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PREFACE

Light induced polymerization of acrylic and vimylic monomers is a key
process in the development of photosensitive polymeric coatings, printing inks and
photoresist materials, which have wide ranging industrial applications. Therefore,
synthesis of new photosensitive monomers and photoinitiators, studies on the
photochemical procésscs involved during polymerization using such monomers
and initiators and methods to achieve controlled synthesis of polymers have great
significance both from the fundamental and technological points of view. The
synthesis and use of scveral monomcric and polymeric photoinitiators have been
reported in the literature. However, majority of these photoinitiators lcad to
uncontrolled polymerization which 1s the common drawback of nortnal free radical
induced polymicrizations.

The known photochemnistiy of -xanthates and their application in organic
synthesis have generated considerable interest in this class of compounds. The
maim objectives of the present investigation are the synthesis of new xanthate
based photosensitive monomeric initiators and study of their role in the controlled
thermal and photoinduced free radical polymerization processes. Three new
photoinitiators containing polymerizable double bonds namely S-methacryloyl O-
ethyl xanthate (MAX), S-maleimidobenzoyl O-ethyl xanthate (MBX) and S-(p-
vinyl)benzoyl O-ethyl xanthate (VBX) have been chosen for the studies becauée of
their easy synthetic accessibility and favorable light absorption properties. In
addition, the photochemistry of xanthates is fairly well documented in the current
literature.

The first Chapter of the thesis consists of a brief review on the role of

monomeric and polymneric initiators in light induced polymerization reactions. A

ii



brief account of wvarious photomitiators used for free radical initiated
polymerization processes has been given with particular emphasis concerning the
use of sulfur-containing photoinitiators. In addition, the recent information
available on the use of polymeric photoinitiators in free radical induced graft and
block copolymer syntheses have been presented.

Chapter 2 of the thesis describes the synthesis, characterization and thermal
copolymerization behaviour of MAX, MBX and VBX. Several copolymers of
these monomers with mcthyl mcthacrylate (MMA) and styrene (St) have been
prepared. Detailed analysis of the copolymer composition and molecular weight
has revealed that the new monomers show considerable differences in their
copolymernization behaviour. MAX and MBX are electron deficient monomers and
show tendency to form alternate copolymers during their copolymerization with
styrene.  In  addition, MAX and MBX gave copolymers with narrow
polydispersities and showed considerable reduction in their molecular weights
with increase in MAX concentration. On the other hand, copolymers of VBX with
MMA and St showed increase in molecular weights as well as polydispersities
with increase in VBX concentration.

In the: third Chapter, the role of MAX, MBX and VBX as photoinitiators in
controlling the polymerization processes of MMA and St is discussed. MMA and
St showed distinctly different polymerization behaviour tow;u'ds the new initiators.
[t has been found that the thermal copolymerization behaviour of MAX, MBX and
VBX with MMA and St as discussed in Chapter 2, plays a key role in controlling
their photopolymerization behaviour. Photopé)lymerization of MMA using MAX
and MBX showed cousiderable control over molecuiar weight, polydispersity and
end functionalization of the polymer chain. In the case of the photopolymerization
ol 81, both MAX and VBX behaved as a comonomer, in addition to 1ts role as the

photoinitiater.  This was particularly important in the case of the



photopolymerization of St using MBX whic.h leads to the formation of
exceptionally|high molecular weight hyper branched graft copolymers along with
the, formation of crosslinked polymers. Photopolymerization of MMA and St did
not show dny appreciable difference in their polymerization behaviour when VBX '
was used as the photoinitiator.

The last Chapter of the thesis describes the use 6f soluble and crosslinked

inacroinitiators containing xanthate chromophores for photoinduced graft and
block copolyﬁier synthesis. The copolymers of MAX with MMA d St containing
pendant xantlliate groups have been found useful for the efficient photografting of
St and MMA. The homopolymer formation could be effectively suppressed in
these cases. %—Iighly efficient photografting of MMA could be achieved using a
heterogcneou'}; photoinitiator containing xanthate chromophore. Polymers obtained
by the photopolymerization of MMA using MAX as the photoinitiator have been
found use{‘uq for the photoi-nduced block copolymérization. This has been
illustrated by the block copolymerization of methyl acfylate (MA) using 300 nm
light on t6 ]j‘oly(methyl methacrylate) (PMMA) containing a thiocarbonylthiyl
group at the L‘.hain end. The mechanism of block copolymerization is found to be

analogous to!/the iniferter method described earlier by Otsu et al., which has the

characteristics of a pseudo living radical process. | |



CHAPTER 1

ROLE OF PHOTOACTIVE MONOMERS AND P LYMERIC
INITIATORS IN LIGHT INDUCED POLYMER ZATION
REACTIONS : A BRIEF REVIEW

1.1. Introduction

Recent developments in the areas of organic chemisﬁry, macromolecular
sciences and photochemistry have significantly contributed To the designing of
novel polymeric materials for advanced technological applications. Light induced
polymerization of acrylic and vinylic monomers is the kLy process in the
development of photosensitive coatings, printing inks and photﬁ!)resist materials.'""
These materials have wide-ranging industrial applications, mainly in printing and
microelectronic industries. Synthesis of new photosensitive monomers and
photoinitiators, studies on the photochemical processes involved during
polymerization and methods to control the polymerization pr«Tcesses have great
significance, both from fundamental and technological points of view. The
importance of this area of research is evident from the large number of
publications, reviews and patents appearing in the literature. Trle purpose of the
present review is to give a summary of the recent developments in the area of
light-induced polymerization processes, using monomeric and polymeric
photoinitiators. Special emphasis is given to the use of polymeric photoinitiators,
and in particular photoiniferters for light induced block and graft copolymer
synthesis, Before attempting this, it would be appropnate to mer‘}tion briefly about

the various types of photoinitiators, which are used in the photobolymerization of

unsaturated monomers. '



1.2. Photoinitiators for Free Radical Initiated Pol)-rmerization
The use of photochemically generated free radicals in the polymerization of
unsaturated monomers has inade great strides in recent years, mainly because of
the wide application of these processes in photoactive polymer-based coating and
* printing formulations. The photoinitiation step in such reactions usually requires
the presence of a hght absorbing molecule, which 1s referred to as the
photoinitiator. Direct absorption of light by most of the commonly used monomers
being rather mefficient, light sensitive molecules are required to generate reactive
species to initiate the polymerization of unsaturated monomers. Compared with
“other modes of initiation of free radical polymerization, light induced initiation has
the advantage of being applicable at low temperatures, especially at room
temperature. Photoinitiated polymerization has more control when compared to
thermally initiated free radical polymerization.
In general, free radical photoinitiators can be classified into those which
undergo intramolecular bond cleavage (type I) and those which abstract hydrogen
‘atoms from hydrogen atom donors (type 11). Many members of the type I initiators

i1-14
are the well-

belong to carbonyl compounds. Benzoin and its cther derivatives
studied type I initiators which undergo Norrish type I cleavage on photolysis as
shown in Scheme 1.
0 on 2 .
Ph—C-CH—Ph —Y» ph—C* + RO-CH-Ph
1 2 3

Scheme 1

The benzoyl radical initiates polymerization whereas the ether radical can

function as both initiator as well as terminator, depending upon the polymerization



conditions. Structures of some of the industrially important phaotoinitiators of the

-

benzoin family are shown in Chart 1.
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Chart 1

In addition to benzoin and its derivatives, acyloxime esters (8),

acylphosphine oxides (9) and acylphosphonates (10) are also known to be efficient

photoinitiatars for free radical polymerization.'* %
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Photoinitiators which generate radicals by hydrogen abstra—ction are
generally aromatic ketones which includes benzophenone (11), benzil (12),
quinone (13), thioxanthone (14), Michler’s ketong (15) and ketocoumarin (16)
(Chart 3).'”° In the presence of appropriate electran donors such as amines, these
ketones will form exciplexes. The exciplex thus formed will subsequently undergo
hydrogen atom transfer from the amine moiety to the ketone, thereby forming
ketyl radicals (A) and a-amino radicals (B) (Scheme 2). The a-amino radicals are
reported to be more efficient in initating polymerization processes when compared
to the ketyl radicals.*'*? Thioxanthones and ketocLuman'ns absorb light relatively
strongly 1n the near UV-visible region, which in Lssociatiou with tertiary amines

find application as photoinitiators for thin—dlm and imaging technology.
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[Ph—C—Ph——RyNCH,R] -Btransfer, p, C_om + R,NCH-R
Exc¢iplex - A B
| Scheme 2

1.3. Sulfur-Containing Photoinitiators »

Several photoinitiators which contain photoactive C-S or S-S bonds have
been synthesized and used for the photoinduced free radical polymefization of
unsaturated monomérs. They undergo homolytic photocleavage depending upon
their molecular structures. For example, irradiation of thiobenzoic S-aryl and
thiobenzoic S-alkyl esters have been reported to give the corresponding
benzaldehyde, benzil and bisaryldisulfide (or bisalkyldijlphide), formed via the
corresponding aroy! and thiyl radicals (Scheme 3). »3 Evidence for this
fragmentation mode has been provided by 'H NMRLCID}JP experiments.‘”
Scveral other sulfur containing photoinitiators such as phenyl phenacyl sulfide 23,
desyl aryl sulfide 24, dibenzoyl disulfide 25 and diphenyldithiocarbonate 26
(Chart 4) arc known to initiate free radical ponT;lerizatim of acrylic and vinylic
moriomers.’>’ Other interesting classes of sulfur conte;i ing photoinitiators are

tetraalkylthiuram  disulfides (TD) 27 and N,N-dialkyldithiocarbamates 28
(Chart 5).
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During, 1955-1996, several studies were carried out by Forington et 31.40,
Otsu et al.*'™ and Bevington et al.**® to reveal the mechanism of radical
polymerization of unsaturated monomers with TD. These studies have revealed
that TD 1s a poor tnitiator. However, it has been shown that polymers with reactive

end functional groups, which can further act as photoinitiators and which, are



useful for block copolymer synthesis can be obtained by using TD as
photoinitiator. Extensive studies have been reported by Otsu and coworkers on the
photopolymerization of styrene and MMA using various dithiocarbamates as
photoinitiators.*” " They have put forward the iniferter (initiator-transfer agent-
terminator) concept in free radical polymerization which involves a living free
radical polymerization mechanism. However, the use of low wavelength light (<
300 nm) complicates the polymerization processes and as a result, polymers

obtained from such systems are found to have large polydispersities.

R S S R ' : S
\ 11 11 Vd 1 Vd
N-C—S—S—C—N @—CH%—S—-C-—N

. / \ i \R

. 27 R 28

Chart5s

Recent studies have revealed the use of benzoyl xanthate for the
photopolymerization of MMA.’' Benzoyl xanthate upon irradiation is known to
undergo homolytic bond scission at the C(=0)-S bond p()qition: generating
benzoyl and thiocarbonyl thiyl radicals, as shown in Scheme 4°%% Laser flash
photolysis studies of a few representative aroyl xanthates have revealed the
formation of two transient intermediates, assigned a3 benzoyl (30) and thiyl
radicals (31). In this case, the benzoyl radical is the initiating ép?cics whereas the

thiocarbonyl thiyl radical is a primary radical terminator.

S
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Scheme 4



1.4. Polymeric Frec Radical Photoinitiators

Polymeric photoinitiafors can be prepared either by the polymerization or
copolymerization of a photoinitiator moiety attached to a polymerizable group or
by the covalent linking of a photoinitiator group to a polYmer backbone.
Polymeric photoinitiators are found to be more reactive compared to the
corresponding monomeric initiators in several cases. This could be due to the high
local concentration of the radical centers on thej polymeric initiator backbone and
also duc to the energy nmugration from one pho;toinitiator group to another along
the polymer chain. They have other advantages such as low odor, low volatility
and long shelf life. Therefore, polymeric photo;initiators are highly beneficial for
the designing of UV curable coating formulatigns. Howevcer, the most nmportant.
use of polymeric photoinitiators is in photoinduced graft and block copolymer
synthesis. These as;ﬁects are discussed in the following section and due credit has
been given to the earlier reviews on this subject.;ﬁq'58
1.4.1. Polymers Containing Pendant Photoﬁnitiator Groups. Photoinduced:
Graft Copolymer Synthesis

Polymers containing pendant photoinitiayor moieties are obtained either by
copolymerization of a polymerizable initiator|or by covalent attachment of an
initialor moiety on to a polymer backbone. Out of these two approaches, the
former is preferable because copolymers with any composition and well-defined
structures can be obtained. The importance of such polymeric photoinitiators is
duc to their use-in the designing of. photocu‘fable coating formulations and in
photoinduced graft copolymer synthesis. Graft copolymerization is known to be a
powerful tool for the structural and physical mpdification of polymers. Several of
the known photoinitiator groups have been incdorporated on to polymer backbone
as pendants and have becn used for the photoinduced graft copolymerization of

appropriate monoimers.



1.4.1.1. Typ-c I polymeric photoinitiators

Several of the type | ;‘)hotoinitiators ¢ontaining a polyme-rizablc doublé
bonds havc been reported. One of the earliest reports under this category deals
with the synthesis of a polymeric phot(l)initiator 32 containing pendant
benzophenone, substituted with a perester gioup.’”%® Both, homopolymers and
copolymers of 32 have been synthesized and characterized. These polymers
undergo homolytic cleavage at the perester Iin}(age upon irradiation at 366 nm, as
shown in Scheme 5. The polymer 33 was fpund to be more efficient than its

monomettc analog for the polymerization of st}rrehe.

Several polymeric initiators containinglg pendant benzoin derivatives have
been rcported as efficient initiators for polymerization of acrylic and vinylic
monomers.”’ > A possible pathway of deﬁvatizing benzoin is through the
hydroxyl group. The acrylic dertvative of benzoin undergoes efficient thermal
polymerization with several common monomers, resulting in the formation of the
corresponding polymeric photoinitiator 38 (Scheme 6).% The photoinitiation
efficiency of 38 was found to be low in view (;f the relatively low initiation
cfficiency of benzoin esters in g,eneral_67 Therefore, a range of polymeric
photoinitiators based on a-hydroxymethylbehzoin have been synthesized and a
representative examnple of this is -shown ih structure 39.°%* The polymeric
photoinitiator 39 undergoes efficient a—clea\vilgc and shows better photoinitiation

ctficiency when compared to the correspondir{g monomeric initiator. Several other

polymerizable monomers of benzoin and theit derivatives such as 40 and 41 have
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also been synthesized (Chart 6). Polymers of these monomers show reactivity
similar to their low molecular weight counterparts, which are commercially used.”®
Recently, Fouassier et al. have carried out detailed studies on the reactivity and
excited state properties of several polymeric photoinitiators containing pendant

benzoin methyl ether and related groups.®*"

—{CH4uh}- —{ﬁn—cuﬁ—
n n

C=0 C=0
, CHs
ey + HC-C-0°
CHj;
c=0 c=o 55
0 0
Q 34
I‘IJC—CI:—CHJ
CH3
33
Scheme §
: 0 . L
Ph—C—CH~Ph > Ph—C—CH-Ph e —{$—CHQF
OH 0-C~C=CH, : 0=C—0-CH—Ph
36 O CH; 0=C—Ph
37 38

Scheme 6
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0O 0 OR ¢

| |
CHz—(Ij——C—Ph

Ph
39
\ (l)H \ (l)' ﬁfH;
\—Q—?——ﬁ—l‘h \—Q—-C—ﬁ:—ocm
R O CH3
40 41

R = H, CH;, Ph

Chart 6

Photophysical studies by laser flash photolysis of polymeric and low
molccular weight benzoin mcthyl ether derivatives have revealed not only the
lifetime of their triplets but also the relative quantum yields of initiation and
polymerization rates for the photopolymerization of MMA. These studies indicate
that the polymeric photoinitiators display higher reactivity than thle low molecular

weight analogucs.

1.4.1.2. Polymeric photoinitiators containing pendant iniferter grou\ps

As mentioned in Section 1.3, Otsu et al. have shown that certain sulfur-
containing photoinitiators such as alkyl dithiocarbamates initiate polymerization of
aciylic and vinylic monomers by a ‘pseudo living” radical mechanism, which is
also known as the ‘inifertcr’ mechanism. Several people ‘have utilized the
photoinitiation property of iniferters in graft copolymer synthesis.”'””? For this
purpose, polymers containing dithiocarbamate groups have been synthesized by

reacting halogenated linear polymers with sodium dialkyl dithiocarbamates.
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Similarly, polymers such as poly(vinyl chloride), partially chloromethylated
polystyrene and chloromethylated polydimeﬂlylsiloxand have been converted into
their corresponding dithiocarbamate derivatives for the subsequent grafting of
appropriate monomers. This approach has special significance in the synthesis of
several graft copolymers, which are useful for biomedical applications. For
example, the properties of polydimethylsiloxane ﬁave been modified by
photoinduced graft copolymerization using the ‘iniferfer’ method (Scheme 7).7
By using this method, hydrophilic vinyl monomers| such as 2-hydroxyethyl
methacrylate, acrylamide, 2-methylaminoethyl methacrylate, sodium styrene
sulfonate, N-vinyl-2-pyrrolidone and methacrylic acid were photografted on to the
polymer 44. These graft copolymers were found to hav¢ improved hydrophilicity,

necessary for several biomedical applications.

CH; CH; S C2Hs
| [ @0 n 7
?I—O)—cnmw—?i-—o— + Na S"'C_N\ >
- )
CH; CH;ClI C2Hs
42 43 .
CH;3 CH;3
3 5 CHa T
R Al R (O
CHs CH;~S—C—N mM L. !
S CH o Crintiy
44 2115 45

Scheme 7



13

Miyama and Sato have used the dithiocarbamate pendant groups for the.
photoinduced grafting of various monomers such as me{thoxyethylencglycol
methacrylate and N,N-dinethyl methacrylate on to poqu(vinyl chloride).”
\Dimethylamino groups of the graft polymer are quaterni Ied to give positive
charges on to which antithrombogenic reagent heparin molecules are ionicﬁlly
bounded. Otsu and coworkers have synthesized a monIPmeric iniferter, 4-
vinylbenzyl N,N-diethyldithiocarbamate (46). Several copolymers of the monomer
.46 have been synthesized and they have been used for the preparation of graft
copolymérs  (Scheme 8).”° Recently, Nakayama et al. h‘ve reported surface
photograft copolymerization via benzy! N,N-diethyldithiocarbamate free-radical

chemistry.”” This method appears to be a powerful tool for well-controlled surface

CH,=CH —CH;—CH .I(M2>'-‘
|
nM;

S /CZHS ﬁ ’C1H5

11
! CHz"S—C—N\ CH;F"S—C—N\

46 CyHs 47 CaHs
h
) nM3

—CH;—CH{M,}-

S Cs
Cl—l;{Mg)l-‘S—C-—N\
CoHs

48

Scheme 8
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macromolecular engineering for biomedical applications. Also ]it is claimed to be -
useful for functional surface design for artificial organs, micromachines and

microbiosensors.

1.4.1.3. Polymers containing pendant type II initiators. Phptografting by H-

abstraction mechanism

Photoinduccd radical polymecrization property of ketone-amine systems has

been exploited, in several cascs, for graft copolymer synthesis

recent literature contain a good number of reports on the use of]

benzophenone as pendant group for graft copolymer sy

iradiation i the presence of an appropriate amine, the triple

benzophenone abstracts a hydrogen atom from the amine to f]

radical 51 and the a-amino radical 52 (Scheme 9). A disadvan

For cxample, the
polymers carrying

. 788
nthesis.”*%°

Upon
t of the polymeric

brm the polymeric

ge of this method

is that the initiation efficiency of the a-amino radical is much higher compared to

the polymeric radical 51, which lcads to homopolymerization of monomcrs

thereby reducing the graft efficiency. However, the polyme

reported to have higher reactivity than its monomeric analo

ric initiator 49 is

81

gue.” Laser flash

photolysis studies reveal that the triplet lifetiine of the polymeric benzophenone is

lower than that of its low molecular weight analogue.

In an attempt to improve the graft yield, Kinstle and W
polymer carrying N,N-diethylamino groups in the presence of

the triplet sensitizer (Scheme 10).”* In this case an o-aming

attached to a polymer backbone is formed. In the presence
monomer high graﬁ efficiency could be obtained i this wa
homopolymer yicld was attributed to the relatively effictent
benzophenone ketyl radicals, and to some extent, to chain
occurring bétween growing macroradicals and monomer or so

polyineric analogue of Michler’s ketone has been prepared

atson have used a
" benzophenone as
» radical which is
of an appropriate

y. The rather low

nitiating power of

transfer rcactions

Iﬂ/ent molecules. A

y modifying low
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molecular weight polystyrene.® In this case, intramolecular hyflrogen abstraction -
is found to be in competition with intermolecular hydrogen aljiraction from the
solvent. This polymer is reported to be inefficient as photoinitiator due to the
overall intramolecular quenching of the triplet ketone by the amine moiety.

A new class of polymeric photoinitiators having thioxanﬂhone as a pendant
group has been described in the literature.** Detailed studies on the excited state

properties of copolymers of 2-acryloxythioxanthone with MMA |have revealed that

the efficiency of the ketyl radical formation is lower for the copolymer 58 when

compared to the low molecular weight thioxanthone photoinitiators.®

—CH-CH,—»—CH-CH,—

?2115
O +  Ph-N —
. CHsg
o 50
5

—CH-CH3~—s—CH-CH;— CzHjs
|
Ph—N
@ @ f on-cwy
HO-C"* 52
51

Scheme 9
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-

1.4.1.4. Use of organometallic complexes (in photoinduced graft
copolymerization |

It has been shown that polymers, carrying pendant halocarbon moieties
such as CBrj;, upon wradiation in the presence of Mny(CO);o or Rex(CO) can
generate polymeric radicals {Scheme 11). These radicals can initiate grafting of

[ . . L]
various monomers to a variety of polymeric surfaces.®

~—CH;—CH CH2-CH—
O
" hv
+ P+—C—Ph —)
' 54
C2Hs—N ‘
CH»-CHj3
53 : '
—CH;—CH CH;-CH—
JF ?H
+ —C—Ph
[ ]
CZHS"‘ITI 56
.CH"CH3 -
55

Scheme 10

The major advantage of this method is that the homopolymer formation is
avoided because no radicals except the polymeric radicals are formed in the
system. Several persulfate salts of ruthenium tris(bipyridyl) complexes have been
used for the grafting of monomers such as acrylamide, acrylic acid and

acrylonitrile on to cellulose triacetate.® Since a number of ruthenium complexes
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have been described and their photophysical properties are known, it may be

possible to design several polymeric photoinitiators based on ruthenium

dom‘plckcs.
wawwer (CHy —CH — CH; — CH awossr
o 9 o l#z 2 4\
O ooyt o
Ng S n
57 58
Chart 7
CBr; . CBr,
1A%
+  Mn(CO)sBr
CBr; Mn(CO)s CBr3 61
59 ' 60

CBr, {M}n—

CBI’3
62

Scheme 11

1.4.2. Light Induced Synthesis of Block Copolymers

Photoinduced block copolymerization is a versatile Tpproach towards the

89,90

modification of structure and properties of polymers. Photochemical block

copolymerization consists of a photochemical reaction by which active radical
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centers are ‘produced at the end of a polymeric chain which initiate the

mcorporatlon of a sccond monomer to form blocks of new polymeric chains. The

mcthod, ther¢fore, consists of two or more steps. The first stage is the synthesis of

prepolymers containing one or several photosensitive groups. The subsequent

steps involve the photolysis of the prepolymers in the prepence of various

monomers. The photosensitive groups can be located either in the main chain or at

the chain ends of the prepolymer.

1.4.2.1. Block copolymerization using polymers carrying photolabile groups

in the main ¢chain

Prepolymers carrying stnall amount of photoactive groups, which are useful

for photoinduced Ublock copolymer

polycondensation approach. In this case,

synthesis

can be qbtained by the

the structure of the resulting block

copolymers depend upon the mode of termination processes invplved as shown in

Scheme 12,

L ]
+  — A'n—Y

. hv — A =X
—ArX—Y—Almw ——> ArX
e A=X + B > awAsX— Baw®
A=Y+ B ———> ewAl-Y-~Baw

combination

o A X T B o

> o A X—Baw B— X — A g

disproportionation

Scheme 12

» e A —X—B o
n m
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L

synthesis of block copolymers.”’ Polycondensation of adipoyl| chloride 65 and

Lanza et al. have utilized the photodissociéltion of keto oxime esters for the
tetrachlorobisphenol-A 63, in the presence of small amounts of the keto oxime 64
have resulted in a polyester 66 containing small amounts of keto oxime ester-
linkage. This polymer, on photolysis in the presence of styrene gave block
copolymers in 90-95% yield (Scheme 13). The length of styrene sequences in the
biock polymer could be adjusted by changing the initial monomer concentration,

> Photoactive benzoin methyl ester groups have beenl introduced into

polycarbonates by the condensation polymerization of bisphenol-A with phosgene

92,93

in the presence of 4,4-dihydroxybenzoin methyl ether as shown in Scheme 14.
On photolysis, the polycarbonate undergoes main-chain sciLsion due to the
photodissociation of the benzoin methyl ether group as evidenc%d by the decrease
in viscosity. When iiradiation was carried out in the presence of MMA a block
copolymer was formed in high yield. Differential scanning calorimetric studies has
revealed the existence of two distinct glass transitions at (90° and 176 °C,
correspon.dil"lg to PMMA and polycarbonate sequences. The number of the
benzoin methyl ether groups in the polycarbonate prcpoiym could adjust the
length of the polycarbonate blocks whereas the length of the PMMA blocks was
controlled by the polymerization conditions.

Craubner has reported the synthesis of several block capolymers by using
polymers céntaining N-nitroso groups.” The principle of this method is based on
the photoisomerization of nitrosoamide groups into diazoesters, which afford two
macroradicals with evolution of nitrogen (Scheme 15). Block copolymers
containing sequences of a polypeptide and of poly (methyl methacrylate) were
prepared by Viasov et al.”® Disulfide groups were incorporated into the peptide
chain by polymenization of a N-carboxyanhydride (NCA) of an amino acid in the
presence of an appropriate disulfide. For example, a polypeptide carrying a
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disulfide on UV irradiation in the presence of an apperriate monomer gave the

corresponding block copolymers as per Scheme16.

Cl Q
‘(|3“3
HO ¢ H+H0@—ECN0H+
CHs
C 63 Cl
Q N
CI—C-H{CH}C—C
65
Q a
CH; 0 0 O CHy 0 0
] [ 11 11 1
~10 C O—C{CH;}‘C—O@—C C=N-0- c{cuz}‘c 0
CH;
a Cl 66 "
lhv
Ql Cl
4 CH; ) 0} 0 -~
| I 11 I
—0 Q -C O—C—(CH:)C—O—@—C-l + CH;CN +
4
CH; 68
Cl Cl
67 o
. Il
Styrene CO; + “CHy~{CHyC-0—
69 70
Block copolymers l
‘ Styrenc

Block copolymers
Scheme 13
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o H ‘o : o) 0O
n | coql, in |l n
HO C_(|: OH W Cl —C 0 C ‘(|: o-C-Cl
3

OCH; OCH;
71 72
(Iﬂ'ls
asEa
CHy,
Tt o o 0 CHy
OOl D L o e L
OCHj CH;
73

(1Y COCly, EtsN

w0 -3 on
OO s @c oo -4

lhv
Ha 0 Q H e
LI+ Ol DT
CH; n OCH, >6 CH;
75

MMA

Block copolymer

Scheme 14

copolymers containing blocks of cellulose triester and polystyrene.”®”’ Cellulose

similar method was applied by Mezger and Canttw to synthesize block
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triesters containing terminal hydroxy groups were prepared by hydrolytib
degradation.  The product thus obtaiﬂlwd was reacted with 4,45-
dithiobis(phenylisocyanate) to form the poﬁymeric disulfide (85), which ojﬁ
irradiation in the presence of styrene or MMA gave block copolymers (Schem:b
17). The cellulose content of the block copoljrmer 87 was estimated to be nea:lj:y
10-40% by weight. Due to the low glass tx{ansition temperature of the MMJ:\
blocks, the copolymer 87 exhibited rubber lik&; elasticity at room temperature anb
hence processable as thermoplastics. The major disadvantage of the use d‘f

polymeric initiators having photolabile groups 'which are incorporated within th¢
| .
|
f |
_CH'J._CHI_]T —C0+NH'—CH1“
NO |
77 |

J’.w

--CH;-‘—CH;-N:N—O—#O—NH—CH;-—-
78 |

woew CH;~CHy  + .N#—Cﬂz-——
79 ‘ 80
momrmer

Block copoly*ner

Schemei 15
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HzN—Cﬂl—'C—NH NH-C_CHQ_—NHQ_

S—S
P9 D 9 o3
]
—(NH—CH —C}NH—CH;—-C— NH Nﬂhc—CH;—NH\CC—CH—NH}—
n n
82

CHy
hv CH;:C—S—OCIL;

CH;
. | ' .
pelypeptide —§ -[(‘,‘H1 —C];S —pelypeptide
07°0CH;
83

Scheme 16

polymer chain is that the resultant block copolymers in such cases show broad
polydispersity. This could be primarily due to the uncontrolled termination
processcs involved in the polymerization. As illu‘ib,trated earlier in Scheme 12, if
two unsymmetrical macroradicals are formed during photodissociation, both can
inittate polymerization leading to the formation of polymers with different types of
blocks having different chain length and polydispersity. Since various modes of
terminations such as combination, disproportionation or hydrogen abstraction are

possible, highly inhomogeneous block copolymers will be formed. However, this
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method has the advantage of suppressing the homopolymer formation since

photodissociation leads to the formation of two polymeric radicals, both can lead

to block copolymers.

Cell—OH + OCN—Q—S—S—Q—NCO + Cell—OH
84 -

| Q9 O
Cell—O~C~NH S—s bH-C—O—Ceu

hv

0 .
Cell—O—C—N’H—Q‘%
86

CH;
-4 —¢
CHz_C-—-g_ Me

9 CHs 2
Cell—O—C—NH s-[cng—c]—s 7/ N—NH—C=0—Cell
4 . _

0" “OMe
87

Scheme 17
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1.4.2.2. Polymeric photoinitiators having photolabile groups at chain ends
Polymers carrying photolabiie end groups produce two free radical centres
out of which only one is a macroradical. The second radical which 1s a low
molecular weight initiator fragment will initiate homopolymerization of the
monomers. Consequently, the formation of both blockcopolymers and
homopolymers will be followed by this method. Therefore, special efforts to
control the homopolymer formation are required for enhancing the block
copolymer yield. In this respect, Banford’s metal carbonyl initiating method is a
novel approach towards block copolymer synthesis.”®'% This method is based on
the fact that transition metal carbonyls such as Mny(COj)je, Rex(CO))q and
Os3(CO);; react with polymers having -CX;, -CHX, or -CH,X end groups (X =
halogen atom) to form terminal carbon centered macroradicals (Scheme 18). The
principal radical generating reaction is an electron transfer process from transifion

mctal to halide, the former assuming a low oxidation state.

—{M,);‘ch —M—n:(‘éjm» _<M‘}Fnéx2 UL —{1\/1,);‘(:)(2 —(M2>n—
88 89 90
Scheme 18

1.4.2.3. Macroiniferters for block copolymer synthesis

As described earlier in this Chapter (Section 1.3), the use of certain sulfur
containing molecules such as tetracthylthiuram disulfide and N,N-
dialkyldithiocarbamates as photoinitiators can give polymers with photoactive
dithiocarbamate end groups. For e¢xample, thermal or photochemical
polymerization of styrene in the presence of tetraethylthiuram disulfide gives a

telechelic polymer 91 with two photoreactive end groups. Photopolymerization of
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vinyl acetate in the presence of the macroinitiator 91 yields a block copolymer,

which contains nearly 80% of the vinyl acetate.'’

HsC2 S S  C3Hs
\ H 11 /
N—C-S$-{CHy~CHF-S—C~N
/ n \
HSCZ C2H5

91

Niwa et al. have used bis(isopropyl xanthogen) disulfide (92) for the
designing of block copolymers (Scheme 19).'"*'® The mechanism of block
copolymerization is same as in the case of the disulfide 91. Upon absorption of
light, C-S bond cleavage occurs to form a carbon centered macroradical and a
-sulfur centered dithiocarbamate radical. The macroradical initiate the block
copolymerization whereas the sulfur centered radical is much less reactive and
acts as the terminator. Otsu ct al. have extensively studied the use of

dithiocarbamates for the designing of block copolymers,'®*%’

In an attempt to
synthesize extremely pure homopolymer free block copolymer, they have used the
solid-phase synthetic strategy along with their iniferter method.'” The block
copolymer was synthesized on to crosslinked chloromethylated polystyrene
containing dithiocarbamate groups through an anchoring linkage and subsequently
detached the block copolymer from the polymer support by using an approprate
cleaving agent. Turner and Blevins and Lambrinos et al. have reinvestigated the
block copolymer synthesis using dithiocarbamate photochemistry and revealed the
occurrence of a side reaction during photolysis (Scheme 20).'"*'” They proposed
a photochemical cleavage of the thiocarbonyl nitrogen bond and subsequent

eitmination of carbon disulfide, which limits the living nature of the

polymerization,
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Detailed studies on the photochemical and thermal block copolymerizations
using tetraalkylthiuram disulfide (TD) and be}lzyl N,N-diethyldithiocarbamate as
initiator was reported by van Kerckhoven et al..''® According to these authors the
thermal block copolymer synthesis is preferred over the phptochemical method
because of the low quantum yield of the photodissoctation of TD. Even though the
photoiniferter apporach is widely used for block copolymer synthesis, its main
drawback 1s the broad polydispersity of the resultant block copolymers. The main
reason for such broad dispersity could be due to the uncontrolled self
‘polymerization of the monomer under the low wavelength irradiation condition

employed for the iniferter method (< 300 nm).

1.5. Conclusions

The brief review of the role of monomeric and polymeric photoinitiators
presented here reveals both fundamental and technological importance of the
research in this area of polymer (photo) chemistry.- The recen;it advances in printing
and coating technologies have demanded the need for designing novel
polymerizable and bolymeric photoinitiators. Synthesis of polymerizable
monomers carrying photosensitive chromophore that can undergo homolytic bond
scission to form reactive radical centers have great significan‘ce in the designing of
polymeric photoinitiators and photocrosslinkable copolymers. Similarly, destgning
of photoinitiators for controlled synthesis of macromblecular architectures
particularly for the synthesis of graft and block copélym;rs with narrow
polydispersity and mintmum homopolymer formation 1s an 'area, which is gaining

the attention of polymer chemists.
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CHAPTER 2

. SYNTHESIS, CHARACTERIZATION AND COPOLY?’ERIZATION
BEHAVIOUR OF A FEW XANTHATE DERIVED
PHOTOACTIVE MONOMERS

2.1. Introduction .
) Frec radical induced copolymerization of various monomers is a widely
acccpted procedure in the designing of novel polymeric materials with specific
physical and chemical properties. In this way it is even possible to prepare
of

homopolymerization. Thermally induced frec radical copolyn

polymers thosc monomers’ which arc reluctant to undergo

erization of two
or more monomers are extensively used in the preparation of polymers with
improved physical properties for specific technological applications. Synthesis

of copolymers bearing photosensitive pendant functional groups is an

important area of research due to their wide-ranging use in microelectronics,

printing and photocurable coating applications.'® Synthesis of new

photosensitive monomers and knowledge about their ¢opolymerization

for designing

-

behaviour with other monomers are therefore essentia
copolymers with optimum performance.

Thermally induced radical copolymerization behaviour of a variety of
monomers is known in the literature. Out of these, one of the most nteresting

system consists of maleic anhydride and styrene.”"? Due to the donor-acceptor

interaction, the existence of a 1:1 charge-transfer complex has
in this system which gives an alternating copolymer. S
synthesis and copolymerization of a variety of new monome

14,15

formation of water soluble, thermally stable and op

copolymers have been reported.

becn established
ubsequently, the

1s leading to the

16,17

tically active




Despite the large volume of publications

copolymerization behaviour of a variety of monomers
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in the thermal

analogous studies

pertaining to monomers carrying photodissociable chromophores are very few.

Typical examples of this kind represent monomers such a

photodissociable benzoin ethers'®?

5 1 and 2 containing

and substituted perester group 3.2'%

Copolymerization of these monomers with other acrylic and vinylic monomers

providés copolymers carrying pendant photoinitiato

copolymers can be used as polymeric photoinitiators fo

These

- the preparation of

r  moieties.

photoinduced graft copolymers. A major problem of using these copolymers

for gra‘ft copolymer synthesis is the formation of homopol
can be solved to a great extent using a vinyl monot
photoattive dithiocarbamate g,'roup.23 Copolymerization
monomers provides photosensitive copolymers which can
block copolymer synthesis. Apart from that copolymers of

be used as negative photoresist materials.?*
|

ymers. This problem
ner 4 containing a
of 4 with other
be used for graft and

" the monomer 4 can

OH
Ph—'E-—(,?H-Ph \Q—(::—Icl—rh
0—'(;—(|?:CH3 R O
O CH; 2
1
M
N/ 9 (-). (I:H3 \\
\_ch—@—c—o—o—?—-cm m P
3 CH; S ,Czﬂs
CHz~S-C-N_
4 C2Hs
Chart 1

Acyl and aroyl xanthates are known to undergo hon
on phclptolysis.25 % This photoreaction has already been use

photoif‘nitiators.27 Polymeric  photoinitiators - having

nolytic bond scission

d in the designing of
pendant  xanthate

photopolymerization

chrompphore are known to show better efficiency for the
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. , ¢
of acrylic monomers,***

In addition, polymers containing xanthate group have
added significance due to their affinity tg) form metal iolh complexes. Because
of the possibility of wide ranging application of poly‘mers bearing pendant
xanthate chromophore, synthesis of copolymers with appropriate xanthate
compositions 1s important from both pracﬁcal and theoretical points of view. In
the present study, the synthesis, characterization and copolymerization

behaviour of a few monomers containing photoactive xanthate chromophore is

described. ™

2.2. Results and Discussion

2.2.1. Preparation of monomers .

The sulfur-containing monomers S-acryloyl O{ethyl xanthate (AX, 6)
and S-methacryloy! O-ethyl xanthate (MAX, 7) were prepared by the reaction
of the corresponding acid chlorides with potassium p—ethyl xanthate as per
Scheme 1. AX was formed in a very low yield (24%). The major product
obtained in this casc was a solid, melting at 69-70 °C which is identified as
S-(3-hydroxypropionyl) O-cthyl xanthate 8. The infrared spectrum of 8 showed
a characteristic absorption due to a strongly hydrogen bonded OH group at
3400-2800 cm’. The 'H NMR spectrum showed ‘the presence of highly
deshiclded proton at & 113, which could be assigned to an intramolecularly
hydrogen bonded proton (Figure 1). The BC NMR spectrum of 8 was in
agreement with the proposed structure (Figure 2). The mass spectrum of 8
showed the molecular ion peak at 194, in agreement with the assigned
structure. It s inferréd that 8 is formed from 6 and its formation can be
understood in terms of the Michael typc addition of water to 6, during work-up
(room temperature) as shown in Scheme 1. Flowever, under identical work-up
conditions we could not obtain the water added pro%iuct of 7, probably because
MAX is a weak Michael acceptor. The 'H NMR sp{echum of MAX showed the

expected peaks at & 6.5-5.9 as a multipiet corresponding to the methacrylic

protons, a quartet at 8 4.7 corresponding to the OCH, protons and a singlet and
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a triplet around & 2.0 and 1.45 respectively, correspondinlg to the two methyl
groups (Figure 3). The '"C NMR spectrum showed seveq carbon signals at &
204, 186, 144, 126, 71, 18 and 14 in accordance with its structure (Figure 4).

The mass spectrum of 8 showed a molecular ion peak at 191 (M'+1),

. 0
@ e ;I H> = —”—- 1 ‘
K S—C-0CHs _© 20CH €=, CH=CH-C—$—C—O0CHs
5 0°C, CH,Cl,
6
CH; 0°
0 ‘ C H,0
CH2:C'—C'—(I CH;Cl, .
|
AR
o 3 2
CHy=C—C =S —C—O0GC, Hs o | /C—S—C“OC2H5
7 : CH2"Q]‘]2
8

Scheme 1

Figure 3. 1H NMR spectrum of 7'
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Figure 4. °C NMR spectrum of 7

S-(4-Maleimidobenzoyl O-ethyl xanthate (MBX, IF) was prepared as
per Scheme 2. 4-Maleimidobenzoic acid obtained by the| reaction of maleic
anhydride and 4-aminobenzoic acid was converted to the‘corresponding acid
chloride 12, which on subsequent reaction with potassium O-ethyl xanthate
afforded MBX in 90% yield. The 'H NMR spectrum of MBX (Figure 5)

showed a multiplet at & 8-7.6 corresponding to the four aromatic protons. The

two protons of the double bond appeared as a singlet at & 6.9. The O-ethyl

group showed a quartet and triplet at 8§ 4.7 and 8 1.5 respectively. The °C
NMR spectrum of 13 (Figure 6) showed signals at § 184.2, 168.6 and 125

corresponding to the carbonyl carbons and the unsaturated carbons of the

maleimido group. Similarly, the signals at § 136, 134, [128, 126 could be

assigned to the aromatic carbon atoms. High resolution mass spectrometry

showed the exact mass of 13 as 322.0202 corresponding to the assigned

' structure of MBX.
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S-(4-Vinylbenzoyl) O-ethyl xanthate (VBX, 19) was synthesized as
shown in Scheme 3. Reaction of p-toluic acid with N-bromosuccinimide in
boiling CCl, afforded the 4-broﬂ10methylbenzoic acid 15, which is converted,
to 4-vinylbienzoic acid 17, by Wittig reaction. Reaction of the|acid chloride 18
with potassium O-cthyl xanthate gave VBX in 95% yield, The 'H NMR
spectrum of VBX (Figure 7) showed a multiplet around & 7.8-7.4
corresponding to the four aromatic protons. A multiplet at 8 6.7 and two
doublets at 5 5.4 and 8§ 5.9 were assigned to the three vinylic protons. The
O-ethyl protons appeared as a quartet and triplet at & 4.8 and & 1.4,
respectively. The '>C NMR spectrum of VBX was in agreement with its
structure (Figure 8). The exact molecular mass was found to be 253.0357 by

high-resolution mass spectrometry, in agreement with the assigned structure.
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2.2.2. Copolymerization of MAX with MMA and styrene (St)
Copolymers of MAX with MMA and St were prepared

Scheme 4. All copolymerizations of MAX were carried out in

according to

toluene using

AlBN as initiator, which gave pale yellow polymers. All copolymers were

characterized by their spectral analysis. The 'H NMR sp

ectra of two

representative copolymers, MAX-co-MMA and MAX-co-St are shown in

Figures 9 and 10, respectively. Attempts to prepare a homopolymer of MAX

were not successful probably due to the strong chain transfe

r termination,

immediately after the initiation of polymerization (Scheme 5). This leads to the

formation of a mixture of extremely low molecular weight oligomers, which is

confirmed from the GPC analysis of the reaction mixture. Resuits of the
copolymerization of MAX with MMA and St in toluene using AIBN at 60 °C

are shown in Tables 1 and 2, respectively. In all the cases the conversion of the

monomers was kept below 20% for the purpose of evaluating the

copolymerization parameters.
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As shown in Tables 1 and 2 the percentage? ylelds of isolated
copolymers, rate of polymerization and molecular wclgﬁts of all copolymers
decreased with increase in the mole percentage of MAX ﬁn the monomer feed.
The ylields and molecular weights of copolymers above 70 mol percentage of
MAX in the monomer feed were extremefy low. This obervation indicates that
MAX has a retardation effect during copolymerization. This could be explained
on the basis of the chain transfer reaction between #he growing polymer

transfer can be explained on the basis of the addition of MAX to the growing

radicals with MAX as shown in Scheme 6. The probabif mechanism of chain
polymer radical 25 to form a new carbon centered polymer radical 26. This
radical on fragmentation gives the xanthate terminated |copolymer 27 and the
methacryloyl radical 28. This reaction becomes more predominant when the
mole fraction of MAX in the feed composition becomes high. The drastic
reduction in the rate of poiymerization with increase in the mole fraction of
MAX further reveals that the double bond in MAX is not reactive as in other

acrylic monomers.

Table 1. Radical copolymerization* of MAX (M) with[MMA (Mz)

Miin  Time Copolymer R,x 10° M;in copolyner D
thé fe;ed (h) yield (@) (mol %) | M, x 107 (Mo/M,)
(mol %) ) 'HNMR S Anal ~
10 1.5 13 27.0 12 7{4 10.5 1.8
20 2.0 7 8.6 21 io 4.4 1.7
|30 6.0 13 3.9 31 3 1.9 1.5
40 10.0 17 2.7 39 37 1.4 1.3
50 120 10 1.6 46 45 12 1.3
élo 15.0 g 10 55 _>j4 - -

I
[
*-[AleN] =0.16 mol L, M, + M, = 4.5 M in toluene
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Table 2. Radical copolymerization* of MAX (M,) with styrene (M;)
|

M, I\Iin _ Copplymer R, x 10°  Min copolyme} D
E:l:olffic; T(Irr:;e y('i])d (g5 " NS::‘ "/;)Bal Mo x 107 (Mw/Ma)
10 15 19 4.2 21 2 67 2.0
20 15 16 3.6 28 30 5.6 18
30 40 20 2.8 33 35; 5.1 1.8
40 50 18 1.8 43 4 4.6 1.5
50 5.0 13 11 48 41 4.0 L5
60 8.0 15 084 57 5js 35 1.4

* [AIBN]=0.16 mol L', M, + My =4.5 M in toluene
' |

The copolymer composition of various copolymers of MAX was
calculated independently through 'H NMR and elemental sulfur analyseé. Th;e
NMR analyses of the MAX-MMA copolymers were darried out by comparing
the integrated intensity of the resonance signal at 8 4.6|j which is assigned to the
O-CHj, protons of the xanthate group with that at 3.4 of the O-CH; protons of
the methacfylate group. In the case of the MAX-St ciolymers the intensity of
the resonance signal at & 4.6 was compared with that (|£f the aromatic protons at
6 7.1. Information on the copolymer compositions based on NMR analysis was
in' good agreement with that obtained from the elemental sulfur analysis using
equation (1), where W, and m, represent the weight percentage of sulfur and
the mole fraction of MAX in the copolymer, and M, and M, are the molecular

weights of inonomers, which are used for the copolymerization.

64.14 m,
(s} = X
Mim; + Mz (1-my)

100 (1)
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Scheme 6

In order to compare the reactivity of MAX with MtMA and St, the mole
fraction of MAX in each copolymer obtained by the lI-i[ NMR analysis was
plotted against the mole fraction of MAX in the monomer{ feed. The copolymer
composition curve obtained for the MAX-MMA and‘ MAX-St monomer

systems are shown in Figures 11 and 12, respectively. FiF,ure 11 reveals that
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under low MAX concentration most of it is incorporated into the copolymer
whereas, under higher MAX concentration its percentage incorporation is very
low. This could be associated with the chain transfer reaction by excess of
MAX to the copolymer radicals. On the other hand,| the MAX-St monomer
system showed a weak alternation tendency as shown in Figure 12. This could
be due to a weak interaction between the electron deficient MAX and electron
rich St that facilitates the close proximity of these 'monomers during their

copolymerization.

2.2.3. Copolymerization of MBX with MMA and S"F

Attempts to prepare homopolymers of MBX using thermal free radical
initiation method were not successful as in the case/of MAX. Maleimides in
general, are difficult to undergo homopolymerization due to the weak reactivity
of their double bond towards propagation. Howe"ver, they can be easily
copolymerized with a variety of monomers. Maleimides are electron deficient
monomers and arc known to form alternate copolymers with electrdn rich
monomers such as styrene. MBX 1s expected to bd a more electron deficient
monomer when compared to MAX and hence thermal copolymerization
behaviour of MBX may be different from that of MAX. Moreover the presence
of the maleimido group in MBX is expected to enhqlnce the thermal stability of
the resultant copolymers. In order to study these aspects, several copolymers of
MBX with monoiners such as MMA and St werI}: prepared using AIBN as
initiator (Scheme 7). The 'H NMR spectra of two répresentative copolymers of
MBX with MMA and St are shown in Figures 13 and 14, respectively. The
copolymerization data for the MBX-MMA and MBX-St monomer systems are
presented in Tables 3 and 4, respectively. When ithe copolymerizations were
carried out using concentrated solutions of mongmers (3M), the copolymers
were formed in high yields. However, consideraq‘ole gelation and crosslinking
were also observed. Therefore, solutions of low monomer concentration

(0.25 M in toluene) were used for copolymerization in order to prevent any
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unv{antcd crosslmkmg of polymers. The increase in thg mole fraction of MBX
n ﬂhe monomer feed 1s found to have significant influence on the rate of

polymerization as well as the molecular weights of the resultant copolymers as

cus
wwe CHy-C
oA Yo -
OCH; 0™o
o 0P\ 70
—»
A, AIBN
0°™s
SJ\OCZHS 078
8 S“N0C,Hs
29
|
"-CHZ"CH {
A, AIBN N7 O
\\
/
07™s
S 0C,H;
| 30
Scheme 7

noticed m the case of the MAX-MMA monomer system. The copolymer
composition of all the copolymers were determined by the 'H NMR method as
described in the case of MAX-co-MMA copoPymers. The copolymer
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composition curve shown in Figure I'S indicates extr?mely low incorporation of
MBX monomers in all monomer feed compositions. This observation reveals
that, MBX 1s a less reactive monomer than MMA and during the propagatton
of the polymer chain, the polymer radicals have the ‘tendency to preferably add

onto the MMA monomer rather than the MBX monomer.

Figure 13. '"H NMR spectrum of MBP(-CO—MMA

Figure 14. '"H NMR spectrum of MBX-co-St
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Table 3. Radical copolymerization* of MBX (M) with MMA (M,)

M in Time Copolymer R, x 10° M. in copolymen D
the feed  (h) yteld e - (Mw/M,)
(mol %) %)  (85) 'HNMR (mol %) M, x 107

10 1.0 10 8.3 3 16.0 1.2
20 2.0 12 59 7 14.0 1.1
30 2.0 10 5.8 11 110 1.1
40 3.0 13 5.6 19 10.0 1.1
50 6.0 21 5.0 25 8.0 1.2
70 12.0 19 2.7 37 6.0 1.1
80 14.0 14 1.9 45 5.0 1.1

* [AIBN] = 0.012 mol L', M;+M, = 0.25 M in toluene -

The results obtained from the copolymerizatiﬂn of MBX with St are
shown in Table 4. In this case also, increase in the MBX mole fraction has
drastically reduced the rate of copolymerization as well as the molecular
weights of copolymers. However, under identical .conditions, the rate of
copolylﬁehzatiorl of MBX-St monomer system is higher than that of MBX-
MMA monomer system. This means that the overallwl‘reactivity and hence the
copolymer yields are higher.

A plot of the MBX feed composition against'the copolymer composition
determined by the 'H NMR analysis is shown in Rigure 16, which shows a
reasonably good alternation tendency during copolymenization. This 1is
presumably due to a donor-acceptor interaction betWeen the electron deﬁ01ent
MBX and the electron rich St. This interaction se¢ms to be stronger in thls
system when compared to that between the MAX—St monomer system

|
indicating that MBX is more electron deficient than MAX.



Table 4. Radical copolymerization* of MBX (M) with styTene (M2)
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M; in copolymer ‘

M in Time Copolymer Rpx 10° D
the feed (h) yield (25" - M. x 107 (Mw/M,)
(mol %) (%) 'H NMR (mol %)

10 0.5 15 2.8 23 14.0 1.4
20 0.6 16 1.4 30 12.8 1.3
30 0.6 15 1.4 34 122 1.3
40 1.1 20 1.3 35 11.0 1.4
50 1.2 14 0.9 40 10.0 1.4
70 1.8 8 0.8 46 3.4 1.4
80 1.8 8 0.5 48 2.9 1.4
*[AIBN]=0.012 mol L, M;+M,=0.25 M in toluene
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Figure 16. Copolymer composition curve for MBX-CO-St

2.2.4. Thermal copolymerization behaviour of VBX with MMA and St
Styrene and its derivatives such as p-chloromethylstyrene, p-methyl-
styrenc and p-methoxystyrene are known to be elcctron rich monomers. Sulfur-
containirg monomers such as p-[((benzothiazolyl)thio)methyl]styrene and
N,N-dicthyldithiocarbamate are also known to behave as clectron rich
monomers during copolymerization with other monmr"u:rs.23 Therefore, it is
anticipated that VBX may bchave as an electron rich monomer during
copolymerization. In such cases the copolymerizition characteristics of VBX
should be stgnificantly different from those of MAX land MBX. in o:rlcr (o
study this, sclf polymerization of VBX and its copo]yjmcrization with MMA
and St under various monomer feed compositions wercjcarricd oui (Scheme 8).
Thc 'H NMR spectra of two representative copolymers of VBX with MMA

ard St are shown in Figures 17 and 18, respectively.
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Interestingly, VBX is found to homopolymerize in the presence of
AIBN pnder dark, in contrast to MAX and MBX. This obﬁervation reveals that
VBX i5 a highly reactive monomer when compared to MAX and MBX. In this
cas? the rate of chain transfer may presumably be lower than that of the rate of

propathion. The time-conversion relationship for the homopolymerization of
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Figure 17. 'H NMR spectrum of VBX-COTMMA

Figure 18. 'H NMR speetrum of VBX-r:o-St

VBX at 60 °C using AIBN as the initiator is shown in ngurc 19. Under higher

monpmer conversions considerable amount of crosslinked polymer was also
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- g - - |I .
obtained. This may be due to the chain transfer between the growing polymer
radical and the pendant xanthate chromophore, as shown in Scheme 9. This
will lead to the formation of polymeric radical 38 with pendant benzoyl group,

which on combination results in the formation of crdsslinked “rpolymcr.
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Figure 19. Effect of polymerization time on % convl(crsion for the

homopolymerization of V3X

The results of the copolymerization of VBX witl# MMA arc listed in

Tablc 5. The rate of polymecrization is found to increase with the increase in the
mole fraction of VBX in the monomer feed. This is in Iontrast to-our carlicr
obscrvation of the decrease in the rate of po]ymcrizati\orl with the increase in
the mole fraction of MAX or MBX during their copolymerization with MMA
anu St. The copolymer compositions determined by tbe 'H NMR spectral
analysis indicatc a high percentage incorporation of VBX. A plot of the VBX
molc percentage in the monomer feed versus the mole percentage of VBX in

thie conclymer is shown in Figure 20. The polymer comppsition curve in Figure
: |
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20 reveals that VBX has a strong tendency for h;)mopoly erization dunng its
copolymerization with MMA. In other words, a growing| polymer chain with
terminal VBX radical or MMA radical prefers to add to anpther VBX monomer
instead of adding to MMA, In this case also considerable amounts of
crosslinked polymer was formed under higher monpmer conversion as
observed in the case of the homopolymerization gf VBX. Results. of
copolymerization of the VBX-St monomer system are shown in Table 6. The
rate of copolymerization is found to increase with id‘crease m VBX mole
percentage as observed in the case of VBX-MMA monomer system. However,
the copolymer composition curve shown in Figure 21 reveals a low
incorporation of VBX in the copolymer in confrast to the observation in the
case of the copolymerization of VBX with MMA. This pbservation reveals that
St is more reactive than VBX. In this case a growing polymer radical has the
tendency to react with St rather than with VBX. F

[

Table 5. Radical. copolymerization* of VBX (M,) with'BdMA (Ma)

Miin  Time Copolymer Rpx 10 M, in copolg:ncr D
the feed  (h) yield (g5 J M, x 107 (Mw/My)
(mal %) (%) 'H NMR (mpl %)

10 20 10 0.4 13 jr 5.1 1.4
20 16 12 0.6 2% 5.6 1.8
30 10 12 1.2 42 7.7 1.8
40 8 13 1.8 68 9.0 2.0
50 6 10 2.0 ' 73 13.0 1.8
70 3 8 3.8 95!' 13.1 1.8
80 2 6 4.6 9@(I 14.0 2.0
|

*[AIBN]=0.02mol L', M|+ M;=0.5M in toluen)k-

~
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‘Table 6. Radical copolymerization* of VBX (M) withirylfe_nc (Mz)
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Ilh in  Time Cop_olymér R,,:rcllo's " Mjin copol%meq' D
Eilfiiﬁ G ey L T 100 M
| (%) - | H/NMR (mpl %)
10 20 i5 05 5 '\ 9.3 1.3
20 16 17 1.0 8 10.3 1.5
30 10 20 1.9 10 10.9 2.0
40 8 15 2.0 17 11.1 2.6
50 6 8. 37 25 13.3 3.5
70 4 20 6.9 36 14.6 3:4
| 80 2 13 97 42 15.5 3.5

b

?

}

|

: !
[AIBN] =0.02 mol L", M; + M= 0.5 M in toluelq
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Figure 21. Copolymer composition curve foik VBX-co-St

2.2.5, Determination of reactivity ratios

The reactivity ratios of MAX, MBX and VBX were calculated from the
copolymer compositions by using the graphical melfhods of Finemann-Ross
(FRY!, Kelen-Tudos (KT)* and by a non-lineal;r 1egst—squares (NLLS)
method.” The Fineman and Ross equation relating)'the feed and copolymer

compositions can be written as,

F1 (fi-f2 2F12r; \
( ) _ @
Fafy f1F,2

where f, Fy and f;, F, are the mole fractions of monomers in the polymer and
|

t}'ie feed respectively, and ry and r; are the respective iFeactivity ratios. A plot of

| |
the left hand side of the equation (2) versus szlzlf,Ff gives ry and r; as the
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slope and the intercept, respectively. The KT method uses a modified form of

the Mayo-Lewis equation,
n=ri§-r2/a 3) !

where 1 and & are functions of f and F and o is an Prbitrary parameter. All
calgulations were based on the validity of the terminal model of
copolymenzatin, which was evident from the linearity tf the KT plots for both
systemns under study. |

In Table 7, the values of the reactivity ratios of MAX, MBX and VBX,
obfained by the FR and KT methods are compared. These data reveal that the
reactivity ratios obtained by the two methods are in gbod agreement with each
other. The value of 1, for the VBX-MMA, monomer system is found to be
higher than all other monomer systems under investigation, which reveals that
AV;BX shows maximum copolymerization reactivity, when MMA is its
comonomer. The product of the reactivity ratios| (rr;) for the MBX-St
monomer system is extremely low indicating their]strong tendency to form

alternate copolymers.

-

2.2.6. Q-c values

Even though the Q-¢ values are empirical and have been subjected to
many criticisms, they 'may be sometimes useful to |PSSCSS the electron density
and the copolymerization behaviour of a new mox‘mmcr. The Q-e values of
MAX, MBX and VBX were determined by the Aiﬂ{ey-Price Q-¢ scheme using
the reactivity ratios obtained experimentally by the t(T method.** The equation
rclating the Q-e parameters with the reactivity ratios is given by the expression

4, which can be rewriften in the form of equation 5.

ry = % exp | -e1 (er-e2 )| @
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Table 7. Reactivity ratios of MAX, MBX and VBX obtained from their thermal
copolymerization with MMA and styrene (St)

I

FR method ' Kﬁ” method

- - - - &

System n ry nr; I I I rr;

MAX- 0.65£0.05 0.8140.08 053 0.6240.06 0.82+0.04 0.5
MMA
MAX-St  0.374£0.03 0.47+£0.02 0.17 0.3740.05 0.4610.06 0.17

MBX- 0.5240.05 3.6010.1 1.9 0.5740.05  3.610.1 2.05
MMA

MBX-St  0.01+0.0 0.54£0.03 0.005 0.01£0.0 0.51+0.01 0.005

VBX- 8.410.3 1.240.1 10.08 8.510.3 1.16:0.1 9.86
MMA !

VBX-St 0.0310.01} 2.310.1 0.07 0.03:I:0.01J 2.410.1 0.07

In (Q1/r1)—(:12 =In Qy-e1e2 (S) -

From the known values of Q; = 1.0 and e; = 0,8 for St and Q; = 0.75
and e; = 0.38 for MMA, the Q-e values of MAX,|MBX and VBX were
calculated. The Q values for MAX, MBX and VBX areL0.9l, 0.29 and 0.16 and

the ‘¢’ values are 0.29, 0.41 and —0.55 respectively. The negative ‘e’ value of
VBX indicates that this monomer has an electron-riclj double bond. However,
thiif, value is higher than the ‘e’ value of styrene and some of its denivatives
indicating that VBX is electron deficient when compared to styrene. The high
‘e’ value of MBX reveals that it is the most electron deficient among the three

monomers under investigation. This is reasonable sirice the copolymenzation
| |
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of MBX with electron rich monomer such as St showed a sﬁrong tendency for

altcrnation. , |

2.2.7. Influence of the structure and reactivity of monomers on the
molecular weights and polydispersities of copolymers

The number average molecular weights (M,) and th#le polydispersities of
copolymers obtained by the copolymerization of MAX wi‘}th MMA and St are
shown in Tables 1 and 2, respectively of the Section 2.2./5. These data reveal

decrease with increase in the mole fractions of MAX in the monomer feed

that in both cases the molecular weights and polydispeﬁsities of copolymer-
composition. This decrease in the molecular weights 1s n?lore significant in the
casc of MAX-MMA monomer system. The effect of MAX concentration on
thc molecular weights and polydispersities are clear from/Figures 22 and 23 for
MAX-co-MMA and MAX-co-St, respectively. Both n{olecular weights and
polydispersities are comparatlvcly lugh at lower concen#ratlon of MAX. In the
case of MAX-MMA monomer system the molecular vlglelght showed a sharp

decrease between 0-30 mole percentage of MAX in the monomer feed

composition. Further increase in the MAX mole perqfentage showed only a
marginal decrease in the molecular weight. On the other} hand, a linear decrease
in the molecular weight was observed for the copolyme‘}s of MAX-St monomer
system as shown in Figure 23. The observed changes ;)n the molecular weights
and polydispersities of copolymers with increase in mele fraction of MAX are
presumably due to the enhanced chain transfer property of MAX to the
growing polymer radicals, as indicated earlier in Scheme 6. In this way MAX
plays a key role in controlling the molecular v;ilcights of the resultant
copolymers.

Effect of MBX concentration on the fr'molecular weights and
polydispersities of its copolymers with MMA and styrene are shown earlier in
Tables 3 and 4, respectively (Section 2.2.3). In these cases also the molecular

weights showed a decreasing tendency with increase/ in the MBX mole
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percentage in the monomer feed. Interestingly when concentrated solution of
monomers in benzene was used, considerable amounts of crosslinked polymers
are also formed. This 1s particularly significant in the case of MBX-St
monomer system. Under higher monomer conversion the reaction mixture
becomes highly viscous. Under such conditions the bimolecLlar combination of
maleimidobenzoyl radicals, which are formed by the chain ftransfer reaction as
shown in Scheme 10, will be facilitated leading to the formation of a
crosslinked polymer. This type of crosslinking is relatively;less efficient in the
case of the MBX-MMA monomer system because of the pgor incorporation of
the MBX monomer during copolymerization. In this case the copolymerization
mixture contains excess of unreacted MBX and hence the chain transfer by the
pendant xanthate group of copolymer chains becomes less important. However,
under low mole percentage of MBX in the monomer feed composition or under
longer polymerization time, some crosslinking is observed. This 1s because,
under these reaction conditions there is the possibility forichain transfer from
the pendent xanthates to another polymer radical which leaﬁs to crosslinking as
explained earlier.

Effect of monomer concentration on the molecular weights of
copolymers during the copolymerization of VBX with MMA and St are shown
carlier in Tables 5 and 6, respectively (Section 2.2.4). In contrast to the
copolymerization of MAX and MBX, VBX showed an increase in the
molecular weights with increase in concentration as shown in Figures 24 and
25. This observation reveals that the chain transfer terthination of growing
polywmer chain is less efficient in the case of VBX. This could be due to the
high reactivity of the VBX double bond and hence the rat¢ of propagation may

be higher than the rate of termination by chain transfer.
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2.2.8. Thermogravimetric Studies
Thermogravimetric analysis (TGA) of the copolymer# of MAX, MBX
I
and VBX 1n air showed significant differences in [l;eu pattern of

‘ decomposlition. Typical thermograms of MAX-MMA and -St copolymers

are shown in Figures 26 and 27, respectively. They sho | that the overall
stability of both copolymers decrease with increasing mgle percentage of
MAX. The thermal decomposition patterns of all the copolﬂners of MBX and
. VBX wete considerably different from those of MAX copolymers. In the case
of MBX and VBX copolymers three weight losses were obterved. The initial
weight loss, which is assigned for the decomposition of thel pendant xanthate
group, was found to increase with increase in xantha%e group content.
Considerable differences could be hoticed in the second and ithird weight losses
among the copolymers of MAX, MBX and VBX. For exan#ple, in the case of
~ MBX-MMA copolymers (Figure 28) and VBX-MMA copotfmers (Figure 29)

the second weight loss which may be associated with the thermal

decomposition of the' main chain MMA repeat units, wasJ found to decrease
with MBX and VBX mole percentage respectively. This Jdf:crease in weight
losses can be attributed to the reduction in the mol percenFage of MMA units
associated with increase in the mole percentage of MBX ’or VBX. The final
weight loss may be due to the thermal degradation of the aromatic units which
-increases with the increase in the mol percentage of MB):tr VISX units in the
copolymers. The thermal studies also reveal that the overall thermal stability of
the MBX copolymers are better than the VBX or MAX copolymers which is

obvious due to the presence of the maleimido units.
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2.3. Conclusions
Three new monomers containing a photosensitive xanthdate chromophore
have been prepared and copolynierized with monomers such as MMA and St.

Detailed analysis of copolymer composition and molecular weight has revealed

that the new monomers show considerable differences in their

copolymerization behaviour. MAX and MBX are found to be dlectron deficient
monomers whereas VBX is an electron rich monomer. The' copolymers
obtained fﬁom MAX and MBX are found to have low molecular weights and
g chain transfer

of VBX showed

low dispersity, which are formed in low yields due to stron

reaction of these monomers. On the other hand copolymers

comparatively higher molecular weights and yields indicatin

highly reactive monomer. MAX and MBX showed an alte

g that VBX is a

mation tendency

during copolymerization indicating a weak interaction between the electron

rich St and the electron deficient MAX and/or MBX. .

2.4. Experimental Section

All' melting points are uncorrected and were determined using a
Mel-Temp-11 melting point apparatus. Infra-red (IR) épcha were recorded on a
Perkin-Elmer model 880 spectrometer. The electronic spectra weré¢ recorded on
a Shimadzp 2100 A spectrophotometer. 'H and ">C nuclear m gnejﬁc resonance
(NMR) spectra were recorded on a JEOI EX 90 spectromete using CDCl; as
a were recorded
to 5890 series 11

g, 0.2 mm ID) or

solvent and tetramethylsilane as internal standard. Mass spec
on a Hewlett Packard mass spectrometer model 57917 attached
gas chromatography setup, attached with an OV 101 (25 m lon
on MP-FFAP (25 m long, 0.2 mm ID) capillary column, and ak
on a Finnigan MAT Model 8430 or JEOL JMSAX505HA

chromatography (GPC) was carried out on a Shimadzu LC-

FID detector or
Gél permeation‘
8A IGPC system
equipped with a refractive index detector. Calibrations were done with standard

polystyrene samples. Tetrahydrofuran (THF) was used as the eluent at a flow

rate of 1 mL min” at 28 °C. Thermogravimetry (TGA) cunjes were obtained
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eating rate of 10 °C min”,

using a V5.1A Dupont 2000 TGA analyser at a
d|out at the Mid West Micro

under aur. Elemental sulphur analyses were carrie
Laboratory, Indianapolis, USA.

Absolute ethanol (Merck, 99%), methyl | methacrylate (MMA) and
styrene (St) (Aldrich, 99%) and 2,2’-azobis(isobutyronitrile) (AIBN) (Fluka,
99%) were used . MMA and St were purified by |washing with 10% NaOH
solution, followed by distillation under reduced pressure and kept in a
refrigerator under nitrogen atmosphere. AIBN was recrystallized twice from
methanol and kept in the refrigerator. Maleic anhydride and 4-aminobenzoic
acid (s.d. fine Chemicals, India), 4-methylbenzoic acid (Spectrochem, 99%),
s (SRL India, 99%) and N-
vere purified according to

e dried and distilled before

methacrylic acid (CDH, 99%) , triphenylphosphing
bromosuccinimide (NBS) (Spectrochem, 97%) ¥

literature procedures before use. All solvents wers

use. Potassium O-ethyl xanthate®® and methacryloyl chloride®® were prepared

according to feponed procedures

2.4.1. Synthesis of S-methacryloyl O-ethyl xanthate (MAX) (7)

To a stirred suspension of potassium| O-ethyl xanthate (16.0 g,
0.1 mol) in dichloromethane (100 mL), maintained at 0 °C, was gradually
.added a solution of methacryloyl chloride (10.4 g, 0.1 m\ol) in dichloromethane
(100 mL). The reaction mixture was stirred for an additional period of 1 h and
-allowed to warm up gradually to room temperature. The reaction mixture was
'washed several times with water and 'the organic layer was dried over
ent under reduced pressure

liquid. IR v (neat) 1720

;anhydrous sodium sulphate. Removal of the solv:
gave (17.0 g) (90%) of MAX (7) as an yellow

(C=0), 1640 (C=C), 1240 (C=S), 1050 (C-O) cm™
10400), 395 (90) nm; "H NMR (CDCl3, 90 MHz) &
'(2H, q, OCH,), 2.0 (3 H, s, CH3), 1.45 (3 H, t, CI
MHz) § 204, 186, 144, 126, 71, 18, 14; Mass spec
122, 155, 103, 87, 73, 69.

M uv Amax (CHC13) 280 ( E,
5.9-6.5 (2 H, m, CHy), 4.7

1;); ’C NMR (CDCl;, 22.4
trum, m/z 191 (M*+1), 147,
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2.4.2. Synthesis of 4-maleimidobenzoic acid'® (11)
4-Aminobenzoic acid (27.4 g, 0.2 mol) was dissolved in 400 mL of dry
THF and to this solution maleic anhydride (19.6 g, 0.2 /mol) dissolved in 100

mL of THF was added dropwise over a period of 1 h at room temperature
under stirring. The mixture was continually stired for 3 h. The bath
temperature was raised to 60 °C and anhydrous sodium pcetate (4g) was added,
followed by the dropwise addition of acetic anhydride (24.5 g, 0.24 mol). A
brown solution resulted, which was continually stirred for 4 h at the same
temperature. MBA was recovered by precipitation in/ ice-cold water. It was
filtered and dried at 50 °C under vacuum. Recrystallization was done from an
ethanol-THF mixture (10:1) to give 18.7g (43%) of the product (11), mp 236-
238 °C. IR vy (neat) 3100 (COOH), 1780 (C=0), 1600 (C=C) cm™; '"H NMR
(DMSO, 90 MHz) & 8.2-7.3 (4 H, m, aromatic), 6.9 (2 H, s, CH=CH).

2.4.3. Synthesis of (4-maleimido)benzoyl chloride (12)

4-Maleimidobenzoic acid (10 g, 46 mmol) was mixed with excess of
'thionyl chioride (20 mL) at 0 °C. The solution wasl slowly warmed to room
temperature and stirred for 30 min. Excess of thionyl chloride was distilled off
and the acid chloride was separated and purified by recrystallization from a
mixture (1:4) of dichloromethane and petroleum ether to give 9.75 g (90%) of
12, mp 142-143 °C. 'H NMR (CDCls, 90 MHz) & 8.2-8.1 (2 H, d, aromatic, J =
9 Hz), 7.5-7.4 (2 H, d, aromatic, J = 9 Hz); C NMR (CDCl, 22.4 MHz) &
168.9, 166.2, 1354, 1344, 1304, 129.2, 1252, Infbrmation on the mass
spectrum of 12 was derived through its me!hyl ester, (m/z) 231 (M), 200, 172,
146, 90.

2.4.4. Synthesis of S-(4-maleimido)benzoyl O—ethLl xanthate (MBX) (13)
4-Malcimid6benzoyl chloride (S5g, 20 |mmol) was  dissolved in
dichloromethane (50 mL) and added dropwise to a suspension of potassium O-
cthyl xanthate (4 g, 25 mmol) in dichloromethane¢ (50 mL), maintained at -5
°C. The reaction mixture was stirred for 1 h at ~5 °C followed by stirring for
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1 h at 10 °C. The contents were poured into water and the CH,Cl, layer was
separated and washed with dilute sodium bicarbondte solution, followed by
distilled water. Removal of the solvent gave MBX (13) as a pale yellow solid
(5.8 g) (90%), mp 79-80 °C (decomp). IR vpu (neat)!1750, 1730 (C=0), 1640
(C=C), 1250 (C=S) cm™; UV Anax (CHCly) 283 ( ¢, 21,000), 395 (363) nm; 'H
NMR (CDCls, 90 MHz) & 8.05 - 7.95 (2 H, d, aromatic, J = 9 Hz), 7.63 - 7.53
(2 H, d, aromatic, ) = 9 Hz), 6.9 (2 H, s, CH=CH), 4.6 (2 H, q, OCH,), 1.48 (3
H, t, CHs); °C NMR (CDCly, 22.4 MHz) 8 203, 184.2, 168.6, 136.7, 134.5,
128.8, 127.6, 1254, 71.1, 13.4; exact mol wt calcd for C..H;NO,S, (MH")
322.0208, found 322. 0202 (FAB high-resolution mass spectrometry).

2.4.5. Synthesis of 4-bromomethylbenzoic acid (15)

p-Toluic acid (13.6 g, 0.1 mol) and N-bramosuccinimide (18.5 g,
0.11 mol) were dissolved in CCl, (150 mL) containing a trace amount of
benzoyl peroxide and the reaction mixture was refluxed for 3 h. After 90 min
of reaction, the brown colour faded and it became colourless, at the end of the
reaction. The hot solution was filtered and washed with hot water (3 times).
The crude product was recrystallized from methanol{ to give 15 g (70%), mp
224-225 °C of 15.

2.4.6. Synthesis of (4-carb0xy)benzyltriphenylphos‘)honium bromide (16)
A solution of 4-bromomethylbenzoic acid (4.3g, 20 mmol) and
triphenylphosphine (5.25 g, 20 mmol) in 150 mL of qlry acetone was stirred at
70 °C. The solution, which was clear in the beginning, became milky. After
cooling in an ice-bath the solution was filtered and washed with dry ether (2 x
50 mL). The mother liquor was concentrated to (1/3 its volume and the

crystallized product was collected to give 8.54 g (89%) of 16, mp 298-300 °C.

2.4.7. Synthesis of 4-vinylbenzoic acid (17)
To a stirred suspension of (4-carboxy)benzyltriphenylphosphonium
bromide (16) (4.77 g, 10 mmol) in 50 mL of 30% of aqueous formaldehyde
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solution and 15 mL of water, was added dropwise sodium hydroxide solution
- (3 g in 15 mL of water, 80 mmol) at room temperature.' The solution was
continually stirred for 1 h and was filtered. To the filtrate was added dropwise
10 mL of 6 M HCI (pH 1). The precipitated 4-vinylbenzoic acid (17) was
collécted and washed with water (3 x 50 mL) and was vacuum dried at 40 °C.
The product was recrystallized from a mixture (7:3) of methanol and water to
give 1.13 g (76%) of 4-vinylbenzoic acid (17), mp 142145 °C. '"H NMR
(CDCl;, 90 MHz) & 12.33 (1 H, s, COOH), 8.06, 7.44 (2 H, d, ] = 9 Hz,
aromatic), 6.76 (1 H, J,. = 17 Hz, Jy= 1] Hz, H.), 5.82 (1'H, d, J=17 Hz, Hy),
536 (1 H,d, J=11Hz H,).

2.4.8. Synthesis of 4-vinylbenzoyl chloride (18)

To an ice-cold dry mixture of 4-vinylbenzoic acid (17) (2 g, 135
mmol) and 4-t-butylcatechol (3 mg), was added thionyl q:hloride (4.5 mL, 62
mmol) dropwise with stirring. The suspension was alloﬁved to gradually (15
min) warm to room temperature, controlling the evolution yjof HCI gas, followed
by maintaining at 40-50 °C for 3.5 h. The final clear solhtion was distilled to
remove excess of thionylchlornde and the fraction collegted at 90 °C (1 mm)
gave 1.35 g (60 %) of (18). '"H NMR (CDCl;, 90 MHz) & 8.06, 744 (2H,d,J)=
9 Hz, aromatic), 6.76 (1 H, dd, J,=17 Hz, Jo.=11 Hz, Hy), 5.82 (1 H, d, J=17
Hz, H.), 5.36 (1 H, d, J=11 Hz, H,); ’C NMR (CDCls, 22.4 MHz) § 167.5,
1442, 135.2, 131.9, 131.6; 126.4, 118.3; Treat_ment of a small quantity of 18
with methano! gave the methyl ester; m/z 162 (M), 144, 135, 131, 117, 103,
77

2.4.9. Synthesis of S-(p-vinyl)benzoyl O-ethyl xanthate (VBX) (19)

To a suspension of potassium O-ethyl xanthate (1.3 g, 8.3 mmol) in
dichioromethane (25 mL) maintained at 0 °C, a dichlorgmethane solution of 4-
vinylbenzoyl chloride (18) (1.5 g, 8.3 mmol) was added, dropwise. The
solution was stirred for 1 h at this temperature, followed by stirring for 30 min

at room temperature. The contents were poured. into water and the
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dichloromethane layer was washed with dilute sodium bicarbonate solution,
followed by water and dried over anhydrous sodium sul]Lhaté. Removal of the
solvent gave VBX (19) as a pale yellow liquid (95%)] IR Vme (neat) 1701
(C=Q), 1543 (C=C), 1257 (C=S8), 1040 (C-0O) cm™". UV |Anax (CHCL): 283 (g,
16, 000), 395 (150) nm. '"H NMR (CDCl;, 90 MHz) § 7.8, 7.4 (2 H, d, ] = 9 Hz,
aromatic), 6.7 {1 H, dd, J,.. 17 Hz, J.= 11 Hz, H,), 5.8 (1 H; d, ] = 17 Hz, Hy),
54 (1 H,d,J=11Hz, H,), 46 (2 H, g, OCH,), 1.47 (3 H, t, CH;). *C NMR
(CDCl;, 22.4 MHz) & 203.4, 184.1, 143.3, 135.4, 134.6, 128.2, 126.5, 117.5,
70.9] 13.3; exact mol wt caled for C;;H;0,.S; (MH™) 253.0357, found
253.0373 (FAB high-resolution mass spectrometry).

2.4.150. Thermal copolymerization. General procedur

" The required amount of monomers, solﬂxcnt and| initiator (AIBN) were
taken in glass tubes (1.4 cm diameter and 10 cm long), stoppered with rubber
scpta The polymerization mixture was dcoxygenatcd or 15 min by purging
with dry nitrogen and heated at 60 °C for known periods of time. The
copolymers (Schemes 4, 7 and 8) were precipitated by pouring the reaction
mixtures into excess of methanol. After two repreci itat‘ions by pouring a
chloroform solution in to methanol, the copolymers were dried in a vacuum

oven at 40 °C.
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CHAPTER 3

ROLE OF XANTHATE-DERIVED MONOMERIC INITIATORS IN
CONTROLLING THE PHOTOPOLYMERIZATION/PROCESSES OF
METHYL METHACRYLATE AND STYRENE

3.1. Introduction
Accurate control of polyinerization processes leadiqg to the formation of

polymers with well-defined end functional groups narrow molecular

weight distributions has great significance in polymer stience. Traditionally,
control of polymerization processes has been acl‘iieved using living
polymerization techniques such as anionic_’, cationicﬁ?, step-wise®, group
transfer’ or co-ordination® processes. However, these 'Imcthods suffer from
rigorous synthetic requirements and incompatibality with‘/a varicty of functional
monomers.*” Therefore, much interest has been rchntly focused on the
preparation of narrow polydispersed polymers having @ell—deﬂned molecular
weights and end functional groups by free radical mech | ism due to the ease of
polyinerization as well as the compatibility with a wide variety of monomers.
Even though, free radical initiated polymerizatiog'ls are synthetically less

-

|; route to chain end

functionalized polymers, they in general, lack the ability to accurately control

rigorous and in some cases offer an alternative

molecular weight distribution and end functional grouﬂs. This is mainly due to
the uncontrollable propagation and termina;tion prgcesses of the growing
polymer radicals. However, the contribution of term‘iri[ation decreases with the
reduction of radical concentration because termination is a second order
process with respect to growing radicals whereas prop‘hgation 1s ﬁrslt order. If a
very low concentration of growing radicals 1s used in a conventional radical
process, either dead-end polymerization or uncontro[‘llablc high polymers are

1
forined. Therefore, the concept of “living” free radicaTwl polymerization has been
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introduced in which growing polymer radicals are in dynamic equilibrium with
dormant species, which facilitates step-wise incorpo*ation of monomers.®'° By
this approach accurate control over the molecular weight, polydispersity and
end functional groups can be achieved. |

“Living” free radical polymerization has undergone tremendous
advancement in the past few years, particularly | in the area of nitroxide

mediated free radical polymerization.''™*

The success of this approach can be
related to the ability of stable nitroxide free :radicals such as 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO) (3), to react jt near diffusion controlled
rates with the carbon-centered free radical of the gr [wing polymer chain end in
a thermally reversible process (Scheme 1). Recently, Hawker and coworkers
have reported the use of a modified TEMPO-bas%d initiator 4, in achieving

molecular weight control by a “living” free radical polymerization process

(Scheme 2).">"®
~(CH2fﬂ)—0—N )
1 | -
A
—(or:u2 H}CH,~CH + ‘O—N
-1 .
2

Scheme 1



85

Wang and Matyjaszewski have reported an alternate strategy for living
radical polymerization by atom transfer method using \[}an'ous transition metal
complexes.'® In this method, an alkyl chloride and d@ CuCl/bipyridyl (bpy)
complex was used as initiator and catalyst respectively, for the polymernization
of styrene by repetitive atom transfer radical addition$ to yield well defined

high molecular weight polymers with narrow molecular}'weight distributions.

Scheme 2

Another approach towards controlled living radical pblymerization

involves the use of organometallic compounds such as organocobalt,*?!

22,23

. . ! 24 . .
organochromium and organoaluminium compounds™ which reversibly

rclease growing radicals. The synthesis of several narrow molecular weight
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distribution polymers has been achieved by living rzjical polymernzations
based on the reversible activation of carbon-hélogen onds using transitio—n
metal complexes of ruthenium®>*’ and iron.*®

All the above described procedures are based on /the reversible thermal
cleavage of an end capped functional group. On the other hand, photochemical
approaches towards controlled polymer synthesis is rajher limited except for
the photo “iniferter” concept introduced by Otsu et al. 2932 Photoiniferters are
photosensitive molecules which can act as initiatof, tflransfer agent, and
terminator. For example, benzyl N,N-diethyldithiogarbamate (6) on UV
irradiation yields a pair of radicals: a reactive benzyl| radical (7) and a less
reactive dithiocarbamyl radical (8). The former can reaJ:t with a vinyl monomer
to initiate the polymenzation whereas the latter 1s a lelés or non-reactive sulfur
centered radical which reacts weakly or not at all wilth a vinyl monomer but
exclusively leads to ternination reaction thrbugh recombination with a growing
polymer chain (Schcme 3). The mechanism is mterprcLed as analogous to living
‘1ad1cal polymerization that involves photodecompomrhon of the end C-S bond
followed by monomner insertion and termination. ]Lhese processes continue
leading to the growth of the polymer chain whu%h is proportional to the
monomer conversion. However, this approach is inéfficient in many respecté,
particularly because under UV irradiation the monomers absorb light to
undergo self-initiation leading to uncontrolled polymerization. As a result, the
polymers obtained by the iniferter approacli‘, were found to have
polydispersities similar to conventional free radical lprooess. Moreover, several
authors have questioned the validity of the living radical polymerization
mechanism in the case of iniferter method due to an unavoidable side reaction
which occurs during photolysis of dithiocarbamates. £

Even though, there are several strategies available for the synthesis of
polymers with narrow polydispersities and pre-defined end functional groups,

any approach towards their synthesis by conven¢i0n31 free radical chemistry
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would be of great interest. This is due to the easy accessibility and

compatibility of free radical chemistry with a variety of mjonomeric systems.

C2Hg

5/
@—cn;——s— N hv, <300 nm_,
\
‘ 6 CaHg
ﬂ ,C2H5
O v
g CiHs
7 |
lnCHziH*X
H,~{CH;—CH}—CH,—CH
Q—C 2—< "] n-1 2—?
| X X
9
[151 /M
@—cuz{cuz-?ﬂ)—sTC—N\
X " Cz2Hs
10
Scheme 3

|
In photoinitiated free radical polymerizations it would be possible to

attain molecular weight and end functional group control by using a
photc%)initiator which decomposes to give two differdnt free radicals with

distinctly different reactivities towards polymerizable dpuble bonds as shown

in Sd,‘heme 4. In this case, one of the radicals should adt as initiator while the

utler radical behaves as the molecular weight controlling agent. This should be
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possible if one of the radicais is a stable resonafice stabilized species with
strong primary radical terminati(;n efficiency. lIn this way, the overall
concentration of the reactive radicals can be controﬁled and the termination can
be restricted to primary radical termination process. In such cases, termination
by polymer radical recombination becomes less, significant leading to the

formation of narrow dispersity polymers.

! hV . ‘e
I—1
=350 nm I M j] .

initiator tcr'fminator/
mol. wt. controller

-M > 1 » 1{M}1°
n

Scheme 4 \

In the present Chapter we describe the roPe of three different xanthate
derived photoinitiators such as S-methacryloyl O-ethyl xanthate (MAX),
S-maleimidobenzoyl O-ethyl xanthate (MBX) anl'd S-(p-vinyl)benzoyl O-ethy!
xanthate (VBX) in controlling the photopolymeri%atioq behaviour of monomers
such as methyl methacrylate (MMA) and styrene (St). Choice of these
molecnles as photoinitiators is mainly based on opr earlier studies pertaining to
the photochemistry-and photoinitiating properties of related systems.”** Based
on these reports, acyl and aroyl xanthates on éhotolysis, undergo homolytic
bond cleavage at the (C=0)-S bond position l?ading to the formation of the
corresponding ketyl radical and the thiocarbonyh;hiyl radical. The ketyl radicals
arc capable of initiating free radical polymeri{’zation of acrylic and vinylic
monomers. On the other hand, the thiocarbonylthiyl radical is generally

mactive towards inihation of polymerization. However, they show strong
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tendency for primary radical termination of the gro\Ning polymer radicals
thercby controlling the propagation of the polymer chains. The inert nature of
thiocarbonylthiy! radicals towards vinyl monomers an*i their high affinity for
termination reaction are well documented in the literature.>’>® This can be
supported by the earlier reports on the photoinduc§d radical reactions of

xanthates and related compounds.***?

3.2. Results and Discussion -

The photoinitiators employed in the present studfz are S-methacryloy! O-
ethyl xanthate (MAX), S-(4-maleimido)benzoyl O-ethyl xanthate (MBX), and
S-(p-vinyl)benzoyl O-ethyl xanthate (VBX). The synthesis and characterization
of these monomers are described in Chapter 2 of the¢ present thesis. All the

three photoinitiators under investigation showed strong absorption maxima

around 285 nm and a relatively weak absorption maximum around 395 nm, All
photopolymerizations were performed in Rayonet Photo Reactor (RPR) using
350 nm lamps, unlcss otherwise stated in order to 1void any possible light

absorption by the monomers.

3.2.1. Photopolymerization of MMA and styrene usﬂng MAX

The mechanism of photopolymerization of MMA using MAX 1s shown
in Scheme 5. Photolysis of MAX can pive the methacryloyl radical 12 and the
resonance stabilized suifur centered radical 13. In the presence of MMA, the
radical 12 would initiate the polymernization, whereas the radical 13 would acts
as thc molecular weight controller by primary radical termination. The
presence of the end functional groups in polymer 16 is clear from the spectral
analysis. IR spectra of the PMMA 16 showed a strong|peak at 1729 cm’™* due to
the carbonyl absorption, weak peaks at 1606 and 1043 cm’ due to C=C and

C=S, respectively. '"H NMR spectral analysis (Figure| 1) revealed the presence
of weak resonance peaks at & 4.5 and 1.45 due to tlle O-ethyl protons of the
thiocarbonylthiyl group.
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Figure 1. '"H NMR spectrum of PMMA, prepared using MAX
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Figure 2. Time-conversion relationship for the ;i:hotopolymerization of

MMA using MAX as photoinitiator. [MMA] = $ M

The time-conversion refationship for the photopolymerization of MMA
at 30 °C using various concentrations of MAX is shown in Figure 2. In all
cases, a good linear relationship could be noticed for lower monomer
conversion whereas under higher monomer conversion| (longer irradiation time)
significant deviation from linearity is observed. In all ;)olymerization rate
determinations, the initial rates were taken into account since the spontaneous
rate of polymerization decreases after a certain periodL This may be due to the
consuinption of the photoinitiator during' the course of polymerization.
However, a good linear relationship exists betwccﬁ Ahc monomer conversion
and the irradiation tie during the initial period of po‘ymen'zation. The rate of
polymerization (R,), the percentage vyield, m#lecular weights, ~ and
polydispersities of the polymers obtained for the photopolymerization of MMA
using MAX as the photoinitiator are shown in Table 1, A steady increase in the
conversion of the monomers could be noticed wherea{s the R, was a constant,

during the nitial periods of polymerization.
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Table 1. Results of the photopolymerization* of MMA using MAX as

photoinitiator
Run Time Conversion R, x 10* M, x 107 h’olydispersity (D)
(min) (%) (gs™) (Mw/M,)

1 10 5 4,5 2.1 1.4

2 15 8 4.5 2.1 1.3

3 20 11 4.6 2.2 1.4

4 25 13 4.5 2.0 1.3

5 30 15 4.4 1.9 1.2

6 40 16 4.5 1.8 1.3

. B
*IMMA] =5 M, [MAX] = 5x10° M, Az = 350 nm.
Results of the photopolymerization of MMA using vanous

concentrations of MAX are shown in Table 2. The rate of polymerization

showed a linear relationship with the square root of the initiator concentration.

However, under higher initiator concentrations (>2 x
deviation from the linearity could be noticed. This could

chain transfer reaction by the undissociated MAX. The

the polymers obtained are found to decrease witl

concentration, whereas the polydispersity indices (D) reg
1s clear from Figure 3 in which the molecular weigh
indices are plotted against the MAX concentration. On t
increase in the molecular weights could be noticed W
concentration as shown in Figure 4. Interestingly, the pc¢

all the cases were practically unaffected by the

10% M) considerable
probably be due to the
molecular weights of

c in MAX

main unaffected. This

h increase
its and polydispersity
he other hand, a linear
ith increase in MMA
lydispersity indices in

nitiator or monomer

concentrations and remained lower (M,/M, <1.5) than the theoretical value for

a coniventional free radical polymerization.
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Table 2. Effect of MAX concentration on R, M, and Polydispersity for the
photopolymerization of MMA®Y

Run [I] x 10* Conversion Rpx10° M,x10* Polydispersity
(M) (%) (as™) | (MW/M.)
1 2.5 10 2.9 207 1.3
2 5.0 15 4.4 25 1.3
3 7.5 16 4.6 22 1.3
4 10 19 52 2.0 13
5 25 17 4.9 1.8 1.4
6 50 15 41 17 14

YIMMA] = 5 M, time = 30 min, | = MAX, A, = 450 nm.
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Figure 3. Effect of MAX concentration on‘LM,, and polydispersity indices

for the photopolymerization of MMA, [MMA] =5 M.
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Figure 4. Effect of MMA concentration on M, anFl polydispersity of
PMMA. [MAX] =5 x 107 M.

A plot of irradiation time against molecular weigilts and polydispersities
of PMMA obtained during the photopolymerization off MMA using MAX as
the photoinitiator is shown in Figure 5. It has been foupd ﬂ;at both molecular
weights and polydispersities did not vary much with the polymerization time.
These results reveal that even though the photopolymerjzation of MMA using

MAX has the characteristic of a simple free radical initiated polymerization

mechanism, considerable control in the polydispersity\ can be achieved in this
case. This could be due to the control of the termination of the growing
polymer radicals mainly by the bimolecular radical recombination with the
thiocarbonylthiyl radical. In addition, the molecular weights of polymers can be

predefined by choosing appropriate initiator and monotn ‘r concentrations.**
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Figure 5. Effect of 1tradiation time on molecular weight (M,) and
polyd:spersity (D) for the photopolymerization of MMA (5 M) usmg
MAX (5 x 107 M),

The results of the photOpolymerizatio of styrene under various
monomer and initiator concentrations are summ nzed in Table 3. The rate of
polymerization and yield of polymer were cons derably lower in the case of
styrenc polymerization. Even under bulk polymerization condition, the Ry for
the photopolymerization of St was too low when compared to that of MMA.
Surprisingly, photopolymerization of styrene showed significant increase in
molecular weights as well as polydispersities/ with polymerization time as
shown in Table 4, which is in contrast to the photopolymerization of MMA.
Plots of the molecular weights and polydigpersities against the time of
irradiation showed linear increases as shown in|Figure 6. It has been found that
high concentrations of the initiator are require fof obtaining reasonably good

yields of polymers. Prolonged irradiation of builk styrene using MAX resulted



96

in the formation of thick polymeric gels due to crosslinking. However, much
better control over the molecular weights and dispersities could be obtained

when the polymerizations of styrene were performed iﬁ benzene (4.5 M).

Table 3. Results of the photopolymerization* of styresie under various

monotner and initiator concentrations using MAX
|

Styrene  MAX  Time  Yield  M,x10%  Polydispersity

[M] [M] (h) (%) (My/M;)
Bulk 5x 107 1 6 1.7
Bulk 5x 107 2 12 3.4
Bulk I x 10" 4 29 -
45"  45x10" I 4 | (.1
45%  45x10" 4 15 1] 1.2

4.5 4.5x% 10" 7 29 2. 1.6

*in benzene

Table 4. Effect of irradiation time on the photopolyfn#rizat\ion* of styrene using

MAX as photoinitiator

Run  Time Conversion R,x 10 . M,x 1&4 " Polydispersity

(min) (%) (gs™) \ (Mw/M,)
] 30 2 1.0 1.9 | 1.4
2 60 6 1.4 2.9 1.7
3 90 10 1.7 3.7 2.3
P 120 12 1.5 5.6 3.4

*Styrenc = Bulk, [MAX] = 5x102 M.
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Figure 6. Effect of irradiation time on the mjﬁ]ecu]ar weight (M,) and
polydispersity for the photopolymerization (ﬁf styrene using MAX.
[MAX]=5x 10" M

This observation is similar to that of the ‘iniferter’ photopolymerization
of styrene as rcported earlier by Otsu et al. using /4-vinylbenzyldithiocarbamate
as the photoinitiator.” In our case, for the ‘iniferter’ mechanism to operate, the
end thiocarbonylthiyl group of each terminajd polymer chain should be
photodissociable to form a terminal radical centre on the polymer. This cannot
happen in the present case because under 350 irradiation the C-S bond of
the end thiocarbonylthiyl group is not photodissociable. This has been further
confiimed by irradiating S-benzyl O-ethyl xanth‘/aate (17) at 350 nm in benzene,

which revealed no change to the compound (Sclﬁeme 6).
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Scheme 6

Based on the above observations, a living radical process by the
‘iniferter’ mechanism can be ruled out. In this context, a possible pathway for
the growth in the molecular weight and polyHispersity of polystyrene can be
explained on the basis of a graft polymerization mechanism as shown in
Scheme 7. In this case in addition to its role as the photoinitiator, MAX is
tempted to act as a comonomer by styrene (St), resulting in the incorporation of
small amounts of MAX into polystyrene. This is supported by our earlier
observation regarding the tendency of MAX to form alternate copolymer
during 1ts thermal copo]ymerizatio‘n with styrene (Chapter 2). The pendant
xanthate chromophore thus formed undergoes photodissociation to form free
radical centres on the polystyrene chain that can initiate grafting of monomers
thercby enhancing the molccular weight. |

In order to support the role of the polymerizable double bond in MAX
during the photopolymerization of styrene as ﬁostu]ated in Scheme 7, we have
carried out the photopolymerization of styrene using S-benzoyl O-ethyi
xanthate (BX) as the photoinitiator instead of MAX. BX was chosen because it
does not posses a polymerizable double bond thereby preventing any possible
copolymerization of styrene with the initiator. In this case, the polymer
obtained after iradiation for 30 min and 120 min showed molecular weights of
1.81 x 10 and 1.76 x 10°, respectively (Tablé 5) indicating no growth in the

molccular weight.
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A comparison of the results of photbpolymerization of MMA and St

using MAX as the photoinitiator clearly reveals that MAX plays the dual role’
‘ l

of a photoinitiator as well as a comonomgr during photopolymerization of

styrene.
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Table 5. Photopolymerization of styrene using benzoyl xanthate* (BX)

at 350 nm.
Time  Conversion R,x10°  M,x 10%  Mu/M,
(min) (%) (gs™)
30 2 7.2 1.81 1.4
120 8 9.2 1.76 1.4

BX]=5x 107 M

3.2.2. Photopolymerization of MMA and styrene using MBX

Photopolymerization of MMA using MBX was carried out under
identical experimental conditions as in the case of the photopolymerization of
MMA using MAX as the photoinitiator and the data obtained are shown in
Table 6. Plots of the percentage yields of PMMA obtained under different
initiator concéntrations against the time of irradiation are shown in Figure 7. A
linear relationship could be noticed during the initial periods of irradiation as in
the case of MAX. Similarly, a linear decrease in the molecular weights could
be noticed with the increase in the MBX concentrations whereas the dispersity

values did not show much vaniation as shown. in Figure 8. The rates of

polymerizations and the yields of polymers obtain
other except that the number average moleculas
obtained using MBX were nearly double than those

example, the number average molecular weights of

ed are comparable to each
r weights of the PMMA
obtained using MAX. For
the PMMA prepared using

5 x 10° M MAX and 5 x 10° M MBX wer¢ 25000 and 54000 amu,

respectively, A possible explanation for the enhanced molecular weights can be

obtained by considering the photochemical 2+2 cycloaddition of maleimides in

benzene. There are several reports in the literature pertaining to the

44,45

photochemical cycloaddition reactions of malgimides. For example

maleimides and N-substituted maleimides undergo| photoaddition to benzene
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‘ I
resulting in the formation of a bis adduct (25) as shownlin Scheme 8.°°*” Based
on this report it is reasonable to anticipate-an analogous photoaddition of
polymer end-capped with maleimido - groups to benzene leading to high

molecular weight polymeric bisadducts of the structure 29 (Scheme 9).

Table 6. Results of the photopolymerization* of MMA \‘Jsing MBX as

photoinitiator

' |
Run Time Conversion R,x10° M;x 10"  Polydispersity (D)

(min) (%) (gs™) | (My/M,)
] 10 5 4.2 5.5 o 1.4
2 15 7 4.1 53 1.3
3 25 13 4.3 5.1 1.4
4 30 16 4.4 54 1.4

5 40 18 4.2 - 5.2 1.5

* [MMA]=5M, [MBX] =5 x 10°M,

Supporting evidence for the molecular weight enhancement as per the
mechanism suggested in Scheme 9 can be obtained erm the '"H NMR spectra
of polymer 29 which is shown in Figure 10. The inset|in Figure 9 corresponds
to the zoomed portion.of the spectra between & 4-9 ppm. The resonance peaks
at § 7.9 and 7.4 corresponds to the aromatic protons and 6.5 corresponds to the
vinylic protons of the bis adduct of the end maleimjdobenzoyl group of the

Doivmer 28.
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Figure 7. Plot of % yields of PMMA vs. irradiation time using MBX as
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The resonance peak at 8 4.7 corresponds to the OCH; protons of the end
capped thiocrbonylthiyl group. It was difficult to oblerve these protons in the

normal NMR spectra due to their extremely low concentrations in polymer 29.

0 0 o)
hv /«
+ 2 || N-R —> R-N | N—R
0 ) | o]
23 25

Scheme 8 |

hv| 350 nm

CH;;S

s cll
[
CHs0—-C— S—(C—CH; C~©— m @—c-(cu; C)—S-C-—-OC;Hs

0 OCH, 0 OCH;

Scheme 9
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Figure 9. '"H NMR spectrum of PMMA p1

Photopolymerization of St using MBX w

repatred using MBX

s found to be significantly

different from that of the photopolymerization of MMA. The polymerization

mixture became a thick gel on prolonged irradiation especially when .highcr

concentrations of MBX were used as the initiator. Considerable amounts of

crosslinked and extremely high molecular weight olylmers have been obtained

in this case. The amount of soluble polymer obtained was significantly low.

This can be explained on the basis of the fr

ee radical induced thermal

copolymerization behaviour of MBX with styrene (St). As described in Chapter

2
alternate copolymers due to a weak interaction bg
. MBX and electron ri.ch St. Thus, considerable amg
into polystyrene backbone when St is photopt
photoinitiator. The pendant xanthate chromopho
grafting of St and MBX monomers as shown in Scl
copolymerization and grafting will occur to |
- crosslinked polymers with extremely high n
enhancement in molecular weight may be possibl

of the end-capped maleimido group to form polyn

of this thesis, copolymerization of MBX and St leads to the formation of

tween the electron deficient
ywunt of MBX is incorporated
plymerized using MBX as
re thus formed can initiate
heme 10. Thus, simultaneous
form highly branched and
nolecular weights. Further
e by the photocycloaddition

ieric bisadducts. Since MBX
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has the dual role of a monomer as well as an initiator, increase in its
concentration in the polymerization mixture has signiﬁ#ant influence on the
macromolecular architecture. Therefore, photopolymerizétion of styrene under
high MBX concentration lead to photogelation of the pélymerization mixture
due to crosslinking reactions. Under high MBX concq‘ntration considerable
amounts of styrene-MBX alternate copolymers will be formed which can
initiate  multi-branch  grafting and crosslinking leading to complex
macromolecular structures.

In order to get a better view of the macromolecplar structure and the
molecular weights, attempts have been made to restw‘n'ct the gelation and
crosslinking in the casc of the photopolymerization of styrene using MBX. This
has been achicved by irradiating styrene under extremely low concentrations of
MBX and restricting the total monomer conversion to b%low 10%. In this way,
the incorporation of MBX into the polystyrehc backbone could be minimized
thereby controlling the amount of grafting, branching and crossiinking
reactions. The polymers obtained in these cases were soluble in chloroform and

THF, which allowed the determination of their moleculalyL wéights (Table 7).

Table 7. Results of the photopolymerization of styrene (bulk) using low

concentration of MBX*

Run  Time Conversion R,x10° M,x 10%  Polydispersity (D)

(min) (o) (gs™) (Mw/M,)
| 60 2 4.4 12 1.1
2 90 3 4.4 1.3 1.1
3 120 4 4.3 1.2 1.1
4 150 5 4.4 1.2 .1

*[MBX]=5x10"M
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The GPC analysis of soluble polymers showed unusually high molecular
weights, which are of the order of 10° amu. These extremely high molecular
weights could be due to the formation hyper-branched graft copolymers as per
the lmechanism suggested in Scheme 10. The IR spectra of these copolymers
showed weak carbonyl absorption due to the maleimido groups. However, the
absorption pzak of the thiocarbonylthiyl end functiona’JI] group was not visible

probably due to its extremely low concentration in thd high molecular weight

hyper-branched polymer.

3.2.3. Photopolymerization of MMA and styrene usif:g VBX
f MMA using VBX as
th¢ photoinitiator are shown in Table 8. As in the ca‘ e of MAX and MBX a

The results of the photopolymerization |

lincar increase in percentage yields of the polymer|was noticed during the
initial periods of irradiation as shown in Figure 10, Inl crestingly, in contrast to
the photopolymerization of MMA using MAX and I\/#BX, a marginal increase
in the molecular weight and polydispersity with ti e of irradiation could be
noticed for the photopolymerization of MMA w%n VBX is used as the
photoinitiator. This enhancement in molecular weighq has similarity to that in a
living free radical polymerization. However, if this Jiis the case the growth in
molecular weights should have also occurred with the other two initiators.
Since, this is not the case, the living radical mecharism ::an be ruled out. An
alternate possibility for the increase in molecular weights could be due to the
incorporation of VBX on to the polymer chain. This dual role of VBX as a
photoinitiator as well as a comonomer can {)c explainj’:ed on the basis of its high
rcactivity towards free radical induced polymcrizz;tipn reaction. This will lead
to the partial incorporation of VBX on to the PMMA main chainl. The pendant
xanthate chromophore thus formed will undergo photolysis, which will

facilitate the grafting of monomers as shown in Scheme 11.
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Tabile 8. Resuits of the photopolymerization* of MMA using VBX as

photoinitiator
\

Run  Time Conversion R, x 10 M,x W Polydispersity (D)

(min) (%) (s (My/M,)
T 0 5 3.8 53 1.3
2 20 9 3.8 5.3 1.4
3 30 14 3.8 5.5 1.4
4 40 19 38 5.8 1.5

5 50 22 3.7 5.9 1.6

* [MMA] = 5 M, [VBX] = 5x107 M.

1, @=1x10>M ©)
204 (b)=25x10°M (b)
= ] ©=75x10"M
2 154,
3 (a)
>
5 104
O
2] .
5_
0 T T N T T T T T T T
0 o 20 30 40 50 60
Time (min)

Figure 10. Effect of time on % conversion for the hotopolymerization

of MMA using VBX as photoinitiator. [MMA] = | M
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Thus VBX plays a dual role of a photoinitiator as well as a comonomer
during photopolymerization of MMA. On the other hand, MAX and MBX
show this property only towards styrene. However, the observed decrease in
the molecular weights of polymers with increase in VBX concentration is

comparable to those of MMA using MAX and MBX (Fi&ure 11).
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Figure 11, Effect of VBX concentration on M, and!polydispersity for the
photopolymerization of MMA

The results of the photopolymerization” of styréne using VBX are
summarized in Table 9. In contrast to the results obt?ined for MBX, the
photopolymerization of styrene using VBX gave polyme s with relatively low
molecular weights. As in the case of the polymerizatiow of MMA, marginal
increase in molecular weights could be observed for polyTTnerization of styrene.
The data obtained for the photopolymerization of styrene nsing VBX indicates

that it doeg not have any special preference towards styrene during the



pl?lotopolymcrization reaction. H(;wever, ~ the
incorporation of minor amounts of VBX into PMM
ruled out which is responsible for the slow increas
p lymers formed during photopolymeﬁzation.

According to the mechanism suggested in

110
ossibility of random

or polystyrene cannot be

in molecular weights of -

chéme 11, the polymer

fq‘nned is expected to contain a vinylic double bon arjd a thiocarbonylthiyl

|
group at the chain ends. The '"H NMR spectra of the

olymer obtained from the

pfﬁotopolymcrization of MMA is shown in Figure 12. Weak resonance peaks

chhTe_sponding to the aromatic and vinylic protons cd
514.5-8.0 ppm. In addition, the OCH; protons of the

were visible at 5 4.5 ppm.

Table 9. Results of the photopolymerization of styrent

.pl?otoinitiator '

P
br

wuld be observed between

thipcarbonylthiyl moiety

(bulk) using VBX* as

‘ —
Run  Time Conversion R, x 10° M, x 1C

| "Polydispersity (D)

(min) (%) (gs™) (Mw/M,)
i 30 2 9.4 3.1 1.5
b 50 4 10.7 3.2 1.5
!3 70 5 . 10.5 3.5 1.5
;4 100 7 10.4 4.0 1.6
5 150 8 8.1 42 1.6
6 240 15 9.5 | 4.6 1.6

|
|

*['VBX] = 7.5x10" M.
|
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Figure 12. 'H NMR spectrum of PMMA, prepared using VBX

In conclusion, the above results reveal that, even though the
photopolymerization of MMA and St using MAX, MBX .or VBX has the
characteristics of a simple free radical polymerization, their mode of
termination is basically different from the conveptional free radical
polymerization processes. All the three monomeric |photoinitiators show
distinctly different behaviour towards MMA ‘and St |[Novelty of the new
photoinitiators for the photopolymerization of MMA 1s that the molecular

weiglits of polymers can be pre-defined by the initiator concentration.

Interdstingly, the polydispersity indices of polymers prepared using all the
photainitiators under investigation were lower than 1.5,| indicating significant
contrd! over the polymerization processes for the photopolymerization of
MMA. However, in the case of the photopolymerization of styrene using MAX
and MBX, considerable amounts of high molecular weight graft and
crosslinked polymers were formed. This has been explained on the basis of a

weak! interaction between the electron rich St and the electron deficient MAX
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‘,Iand MBX. Interestingly, the photopolymerization df MMA and St using VBX
did not show any considerable deference in their polymerization mechanism.
The data obtained for the photopolymcnzatlon of MMA and styrene using the
xanthate derived monomeric photoinitiators such as MAX, MBX and VBX
reveal that their thermal free radical copolymerization 1bchavlour with MMA
and styrene play a significant role in control ingi their polymerization
blehaviour. The photopoly'meljization of styrene usin MAX and MBX facilitate
s‘mg,]e step preparation of Highly bhanched graft copolymers. The

%otopolymenzatlon of styrene with MBX 1s particul ly interesting because of
|tls ability to form extremely high mo]ecu]ar weight gfaft copolymers. This
_method would also facnhtate the synthes:s of macroinjiferters with well-defined
:e\actwc end functional g,roups useful for the desi

m‘{g of block and graft

cqpolymers

3.3. Experimental Section .

Infra-red (IR) spectra were recorded on a crkiﬁ-Elmcr model 880
spectrometer. The electronic spectra were recorded n g Shimadzu 2100 A
spd;chophotometer. 'H nuclcar magnetlc resonanc (NMR) spectra were
recorded on a Jeol EX 90 or a Bruker DPX 300 spectrometer using CDCl; as
soIchnt and tetramethylsilane as internal stan ardIL Gel permeation
chr{omatography (GPC) was carried out on a Shimadzu j,C-SA GPC system
eqml‘lipped with a refractive index detector. Calibrations were done with standard
polj‘/styrene samples. Telrahi./drofuran (THF) was used as |the eluent at a flow
rate of 1 mL min™ at 28 °C.

The three photoinitiators S-methacryloyl O-ethyl xf.mthatc (MAX), S-
maleimidobenzoyl O-ethyl xanthate (MBX) and S-(p vin&ll)benzoyl O-cth;}l
xant{hatc (VBX) were prepared according to the p ceélures discussed in
Chapter 2. The monomers MMA and styrene were washed twice with 5%
aqueous sodium hydroxide to remove the stabilizer and then several times with

distilled water. These were then dried over anhydrous sodium sulphate and
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distilled under reduced pressure. All solvents were dJied and distilled before

useci

3.3.1. Photopolymerization: General procedure

Solutions of known concentrations of the required monomer and the
photoinitiator in benzene were taken in pyrex tubes (1.4 ¢m diameter and 15
cm |l(m_g) and stoppered with rubber septa. They were purged with argon for 10
min and irradiated in a Rayonet Photochemical Reactor (RPR) containing eight
350 nm fluorescent lamps for known periods of time. After irradiation, the
conitents were poured in to excess methanol and the pregipitated polymers were
collected by filtration and washed with methanol. Purification of polymers was
achieved by reprecipitation of their chloroform solutions from methanol. The

polymers were filtered and dried in a vacuum oven (f5°C). In representative

rases control experiments were done without the photojnitiator, under identical
conditions as employed for the photoinitiator. No polecrizatiom occurred 1n

these cases.

3.3.1.1. Photopolymerization of MMA using MAX as ph;)toinitiator

A stock solution of MMA in dry benzene (5 M)‘ containing MAX
6] x 10° M) was prepared and 10 mL each of this solution was transferred into
different glass tubes. All the glass tubes were stoppered with rubber septa and
purged with dry argon for 10 min. After irradiation for definite intervals, the
polymers obtained were collected and purified as described in the general
procedure. The yields were calculated after drying the purified polymer in a
vacuum oven at 50 °C for 24 h. IR vy (neat) 1729 (G=0), 1606 (C=C), 1255
and 1043 (C=S) cm™"; 'H NMR (CDCl;, 300 MHz) & 6.1 (m, CH,=C), 4.7 (m,
OCHy,), 3.6 (m, CH3), 1.8-0.8 (m, aliphatic); M, = 2.5 x 10%, M./M, (D) = 1.3.
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3.3.12. Photopolymerization of styrene; (bulk)

photginitiator
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using MAX as

Styrene (9.09 g, 87 mmol) and MAX (190 mg, 1 mmol) were taken in a

glass tube and purged with argon for 10 min. The conte
24 hi as described above and were poured into ex
purification, the polymer obtained was dried in a vacuumn
h. Yield 12 %. IR v (neat) 2900 (aromatic), 1729 (C=
and 1043 (C=8) cm™; 'H NMR (CDCls, 300 MHz) § 7.1

OCHy), 2.1-1.0 (m, aliphatic); M, = 5.6 x 107, M,/M, = 3,

3.3.1«23. Photopolymerization of styrene (bulk) u
concéntration

MAX (1 x 10" M with respect to styrene) was diss
g, 87/mmol) and this solution was irradiated as described
reaction mixture became a thick solid. Chloroform (50 1
reactifc»n mixture and the contents were poured into larg
The precipitafed polymer was collected by filtration, w
and dried under vacuum. Yield 29%. The molecular w

could|not be determined since it formed a thick gel in CH

3.3.1.14. Photopolymerization of styrene using MAX in

A solution of styrene (4.5 M) and MAX (4.5 x1(
(10 mL) was taken in a pyrex glass tube and.purged with
solutipn was irradiated for 7 h as described earlier. The v

mixture was diluted with benzene and poured into me

th
polymer was collected, purified as described in the genf:riln

in a yacuum oven. Yield 29 %. IR vy (neat) 2900 (arf
1606 (C=C), 1255 and 1043 (C=S) cm’'; 'H NMR (CDC];
aromz}tic), 6.1 (m, CH,=C(CH;)), 4.7 (m, OCH;‘), 2.1-1.¢
2.5 x ‘10“, M,/M, = 1.6.

ts were irradiated for

:esé\ methanol. After
} oven at 50 °C for 24
D), 1606 (C=C), 1255

(m, aromatic), 4.7 (m,

4.

nder higher MAX

olved in styrene (9.09

above. After 4 h, the
nL) was added to thé
2 exﬁcess of methanol.
ashed with methanol
eigﬂt of the polymer
Cls, THF and DMF.

benzene

"' M) in dry benzene
argon for 10 min. The
isco!us polymerization
oli The precipitated
procedure and dried
bmatic), 1729 (C=0),
1, 300 MHz) 8 7.1 (m,
) (m, aliphatic); M, =
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3.3.1.5. Photopolymerization of MMA using MBX

A stock solution of MMA in dry benzene (5 M) corLtaining MBX
(5 x 10™ M) was prepared and 10 mL each of this solution was transferred into
different pyrex glass tubes. All the glass tubes were stoppered with rubber
septa and purged with argon for 10 min. Polymerization was| performed as
described in the general procedure. The yields were calculated after drying the
po]ymer in a vacuum oven at 50 °C for 24 h. IR v« (neat) 3100 (aromatic),
1729 (C=0), 1606 (C=C), 1255 and 1043 (C=S) cm™'; '"H NMR (CDCls, 300
MHz) & 7.9, 7.4, 6.9 (aromatic), 4.7 {m, OCH3), 3.6 (s, OCHj), 1.9-0.8 {m,
aliphatic). M, = 5.4 x 10*, M,/M, = 1.4.

3.3.1.6. Photopolymerization of styrene (bulk) using MBX
Styrene (9.09 ¢, 87 mmol) and MBX (24 mg, 0.07 mmol) were taken in

pyrex glass tubes and purged ‘with argon for 10 min The contents were
irradiated as described above. After 20 min, the reaction mixture became a
thick solid. Chloroform (50 mL) was added to the reaction mixture and the
contents were poured into large excess of methanol. The precipitated polymer
was collectcld by filtration, washed with methanol and dried under vacuum. The
molecular weight of the polymer could not be determined since it formed a
thick gel in CHCl;, THF and DMF. IR v, (KBr) 3029 and 2921 (aromatic),
1721 (C=0), 1607 (C=C), 1027 (C=S) cm™". |

3.3.1.7. Photopolymerization of styrene (bulli) under low MBX

concentration
MBX (1.6 mg, 5 x 10” mmol) was dissolved in styrene (9.09 g, 87

mmol) and this solution was irradiated as described above, After 4 h, the

contents were poured into excess methanol. After filtration and washing
with ethanol, pouring its chloroform solution into methanol further
purified the polymer obtained. The precipitated polymer was collected

and dried in a vacuum oven. Yield 8 %. IR vp. (neat) 2921 (aromatic),
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1702 (C=0), 1219 (C=S) em™; 'H NMR (CDCl,, 30J)Mﬂz) 5 7.1, 6.5
(aromatic), 1.8-1.4 (aliphatic); M, = 1.2 x 10°, My/M, = 1.1.

T

3.3.1.8. Photopolymerization of styrene using MBX in benzene
A solution of styrene (5 M) and MBX (1 x 10? M) in dry benzene

(10 mL) was taken in a pyrex tube and purged with argon for 10 min.
After 6 h of irradiation, the reaction mixture became| a thick solid. The
contents were diluted with chloroform (20 mL) and poured into excess
methanol. The precipitated polymer was collected by filtration, washed
with methanol and dried under vacuum. Yield, 30%. The molecular
welght of the polymer could not be determined since i1 formed a thick gel
in CHCla, THF and DMF. ‘

3.3.1.9. Photopolymerization of MMA using VBX ‘

A stock solution of MMA in dry benzene (5 M) containing VBX (5
x 107 M) was prepared and 10 mL each of this solution was transferred
into different pglass tubes. All the glass tubes were stoppeted with rubber
septa and purged with argon for 10 min. Polymerizatipns were carried out
as per the general procedure. The yields were calculated after drying the
polymer in a vacuum oven at 50 °C for-24 h. IR vn (KBr) 3000
(aromatic), 1731 and 1700 (C=0), 1604 (C=C), 1258 and 1039 (C=S) cm™; 'H
NMR (CDCl;, 300 MHz) & 8.1-7.1 (m, aromatic), 6.5-5.5 (m, CH,=CH), 4.7
(m, OCHy), 3.6 (s, OCHy), 1.8-0.8 (aliphatic). M,, = 5.5 x [10*, M/M, = 1.4.

3.3.1.10. Photopolymerization of styrene (bulk) using i’BX

Styrene (9.09 g, 87 mmol) and VBX (18.9 mg, 0.075 mmol) were taken
in glass tubes and purged with argon for 10 min. The contents were irradiated
for 4 h as described above and were poured into ¢xcess methanol. The
precipitated polystyrene was collected by filtration and washed with methanol.

The polymer was redissolved in chloroform and reprecipitated from methanol.
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The polymer obtained was dried iin a vacuum oven at 50 °C for’24 h. Yield, 15

%. IR Vmai (KBr) 3000 (aromatic), 1700 (C=0), 1604 (C=C),|1250 and 1040
(C=S) ¢m!. '"H NMR (CDCls, 300 MHz) & 7.1 (m, aromatic), 6.5-5.3(m,

CH,=CH), 4.7 (m, OCH3,), 2.0-1.2 (m, aliphatic). M, = 4.6 x 10}, M,/M, = 1.6,
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CHAPTER 4

PHOTOINDUCED GRAFT AND BLOCK COPOLYMER
SYNTHESIS USING MACROINITIATORS CONTAINING
XANTHATE CHROMOPHORES

4.1. Introduction

Synthesis of graft and block copolymers is a novel anroach to combine the
chemical and physical properties of two or more different‘monomers to a single
polymeric chain.'” This wouldkallow the designing of novFl polymeric materials
with new and/or improved properties useful for various a‘dvanced technological
* applications. Block copolymers are synthesized by the incoboraﬁon of a required
monomer to a polymer containing reactive end functional groups. On the other
hand, graft copolymers are prepared by incorporating anJappropriate monomer
through pendant (side chain) reactive functional groups: Free radical induced
polymerization is the easiest and widely accepted procedure for graft and block
copolymer synthesis. However, a major drawback of the free radical
polymerization approach is the unwanted homopolymerization, which generally
proceeds in parallel with the block and graft copolymerizations. In addition, there
is no control over molecular weight and polydispersity of the block and graft
polymers obtained by free radical induced polymerization.

Graft and block copolymer synthesis by anionic or cationic mechanisms has
the advantages of minimized homopolymer formatiod.a’9 Apart from that,
significant control over molecular weight and polydispersity can be achieved by
ionic mechanisms.'™"? On the other hand, from the pljactical point of view,
cationic or anionic techniques severely limit their use in polymerization processes

|
. . . " ; . 14-17
due to the stringent requirements on reaction conditions ax‘md monomer purity.
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These problems have led to considerable interest in free radical induced controlled
synthesis of block and graft copolymers. liecently, the concept of “living” free-
radical polymerization has attracted considerable interest in block and graft
copolymer synthesis due to the accurate control of molecular weight,
polydispersity, chain ends and macromolecular structufal characteristics.'®?!
Several macromonomers and mocroinitiators have been used for block and graft
copolymer synthesis, even though, many of these methdds lack the ability to
control polydispersity and purity of products.**

When compared to other modes of free radical initiated graft and block
copolymer synthesis, light-induced 1nitiation has the advantage of being applicable
at low temperatures, especially at room temperature. Moreover, because of the
selective absorption of certain chromophores, it is possible/to produce free radical
mitiation sites at definite positions in the macromolecuies. In such cases, the
polymerization processes can also be controlled by varying the intensity and
wavelength of the light used. Several reports pertaining tothe light-induced block

2427 Almost all

and graft copolymer synthesis are available in recent literature.
photoinitiators which are known in the literature have been exploited for the
photochemical synthesis of block and graft copolymers. However, the major
problems involved are the formation of considerable amount of homopolymers
and lack of conirol on molecular weights and polydispersib of the block and graft
copolymers. b

Several nethods have been proposed for the control of homopolymer
formation during photoinduced block and graft copolymer synthesis. One of the
efficient methods involves the use of polymers containing halogen atom in the
presence of compounds of certain transition metals’ such as manganese and
rhenium carbonyls as photoinitiators.?*? The mechanism involves photoinduced
clectron transfer froin the transition metal to the polymer halide to form a

macroradical and a metal halide. Homopolymerization in this case is prevented
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because no free radicals are generated in the reaction mixture other than the
macroradical.

It has been reported earlier that sulfur ‘containing con?pounds such as
tetracthylthiuram disulfide (1) and bis(isopropylxanthogen) disylfide (2) can be

used for the photoinduced block copolymer synthesis.****

Otsu et al,, during
early 1980 s, have found that a new class of sulfur-containing photoinitiators -
namely dithiocarbamates can be used for the efficient block and graft copolymer
synthesis  thereby ininimizing the homopolymer formation.”*®  These
photoinitiators are referred to as photoiniferters which means that they function as
initiator, transfer agent and terminator during photopolymerization. A pseudo
living free radical mechanisni has been suggested for polymerization using
photoiniferters which involves the stepwise incorporation of moquers leading to
growth of the molecular weight with increase in monomer coﬂversion. Several
people have used the dithiocarbamate photochemistry for the|block and graft

“43 The major drawback of the dithiocarbamate based

copolymer synthesis.
photoiniferter method is the formation of block and graft copolymers with high
polydispersity. This observation reveals that the original mechanism proposed for
the block and graft copolymerization using dithiocarbamates is complicated by
some secondary reactions.''*? Since dithiocarbamates absorb li!ght in the short
wavelength region, the photoinitiation has to be performed around 280-290 nm
region. Under such conditions, the monomer may also abso}b light thereby
facilitating the self-initiation of the monomer leading to the formation of
considerable amounts of homopolymers. Therefore, design of b#tter methods for

photoinduced synthesis of block and graft copolymers of high‘purity has great

significance.
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In the present Chapter, the use of copolymers containing pendant xanthate
groups as macroinitiators for the photoinduced synthesis of extremely pure graft

copolymers are described. In addition, polymers containing thiocarbonylthiyl end

functional groups have been used for the photoihduced block copolymer synthesis.

4.2. Results and Discussion |

4.2.1. Photoinitiated grafting of MMA and styrene ﬁsing macroinitiators
containing pendant xanthate chromophores

Macroinitiators used for the present studies hav‘ been prepared by the
thermal copolymerization of S-inethacryloyl O-ethyl xanthate (MAX) with MMA
and styrene (St) as described in Chapter 2 of the presen thes\is;. MAX-co-MMA
and MAX-co-St having various copolymer compositions and molecular weights
were employed for the grafting studies. Photografting of MMA and St on MAX-
co-St and MAX-co-MMA respectively were- performed either using bulk
monomer or in benzene solution under 350 nm irradiatit\)n. The data obtained for

the photografting of St on to MAX-co-MMA are shown in Table 1. The initial

grafting reactions were performed using 50 mg of MAX-co-MMA having 16 mole
percentage of the MAX photoinitiator group. The molecular weight of
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MAX-co-MMA before the grafting of MMA was 2700 amu. The yield and
molecular weights of the graft copolymers are found to jn'ncrease gradually with the
time of irradiation, as shown in Table I. It is also obsetved that the polydispersity
of the graft copolymers increases with the time of ir‘radiation. Upon prolonged

irradiation, considerable amounts of crosslinked polymérs are also formed.

|
Table 1. Photografting® of styrene (bulk) onto MAX-ca-MMA® copolymer at

various time intervals

Run  Timeof  Graft Crosslink Mol wt. ofthe  My/M,
irradiation yield yield graft %opolymer

(min) (%) (%) (M)
| 45 4 0 14000 1.3
2 90 9 0 17000 1.3
3 140 15 2 20000 1.4
4 240 32 6 28000 1.9

M = 350 nm; YMAX-co-MMA = 0.017 g/mL (M, = 2700, MAX mol % = 16)

Results obtained for the photografting of St oh to MAX-co-MMA having
different copolymer compositions and molecular weigEts are summarized in Table
2. These data reveal that the graft yields and the m lecular weights of the graft
copolymers decrease with decrease in the mole percentage of the MAX groups in
the initial copolymers irrespective of their initial molEcular weights. On the other
hand, the polydispersity of the graft copoiymers d’id not vary much with the
copolymer composition or molecular weights of the  initial copolymer. A plot of
the molecular weights of graft copolymers obtained aLainst the mole percentage of
MAX in the MAX-co-MMA is shown in Figure 1. Al linear increase in molecular

weights of the graft copolymers could be noticed with increase in mole percentage
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. of MAX in the copolymer. [n all these cas¢s the homopolymer formation could be

suppressed to a considerable extent.

Table 2. Photografting® of styrene (bulk) onto MAX-co-MMAb) having different

copolymer compositions and molecular weights

|
Run Mol % of - Initial Graft  Crosslink Mbl. wt. of the M./ My

MAX inthe  copolymer yield yield gre‘;ﬁ copolymer
copolymer mol. wt. (M,) (%) (%) (My)
] 21 2200 15 5 ‘ 23000 1.4
2 16 2700 13 0 - 19000 1.4
3 14 2500 12 0 18000 1.4
4 12 1500 11 0 14000 1.4

e = 350 nm, Time of irradiation = 140 min; "MAX-co-MMA = 0.017 g/mL

The Results of the photografting of MMA usil{g MAX-co-St as the
macroinitiator as a function of irradiation time is shown in ﬁ‘able 3. MAX-co-St of
molecular weight 3400 amu, containing 20 mole percentage of pendant MAX
moieties has been used for the grafting. The percentage yfelds of the graft
polymers are found to increase with irradiation time. ansiderable amounts of
crosslinked polymers are also formed with increase in gra%& yield. The increased
formation of crosslinked poly}mer with increasing yield of graft copolymer can be
explained on the basis of the decrease in monomer concentration in the
polymerization nuxture. In addition, under higher graft yieFd the reaction mixture

becomes highly viscous thereby limiting the mobility of macroradicals, which

facilitate macroradical recombination leading to their crosslinking.
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Table 3. Photogmfhng" of MMA") onto MAX+co-St® co{polymer at various time
intervals ! | ' |

| — ; |

Run Timeof  Graft Crosslink T,otalf iMol. wt.jof the M./M,

irradiation  yield yield conversioh  graft copolymer

mn ) M) |
L1 8 0 'y : 130 13
2 30 22 0 | 22 . 160 - 13
3 60 41 4 45 200 1.4
4 90 50 10 60 . 280 13

I ‘ i . ! | J‘ : ‘

By _ B - : ) oh Qf = =

Airr = 350 nmn; ’ MMA =5Min benane, W co Sts 0.017 g/mL (M, =
3400, MAX mole % = 20)
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A plot of the molecular weights of the MAX-co St-g-MMA copolymers
against the time of irradiation is shown 'm~Figure 2. A lindar increase in molecular
weight is noticed which is analogous to that observed for a living radical
polymerization. However our earlier studies |have revealed that
pliotopolymerization of MMA using low molecular weight xanthate-derived
photoinitiators does not show any characteristic property of a living radical
polymerization. Therefore, the increase in molecular; weights of the graft
copolymers is unique in the case of macroinitiators. In the case of photografting

using macroinitiators, new radical centers will be| generated within the

macroinitiator with the time of irradiation, which in turn will initiate the formation
of new graft polymer chains. The growth in the molecular weights of graft
copolymers can be understood by comparing Scheme 2 with the normal
photopolymerization using a low molecular weight photoinitiator as shown in
Scheme I. In the case of the low molecular weight phot: initiators each initiating
radical will lead to the formation of individual polymer chains with time of
irradiation whereas phofograft'mg using macroinitiators leads to a collective
addition of polymer chains onto the macroradicals.

The effect of the copolymner compositions of MAX—co-St used for the
photografting of MMA has been summarized in Table 4| A plot of the molecular
weight of the graft copolymer against mole percentage gf the MAX in the parent

copolymer showed a linear increase as shown in Figure 3. However, the
polydispersity indices of the graft copolymers did nolmshow any considerable

change. 1t has been found that the yields of the grafted and crosslinked polymers

increased with increase in the mole percentage of MAX in the MAX-co-St
copolymer. When MAX-co-St having higher mole percentage of MAX was used
for the grafting of MMA, considerable amount of crosslinked polymer was also

formed along with the graft copolymer. The reason for Lllris could be the formation

of large number of immobilized radical centres within | the: macroinitiator. High
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Table 4. Photografting® of MMA® on MAX-co-St® of various compositions and

molecular wejghts

Run Mol % of Initial Graft  Crosslink Tatal Graft MM,
MAX in copolymer yield vyield (%) conversion copolymer
MAX-co-St  mol. wt. (%) ("/‘6) mol. wt.
(M)
I 20 3400 43 5 48 32000 L5
2 15 2800 42 1 43 26000 1.4
3 11 3300 39 1 40 - 24000 1.3
4 9 2900 38 0 38 - 20000 1.4

% Ay = 350 nm, Time = 70 min ¥ MMA = $M in bel'lzene; 2 MAX-co-St = 0.017

g).'mL.
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local concentration of radical centres on the macroinitiator compete for
pl@lotografting as well as the intramolecular radical-radical recombination resulting
in{‘ the formation of the crosslinked copolymer of the structure 3 as shown in Chart
1. Nevertheless, the intermolecular crosslinking between the graft chain radicals

cannot be completely ruled out.

. | =
2 2 42 ~
L =
zc 0 o - ~—
| © T | ©
1+ ' 41

0 — T v T T | — ﬁ —— 0

0 5 10 15 20 25

Mol % of MAX in the copolymer

Figure 3. Effect of MAX mol % in MAX-co-St on the molecular
weight and poydispersity 6f MAX-co-S't-g-MMA.

The effect of the macroinitiator concentrations on the photografting of
| . . . ‘ :
MA using MAX-co-St is shown in Table 5. The total conversion of the

onomer is found to increase with the increase in the concentration of MAX-co-St
Ihile the yields and the molecular weights of the graft cbpolymers decreased. The
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decrease in the yields of the graft copolymers with increase in concentration of
MAX-co-St is due to the increased formation of crosslinked polymers. The effect
of the concentration of MAX-co-St on }he crosslinked and grafted polymer yields
is shown in Figure 4. Under high concentration of MAX-co-St, the possibility for
interpolymer crosslinking will be higher thereby facilitating the formation of the
crosslinked polymers and the consequent decrease in isolable graft cbpolymer

yields.

Chart 1

Table 5. Effect of macroinitiator concentration for the photografting® of MMA®
onto MAX-co-St”

Run MAX-co-St Total Graft  Crosslink - Graft M,/M,
(mg/L) conversion yield  yield (%) copolymer
(%) (%) mol. wt. (M,)
1 10 43 40 3 24000 1.3
2 50 46 34 12 14000 1.4
3 80 59 29 30 12000 1.4
68 20 48 12000 1.3

4 100

“Airr = 350 nm; YMMA = 5 M in benzene; “M, = 3500 (MAX mole % = 18)
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Figure 4. Effect of the weight of MAX-~co-St on crosslink and graft
yields of MAX-co-St-g-MMA

Evidence for the photoinduced grafting of St and MMA on to
MAX-co-MMA and MAX-co-St, respectively can be obtained from their spectral
analysis. The UV spectra of MAX-co-MMA and MAX-co-St are compared with
their respective graft copolymers in Figures 5 and 6, respectively. Before initiating
the graft copolymerization, both MAX-co-MMA and MAX-co-St showed broad
absorption_s around 395 hm, which is due to the pendant xanthate chromophore.
After graft copolymerization, the absorption at 395 nm disappeared indicating the
cleavage of the (C=0)-S bond of the parent polymers.
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Figure 5. UV spectrum of (a) MAX-co-MMA and (b) MAX-co-MMA-g-St
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Figure 6. UV spectrum of (a) MAX-co-St and (b) MAX-co-St-g-MMA
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The IR spectra of MAX-co-MMA and MAX-co-MMA-g-St are shown in
Figure 7, whereas the IR spectra of MAX-co-St and MAX-co-St-g-MMA are
shown in Figure 8. The IR spectrum of MAX-co-MMA (Figure 7(a)) shows
absorption peaks at 1739 cm™' due to carbonyl groups and 1251 and 1046 cm™ due
to the thiocarbonylthiyl groups. In the IR spectrum of the graft copolymer MAX-
co-MMA-g-St (Figure 7(b)), the intensities of absorption of the carbonyl gfoup at
1739 cm™ and the thiocarbonylthiyl group at 1251 and 1046 cm™ have been
considerably reduced and new absorption peaks at 1605, 756 and 696 cm’
characteristic of the aromatic ring of polystyrene have appeared. The IR spectrum
of MAX-co-St (Figure 8(a)) shows considerable decrease in the intensity of
absorption at 1252 and 1041 cm™ due to the thiocarbonylthiyl groups after grafting

of MMA (Figure 8(b)).
(b) mﬂm

2

2
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§ .
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Figure 7. IR spectrum of (a) MAX-co-MMA and (b) MAX-co-MMA-g-St
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Figure 8. IR spectrum of (a}) MAX-co-St and (b) MAX-co-St-g-MMA

Comparison of the 'H NMR spectra of MAX-co-MMA before (Figure 9)
and after grafting of styrene (Figure 10} indicates considerable reduction in the
intensity of the OCH; protons of the PMMA in the latter spectrum at § 3.6 ppm.
At the same time, two new peaks between & 6-7.5 ppm due to the aromatic protons
appeared after grafting (Fiéure 10), indicating the presence of grafted polystyrene
chains. The results of the thermogravimertic analysis of MAX-co-MMA and
MAX-co-St and their respective graft copolymers are shown in Figures 11 and 12,
respectively. The weight loss at 170 °C in the thermal degradation patterns of
MAX-co-MMA and MAX-co-St are associated with the pendant xanthate
chromophores. After grafting of MMA and styrene, no weight loss could be seen
at 170 °C and the thermal stability of the grafted copolymers increased

considerably.
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Figure 12. Thermal analysis data of (a) MAX-co-St and
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The photografting of St and MMA using. MAX-co-MMA and MAX-co-St
are shown in Schcrﬁcs 3 and 4, respectively. Analogous to our -earlier
observations, both MAX-co-MMA anci MAX-co-St on photolysis undérgo
homolytic bond cleavage at the C(=0)-S bond position of the pendant MAX
chromophore.** ** As a result, macroradicals and thiocarbonylthiyl radicals will be
generated. The macroradicals thus formed initiate the graft copolymerization of

CHs CHy
CHzZC—ﬁ—S—I(E—-OCsz + CHp= I
.C '
4 0° TOCH;
5
AIBN
B (i
—“—;C'Hz—(lj CH:—([:
0% “ocm; 07§
6 57 Noc:Hs
hv
St
350 nm
I
-—*—CH:-—(': CH: C—-—m—-
2L, ,c S
O ‘[CH;—CH}-S —0C2H5

Scheme 3
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the surrounding monomers whereas the thiocarbonylthiyl radicals mainly act as
the terminator. This property of the thiocarbonylthiyl radicals plays a significant
role in controlling the formation of crosslinked polymers as well as homopolymers
during photografting of various monomers. The suppressed homopolymer
formation during the photografting of monomers to MAX-co-MMA and MAX-co-
St clearly indicates the strong primary radical termination efficiency of the
thiocarbonylthiyl radicals and their inefficiency to initiate homopolymerization

process.
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4.2.2. Photografti'ng of MMA using a heterogeneous photoinitiator containing
xanthate chromophore. -

The termination efficiency of the thiocarbonylthiyl radicals and the
suppressed homopolymer formation during photografting of monomers on to
macroinitiators containing xanthate chromophores can be proved by a reverse
photografting expenment. This is possible by doing surface photografting of
MMA on to a crosslinked heterogeneous polymer containing xanthate groups,
which on photolysis generate a thiocarbonylthiyl radical on the heterogeneous
polymer and a ketyl radical in the solution. If the macroradical acts exclusively as
the terminator, the ketyl radical initiated growing polymer chains will eventually
get attached to the macroradical leading to the formation of graft polymers with
high graft efficiency. The use of a crosslinked polymer for this purpose has the
advantage that the graft polymer will be in the heterogeneous form whereas any
homopolymer, if formed, will be.in solution. Therefore, it is easy to isolate the
homopolymer in this case.

The photografting of MMA was carried out using the polymer-bound S-
benzoyl O-ethyl xanthat¢é which has been prepared according to Scheme 5.
Poly(2-hydroxyethyl methacrylate) (PHEMA) which is crosslinked with 5 %
ethyleneglycol dimethacrylaté (100-200 mesh) was prepared as per a known
procedure.”’ This was subsequently treated with NaOH and CS, to form the
corresponding polymer-bound sodium xanthate 12. Reaction of the polymer 12
with benzoyl chloride afforded the macrophotoinitiator 13. The IR spectrum of the
polymer-bound photoinitiator 13 showed the characteristic absorption peaks at
1700 and 1055 cm™ corresponding to the C=0 and C=S groups of the xanthate
moiety, respectively. The aﬁomt of the initiator moieties of the polymer 13 was
determined by elemental sulfur analysis which gave 1.78 mmol of xanthate

groups/g of the polymer.
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The results of the photografting of MMA using the polymeric
photoinitiator 13 are shown in Table 6. It is found that as in the case of the soluble
macroinitiators, MAX-co-MMA and MAX-co-St, the total cqnvcrsion mcreases
with time of irradiation. A plot of the monomer conversion against the irradiation
time indicates that after 20 min of irradiation there is a sudden increase in the total
conversion of the monomer {Figure 13). Correspondingly, the yields of the graft
polymers were also showed rapid increase with tl{c time pf irradiatioﬁ (Figure 14).
On the other hand, the yields of the homopolymers were relatively lower which
showed a linear increase with time of irradiation as shown in Figure 14. The yield
of the graft polymer after 40 min of irradiation is found to be around 4! %,
whereas the corresponding yield of the homopolymer was only 5 %. These results
reveal that, in the case of the polymer-bound initiator 13, even though the

initiation and growth of polymer chain occur in homogeneous solution, majority of
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Table 6. Photografting” of MMA® using polymer-bound photoinitiator® 13-

Run Time of Total Yield of graft Yield of
irradiatton (min)  conversion (%)  polymer (%)  homopolymer (%)
1 20 24 2 0.4
2 24 | 6.8 5 0.8
3 28 15.6 13 2.6
4 35 36.3 32 4.3
5 40 46.1 41 5.1

*Air = 400 nm; YMMA = 8 mL; “Photoinitiator = 100 mg

50

b ) £
o o o
1 1 a1

Total conversion (%)
o

A

T T T T T L 7 T
0 . 10 20 30 40 50
Time of irradiation (min) |

Figure 13. Effect of time of irradiation on total conversion for the
~ photopolymerization of MMA using polymer-bound initiator 13
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the growing polymer radicals eventually get trapped by the heterogeneous
polymer-bound thiocarbonylthiyl radicals. :I'hjs observation clearly proves tt_le
efficiency of the thiocarbonylthiyl radicals in the termination of polymernization

reaction.
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Figure 14. Effect of time of irradiation on graft and homopolymer yields for
the photopolymerization of MMA using polymer-bound initiator 13

4.2.3. Photoinduced block copolymerization using macrophotoinitiators end-
capped with xanthate moieties

The xanthate end-cépped macroinitiator. 16 employed for the block
copolymerization was prepared by the photopolymerization of MMA using S-
methacryloyl O-ethyl xanthate (MAX) as described in Chapter 3 of the present
thesis. The IR, UV and NMR analysis have been used to confirm the structure of

the macroinitiator 16. The initial molecular weight of 16 used for the block
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copolymerization was 16000 amu having a polydispersity index of 1.7. Block
copolymerizations were carried out using methyl acrylate (MA) as the monomer
under 300 nm irradiation. MA was chosen as the monomer because it does not

have much absorption at 300 nm.

CH; CH;
CHy=C c-[CH (‘:]—s C—0GH
2—= 1 2 | h ‘ 2115
.C
0~ ™SOCH;
16

The results of the block copolymerization of MMA on to the macroinitiator
16 at various intervals of time are shown in Table 7. Considerable increase in
molecular weights could be noticed with the time of irradiation (Figure 15). For
example, after 30‘m1fn of irradiation the molecular weight of the block copolymer
prepared from the macroinitiator 16 (M, = 16000 amu) was around 39000 amu.
After 90 min of wradiation the molecular weight of the block copolymer was
further enhanced to 210000 amu. The GPC elution patterns of the block
copolymers obtained under different irradiation times are shown in Figure 16,

which are compared with the molecular weight of the starting polymer.

Table 7. Block copolymerization® of MA® onto the macroinitiator 16

Run Time Block copolymer  Mol. wt, of the block M./M,

(min) yield (%) copolymer (M,)
1 30 .5 39000 _ 2.1
2 _ 60 | 12 88000 . 1.9
3 90 25 210000 1.2

i = 300 nm; YMA =4 M; 916 = 5 mg/mL (M, = 16000)
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Figure 15. Plot of the molecular weight of the block copolymers -
of MMA prepared using the macroinitiator 16 at 300 nm

The observed increase in molecular weights of the block copolymers as a
function of the irradiation time is analogous to that observed in the cases of block
copolymerization using photoiniferters such as dithiocarbamates.™> Therefore
the mechanism of block copolymerization using the macroiniiator 16 may involve
the cleavage of the end thiocarbonylthiyl group at 300 nm irradiation and the
subsequent reversible monomer addition and termination processes (Scheme 6).
Thus the whole polymerization can be considered as a photoiniferter mediated

pseudo living radical process.
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Figure 16, GPC elution patterns of block copolymers

prepared under differént irradiation times

4.2.4. Conclusions

~ In the present study soluble and crosslinked macroinitiators containing
xanthate chromophores have been used for the photoin;iuced graft and block
copolymer synthesis. Efficient grafting of monomers with suppressed
homopolymer formation could be achieved by using copolymers of S-
methacryloyl O-ethyl xanthate (MAX) with MMA and St. The homopolymer
formation could be efficiently suppressed due to the inability’ of the resonance
“stabilized thiocarbonylthiyl radical to initiate polymerization. Photografting of
MMA using a crosslinked polymer-bound xanthate photoinitiator unraveled the
suppressed homopolymer formation in this reaction which is due to the ability of
the heterogeneous polymer-bound thiocarbonylthiyl radicals to trap the growing
polymer radicals which are present in the homogeneous solution. Macroinitiators

end-capped with thiocarbonylthiyl radicals have been shown to undergb efficient
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block copolymerization by a pseudo living radical mechanism as in the case of the

iniferter polymerization reported by Otsu and coworkers.
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4.3. Expefirﬁental

Infra-red (H_{)' spectra were recorded on a Perkin-Elmer model 880
spectrometer. The electronic spectra were recorded on a Shimadzu 2100 A
spectrophotometer. 'H nuclear magnetic resonance (NMR) spectra were recorded
on a Jeol EX 90 or a Bruker DPX 300 spectrometer using CDCl; as solvent and
tetramethylsilane as internal standard. Gel permeation chromatography (GPC) was
carried out on a Shimadzu LC-8A GPC system equipped with a refractive index
detector. Calibrations -were done with standard polystyrene samples.
Tetrahydrofuran (THF) was used as the eluent at a flow rate of 1 mL min™ at 28
°C. Thermal analysis data (TGA) were recorded on a Shimadzu TGA-50H thermal
analyser.

The monomers MMA, MA and styrene were purified by washing twice
with 5 % aqueous NaOH and then several times with distilled water. These were
then dried over anhydrous sodium sulphate and distilled under reduced pressure.
2-Hydroxyethy! methacrylate' (HEMA) and ethyleneglycol dimethacrylate
(EGDM) were distilled under reduced pressin‘e and stored in a refrigerator. AIBN
was recrystallized twice from methanol. All solvents used were dried and distilled
before use. |

S-Methacryloyl O-ethyl xanthate (MAX), MAX-co-MMA and MAX-co-St
were prepared as described in Chapter 2 of the present thesis. Thiocarbonylthiyl
group end-capped macroinitiator 16 was prepared by the photopolymerization of
MMA using MAX as the photoinitiator as described in Chapter 3 of the present
thesis. Crosslinked poly(2-hydroxyethyl methacrylate) beads (PHEMA) were

prepared as per a reported procedure.*’

4.3.1. Preparation of S—b'enzoyl O-PHEMA xanthate resin 13
PHEMA (4 g) was suspended in NaOH solution (3 N, 50 mL) and stirred
for 1 h. To this suspension, CS; (18 mL, 0.15 mol) was added and the stirring was

continued for an additional 5 h. The reaction mixture was decarited and the
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polymer beads were washed thoroughly with water, methanol and chloroform. The
sodium O-PHEMA xanthate resin 12 thus obtained was suspended in a mixture of
chloroform and acetone (1:1, 20 mL), followed by the addition of benzoyl chloride
(5 mL). The reaction mixture was stirr::d in the dark for 4 h. The resulting yellow
resin was collected by filtration, washed several times with chloroform, acetone,
water and methanol. The S-benzoyl O-PHEMA xanthate resin 13 thus obtained
was dried in vacuum to give 6.2 g. IR v (KBr) 1700 (CsHsC=0), 1055 (C=S)
cm”. Anal S, 6.7 % (2.09 mmol S/g).

4.3.2. Photografting of MMA using MAX-co-St

MAX-co-St (170 mg, 20 mole % of MAX) and MMA (10 mL, 5M in
benzene) was taken in a pyrex glass vial and stoppered with a rubber septum. The
solution was purged with dry argon for 10 min and irradiated for 70 min using a
Rayonet Photo Reactor (RPR) equipped with eight 350 nm fluorescent lamps. The
viscous polymerization mixture obtained was diluted with chloroform (50 mL) and
poured into excess methanol. The precipitate obtained was Soxhlet extracted with
THF. The extract was concentrated under reduced pressure and poured into

methanol). The polymer obtained was collected and dried in a vacuum oven for 24
h. Yield of the graft copolymer was 43 %. IR vp. (KBr) 1738 (C=0), 1252 and
1041 (C=S) cm™"; '"H NMR (300 MHz, CDCl3) & 7.1 (aromatic), 4.6 (OCH), 3.6
(OCHa); M, = 32000, M,/M, = 1.5.

4.3.3. Photografting of St using MAX-co-MMA

MAX-co-MMA (170 mg, 21 mole % of MAX) and ;tyrene (10 mL) was
irradiated for 140 min and the graft copolymer was isolated as described in
Section 4.3.2. Yield 15 %..IR vpa (KBr) 1739 (C=0), 1605 (aromatic), 1251 and
1046 (C=S), 756 and 696 (aromatic)y 'H NMR (300 MHz, CDCL)
& 7.5—6 (aromatic), 3.6 (OCHs); M, = 23000, M,/M, =‘1.4.
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4.3.4. Photografting of MMA using S-benzoyl O-PHEMA xanthate resin 13
All photografting experiments using .'the macroinitiator 13 were carried out
in cylindrical reaction vessels of pyrex glass (2.5 cm x 2 cm). Suspensions of
known amounts of the polymeric photoinitiator 13 and MMA were purged with
dry argon for 10 min. The suspehsions were then irradiated at 400 nm, selected
from a 500 W high pressure Hg lamp housed on an Oriel Optical Rail, using 340
nm long pass and 400 nm band pass filters. After irradiation for known periods at
30 £ 1 °C, the contents of the tubes were filtered, washed several times with
benzene, dried under vacuum and weighed. The filtrate was concentrated and
poured into excess methanol. The polymer formed was collected, washed with
methanol, dried and weighed. The conversion was calculated from the total weight
of the homopolymer and the polymer grafted onto the polymer-bound

photoinitiator.

4.3.5. Block copolymerization of MA using the macroinitiator 16

The macroinitiator 16 (50 mg) having a molecular weight of 1.6 x 10* amu
which was dissolved in MA (4 M, 10 mL) was taken in a quartz reaction viﬂ and
closed with a rubber septum. The polymerization mixture was purged with dry
-argon for 10 min and irradiated in a Rayonet Photochemical Reactor (RPR) using
eight 300 nm fluorescent lamps. After 90 min, the polymerization mixture was’
diluted with chloroform and precipitated from methanol. The polymer obtained
was purified again by redissolving in THF and reprecipitating from hexane. Yield,

25 % M, =2.1x10°, My/M, = 1.2.
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