mum perturbation to the typical FRP reaction

conditions®
2.4.5 Preparation of end functional polymers by RAF

A feature inherent in the RAFT-mediated polymei@atmechanism is the retention of the RAFT
agent’'s R and Z groups, as theand thew end groups of the polymer respectively. This essbl
excellent control over chain end functionalitieds@it immediately offers two direct methods to

make end functional polymers:
2.4.5.1 Building the functionality into the R-group(a -end functionalization)

Functional groups can be built into the RAFT aganthe R group termini to provide polymer
chains witha -end functional groups in one step. This stratsgyery attractive due to the excellent

tolerance to functional groups exhibited by the RAFfocess. This method has been used to prepare

56-59 7,60,61
15 d

polymers with o -alcoho aci and amin& % functionalities. RAFT agents bearing
charged groups at the R group have also been pcbpar mediate aqueous RAFT-mediated
polymerizations with good control over molecularigi#s®® Azide functional RAFT agents have
also been preparéd. They were used to mediate styrene aNgN-dimethylacrylamide
polymerizations yielding polymers with good contmier molecular weight. These -azido end
functional polymers were later converted into-alcohol, acrylate and methacrylate functional

polymers by “clicking” the appropriate alkynes.
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2.4.5.2 Building the functionality into the Z-group(w-end functionalization)

The retention of the thiocarbonyl thio moiety (&gp) in the final polymer entails that
functionality can be built into the Z-group to giwe-end functional polymers. However this
approach suffers from a number of significant peotd.

* Thiocarbonyl thio compounds are usually coloredd(adorous) and the color is retained in
the polymer products produced by the RAFT procEks may be undesirable depending on
application.

 The C-S bond is relatively labile; the Z-group legrchain end can therefore decompose
releasing odorous and possibly toxic compounds hvb@n contaminate the polymer.

« Thiocarbonyl thio compounds are hydrolytically wise in basic aqueous mefiahey are

also unstable in the presence of primary and sesgraimines?
2.4.5.3 Methods for thiocarbonyl thio end group reroval

The problems encountered due to the presence dfhibearbonyl thio end groups have given

impetus to the need to develop efficient (post pwgization) methods to selectively remove and/or
replace them with more stable end groups. Schetnee?ow gives an overview of the methods that
have been used to treat polymers prepared by thETR#ocess and the end groups that are
produced. These methods, of end group modificatiake advantage of the facile reactions that

thiocarbonyl thio compounds undergo with radi€aisucleophile” and ionic reducing agent®.

Their nucleophilic susceptibility has been utilizeg aminolysing the thiocarbonyl thio end groups
into thiol end group3”®®’ Thiocarbonyl thio groups can also be reduced tmlghiby
borohydrides”"* A frequent problem with this technique, howeve that the thiol terminated
polymers tend to couple to give polymeric disulfdef twice the original molecular weight. This
can be suppressed by using reducing agents likeiurmodbisulfite® and tris(2-
carboxyethyl)phosphin&.

Complete desulphurization can be effected by ré&dficaiced reduction using tributylstannaiie.
More recently Chonget al.”® used N-ethylpiperidine hypophosphite, a hypophitephalt to
completely desulfurize the Z-end group replacingith hydrogen. This method was recommended

over using tributyl stannane due to the ease wiliichvthe hypophosphite’s byproducts can be
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removed compared to stannane derived byproductshvatie also toxic. Destarac and coworkers

used a peroxide initiator/secondary alcohol cotpleplace the Z group with H.

(i) NaOH
(i) R,;NH X X
(iii) NaBH, _ R
1 SH
" 24
(i) Bu;SnH X X

X X S (i) Hypophosphite salts RW
1 (ii)ROOR/RH >

(iv) Silane / Initiator

gu
n
\4
/
N
>
iR
» T

n-1 X X
23 A . RW
n-1 26
X X
R,-N=N-R
R
n-1 1
27
X X o)
tBUOOH I
s7 >z
n-1

Scheme 2.9. End group modification methods reporteuh literature.

Perrieret al.” reported the removal of the Z group by applyirtyuge excess of radicals, generated
in situ by conventional azo initiators, to the polymer ptan Scheme 2.2. They claimed a total
desulphurization of the polymer chains-chain end. Of significance with this method is thet

that whenR equalsR; (Scheme 1.2) and both bear a functional groum theelechelic functional
polymer is produced. This method also serves terrexate the RAFT agent. These authors did not,
however, provide evidence of complete structurabiion of the modified chain ends. They only
gave'H-NMR evidence showing the disappearance of th&seharacteristics thiocarbonyl thio
moiety. Postma and cowork&gound this method to give incomplete (95%) endugroemoval

for polystyrene with butyl trithiocarbonate end gps under the same conditions as recommended
by Perrier. They rationalized the effectivenesghef method to depend on the leaving group ability

of the polymeric radical32) Scheme 2.2.
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Scheme 2.21. Perrier's end group modification stratgy.

Thermal elimination has also been used to cleavVe tlod thiocarbonyl thio end groups.
Trithiocarbonates chain ends were cleanly remoweuh foolystyrené®® For poly (butyl acrylate)
the major product consisted of chain ends produmedisproportionatio® UV irradiation was

also shown to be a useful method for thiocarbaimg énd group removéF.

In Chapters 4 and 5 of this work, two methods af erodifying the thiocarbonyl thio chain ends of
polymers made by the RAFT process will be reporiéd first (in Chapter 4) is based on ATRA.
Here a flood of radicals, generatedsitu from an appropriate alkyl halide, in a transitioetal
catalyzed process, removes the thiocarbonyl thieetpy@nd “caps” the polymer’s:-chain end.
With appropriate selection of a functional RAFT mgand a functional alkyl halide a telechelic
functional polymer is produced. In the second psscen Chapter 5, it is shown that the
thiocarbonyl thio end group can also be removedbyely heating the polymer with a huge excess
of hydrogen peroxide and simultaneously capping ¢hain end with an OH group from the
hydrogen peroxide. Both methods are an extensidheovork of Perrieet al.” as they rely on

applying a flood of radicals to the polymer solat@s a way of removing the thiocarbonyl thio end
group.

2.5 End group analysis of polymers

The determination of end groups is very importantorder to fully understand the polymer’s
chemical structure as well as to relate propettegolymer structure. Traditionally polymers are
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analyzed by SEC to obtain information on the avenaglar mass as well as the molecular weight
distributions. However, a typical SEC trace is Ulyua broad envelope and it does not show any
information on the macromolecular structure of itidividual polymer chains. End group analysis
requires prior knowledge of what the likely endgrcstructures are going to be. Methods that have
been used to analyze end groups include °¥/%/" NMR,’®%® HPLC®®! as well as mass
spectrometry’*>982830ther methods include IR and classical titratiosthmds for polymers

terminated withe.g.carboxylic acid group$.

2.5.1 Analysis by UV, IR and NMR

End group analysis with UV and IR is most effectiveen the end group chromophores do not
absorb near those of the backbone to enable trstination from possible interfering signals from
initiator derived by products. With NMR as well,cegroup resolution can be difficult if the end
group signals appear too close to the much laigeaks of the polymer backbone. These problems
can, however, be circumvented by chemically dedvaj the end groups so that they can be
measured easily and more clearly. A particular ganis in the case of hydroxyl, amino, or
carboxyl end terminated polymers. DerivatizationhwT Al, which undergoes a quick and facile
reaction with these functional groups, gives card@nderivatives with an imidic hydrogen. The
imidic hydrogen signal has chemical shifts thatesppwell clear of the backbone signals (8-11
ppm)3* The o -methylene protons of the carbamate derivative gise a distinctive signal with a
chemical shift between 4.0-5.0 pffriThis enables end functionalities to be calculatasily’®2°*
This is illustrated in Chapters 4 and 5 where th&thod is used to estimate the extent of chain end
functionalization. UV, IR and NMR spectroscopy, lemsr, also have the problem that they
provide an average image of the polymer sampley @he limited to polymers with a low degree of

polymerization and they do not give informationtba functionality type distribution.
2.5.2 Liquid chromatographic methods

Information on functionality type distribution cdre obtained by HPLC methods, mainly LCEC
and GPEC® With LCCC, retention is independent of moleculaight and is on the basis of (end
group) functionality’®> Quantitative results can also be obtained by phizess with the lattér.
GPEC, on the other hand, separates polymer chainthe basis of their partition coefficient
between the column and the mobile pH&sBaoet al®! used a two dimensional combination of
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GPEC and SEC to obtain information on chain encttfanality distribution as well as on and

molecular weight distribution o, « -dihydroxylpolystyrene prepared by a combinatiorAGIRP

and click chemistry.
2.5.3 Mass spectrometry

Traditionally mass spectroscopy was applicableotw molecular weight organic and inorganic
compounds given that they have to be converted(intact) gas phase ions. However, the recent
development of ingenious ionization techniques Nk&LDI®*®® has extended the mass range that
can be analyzed by this technique. Mass spectrgsicap since become a very popular tool for
structural analysis of synthetic polymers. HighoteBon mass spectra can be obtained with
MALDI coupled to a time of flight detector (MALDI @F) with the concomitant use of other
special technical features like delayed extractfdPeaks in a MALDI ToF spectrum are generated
from (intact) individual polymer chains, therebyabhing structural identification of the polymer.
The mass of the end groups is obtained by sulbtiatie mass of the cationizing agent and that of
the appropriate number of repeat units as infefret the mass to charge ratiw'g) of the intact
oligomer ion peak in the spectrifhwith additional information from the synthetic peslure used
and from other spectroscopic techniques like NMie,énd group structure can then be elucidated.
This is illustrated in Chapters 3, 4 and 5 wherel\MAToF MS and NMR are used to generate
information on the structure of the end groups aapphe RAFT made PVP chains. MALDI can
also be coupled (off-line) to liquid chromatograpiechniques like LCCC to map the structural

heterogeneity of synthetic polyméts?’

2.6 Poly (N-vinylpyrrolidone)

Poly (N-vinylpyrrolidone) (Figure 2.4) is the polynformed from N-vinylpyrrolidone.

Figure 2.4. Poly(N-vinylpyrrolidone).
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PVP is an important polymer with a whole range sesi It finds use in numerous cosmetic
formulations as a binder, hair fixative and susjremcaigent’® Products with PVP range from
shampoos, eyeliners, several hair grooming aigsti¢k, shaving preparation products and several
skin care product¥. It is used as a clarifying agent in beverages\anegar, and as a stabilizer in
mineral concentraté§.PVP has also been used as a suspension stabiligiéin water suspension
polymerization systenfS.Its other numerous uses have been reviétted.

2.6.1 Biomedical applications

PVP is one of the most promising biocompatible pwys owing to its amphiphilic nature and bio-
inertness which makes it very biocompatible. MelllicePVP was first used as a blood plasma
extender during World War Il. Its intravenous apation was, however, stopped after it was found
that it did not break down easily in the body, bettled in the RES were it caused storage problems
hence all its bio-applications of high molecularigi® PVP are now restricted to systems were its
introduced orally or when it is used topicalfy’’ It is widely used in the pharmaceutical industsy a

a tablet binder and in the formulation of antiseptits complex with lodine, marketed as Betadine

is an important topical disinfectaft.
2.6.2 Polymer drug conjugates

PVP is also finding increased usage in formulatiais polymer-drug conjugates. Covalent
conjugation of PVP to bioactive compounds and smadllecular weight organic compounds
(PVPlation) has been shown to improve their aquesmlsbility, reduce their toxicity and reduce
their uptake by the RES without impairing the tlpenatic effect of these polymer-drug
conjugates>®® PVPlation of bioactive compounds and small molacuteight organic compounds
results in an increase in the molecular weighthefse pharmaceutical agents. This reduces their
renal clearance, subsequently increasing theirnm@dagirculation half-lives. Generally these
biomolecules are unstable, but their conjugatiati wolymers increases their stabilityvivo. It has
been postulated that the polymer conjugates stigritader reactions with immune cells. This then
protects the biomolecules from proteolytic attag&ulting in an increase in their bioavailabifity°
Therefore smaller doses are required without dishiimig the pharmacokinetic effects of the drugs.
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Compared to PEG, one of the most successful biapely, PVP has been shown to be a better
polymeric modifier. PVP-biomolecule conjugates Isghificantly better therapeutic effectiveness
than PEG-biomolecule conjugates of the same maeauight. They were retained longer in the
blood®’ Also being a vinyl monomer, it (NVP) can be copobrized with other vinyl monomers
bearing functional groups to make PVP-copolymerth wendant functionalities. These side chain
functionalities then act as loci for attachmenbmfactive compounds resulting in an increased drug
loading capacity. For example, the copolymer of N¥Rd a derivative of 5-Fluorouracil
(allyloxycarbonyloxymethyl-5-fluorouracil) was praqed and used as a polymer-drug conjugate for
the slow release of 5-Fluorouracil, a popular astabolite’® In some cases the copolymer systems

include NVP copolymerized with its own derivativeBerruti and coworker&*®

prepared 1-
vinylpyrrolidin-2-one derivatives carboxylated aet3-position of the lactam ring, determined their
reactivity ratio§’ and copolymerized them with NVP. The subsequenP R@polymer, pendant
carboxylic acid functional groups, was then useda iseries of reactions to attach glutathione as a
model biomoleculdé® By varying the number of pendant functionalitiee drug loading capacity

of this system was also varied.
2.6.3 End functional PVP systems

PVPIlation (described above) makes use of end fomatiPVP oligomers which, with application of
organic synthetic chemistry, get covalently linkedbioactive compounds. This requires that the
PVP has well defined end group functionalities whwgill be the loci for the attachment of the
biomolecules. Up to now these are almost exclugipetpared by conventional FRP methods in the
presence of functionalized CTAS or in functionalized chain-transfer active sohsersiuch as
isopropoxyethandl®°? However, as with each conventional FRP processptbducts have large
polydispersities and chain end functionalizatiomdés quantitativé®® The inconvenience of this is
illustrated by the fact that when it is intended RVPlation, it has to be fractionated in order to
adjust molecular size and obtain polymers with marmolecular weight distribution before being

conjugated to the bioactive molecufés®
A survey of published literature, to date, revealbdt there is no report on synthesis of end-

functionalized PVP oligomers by any of the recenttyised LRP techniques. In this work, it will be

shown thata -hydroxyl functional PVP can be prepared easilyRAFT mediated polymerization
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using an alcohol functional xanthate RAFT agentgiar 3). End group conversion is quantitative
and good control over molecular weight distributislso achieved.

2.6.4 In biomimetic hydrogels

Hydrogels are three-dimensional hydrophilic cradsdid polymer networks that do not dissolve but
swell in water'® They are capable of imbibing enormous volumes afew many times greater

than their weight.

Owing to its hydrophilic nature and remarkable biopatibility, PVP based hydrogels have
numerous uses in the biomedical field where they @sed as vitreous substitut®swound
dressings® as drug delivery vehiclé¥ and for making soft contact lens&8.Industrially PVP
based gel systems have found use as thickenecsufémts, adsorbertf§ and in the removal and
separation of metal ions from industrial waste watntaminated with heavy metal ioff8.It is
easy therefore, to understand the attraction fgarch groups to making PVP based gels with better
characterized properties as these can readilydinethe in the biomedical and industrial fields. In
this work the hydroxyl telechelic functional PVPepared will be chemically crosslinked, by
reacting with a tri-arm isocyanate crosslinker teeca hydrogel. This technique, however, will only
be used as a way to illustrate that the materialdeed telechelic functional.

2.6.5 Polymerization of NVP

In light of the discussions above, highlighting tees of PVP, the polymerization of NVP by the
free radical mechanism will now be discussed. N\@R be polymerized by both ionic and free
radical mechanisms, but the former method is camsitito be of no practical value as it only gives
rise to oligomer§® PVP is therefore almost exclusively prepared Hyea radical mechanism in
organic or in aqueous media using azo compounds ladtogen peroxide as initiators
respectively’® It can also be polymerized in bulk, with initiatioby azo compound$. The
shortcomings of conventional FRP as a route foes&iag end functional PVP have already been
described (see Section 2.6.2). This leaves LRPege®s as the reactions best suited to produce PVP
with control over both molecular weight and endugp®.
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2.6.6 LRP of NVP

There have not been that many reports in the tilezaas yet on the LRP of PVP. The vinyl group of
the monomer is not stabilized by resonance. Asaltrés propagating radicals are very reactive and
have a huge propensity to participate in side reast like disproportionation and chain transfer,

making it difficult to “tame”.
2.6.6.1 NMP

Attempts to control its polymerization by NMP waret very successful as the polymers produced
had high polydispersities (1.8—299.

2.6.6.2 ATRP

NVP, up to now, has largely remained beyond th@nwiof metal catalyzed living radical
polymerization. The first report on the ATRP of NMRas made by Matyjaszewski and coworkErs
under copper catalyzed conditions. These workaiisneld to have made PVP with,Mf 2000 with
very good control (PDI = 1.15). They did not, howewjive conditions for this process. In a very
recent communication, Let al!*

ligand, 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetracgzlo-tetradecane (M€yclam), and CuCl and

reported the copper catalyzed ATRP of NVP. Thesdus cyclic

CuCl as catalysts in 1,4-dioxane and isopropanol asestd at room temperature to produce PVP
with good control over M(PDI ~1.2—-1.38). This is the first work in the opé@erature to detail a
successful ATRP of NVP. The general outlook, howef@ ATRP of NVP is that catalysts with
very fast activation (and therefore very high atfjvhave to be developed in order to fully realize
the efficient ATRP of NVP.

2.6.6.3 Organostibine mediated LRP

Ray et al*'® recently showed that the organostibirs®s 35 and 36, promote the living radical
polymerization of NVP.
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Figure 2.5. Organostibines used to mediate the LR& NVP.

PVP with excellent control over molecular weightsdalow polydispersities (1.07-1.29) was
produced. Molecular weights of up to 80 000 wermia¢d. A slight decrease in control with
increasing conversion was attributed to the ocoeeeof head to head addition reactions. These
produced an organostibine PVP derivative that waapable of regenerating propagating radicals
and behaved essentially as dead polymer. GoodaqRDI < 1.4) was still attained despite this.

The livingness of this system was also confirmedheypreparation of several diblock copolymers.
2.6.6.4 TERP

Very recently YusH* and coworkers have shown that the polymerizatioN\®P can be mediated
by organo-telluride transfer agents to give PVFhvekcellent control over Mand low PDI. They
compared results for PVP made by TERP and RAFT atedlipolymerizations and found both
systems to yield PVP with well defined charact@sstin their work they found the TERP mediated
product to give polymer with molecular weight distitions ranging between 1.0-1.1 whilst for the
RAFT process it ranged from 1.1-1.2 implying bettentrol was attainable with the TERP process
than with RAFT.

2.6.6.5 RAFT

To date RAFT mediated polymerizations are the nspstlied system for the controlled living
radical polymerization of NVP although it mustistie mentioned that not much has been published
on this. Dithiobenzoates, trithiocarbonates, dithibamates and xanthates have all been employed
as CTAs for its RAFT mediated polymerization. Dabénzoates have been shown to retard the
polymerization of NVP* as well as give poor control over molecular weigtstributions, giving
polymers with polydispersities of 1.6—1.9. The taidoonyl thio moiety is, however, retained in the
final polymer*® Molecular weight distributions have also been fbuto be broad with
trithiocarbonates with polydispersities rangingnird.5-2.3:*° The polymerization of NVP with the

37
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dithiocarbamate39 was reported by Devasiat al’’ Their best control over molecular weight
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distribution was obtained with molar ratios of more/RAFT agent = 100 and RAFT agent to
AIBN ratio was 8 at 80C in dioxane to give polymer with PDI of 1.3. Mdadind coworkers
described the RAFT mediated polymerization of N¥Pmethanol at 60C, with xanthate47 to
give PVP of M, = 17000 with a PDI index of 1.35. Wanal.'*® reported that the RAFT mediated
polymerization of NVP with xanthate&aandb proceeded with simultaneous control of molecular
weight and tacticity when the polymerization wasgiea out in fluoroalcohol solvents. They found
that the syndiotacticity increased with increasthg ratio of fluoroalcohol solvent to monomer
(NVP) as well as by reducing reaction temperatdemthatesi6a andb however showed inhibition
periods of 1 and 6 hours respectively. This wasbatied to the fact that the benzylic radicals have
poor leaving group ability with NVP.

S H.C S CHj, S COOEt S H.C
3 3
J‘\ e k )\ CHs
Ph SX HsC S Ph HasC1a_ X
Ph (Ph),N IS COOEt S S
37 38 39 40 COOH

CHj

S H,C (6] S (6] S
HOOC COOH / Vi
AKX s—( s—
e S % omg | N s—nsu | N o—g
a 42 43
\
0 o

CH; S  CHg R S S H S
R s 07 CH, Ph s~ Yo~ ne” s o7 NS o~
a. R = COOMe a.R=H 47 48
b. R = COOE 45 b.R=CH .
CHy S s‘,
)\ )L Et t-Bu * Et
HOOC s7 Yo~ ~s7 No”
49 50

Figure 2.6. RAFT CTAs used to mediate the LRP of NW.

Postma et al® also reported the RAFT-mediated polymerization BWVP with the
phthalimidomethyl trithiocarbonate42 and the S-phthalimidomethyl xanthatd3. The
trithiocarbonate CTA 42 inhibited the polymerization initially before th@olymerization
commenced. The inhibition was attributed to thetre¢ stability of the RAFT intermediate. The
subsequently made polymers were also charactebigdugh M,/M, values (1.48-1.61). However,
xanthate RAFT agemt3 gave no discernible inhibition period and the podyization proceeded

with good control over molecular weight distributioPDI values of between 1.16-1.27 were
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obtained for low molecular weight targets (< 10000g). Recently Poundt al® have shown that
unstabilised monomers (VAc and NVP) also exhiblestve initialization. The RAFT mediated
polymerizations of VAc and NVP with the xanthate A3T(48, 49 and50) were probed withn-situ
'H-NMR spectroscopy. For the polymerization of NVRhaxanthate CTA48 the xanthate was
consumed in the first 275 minutes to give the gmgbnomer adduct. No significant polymerization
was observed within this period and the first moroaddition proceeded with high selectivity. The
initialization behavior of the various xanthate GTA&mployed in this study were found to be
determined by the nature of the R group. Xanthat@<with atert-butyl R group exhibited poor
initialization behavior for these monomers. Thissvediributed to the fact that the monomer derived
radicals had better leaving group ability compatiedhe R group radical, thereby causing hybrid
behavior’® These studies also served to show that in“$#tINMR is a useful tool to screen the
efficacy of RAFT agent CTAs. This being done byretating initialization behavior to the leaving
and reinitiating behavior of the R groups of theASTand subsequently to the 1, ratios>>*° In
this work, the RAFT-mediated polymerization of NM&y an alcohol functional xanthate RAFT

agent will be described in Chapter 3.
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Chapter 3

RAFT mediated polymerization of N-vinylpyrrolidone

3.1 Introduction

The propagating radical of NVP is not conjugated hance is poorly stabilized and therefore very
reactive. An analogy can be drawn with VAc whickoaproduces a poorly stabilized and highly
reactive propagating radical. It has been ratiaedlithat since the propagating radical, resulting
from the addition of VAc, is a poor homolytic leagi group, the intermediate radical addud8 (
and 22, Scheme 2.5, Chapter 2) are more stable than #mticipated products and hence they
fragment slowly: The low reactivity of the xanthate CTAs C=S doublend towards radical
additiorf® is best suited for these unstabilized and fagtgating monomers. It allows for efficient
addition of their propagating radicals onto the Cd&@ible bond. It also allows for the facile
fragmentation of their intermediate radical adducihis then ensures control over the
polymerization. Their xanthates’ ability to delazal O’s lone pair of electrons onto the C=S double
bond increases the electron density at the radigaire. This destabilizes the intermediate radical
adducts thereby increasing their fragmentation aateompared to the case with methyl or phenyl Z

group substituents?

The conventional FRP of NVP in the presence of tionalized “irreversible” CTAs like
mercaptans or functionalized solvents like isopxygthanol yields end functional oligomers.
However, it leads to polymers with broad molecwaight distributions. The end group conversion
is also not quantitativeIn light of this an alcohol end functional RAFTeay (1), HEECP, was
designed to mediate the polymerization of NVP. atedhere is only one other report in literature
detailing the synthesis of hydroxyl terminated Xemé¢s and their use in RAFT mediated
polymerizations. Lai and Sheprepared alcohol functional xanthates by mixinganequivalents

of an alcohol, carbon disulfide and sodium hydrexid form a xanthate salt. This was then
alkylated with chloroform and acetone in the pregeaf a phase transfer agent to give a carboxyl
functional xanthate. The carboxylic acid functiona@nthate was then esterified with ethylene
glycol, via acid catalysis, to give the hydroxyinfiional xanthate. In general however, xanthate
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RAFT agents can be readily prepared in one potiroplg alkylating the parent xanthate anion. It
can be easily prepared by adding carbon disulbdentalkoxide before adding the alkylating agent.

Xanthate salts, fortunately, are also available roencially.

CH, ‘s
o /‘\
Ho N \’)\s 0 cH,
ol
1

Figure 3.1. Hydroxyl functional RAFT agent (HEECP)used in the RAFT mediated LRP of NVP.

The R and Z group designations of RAFT agents arengn Figure. 2.1, Chapter 2. Tlaethyl
substituent, of the Z group was chosen on the bakishe similarity in RAFT mediated
polymerization behaviors of NVP to VAc. Coote andd@m have shown that, for VAc in RAFT,
the alkyl group on the oxygen must be a poor hotrmlgaving group compared to the conventional
R group® In earlier studies by Stenzed al* an ethyl substituent, on the oxygen, was showgivte
the lowest retardation in VAc polymerization by RAfIn analogy with VAc, the ethoxy Z group
was also used in the present study. The R groupldiie a good homolytic leaving group so that in

the pre-equilibrium (equilibrium Ill, Scheme 2.5h&pter 2) fragmentation favors the release of the
R group radical (R). This helps to achieve maximum reinitiating afficcy and to avoid the initial

formation of high molecular weight polymers. It hlagsen shown that propionic acid esters are

efficient reinitiators in VAc RAFT mediated polynieation.
3.2 Synthesis of HEECP

Xanthatel was readily prepared in good yields (> 80%) anghhpurity by a simple two step
procedure. The first step involved the preparatibthe alcohol functional alkylating agent, HEBP
(4), before reacting it with the xanthate salt toegihe RAFT agent. The synthesis of HEBP has
been described in work focused on ATRP as it i® alsed as an ATRP initiator for making
hydroxyl end functional polymefs’
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o}
_~_OH Q CH, TEA, DMAP

+ >—< > HO CH

HO THE, 0 °C \/\O 3

2 3 4  Br

Scheme 3.1. Preparation of HEECP.

3.2.1 Materials

Ethylene glycol 99+%, triethyl amine (TEA), 99%¢cwilo hexylcarbodiimide (DCC) , 4-dimethyl
aminopyridine (DMAP) and 2-bromopropionyl bromid&/% (all Aldrich) were used received.
Tetrahydrofuran (THF) was distilled from lithiumuahinum hydride (LiAIH) and kept over
molecular sieves. Diethyl ether (DEE) and ethaB®OH) were purified by drying over anhydrous
magnesium sulfate (MgSP(Saarchem) for 24hrs and distilling under a @& atmosphere. The
purified EtOH was kept over molecular sieves. N&OL5% (R & S enterprises), HCl 32%
(Saarchem) and sodium hydrogen carbonate (Najfi@@re used as received. Potassium ethyl
xanthogenate 99.5% (Sigma-Aldrich) was used as ivede Silica gel 60 for column
chromatography was purchased from Macherey-NagdicaSgel/TLC aluminum cards were
purchased from Sigma Aldrich. Color fixed indicap paper 0-14 was from Macherey-Nagel.
lodine, resublimed, was bought from Saarchem. Hexaas distilled under standard conditions.
Ethyl acetate was used as received. Sodium cya@bée+ (Aldrich), hydrazine sulphate 99.0%
(Analar), 3-acetyl-1-propanol 96% (Aldrich), Bromin(Merck) and sodium bisulfite 98%
(Analytical reagents) were used as received. Chdomg dichloromethane, and acetone were used
as received. NVP 99% was bought from Aldrich. NV&svdried over anhydrous Mg%0vernight,
flushed with argon for 30 minutes and distilled endacuum (b.p. 74 °C at 3.60 mmHg) and stored

over molecular sieves in the fridge (< 4 °C).
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3.2.2 Preparation of HEBP

HEBP was prepared as described by &liral® with a few alterations. Ethylene glycol (31 g, 500
mmol), anhydrous THF (150 ml), TEA (8.0 mL, 57 mjnahd DMAP (0.70 g, 5.7 mmol) were
added to a 500 mL 3-necked round bottomed flaskhvhias subsequently cooled t8@in ice. A
solution of 2-bromo propionyl bromide (10.8 g, 5thiel) was then added dropwise under a nitrogen
atmosphere. A white precipitate §8fHBr") formed immediately. The mixture was allowed tio st
overnight, coming to room temperature on its owcoat in the process. The mixture was filtered
and the filtrate concentrated. The remaining liquids redissolved in DDI water (200 mL) and
extracted with DEE (3 x 50 mL). The combined etbetracts were washed with HCI (5%, 3 x 50
mL), NaHCQ solution (3 x 50 mL) and distilled water and theted over anhydrous MgSGand
the solvent was removed. The remaining liquid wissiliéd under vacuum (bp 86~8€ at 5.6
mmHg) to give 5.41 g (55%) of HEBP as a colorldgsitl. Purity was confirmed byH-NMR
spectroscopy (~99%). HEBP was prepared as desdnéedevery time in the rest of this work and
isolated yields ranged between 50-60%.

'H-NMR (CDCL): &(ppm) = 1.85(d, 3 H, Bs—~CHBr—), 2.60(broad singlet, 1 H,O—CH2—-CH2-),
3.87(t, 2 H, HO—-E@ ~CH,-), 4.31(t, 2 H, HO-CH-CH,-0-), 4.42(q, 1 H, -BBr—-CH).

3.2.3 Preparation of HEECP

Potassium ethyl xanthogena® (4.66 g, 30 mol) was dissolved in EtOH (60 mL)ar250 mL
round bottom flask. 2-Hydroxyethyl 2-bromopropiandtd g, 20 mol) was added and the mixture
was allowed to stir overnight. The white preciptdkKBr) was filtered off and the solvent was
evaporated before re-dissolving the remaining tigni 200 mL of ether and filtering to remove
solids. The mixture was concentrated and purifiggddumn chromatography (eluent: hexane/ethyl
acetate, 3:1) to give HEECP as a light yellow didyid, 5.79 g (83.46%). Purity was checked by
TLC (Rs = 0.30) and confirmed bYH-NMR (> 98%) spectroscopy.

'H-NMR (CDCk): & (ppm) = 1.40(t, 3 H, B5CH,-), 1.58(d, 3 H, Es-CH-), 2.11(broad
singlet,1H, —®), 3.82(d, 2 H, —-€l—-CH,-), 4.26(q, 2 H, -€,-CH,-), 4.40(q, 1 H, - 8—-CHs-),
4.62(q, 2 H, €1 —CHy).
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3.3 Polymerization system

3.3.1 The initiator

In order to obtain a maximum amount of chains taated with hydroxyl functionality, a hydroxyl
functional azo initiator, 4,4’-azobis(4-cyanoperdBr(6) (ACP), prepared as described by Cloetet

HO CHz
CH, N«?—\—\
V4
N
Lo
N
6

Figure 3.2. Structure of the hydroxyl functional intiator used.

al.’® was used.

Hydrazine sulphate (14.3 g, 0.11 mol) was dissoinet0 mL water in a 3-necked 500 mL round
bottom flask. 5-Hydroxy-pentane-2-one (22.5 g, 01&#) was added followed by the slow addition
of a solution of sodium cyanide (10.8 g, 0.22 mil100 mL water and the mixture was allowed to
stand overnight. The reaction mixture was cooled@8C, by placing the flask in an ice bath, and
made acidic by slowly adding aqueous hydrochlocid §15%). Bromine (32 g, 0.2 mol) was then
added dropwise over a period of 5 h with the terafpee being kept at around’0 with intense
stirring and the reaction was allowed to stand wgt. Excess bromine (yellow color) was
removed by adding sodium bisulphite solution. A twetprecipitate was filtered off. This precipitate
(5.20 g) corresponded to the higher melting paintrier of this azo compoud@it was dried under
vacuum and gave a melting range between 93¢9@ he filtrate was washed with several portions
of a mixture methylene chloride/acetone (2:1 mL§ #gueous phase discarded and the organic
portions combined. The solvent was evaporated hadsolid residue obtained was recrystalized
from ethanol to give 3.70 g of the low melting isemof this initiator. It melted in the range 81-84
°C. The combined yield of the two isomers was 8.8-33% Yyield). Although no distinction was
necessary on which isomer to use, only the lowdtimggsomer was used in the rest of this work as
it had the highest purity (97% by NMRH-NMR (CDCk): & (ppm) = 1.50-1.64(m, 2 H, —GH
CH>-CH,), 1.72(s, 3 H, €l3-), 1.74-1.83 (m, 2 H,4@8—C(CH;)(CN)-), 2.05-2.19(m, 2 H, —CH
CH,—CH,-), 2.20-2.32(m, 2 H,4&—-C(CH)(CN) -), 3.70(t, 2 H, -8—-0OH).
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3.3.2 General polymerization procedure

The RAFT mediated LRP of NVP using HEECP as the RAgent was conducted. The molecular
weights, polydispersity indexes and conversionsaiobtd are given in Table 3.1. All

polymerizations were conducted in bulk at°80with initiation by ACP.

Table 3.1. RAFT mediated bulk polymerization of NVPwith ACP as initiator at 60 °C

run time  [M]/[HEECPL/[ACP] a,Teer PCony. oM, <3¢ M, MR M, FC¢ M,/M,
(h) (g/mol) (%) (g/mol) (g/mol) (g/mol)

1 7 223.0/5.65 /1.0 4 868 49 2385 2711 2798 1.30

2 7 224.5/5.25/1.0 4970 45 2263 2930 2725 1.29

3 7 218.0/5.05/1.0 5001 49 2451 2201 2483 1.31

4 7 410.0/4.96/1.0 9192 63 5791 6220 6740 1.26

&M, values expected at 100% conversions, determiriad eguation 3.2.
® Conversions were determined by weighing the mdifind dried polymer (= yield{g}) and then calcelitas yield{g}/([NVP+HEECP+ACP] {g})

X 100%

° M, values calculated as follow&onv. X 3, ™"

For runs 1-3, the following procedure was typi¢alg. for run 1) a dry Schlenk flask was charged
with HEECP (0.25 g, 1.06 mmol), ACP (52.60 mg, 8.20mol), NVP, (5.00 g, 40.5 mmol) and a
magnetic stirrer bar successively. It was thoroygtdégassed by four freeze pump thaw cycles,
backfilled with argon, sealed and immersed intoodrbath preheated and thermostated af®0
The polymerization was the allowed to run for 7Athwas typical in all the cases that the reaction
mixture became very viscous around 6—7 h and rsgirwas greatly hampered. The reactions were
allowed to run for 7 h and stopped by removing risection flasks from the oil baths and opening
them. The reaction mixtures were diluted with THie dhe polymer was isolated by precipitation
from diethyl ether. For runs 1-3, these sample®wa&so used in the end group modifying reactions
described in Chapters 4 and 5. They were precguitawice from diethyl ether and subjected to
Soxhlet extraction with diethyl ether for 48 h,remove residual monomer and finally dried in a
vacuum oven at 46C for 24 h. Theoretical molecular weights {{f°) were calculated using

equation 3.2, a simplified version of equation 3.1.
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theor. — [NVP]O
[HEECH, + 2 f[ACP], (L- e “)

X Mrp X Conversiont Mr ccp (3.1)

Mrnve @and Migeecp are the molecular weights of the monomer and tR&TRagent respectively.
[NVP]o, [HEECP} and [ACP} account for the initial concentrations of the maweo, RAFT agent
and the initiator respectivelyis the initiator efficiency factor arkj is the rate constant for initiator
decompositiont values for ACP with NVP have not been reported Metvever, ity was found to
be 1.28107°s™ in acetone at 68C.*° Its activation energy for decomposition is 120k32mol*
which is close to values for other azo compounkis AIBN (121.34-138.07 kJ/md) and 4,4'—
azobis(4—cyanopentanoic acid) (117.15-133.89 kJ/mdhis implies that the electronic effects of
substituents in ACP do not affect the decompositibrihe azo compound§.It appeared valid
therefore, to assunfevalues determined for AIBN in conventional FRREArC (~0.5-0.6) to hold
here as well. Thé values are not constant and tend to reduce inlyhighcous media. Viscosity
increases with increasing conversion thereforefoliows that f values will also reduce with
increasing conversiorf. values can, therefore, be lower than 0.5 and #oorsl term in the
denominator also becomes very fd\i.e. the number of initiator derived chains igjiigible). In a
typical RAFT-mediated polymerization, the fractiof initiator derived chains is minimal. It is

therefore, legitimate to reduce equation 3.1 taaéiqn 3.2.

M nTheor._ [ NVP] 0

= M X Mrp X Conversiont Mr .., (3.2)

For runs 1-3 (Table 3.1), conversions were detezthgravimetrically and iMwas calculated using
equation 2. Molecular weights were also determibgdH-NMR spectroscopy. For the run from
which samples were taken, ACP (52.4 mg, 0.207 mmtEECP (250.8 mg, 1.05 mmol), NVP (10
g, 89.98 mmol) and a magnetic stirrer bar were dddea dry 50 mL Schlenk flask. The reaction
mixture was thoroughly degassed by 5 successiezdr@ump thaw cycles, backfilled with argon
and sealed before being immersed in an oil battmtbstated at 66C. Samples were withdrawn at
timed intervals, using a degassed syringe, to agbesevolution of molecular weight by SEC and
conversion (by NMR) with time. The NMR samples @ietermine conversions) were immediately
prepared after each sampling, in CB&s the NMR solvent whilst the rest of the sampdes wdded,
dropwise, to diethyl ether to precipitate the podymNVhere no precipitate was obtained, all volatile
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were removed and the sample concentrated. Thesglesamere prepared for SEC. MALDI ToF
analysis was carried out on samples 1, 2 and 3derdo fully characterize their structures whilst
two dimensional NMR spectroscopy was carried ousample 3 in order to gain more insight on its

end group structure.

3.4 Analysis

3.4.1 NMR

One dimensionatH (400 MHz) NMR and“*C NMR spectra as well as two dimensional COSY
were acquired with a Varian VXR-Unity in CD{lunless specified otherwise). All chemical shifts

are reported in parts per million (ppm) with tetethylsilane (TMS) as a reference.
3.4.2 SEC

SEC analysis was carried out using a Shimadzu, Q&BLpump, a triple detector array in series:
Waters 2487 dual wavelength UV detector (320 nm)iscotek 270 light scattering
(RALLS/LALLS) and Viscometry (in series) and a Wiat2414 Differential Refractive Index (DRI)
detector (35C). Injections were done by a Spark Holland MIDAStem with an injection volume
of 50 uL. The eluent was 1,1,1,3,3,3-hexafluoro-2-propdhi#iiP) at a flow rate of 0.8 mL/min. A
short silica column was placed after the pump tolcdree fluoride possibly to present in HFIP.
Samples were filtered through a Ogn PTFE filter placed between the columns and the UV
detector to prevent small particles from enterimg LS detector. Calibration was done using PMMA
standard sets (Polymer Labs, EasyCal PM-1). Dajaisition and processing was performed using
Viscotek, Omnisec 4.0 (all detectors) and Waterp&ner 2.0 (UV and DRI detectors). A fifth
order polynomial was used to fit the lgl vs. time calibration curve which appeared lineaer
the molecular weight range M = 3.710%-2.33x 10° g/mol.

3.4.3 MALDI ToF MS

MALDI ToF mass spectra were recorded on a Voyager—-BTR (Applied Biosystems,
Framingham) equipped with a nitrogen,(N337 nm laser in the reflector mode, at 25 kV

accelerating voltage and with delayed extractidme Matrix was trans-2-[3-(4-tert-butylphenyl)-2-
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methyl-2-propenylidene]malononitrile (Aldrich) ambtassium Trifluoro acetate (KTFA) (Aldrich)
was used as the cationizing agent. In each anathgisanalyte sample was prepared by first making
up the following concentrations of matrix, KTFA asample, in THF, separately: 40 mg/mL matrix:
5 mg/mL KTFA: 1 mg/mL sample, before mixing themtive respective ration of 4:1:4 and hand
spotting on the target plate. 1000 laser shots whtained for each spectrum. All the MALDI ToF
results reported in the rest of this work were wied as described here.

3.5 Results and discussion

3.5.1 Control over the of molecular weight distribdion

The alcohol functional Xanthate RAFT agent (HEE@R) prepared in high yields and excellent

purity. The general reaction scheme for the polynaéion is shown below:

HoCoe
0 T

N /O (0]
HO. -~ CH, HO
O)S/ 13<j \/\o

S S

s
T
n
CH; N fo) (e}
o Initiator (ACP) g w
A

CHg

S

CHs 14

Scheme 3.2. General scheme for the RAFT mediatedlpmerization of NVP (13) with HEECP (1) as the
RAFT agent to give PVP (14).

The RAFT-mediated polymerization of NVP proceeddthwyood control over molecular weight
and molecular weight distribution. This will be st below.'H NMR was used to determine
conversion as a function of time by comparing moeopeak integrals to the polymer (PVP) and
RAFT agent peak integrals. The residual monomerquastified from the signal at 7.09 ppm (dd,
N-CH=CHH). The overlapping resonances at 2.9-4.2 ppm (bnoaltiplet, PVP &,~NCH) and
3.52 (t, NVP ®&,N) were used to obtain the amount of residual margoius polymer.

Figure 3.3(a) shows thevolution of conversion with time. Conversion irased fairly linearly with
time and about 45% conversion was attained in THe In([M]o/[M]) vs. time plot is linear
indicating that the kinetics were first order wigspect to the monomer concentration and that there
was a constant number of polymer radicals. FiguB{b3 shows the number-average molecular
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weight (M,) and polydispersity index (MM,) as a function of conversion. Molecular weights
increased linearly with conversion. The maximumatan in M,/M,, ratios is approximately 0.05,

therefore they can be considered as constant wettperimental error.

a
N (b)
5000 T T T T T T : 1.500
45 ® In(M] D/[.M]) 0.6 Theoratical M |
O Conversion 4500 ~1.475
$ 40
E’\_, . 0.5 . 4000 +1.450
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Figure 3.3 (a). Time-conversion and first-order kiretic plots and (b) M, and M,,/M, versus Conversion
for the RAFT mediated bulk polymerization of NVP at 60 °C, with the initial molar ratios 436.0:10:1.0
for NVP, HEECP and ACP respectively.

0.5 Conversion =
45%

39%

33%
27%

23%

19%
14%

Normrelised DRI Intensity
o
[N
1

3 4
Log(M ) (g/mol)

Figure 3.4: Evolution of SEC traces with conversiorior the RAFT mediated bulk polymerization of NVP
at 60°C with the initial molar ratios 436.1:10:1.0 for NVP, HEECP and ACP respectively.

Figure 3.4 shows the normalized SEC traces, sdaleshonomer conversion, which show that
molecular weights progressively increase with cosie®. No bimodality was observed. This is
typical of well controlled living radical polymemtion systems. Some tailing, however, is evident
towards the low molecular weight region. This agaonld be attributed to chain breaking reactions
like radical-radical coupling and disproportionatiaesulting in dead chains. Degradation of the
xanthate chain end moiety also produces dead ch&aoed control, however, was maintained

throughout the polymerization (WM, < 1.4).
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3.5.2 Chain end structural analysis
3.5.2.1'"H-NMR analysis

'H-NMR analysis was used to provide both qualitatinel quantitative information on the polymer
end groups. Only polymers with low degrees of p@yization were targeted in order to increase

the concentration of end groups to avoid probleaestd low resolution of the end group signals.

d
O CH K
b
Ho—cf,-chH,—0—C— CH—|:CH2 CHjl—CHZ—Hc‘: s—C—0- (:H2 chy

4
3 (ppm)

Figure 3.5."H-NMR spectrum (CDCI3) of PVP prepared by the RAFT mediated bulk polymeization of
NVP at 60°C with the initial molar ratios 224.5/5.3/1.0 for N/P, HEECP and ACP respectively.

A typical 'H-NMR spectrum of the PVP prepared in this workstown is Figure 3.5. Peak
assignments were made based on the expected strudtich is shown in the insert in Figure 3.5.
The large signals at 1.3-2.6 ppm §, iandj) and at 3.0-4.1 ppnf &ndg) are due to the repeat
units*® The peaks marked by an asterisk are due to diethgr. Insight into the end group
composition of the polymer was provided by analgzine several small signals in the baseline that
are highlighted in the inserts. The signal at Jofpifn @) was attributed to the methyl group of the R
group of the RAFT agent, which is located at thechain end of the polymer. Signdlandm were

assigned to the Z group Hz- and —G3 protons of the xanthate. Sigmaloverlaps with the signal
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for the “head” —E1,— peak of the terminal repeat unit before the Zigrof the xanthate). Several
other RAFT agent signals, b andc, overlap with the broad signal of the polymer lmme in the
region 3.0-4.2 ppm. The broad signal at 5.7-6.2 pa® attributed to the +G- (k) of the terminal
monomer unit attached to the S of the Z group. Sigeal at 4.60 ppm)from the «c-chain end was
used to calculate the number-average molecularhwéid,) from the «-chain end. This was done
by dividing the integration value of signilof the polymer backbone by the xanthate chain end

signall as shown by equation 3.3.

M "MR = £/ (1/2)x 111.14 g/mol 3.3
M,"MR is the M, value determined this way. 111.14 g/mol is the anahass of NVP. The
integration value for signdlis divided by two so as to equate it to thaf.ofhe former signal is
produced by two protons whilst the latter signalpi®duced by one proton. The,Malues
determined in this way are shown in Table 3.1 asM{™® values. Agreement with the JWalues
determined by SEC was good (see Table 3.1). Differe can be attributed to inaccuracies in
determining the integral values due to overlap ketwpolymer peaks and some end group peaks
resulting in the overestimation of the integralued of the former. Also, not all of the polymer
chains were eventually capped by the RAFT agehttscarbonyl thio moiety at thec-chain end.
This resulted in an overestimation of integral ealwf the polymer peaks. Bimolecular termination
events like radical-radical coupling and disprofmoration reduce the number of chains capped at
the w-chain end by the thiocarbonyl thio moiety. It abggpears that this end group is very labile
and it decomposes under mild conditions. This weffiegd by analyzing the small signalsandq
(Figure 3.5). Peaks andqg were assigned to protons on unsaturated end g(&iguere 3.6) due to
their similarity to the signals of the monomer a3 ppm (N-CH=CH) and 7.09 ppm (N-
CH=CHH) (downfield of TMS in CDG). No evidence was found for a —CH=géhd group. This
end group is produced by backbiting (by the propingaradical) followed byp -scission:> This

implies that this side reaction either did not takece or it occurred at undetectable levels.
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Figure 3.6. lllustration of unsaturated chain endson PVP prepared by the RAFT mediated bulk
polymerization of NVP at 60°C.

Analysis of the COSY spectra (Appendix 1) also sbdwhat their cross peaks intersected on the
diagonal line indicating that they were indeed dedpThis chain end unsaturation is attributed to
disproportionation and/or thermal cleavage of thgrdup at thew-chain end. MALDI ToF MS

analysis of the polymer, however, implied that tth&in end unsaturation is largely caused by the

thermal cleavage of the Z group. This is shown welceggeet al*

assessed the thermal stability
of a number of RAFT agents and found that for xateth the breakdown temperature was &iC75

it is possible therefore to conclude that the omdethis decomposition occurs at a much lower
temperature as polymerizations in this case weameataa much lower temperature (8D). Liu et
al.’® also found that cumyl dithiobenzoate (CDB) decosgubto give o -methylstyrene and
dithiobenzoic acid (DTBA) (Scheme 3.3). They detewd the decomposition rate constaktd

for this to be 4.6410° s at 60°C. High temperatures shift the equilibrium to thght® In
analogy with Liu’s findings, the decomposition bétthiocarbonyl thio end group from tleechain

end can also be rationalized as shown in Scheme 3.4

s
s H,C
@_{ CH, ke W s 2\>—@
s~‘—< > =
ks SH HyC
CH,
16 17 18

Scheme 3.3. Mechanism of decomposition of CDB.
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Scheme 3.4. Proposed thermal decomposition of thimbonyl thio end group from the -chain end of

PVP prepared in this work.

In this work no attempt was made to isolate @ethyl xanthic acid, Z0). However, in several
polymerizations ran in this work, the unsaturatrhe «:-chain end was estimated Hy-NMR, to
between 3-5%. It was also observed, in a test safn@in run 3, Table 3.1, that when the sample
was kept on the bench, open to air, the chain asdturation increased from ~3.5% to 9% within 4

months.

The doublet at 1.3 ppm) and the quartet at 5.44 ppm) (vere assigned toH; and CH signals
respectively as this pattern is typical of d£CH—system. It was observed that their intensity could
be increased by merely heating a freshly prechaitdbnce) polymer sample as a way of removing
residual unreacted monomer and precipitating sol(diathyl ether) in an open beaker at°&0for
24 h. Figure 3.7 shows the resultittg-NMR spectrum of such an experiment. In comparisith

Figure 3.5, the intensities of signalandp in Figure 3.7 have clearly increased.

3 (ppm)

Figure 3.7.*H-NMR spectrum of PVP sample from Figure 3.5 aftetheating for 24 h at 50°C.
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2D NMR analysis (COSY) of this sample showed that signalsy andp were on adjacent carbon
atoms as cross peaks were observed (Appendix 2selheaks were assigned to end groups of
dimeric derivatives. NVP is known to form a dimepmduct (1,3-Bis[pyrrolidin-2-on-1-yl]but-1-
ene) R0, Scheme 3.5) with itself under acid cataly§i& also hydrolyses to 2-pyrrolidinon€3,
Scheme 3.5) and acetaldehyde in aqueous solutiithsaeid catalysid’ The 2-pyrrolidinone Z3)
released by the hydrolysis can react with NVE3)(to form another dimeric product, an

amidoethylpyrrolidinone derivative4).t"®

jH* p
n

p
Ho o oH Na
H3C\’/O\’/CH3 H3C\|/OH HyC— oy H \’/\‘
13 H,0 |

Y
H
N o)
20

oﬁzgm— go<— UOLOXD@

24 23 25

Scheme 3.5. Side reactions of NVP.

Reaction of the cation2() with water to give22 can also lead to the formation of the dimeric
derivative 26). The protons expected to give the signals coording ton andp are indicated in

Scheme 3.5. Whilst the monomer, NVP, used herepmagied thoroughly, it is conceivable that
there were traces of moisture. Considering alsbti@aRAFT agent has an alcohol functionality this
could lead to mildly acidic conditions which shouwddtalyze the formation of any of the dimeric
derivatives. It is unlikely that an end group stare analogous t@4 (28, Scheme 3.6) gives rise to

the peaks andp.
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Scheme 3.6. lllustration of possible end group stature.

This is because the signals due to a Ckineighboring a CH. This only leaves end group stmast

analogous t@0 and26, Scheme 3.5, as an option.
3.5.2.2 MALDI ToF MS analysis

PVP end group structures were further analyzed By} M ToF MS. Figure 3.8 shows a typical
MALDI ToF mass spectrum of a PVP oligomers prepaneitis work.

> 1.0 9 A A= Mr = 111.14
g 0.8 —
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g o4l |
Pl |
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Figure 3.8. MALDI ToF mass spectrum of a PVP oligorar prepared by the RAFT mediated bulk
polymerization of NVP at 60°C, with the initial molar ratios 224.5/5.25/1.0 forNVP, HEECP and ACP

respectively (run 1, Table 3).

The peaks in the main distribution, in Figure 38 at intervals of 111.14 mass units from each
other which corresponds to the molar mass of NI répeat unit. Potassium trifluoro acetate was

added as the cationizing agent hence all the chiairiee spectrum in Figure 3.8 (and in the rest of
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this work), were cationized by potassium. This aets for 39.10 Da of the experimental molar
masses. Then/zregion 2030-2065, expanded for illustrative pugsposhows that they were four
signals, of varying intensity, for each peak, dodhe natural abundance of the isotopes. Possible

structures corresponding to these signals are siowable 3.2.
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Table 3.2. Structural assignments for the MALDI ToFspectrum of PVP in Figure 3.10

Peak Monoisotopic mass ( K Structure Cationization n
°Expt. ®Theo.
a 2038.25 2038.11 i K* 16
HO o SYO\/CH3
CHy N N0
4
s
2038.11 2 Na" 16
HO\/\OWSYO\/CH3
CHy N NS
2
g l4a
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In general MALDI ToF MS detects ions of the tyg&X—[M] —Y} "C". X and Y are the end groups,
M is the repeat unit, n is the degree of polyméidmaand C is the cationizing ion. End group
analysis can be done by plotting Masg4 against n to get a plot (as a straight lineheftype:

Mass (/2 = (Mu)n + [(Mx +My) + Mc.] (3.4)

The slope of the line gives M the molar mass of the repeat unit. The y—axeraept, [(M +My) +
Mc:], gives the combined masses of the end groupstbusationizing ion respectivety? With
knowledge of the synthetic procedure used, e.g. RA&T mediated polymerization of NVP
illustrated in Scheme 3.2, structural identificatmf the oligomer is made possible.

In Figure 3.8 the isotopic pattern with the greaségnal intensity, d, was assigned to structi#b,
Table 3.2. This was as expected from Scheme 3.th®RAFT mediated polymerization of NVP
with HEECP as the CTA. Figure 3.9 shows an excebgmeement between the theoretical and the

experimentally determined isotopic distributions.

Voyager Spec #1BP =2086.2, 4223
2055.18 12230

10
% 217 205618

ig 25718

23 205560 L5618 205018

; 0
20536073 205437289 205633842 2057.703%5 205006948 206043501
Mass (m /z)

ISO.C5HIOCEHINO)I6C3HS 20 +(K)L
205509 0

- 205409 205610
< 60 205710

% Intensity

2058.10 205010

: ‘ ‘ ‘ ; ‘ 0
2536073 2543728 205633842 25770395 20500648 206043501
Mass (m/z)

Figure 3.9. MALDI ToF mass spectrum of PVP, run 1 Table 3.2, prepared as illustrated in Scheme
3.3, showing the experimental isotopic distribution(top) and the theoretical (bottom) corresponding @

structure 14b in Table 3.4.

The isotopic distribution a (Figure 3.8) was atitdd to four possible structure?9, 14a,30 and

31, Table 3.2.29 corresponded to a dormant chain expected from rBeh®.2 that has been
oxidized. The oxidation of thiocarbonyl thio moiety RAFT agents has also been observed by
Favieret al?* They are oxidized to give the sulfing7] initially, which subsequently gets oxidized
to the (mono)thiolcarbondte®® (38, Scheme 3.7).
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k oxidation |
Rmwwwwwwwwwww § O/\CH3 PN
36

oxidation

Rmwwwwwwwwwwwwn §

O
)LO/\CHS
38

Scheme 3.7. Oxidation of the thiocarbonyl thio fungonality.

Structurel4acan be assigned to a “normal” RAFT mediated, dotrohain cationized by NaThis
agrees well with a shift of 16 mass units down froeak d as the mass difference betweehadxal

K* is 16 g/mol. Even though KTFA was added to the@amN4& ions can be anticipated to be
present as impurities related to the sample his@Gyagrees with an initiator derived chain capped
at the w-chain end by another initiator fragment due toiaaldradical coupling. Finally, from
isotopic cluster a, it appears tt&it was either not present or was present in insicgnifi amounts.
The isotopic cluster b, Figure 3.8, can be assigadd/o possible structuredfand32). 15is due

to an R group derived chain that is capped atdthehain end by an unsaturated end group formed
as described in Section 3.2.5.1. This chain endaturstion can also be attributed to
disproportionation. However, structuB® which would also form as a result of disproporéabon
has a mass 1.92 Da higher than the observed vEhigis outside the error range for this MALDI
ToF MS analysis as the rest of the structures wtgn 0.14 Da. Although for this sample, run 1,
Table 3.3, there was 3% chain end unsaturatiorugtralso be noted thab can also arise due to
fragmentation of the dithio moiety during the MALObF MS analysi§®?® Structure32 can be
assigned to R group derived chains capped atcthehain end by a structure analogous to the NVP
dimer @0, Scheme 3.6). It is interesting to note that $tm&c32 gives exactly the same isotopic
pattern asl5. This would imply that end group derivati@@ which is analogous to the NVP dimer
(20) gives the peaks andp in the NMR spectrum in Figure 3.7. The MALDI ToFSvspectrum of
the sample used to acquire the NMR spectra in Bi§uf is shown in Section 3.5.2.3. below.

Finally the isotopic cluster c, Figure 3.8, is iatitable to initiator derived chains capped at the
chain end by the normal thiocarbonyl thio moiedy)( Taking into account the [HEECHRACP]o
ratio of 5.25:1.0 used, run 1, Table 3.3, it is siprising that they are observable. Destataal >
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and Schilliet al** have also reported initiator derived chains u§#d=T agent to initiator ratios of
5:3. Cluster ¢, could also be assigned to chaippexh at both ends by the R group due to radical-
radical coupling of R group derived chair&b), However, the mass f@5 is 0.97 Da higher than
the experimentally observed value, which is higihan the errors for the other structure€(14).
A difference of 1 Da probably means that this i¢ tiee correct assignment. However, for the
particular isotope peaks in this analysis (e.g.Fsgare 3.10 below) the most abundant isotope peak
was not located at the top of the isotope pattefingerefore, this implies that structug® was
probably present, but its isotopic pattern was laygring with that fol34 and14b. This is shown in
Figure 3.10 below.

Vojger Spec#(BP =662 423

2055.18 030
2056.18

2057.18

2049.20
2058.18

% Intensity

Mo ‘ 2804 ‘ 2528 ‘ 20852 ‘ 20576 ‘ 1800
Mass (m/z)
ISOCSHOCACSHONOBCEHS0S KL
25117 100
5217

2053.18
205418

% Intensity

2055.18

2480 ‘ 2804 ‘ 2528 ‘ 20552 ‘ 20576 ‘ 2600
Mass (m/z)

Figure 3.10. MALDI ToF spectrum of PVP, run 1 in Table 3.1, prepared as illustrated in Scheme 3.3,
showing the experimental isotopic distribution (top and the theoretical one (bottom) assigned to

structure 35 in Table 3.4.
3.5.2.3 Analysis of peaks and p by MALDI ToF analysis

The possibility of end group structu28, Scheme 3.6, was ruled out. This leaves two plessihd
group structures39 and 40, in Figure 3.11, as the sources of peaksndp in Figure 3.7. Both

satisfy the criteria that the GHCH- is isolated from the main chain.
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Figure 3.11. Proposed structures for end group ging signalsn and p.

MALDI ToF analysis of the sample used to acquie’t-NMR spectrum in Figure 3.8 is shown in

Figure 3.12 below. The evolution of the peaks amxigto the end group B2 (Figure 3.12) is
marked by an asterisk.

1.0 .
* =l1l4bforn=5ton =25
0.8 * *=15andor32forn=5ton=25
. - | ] [ |
Eib 5 * .
706" o
c 3 h
g " s
c 0.4 *
- *
*
024[ ¥
n
0.0 L MJL_J *Jl *)l l‘ Ao & A
" I T T T T T T T T T T T 1
800 1200 1600 2000 2400 2800 3200

Mass (m/z)

Figure 3.12. MALDI ToF mass spectrum of PVP sampleised to acquire the NMR spectrum in Figure
3.7, with n as the degree of polymerization.

Although this series of peaks is attributed to biihand 32(Table 3.2) it would seem on the basis
of this evidence to imply th&2 is the origin ofn andp. However, it is still plausible to presume
that if signalsnh andp were given b9, this end group could be fragmenting during ioticrastep
of the MALDI ToF. Beyouet al® showed that for PS prepared by NMP the linkagevéen the

terminal styrene unit and the O is weak and itwa@eladuring ionization. 189 fragments, it would be
indistinguishable from the isotopic cluster3#
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Fragments here

H
O\*/CHs
N N N o]

Figure 3.13. lllustrating the fragmentation of structure 39 in the MALDI ToF MS to give a structure

with an isotopic pattern similar to that of structure 32.

3.6 Conclusions

o -Hydroxyl functional PVP was successfully synthesdizvith good control over molecular weight
and PDI. To ensure that all the chains wardnydroxyl functional, an alcohol functional initcat
(ACP) was used. However, it was observed that mifgignt number of side reactions also take
place. This is presumably due to the reactivityh@® monomer used in this work. N-vinyl lactam
monomers are highly reactive. This is due to caajiogp of the vinyl group to the amide linkage
which results in the carbon atom of the CH= in theyl group to be very susceptible to
electrophilic addition reactions. In this work, appears that this propensity for side reactions
(mainly addition of protons to the vinyl group) s&sd to be increased by the alcohol functionality.
It probably causes mildly acidic conditions whicwdr these side reactions. This has also been
observed in the RAFT-mediated polymerization of NWRh a carboxylic acid functional RAFT
agent 49)*° (Chapter 1). The extent of the side reactions Wwasiever, small as the control attained
in the final polymer was good.

The end groups were thoroughly characterizedHWNMR spectroscopy as well as MALDI ToF
MS. It was shown that the thiocarbonyl thio moietyather labile. The instability of thiocarbonyl
thio end groups is known to increase with tempeeatline evidence presented in this work implies
that structure32 is the source of the signaisandp. It was not established if the vinyl group of this
end group is polymerizable and if so does it copagize with the monomer. Also it can be
speculated that the protgrcan be abstracted to give a very stable allyliicad. If so, its impact on
the kinetics would need to be assessed as well.
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Chapter 4

Thiocarbonyl thio end group removal by an ATRA base radical
exchange process for the preparation adw-hydroxyl telechelic
functional PVP

4.1 Introduction

The need for making end functional polymers hashEented out in Chapter 2. They are essential
building blocks for making block copolymers and ywoer networks. For example telechelic
hydroxyl functional polymers are precursors for mgkpolyurethanes and polyesters. They can also
be crosslinked using multi-functional isocyanate$orm networks. Therefore, there is a great need
for making telechelic polymers. Frequently, systdorsmaking telechelic polymers are inherently
designed in such a way that the initial polymeaisend functional. Thex-end functionality is then
introduced in extra post polymerization syntheteps. Post polymerization end group modification
for RAFT made polymers, at th@-chain end, results in the removal of the thiocagbdhio end

group. The advantages of this have been pointethdCihapter 2 (Section 2.4.5.2).

In Chapter 3, details on how to prepaxehydroxyl functional PVP by the RAFT process were
presented. In this Chapter, a new approach to rentbhe thiocarbonyl thiow-end group is
presented. The process is based on radical indwckdtion of the thiocarbonyl thio moiety. The
radicals are generated as in ATRATRA and ATRP are based on the same mechanismet#eny
unlike with the latter, in ATRA only one moleculs added, there are no multiple monomer
additions. Radicals are generated by the homotjgiavage of the R-X bond of an appropriate alkyl
halide (e.g. anmx -bromo ester) catalyzed by a transition metal cemge.g. a Cu complex). The
transition metal catalyst simultaneously undergaeme-electron oxidation step. In this work,' Cu
was generated in situ by reduction of'Cusing ascorbic acid. The radicals then add to the
thiocarbonyl thio moiety at the:-chain end of the polymer as illustrated in Sché&n2e(Chapter 2).
The sequence of reactions anticipated in this vi®rghown in Scheme 4.1. HEBR, Chapter 3)

was used as the alcohol functioreatbromo ester. The use of radical reduction as anmef end
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modifying RAFT made polymers has been describedséttion 2.4.5.3 (Chapter 2). It takes
advantage of the tendency of the thiocarbonyl thaety to react easily with radicals by addition-

fragmentatiorf.

HO

HO
fe) O
Ho ° HO ©
+ 2[Cd'L,)Br, =——> + 2[CULBr + 2HBr
(0] (0]
2 3

HO OH

1 4

(e}

o
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2 6
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S
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A
7
i
S OH
HO-R . HO-R = HO-R \'/ Yko/\/
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Scheme 4.1. Modification of RAFT made PVP’s thiocdronyl thio chain end moiety to producex-
hydroxyl end functional PVP by ATRA.

N

8

The hydroxyl telechelic functional PVP was charezesl by SEC!H-NMR, UV-vis and MALDI
ToF MS. Quantification of the hydroxyl functionglitvas done by derivatizing the hydroxyl end
groups with TAI. This produced a well resolvVié-NMR signal for thea -methylene protons of the
subsequent carbamate. By comparing the integraftres for thea -methylene signal of the TAI
derivatized PVP and those of the backbone of tHgnper chain, quantitative information was

obtained.
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4.1.1 Materials

PVP oligomers from runs 1-3, Table 3.1 (Chapten8je used in this work. HEBB)(was prepared
as described before (Section 3.2.2, Chapter 3)BGyAldrich), PMDETA (Across), ascorbic acid
(Sigma) and TREN (Aldrich) were used as receivethbromethane was dried over anhydrous

MgSO, overnight and distilled under normal pressure teetse. TAI was from Fluka.

4.1.2 Synthesis of M@ REN

MesTREN was prepared exactly as described by Britovete#l®> TREN, 3.00 mL (19.9 mmol),
acetic acid, 135 mL, and acetonitrile (600 mL) wadeed to 1000 mL round bottom flask, followed
by aqueous formaldehyde (49.0 mL, 660 mmol, 37 wiPhe mixture was stirred for an hour and
subsequently cooled to 0 °C. Sodium borohydrid® 10(13.4 mmol) was then added slowly and
the mixture was allowed to stir for 48 h. Afterwarall solvents were evaporated. The subsequent
residue was made strongly basic with 3 M aqueodsuso hydroxide, and extracted 6 times with
dichloromethane. The combined dichloromethane etdravere dried over anhydrous Mg§O
overnight, and the solvent evaporated. The resiagedissolved in pentane, filtered, and the fi#trat
was dried under vacuum for 24 h to give 3.87 g¥86of M&TREN as pale yellow oiltH-NMR
(CDCly): d(ppm) = 2.18 (s, 18 H, —N43), 2.34 (m, 6 H, -NE@,CH,NCHj3), 2.57 (m, 6 H, —
CH,NCH).

4.2 Instrumentation

NMR, SEC, and MALDI ToF MS analysis was carried asitdescribed in Section 3.3.2 (Chapter 3).
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4.3 Results and discussion

Table 4.1. Initial results for the end group modifcation of PVP by Cu catalyzed radical

reduction, in acetone at 65C for 15 h

pVPp PVP:HEBP HEBP:Cat. PCat:*Asc. A IModification After modification
mol:mol mol:mof mol:mol M, >EC PDI

1 1:10 10:1 4:1 >99% 2 483 1.30

1 1:20 10:1 4:1 >99% 2 599 1.26

& These values are from the sample labeled as,rTiakle 3.1, Chapter 3, which was used for thii@dar experiment.
P Cat. refers to the Cu catalyst ([CuLjBrand L is the ligand.

¢, Asc. A refers to ascorbic acid.

9. Modification refers to the relative extent of tieenoval of the thiocarbonyl thio moiety as estiealby*H NMR.

4.3.1 The catalyst system

The use of Cu catalysts is well documented in AT&#& in atom transfer radical cyclisation
(ATRC) reactions:* The radical generation mechanism is very simiathit in ATRP® A lot of
progress has been made in increasing the cata&ffiaeency of the Cu based catalyst systems by
researches working in ATRPAliphatic amines like PMDETA?2) and MgTREN (13) have been
shown to be ligands that give very active €atalysts:®

o, o
CH, N\CHa Hsc/N\/\N/\/\N/CHS
i I L
Hoe” > N
(‘:Hs HSC/N\CHS
12 13

Figure 4.1. PMDETA (12) and Me6TREN (13).

In light of that, PMDETA was initially selected #te ligand as it is readily available commercially.
The Cu complex was generated situ by reduction of the Cucomplex by ascorbic acid. This
technique has been utilized in ATRP where it isned AGET ATRP.® In the AGET ATRP
system, one starts with an alkyl halide initiatodahe Cu catalyst in the oxidatively stable"Cu
form. The activator (Cucatalyst) is generated by the addition of an appmte reducing agent. In
this work ascorbic acidlf was used as the reducing agent. In the redoxioeaascorbic acidl] is
oxidized to dehydroascorbic acig) vhilst CU' is reduced to Cuthe activator.
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In the AGET system the ¢wcomplex, formed by termination reactions, is ragylreduced back to
the active Clform by ascorbic acid. Consequently lower amowftu catalyst are therefore
required as the active €form is constantly regenerated in the system. Has been termed
activators regenerated (ARGET) ATRP by its invest8iThis system was therefore chosen as, due
to the low catalyst loading, it would be fairly &m”. Also the Cliprecursor is air stable thereby
improving the handling of the system.

4.3.2 ATRA end group modification

The anticipated mechanism for the end group matiba is shown in Scheme 4.1. Ascorbic acid
reduces the Clucomplex to Cl The Cticomplex then homolytically cleaves the R—Br bofithe
HEBP 6) to give the radical6). The radical then adds to the reactive C=S bdritieothiocarbonyl
thio moiety at theww—chain end to give the intermediate radi@alhe intermediate radicaB) can
either fragment back to giveand6 or fragment to give the macro radic@land10. By applying a
large excess of the alkyl radidglthe chances of the macroradi®gbnce formed) to react with the
alkyl radical6 are increased. The reaction between the radicail9 to give the desired telechelic
hydroxyl functional PVP 11) is irreversible so this reaction step is likeiaks Therefore these

conditions should lead to an overall increase @éjleld of the productl(l).
4.3.3 Initial experiments

In the initial experiments PVP to HEBP ratios of@and 1:20 were used. Acetone was used as the
solvent. In a typical experiment, the Cu complexsvpaiepared separately by mixing equimolar
amounts of CuBrand the ligand (PMDETA) in a round bottom flaskeTmixture was stirred, with
some mild heating until all the CuBdissolved and the solution had a characterisgemgrcolor.

The polymer and HEBP were weighed into a separeldeBk flask followed by the addition of an
appropriate amount of the Cu complex. Ascorbic asab dissolved in acetone separately. Its
dissolution was improved by adding small amountsvafer. The polymer + HEBP + Cu complex
(reaction mixture) as well as the ascorbic acidittmhs were then degassed separately by 2 freeze
pump thaw cycles. The reaction mixture was dipped an oil bath preheated and thermostated at
65 °C. The experiment was started by adding the ascaxtid solution to the reaction mixture. The
reaction was stopped by removing the flask fromdidoath and diluting with an excess of THF.
The polymer was then purified by running througbhart column of neutral activated aluminum
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oxide in order to remove the copper catalyst. Isveaentually precipitated from diethyl ether.
Recovery was typically low (40-60%). Sample was bysrunning it through the column to remove

the catalyst.
4.3.4 End group analysis

'H-NMR analysis showed that, in both cases, ther® seanplete removal of the xanthate chain end.
However the polymers were largely terminated at theend by unsaturated end groups and

aldehyde functionality. The causes of each ofahésnow discussed individually.

residual HEBP

a
T ~T— T
7 5 ppm 5 4
B CDCIS\‘
Jkgb@ -
c |
WJKH" ) i 7
I T T T T T T H ma T
10 9 8 7 6 5 4
d ppm

Figure 4.2.*H-NMR spectrum of PVP for PVP:HEBP = 1:10 (A) and R/P:HEBP = 1:20 (B). Peaksa and
b were attributed to the unsaturated chain ends, N-B=CH and N-CH=CH respectively. Peakc was
attributed to aldehyde chain ends (-CH-CHO).

4.3.4.1 Unsaturated chain ends

Perrier et all!

attributed the occurrence of the unsaturated emdipg to disproportionation
reactions. It is possible that the chain end umatian here was also caused by disproportionation.
Perrieret al* also showed that this side reaction could be sgsed by using polymer to azo-
initiator (radical source) of 1:20. Each azo commbie.g. AIBN) decomposes to give 2 identical
radicals (Re). In this work, however, each HEB®) (nolecule can only give one radicd).(

Therefore, for run 2, Table 4.1, even with a 2@l fekcess of HEBP the system will still be short of
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radicals, by approximately half in order to totadlyppress the disproportionation. From Figure 4.2,
it is evident, though, that the extent of chain emdaturation was much reduced with a 20 fold
excess of HEBP.

In Chapter 3 (Section 3.5.2), it was shown thatdethate end group is very labile and cleaves off
under mild conditions to give unsaturated chainsed the reactions were carried out afG5for
15 h, it can be assumed, therefore, that thisreidetion was also contributing to give the chaid en

unsaturation. These side reactions are illustrim&theme 4.2 below.

s o CH
CL A on [ Ty
n 8 n-1 10
Oﬁ S 6 '

._\

shel @

ﬁ

n-1 — ! N
C

I

o

2

I

&
og
L

Scheme 4.2. lllustration of side reactions that ge/rise to the protons labele@, b and c in Figure 4.2.
4.3.4.2 Aldehyde end groups

Aldehyde end groups are known to form in the polyration of NVP in water with initiation by
H,0,.*? Polymers prepared in this way are terminated hyrdwyl groups. However, the hydroxyl
end group at thec-chain end (i.e. as with6, Scheme 4.2) splits off to give an aldehyde clesid
functionality as well as pyrrolidone. Their appea@ here was, however, surprising. The hydrolytic

susceptibility of the thiocarbonyl thio moiety tamating RAFT made PVP has not been reported.
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However, work in our group has shown that this graip can be hydrolyzed off under surprisingly
mild conditions. It was observed that a significantount of the xanthate end group was lost by
merely dialyzing an aqueous solution of PVP as yaefaemoving residual monomer. The polymer
had been isolated by precipitating three times fddathyl ether. It was found that by heating up the
dialysis mixture to 46C for 16 h yielded PVP oligomers terminated with@id end group as with
16. Further heating at 12 for 20 h resulted in quantitative conversionta hydroxyl end group

to the aldehyde end functionality. The appeararficG@dehyde chain ends in this case was therefore
attributed to the hydrolysis of the xanthate chexials initially to givel6. This is then followed by
the splitting off of the terminal pyrrolidone und give17 and18. It is plausible to suggest that the
electron withdrawing effect of the amide linkage, the pyrrolidone, renders the C-S bond7of
weak enough to be hydrolyzed under very mild coodd. In this work, the water had been added to
aid the dissolution of ascorbic acid. However oihstituted only 2% of the solvent for the end group

modification reactions. These end group assignmeete confirmed by MALDI ToF MS analysis.

4.3.4.3 MALDI ToF analysis

Figure 4.3 shows the MALDI ToF MS spectrum of saenp] Table 4.1. Two main series of peak
were observed. The mass difference between clustgreaks corresponds to the monomer unit in
each series. An expansion of th#z region 1700-1830 is shown for illustrative purgoséhe

structural assignments corresponding to each skthee given in Table 4.2.
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Figure 4.3. MALDI ToF MS spectrum for the end group modification reaction with PVP:HEBP = 1:20.
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Table 4.2. Structural assignments for the MALDI TOFMS spectrum if Figure 4.3

Peak Monoisotopic mass ( K Structure Cationization n
Expt. Theo.
a 1705.06 1704.97 HsQ K* 13
o
CN N nO N (o]
2 =
T
b 1710.05 1709.97 ? K* 13
HO\/\O =

1711.98 Q K* 13

c 1749.09 1749.02 M o K* 14
/
HO ~
n H

d 1754.07 1753.99 Q K* 14

The isotopic clusters represented by cluster despond to PVP oligomers capped at ¢thend by
the R group and at thec-end by unsaturated end grouds’)( Isotopic clusters a and b are
attributable to chains terminated at ttiechain end by unsaturated end groups. This is édh b
initiator and R group derived chaind9( and 14) respectively. Structurd5, expected as a
disproportionation product, if present, can notclearly resolved fronl4, cluster b. However its
calculated mass (1711.98) differs by almost 2 Danfithe experimental value (1710.05). It is
therefore highly probable that this end group waisformed, or was formed in very little amounts.
This implies that the chain end unsaturation wagely caused by the decomposition of the
thiocarbonyl thio end group as described in Cha@tgSection 3.5.2). The isotopic clusters ¢
corresponds to initiator derived oligomers termagatat the «w-chain end by an aldehyde
functionality 0). A lot of fragmentation was also evident undarstér d. The clusters of peaks
labeled e and f were not assigned. It is posshaethe macro radic@ could have been deactivated
by the Cl complex to give a PVP oligomer terminated by anfire atom. The MALDI ToF

analysis showed no evidence of such species. Tal@Br bonds have been shown to be labile at
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the chain ends of PMMA prepared by ATRRAIthough the PMMA case is very system dependent,
it is possible that if present in this case theyalso labile and cleave off.

4.3.5 Optimized reactions

The results presented in the section 4.3.4 werergn reproducible. It was suggested that the
lability of the xanthate end group required muchderi reaction conditions to be used. This will
minimize chances of it thermally cleaving off. lashbeen shown in ATRP that by using very
efficient catalytic systems polymerizations can e at ambient temperatutfeThese can be
prepared by complexing the copper with ligands M&TREN (13).'* Also from the last section it
was evident that water had to be excluded fronrélaetion media to avoid formation of aldehyde
chain ends. This could be achieved by using @s in conventional ATRP) instead to using'Cu
and reducing iin situ to CU. However, during the course of this work, Méh al’® showed that
ascorbic acid could be used to regenerate thecGmplex under reaction conditions were its
solubility in the reaction media was limited (hegeneous conditions). This they showed by
polymerizing a variety of acrylates in anisole gsi@id' and ascorbic acid to regenerate thé Cu
species. Ascorbic acid is sparingly soluble in aleis The polymerization proceeded with good

control over M, and PDI*®

In light of this it was decided that there wasne®d to add water in order to totally solubilize th
ascorbic acid. Acetone is hygroscopic and takemajsture from air very readily therefore it was
decided to abandon it as a solvent for furthertreas. The end group modifications reactions were
therefore re-ran in acetonitrile at 36. The PVP:HEBP was increased to ~1:35. In thegndp

modification method proposed by Perrigral*

, polymer to azo compound ratios of 1:20 were
used. As illustrated in Scheme 2.2, Chapter 2, emhcompound produces two radicals. The
initiator efficiency of dialkyldiazenes (azo initeas) typically ranges between 50 to 70% in low
viscosity medid® Based on this it was estimated that the evenadital to polymer ratio will be

approximately 1:(20-30). Therefore it made sendeytthe end modification at 1:35 for polymer to

HEBP given that each molecule of the lat®rgan only give rise to one radicé) Scheme 4.1.
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Table 4.3. Results for the end group modificationfoPVP by Cu catalyzed radical reduction, in
acetonitrile at 35°C for 40h

Ppyp PVP:HEBP HEBP:Cat. PCat:Asc. & IModification. After modification
mol: mol mol:mol mol:mol M, SEC PDI
2 1:35 5:1 2:1 >99% 2 473 1.23

abcanddyre 55 described for Table 4.1.

The molar ratio of HEBP to the Cu catalyst was oediuto 5:1, whilst that of the catalyst to ascorbic
acid was also reduced to 2:1. These changes weaetnteincrease the radical flux in the system.
The end modified polymer was again analyzedH¥NMR, MALDI ToF, SEC and UV-vis.

4.3.5.1'H-NMR and UV-vis analysis

'H-NMR analysis showed a complete removal of thedaibonyl thio moiety, Figure 4.4. Figure
4.4 shows a clear comparison of the unmodified #mel end modified PVP samples. The
characteristic xanthate chain end signal (a) inum@odified PVP sample is marked. This signal is
clearly removed by the end modification reactionshewn in the spectrum of the end modified
sample. There was no evidence of aldehyde end grdups was expected as the experiment was
ran under (almost) total exclusion of moisture. isis by UV-vis also confirmed disappearance of

the thiocarbonyl thio moiety. The xanthate end grotithe polymer has a peak ®},, = 280 nm,

in water. This is illustrated in Figure 4.5.
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unmodified
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Figure 4.4.*H-NMR spectrum of unmodified (top) and end modifiedPVP (bottom) from Table 4.2.
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Figure 4.5. UV-vis spectra of the polymer capped wh the Z group of the xanthate (bold line) and the

end modified polymer (from Table 4.2), (dashed lingin water.
4.3.5.2 MALDI ToF MS analysis

MALDI ToF MS analysis also confirmed the end graupdification. Figure 4.6 shows the MALDI
spectrum and corresponding structures are showralite 4.4. The spectrum shows two series of
peaks separated by a mass difference of ~16 whithei difference between Na and K. It can be
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concluded therefore, that both series of peaksespand to the same species cationized by the two
different cations. The lower series is cationizgdNa and the higher one by'KKTFA was added
to the sample as the cationizing agent, howevef,misst have been present as an impurity related

to the sample history.
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Figure 4.6. MALDI ToF MS spectrum of end modified P/P Table 4.2.

Fragmentation was observed under peaks labeled a.arhese positions are also where the signals
for the disproportionation product&4 and15) were expected. Oligomers capped at both ends by
initiator fragments Z1) were also expected to appear in this region. ffAgmentation probably
resulted from traces of oligomers capped by théhaia end group. Peaks b and d were attributed to
the desired alcohol telechelic functional oligomét4) according to Scheme 4.1. However, the
experimental mass was 1.04 Daltons lower than détmulated mass. This difference was consistent
for both the Naand K cationized series of peaks. This difference isidetthe error range for this
technique. The peaks b and d do not correspond amyhother structures conceivable considering
the chemistry anticipated here even for the sidmlyets. This offset (1.04 Da) will probably be

resolved with further research.
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Table 4.4. Structural assignments for the MALDI ToFspectrum in Figure 4.6

Peak Monoisotopic mass ( +K Structure Cationization n
Expt. Theo.
a ? 1471.71 14 Na" 10
? 1473.73 15 Na" 10
? 1473.73 HsC CHs Na" 11
HO OH
NC n CN
o N
@ 21
b 1477.67 1478.85 0 CH3 Na" 11

+

c ? 1487.69 14 K 10
? 1489.70 15 K* 10
? 1489.70 21 K* 11
d 1493.64 1494.68 (‘) CH3 K* 11
HO _~,, O~
CHy N_N ©

Peaks b and d were assignediltbfor the Nd and the K cationized series. The molar mass
distribution depicted in the MALDI ToF spectrum aaps lower than of the original sample that
was end modified (see Figure 3.1, Chapter 3). THié Bamples with the end groups modified by
the ATRA based method were first purified by coluehromatography using THF, in order to
remove the Cu catalyst, and precipitated from glegither. In this case the sample recovered was
only 37.3% of the starting material. It is possiti@t some of the polymer sample (mainly the
higher molecular weight fractions) could have bestained on the column and stayed behind. It is
also plausible that some of the polymeric amideaugsobind with the Cu catalyst, with the higher
molar mass chains obviously binding more Cu. Tleeethey get retained more on the column. The
molar mass distribution shown, in Figure 4.6, cat however, be considered to be truly reflective
of that of the original sample. SEC analysis conéid the lower Mvalue, Table 4.3. The SEC plots
are shown in Figure 4.7 below.
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225 25.0 27.5 30.0 32,5
Retention Time (min)

Figure 4.7. SEC plots before (bold line) and afteend group modification (broken line) for the PVP

samples described in Table 4.2.

This trend, of lower M and lower PDI values, described above, was typltad also observed in

Table 4.1 where the Mvalues after end modification were generally lawer
4.4 Quantification of the alcohol end functionality

Coessens and MatyjaszewSkas well as Moaet al'®*“° have shown that protic end groups can be
analyzed by'H-NMR, by derivatizing the polymers with TAI22) and observing the signals
produced. TAI reacts rapidly and quantitavely wptiotic end groups as illustrated in Scheme 4.3
below. The TAl is added into the NMR tube about I®-minutes before acquiring tHel-NMR
spectrum. The derivatization reaction completehantime it takes to set up the NMR experiment.

CCly
*
RO + N% —> R—CH, NH
CHz ¢ cal \
o// 3 O«Q
imidc proton
22 23 O P

Scheme 4.3. Reaction of TAI (22) with hydroxyl grops to produce a carbamate, 23, with deshielded -

methylene protons (*) and an imidic proton.

Coessens and Matyjaszewskiised the technique in order to prove the incotjmreof an allyl
alcohol functionality that was introduced at thel @i PMMA oligomers prepared by ATRP. They
followed the signal ofo -methylene protongasterisked) 43, Scheme 4.3). It gave a clearly visible

signal at 4.50 ppm in thtH-NMR spectrum (CDG) which was not obscured by signals of the
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polymer backbone. On the other hand, Meadl®* were able to quantify the chain end protic

groups using the signal produced by the imidicqamot
4.4.1 Derivatization procedure

The terminal hydroxyl functionality of the PVP pegpd in this work was also quantified by the
same technique. Unmodified PVP sample from runaghld 3.1, Chapter 3, and the end modified
PVP from Table 4.4 above were selected. The arsalyas carried out as described by Moad and
coworkers?® A PVP sample, ~45 mg was dissolved in an apprpeeount of deuterated acetone
(CDsCOCDs) and was transferred to an NMR tube. An excesBAdf(~10 mg) was then added to

the NMR tube and the reaction was assumed to beleterafter about 15 minutes.

ey M oy {Y}
imidic proton

T a-methylene protons /
I §

HO R CH C|3C /
R N A AT
n 22
B
0 O\i 7

11 imidic proton

Scheme 4.4. Derivatization of hydroxyl end groupsfd®VP oligomers with TAI, 22 for unmodified (I) and
end modified (II) samples. The PVP samples are detied in Table 4.2.

Figure 4.8 shows th#H-NMR spectra of the derivatized end functional PWEfore and after the
end group modification. From Figures 3.5 (Chap)ear8l 4.4 (Chapter 4), the-methylene protons
to the hydroxyl group can not be clearly observgd'-NMR. They overlap with the polymer
backbone signals at 3.0-4.2ppm. However, the derateon with TAI to produce the carbamate
deshields these protons. The deshielding has &enated to produce a chemical shift difference
of 0.5-0.9 downfield, for primary alcohdl5.The connectivity of the deshielded-methylene
protons, at 4.35-4.55 ppm, in Figure 4.7, to thi/mer backbone is demonstrated in the next

chapter where the derivatized, end modified polymas analyzed by two dimensional NMR. For
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the end modified PVP prepared in this woil)(it was assumed that thee-methylene protons of

the derivatized PVP26) appear at the same chemical shift as the charwsrctionality is similar.

unmodified

7.0 6.5

End modified

i d il
T T T T T T T T
7.0 6.5 6.0 55 5.0 4.5 4.0 35
8 (ppm)

Figure 4.8'H-NMR spectra of TAI derivatized a -hydroxyl- « -xanthate functional PVP (top) and o, w -
hydroxyl functional PVP (bottom) oligomers (Table 42), in CD;COCD;. The signala is due to the

xanthate's —CH,CH3; protons, whilst that marked b is that of the a -methylene protons as indicated in

Scheme 4.4.

The relative proportion of hydroxyl end functiogivas then estimated using equation 4.1 below.

SEC

. . . H M n
Relative OH end functionality {f™) = IVIEG (4.1)

The M,>5Cvalue (2 473) was taken from Table 4.3. Th¢'{f values were estimated by comparing
the area of the signal due to themethylene protons of the carbama?g)(to those of the polymer
backbone. For the polymer backbone, the broad sagri;0—-4.2ppmf(+ g, Figure 3.5, Chapter 3)

was used.
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The M,"™R values calculated using the signal for themethylene protons of the TAI derivatized
PVP before and after end modifying, were 2513 aad 2630 respectively. This gav8'f values of
1.08 and 1.88 respectively. A°F value of 1.08 (before end modifying) implies thhbut 8% of the
chains already had hydroxyl functionality at botide (were already telechelic). This would imply
that there were a lot of termination reactions doieradical-radical coupling. The PDI of the
polymer, however, was 1.29. This shows that thgmelization reaction still proceeded with good
control; therefore this high value can only beilatited to inherent inaccuracies in this type of
measurement. The fact that an alcohol functiorisabtor was used means that all chains formed had
an alcohol functionality at the -end. This serves to magnify the extent of terniimaby radical-
radical coupling as any such event creates a hyttelechelic functional oligomer. This, in turn,
results in an increase in the relative “concerdrdtiof hydroxyl functionality relative to the degre
of polymerization. This technique therefore progide way of estimating the relative extent of
radical-radical coupling. The®" of 1.88 for the end functional sample in Table fi&ans that 88%
of the chains were telechelic since ~100% of thairdhwerea -hydroxyl functional. This shows
that the technique developed here is a very usekthod for preparing telechelic functional

materials.

4.5 Conclusions

A method for preparing hydroxyl telechelic functad®VP was developed. The very reactive nature
of the monomer, NVP, entails that the reaction @t must by chosen carefully. This is more so
when the precursor polymer, for the end group mcatibn, is prepared by RAFT-mediated
polymerization using a xanthate CTA. The labileunatof the C-S bond between the terminal NVP
residue and the thiocarbonyl thio end group wasvshim Chapter 3. It was shown that the use of
very active Cu catalysts, resulting in the use mbent temperature conditions, ensures that the
xanthate chain end is removed only by the radigahange with the alkyl radical. It would appear
that this method of radical reduction is more dffex; at preparing telechelic functional oligomers,

than the one suggested by Pergeal.™

Radical reduction suffices for removing the thidcayl
thio moiety. However, the use of azo compoundsffiecethis requires elevated temperatures. For

sensitive systems like PVP, side reactions wilb dlscome significant.
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The main shortcoming of the system developed leetlat the Cu catalyst has to be removed. The
method of catalyst removal used here (column chtognaphy), although effective, lowers the yield
of the recovered polymer significantly. This is mlgem for scaling up. Also it has the effect of
changing the sample composition as it appearedttigaivi,>= for the end modified and purified
values were lower than those for the original paymample. This was presumed to be due to the
retention of the polymer sample in the column. Thisuld mainly affect the higher molar mass
oligomers. It is anticipated that improvements imR¥®, towards the reduction of the amount of

catalyst used will be directly taken advantageesth
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Chapter 5

Facile end group modification, by radical exchangewith hydrogen

peroxide and the subsequent synthesis of a PVP hyayel

5.1 Introduction

This chapter represents a continuation of our pufsu methods to remove the xanthaieend
group from RAFT made PVP. In this work, radical lexiecge with HO, is introduced as an efficient
and very clean method for removing the xanthate gralip and also as a facile method of

introducing alcohol end group functionality.

The use of HO, to remove the thiocarbonyl thio end group of patysmprepared by the RAFT
process was first mentioned in the first publicatim RAFT, by its inventorsThis was also cited
by Moadet al?in a later publication. However in the first refga work on RAFT, HO, was only
made reference to in terms of its ability to oxalithiocarbonyl thio compoundd4)(to produce
sulfines Q). This was in reference to work by Cerretaal® These workers found that oxidizing
agents like peroxides can oxidize thiocarbonyl tkmmpounds firstly to sulfines2). These

subsequently converted to dithioperoxyest8ysaafid thiolesters4) if kept at room temperature for a

few days.
N o o
H Peroxide ‘S room temperature H S + /H\
—_— > R
R™ SR, )\ afew days R s R, R st
R SR,
1 2 3 4

Scheme 5.1. Oxidation of thiocarbonyl thio compounglby peroxides.

The use of peroxides to oxidize the thiocarbonid ttt-end group of RAFT made polymers was
also reported by Vana and coworkérBhey showed that this end group could be oxidizethe
thiolester by simply stirring a mixture of the polgr with tert-butyl hydroperoxide at room
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temperature for twelve hours. In Vana's work, hoerethe use of room temperature conditions
ensures that the peroxide does not decompose ® rgulicals which can participate in radical
exchange with the thiocarbonyl thio moiety. Thigl gmoup modification method does not provide

complete desulphurization.

The use of peroxide based systems to end modify TRARD groups by radical reduction was
reported, firstly, by Destarast al®> and later by Chongt al® The peroxide was used as an initiator
in 2-propanol. Chonget al. used a toluene/2-propanol system. In all casespltenend group

removal was claimed.

In this work we would like to propose a facile mmdhof xanthate end group removal whereby the
RAFT made polymer is simply heated with@®4. H,O, has traditionally been used as an initiator in
the aqueous polymerization of NVP. In line with tladical exchange method introduced by Perrier
et al’ and also used by us, in the previous chapter, rttéthod works by applying a flood of
radicals to a solution of the polymer. By using thehydroxyl functional PVP prepared as
described in Chapter 3, this process affords defaoute to hydroxyl telechelic functional PVP.

This is illustrated in Scheme 5.2.

Thermal decomposition of @, (5) produces the highly reactive hydroxyl radic&s These then
add to the C=S double bond of the xanthate endpgofuhe native polymer7j to produce the
intermediate radicaB. This process, again, takes advantage of thetyalfi thiocarbonyl thio
compounds to react easily with radicii§he intermediate radicaB) then fragments to give the
macroradical §). By using a very high ratio of @, to polymer, the system will be flooded with
hydroxyl radicals §). This then ensures that the termination will &gély by combination between
the macroradical and the hydroxyl radicals to poeddead chains. It was also assumed that the
removed thiocarbonyl thio compoundQf does not participate in side reactions with the
macroradical ). The thermal stability ofl0 was not assessed, since it was not isolated. The
modified polymer was cleaned by precipitating fraliethyl ether and washing the precipitate
several times with diethyl ether. This provides eayvclean method for not only removing the

thiocarbonyl thio end group, but also for introchgchydroxyl end group functionality.
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Scheme 5.2. Removal of the xanthate end group of RA made PVP, by HO,, to produce hydroxyl

telechelic functional PVP.

The end modified PVP produced here was charactehigeSEC*H-NMR and by MALDI ToF MS,

as described in Chapters 3 and 4. As in Chaptiiredextent of hydroxyl functionality was estimated
by derivatizing with TAI and analyzing wittH-NMR. In order to demonstrate the usefulness ef th
end modification technique, the hydroxyl telechélinctional PVP produced here was crosslinked

with a tri functional isocyanate to form a hydragghis is shown in Section 5.4.

5.1.1 Materials

The PVP sample 3, Table 3.1, (M= 2 483, PDI = 1.31) was used for the resultsgnesi in this

chapter. HO, was obtained from R and S Enterprises as a 35%oagusolution.
5.2 Experimental procedures and analysis

A typical experimental procedure is described h&¥P (0.5 g, 0.20 mmol) was dissolved in
acetone (10 mL) in a 50 mL Schlenk flaskQd (0.393 g, 4.03 mmol) was subsequently added to
the reaction vessel and the mixture was stirred irwas homogenous. The reaction mixture was
then degassed by two successive freeze pump thelescgnd backfilled with argon before being

dipped into an oil bath preheated to ®Din order to start the reaction. The reaction stapped
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after 16 h, by opening the flask and diluting tle@ation mixture with THF. The polymer was

isolated by precipitating it from diethyl ether.wias then washed several times with diethyl ether

and dried under vacuum for 48 h. The end modifigd Pprepared in this work was analyzed as

described in Chapters 3 and 4.

5.3 Results and discussion

The anticipated process for the end group rema/ahown in Scheme 5.2. In all cases, the end

group removal was quantitative. This was confirgdH-NMR analysis, UV-vis and MALDI ToF
MS. Figure 5.1 below shows a typi¢a-NMR spectrum for end modified PVP.

|

p ¢ S
HO—CHZ—CHZ—O—C—CH—ECHZ—CHjl—CHZ—HC—S—C—O—CHZ—CH3
ll\] n-1 I
0

1
3 (ppm)
O CH, ";"
Ho—CHZ—CHZ—o—c—CH{CHZ—EHj;fHZ—H‘c—OH

~ O

a8

2
3 (ppm)

Figure 5.1.'H-NMR spectra of a -hydroxyl- « -xanthate end functional PVP (top) and o, w -telechelic
hydroxyl end functional PVP (bottom), prepared by teating o -hydroxyl- w -xanthate functional PVP
with H,0, at 60°C for 15 h. Both samples are described in Table 5.1

Figure 5.1 shows that the signal for the quartet.&tppm due to the -HG—CH; protons of the

xanthate has disappeared from the spectrum ofrithenedified PVP sample. Another characteristic
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signal, b, in the unmodified PVP sample is alsosmig after modification. This confirms the
removal of the xanthate chain end. The broad sigiiaht 5.45-5.75 ppm, in the spectrum of the
end modified sample, was attributed to the —N—Cproton on the terminal repeat unit. The"¥f
calculated by comparing the integral value of thé group signal to the backbone signal was 2116
(M,>5¢ = 2508, see Table 5.1). This implies that aboWt &% the chains were terminated by the
hydroxyl end group as with structurelf, Scheme 5.2. It is also interesting to note signals due

to an unsaturated end group of the repeat unitH(=CCH), (see Figures 3.5 and 3.6, Chapter 3)
were not observed in the spectrum of the end nedtlifVP sample. These signals are clearly
observed in the spectrum of the unmodified PVPoA#sthe spectrum of the PVP end modified by
the ATRA based process (Chapter 4), these signal® wlways found. This implies that the
hydroxyl radicals §) are so reactive that they easily add to this gralip and oxidize it. The
aldehyde end group was also not observed. Thisswgsising given the findings in Chapter 4,
were it was observed to form when the end modificateactions were carried out at ®for 15 h
(see Section 4.3.4.2, and Scheme 4.2, Chaptet dppkars improbable to speculate that the mere
difference of 5°C, is enough to have caused this shift. This isga® not investigated further. The
shoulder at, 2.50-2.80 ppm was attributed tél&CO,H protons. These are poorly resolved from
the polymer backbone signal. They arise possildynfhydrolysis of the lactam rings of the repeat
unit by acid (impurity) catalysi$The water is from the 4D, which was a 35% aqueous solution.

This is illustrated in Scheme 5.3 below.

wvww(‘:HiCHZ/wwv\ wwth‘:HfCHZWVW
o A CHOH
%< 7 < CO,H
11 12

Scheme 5.3. Lactam ring opening side reaction of ¢iNVP moiety to give a carboxylic acid derivative.

It will be shown below that the resolution of thiarboxylic acid moiety can be improved by

derivatizing with TAL.
5.3.1 UV-vis and SEC analysis

UV-vis analysis confirmed the removal of the xam¢hand group. As in Chapter 4, the end group

signal of the xanthate &t = 280 nm was followed. This is shown in Figure.5.2
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0.89"
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250 275 300 325 350
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Figure 5.2. UV-vis spectra of RAFT made PVP (contimous line) and for PVP end modified by heating
with H,0, at 60°C for 15 h (broken line), in water.

Table 5.1 below shows the#F€ values before and after end modification.

Table 5.1 SEC analysis results

*PVP ®Before modification PEnd group removal (%) After modification
Mn PDI Mn PDI
3 2483 1.31 >99% 2508 1.22

& these values are for sample 3, Table 3.3, Ch&pter

b Removal of the xanthate end group was estimatddNiiz.

The M, values before and after end group modification eweractically identical. The
polydispersity index for the end modified PVP whswever, slightly lower. This could be due to

baseline differences. Figure 5.3, below, showstheesponding SEC plots.

o
(o2}
L

Normalised DRI signal
o
~
1

o
N
L

225 25.0 275 30.0 325
Retention time (min)

Figure 5.3. SEC plots for RAFT made PVP samples desbed in Table 5.1. PVP samples before and

after end group modification are represented by a@ntinuous line and by a broken line respectively.
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5.3.2 MALDI ToF MS analysis

MALDI ToF analysis was carried out in order to abtanore structural information. Figure 5.4
shows the MALDI ToF MS spectrum of the end modifltdP sample in Table 5.1. Figure 5.4
shows that there was a main distribution, with highest intensity, surrounded by several smaller
distributions of less intensity. This pattern wasgkly typical for the PVP samples end modified by

H,O, treatment in this work. The corresponding struadtassignments are shown in Table 5.2.

Mr=111.14

Normalised Intensity

M
;

O. O ettt i bkt et A bbb Mkt bt Lkt it LT ]
800 1200 1600: 2000 2400 2800 3200

1.0 4

0.8+ d, 1624.26

1: e, 1629.26

0.6 b, 1610.28 g, 1642.27 ‘
f, 1632.27 h, 1647.27

04 a4, 1601.28 \ \ —

MM \}WMA}UMMkWUL@\@Q@

1600 1620 1640 1660 1680
Mass (m/7)

Normalised Intensity

Figure 5.4. MALDI ToF mass spectrum of hydroxyl teéchelic end functional PVP prepared by heating
a -hydroxyl functional PVP with H,O, at 60°C for 15 h (same sample as in Figure 5.1).

The peaks in the main distribution (top) are aflasated by 111.14 Daltons which is the mass of the
repeat unit. An enlargement of the€zregion 1590-1690 shows that there were seven distimct
masses. Two of very low intensity are encircled aede not assigned to any (tentative) structures.
Cluster a was assigned to struct@Bwhich corresponded to oligomers terminated bytarated
repeat unit. Peak clusters b, c, d, and e couldeatccurately assigned to their proposed strusture
(14, 11, 15 and 16 respectively, Table 5.2). This is because the ewas$ the proposed structures
differed from the experimentally determined madsg®n average of 1.66, which again, is out of
the acceptable error range for MALDI ToF MS. Thpioposed structural assignments are the

closest matches for the end groups which can bEnedized from the chemistry that can take place.
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Nevertheless, their tentative structural assignsarg now discussed. Cluster b and ¢ were assigned
to structuresl4 and 11 for initiator and R group derived oligomers redpasty, terminated by a
hydroxyl group. This is as expected from Scheme Gl@sters d and e were assigned to oligomers

terminated by a —C#DH group. Andersoret al’® suggested that when crosslinking PVP with
persulfate, S® and OH radicals are capable of abstracting hydragems from the backbone. This

is illustrated in Scheme 5.3.
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Table 5.2. Structural assignments for the MALDI ToFspectrum of PVP in Figure 5.4

Peak Monoisotopic mass ( +K Structure Cationization n
*Expt. *Theo.
a 1601.28 1600.92 Q K* 13
HO\/\O
CHy N ’lo N0
; / \ / 13
b 1610.28 1611.93 NC K* 13
CHy; N_" o
7
14
c 1615.27 1616.91 o K* 13
HO\/\OWOH
CHy N Mg
7
11
d 1624.26 1625.95 NC K* 13
HOW/E\&/\OH
CHy N_" o
=
T
e 1629.26 1630.93 o K* 13
HO\/\OWOH
CH; _N n/o
Q 16
f 1633.27 1632.91 0 OH K* 12
HO\AOWJ\KOH
CH: N_Ng N o
74 7
: 18
g 1642.27 1641.94 NC OH K* 12
cH; N_"o N_ o
< 7// 7
19
h 1647.27 1641.94 Q K* 13
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H

WCH2\]LNF' HFFCH2T.’$HJJ MCHZT/ .(\vavw

_oH .

21 22 23
CH CH oH
MCHQ\( e ZT./\OH . o 2\k\OH
OH OH
— N —_— N

Scheme 5.3. Possible side reactions occurring dugrihe end group modification of RAFT made PVP (7)

with H,0,. All structures in this scheme are assumed to be goup o -hydroxyl functional.

Abstraction of a hydrogen atom from the backbonmenfoa macroradical which can rearrange to a
more stable state b-scission. This will lead to oligomers terminateg rnethylene groups2g)
plus macroradical2@). Further reactions of the oligomers terminatedh® methylene grou2p)
with the hydroxyl radicals lead to structufgsand20 as shown. The macroradi@8 can terminate

by radical-radical coupling with a hydroxyl radiaal by abstracting a proton. This gives structures
11 and13respectively. The macroradical can also termibgteoupling with another macroradical

like itself to give structur@5. However, there was no evidence of struc2even within the wide
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error range of 1.66 Daltons, as is the case forcgires1l4, 11, 15 and16. It is also possible that

macroradicaRl can terminate by radical coupling with a hydrosadical.

OH

WCHZ\.WJ@ WCHZ\%/
*OH

21 26

Scheme 5.4. lllustration of further reaction of macoradical (21).

If for a particular oligomer, just a single OH smecis added along the chain as illustrated in
Scheme 5.4, it would give a structure with a mdsk682.91 Daltons. This serves to illustrate why
there are so many small clusters in Figure 5.2ic8ire 18 could form by reaction of oligomer
terminated unsaturated repeat unit with hydroxgtiaals. In concluding this discussion, the MALDI
ToF MS analysis did not provide conclusive eviden€dhe main structurel(l) expected from
Scheme 5.2. However it will be shown below that émel modified polymers had at least two
hydroxyl functionalities per chain as they were cassfully crosslinked. Also, the end modified
PVP oligomers were reacted with TAI so as to edentlae extent of hydroxyl functionality.

5.3.3 Quantification of hydroxyl functionality by derivatizing with TAI

Derivatization with TAI 7) was shown to be a useful method to quantify tlyerdxyl
functionality in Chapter 4. The derivatization pedare was carried out for the® end modified
PVP exactly as described in Chapter 4, see Sedtibh. This is illustrated below using structade

since 82% of the chains were terminated atdhehain end by the hydroxyl end group as shown.

“ o o 9
A A

CH OH C /C /CHZ (0] NH (o]
HO R o~ \]/ c,c” ONH 0 4 TR TN

27 ¢l n ol
n 8 N o ccl
N /O O 3

7 .
b

11 28

a

Scheme 5.5. TAIl derivatization of hydroxyl end grops for end modified PVP showing the respective

imidic, a, and the a -methylene protons, b, of the derivatized PVP.
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unmodified -SC(S)CH,CH, b
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Figure 5.5."H-NMR spectra of TAI derivatized o -hydroxyl- « -xanthate functional PVP (top) and o, w-
hydroxyl functional PVP (bottom) oligomers, in CD;COCDs. The important signals a and a’ and signals

b and b’ are assigned to then -methylene protons and the imidic proton respectivg.

The signal due to tha -methylene protons for the end modified telechiejidroxyl functional PVP,
b, had a shoulder which was probably due to atfaattor a solvent. Signal b was shown to be

connected to a signal at 4.1-4.2 pp@—(methylene protons signal) by a COSY experiment,
(Appendix 3). The —methylene protons are due to the -CH,OC(O)- protons of the R group
which are at thex -end of the derivatized PVP. TH&-methylene protons, however, do not show

connectivity to any other proton signal, apart frimat of thea -methylene signal. This is because
they are next to an ester linkage. Sigaaht 11.4-11.8 ppm, was assigned to the imidicoprot
Imidic protons usually appear in the chemical stéffion between 8—12 ppthThe imidic protons
did not show off-diagonal peaks in the COSY speaunthecause they are not coupled to any other
protons in the molecule (see2®, Scheme 5.5). Signal c, at 2.6 ppm was attribtdea-methylene
protons of a carboxylic acid TAI derivative. Therlmaxylic acid functionality is formed by ring
opening of the lactam ring of the repeat unit asashin Scheme 5.3. The -methylene protons of,

a chain end, carboxylic acid TAI derivative for RRfhade PMMA were reported to appear at 2.77

11
I

ppm by Postmat al.~ Compared to Figure 5.1, in the chemical shift sagmarked a, it appears
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that the TAI derivatization resolves tlie-methylene protons of the carboxylic acid from kread
polymer backbone peak between 2.0-2.5ppm. In a C@Speriment (Appendix 4) these
carboxyla -methylene protons were shown to be connected $oy@al buried under the —NH-
CH,CH_— protons of the lactam ring (see signal h, Figug Chapter 3). The protons giving rise to

this signal are marked by an asterisk in struc2&m Scheme 5.6 below.

s CH—CHywie N O/\
| O Imidic protons

NH _TAL Q%NH{ P

s P ccl,
* >]*O

0 >ﬁNH

12 o) >./CCI3
a-methylene protons &

29
Scheme 5.6. TAI derivatization of the carboxylic aid moiety.

The ring opened lactam has two protic hydrogens, @anthe carboxylic acid and the other on the
amine group, (se&2, Scheme 5.6). The amine proton also reacts wéhr#l, as illustrated above,
to give another imidic proton. The signal at 10@-61ppm was assigned to this particular imidic
proton. This signal is marked with an asterisk i the spectrum of the derivatized end modified
PVP above. The TAI derivatized carboxytmethylene protons were in a ratio of 1.11:1 withse

of the TAI derivatized hydroxyl moietyb (29, Scheme 5.5). This implies that there was
approximately one ring opened lactam ring, of théPNrepeat unit, per oligomer. The imidic
protons of29 were assumed to appear in the same chemicalrebifin as those d28. Therefore
TAI derivatized hydroxyl end groups make up abotfdon the integral value of the signal of the
imidic protons. The 47% also includes other hydtoxyend group derivativeslb, 16, 18, 19 and

20) as illustrated in Table 5.2, Section 5.5 Thg"NF calculated, assuming that 47% of the signal
for the imidic protons is for the hydroxyl end gpsy was 2215. The subsequesit'fvalue was
1.13, from thew-chain end. The M™R calculated using the signal for tioe-methylene protons (b,
Figure 5.5) was 2328. This translated t¢ & fvalue of 1.08. This confirms that all the chainsrev
hydroxyl functional at thea-chain end. Adding the two,<1' values up gave a total of 2.21.
Therefore the KD, end modified RAFT made PVP was telechelic.
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5.4 Synthesis of PVP hydrogel

To illustrate the usefulness of making hydroxyletdlelic functional polymers, the hydroxyl
telechelic functional PVP made above was converngma hydrogel. The uses of these materials
were described in Section 2.6.4, Chapter 2. Hydsogen either be (i) physically crosslinked or (ii)
chemically crosslinked?** Physically crosslinked hydrogels are preparedhieydrosslinking of (i)
high molecular weight polymer chains due to entamgints or (ii) due to molecular interactions
(e.g. van der Waals’ forces, hydrogen bonds orciorteractions) between polymer chain segments.
Chemically crosslinked hydrogels are held togethyercovalent linkages between the polymer
chains and can be prepared by a number of metlimds sf which are given belol:

» free radical induced crosslinking of high molecuhagight polymer in solution initiated by
free radical initiators (e.g. potassium persuffyter by high energy irradiation e.g. with
gamma rays

* by copolymerizing the monomer with a crosslinkirgagent or with a multifunctional
macromer

* by reacting telechelic functional polymers with quementary multifunctional crosslinking
agents

Physically crosslinked hydrogels are “cleaner” tltdwemically crosslinked hydrogels because the
crosslinking agents used, for the latter hydrogelay be toxic and carcinogenic and have to be
extracted from the hydrogels before they can bel tfsdowever, chemically crosslinked hydrogels
have a better mechanical stability than the philgicaosslinked one$® Network formation by end
linking telechelic functional polymers with multifiational reagents with complementary
functionalities gives the so called “model” netwsrk is illustrated in Scheme 5.7.
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o}

I

A~ ﬁ

OH + z N\ /N

HO ¢ K
. Nx
End functional polymer Czo
Multifunctional
crosslinker

crosslink

Scheme 5.7. Schematic illustration of hydrogel netwvk formation by reaction of end functional polymer

with multifunctional crosslinking agent.

In order to ensure network formation, the chairsdushould have a minimum functionality of two.
The end functional polymer is reacted stoichionsatly with multi functional molecules with
complementary functionalit}? As the precursor polymers will have known molecwi@ights and
polydispersity indices, the average molecular weidletween crosslinks (M is known

independently? This is very important for establishing structpreperty relationship¥

In this work, however, hydrogel formation was useda way to illustrate that we had a telechelic
functional material. Nevertheless, the swellingdebr of the hydrogel was also studied. Alcohols
react with isocyanates to form urethafeSherefore, the hydroxyl telechelic functional PVRs
crosslinked by reaction with a trifunctional isongée. This is shown in Scheme 5.8. This type of
end linking reaction is well documented in literatuas it provides ready access to “model”
networks®® It has been used for polyisobutyléhepolyethylene oxid€ and polyacrylic acitf

systems. In Scheme 5.8, structlifies used as it is predominant in the sample.
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Scheme 5.8. Crosslinking reaction of hydroxyl teldelic functional PVP (11) with Desmodur R-E (27) to
form PVP hydrogel network.

5.4.1 Materials

Hydroxyl telechelic functional PVP prepared as dégd in Section 5.2 was used. Desmodur R-E
(Bayer) was a 35% solution of tris-(4-isocyanatapiignethane Z7) in toluene. Dichloromethane

(Saarchem) was dried over anhydrous Mg3® 24 h and distilled over sodium metal, under a
nitrogen atmosphere, and used immediately. Thesgka® used for the crosslinking reaction was

dried in an oven at 15 for 24 h before use.
5.4.2 Crosslinking method

The PVP was freeze dried 24 h, immediately befgee BVP and tri-isocyanat27) quantities were

adjusted so that they were stoichiometrically be¢ah(—OH/-NCO = 1). The PVP was quickly
weighed into a glass vial which was immediatelylegavith a rubber septum. Freshly dried,
distilled DCM was added via a degassed syringe.mix¢ure was gently swirled until all the PVP
had dissolved. Afterwards the solution was degassedjently bubbling nitrogen through the

solution for 5 minutes and it was kept under aogién atmosphere afterwards. Caution was required
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SO as not to evaporate the solvent during the degagrocedure. The appropriate amount of
crosslinker was then added by a degassed syringevéanl immediately by the addition of a
catalytic amount of pyridin& The mixture was then swirled gently so as to everik the reagents
thoroughly. Gel formation was observed in abouiniif. The reaction was allowed to proceed for
24 h so as to maximize the extent of crosslinkisfierwards the gel was carefully cut out of the
glass vial. The gel was then cleaned by soxhleaetion with DCM. This step also served to give
an estimation of the extent of crosslinking asdbkible fractions from the extraction were weighed
and their combined mass was less than 35%, by wyaifithe starting material. The cleaned gel was
cut into cylinders of roughly 2.5 mm thick and 1@ndiameter. These were dried in a vacuum oven
at 50°C for 48 h and weighed to give dMthe weight of the dry gel). The gel had a typical
color. The chromophore is probably formed by thejegation between the urethane linkage and the
aromatic moiety, (se28, Scheme 5.8). Complete consumption of the triyanate was confirmed
by infrared (IR) spectroscopy. The IR spectra wemdrded on a Perkin Elmer FTIR spectrometer,
Paragon 1000PC, fitted with a photoacoustic adaptetel 300.

5.4.3 Swelling studies

The hydrogel prepared as described above was placBi| water at 37°C (+ 2 °C). The gels
were taken out at timed intervals, dried supetiigidy blotting lightly with a tissue, and weighed
to get W, (the weight of the swollen gel). The equilibriunater content (EWC) of the gel was

determined using equation 5.1.

W, -W
EWC =——%x100 5.1
\W

S

5.4.4 Results and Discussion

The synthesis of PVP gels was carried out satmfiet The complete consumption of the
isocyanate was confirmed by IR spectroscopy. Isuatgs have a broad and intense absorption near

2300 cm™. Figure 5.5 shows an FTIR spectrum of the PVP gel.
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The swelling studies were done in duplicate andrésellts reported here are the averages. Figure
5.6 shows the EWC as a function of time. Water kptacreases with time and levels off after
about 2.5 h. Figure 5.6 shows that a hydrogel wittater uptake of about 60 % was synthesized.

% Transmittance
(o))
o
1

1 - C-H
40 N Cc=0— \/
20 T no isocyanate absorption C=C, aromatic
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm ™)

Figure 5.6. ATR-FTIR spectrum of PVP hydrogel.
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Figure 5.7. Swelling behavior of PVP hydrogel in DDwater at 37 °C.

Figure 5.8 below shows the EWC response in the teng. The EWC starts to drop after about 4
days. This is probably because some uncrosslink@&as diffusing out of the géf.
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Figure 5.8. Long term swelling behavior of PVP hydogel in DDI water at 37°C.

The diffusion behavior of the PVP hydrogel was alseestigated. This was done by fitting the

swelling data of each sample into equation'83.

f= Wi 5.2
W

00

f is the fractional water content at tihé\; and W are the weights of water in the hydrogel at
time t, and at equilibrium swelling, respectivelg. is a constant related to the structure of the
hydrogel whilst n is a constant related to the tgpdiffusion. The constant can be used to relate
the rate of water uptake to time. Whan< 0.5 swelling is diffusion controlled, whilst Kian
behavior is observed wher= 0.5. Between 0.5 and 1, the diffusion behasaromalous, i.e. it is

affected by both the rate of relaxation and diffusi’*® Linearizing equation 5.2 gives equation 5.3:

Inf = InK + nint 5.3
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Figure 5.9. A plot of the time dependence of the ta of water uptake for PVP hydrogel.

Equation 5.3 was used to model water diffusion i@ hydrogel and it gave a fairly linear plot,
with a correlation coefficient of 0.97, as showrfFigure 5.9. The value of determined here, 0.38,
shows that swelling was diffusion limited. This meahat the rate of diffusion of water into the

hydrogel was slower than the rate of relaxatiothefpolymer’’
5.5 Conclusions

A new and facile method for removing the thiocardothio end groups of RAFT PVP was
introduced. The method involves simply heating pbé/mer solution with HO,. The method was

also shown to be a simple way of introducing hygrdxnctionality at thew-chain end.

The end modified polymers were characterized by NISRC, UV-vis and MALDI ToF MS. To
further prove that the material prepared here wdsed telechelic, the end modified polymer was
crosslinked with a trifunctional isocyanate to fornhydrogel. The swelling behavior of the

hydrogel network was characterized, in DDI wate3 &iC.

The versatility of this simple end group modificati procedure is now being extended to other

RAFT made polymer systems.
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Chapter 6

Conclusions and Outlook

In Chapter three, a facile method for makiaghydroxyl end functional PVP by RAFT mediated
polymerization was introduced. A hydroxyl functibn@anthate chain transfer agent was prepared
and used as the RAFT agent. The subsequently malgengrs had all the characteristics of a
polymer prepared by a living radical polymerizatiprocess which include controlled molecular
weight and low polydispersity indéxThe presence of the thiocarbonyl thio moiety atahchain
end was confirmed by NMR and MALDI ToF MS. It wasserved this end group is very labile and
decomposes under very mild conditions leading &irchterminated by an unsaturated repeat unit.
The N-vinylpyrrolidone repeat unit also introducewsery reactive moiety in the polymer. This is
probably due to the amide linkage of the monometerdency to participate in side reactions with
extraneous water was observed and the subsequeeatiyced end groups were characterized. It is
imperative to keep the polymerization system asadrpossible in order to increase the retention of
the xanthate end group at the-chain end. This is important when this site is kbeus for the

application of end group chemistry that is neeaechéke the polymer telechelic end functional.

In Chapter four, a simple method for removing thatkate end group was introduced. This was via
addition-fragmentation, and subsequent terminatiprcombination with arm -haloester. Radicals
are generated by an atom transfer radical addib@sed process using a Cu complex catalyst.
Optimum conditions for this technique were deterdinNMR analysis showed that the xanthate
end group was removed quantitatively. On its ows ivery important as the thiocarbonyl thio end
moiety imparts some undesirable characteristics tklor and smell to the polymer. It is also
thermally unstable and unstable in the presencauafeophilic reagents. By using a hydroxyl
functional a -haloester andx -hydroxyl functional PVP, telechelic hydroxyl furamal PVP was
obtained. Quantitative information on the extent hyfdroxyl functionality was obtained via
derivatizing the end functionality with trichlorcetyl isocyanate and comparing integrated NMR

signals. MALDI ToF analysis of the end modified P@Rgomers was, however, not conclusive.

104



Chapter 6

The experimentally determined masses of the PVbwiers differed from the theoretical ones by
more than the acceptable error range for this igalen This was not investigated further.

In Chapter five, a facile route for removing thentteate end group by merely heating the polymer
solution with hydrogen peroxide was introduced. iAgay usinga -hydroxyl functional PVP this
method yielded telechelic hydroxyl functional PVIhe xanthate end group is directly replaced by a
hydroxyl end group. Characterization was as in @rapghree and four, by NMR and MALDI ToF
MS. As in Chapter four, MALDI ToF MS analysis wastrtonclusive. This method of end group
modification is very green as all that was requivesls a sample of the RAFT made polymer,
dissolved in an appropriate solvent and hydrogeoxpge and simply heating the reaction mixture.
The telechelic hydroxyl functional PVP was subsediye crosslinked by reacting with a
trifunctional isocyanate to give a PVP hydrogelisTapproach was used as an alternative way to
show that the polymer was indeed telechelic hydréuyctional. The swelling kinetics of the gel

were assessed in double deionized water.

The facile end group modification procedure, bytimgawith H,O, will now be extended to other
RAFT made polymer systems. These are polystyredepalymethyl methacrylate prepared by the
RAFT process using cyanoisopropyl dithiobenzoated afrcyano-4-((thiobenzoyl)sulfonyl)
pentanoic acid as the chain transfer agents. Rollyacetate prepared by RAFT using a xanthate
chain transfer agent will also be used. Of maireredt will be to confirm the presence of the
hydroxyl group at thew-chain end. This will be verified by analyzing tlsebsequently end
modified polymers by NMR and MALDI ToF mass spentgiry.

The end modified polymers should also be analyzeadvanced liquid chromatographic techniques
like Liquid Chromatography under Critical Conditeorin LCCC the polymers are separated on the
basis of end group functionalityThis technique can be used to provide quantitdtif@mation,
which can be used to complement the structuralrimédion provided by NMR and MALDI ToF
MS It will also be very important to verify if thend group modification does not disturb the
integrity of the polymer sample. For example, soawylate systems are known to undergo

backbiting reactions followed b§-scission® This technique will afford a facile and cheap noeth

of accessing hydroxyl functional polymers. Since timly ingredients are the polymer sample and

hydrogen peroxide, it will be a relatively cheap atean process.
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Appendices

Appendix 1

COSY spectrum of RAFT made PVP showing the conneegity of proton signals

on an unsaturated terminal repeat unit

The COSY spectrum shows the connectivity of the HRCH— protons on an unsaturated terminal
repeat unit as illustrated in Figure 3.6, ChaptdoBstructurel5. The small signal at 4.75-5.0 ppm
(o, Figure 3.5) was assigned to -NCH#€whilst that at 6.8—7.0 ppng,(Figure 3.5) was assigned

to —-NCH=CH-.the connectivity of these signals is illustthtising the dashed lines.
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Appendix 2

COSY spectrum of RAFT made PVP showing the conneegity of proton signals
attributed to PVP dimer end group

The COSY spectrum shows the connectivity of theagn and p, Figure 3.7, Chapter 3. This

spectrum also shows the connectivity the xanthiaééncend groupm andl. The signam also
overlaps with a broad polymer backbone signal.
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Appendix 3

COSY spectrum of TAI derivatized peroxide modified PVP, showing the

connectivity of the a-methyelene protons to the polymer backbone

The COSY spectrum of TAI derivatizedr,w-hydroxyl end functional PVP showing the

connectivity of the signal for the -methyelene protons to a signal 4.1-4.2 ppm whiak assigned

to the 3 -methylene protons of the R group’s -4CHH,—O—C(O)— moiety in Chapter 5.

&5 4.0 3:5 3.0 2.5 2.0 St 1.0 0.5
F1 (ppm)
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Appendix 4

COSY spectrum showing the connectivity of TAI deriatized carboxylic acid side

chain’s a-methylene protons to the polymer backbone
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