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Abgtract

This thess deds with the controlled synthess of poly(lauryl methecrylae) and its
copolymers usng living/controlled  polymerization methods A brif  sudy of the
usefulness of  2tribromomehyl-2-oxazoline (TBO) as a trifunctiond  dectrophilic
terminating agent for living anionic chain ends has dso been included.

Anionic Polymerization of lauryl mehecrylae (LMA) with 1,1-diphenylhexyl
lithium (DPHLI) in tetrahydrofuran (THF) a& —40 °C results in mult-modd and broad
molecular weight digrbution (MWD) with poor initigior efficency. In presence of
additives the polymerization was better controlled. The method of purificaiion of LMA is
citicd in obtaning wel-defined polymers. Best results are obtained when the monomer
was fractionated and then didilled over cdcium hydride (CaHp) prior to polymerization
and dso when it was treated with tri-ethyl duminum and then passed through neutrad
adumina column.

The polymerization of LMA in presence of lithium2-(2-methoxy) ethoxyethoxide
(GAi1) gave polymer with broad and unimodd MWD (140). However, ue of a
polydentate  dilithium  akoxydkoxide (G3Li2) gave veay good control  over
polymerization resulting in polymers with narow MWD (1.12). In this cae it is
necessty to mantan fag and uniform mixing in the bach polymerization and the
monomer addition to the resction mixture has to be fagter than the hdf-life of the
polymerization. Good results were dso obtaned when the polymerization was caried out
in presence of both LiCl and LiCIO,. These additives resulted in polymers with narrow
MWD (£ 110). From these results it is conduded that poly(lauryl methacrylaie) (PLMA)
with narow MWD and required molecular weight can be prepared by anionic
polymerizetion in THF a& —40 °C in the presence of additives like LiCl, LiCIO, and
G3Li2

Controlled polymerization of LMA has been achieved usng aom trandfer radicd
polymerization (ATRP), usng different ligands [2,2 -dipyridine (DP), 44-dimethyl-22 -
dipyridine (DMDP), N,N’,N',N”",N"-pentamethyl diethylenetriamine (PDT) and N-(n
propyl)-2-pyridylmethanimine  (PPMI)] in conjunction with CuBr. The obtaned polymers
were characterized by moderatedly narrow molecular weight digtribution (< 1.3). Amongst
the ligands used, PPMI gave the best results and the optimum concentration of ligand with
repect to cadys and initigtor was 1.3 and the dilution required was 14 (Vi)



monomer/solvent. The kinetic experiment shows a linear fird order time-converson plot.
When PDT was used as ligand better results were obtained a low ligand concentration
and the optimum vaue was found to be 1:1 with respect to cadyst and initigior. In this
cae the kindtics of ATRP of LMA dearly indicates the presence of both transfer and
termination reactions.

The block copoymers of LMA and methyl methacrylaae (MMA) were synthesized
usng both anionic polymerization and ATRP methods. Di-block copolymers of MMA
and LMA were synthesized with good control over molecular weight and narrow MWD
usng DPHLi as initiator in THF a —40 °C in anionic polymerizetion. Initigtion of LMA
with lithium ngphthdenide (LiNgp) in THF a —40 °C resulted in PLMA with bi-modd
digribution. Preparation of di-functiond a-methyl dyryl lithium with LiNgp and a-
methyl syrene in dStu and udng it as an intiaor for LMA polymerization gave good
control over polymerizaion over a wide range of molecular weght. The tri-block
copolymers of LMA ad MMA gyntheszed usdng this initistor had homopolymer
contamingtion. This was atributed to the impurities entering the polymerization system
during sample withdrawa and second monomer addition.

The di-block copolymers syntheszed by ATRP usng CuBr/PDT cadys complex
resulted in multi-modd didribution with apparently poor initigtor efficiency. This result
was dtributed to the insolubility of the Cu(ll) complex as the viscosty increases.
Synthess of di-block copolymers with CuBr/PPMI catdyst complex gave much better
reaults The reason could be beter solubility of the cadyst complex. The multi-modd
MWD of the block copolymer obtained from PLMA macroinitistor was dtributed to the
dow crossover resction.

Modd sgudies were caried out for checking the feeshility of star polymer synthess
usng TBO ad 44-dimehyl-2-tribromomethyl-2-oxazoline (DMTBO) as  coupling
agents. From these gudies it was found that the oxazoline ring in both TBO and DMTBO
is sable towards n-BuLi a low temperaures (£ -40 °C). It was found that the coupling
reections of n-BuLi with tribromomethyl oxazolines are not quantitetive presumably due
to seric hindrance and possible sde reactions, such as, metakha ogen exchange.
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1. Introduction

Polymeric materids have become 0 pevasve in our moden life that it is
difficult to imagine life without their use Last century has witnessed the discovery of a
vaigy of new polymeric materids and exploitation of ther bulk physca properties for
commodity plagtics as wdl as high peformance engineering maerids. In recent years
the rgpid growth of dectronic and medicd technologies hes led to an understanding of
the individud polymeric molecules and thus endbles us to talor them suitably to exhibit
desrable properties. These propeties are, in turn, governed by the molecular properties
such as molecular weight, MWD (MWD) and topology. These parameters can be more
precisdy controlled in polymers prepared udng living or controlled polymerization
methods. Usng these methods, it is possble to synthesze polymers with predicted
molecular weight, narowv MWD and chain end functiondity besides preparing polymers
with avariety of architectures.

Living anionic poymerization is unique in its ability to produce polymers with
controlled molecular weight and narow MWD. It is possble to synthess wdl-defined
functiond homo polymes and block, grat and da  copolymers udng anionic
polymerizetion. Styrene-b-butadiene-b-styrene (SBS) thermoplagtic dastomer is the best
example of successful commerddization of living anionic polymerization. Severd other
methodologies were developed to atan control over polymerization and these indude
cationic, group transfer, metathess and coordinated polymerizations. More recently a
new methodology, a@om trander radicad polymerization (ATRP), has been successfully
deveoped for meking polymers with good control. The advantages of ATRP over
conventiond  living polymerization methods are it is more tolerant towards protic and
other impurities, it can be used for a wide range of monomers and can be usad in bulk,
solution, digperson and emulson modes.
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1.1 Anionic polymerization

1.1.1. Introduction

2 it was

Although the living nature of anionic polymerization was known earlier®
Sowarc and coworkers®® who first demongtrated the living polymerization of styrene
and obtained polystyrene with narow MWD. They found that under suitable conditions
trander and the terminaion reections are absent and the active species reman active
even after complete consumption of the monomer. Thus, the polymeric active Species are
cgpable of growing longer in chan length when provided with fresh monomer of the
sane type or a diffeeent monomer. Subsequently, severd research groups darted
precticing this verstile method for prepaing polymers  with  wel-defined
architectures™.

The anionic polymerization involves three basic reactions, which can be dassfied
as initiation, propagation and termination (Equations 1.1 to 1.3). Here I', M, P, P, E
and n are the initiator, monomer, polymer with chain-end active center and dead polymer
chain, teminating agent and degree of polymerization with ki, kp, and ki beng rate
condants for initiaion, propagation and termination respectively.

k.
FAM — > M* (12)
* kp *
I-M*+nM ——> Pn (12)

In an ided anionic polymerization sysem, dl the initistor molecules reect with
monomer before the propagation reactions commence, ki 3 kp, which leads to uniform
degree of polymerization in dl the molecules The polymerization procesds without any
termination or trandfer reactions and after complete consumption of dl the monomer the
propagating chans reman active until they are teminated intentiondly. When these
conditions are met the concentration of the active center in the polymerization system
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remans condant through out the polymerization resulting in polymers with narow
molecular weight digtribution (MWD).

In the living anionic polymerization the molecular weight is controlled by the
doichiometry of monomer and initistor. In the absence of Sde reections, the theoreticd
molecular  weight of the polymer initided with mono-functiond initistor can be
cdculated usng equation 1.4.

M
_ grams of monomer uo X Molecular weight of monomer (1.4)

Mn = =
M molesofiniigor ~ []o

When a difunctiond initigior is used the theoreticd molecular weight is twice as
cdculated for the mono-functiond initigior. In generd, the average molecular weight of
the polymer increases linearly with conversion in the abosence of trandfer reections.

MWD for a living polymerizetion sysem with fast initigtion was cdculaed by
Hory as ealy as 1940 and follows a Poisson distribution™?. The polydispersity  index
D, for such asysem isgiven by:

Py Pi

=1+ —_
n (P+1)2

1

1
1+ = a5
Pn

Here Py and Pn ae weght and number average degrees of polymerization. For
higher vadues of P, D vdue reeches unity. In order to achieve a living polymerization
following conditions have to be met:

1. The polymerizetion reaction should be free of termingion and trander

reactions.
Therate of initiation must be higher or equd to the rate of propagetion.

3. A dgngle type of propagating species must exis; if different propagating

species are presant, then ther inter converson should be very fast.
The propagetion rate should not depend on the degree of polymerization.
The number average molecular weight of the polymer should have a linear

relation with converson.
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Thus for peforming living polymerization reections inet amosphere or high
vacuum technique is required in order to prevent adventitious termination reaction
occurring from exposure to moisure, oxygen, carbon dioxide etc. Rigorous purification
of the reegents is necessay in order to avoid dde reections aisng from impurities
present in them. Even with a smdl amount of impurities present in the monomer or
olvent, the sysdem reslts in polymers with broad MWD with low initigtor
efficiency™™.

1.1.2. Monomers, solvents and initiatorsfor anionic polymerization

1.1.21. Monomers

A wide vaidy of monomers undergo anionic polymerization by addition to
carbon-carbon double bond (vinyl, diene type) and addition by ring opening (cydic
monomers).  Vinyl monomers having an dectron withdrawing subdituents such  as
aomdic ring, double bond, carbonyl, eter, cyano, sulfoxide, sulfone and nitro groups
ae veay susoeptible to nudeophilic addition reection with initistors. The range of
monomers that undergo  anionic  polymerizetion without Sgnificat  trander  and
termination reections ae dyrene, dienes, methecrylates, epoxides, episulfides, cydic
siloxanes and lactones®® %%,

Monomers with polar subgtituents such as carbonyl, cyano and nitro groups often
undergo dde reections with the initiator or with the propagating anions. In such a case
the controlled polymerization is not possble due to Sde reactions. Acrylonitrile, cyano
acrylates, propylene oxide, vinyl ketones acrolen, vinyl sulfones vinyl sulfoxides vinyl
dlanes, hdogenaed vinyl monomers, ketenes, nitro dkenes and isocyanites are few
exanples of monomes which ae problemaic when subjected to  anionic
pderlerization19‘20’22’23).

The vinyl monomers having functiond groups with rdaivey acidic protons such
a amino, hydroxyl, carbaxyl groups result in transfer and termination reactions in the
anionic polymerization. However, these functiond groups can be protected by
conveting them into wuitable derivaives which ae dable towards anions before
ubjecting such a monomer into the anionic polymerization. The choice of the protecting
group must be sdected in such a way tha it can be removed readily after

polymerization®*?®).
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Another important aspect of the monomer reectivity in the anionic polymerization is
the gability of the corresponding anions as deduced from the pKa vaues of the conjugate
acids of these anions The monomers with a higher pK, vaues result in anions that are
less reective and they require highly reactive organometdlic initistors The initistors
with high reectivity lead to undesrable Sde reactions in some cases and those with less
reectivity leed to a dow or an ineffective initigion. In generd, the right choice of
initiator for the anionic polymerization is supposed to have reectivity Smilar to thet of

the resulting propagating species.

11.22. Solvents
Unlike in the case of radicd polymerization, the nature of solvent affects the

kinetics of the anionic polymerizetion to a greater extent. This is due the reason that in
the anionic polymerization depending on the initigor, monomer and solvent the
propagating species exig in the form of contact ion pars loose ion pars, aggregaed
chans etc. Thexe ion pars ae in equilibrium with one another and for obtaining narrow
MWD the equilibrium condant should be high. This equilibrium dynamics depends on
the naure of solvent viz. polaity, nuceophilicity eic. Gengdly free ions are more
reective than the ion pars. Solvation of the ion pars enhances the rae of reaction
whereas for free ions, it retards the rate of reaction.

In  anionic polymerizetion diphaticc aomatic hydrocarbons and ethers  ae
generdly used as solvet as they do not react with the initigtors and propagaing
species>®#) |nitigtion and propagation reactions were found to be faster in aromatic
hydrocarbons  when compared with the diphatic hydrocarbons®?.  However they
paticipae in metdaion and chan trander reactions under ceatain conditions Benzene
undergoes rapid metdation by butyllithium in the presence of N, N, N® Nt tetramethyl
ghylene diamine (TMEDA)***® . Toluene undergoes chain transfer reections during
dyrene and diene polymerizatio™®. These Sde reactions increase with incressing
temperature. Ethers react with organometdlic initiators, polystyryl and dienyl anions to
terminate the chain growth*****% (Scheme 1.1).

For example n-butyl lithium reacts with THF a 25 °C within 2 h®. Because of
these reasons anionic polymerization in THF is usudly peformed a low temperatures
Thus, it is necessary to use saturated hydrocarbons as solvent for styrene and diene
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polymerizations. Highly poa solvents such a dimethylsulfoxide (DMSO), N,N-
dimethylformamide (DMF) and hexamethylphosphoramide (HMPA) can be used for the
polymerization of heterocyclic monomers whose propageting chain ends ae less reactive
(eg.: epoxides©.

sec-G4HoLi + — CyHip + —> CHz—=CH, + CHz=—CH
O™ i

S N
OLi

Scheme 1.1: Butyl lithium decomposition by reaction with THF

11.2.3. Initiators

Organometdlic reegents ae generdly used as initistors for the anionic
polymerizetion. Alkdi metds were fird used as initigtors for the anionic polymerization
of dienes®. The mechanisnf® (Scheme 1.2) follows an eectron transfer from the metal
surface to the absorbed monomer forming a monomer radicd anion. The radica anion
rgpidly dimerizes resulting in dianions This dianion acts as initigor to form oligomers,
which findly desorb and grow in the solution. This is a heterogeneous process and the
initiation reaction continues to generate new active centers. This leads to uncontrollable
reections with polymers having broad MWD, branching and gelation™ .

Mt + M —s MtH M
OMtt MY —> Mt M—M Mt

+ - + + - - +
Mt  M—M Mt + M ——>  Mt,M—[M ]p—M Mt

Scheme 1.2: Mechanism for anionic polymerization initiated by akali metds

But when monomers such as a-methyl styrene, 1,1-diphenyl ethylene react with
dkdi meds in poa solvets (eg. THF), homogeneous difunctiond anionic initiators
could be formed. Depending on the metd, temperature and concentration this reection
gives dimers or tetramers of a-methyl styrene®™. After a careful filtration to remove
residuad metd partidle, the solution containing dianion can be used for the initiation.
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Radicd anions generated by the reaction of higher aromaic hydrocarbons with
dkdi meds have been used in the anionic polymerization of styrene and dienes. Szwarc
ussd sodium naphthalenide initistor for demondraing the living naiure of the anionic
polymerization of dyrene These kinds of initiator form only in highly polar solvents
such as THF. Addition of THF solution of sodium naphthdenide to benzene gave a
findy divided sugpendon, which upon initistion of styrene gave polysyrene with narrow
MWD™. The mechanism for thisis shown in scheme 1.3,

;Na+

o™ & — (8- 0o

3

Na*~ CH—CHz—CHyCH Na'

CHZ—mZWPSWWWVwCHZ_CHZ

e

Scheme 1.3: Anionic polymerization of styrene with sodium naphthalenide

Polymerization of dienes with these initiator sysems results in polymers with high
12-linkages, which leads to inferior physcd propeties compared to that of polymers
with 14-linkages. If the aromatic radica anions are too dable (eg.: the radicd anion of
anthracene) then they will not initiate the polymerization.

The mog important cdass of initidors used in anionic polymerization is akyl
lithium compounds. Alkyl lithium compounds exid as aggregated pecies in olid date,
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in solution and even in gas phase’**™™. The degree of aggregation depends on the
nature of subditution of akyl group, type of solvent used and the reection temperature.
The reedtivity of these dkyl lithum compounds is inversdly proportiond to their degree
of aggregatiion. n-BuLi is more aggregeted than sBuli, which is more aggregated then t-
BuLi. Aggregaion inversdy affects the rae of initiation. Thus when aggregaion is
more, the rate of initigtion is reduced but the rate of propagetion remains unaffected. In
the case of polymerizaion of dyrene and dienes in nonpolar solvents with nBuLi as
initiator this leads to incomplete initiation and broad MWD. Due to these reasons, s-BuLi
is preferred for the polymerization of styrene and dienes in nonpolar solvents Aromatic
solvents tend to decrease the average degree of association and hence result in faster
initigtion rates than in diphatic solvent™®®. Because of the hexameric aggregation of n-
buyl lithium, the polymerization with this initiator is peformed & 50°C to incresse the
rae of initiion relaive to propagation™. Because of their reectivity towards ether
solvents anionic  polymerization udng these initistors in THF should be caried out at
low temperaiure. In diphatic hydrocarbons these are quite stable and the decomposition
rates are very low at room temperature.

The other initidors used in  anionic polymerizetion reactions ae cumyl
potassum™, flourenyl lithium™®?  and ester enolates™>®  besides various  di-functiond
initictors based on the reation of butyl lithium with di-vinyl subdituted aromatic
compounds®®®,

1.1.3. Living anionic polymerization of (meth)acrylates

1.1.3.1 Secondary reactionsin anionic polymerization of (meth)acrylates

The anionic polymerization of MMA udng dasscd dkyl lithium initistors
proceeds with termination and transfer reections in both polar and non-polar solvent even
a low tempeaure (< -60 °C). The dkyllithium initiators used in anionic polymerizaion
of dyrene and diene type monomers are too reective for dkyl methacrylates. This leads
to the termination reactions involving initiator atack on the carbonyl group of monomer
and polymer. (Scheme 14) and rexults in polymes with broad MWD and low
conversorf*® . Further, it was found that the propagation rate condant is dependent on
degree of polymerization® at the initial stages of MMA polymerization.
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It is dealy eddblished tha intramolecular and intermolecular solvetion of metd
cation is one of the man reasons for the sde reactions. The propagating centers in the
anionic polymerization of methacrylates, exis as different aggregates and hence poses
problems in controlling the anionc polymerization of akyl methecrylaes™™. The
dynamics of equilibrium between aggregated and nonraggregated  species  strongly
influence the MWD. The slow eqilibrium dynamics leads to broad MWD™? ™.

Solvet  polaity hes profound influence in the anionic polymerizaion of
(meth)acrylates. Solvent polarity adong with the caion dze largely affects the reactivity
of the propagating species besides dictating the mode of addition™. Mono-disperse
PMMA was prepared in THF using diphenyl sodium as initigtor™. Schulz’*™ and

Initiator destruction: CH, CH,
"M+ + CH=C —= CH2=| + CHO M+
C=0 C=0
\_/C (l)CH3 |
Monomer carbony! attack (\Wrong monomer addition): CH,
CH, CH, CH; C=CH,
s CH— CM* 4 CH,==C o i CH;=(—C=0 4 CHiO™ M+
c=0 c=0 ¢=0
(l)CH3 |ocH3 OCH,
Inter-molecular polymer termination: %?H3
CH, CH, cH, T _
wawmm(;HZ_C'M’r + ww Commwwe —— wwwCH,——C C=0 +CH3zOM*
Cc=0 =0 =0
OCH, OCH3 OCHj,

Intramolecular back-biting

CHy CH CH, CH

CH, 2\ _CHy
_— cooay, . wmwor Reocon.
TR e :
7z O,
COCHs | ~CH, © \c<
=0 | —CH,
OCH, §=°
OCH,

Scheme 1.4 Secondary reections in anionic polymerization of MMA
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Mita® have shown thet the anionic polymerization of MMA in THF bdow —65 °C using
Na" or Cs" counterions proceeds with insignificant amount of termination. However, the
control of the polymerization was log a higher temperatures. When MMA
polymerization was caried out in 12dimethoxyethane (DME) with benzyl-digo-a-
methylstyryl sodium initiator, the obtained PMMA had narower (< 1.01) MWD when
compared to the polymer obtaned in THF. This was explained by assuming that there
exists an eqilibrium between different types of contact ion pairs™ (Scheme 1.5).

Severd research groups dtempted to enhance the livingness in the anionic
polymerization of (meth)acrylic monomers by using various drategies, which are briefly
described below.

CH,
CHZ‘C/COOCH:a
CH
ENG C o e VAN
CHZ\C/ /Cd/ H3 CHZ\C Y. CHo
THF M+
AN
C C\ >-60C /CQO/ III d
OCHZ{ {\ 4 ! C
3 \\ ! N/ oC ~
o obr, ¢ e,

2
oc
(A) Intrasmolecular solvated contact ion pair  (B)

N\ o/

, —OCH,
THR--—-M* |y
i -0
THE
(C) Solvated contact ion pair

Hy

2
;
/

CH
|
c—c-d
AN
c

Scheme 1.5: Propagation via contact ion pairsin MMA polymerization

1.1.3.2 Strategies for enhanced livingnessin (meth)acrylate polymerization

1.1.3.2.a Moaodificationsin initiator systems

Rempp and coworkers™ reduced the reectivity of the propagating anion by end-
cgping the gyryl aion  with 11-diphenyl ehylene before initiing MMA
polymerizetion in ther successful atempt to make block copolymers with styrene and
MMA (Scheme 1.7).

10



Introduction

-+ _ MMA
MMMMNACHZ_CH-Li-'- + CH2:C ——» MwwWW(CH,-CH-CH,—CLiT ————» pSmww—PNMMA

Scheme 1.6: Synthesis of PSh-PMMA using DPE end-capped polystyryllithium

Bywater and coworkes™” used deicdly hindered, less reative 1,1
diphenylhexyllithium (DPHLi) as the initistor for the MMA polymerization in toluene
This reduces the extensve dtack of initiator on the carbonyl group of the monomer and
the obtaned polymer exhibited a broad but uni-modd MWD unlike in the case of
butyllithium initisted sysem where bkmodd MWD was observed. It was found tha this
initictor under favorable conditions could effectivdy initiate the polymerization of
styrene and dienes®.

Inoue and coworkers™® used dkyl aduminum porphyrin compounds as initistors
for the living polymerization of dkyl (meth)acrylates. The reection proceeded only in the
presence of vigble irradigtion with quantitative converson and narow MWD (Scheme

1.7).

Fh
Y\ \
CH H
> /3 Visible light /3 +nMMA
"N m PO T T ——=, _ PMMA
{ %0 C—OAI(TPP) + H*
a4 con, L

P 3

Scheme 1.7: Aluminum porphyrin initiated MMA polymerization

Organo lanthanide Il complexes, when used as initigtors for the polymerization of
methecrylic monomes gave polymes with high molecular weight and rdatively narrow
MWD (<1.3)%®. These initistors shows good catdytic adtivity in toluene in the
temperature range of 40 and -78 °C and the polymerization was living even after one
hour as demondraied by the monomer resumption experiment. Yasuda and coworkers
isolated and characterized the intermedate 1:2 adduct of ((GMes), SmH), with MMA.
The proposed mechaniam is shown in scheme 1.8.

11
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/ 3
OCH
3 o— CH3
oS AN / CH C\CHZ—R
; oH + MMA —> n
Sm —CH, / X
7 Ay C=CH,
R---CH 3 /
2 Oo=C
OCH

Scheme 1.8: Initiation of MMA with Lanthanide 11 complexes

Hatada and coworkers®™® reported the use of triakyl auminum: t-BuLi complex
& initigor for the polymerizaion of MMA in toluene and produced highly syndiotactic
PMMA with narow MWD. For better control, the Al/Li ratio has to be higher than 3 and
the complexaion of the initiaor and duminum dkyl is essentid prior to monomer
addition. It was dso shown tha dericdly hindered duminum dkyls ae required to
achieve control a ambient temperaure®®. Miller and coworkers® identified the
presence of enolduminaie "a€' complex as the active center in MMA polymerization in
the presence of tridkyl duminum (Scheme 1.9). Ther detaled kingtic studies have
reveded that a sharp decrease in the reection rate a certain monomer conversion as seen
from the "kink" in the fird-order time-converdon plots The presence of "kink" was
atributed to the formation of extended coordingtion of ‘a€ complex, which leads to a
network formation a higher converson. Addition of lewis acids hdped in reducing the
network formation.

CH
3
_ + ™H CH C\ OC|-|3
O—AIR,Li 5 /
N / 3 /CHs 3\ / G
o= + o=’ ——> tBu—C|-|2—C| \
tBu—CH \ o)
u 5 OCH3 c=0 /C\ +/
| OH; 0—>AIR, L
OCH 3

3

Scheme 1.9: Penultimate coordination of aluminum ate complex
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In a different Srategy Webster and coworkers!®®), in DuPont, developed a new
method cdled group trander polymerization (GTP) for the living polymerization of
methecrylic esters usng glyl ketene acetd as initigtor. In this process reactive chan
ends ae covdently bound to tridkyl Slyl group and the polymerization proceeds by
repested monomer addition to the growing chan end carying a cadys coordinated
slyl ketene acetd (Scheme 1.10). It was obsarved tha the termination and transfer
reactions areinggnificant.

Me  OSiMe, H,  TBABB Q| [2 /
= + CH= —_— C—C—CHZ—C=C
/ 2\ THF, RT /] N
M€ Me | OMe Me OR
OR CH,
n CH:(,[
2\
c—=o0
R
o) Me CH o) Me CH CH, OdMe
N [ 3 N\ [ 3 [ 3 / 3
C—C%CHZ—C—}H - o—lo—GOHZ— = O=¢
omd e )ZO“” omd e )ZO OR

Scheme 1.10: Group transfer polymerization of methacrylic esters

One of the main driving forces for the Sde reactions in the anionic polymerization of
(meth) acrylic esters is the coordination of meta cation with ester carbonyl group of the
monomer and growing polymer chain. In order to circumvent this problem Regz and co
workers®® and others”®® used new initigtors with metd free cations They used
tetrabutyl ammonium sdts of mdonaes thiolaes cabazols ec as initiagors for the
polymerization of n-BA and acrylic monomers. These systems were of great interest due to
the fact that the polymerizations were carried out & ambient temperatures. However it has
been demongrated that the meta-free initiators result in incomplete initiation as a result of
profound effect of ion pairing during initiaion™. Hence, anions of higher pKa vaues with
gndler dkai cations are necessary in order to Sabilize the resulting enolae anion through
the increasad formation of ion pairs and aggregetes leading to a complete initiation.

Zagda and Hogenesch'®™ reported a living polymerization of methacrylates using
tetrgphenylphosphonium  counterion a ambient temperatures in THF resulting in - polymers

13
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with predictable molecular weights with high initistor efficency and narow MWD. It was
found that this polymerization involves a dynamic equilibrium beiween active species and
dormant species with a phosphor ylide as dormant species'®'® (Scheme 1.11).

o :
— CH, O 3 4
Y T \ood = Nl 4 PR
3 \ - / \ / \
O-CH, CH3 CH

|
m— CH3

Scheme 1.11: Dynamic equilibrium between ylide and phosphonium enolate

1.1.3.2.b Ligated anionic polymerization of (meth)acrylates

The effect of dkai metd akoxides on the anionic polymerization of MMA was
sudied extensvely’®™?. It was shown that the addition of lithium-t-butoxide increases
the stability of the active centers by forming a 11 adduct with the initigor™. This
reduces the cydization of odligomers in MMA polymerizetion thus increesng the higher
limiting conversons and rdaivdy narow MWD™. Baskaran and coworkers™® have
used TMEDA &s the chdating agent in the controlled anionic polymerization of MMA.
The resulting polymers had predicted molecular weights and narrow MWD (1.2).

Teysse and coworkers™™™® firg demonsrated the effect of akai hdide on the
anionic polymerization of methacrylic monomers. They showed that the dkdi hdide
forms a mtype complex with the propegaing ion par, which perturbs the equilibrium
dynamics of ion pairs reaulting in the living nature in the polymerization of MMA and t-
BA. It was alo found thet the use of LiCl as additive gives better results only in polar
lvents, like THF a higher molar retios of additive to initigtor (310:1) and & low
temperatures (-78 °C). Miller and his coworkers™® sudied the mechanism of this
process and found that the rate of polymerization decresses with increasing concentration
of LiCl. They dso found that the formation of adduct actudly reduces the aggregation
and increeses the rate of equilibrium between free and complex ion pars than that of
asociated ion pars This results in apparently sngle diginguishable propageting species
and hence lowersthe MWD.

Teysse and coworkers®®  successfully used DB-18CE-6 crown ether to
chdate the lithium caion in the anionic polymeization of MMA ad t-BA in toluene

14
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with diphenylmethylsodium as initistlor & O °C. Maruhashi and Takida employed dkdi
dkoxyakoxides as additives in the anionic polymerization of methecrylic monomers’®,
Later, Teysse and coworkers™™ used lithum 2(2methoxy ethoxy ethoxide) as
ligand. This gave very good control over the living polymerization of MMA and t-BA in
THF and non-polar solvents a -78 °C.

Baskaran and Sivaran?) reported the anionic polymerization of MMA in the
presence of LiClOs They showed that the anionic polymerization of MMA and t-BA in
presence of LiClO, procesds in a living manner & -78 'C in THF. The living nature of
MMA polymerization was observed in toluene- THF mixed solvet (91 viv) d0 and in
THF, the polymerization being living even a higher temperature (-40 'C). From the
kindic dudies, they obtaned a fractiond reaction order indicaing the presence of
asodaed ion pars in eguilibrium with non-associaied species. The fractiond  reaction
order indicates that the LiClO, does nat perturb the aggregetion effectively. However the
propagetion rate congtant in presence of LiClIO,; was lower due to the formation of less
reactive mixed aggregates.

More recently, Baskaran® has reported the anionic polymerization of MMA in
THF a higher temperature ranging between 40 and 30 'C udng dilithium
dkoxydkoxides as additives in conjunction with 1,1-diphenylhexyllithium. Rdaivey
narow MWDs were obtaned (L1< MWD <13) and the living naure of the
polymerization in this case was shown by monomer resumption experiment. It was
assumed that additives of this type result in better co-ordingtion with enolae ion pairs
forming mixed aggregates with fagter equilibrium dynamics

1.1.4 Architectural control using anionic polymerization

The mgor advantage of the living anionic polymerization lies in the fact thet the
process is free from termination and trandfer reactions. This endbles one to meake
polymers with predetermined chain length with narov MWD. Utilizing this ability of
living anonic polymerization it is possble to congdruct polymes with different
architecture such as block copolymers, graft copolymers, functiond polymers, teechdic
polymers, star polymers etc. (Scheme 1.12) .
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Scheme 1.12: Macromolecular architecture using anionic polymerization

1.1.4.1 Block copolymers

Block copolymers ae conddered to be a combindgion of two or more
macromolecules joined covdently a its one or both ends When these ssgments are
incompatible the microphase separation takes place a the polymer interface forming
domains and giving rise to useful propeties in buk and in souion®**3. The block
copolymers were used in vaious goplicaions as compdibilizers, dispersng  agents,
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thermoplagtic dastomers etc. Anionic polymerization, due to its trander and termingtion
free nature, was proven to be the best method for preparing block copolymers with
definite chain length of the blocks and narrow MWD?9132133),

In generd the block copolymers are made by sequentid addition of monomers. In
order to prepare pure block copolymers without homopolymer impurity it is essentid to
prevent any chain trander and termination of the living carbanion chain ends. Besides this
the crossover reaction from the living polymer chan end to the second monomer should
be fast. This depends on the pK, vaues of the conjugate acids of the monomers.
Depending on this the monomer addition sequence has to be decided to achieve a
successful block copolymerization™?.

However, different goproaches were used for making ABA type triblock
copolymers>192123131-181%) - These indude (8) the threestep sequentid addition of
monomers, (b) twosep sequentid addition followed by coupling reaction and (C) the use
of d-functiond inititor with two-dep sequentid addition of monomers. The limitations
of method () are the increased probability of introducing impurities and more importantly
the differences in the crossover reactions in the find two deps These limitations can be
over come by usng method (b). This reduces the extent of impurity introduction besides
removing one crossover reection from the process. However, in order to achieve pure
block copolymer the coupling reaction has to be 100% efficient. Mantaning the
goichiometry of coupling agent with the living anion is quite difficult. This problem can
be overcome by usng method (c). The main drawback of this method is the difficulty
associated with the preparation of di-functiond initiators that are soluble in non-polar
solvents for diene polymerizatiorf 42136137,

1.1.4.2 Sar polymers

Sa polymers ae branched polymers with severd chans linked together a a
dngle jundion point®¥. Wedl-defined sar polymers with defined number of chains
(ams), chain length, molecular weight and compodtion are very important to understand
in generd the effect of branching on the polymer dructure. Different types of dar
polymers like homopolymers, heteroarm da polymers, sar block copolymers etc. are
known™. Anionic polymerization provides the best method for prepaing these polymers
with high purity.
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There are two ways to prepare star polymers based on the sequence of reections.
Ore is armfirst method and the other corefirst method. In the armfirst method, linear
polymer chans were prepared and these chan ends ae coupled to form the dSar
polymer™®*2_ " The coupling reections indude copolymerizationcross linking  of ~ living
lineer polymer chains with di-functiond monomers like divinylbenzene and usng multi-
functiond dlyl hdide type coupling agents. To determine the number of branches (degree
of branching) it is essentid to chaacterize the polymer in each gep. In case of
divinylbenzene type coupling agents, the degree of branching can be controlled by the
raio of anion to the difunctiond monomer. But this often results in multi-modd and
broad MWD with an average degree of branching. Star polymers with narow MWD and
uniform degree of branching can be obtaned by usng slyl hdide type coupling agents by
carefully mantaining the soichiometry of coupling agents with the living anions.

In corefirs mehod multi functiond initistors ae used to polymerize the
monomer to yidd sar polyme™. It is important that dl the initiating sites initiate the
polymerization smultaneoudy to get a narow MWD. Sa block copolymers can be
prepared in a dmilar way by firg meking the block copolymers followed by coupling or
by seguentid addition of monomers to the multi-functiond initiator. Hetero am dar
polymers (mikto am dar polymers) are prepared by fird making the dar polymers usng
divinylbenzene type coupling agents and then using this as the multifunctiond initiator to
polymerize the second monomer®.

1.1.4.3 Functional polymers

Polymers with in-chan or end-chan functiondity are used for chan extenson,
reection blending, branching, cross linking with poly functiond reagents coupling with
reactive groups of other oligomers or polymers, polymer supported organic synthess,
initiation and polymerization of other monomers*49.

Living anionic polymerization provides one of the best methods for prepaing
functional polymers with known molecular weight, dructurd compodtion and narow
MWD and high functiondity. The man gpproach involves the use of functiond
intigtors'¥”  or functiond terminating agents*®® in anionic  polymerization to produce
functiond polymers. Important parameters for choosing these resgents are tha, the
protected functiond group should not undergo undesred dde reactions with the living
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anionic chan ends and the method of de-protection ater the polymerization should be
done a mild codtions The mgor limitaion of the functiond initistor is their
avaladility. The mehodology involving terminaion of the living polymes with
functiona  electrophiles is more slited in this regard. Substituted syl halides™*™® and
1,1-diphenylehylenes®Y e widdy used for this purpose It is very important to
thoroughly characterize the prepared functiond polymers in order to optimize thee
reactionsfor generd utility.

1.1.4.4 Macromonomers

Macromonomers ae defined as the macromolecular monomer or as the
macromolecule with a polymerizeble end group like vinyl, oxirane dio ec. Though
macromolecules with polymerizeble groups are mede ealier, it was Milkovict® who
presented the concept of macromonomer.

The preparation of macromonomers can be achieved by four methods™?, namely,
(D intigtion method — this involves the initigion of the living polymerization with a
resgent processng a polymerizable group. (2) termination method — this involves the
teemingtion of living polymerization with an dectrophile having a polymerizable group.
(3) reaction of a-functiond polymer with a compound having polymerizeble group (2-
dep). (4) polyaddition usng a bis-unsaiurated monomer as one component. In al these
methods care should be taken so hat the reaction does not affect the polymerizable group.
Severd macromonomers  with  Syrenic, methecrylic, vinylic, dicarboxylic, dihydroxylic
diamino end groups with different backbone polymers have been prepared.

Macromonomers ae used manly for meking wdl-defined graft and block
copolymers  The conventiond methods for meking graft copolymer from a polymer
backbone do not result in a defined dructure. But by using the macromonomer technique
it is possble to desdgn graft copolymers with defined molecular weight, narrow MWD,
number of grafted chains combinaion of grafted and backbone polymer chans for

desred purposes.
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1.2 Atom transfer radical polymerization (ATRP)

1.2.1. Introduction

Radicd polymerization involves radicd generdion, initigtion, propegetion, transfer
and termination (Scheme 1.13). Here I, I', M, P and P are radicd initiator, free radicd,
monomer, growing chain end and dead polymer respectively. kg, K, Ko, kio ki and ki are
rae condants for disodation, initiaion, propagdion, terminaion by combingtion,
digoroportionation and transfer  respectivdly. In  order to achieve control  over
polymerization the initigion should be fast and the chan bresking reactions like trandfer
and termination has to be absent. But the radicd active centers are highly reective when
compared to ther ionic counter pats and hence it is quite difficult to avoid these
undesired reactions.

I #p I* (Radical generation)
hnor D
M — K M (Initiation)

k
—M*+nM —L— | —M—M*(P,*) (Propagation)

Pi*+ Pp* ———— Pum)* (Termination by Combination)
Py*+ Pt — Kd P, + P, (Termination by Disproportionation)
P*+ Ss—H ke P, +S* (Termination by Transfer)

Scheme 1.13 : Genera mechanism for free radical polymerization

The thrus towads achieving controlled radicd polymerizations was provided by
Fischer™ and later by Dakh and Finke™®. They discussed the concept of control and
sectivity in  addition reections involving radicd intermedistes and predicted wide-
ranging synthetic applications for the same. Severd research groups atempted to agpply
this concept for achieving controlled radicd polymerization. Vaious drategies were
adepted to achieve controlled polymerization usng radicd initiated process  One
agoproach was to reduce the active center concentration, which reduces the rae of
termination to a greater extent when compared to rate of propagetion. This is due to the
fact that the rate of propagation is directly proportiond to active center concentraion
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where as the rate of termination is directly proportiond to the sguare of active center
concentretion.  Beddes, due to the diginct diffuson raes of polymer radicds and
monomer, termingtion reactions are reduced compared to propagation.

In a different gpproach, the propageting radicals are dabilized to minimize the
undesred reactions. But dabilizing the propagating radicd aso decreases the rae of
propagetion to a grest extent besides suppressing the termination reections. Hence the best
way to achieve control of the radicad polymerizaion is to temporaily Sabilize the active
centers by converting them into persstent radicas or dormant species. To achieve control
of the polymerization, the active centers should exist as dormant species, which should be
in fast equilibrium with the active centers (Scheme 1.14).

X*

e [\ *

- X*

(Active species) (Dormant species)

Scheme 1.14: Equilibrium between active and dormant specie

Extensve ressarch has been devoted to achieve living/controlled radica
polymerization in the last decade and the drategies adapted were described daborady in
sverd reviews™ ™. All these methods drive to establish a rapid eguilibrium between
the active and dormant species These dormant species are alkoxy amines in dable free
radicd polymerization (SFRP) or more conveniently caled as nitroxide mediated radica
polymerizetion (NMP), thioeters in reversble addition fragmentation chan trander
polymerization (RAFT), adkyl hdides in aom trandfer radicad polymerization (ATRP) or
degenerdtive trander polymerization (DT) and even organometdlic species in trangtion
metd mediated polymerization. Free radicals were generated by a spontaneous thermd
process in NMP, reversble degenerative exchange process in DT and RAFT and by a
cadyzed reaction in ATRP. Amongs these methods ATRP has been devdoping most
rapidly and a brief introduction is given here to this method.

21



Introduction

1.2.2. Atom trandfer radical polymerization

Trandtion metd mediated atom trander addition (ATRA) reections are wdl known
in the literature™ "), These reactions proceed by the transfer of an aom or molecule
from the subdrate to a trandtion metd complex generating radica intermedistes. These
radicds paticipate in further reection by intra or inte-molecular addition to unsaturated
group. In ATRA the subdtrates are chosen in such a way that the addition product is much
less deble than the initiating radicd thus it irreversbly adds to the oxidized trangtion
metd complex acting as a persgent radica to give the required product molecule. If the
dating and product radicas are of dmilar reactivity it is possble to repeat the cataytic
cyde for multiple additions of unsauraed monomes leading to a polymerization
reaction.

Utilizing this trandtion med medigded aom trander addition mechaniam
Savamoto™®  and Mayjaszewski'™  independently reported the controlled  radicd
polymerization. This process was termed as aom trander radica polymerizetion (ATRP)
(Scheme 1.15). The polymerizatiion is a multicomponent sysem composed of monomer,
initiator, catay<, ligand and solvent, which are discussed below.

Kact
R—X + M{n)—Y /Ligand ~—F7—— R~ + X—Mt(h+1)—Y / Ligand
Kdeact AN
ok
Kp A
Monomer R

N . .
Termination

Scheme 1.15: Transition metal catalyzed ATRP

1.2.3. Componentsin ATRP
1.2.31. Catalyss

Cadyd is the most important component of ATRP for determining the postion of
equilibrium dynamics between active and dormant species Modly used cadyds in
ATRP ae transtion metal catdysts based on copper™®®®), nicke™®*®, iron'®) and
ruthenium™®*%?  (scheme 1.16). The prerequisites for an effident catdyst are 1) two
readily avalable oxidation daes separated by one dectron, 2) reasonable affinity towards
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a hdogen aom 3) rdaivdy drong complexation with ligand and 4) an expandable

coordination sphere to accommodate a (psuedo) haogen.

N— 1 N
x/\
X
X =Br, Cl
?l Cl
. I
PhSP“I)Fe\ BUSN“I')FE OC““)FG
PhgP cl BuN” g oc” N
< PC
PPhs PPhg | 3
| PhSP\l _H Ru CII;RU
Cl'~Ru u P cl \ \
phop” MapPhy Phe” 11 PPhy O\ PR P
cl CysP
||3f nBugNi,, .Br
PhzPu,,, . "Nis N— Nj —N
Ni ~ e I
Php?” e o B |
Br

Scheme 1.16: Transition metal complexes used in ATRP

Copper mediagted ATRP have been extendvey dudied with hdides as

counterions.  Styrene, methyl acrylate (MA) and MMA were polymerized successfully

with a linear increase in molecular weight (up to 100 000) and farly narow MWD (< 1.5)

using cuprous hdides complexed with bipyridyl ligands'™™®. Based on
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expeimentd data it was proved that the polymerization usng thee catdyst sysems
proceed via radicd pathway™. Polymerization was tolerant to a variety of functiond
groups such as dcohols and amines and insendtive to additives such as water, methanol
and acetonitrile™. Reverse ATRP was achieved using Cu (1) complexes and azobis
isobutyronitrile  (AIBN)?%31%.1%)  Counterions  other  than  hdides, such &g
carboxylates™, hexaflouro phosphate’®, thiocyanate™, triflae®™® and CuY (Y= O, S
Se, Te™™ have dso been used in copper mediated ATRP The polymerization rate
increased with copper acetate a the expence of control, but better control was achieved in
this sysem by adding smdl amount of Cu(l) or Cu(ll) hdide, while mantaning the fast
polymerization rate'®.

The ided cadys for ATRP should be highly sdective for aom trander and
should not participate in other Sde reactions such as redox process. The catdytic activity
is different for different monomers and is srongly ligand dependent. Very active cadyds
with equilibrium constants (K) > 10° ae not siitable for methacrylates, whereas
acrylamide reguires higher catalytic activity'™.

1.2.3.2. Ligands

Ligand plays a crwcid role in ATRP by controlling the solubility of the complex in
the reaction mixture and ensures dability of the complex in different monomers, solvents
and temperatures. It adjudts the redox potentid around the metd center, thus, affecting the
reactivity and equilibrium dynamics of the aom transfer proces®™. They can fine tune
the sdectivities and force the complex to paticipate in a one-eélectron transfer process
needed for ATRP. The ligands can dso facilitate the remova and recycling of the etalyst
dlowing the immobilization of the catdy<.

Vaious ligands based on nitrogen and phosphorous have been used in ATRP.
Nitrogen basad ligands (scheme 1.17) have been particularly successful in copper and iron
mediated ATRP+2%2) where as phosphorous, sulfur, oxygen based ligands have been less
effective. The dectronic and deric effects of the ligands are importantm). Catdytic
activity is reduced when there is excessve deric hindrance around the metd center and
dso when the ligand used had drongly eectron withdrawing subdituents. It was adso
observed that the activity of N-based ligands in ATRP decreases with the number of
coordinating stes i.e. Ny > N3 > N, >> N; and with the increesng number of linking C-
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aoms i.e G > G >> G4 Adctvity is usudly higher for bridged and cydic sysems than
for liner andogues. Another importat condderation in choosng the ligand is the
possble Sde reactions such a the reection of amines (especidly diphaic) and
phosphines with akyl hdides™. These side resctions are reduced when tertiary amines
are used as ligands and minimum when the ligands are complexed to CuBr?™.

| N N s N/_\N
AVamVi ﬁ“ﬁ/ 4 ‘> Q/N\N> N

N— —/N N /ll\l N_ | / ___/ \

Scheme 1.17: Nitrogen based ligands used in ATRP

Phosphorous ligands have been used in ATRP in conjunction with mog trandtion
metds such & ruthenium®®?®), rhodiun?®®,  rheniun?®, nicke™™®?®, iron™™Y  and
pdladum?®. Amongst the phosphorous based ligands (mosly PRs type), phosphines
diglay a high cadytic activity ard good control of the polymerization. Recently,
cydopentadienyl, indenyl and 4-isopropyl toluene type ligands were used in ruthenium
based ATRP and these ligands result in more reactive cadyds than the ones obtained
with phogphorous™®21122 - Oxygen based ligands such as phendls and carboxylic adids
have also been considered asligandsin ATRP™ "),
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1.2.3.3. Monomers

Vaious monomes such a  dyrene aubdituted sSyrenes,  (meth)acrylates,
(meth)acrylamides, dienes, acrylonitrile etc. have been successully polymerized using
ATRP. Each monomer hes its own equilibrium condant (Keq = Kat/Keeo) fOr active and
dormant species in ATRP even with the same catalyst and conditions. The product of K,
and Ke detemines the polymerization rae Thus the polymerization will occur very
dowly if K is too smdl. This could be the plausible reason why polymerization of less
reecive monomers like olefins, hdogenated dkenes and vinyl acetaie ae not yet
successful'™. Because of this resson, optima conditions for ATRP such as the catayst
type, ligand, solvert, temperature and additives are to be chosen carefully for each
monomer.

Styrene and its derivatives were polymerized using ATRP with coppert®214219)
rutheniun™®, iron™?, rheniunt® catdyst sysem to a molecular weight range of 1000 —
100 000. Amongst them, the polymerization usng CuBr/dNbpy as the catdys ligand
complex and dkyl bromides as initistors & 110 °C has been extensvely studied. When
chloride was replaced in place of bromide, smilar polymerizetion raes were obtained a
130 °C*®. Good control was obtained even a 80-90 °C in a reasonable time when a more
efficient CuBr/PDT?” or copper acetate (CUOAC)/CuBr/dNbpy™®” catalyst systems were
used. However, to maintain a sufficiently large propagetion rate, to increase the solubility
of the catdys complex and to avoid vitrification a high conversons higher reaction
temperatures (> 100 °C) are required for styrene. But better control is obtained a lower
temperatures, presumably due to a lower contribution of the therma sdlf -initistion® 9.
The polymerization can be caried out in bulk or in solution, but as the dability of the
halide end group depends on solvent?™®, non-polar solvents are preferred. A wide range of
dyrene derivatives were polymerized by ATRP in a controlled fashion and obsarved tha
the styrenes with electron withdrawing groups polymerize faster®.

ATRP of acrylates has been reported with copper™ %29 nthenium®® and
iron”?) based cadyst sysems. Amongst them copper systems appears to give best results
and this could be due to the fast deactivation of the growing acrylic radicds with cupric
haides™. Well define polymers in the molecular weight range up to 100 000 and MWD
< 1.1 were prepared. Depending on the catdyst system used a wide range of temperatures
can be used to achieve controlled polymerization within ressondble times. When trig2-
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(dimethylamino)ethyllamine  (MeTREN) was used in conjunction with CuBr as the
cadys sysem for methyl acrylae (MA) polymerization, poly(MA) was obtained in 1 h
a ambient temperature with narow MWD (1.10%?. A wide range of acrylates such as 2
hydroxyethyl acrylate (HEA)Z*?Y, glydidyl acrylae™™, t-butyl acrylae™, long chan
dkyl aorylaes®”, and aorylaes with fluorocarbon sde  chain?®?  have been
successully polymerized usng ATRP methods.

ATRP of MMA have been reported with coppe®®Y  rutheniumt™®?®),
nicke™®2%) jront®19 pdladun?®, and rhodium®”  catdyst complexes. The fadile
polymerizability and the large range of avalable catalysts for the ATRP of MMA is due
to the relative ease of activation of the dormant species and the high values of Ked 2. The
Ky vaues ae too high, when MeTREN was used as ligand, to obtan a controlled
polymerizetion. Mot polymerization were caried out a 70 — 90 °C. Solvent is necessary
to solubilize the forming PMMA, and to kegp the growing radica concentration low.
Under comparable conditions MMA has a dggnificantly higher Ko than styrene and
methy! acrylate, necessitating higher dilution and lower catalyst concentration™™.

Initiation plays an important role in ATRP of MMA. Bes initistors for MMA
indude sulfonyl chlorides™ and  2-hdopropionitrile’™” due to their suffidently large
gopaent raes of initiation. Well-defined PMMA was obtained in the molecular weight
range up to 180 000. Other methacrylic esters such as n-butyl methecrylae®™?9, 2-
(dimethylamino)ethyl methecrylate®™, 2-hydroxyethyl methacrylate  (HEMA)®®
methacrylic acid in its akyl protected form®™”, flourinated methacrylic esters® and
methacrylates  with  oligo(ethyleneoxide)  substituent™  were  successfully — polymerized
usng ATRP. Other monomers poymeized by ATRP indude acrylonitrile®®),
(meth)acrylamide®*Y, 4vinylpyricing®?.  Alternating  copolymers  of  isobutene®®  and
maemides™®?*?*) \were also attempted by ATRP methods.

1.2.34. Initiators

For a successful ATRP, initiating sysem is very important as it determines the
molecular weight of the polymer. The initisting sysem must be cgpable of fadt initiction,
compardble to propagation, and cause minimad dde reections A wide vaiety of
compounds can be used as initigtors in ATRPY™® such as dkyl hdides, benzylic hdlides,
a-hdo edes a-hdo ketones a-hdo nitriles sulfonyl hdides etc. The stabilizing group
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order in the initiator is roughly CN > C(O)R > C(O)OR > Ph > Cl > Me'™. Multiple
functiond groups may increaese the activity of the akyl hdide Tetiay hdides are better
initiators  than the secondary ones which ae better than the primay dkyl hdides.
Chlorides ae least efficent initistors when compared with bromides and iodides
However, iodine besed initigtors ae light sendtive and form complexes of unusud
reectivity with metd centers and the R-1 bond may be cleaved heterolyticdly thus
complicating the ATRP with degenerative transfe”™.

In generd, same hdogen is used in both the initiator and the catdys, however,
haogen exchange can be used some times to obtains better results?®. In such a system
(R-XMe-Y, X, Y = Br or Cl) the end group will be chlorine due to the sronger dkyl-
chloride bond. Psuedo-hdogens were dso used ATRP™. It is necessary to have a
dructure reectivity corrdaion for a successful ATRP, and this should include both
initistor and catalyst dong with the effects of solvent and temperature.

1.2.35. Solvents, temperature and additives

ATRP can be caried out in bulk, solution, suspenson or emulson. Solvent is
some times necessxy to achieve good control over polymerization, epecidly when the
growing polymer complex is not soluble in the monomer. Vaious solvents such as
benzene, tolueng anisole, diphenyl ether, ehyl acdae acatone, dimethyl formamide,
ethylene carbonate, dcohol, weater, carbon dioxide and many others were used in ATRP
for different monomers. Solvent for ATRP has to be chosen in such a way that the chain
trandfer to solvent, catdyst poisoning by the solvent™, solvent assisted side reactions®™
should be minimum. The dructure of the catdyst changes in different solvents®®, and
soluhility of the catalyst is better in polar solvent<™®.

Temperaure of the polymerization in ATRP affects the rate of polymerization
proportionaly. With increesng temperature both k, and Ky and kyk; incresses, thus,
giving better control in the polymerization. However, chain trander and other Sde
reactions also increase at elevated temperatures®?9. Solubility of the catayst improves
with temperature, but catalyst decomposition can occur a higher temperatures®*9. The
optima temperature depends on monomer, catayst, and the targeted molecular weight.

In some cases additives are necessary for a successful ATRP. Lewis acid additives
such as duminum akoxides are needed for the controlled polymerization of MMA based
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on ruthenium based caidyds Vey dow or no polymerization is obsarved in the absence
of these additives'®®”. These additives presumably activate and stabilize the catayst in
higher oxidation <ate™. Adding polar solvents such as water can accelerate
polymerizaion™. Addition of zerovalent copper in the copper based ATRP and iron
powder in iron based ATRP accdaraes the polymerization sgnificantly without losing
the control over molecular weight and MWD?V. This hdps in carying out the
polymerization even without removing the oxygen traces and inhibitor™?. Various
phendls and methyl hydroguinone were ds0 used as additives in ATRP to enhance the

rate of polymerization?>> %,

1.2.4. Featuresof ATRP

ATRP is a vestile mehod for the controlled polymenizaion of
(meth)acrylate/styrene  monomers. Various features of ATRP have been reviewed
thoroughly’®>*®#9_ A wide range of monomers like methacrylates, acrylates,
acrylonitrile, styrene and its derivatives can be successfully polymerized with  good
catrol over molecular weight and MWD. Mgor advantages of ATRP over conventiond
living polymerization methods lies in the fact thet it is somewhat more toleat to the
protic impurities and severd functiond groups. Like any typica free radicd process it is
inhibited by presence of oxygen. Use of zero-vdent copper in ATRP improves the
tolerance towards oxygen. Severd research publications demondrate the utility of ATRP
for meking block copolymers, graft copolymers, star polymers, hyperbranched polymers
etc.

The trandfer group in ATRP is a Smple hdogen molecule and, therefore, it is easy to
gynthesze polymers with well-defined architectures. The hdogen end group can be
converted to the required functiondity by regular organic transformetion reections.
Functiond monomers can be polymerized utilizing the tolerance of the radicds towards
these functiondities to get functiond polymers™. Haogen containing initistors can be
desgned according to the reguirement and eedly prepared from the commerddly
avalable compounds. By meanipulaing the monomer feed compostion and sequence a
variety of polymer gdructures like random, tgpered and block copolymers can be meade
Recently, in a most promising devdopment, ATRP has dso been agpplied to water borne
polymerization sysems i.e. emulson polymerization?>*®. Though the atempts failed in
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achieving good control due to trander and termingtion by the akylsulfonate surfactants,
good control was obtained when nonionic surfactants were used. This indicaes that the
ATRP can be used in bulk, solution, diperson and emulson polymerizaion methods
within a wide temperature range (-20 to 130 °C).

In ATRP the cadys has to be removed from the product after polymerization. This
is one of the mgor disadvantages in this method. Other demerits indude the unavoidable
trander and termingtion reactions This results in homopolymer impurities in the block
copolymer and da polymer synthess In the synthess of sar and hyperbranched
polymer, the radicad concentration is very high compared with the corresponding linear
polymer synthess. This results in higher degrees of termination and presence of coupled
molecules in the product. To minimize this effect the polymerizetion in this case hes to be

limited to low conversons.

1.3. Scope and Objectives of present work

The prospect of syntheszing polymers of higher dkyl methacrylaes such as
poly(laurylmethacrylate) (PLMA), with good control assumes importance because of their
wide-ranging gpplications. Polymers ad copolymers containing lauryl  (meth)acrylae
segments are used as adhesives®"? | packaging materids in HPLC®?, oil additives such
& pour-point depressant®™, viscosty index  improve®®®Y  ec.  Another  important
characteristic of PLMA is its low glass transition temperature (T ~ -65°C )*. Because of
this reason, these monomers can be used in copolymerizetion with other acrylic
monomers, with high Tg's to meke completdy acrylic-based thermoplastic elastomers.
The controlled polymerizetion of higher adkyl methacrylates has received rdatively less
atention by researchers.

Objectives of the present work are:

1. To explore the feeshility of controlled polymerization of LMA usng ligated anionic
polymerizetion a temperatures higher than -40 °C. The anionic polymerization of
LMA will be caried out in THF with 1,1-diphenylhexyllithium as initigior in presence
of LiCO4 as additive.

2. To explore the feashility of controlled polymerization of LMA usng aom trander
radical polymerization (ATRP). ATRP of LMA will be caried out in toluene & 95 °C
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with  ethyl-2-bromoisobutyrate as initistor and CuBr as cadys in presence of
different ligands Kinetic experiments will be caried out for ATRP of LMA with
different ligands.

To synthesze acrylic block copolymers containing LMA ssgments  Synthess of di
and tri-block copolymers of MMA axd LMA will be dtempted usng anionic
polymerization and ATRP. The block copolymers will be syntheszed by sequentid
addition of monomers usng mono and di-functiond initiators.

To synthesze dar polymers with a functiond group & the core, usng living anionic
polymerization method. 2-tribromomethyl2-oxazoline will be used as the coupling
agent for the living polymer chan ends to produce core functiond da polymer.
Coupling reactions of TBO will be studied with modd anions viz. n-BuLi, digo dyryl

lithium etc.
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Chapter 2. General Experimental Procedure

Controlled polymerizetion methods reguire rigorous purification of dl  reagents
monomers and solvents. Besides this the reections hes to be peformed under an inert
amosphere with no impurities like moisure, oxygen and other reective gases. In order to
achieve the best conditions for living/controlled polymerization under postive pressure,
goecid care has to be taken for purification of nitrogen/argon gas. In this chepter, generd
purification methods, expeiimenta sstups and manipulations in the laboraiory as wdl as
characterization techniques used in this work are described.

2.1. Purification of gases, solvents and other reagents

2.1.1. Nitrogen or argon gas

The nitrogen or agon gas (INOX, IOC, Bombay), was used for the regular
expaimentd purposes. Following methods were employed to remove impurities from the
nitrogen ges.

The nitrogen gas was pased through activated A4 molecular deves to remove
moisture. Oxygen was removed by pasing the gas through a copper catdys & 200 °C.
The st up for this purification contains five towers (Im ~ 3') (Fig. 21). The fird and
third towers contan A4 molecular seves and the second and fourth contain  copper
cadys with the fifth tower contaning A5 molecular Seves After passing the nitrogen
gas through these towers it was passed through another column containing successve
beds of anhydrous phosphorous pentoxide and cdcium hydride Findly the gas was
pased through a trgp of eght cylinders containing toluene solution of dligo-gyryl
lithium, which removes the last traces of reective impurities besdes acting as an indicator
for the nitrogen purity. The purified nitrogen gas was then connected, using a rubber
tube, to the manifold from which it was connected to the reactors.

The molecular Seves and the copper catdyst were activated from time to time. The
molecular Seves were reectivated by hesting the column (~ 200 °C) under reduced
pressure for 10-12 hours. For reectivating the copper cadyd, hydrogen ges was passed
through the towers a 200 °C for 7-8 hours and then the water formed was removed by
goplying vacuum. The ectivated copper caidys is dark brown in color while the cadys



General Experimental Procedure

before activation is pae green in color. This acts as the visud indicaior for determining
the gppropriate time for reactivation.

Stainless steel towers

Mitrogen inlet m m

Glass Colurmn with CaH2
P205 and molecular sieves

/3-\."'.-'33-' septum adaptor
Sep{um

M2 Outlet

Oliga dtyryl lithium solution in toluene
Fig 2.1: Set-up for nitrogen gas punfication

2.1.2. Solvents

All the solvents used in the present work (THF, toluene and cyclohexane, SD.Fine
Chemicds, Bombay or E-Merck, Bombay) were fird subjected to fractiond didtillation
usng a 15 m column. The fractionated solvents were then didilled over cadcium hydride
ater refluxing over night usng a DeenStark type didillation unit. This was followed by
didillation over sodium-benzophenone complex before Soring in graduated bulbs over
sodum-potessum - dloy under  high vacuum. Thee graduated bulbs were directly
connected to the manifold set-up with provison for applying vacuum and/or nitrogen
(Fig. 22). The required amount of solvent was condensed into an ampoule from these
bulbs under vacuum usdng liquid nitrogen bath. N,N-Dimethyl formamide (S D. Fine
Chemicds, Bombay) was dirred over CaH. for four hours and didtilled under reduced
pressure prior to reaction. The solvents used for precipitation of polymers (methanal,
hexane and acetone, S. D. Fine Chemicds, Bombay or EMerck, Bombay) were used after
ample didillation. All the solvents were trandferred into the reactor usng danless sed
capillary through a rubber septum under a positive pressure of nitrogen.
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Mitrogen inlet Vaouum Purmp

k ‘\
TEE
Rﬁber tmegs to/reaoé

Soklvent storage under vacuum
over sodium-potassium alloy

Fig. 2.2 The manifold set-up for polymerization reactions in inett atmosphere

2.1.3. Monomers

All the monomers were purchased from Aldrich, USA. The monomers were sirred
over CaH, for 5 h, fractiondly didilled and findly didilled under reduced pressure. The
didilled monomer was dored & 5 °C under postive pressure of nitrogen. The required
amount of pre-didilled monomer was agan subjected to further purification in inert
amosphere prior to the polymerization by freeze-thaw method usng the gpparaus shown

infig 2.3.

Fig. 2.3: Apparatus for monomer distillation

MMA was purified by ddillation, over tri-ethyl duminum (TEA), udng freeze
thaw technigue. MMA was teken into the didillation unit and a 1.0 M solution of TEA in
toluene was added drop-wise until persgtent greenish yedlow color gopears. This color
represents the formation of a complex of TEA with MMA and acts as an indicator for
monomer purity’. The pure monomer was then condensed into the side am of the
monomer purification assembly using liquid nitrogen and tranderred into the reactor by
capillay or syringe. LMA was dirred over TEA for few minutes and this greenish yelow
color solution was passed through a column of ectivated neutrd dumina (2° ~ 17). This
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process removes the excess TEA and the TEA-LMA complex to give the pure monomer
for diret use into the polymerizatiion reaction. Styrene (supplied by Themax indudries,
Pune) was purified by didtillation over atoluene solution of fluorenyl lithium.

2.2. Synthessof Initiators

2.2.1. n-Butyl lithium

n-Butyl lithium was prepared by the reaction of n-butyl chloride with lithium metd
in cyclohexane. The reaction set-up is shown in figure 24. The reaction and addition of
dl resgents were caried out under argon (INOX, Bombay) atmosphere. Required amount
of lithium metd was taken into the reection bulb containing dry cycohexane in the form
of amdl pieces and a smdl piece of sodium meta wes alded to it for fagt initistion of the
reaction.

Qil Bubler

Cropping Funnel ReflLx condensar

M- Three-way
ot H| septum adapter

Magnetic stirring bar

Fizg 24 Apparatus for making »-Bul4

Initidly n-butyl chloride was added continuoudy while dirring a room
temperaiure until a dight exotheem was observed. At this point the temperaiure was
brought down to O °C usng an icebath and the rate of addition was reduced to drop-wise
addition. After the complete addition of the reguired amount of n-butyl chloride ice-bath
was replaced by an oil-bath and the temperature was increased to 65 °C (£ 5 °C) ad
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dirred overnight. The reaction mixture was cooled to room temperaure and the
precipitated lithium chloride and the excess metd were dlowed to sdtle down. The
upernent clear solution was trandferred into storage ampoules using capillay and sored
under postive nitrogen pressure at 5 °C.

2.2.2. 1,1-Diphenylhexyllithium

11-Diphenylhexyllithium (DPHLI) was prepared from the reaction of 1,1-diphenyl
ethylene (DPE, Aldrich, USA) with n-BuLi (prepared in the laboratory) in THF. In order
to purify DPE, n-BuLi weas added drop-wise under dirring to nest DPE until persstent
dark red color gopears. This color is charecteriic of the DPHLi anion which is formed
ater dl the impurities in DPE were consumed by n-BuLi. The excess DPE was didtilled
off over this anion usng freeze-thaw technique. The reaction set-up for preparing DPHLI
contains dngle neck round bottomed flask equipped with a magnetic girring bar and
threeway septum adapter. Freshly condensed dry THF was trandferred into the reection
bulb folloved by the required amount of freshly didilled DPE. Temperature of the
solution was brought down to -40 °C and nBuLi wes added drop-wise with vigorous
dirring until the red color characteristic of DPHLi anion appears. After wating some
time, to ensure the color does not disgppear, cdculated amount of nBuLi was added
dowly. After dirring gpproximatdy for an hour the temperature of the initiaior solution
was brought to room temperature and dirred for further two hours and stored under
positive nitrogen pressure a 5 °C.

2.2.3. Lithium Naphthalenide

Lithium ngphthdenide was used as the difunctiond initiator for the preparation of
tri-block copolymers. This initistor was prepared by the reaction of lithium metd with
ngphthalene in THF. In a dngle neck round bottomed flask freshly sublimed naphthaene
was dissolved in THF. In ancther flask containing magnetic tirring bar required amounts
of lithium metd and THF were tranderred. Naphthdene solution was tranderred dowly
into the flask contaning metd usng capillaay with continuous  dirring &  roam
temperature. Dark green color characterigic of lithium naphthalenide radical anion wes
obsarved immediady. After complete addition the solution was dirred for two hours and
the solution was filtered through a column containing sntered glass bed (G0). The
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solution was trandered into an ampoule and dored under nitrogen podtive pressure a
5°C.
2.2.4. Determination of initiator concentration

Concentration of the initigtor solutions, n-BuLi, DPHLI, LiNgp, were determined
usng Gillma® double titration method. In this method two sets of titration were carried
out. In the fird st a definite amount of initiator solution (2 mL) was reected with smal
excess of 14-dibromo butane (Aldrich, USA, didilled over CaH) in dry THF to convert
the lithium in the form of R-Li to LiBr. After 15 minutes water (1 mL) and methanol (5
mL) were added to this mixture, which converts the other lithium species like akoxides to
LiOH. This solution was then ftitraled agang the dandard solution of potassum
hydrogenphthdaie (PHP) (titer vdue A mL). In ancther set the same quantity of initiator
olution was treasted with water to convert dl lithium species into LIOH and then titrated
agang PHP Titer vdue B mL). The difference (B - A) gives the LiOH concentration
corresponding to the ective initistor R-Li present in the solution and the actud initiator
concentration can be calculated accurately.

2.3. General Polymerization Procedurefor alkyl methacrylates

2.3.1. Anionic polymerization

2.3.1.1. Homopolymerization of alkyl methacrylates

Anionic polymerizetion of dkyl methacrylaes (MMA, LMA) was caried out on a
bench top single neck reactor equipped with a three-way septum adgpter and a magnetic
dirring bar (Fg. 25). The reaction bulb was assembled and flane dried under vacuum
before filling the bulb with nitrogen ges. Into this freshly didtilled dry THF (100 mL) was
tranderred usng a danless ded capillary. Into this, cadculated amount of additive as a
solution of THF was added using syringe. Temperature of the solution was brought down
to - 40 °C. DPHLi was added drop-wise until persgent, fant, red color of DPHLI
gopeared in the solution. This gives the end-paoint for the ftitration of traces of impurities,
usudly 02 to 06 mL of 01 M initistor solution is consumed for this purpose. Calculated
amount of initigtor (02 — 2 mL) wes then trandfered into the solution by syringe and
required amount of freshly didilled monomer (3 — 5 mL) was added either neat or as
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olution of THF. The contents were sirred for 15 minutes and 1 mL of methanol was
added to quench the polymerization.

/SeDtum

—Three-way
septum adapter

Rubber tube for
vacLum or Mitrogen

Magnetic Stirring bar

Fig. 2.5: Bench-top reactor for anionic polymernization

The polymer solution was concentraied and poured drop-wise with dirring into
nhexane (E-Merck, Bombay, for precipitating PMMA) or 20% agueous methanol (for
precipitating PLMA). The polymer was filtered and dried under vacuum for 5 - 8 hours a
20 °C. In the cae of PLMA the polymer was dissolved in benzene (S. D. Fine Chemicds,
Bombay), filtered to remove lithium sdts and then freeze dried.

2.3.1.2. Synthesisof block copolymersof MMA and LMA

Block copolymers were syntheszed by sequentid monomer addition. In this process
ater complete polymerization of the firds monomer a amdl fraction of the solution was
withdravn for andysis usng syringe and the second monomer was added. In thee
menipulaions, involving monomer additions and sample withdrawd, it is possble tha
ome impurities may enter. This results in homopolymer contaminaion in the find block
copolymer, as the living chan ends of the fird block ae quenched patidly by the
impurities. To overcome this problem a specid gpparatus (Fig. 26) was used for the
preparation of block copolymers. The monomers were directly didilled into ampoules and
then connected to the apparatus. The gpparatus was flame dried under vacuum and after
filling the apparatus with nitrogen, required amounts of solvent and additive were
tranderred. Temperature of the solution was reduced to —40 °C and required amount of
initictor was added dfter titrating the solution for impurities. The firs monomer was added
by opening the stopcock of the ampoule and the solution was dirred for 15 minutes. The
gopaaus wes tilted towards the condructed sde am so that a smdl portion of the
solution flows into it. The stopcock of the second ampoule was opened to add the second
monomer and the solution was dirred for another 15 minutes 1 mL of methanol was
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added to terminate the reection. The block copolymers of LMA and MMA were
precipitated into methanol (E-Merck, Bombay).

First Maonomer Second Monomer

Pick-out Ampoule

Initiator solution

Fig 2.6 Apparatus for block copolymer preparation

2.3.2. Atom trander radical polymerization (ATRP)
2.3.2.1. Homopolymerization of alkyl methacrylates

ATRP of dkyl methacrylates (MMA, LMA) was caried out on a bench top reactor
amilar to the one shown in fig. 25. ATRP was caried out with copper bromide (CuBr,
Aldrich, USA) as cadyd, in presence of different ligands in tduene a 95 °C with ehyl-
2-bromoisobutyrate (EBI, Aldrich, USA) as initistor. EBI was didtilled over CaH: prior to
the reaction and CuBr was used as received. The preparation and purification of ligands is
described in the gppropriate Chapters.

In a typicd polymerization reaction the cadculaed quantities of CuBr, monomer,
solvent and ligand were transferred into the reection flask in thet order. The solution was
cooled with a liquid nitrogen bath and, when the contents are hdf frozen, vacuum was
goplied (0.007 mbar). After keeping the flask under vacuum for gpproximatey 10
minutes, cooling bah was removed and the temperaiure was dlowed to come to room
temperature. The flask was filled with nitrogen gas again. This cycle was repeated two
more times to ensure complete remova of oxygen and other reactive gases. The
temperature of the reaction flask was increased to 95 °C and cdculated amount of EBI
was added with dirring. The reaction was quenched after 6 hours by cooling it in liquid
nitrogen bath and THF was added to the contents. The solution was passed through a
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column of neutra dumina (I ~ 4”) to remove the catdys complex. Polymers (PMMA)
were recovered by precipitating the concentrated solution into nontsolvent. In the case of
PLMA, Polymer was recovered by removing the solvent under reduced pressure. This
crude PLMA was further purified by freeze drying from benzene. All the polymers were
dried under vacuum for 58 hoursa 20 °C, before andysis.

2.3.2.2. Synthesisof block copolymersof MMA and LMA

Block copolymers were prepared by sequentid monomer addition. The gpparaius
used was smple bench+top reector (Fig. 2.5). Either LMA or MMA were polymerized as
destribed in the earlier paragreph and after dirring for six hours, a smdl portion of this
solution was withdrawn using a syringe. The syringe was used while it was gill hot. After
this the second monomer was added into the reaction flask with girring of the contents.
The reaction was continued for another sx hours before quenching. The polymer, after
removing the catalyst was precipitated into methanal, filtered and dried under vacuum.

2.3.2.3. Kineticsof ATRP of alkyl methacrylates

The kinetics of ATRP of dkyl mehacrylaes was dudied udng gas
chromatogrgphy (GC) by edimaing the unreacted monamers. Diphenylmethane (DPM),
was usd as the internd dandard. The raio of the monomer to internd standard, prior to
polymerization, was determined by usng GC. Smdl fractions of the reection mixture
were teken out, usng syringe, a severd intervads of time. At each interva the ratio of

monomer to internd sandard was determined to cdculate the converson from the

(/)

Here, X, is the converson of monomer a a given time, t. M and Mg are pesk area
of monomer a time t and O respectively. t and lo are the pesk area of initistor a time t
and O respectively.

A smi-logaithmic plot of time Vs converson gives the kinetic deals of the
polymerization. Linearity of the graph indicates the absence of termination reection and

X = 1-
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nonHinear curve indicating the presence of dde reections. The reaction rate can be

determined using the following equation:

P

Here Kyqp is the apparent rate condant, defined as kp[P*], k, ad k; are the rate

congtants for propagation and termination respectivdy and [P] = f . [lg] is the active
center concentration. The presence of the termination and trandfer reactions can be
confirmed from the linearity of the plots of molecular weight and molecular weight
digribution againgt converson.

2.4. Characterization techniques

Molecular weght and molecular weight digribution of the adkyl mehacrylate
polymers were determined from SEC (Thermogquest) equipped with UV and RI detectors.
PMMA sandards (Polymer Laboratories were used for cdibration. THF was used as
duent & ImL/min. flow rate and two 60 cm PSS SDV-gd columns 1~ 100A and 1°
liner (10 — 10° A) a room temperature. 'H NMR (Bruker-200 MHz) was used for
determining the copolymer compogtion. This was cdculaied usng the integration vaues,
per proton, of —OCH; protons of MMA (3.6 d) and —OCH, protons of LMA (3.9 d). The
conveson of monomeas in kingic expeiments was deermined by usng ges
chromatogrgphy  (PERKIN-ELMER AUTO-SYSTEM XL) by cdculding the disgppearance
of monomer with respect to an internd standard BP 1 capillary column (SGE, Audrdia)
(25m long with 0.dJm inner diameter) was used with oven temperaiure 220 °C, injector
temperature- 300 °C, detector (FID) temperature- 325 °C and nitrogen (at 7ps) as carier
gas. Cdorimetric measurements were performed with a Mettler-Toledo star system 821°
in the range of —100 °C to +200 °C a hedting/cooling rate of 10 °C/min in a continuous
nitrogen flow (100mL/min).

2.5. References:

1. R D.Allen, J E. McGrath, Poly. Bull. 15, 127 (1986)
2. A.Gilman, A. H. Hauben, J. Am. Chem. Soc. 66, 1515 (1944)
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Chapter 3. Anionic Polymerization of Lauryl Methacrylate

3.1. Introduction

Anionic polymerization of dkyl (meth)acrylates is the method of choice for the
synthesis of well-defined acrylic polymers™. However, living anionic polymerization of
dkyl methecrylates is possble only under sdected conditions”. This is due to the side
reections of ester groups with anions™® and the tendency of ester enolate ion-pairs to
achieve ddbilizetion through aggregation. These problems cause difficulties in contralling
dkyl (meth)acrylate polymerization™®. Recently severa new srategies have been shown
to give improved control on the polymerization of methacrylic eters These drategies
indude the use of slyl ketene aodtd contaning initigtors), meta-free  anions'®®,
phogphrous-ylide mediated metafree  anions, trandtion metd  containing  initiators™,
auminum coordinated initiating systems™®® and ligand-modified dassical anions™.

Dexpite this the anionic polymerization of higher dkyl (meth)acrylates such as
lauryl methecrylate has received rdativey less atention. This can be dtributed to the low
solubility of these monomers a low temperatures and high levds of dcoholic impurities
preent in the commecid monomer. Controlled anionic  polymerization of  akyl
(meth)acrylates can be accomplished only a low temperature (£ -60 °C) in polar solvents
like tetrahydrofuran (THF). But a these temperaures higher akyl methacrylates tend to
precipitate from the solution, even in THF. This rexults in a heterogeneous reection
medium unsuiteble for anionic polymerization. Beddes for obtaning these monomers
with adequate purity, the higher dcohol impurities in commercid monomer ae to be
removed completdy. This is quite difficult congdering the fact that the boiling points of
the monomer in question and the corresponding acohol are quite dose to each other. This
renders the controlled polymerization of higher dkyl methecrylaes, by anionic
polymerization, difficut.

Sannigrahi® reported the controlled polymerization of LMA by GTP method. The
polymers were obtained with good control over molecular weight and reasonably narrow
MWD ¢ 1.18). But this method resulted in polymers with broad MWD when targeted for
higher molecular weights (> 30,000). Jerome and coworkers® used ligated anionic

polymerization for the preparation of poly(isooctylacrylate) and its copolymers. This
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process involves two geps namdy the synthess of poly(t-butylacrylae) and its
copolymers followed by transdooholyss with the required acohol. Recently Mishra and
coworkers® have described the anionic polymerization of long-chain akyl methacrylates
in THF in presence of LiCl additive a —30 °C. The polymerization resulted in good
control over molecular weight and narow MWD (E 1.2) but the control was logt if the
addition of monomer was dow. In this chepter we describe our results on anionic
polymerization of LMA.

3.2. Experimental Methods

3.2.1. Materials
Sodium metd, potassum med, trighyleneglycal, 2-methoxy (2-ethoxyethanodl), and

dl solvents — tetrahydrofuran (THF), toluene, methanol, benzene were procured from S.
D. Fne Chemicds Bombay. Lithium chloride (LiCl), lithium perchlorate (LiCIO4), 1,1-
diphenyl ehylene (DPE), bigdimethylanino) dimethylslane (BDMAS), tetrabutyl
ammonium flouride (TBAF) (L0 M solution in THF), cddum hydride (CaH2), methyl
methacrylate (MMA), and lauryl methacrylate (LMA) were procured from Aldrich, USA.
Triisobutyl  duminum  (TIBAL) and triethyl aduminum (TEA) wee procured from
Schering AG, Germany. n-BuLi and DPHLI were prepared in the laboratory as described

in chapter 2.

3.2.2. Purification

Different methods were used for LMA purification. @ LMA was taken into the
monome didillation unit and a 1.OM solution of TEA in toluene was added drop-wise
until pae ydlow color was obsarved®™. The soluion was then didtilled under dynamic
vacuum. b) Predidilled LMA was trested with BDMAS in presence of smdl amount of
TBAF for 1 h a 30 °C and didtilled under vacuum using freeze thaw cyce ¢) LMA was
trested with excess triethyl duminum (TEA) and this yedlow color solution wes filtered
through a column containing neutrd dumina bed (10 cn = 1 cm) under nitrogen
amosphere and the resulted dear monomer was used as such for the polymerization. d)
LMA was firg fractionated while didtilling under vacuum over CaH, and the fraction
collected a 104 °C a 0.007/m.bar pressure was stored under nitrogen blanket at 4 °C.
Prior to polymerization it was again didilled over CatH,.
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Lithum <lts of triethyleneglycd (Giliy) (fig. 318 and  2-(2methoxyethoxy)
ethandl (Golip) (fig. 3.1b) were prepared by reacting the corresponding acohol with n-
BuLi in THF a —40 °C in the presence of a smdl amount of DPE, which acts as an
indicator. The additives used in the anionic polymerization are shown in fig. 3.1

/ \_/ \ T .t/ N -+
H.0 0 oL’ Lo o oL

CH;

(Gzliy) (GsLiz)
(a) (b)

Fig. 3.1: Additives used in anionic polymerization of LMA

3.2.3. Polymerization

The reaction setup for anionic polymerization of LMA is shown in fig. 25 (Chapter
2). In a polymerization reaction (run 4 in table 3.1), 100 mL of THF was trandferred into a
250-mL dngle neck round bottomed polymerization flak and 0.17 g of LiCIO, was added
as olution of THF. Temperature of the solution was brought down to —40 °C usng olid
COzecetonitrile. DPHLI solution (0.08 M) was added dropwise until a perssent color
characteridic of the initistor was observed. This required ~1.6 mL of the 0.08 M initiator
solution to completdly quench dl the impurities. Subsequently, 2 mL of this DPHLI
solution was added. Neet LMA (3 mL) was added to this solution usng a danless sed
capillay under N2 pressure while mantaning a desdy dirring. The monomer addition
took gpproximately 5 seconds. The reection was terminated after 15 min by adding 1 mL
of degassad methanol. The solvent was evgporaied and the polymer was dissolved in 20
mL of benzene. The benzene solution wes filtered and freeze-dried to recover the

poly(lauryl methecrylate) (PLMA).

3.3. Reaultsand Discussion
3.3.1. Anionic polymerization of LMA with different purification methods

Methecrylale monomers are, generdly, purified by fird didillation over cddum
hydride and then a second didillaion prior to polymerizetion over a dight excess of
tridkyl auminun™. This procedure removes traces of adcohol impurities in @l acrylic
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monomers. This procedure, when gpplied to LMA, usng tri-isobutyl duminum (TIBAL),
resulted in broad MWD (run 1, table 3.1). The reason for this could be the high bailing
point of LMA (104 °C a 0.007 mbar) on account of which it is necessary to gpply heat for
didillation even under vacuum. Under thee conditions a sndl amount of TIBAL co-
didills dong with the monomer. The monomer thus purified polymerizes immediatdy
before adding to the polymerization resctor, due to the presence of traces of
tridkylduminum. To overcome this problem, different methods of purificstion of LMA
were attempted.

1. Predidilled LMA was trested with BDMAS in the presence of a smdl amount of
TBAF (10 M solution in THF) for 1 h a 30 °C and didilled under vacuum using
freeze thaw cyde®*® (scheme 3.1). This method was used to purify MMA in GTP
where the products of the reaction, didkoxydimethyl slane and dimethyl amine, does
not interfere with the polymerization.

\ | / TBAF
/N—S|i—N\ + R—OH —————> RO—Si—OR + Me;NH
THF, 30 C

Scheme 3.1; Reaction of adcohol with BDMAS

2. LMA was trested with excess triethyl auminum (TEA) and the yedlow colored
olution wes filtered through a column containing neutrd dumina beeds (10 cm ™ 1
cm) under nitrogen amosphere. The pure monomer (colorless) was used  for
polymerization.

3. LMA was firg fractionated (LMA pure fraction was collected a 104 °C a 0.007
mbar) after sirring over CaHz for 10 hours and stored under nitrogen blanket. Prior to
polymerization it was again purified by flash didillation over CaHo.

LMA purified usng mehods described as dove was used for  anionic
polymerization usng DPHLI as initigor in THF in the preserce of LiCIOs a -40 °C and
the results are given in table 3.1. The polydigpersty index of the obtained PLMA weas
used to determine the efficiency of various purification procedures. It is observed that best
results are obtained when LMA was purified by distillaion over CaH, (run 4, teble 3.1).
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Thus, in al further polymerization reections fractionated LMA was used after second

didtillation over CaH2 prior to polymerization.

Table 3.1: Anionic polymerizetion of LMA usng DPHLI (1) as initigtor in the presence of
LidO4 (A): [Alo/ [1]o= 10: in THF & —40°C.

Run. Method of Purification [Ilo"10° | [M]o | Yidd | Mnca | Masec | MWD | !°
No. mL | mL | % | 10°]| 10°
1 Didtilled over TIBAL 1428 0.097 >85 17.3 47.0 1.26 0.36
2 Didilled over BDMAS and| 0.737 0.062 >05 21.7 19.6 119 1.10
TBAF
3 | Filtered  through  dumina| 1445 0.109 100 20.3 28.0 116 | 0.73
column after TEA treatment
4 | Didilled the fractionated| 1.600 0.120 100 19.2 19.3 107 | 0.99
LMA over CaH,

"M, a = {[M]o / [1]}" Mol. Wt. of monomer "Number average molecular weights were
determined using PMMA cdibration °f = Initiator efficiency = M, ca. / My, sec

3.3.2. Anionic polymerization of LMA in presence of different additives

Anionic polymerization of LMA in THF with DPHLi as initigtor a —40 °C in the
absence of any additive results in broad and multi-modd MWD (run 1, table 3.2). The
number average molecular weight of PLMA in the absence of additive is very high and
the polymer is contaminated with oligomers as seen from the SEC dugram (fig. 3.1)
indicating the presence of termination reaction. Hence, the polymerization was gudied in
presence of different additives such as lithium chloride, lithium perchlorate and the
lithum <dts of 2-(2methoxyethoxy) ethanol (GLi;)) and trigthylene glycd (GsLiy) and
the results are given in table 3.2. In dl the reections the ratio of additive to initiator was
kept constant ([Alo / [1]o = 10).

The polymerization of LMA in the presence of Glii gave broad MWD (1.40) (run
2. Jerome and coworkers” reported that Gli; gives excelent control over the
polymerization of both acrylaes and methacrylaes a temperatures < -20 °C in THF as
wdl as toluene. Miiller and coworkers? showed that the rate of MMA polymerization in
the presence of Glii is extremey high even in toluene kp > 10" I.moi* sec® and hdlf life
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< 1 9. Under these conditions to achieve controlled polymerization, mixing of the

monomer and the initiator has to be fagter than the hdf-life of the polymerization. Thus, it

IS necessary to carry att the reaction a low temperature € -78 °C). In the present study,

in a batch reactor and a —40 °C, presumably, these conditions are not met resulting in

broad MWD.

Table 3.2: Anionic polymerization of LMA usng DPHLi as initigtor in the presence of
different additives ([A] o/ [I]o =10) & -40°Cin THF

Run. | Addtive | [1]o” 10° | [M]o Yidd M nca Mnsc” | Mo/ My | 1€
No- 1 ag, miL miL % “10° | 10°

1 - 1.43 0.114 >05 20.3 57.3 261" | 035
2 GiLix 1.82 0.067 >05 9.30 7.67 1.40 1.21
3 GiLi, 2.00 0.074 100 9.30 7.20 1.12 1.29
4 LiCl 1.82 0033 >05 4.65 4.24 1.11 1.09
5 LiClO, 2.04 0.073 100 18.2 18.6 1.07 0.98
6 LidO, 1.70 0.130 100 19.2 19.3 1.07 0.99
7 LiClO, 0.13 0.850 100 38.3 34.6 1.06 1.10
8 LidO, 0.60 0.0%4 >05 61.2 70.3 115 | 0.87
9 LidO, 0.13 0.340 >97 95.8 1116 118 | 0.85

Mo . = {[M]o / [I]} ~ Mol. Wt. of monomer "Number average molecular weights were
determined usng PMMA cdlibration @ = Initiator efficiency = M, . / Mn ssc “Multi-modd
digtribution

When GiLi; was usad as additive for the anionic polymerization of LMA

(run 3), it was possble to obtain better control over molecular weight and narrow MWD
(1.12). Baskarar™ reported the polymerization of MMA in the presence of GLiz in THF
usng DPHLi as initigior. It was demondraied tha the polymerizaion of MMA in
presence of Gdli, resulted in polymers with good control over molecular weight and
MWD, at temperatures as high as —20 °C. It was podulated tha the presence of a higher
numbers of oxygen and lithium aoms leads to a better coordination with enolate ion pairs
forming mixed aggregates which have fagter equilibrium dynamics Even in this case it is
important to have fag and uniform mixing of monomer into the reaction mixture without
soilling the contents on to the reactor surface. When the rate of mixing is not uniform or
dow the polymerization in presence of GLi, resulted in broad MWD.

While our work was in progress, Mishra and coworkers reported® the
anionic polymerization of LMA in presence of LiCl & —30 °C. They found that the dow
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and drop-wise addition of monomer (10 mL/min) leeds to broad MWD (¢ 3.4). Polymers
with narow MWD (£ 1.2) were obtained, when monomer addition was fast (10-20 mL/s).
Besdes, they reported that the polymerizetion is not living for a long time though the
polymerizetion resulted in narow MWD. They atributed this to the fast polymerization
rate and the high heets of polymerization, which causes the side reactions to increase

LMALL

T T T T T T T 1
as

. — T
3z i ae 21 29 a1 33
elution volume, mL elution wolume, mL elution volume, mL elution wolurme, mL elution volume, mL

Fig 3.2: GPC traces of FLMA prepared by anionic polymerization in THF at -40 "C in the presence of
- a) LiCL b) GaLig, o) G5y, d) LiClO, and ) in the absence of additive

It is pertinent to mention that the purification method used by Mishra and coworkers
was to pass the monomer through a column of activated basc dumina. The commercid
monomer normaly contains lauryl doohol as an impurity, which is difficult to completdy
remove by this method. Since the rate of these impurities quenching the growing polymer
chain is dow compared to the rate of polymerization, the reaction yidds narow MWD
polymers (£ 1.18), when addition rates are fast. But when rate of addition is dow, chain
teemination becomes more prominent. Additiondly, mixing becomes difficult. This
explans, to an extent, the fallure of monomer resumption experiment caried out by
Mishra and coworkers Besides, it is reported™ that upon increasing the temperature from
-78 °C to -40 °C, control over molecular weight and MWD was logt in the polymerization
of MMA in THF in the presence of LiCl.

In the present work, it was found that the rate of monomer addition does not play a
mgor role in controlling the polymerization. In our sudy, the monomer was added usng
a danless ged cgpillary under a podtive pressure of nitrogen a an goproximate rate of
35 mL/min (which is near the dow rate of addition in the work of Mishraand coworkers).
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The anionic polymerizaion of LMA in presence of LiCIO, at —40 °C produces
PLMA with excdlent control of molecular weight and narow MWD (£1.10) (Runs 5 and
6). All further reections were, thus caried out in the presence of LiClOs. A very good
control was obtained over a wide range of molecular weights with narrow MWD (€ 1.18).
As the initiator concentration was reduced (or monomer concentration was increased) to
prepare high molecular weight polymers rdive reduction in initistor efficiency and
dight broadening of MWD were obsarved. This could be due to the traces of dow
reecting impurities dill preset in the monome or entering in to the sysem during
monomer addition. Midra and coworkers used higher monomer concentration (0.34
mol/L) in ther resctions and the MWD vaues obtained were dso in the range of 1.18.
The living naure of the chain ends was confirmed by preparing block copolymers by
sequentia  addition of LMA and MMA with no homopolymer contamination. These
results will be discussed in chepter 5.

3.4. Conclusons

Anionic Polymerization of LMA with DPHLi in THF a —40 °C relts in multi-
modd and broad MWD with poor initistor efficiency. In presence of additives the
polymerization was better controlled. The method of purification of LMA is criticd in
obtaining wel-defined polymers. Best results are obtaned when the monomer was
fractionated and then didilled over CaH, prior to polymerization and adso when it was
treated with tri-ethyl duminum and then passed through neutrdl dumina column.

The polymerization of LMA in presence of lithium2-(2-methoxyethoxy) ethoxide
(GLi;)) gave polymer with broad and unimodd MWD (140). However, ue of a
polydentate dilithium dkoxydkoxide (Gliz) gave very good control over polymerization
resulting in polymers with narow MWD (1.12). In this case it is necessty to mantan
fag and uniform mixing in the batch polymerization and the monomer addition to the
reection mixture has to be faster than the hdf-life of the polymerization. Good results
were dso obtained when the polymerization was carried out in presence of both LiCl and
LiCO4 Thee additives resulted in polymers with narov MWD (£ 1.10). From thee
results it is concluded that PLMA with narow MWD and desired molecular weight can
be prepared by anionic polymerization in THF & —40 °C in the presence of additives like
LiCl, LiClO4 and GsLi,.
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Chapter 4: Atom Trander Radical Polymerization of Lauryl
Methacrylate

4.1. Introduction

Living anionic polymerizaion is 0 far the bex mehod for preparing polymers
with wdl-defined dructures. The merits and demerits of anionic polymerization and the
advantages of controlled radicd  polymerization over anionic polymerizetion were
discussed in detal in chepter 1. The advantages of radicd polymerization include the
posshility of peforming the reactions in solution, emulson, suspenson as wdl as bulk.
Besdes this can be used for a wide range of monomers and monomers with functiond
goups. The ques for controlledliving radical polymerization, conceptudized by Otsu
and coworkers? and Fischer?, reached its zenith in the early ningties. New techniques like
seble free radicd polymerization (SFRPPY, aom trandfer radicd  polymerization
(ATRP®?)  and revesble additon fragmentation chain  transfer  polymerization
(RAFT)®Y entered the amory of the synthetic polymer chemigis. Amongst these ATRP
has been extendgvdy dudied for vaious monomers with different trandtion metd
catalysts and ligands>™.

Ingite of these devedopments the controlled polymerization of higher dkyl
methacrylates, such as lauryl methacrylate, has receved rdatively less atention as
compared to lower akyl methacrylates Haddleton and coworkers™ reported the ATRP of
higher dkyl methacryltes They polymerized n-butyl, n-hexyl and n-octyl methacrylates
in xylene solution with CuBr as cadys, N-(n-butyl)-2-pyridylmethanimine as ligand and
ethyl-2-bromoisobutyrete  as initistor. The obtaned polymers were characterized with
relatively narrow MWD (£ 1.27).

More recently Bears and Matyjaszewski® reported the polymerization of lauryl
acrylate (LA) usng ATRP. The polymerizetion was caried out in toluene with CuBr as
cadys, 44 -di(5nonyl)-22-bipyridine as liggnd and methyl-2-bromopropionate  as
initiator. ATRP conditions that were suitable for n-butyl and t-butyl acrylate were found
to be unwitable for LMA. Usng 44-di(5nomyl)-22 -bipyridine a ligand engbled
homogeneous polymerization in toluene with no precipitation of polymer. However, even
under these conditions, polydispersties were ~1.4 a 90% converson. This was attributed
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to the competition between conventiond and controlled radicd polymerizations and the
consequent reduction in the generation of Cu(ll) deactivator. Addition of Cu(ll)Br2 (4 md
% excess to CuBr) to the reaction, circumvented the problem and the polydispersty
narowed to 1.25. This work clearly illudrates the need to choose suitable conditions for
ATRP based on the nature of propagating radicd. We, therefore, choose to explore the
ATRP of LMA with aview to define optimum conditions for controlled polymerization.

4.2. Experimental Methods

42.1. Materials

LMA, cdcum hydride (CaH,), Copper bromide (CuBr), 2,2 -dipyridine (DP), 44 -
dimethyl-2.2 -dipyridine  (DMDP),  pyridine-2-carboxddehyde,  ethyl-2-bromoisobutyrate
(EBI) and N,N’,N',N",N"-pentamethyl diethylenetriamine (PDT) were procured from
Aldrich, USA. Sodium and potassum meds sodium sulfae activatled dumina (neutrd)
and dl solvets like toluene, THF, methanol, ethanol, diethyl ether were procured from S
D. Fine Chemicds, Bombay, India

4.2.2. Purification

LMA was purified by frectiond didilletion, after girring over CaH, for 12 hours
a room temperature. CuBr was purified as reported earlier™, by siring in gladd acetic
acid under nitrogen followed by filtration. 1t was then washed with absolute ethanol and
dried under vacuum. DP and DMDP were used as received. EBI and PDT were didtilled
by freeze-thav cydes under vacuum dfter girring over CaH, for about 4 hours.
Fractionated toluene wes refluxed over potassum metd and sored over NaK dloy in a
vaouum line and prior to polymerization required amount was condensed into an ampoule
under reduced pressure and trandferred under nitrogen amosphere into the polymerization
reactor.

4.2.3. Synthesisand purification of N- (n-propyl)-2-pyridylmethanimine (PPM1)*:
Pyridine-2-carboxadehyde, 145 mL (0.152 mol), was taken into the reection flask

containing 20 mL diethyl ether. 15 mL of npropyl amine (0.183 mol) was added drop-

wise, while dirring, to this solution & 0 °C. After complete addition, 3 g of anhydrous
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sodium sulfate was added and the durry was girred & 25 °C for 2 hours. The solution was
filtered after 2 hours solvent was removed and the product was purified by didillation
under reduced pressure (31-35 °C a ~0.1 mmHg). Isolated Yidd: 85%. ‘H NMR (CDCls)
(Fig. 4.1): d 085 (t, 3H), 1.62 (m, 2H), 353 (t, 2H), 7.18 (m, 1H), 7.61 (m, 1H), 7.86 (M,
1H), 827 (s 1H), 854 (m, 1H). Andyticd andyss Cdculated for GHoN,: C - 7297, H
—810; N — 1892 Found: C— 72.31; H—8.60; N — 19.33.

012013 0.13 0.28 0.27 039
HH HH H = = =
T T

B R B L) L) LA LA LA AL T T T T T T |RAAM) LA LAAL LELR LELLE LA RALL WAL
a0 8.5 g0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Fig. 4.1: 'H NMR spectrum of PPMI in CDCl,

4.2.4. Polymerization

The reaction setup for the ATRP of LMA is dmilar to the one shown in fig. 25
(Chepter 2). In a typicd polymerization reection (run 1 in table 4.1), 0.109 g, (0.76 mmol)
of CuBr, 0.324 g (297 mma) of DP, 5 mL (17.05 mmol) of LMA and 20 mL of toluene
were added in that sequence. The reaction sstup was cooled using a liquid nitrogen beth
and when the contents were hdf frozen, vacuum was applied (0.007mbar). After keeping
the solidified reaction mixture under dynamic vecuum for 10 to 15 minutes the liquid
nitrogen bath was removed and the contents were thawed and filled again with nitrogen
gas. This procedure is repeated two more times to remove the traces of oxygen. The
contents were found to be heterogeneous a lower temperature. Temperature of the
reection mixture was then increased to 95 °C using an oil bath. It was observed that the
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olution became homogeneous a this temperature. While maintaining the temperature at
9% °C, 0.1 mL (0.68 mmoal) of EBI was added with continuous tirring.

The polymerization was quenched, after dirring for 5 hours, by freezing the
reaction mixture in liquid nitrogen bath. The mixture was diluted with THF and passed
through activated dumina column to remove the catdys. Polymers were precipitated into
water-methanol (20080 viv) mixture. The polymer was disolved in diehyleher and
dirred over anhydrous sodium sulfate. The solution was filtered, solvent removed and the
polymer dried under dynamic vacuum for 8 hours. Yidd was determined by gravimetry.

4.25. Kineticsof ATRPof LMA

The reaction sgtup is dmilar to the one used for batch reactions. In a kinetic
expeiment, 0.1g (0.70 mmol) of CuBr was taken in the reaction flask. To this 5 mL
(17.05 mmol) of LMA, 2 mL (1196 mmoal) of diphenyl methane (as an internd standard
for GC), 0.2 mL (1.35 mmoal) of PPMI and 20 mL of toluene were added in that sequence.
A gmdl portion of this solution wes withdravn using a syringe for GC andyds to
determine Mo. The solution was deoxygenated by 3 cydes of vacuum and nitrogen.
Temperature of the solution was increesed to 95°C. Upon ataning the required
temperaiure, 0.1 mL (0.68 mmol) of EBI was added with continuous dirring. After one
hour a smdl portion (~ 2 mL) was withdrawn from the reaction mixture usng a syringe
and added into precooled THF. This solution was passed through neutrd dumina column
(1” © 10") to remove the catdyst complex. The monomer converson was determined
usng GC by cdculating the disgppearance of monomer with respect to internd andard
(The detals of GC andyss were given in chapter 2) and M, was determined using GPC.
In a dgmilar way samples were withdravn in 1-hour intervads and the converson and
molecular weight of each sample were determined usng GC and GPC.
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4.3. Resultsand Discussion

Atom transfer radica polymerization of LMA was dudied in toluene & 95 °C udng
EBI & initigor and CuBr as cadys in conjunction with different ligands (fig 4.2).
Kinetic experiments of ATRP of LMA were carried out using PDT and PPMI ligands.

i W W
\N N/ / | \
2,2'-bipyridine N,N,N',N",N"-Pentamethyldiethylenetriamine
(DP) (PDT)
R R
X
= S |
~ | | _ N/ N\/\
4,4'-dimethyl-2,2'-bipyridine N-(n-propyl)-2pyridylmethanmine
(DMDP) (PPMI)

Fig. 4.2: Ligands used in ATRP of LMA

431 ATRPof LMA in presence of DP and DMDP ligands

The polymerizetion systems with the catdyst complexes of CuBr formed with DP
and DMDP ligands were heterogeneous. It is known that the control in polymerization can
be obtaned only when the equilibrium between the ectivation and desctivation steps is
maintained so tha the rate of deectivation is higher than the rate of propagation™. But
when the reaction mixture is heterogeneous, the intermolecular catdyst complexation
becomes dow thus didurbing the activation and deactivation eguilibrium. As a result the
rate of reversble deactivation decreases compared to the rate of rate of propagation. This
increases the amount of irreversble termination and results in polymers with broad MWD
and poor intigior effidency. MMA polymerization in ethyl acetate with EBI initigtor in
presence of these cadyd ligand complexes gave polymers with broad MWD®. A smilar
result is observed here udng these ligand complexes for the polymerization of LMA in
toluene, where the polaiity of the system is less than that of the above sysem. The
polymers (PLMA) obtained in the presence of these ligands exhibited broad MWD (£
1.33), (fig. 4.3) and gpparently low initiator efficiency (based on PMMA standards).
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Fig. 4.3 GPC traces of PLMA prepared by ATEP i presence of DF - () and DIWMDP - (b)

Table4.1: ATRP of LMA with CuBr catays, EBI initiator and toluene solvent & 95°C

Run. Ligend | [M]o | [Cle[llo[L]o  Yidd? | Mica)” | MoSEQ) | Mw/Mn | 19
No. moles/L % ~10° “10°
1 DP 0.68 113 43 238 11.9 131 | 03
2 DMDP| 068 113 a4 238 136 133 | 020
3 PDT 114 113 93 6.0 15.6 145 | 038
4 PDT 114 111 65 42 78 129 | 054
5 PDT 114 1:1:05 33 21 9.0 120 | 0.3

JYidd was determined gravimetricdly ? All the reactions were carried out for 5 hours.
Mo . = [{[M]o / [1]e}" Mol. Wt. of monomer * yidd/100] @' = Initiator efficiency = Muca. /
Mnsec © PMMA standards were used for calibration”bi-moda molecular weight distribution.

4.3.2. ATRP of LMA in the presence of PDT
Matyjaszewski and coworkers®?) have reported the use of PDT/CuBr complex in
ATRP for several aaylaes The sysem was homogeneous and the polymerization
resulted in polymers with narov MWD and good initistor efficiency. When this
cadys/ligand sysem was used for the polymerization of LMA, it was obsarved that the
polymerization mixture was homogeneous even a room temperature. However, dafter
commencing the polymerization a 95 °C, it was noticed that the Cu (I) species dowly
precipitaeted out during the polymerization (run 3, teble 4.1). This results in decressing the
rale of reversble deactivation and increesing the irreversble termination. The PLMA
obtained hed broad and multi-modd MWD (fig. 4.4). This result, coupled with the higher
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yield of polymer, indicates that the rate of propagation is very high compared to the rate
of equilibrium between active and dormant species.

Few expeiments were, then, caried out a low concentraion of ligand with
repect to CuBr. It was obsarved that the solubility of the catalyst complex was low a
lower concentration of ligand. However, homogeneous mixture was observed a 95 °C
before adding the initiator. But after adding the initiator, dow precipitation of Cu (Il)
goecies was obsarved as the reection progressed. The resulting polymer had improved
initiator efficiency and reatively narow MWD (run 4, table 4.1, fig. 4.4). These reaults
dong with the reduced yidd shows that the rate of polymerization decreased profoundly.
Further decreedng the ligand rdio resulted in insufficient complexation leading to partid
dissolution and thus a heterogeneous sysem. The obtained polymer had narow MWD,
poor initistor efficency and poor yidd (run 5, table 41, fig. 4.4). These reaults indicae
that it is necessary to have a least an equimolar amount of ligand with respect to CuBr or
initiator for a successful polymerization.

a b
J\ C
T T T T T T T T T T T T T
a6 23 3o az i 28 ao az i 28 3o 3z =LY

elution wolume, ml. elution wolumne, ml. elution wolutne, ml.

Fig. 4.4 GPC traces of PLIMA prepared by ATEP in presence of CuBnPDT complex
[EBI],: [CuBr]y: [PDT] =113 - (&), 1:1:1 - (b) and 1:1:0.5 - ()

4.3.3. Kinetic sudiesof ATRP of LMA in presence of PDT
Kindic sudy of ATRP of LMA was caried out in the presence of PDT ligand and
the resllts are given in teble 4.2. The firgd order time-converson plot (fig. 45 @ is not
lineer indicating the presence of terminaion reections and usng the non-lineer curve fit
the rate condants, kap and ki, wee found to be 001266 min® and 000511 min®
respectivdy. A plot of My sec) vs converson (fig. 4.5 b) showed an upward curveture a
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higher cawerson indicaing the presence of transfer reections. It is important to note that
the molecular weght was deermined usng PMMA cdibration. Due to the higher
hydrodynamic volume of PLMA compared to PMMA, the obtained vaues for molecular
weights are overestimated and, hence, are only trested as gpparent molecular weight.
Smilaly the initistor efficiency vaues were based on these gpparent molecular weights
and hence they are only used for rdaive comparison.

Table 42 Kindgics of LMA polymeization by ATRP in the presence of CuBr/PDT

complex a 95 °Cintoluene

Run. Time | Converson® M, ca M, sec MWD
No. min. % 103 108
1 60 50 32 5.2 115
2 120 68 44 59 117
3 180 76 49 6.0 118
4 240 82 53 6.2 118
5 300 86 55 6.3 118

dConverson determined by GC using diphenyl methane as internd standard "M, . =
[{[M]o / [1]l}" Mol. Wt. of monomer ~ conversion/100] PMMA standards were used for
cdlibration

2000+ 1.40
i a
= e . My, sEC b
o WD
] 5000
e 1.30
= , 4000
=
=10 = %
= Ky - 0.01266 tmin’! 30001 My, cal
= ; 120
K- 0.00511 min? 20001
0.5
10004
an . . : , : 0 . . : . 110
0 0o zh0 300 ] 20 a0 0 80 100
titne, tmin Cotrrersion, %

Fig 4 5 Kinetics of ATRP of LMA at 35°C; [CuBr]y= [PDT]y= [EBI]y= 0.67 mmol, [DFM],
= 8.9 mmol, [LMA] = 17.05 mmol, toluene - 10 mL. - a) First order time-conversion
plot - b) Plot of molecular weight and MWD against conversion
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The GPC dugram (fig. 4.6) shows the presence of oligomers and the area of these
oligomer pesks did not increese with converson with respect to the polymer pesk. This
indicates that severd growing chans ae teminged a the initid dages of the
polymerization. The decrease in the active center concentration resulted in high molecular
weght polymer a the beginning of the polymerization. Although the MWD of the
polymer was narow through out the polymerization, a dight increese in MWD was
noticed with converson supporting the presence of transfer reaction.

Conversion
weeee B0
- Ga%
R
wermima B2 0
— BB

; . : : :
28 a0 12 a4 ae aa
elution volume, mL

Fig 4 & GPC traces of PLMA prepared by ATEP at different
conversions, [LIWA ]y = 17.05 mmel, toluene - 10 ml,
[CuBr]y=[FDT];=[EEI];= 0.67 mmol

4.3.4. ATRP of LMA in presence of PPMI

Haddeton and coworkes® have reported the use of  subsituted
pyridinemethanimines as ligands in the Cu catdyzed ATRP of MMA. The obtaned
polymers had rdaivdy narow MWD (£ 1.28) with good initistor efficency. We have
examined the efficiency of CuBr/PPMI catdyst sysem in the ATRP of LMA with EBI
initiator and the resullts are given in table 4.3.

It was obsarved that this complex results in a heterogeneous mixture a room
temperature. But the reection mixture became homogeneous a the reection temperature
(95 °C). No precipitate was observed with converson a that temperature, throughout the
reaction. The polymers obtained had narow MWD (£ 1.24) and reasonably good initiator
efficency (table 4.3). It is ds0 obsarved that with incressng dilution, yidd is reduced
suggedting that the rate of propagation is reduced and the obtained polymers showed
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much narower MWD (runs 2-5, teble 4.3, fig. 4.7). Changing the ligand concentration
with respect to the initigtor from 1.3 to 11 (run 6 table 4.3) resulted in improved yidd
with margind changein MWD.

Table 4.3 ATRP of LMA with CuBr/PPMI catdyst sysem, EBI initigior in toluene a

95°C

Run. [M]o [ClolllolLlo | Yidd® | Myed)® | Myssc) | MwD 1 d

No. | molesL % "10° " 10°
1 0.68 113 70 45 10.8 119 | 041
2 114 113 69 44 9.4 129 | 047
3 0.68 113 65 42 83 124 | 051
4 049 113 58 37 82 118 | 045
5 0.26 113 22 14 37 116 | 038
6 114 111 82 53 97 124 | 055

?Yidd was determined by gravimetry ® PMMA standards were used for cdibration M, e
=[{[M]o/[1]}" Mol. Wt. of monomer " yield/100]®! = Initiator efficiency = M, cs. / M}, sc.

AN

T
’T 23 29 3I:I 31 32 33 CN 27 28 29 3EI 31 32 33 31- 35 28 29 3EI 31 32 33 3 3EI 31 32 33 3i- 35 35

Fiz 4.7 GPC traces of PLMA prepared by ATEP at 95 °C in toluene. [CuBr]y=[EBI];=0.67 mmel,
[PPMI]p= 2.0 mmel, [LMMA],=1.14 mmol- (a), 0.68 mmel- (), 0.4% mrmel- (c) and 0.26 mmel- (d)

4.3.5. Kineticsof ATRP of LMA in presence of PPMI

Kinetics of ATRP of LMA was caried out usng EBI as initiator in the presence
of CuBr/PPMI catdys complex and the results are given in table 4.4. The polymerization
in toluene proceeds in a controlled manner as seen by the linear firg-order rate plot
passing through origin (fig. 48 @ and from this plot the apparent rate condtant, Kayp, Was

found to be 000888 min™. The molecular weight increases linearly with conversion.
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Molecular weight digtribution remains narow (£ 1.21) through out the reaction. But the

presence of trandfer reactions in the laier stages of polymerization is seen from the upward

curvature of the Mn vs converson and the increesng MWD with converson (fig 4.8 b).
The GPC traces of these polymers were shown in fig. 4.9.

Table 44: Kinetics of LMA polymerizaion by ATRP in the presence of CuBr/PPMI
complex with EBI asinitiator in toluenea 95 °C

Run.No. Timemn | Coverson% | Mp ~ 10° | Mysec ~ 10° | MWD
1 60 36 24 52 125
2 120 66 42 6.1 124
3 180 78 50 6.5 1.26
4 240 87 56 6.4 127
5 300 93 6.0 6.4 128
6 30 96 6.2 6.8 127

dConversion determined by GC using diphenyl methane as interna standard M, . =

[{[M]o / [1]4° Mol. Wt. of monomer *

conversion/100] “PMMA standards were used for

1.20

cdibration
] (a) 7000 (b) y
= My sEC . 2
] 80001 o MWD
= ool
- ¥ = 000885 min 000 -
=
--E..._02.D‘ Eﬁ 40004 vl ,CElC'L'Ilﬁ.th
= A 000 °
g5 . - o
1.0 2000 o
. 10004
i : : : . a . : T ;
0 100 200 300 400 a 20 40 60 80

titnie, it

Convrersion ¥

Fig. 4.8: Kinetics of ATRP of LMA at 35 °C. [LMA]= 17.05 mmol, [DFM]= 5.9 mmol, toluene - 20 ml,
[CuBr];= [EBI]g= 0.67 mmol, [FPMI)= 1.36 mmeol (a) First order time-conversien plot (b) Plot of
Wyand MWD against conversion
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Fig 4 % GPC traces of PLIMA prepared by ATEP at different
CONVErsions. [LI'.L'-‘L]D = 17.05 mmol, toluene= 20mL.,
[CuBr]y=[EEI] = 0.67 mmel, [PPMI];= 1.36 mmol

4.3.6. Kineticsof ATRP of MMA in presence of PPMI

For purpose of comparison kinetics of ATRP of MMA was catried out under
have reported the polymerization of
MMA in xylene a 90 °C. They reported an induction period of 20 minutes in this reaction
and attributed it to the presence of resdud oxygen. We performed the reaction a 95 °C in

identicd  conditions Haddleton and coworkers®?

ATRP of LMA

toluene. The polymerization of MMA proceeds in a controlled manner as evidenced by
the fird order time converson plot (fig. 4.10). An induction period of 7.5 minutes was

10000+
30
4 8000
=207 6000
= F
- = -
= 4000
R eapp - 0.00974 mirf ]
Induction period - ~7.5 min
2000
o r T r T T ) 0 T
0 100 200 300 0 20 40 &0 80

titne, tmin

CONVErSion, %

Lk
100

Fig 4 10:Kinetics of ATEP of MIA in toluene at 957 [CuBr] [EBI] [FPMI] [2LA] [Toluene]
=1:1:2:100:200 &) First order time conversion plot - b3 Plot of M, and MWD I conversion
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observed and the rate congtart for the polymerization was caculated as 0.00974 min.
Thereported” vaue of rate congtant in toluene is 0.00731min ™,

Thexe differences in induction period and rate congants could be due to the
increesed  reection temperaiure or differing amounts of resdud oxygen between
expaiments. The polymers had higher molecular weights than the cdculated vaues and
the difference was prominent a the beginning of the polymerization. This is in agreement
with the results obtaned by Haddeton and coworkers. The MWD of the obtained
polymers were narrow but dight broadening was observed with converson indicaing the
presence of transfer reactions. This is in contrast to the reported data wherein the MWD
narrows down with converson. These results indicate that the reaction temperature has an
important role in determining the kinetics polymerization. Even a dight incresse in the
reection temperature affects the rate of polymerization and increases the unwanted side

reactions.

4.4. Conclusons
Controlled polymerization of LMA has been achieved usng ATRP. The obtained

polymers were charecterized by moderatdly narow molecular weight didribution (< 1.3).
Among the ligands used, PPMI gave the best results and the optimum concentration of
ligand with respect to catdys and initistor was 1:3 and the dilution required wes 1:4 (V/iv)
monomer/solvent. The kindlic experiment shows a linear fird order time-converson plot.
The rate of polymerization of LMA was margindly lower than that of MMA. When PDT
was used as ligand better results were obtained a low ligand concentration and the
optimum vaue was found to be 1:1 with respect to cadys and initiator. In this case the
kinetics of ATRP of LMA dearly indicates the presence of both tranfer and termination

reactions.
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Chapter 5. Synthess of acrylic block copolymers containing
lauryl methacrylate ssgments

5.1. Introduction

Block copolymers are a combinaion of two or more macromolecules joined
covaently ether & one or both ends When these segments are incompatible micro-phase
separaion tekes place & the polymer interface forming domains and giving rise to useful
propeties in bulk and in solution. Block copolymers have widepreed applications as
compatibilizers, dispersng agents, and thermoplasic dastomers (TPE) etc.™. Anionic
polymerizetion, due to its trandfer and termination free nature, has proven to be the best
method for preparing block copolymers with controllable chain length of the blocks and
natow MWD, In generd block copolymers are made by sequentid addiion of
monomers. In order to prepare pure block copolymers without homopolymer impurity it is
essentid to prevent any chain trandfer and termination of the living carbanion chain ends.
Besdes this the crossover reaction from the living polymer chan end to the second
monomer should be fagt. This depends on the pK, vaues of the conjugate acids of the
monomers. The monomer addition sequence s determined by thisfactor®.

Anionic polymerization techniques have been used for the preparation of Syrene-
b-butadiene-b-styrene  (SBS) triblock copolymes  They find goplications manly as
TPEs. These copolymers are characterized with poor oxidation resstance, which is due to
the center diene block, poor solvent resstance and low sarvice temperature (60-70 °C).
This has led to the search for improved materids useful as TPEs With the successful
devdlopment of ligated anionic polymerization of (meth)acrylae monomers it is possble
to meke fully acrylic block copolymers. This can be achieved merdy by changing the
dkyl subdituent of the ester group. Thus, tri-block copolymers contaning inner
poly(laurylmethecrylate) (PLMA) soft segments (Tg = ~ -65 °CQ)™® and outer poly(methyl
methacrylate) (PMMA) hard segments ( Ty = ~ 110 °C) can be prepared. Such polymers
could show improved properties as new class of TPEs. The vadt difference between the Ty
vaues of these blocks coupled with the immiscibility of PMMA and PLMA could lead to
new solid-gtate morphologies.

Sogah and coworkers” have reported the synthess of PMMA, PLMA di-block
copolymers by sequentid addition of monomers usng group trander polymerization. The
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obtained polymers had molecular weight in the range of 6500 with narow MWD (£
1.14). Later, Sannigrahi and co workers? reported the preparation of di-block copolymers
of MMA and LMA in the molecular weight range of 40,000 with narow MWD € 1.15)
usng GTP. Although the mehod provides controlled polymerization of dkyl
(meth)acrylates a ambient temperaiure, molecular weight control is lot when higher
molecular weights (M, > 50,000) are targeted.

Anderson and co workers™® atempted the synthesis of block copolymer of MMA
and LMA by anionic polymerizetion. The polymers were prepared in THF usng 1,1-
diphenylhexyllithum (DPHLi) a& -78 °C by sequentid addition of monomers The
obtained polymers had shown broad MWD (1.32 for PMMA, 172 for intermediate
PMMA-b-PLMA and 356 for the find PMMA-b-PLMA-b-PMMA). The broadening of
MWD weas dtributed mainly to the low solubility of LMA a —78 °C in THF and other
kinetic aspects. Two Tgs a -5 and 105 °C were reported for the intermediate di-block
copolymer ((PMMA)0-b-(PLMA)s7). Three Tisat —44, 0 and 104 °C were reported for
another intermediate di-block copolymer ((PMMA) x0-b-(PLMA)13,) and the find triblock
copolymer  (PMMA)o-b-(PLMA)200-b-(PMMA)x0).  But, the conditions of thermd
characterization were not given. Nakagava and coworkers™  reported  controlled
gynthess of di-block and triblock copolymers of LMA and MMA with t-BuLi/TEA in
toluene a —78 °C. The rae of reactions in this case is dow and reguires long reaction
times for 100% converson. The obtained copolymers had narow MWD (E 1.22, Mn £
23,000). These copolymers had high syndiotecticity and formed dereo complexes with
isotactic and syndiotactic PMMA.

Jerome and co-workers™ have reported a twosep synthesis of fully acrylic block
copolymers usng ligated anionic polymerization (scheme 5.1). In this mehod fully
acrylic tri-block copolymers with center  poly(t-butyl acrylate) (poly(t-BA)) blocks were
prepared by ligaed anionic polymerization followed by sdective transdcoholyss of
poly(t-BA) blocks with the dedred dcohol to yidd the reguired poly(n-akyl acrylae)
blocks Usng this method they reported the synthess of triblock copolymers of MMA
and isooctyl acrylae (I0A), (poly(MMA-b-IOA-b-MMA)), in the molecular weight range
of 100,000 — 300,000 (PMMA content 6.5 — 22 mole%) with narow MWD (K 1.2). These
polymers show a Ty & —45 °C and were independent of PMMA  content in the polymer.
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But the Ty corresponding to PMMA blocks were not clearly seen in these polymers and
this was atributed to low PMMA content.

g MMA | _BUA L MMA L boly(MMAB-BBUAD-MMA)
THF, -78 C
LiCl Isooctanol
p-toluenesulfonic acid
reflux

Poly(MMABb-IOA-b-MMA)
Scheme 5.1: Synthesis of copolymers of MMA and akyl acrylates
by ligated anionic polymerization

Difunctional initiator

n-BA |ATRP catayst Macroinitiator synthesis
\
Br~ww Poly(n- BA)~ww Br Macroinitiator recovery

MMA [ATRP catalyst Triblock copolymer synthesis

PM MA mwwP(n-BA)swe PMMA

Scheme 5.2: Syntheis of fully acrylic triblock copolymers by ATR

More recently Jerome and co-workes®® have reported the synthesis of fully
acrylic block copolymers usng ATRP. They prepared di-functiond poly(n-butyl acrylate)
mecro initiator and it was used to initiate the polymerization of MMA (scheme 5.2). The
block copolymers were prepared in presence of different catdys complexes and better
results were obtained with copper chloride/4,4 -(dinonyl)-2,2 -bipyridine  (CuCl/dNBIPy)
complex in the presence of excess deactivator (CuCly;). The block copolymers were
prepared in the molecular weight range of 60,000 with narow MWD € 1.15). We have
explored the synthess o block copolymers of MMA and LMA using both living anionic
a wel as controlled radica polymerization techniques The results of this study ae
reported in this chapter.
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5.2. Experimental Procedure
521 Materials

Lithium, sodium and potassum metds sodium aulfae, activated dumina (neutrd),
nephthdene and dl solvents — tetrahydrofuran (THF), toluene, methanol, ethanol, diethyl
eher and benzene were procured from S D. Fne Chemicds, Bombay. Lithium
perchlorate  (LiICIOs), 1l-diphenylethylene (DPE), cddum hydride (CaH), methyl
methacrylate (MMA), lauryl methacrylaie (LMA), a-methyl dyrene copper bromide
(CuBr), pyridine-2-carboxaddenyde  N,N'N'N",N"-pentamethyl  diethylenetriamine  (PDT)
and ethyl-2-bromoisobutyrate  (EBI)  were procured from  Aldrich, USA. Triethyl
duminum (TEA) wes procured from Scheing AG, Germany. n-BuLi, DPHLI and lithium
naphthaenide were prepared in the |aboratory as described in chapter 2.

5.2.2. Purification

THF and toluene were fractionated and purified as described in chepter 2. All
solvents were used after smple didillation. Metds were used as recaved. LiCIO, was
dried under dynamic high vacuum a 100 °C for 24 hours and used as a solution in THF.
TEA was diluted with toluene (1.0M) and used. Purification of MMA and determingtion
of initistor concentration has been described in chepter 2. Purificaion of LMA, CuBr,
PDT and EBI has been described in chepter 4. Ngphthdene was purified by sublimation
before use. a-methyl syrene was didilled by freeze thaw technique after girring over
CaH; for 6 hours,

5.2.3. Synthesisof block copolymers by anionic polymerization

Block copolymers of MMA and LMA wee syntheszed usng anionic
polymerization. The reaction was caried out in a bench top single neck reactor equipped
with a three-way septum adapter and a magnetic stirring bar (fig. 2.5, chapter 2). The
reaction bulb was assembled and flame dried under vacuum before filling the bulb with
nitrogen gas. In a polymerization reection (run 1, table 51) 100 mL of THF was
trandfared usng a danless sed caillary. Into this, LiCIOs (1.89 mmoal) as a solution of
THF was added using syringe. Temperature of the solution was brought down to - 40 °C.
DPHLi was added dropwise until persgtent, faint, red color of DPHLi gppeared in the
solution. This gives the end-point for the titration of traces of impurities and usudly 0.2 to
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06 mL of 01 M initiator solution is consumed for this purpose. DPHLi (1887 = 10°
mol/L) was then tranderred into the solution by syringe and MMA (0262 mol) was
added. The contents were girred for 15 minutes and a smdl portion was withdrawn for
andyss LMA (009 mol) was added to the living PMMA solution and dirred for
another 15 minutes 1 mL of methanol was added to quench the polymerization. The
polymer solution was concentrated and the polymer was precipitated into methanol. The
polymer was filtered and dried under vacuum for 5 - 8 hours a 20 °C. Tri-block
copolymas wee prepaed in a sSmilae way usng difunctiond oligomeric a-methyl
gyryllithium asinitiator.

5.2.4. Synthesisof block copolymersusng ATRP

Synthess of block copolymers usng ATRP was caried out by sequentid addition
of monomears. The polymerization was carried out in toluene a 95 °C with EBI as initiator
in presence of both CuBr/PDT and CuBr/PPMI catdyst complexes. In a reaction, (run 1,
table 54) CuBr ((0.67 mmal), LMA (055 mol/L), toluene (10 mL) and PDT (0.34 mmol)
were trandferred into the reaction flask (fig 2.5, chapter 2) in that sequence. The contents
were de-oxygenaied by three cydes of vacuum and nitrogen. After increesing the reection
temperature to 95 °C EBI (0.67 mmol) was added and the contents were dirred for 6
hours. After 6 hours, a samdl portion was withdravn from the reaction mixture and MMA
(1.86 mal/L) was added to the rest and dirred for another 6 hours. The reection flask was
cooled in a liquid nitrogen bath to quench the polymerization. The reaction mixture was
diluted with THF and passed through activated dumina (neutrd) to remove the cadyst
complex. The solution was concentrated and the polymer was precipitated into methanol,
filtered, and dried under vacuum for 56 hoursat 40 °C.

5.25. Characterization

Molecular weight and molecular weight didribution of the dkyl methacrylate
polymers were determined from SEC (Thermoquest) equipped with UV and RI detectors.
PMMA sandards (Polymer Laboratories were used for cdibration. THF was used as

duent a 1mL/min. flow rate and two 60 cm PSS SDV-gd columns 1~ 100A and 1°
liner (10¢ — 10° A) a room temperature. 'H NMR (Bruker-200 MHz) was used for
determining the copolymer compostion. This was cdculated usng the integraion retios
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corresponding to —OCHj; protons of MMA (3.6 d) and —OCH, protons of LMA (3.9 d).
Cdorimetric measurements were peformed with a Mettle-Toledo star system 821° in the
range of —100 °C to +200 °C a hedting/cooling rate of 10 °C/min in a continuous nitrogen
flow (200mL/min).

5.3. Reaults and Discussion

5.3.1. Synthessof MMA, LMA di-block copolymers using anionic polymerization

Di-block copoymes of LMA ad MMA wee gyntheszed usng anionic
polymerization in THF with DPHLI as initigtor in the presence of LiCIOs &t —40 °C and
the results are shown in table 5.1. These reactions were caried out by sequentid addition
of monomas Frd MMA was polymeized and after 15 minutes a smdl portion was
withdrawn for andyss. To the resdud reaction mixture LMA was added and the reaction
was quenched &fter dirring for another 15 minutes The obtained block copolymers
exhibited good control over molecular weight and gave narow MWD polymer with no
homopolymer contaminetion (fig 5.1).

30 32 G4 i1 32 40 42 T A R
elution volume, ml. elution volurme, ml.

Fig. 5.1: GPC traces of polymers mrun 2, table 5.1 Fig 5.2: GPC traces of polymers in run 4, table 5.1
Phiid - (2) and PIWA-B-PTWA - (b) PLIMA - (a) and PLMA-5-PIA - ()

Very good results were obtained even for the reverse sequence of monomer addition
i.e polymerizing LMA firg followed by MMA addition (fig 5.2). This dealy shows that
the LMA polymerization is living under the present polymerization oconditions The
monomer content in the block copolymers was cdculaed from 'H NMR from the
integration ratios corresponding to —OCH, protons of LMA (3.9 d) and —OCHjs protons of
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MMA (3.6 d) (fig 5.3. The cdculated monomer compostion was in agreement (with +
5% error) with the feed ratio (table 5.1) in each case.

Table 5.1: Synthess of LMA, MMA block copolymers in THF & -40 °C in the presence
of LIGO, ([Alo/[1]o =10

Run. | [I]q 10’ | [MMA] | [LMA] Homopolymer Block copolymer
No. mol/L mol/L mol/L
[M]o [L]o ',\/In,c%J Mn,szsc MWD ',\/ln,og Mn,szac MWD [M]O:[L]O
10 10 10 10 HNMR
1 1.887 0.202 0.174 10.8 | 15.2 1160 | 343 | 415 1.30 47:53
2 2.807 0.306 0.128 109 | 13.0 | 1150 | 218 | 274 1.19 65:35
3 1.887 0.262 014 139 | 13.7 1130 | 34.6 329 1.20 58.42
4 2.400 0.093 0.068 730 | 7.20 1100 | 11.2 | 111 116 58:42
Mo . = {[M]o / [I]o}" Mol. Wt. of monomer "Number average molecular weights were
determined usng PMMA cdibration ! = Initiator efficiency = My . / Mn sc “LMA was
polymerized first.
B
g e
. fCH3_I _ Cts _
WCHQ—C\ i 0 i T
i~ s
OCH; OCHACHA(CHahp CHy
I+ d c b a

200 416
e i |

763

1568 186787
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T T T
40 3a
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Fig 53 YH MR spectrum of PLIA-b-PIIA run 4, table 5.1

The DSC thermograms (fig. 54, fig. 55) of these polymers show two didinct Tg
vaues & —49 °C, corresponding to PLMA, and 115 °C corresponding to PMMA. These
different vaues of Tg suggest the phase separdion in the block copolymers. These vaues
are Similar to those reported by Anderson and coworkers™
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Fig. 5.5: DEC thermogram of PLELA-A-PIIA, run 4, table 5.1

5.3.2. Anionic polymerization of LM A using lithium naphthalenideinitiator

Anionic polymerization of LMA was caried out usng LiNg, a di-functiond
initictor, as a fird sep towards the synthess of tri-block copolymers of LMA and MMA
(scheme 5.3). The polymerizetion was catried out in THF a —40 °C in presence of
LiCO,4 The results are shown in table 5.2. When LiNap was used as nitiator the resulting
polymers had bi-modd digribution with a hump a low molecular weight Sde of the SEC
chromatogram (runs 1 and 2 in table 52) (fig 5.6). The molecular weight of the low
molecular weight hump was goproximatdy equd to the sngle ste initiaion. In order to

81



Block copolymers of MMA and LMA

achieve better control over initigion, di-functiond a-methyl syryl lithium was prepared
ingtu by adding LiNgp to the reaction medium containing 10 mole excess of a-methyl
syrene & —40 °C and dirred for 5 minutes before adding the monomer (runs 35 in table
5.2). The anionic polymerization of LMA usng this initigtor gave very good control over
molecular weight and the resulting polymers had narow MWD. The SEC chromatogram
of these polymers does not show the low molecular weight hump (fig. 5.6).

=Lt
— [“@)@}
+ L /—/]/——
LiClOy
-40°c
LMA
MeOH
Lit '/C—CHZ—CHZ—C' Lt
o=(|‘; (|:=O
OCoHys OCpoHys
LMA
H— C CH,» \,—CHZ—CHZ—C\—@HZ—C\ —H
O=(|3 Oo=C ?=O ?=O
OC12H25 OC12H25 OC12H25 OC12H25

Scheme 5.3: Anionic polymerization of LMA using lithium naphthaenide initiator

Table 5.22 Homo polymerization of LMA usng LiNgp as initiator in the presence of
LiCO4 ([A]o/ [1]o =10) & -40°CinTHF

S Initiator | [1]0° 1°  [M] Yidd M nca M nec” Mi/ My | 1€

No. miL miL % - 10° © 10°

1 LiNap 2.8%0 0.068 100 12.0 14.6 1.24" | 0.82
LiNap 2.880 0.102 92 18.1 30.2 1.08' | 0.60

3 | LiNgp+ 2.860 0.09 96 17.0 29.4 112 | 059
a-MS

4 -do- 1.430 0.102 100 36.5 54.5 114 | 067

5 -do- 0.858 0.102 >4 60.7 101.0 1.24 | 0.60

M, w = {[M]o / [1]l}" Mol. Wt. of monomer Number average molecular weights were

determined using PMMA cdlibration @' = Initiator efficiency = M, w. / M, sc “Birmodd

digtribution
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27 23 ) a0 27 28 29 30 31
elution volume, ml elution walume, tml.
Fig. 5.6: GPC traces of PLMA by aniornic polymerization in THF at -40 “C
inttiated by LitTap - (a) and Lilap +a-M5 - ()

5.3.3. Synthessof LMA, MMA tri-block copolymersusing anionic polymerization

Synthess of triblock cgpolymers of LMA and MMA weas dtempted usng this
initiator in THF & —40 °C in presence of LiClOs. The results are shown in table 5.3. The
block copolymer obtaned had bi-modd didribution (runs 12, table 53). The
polymerization reactor used for these reactions was a dngle neck round bottomed flask
(fig 25, chapter 2) and the polymerizations were peformed under a podtive pressure of
nitrogen. All additions and withdravads were carried out using syringe or cannula It is
concaveble tha during this menipulation some impurites may etter the system,
termingting a few homopolymer chans This could be the reeson for homopolymer
contamination.

To avoid this problem, an dtenative reaction vesd (fig 26, chepter 2) was
designed for block copolymer preparation. This reactor contains a Sde am into which a
smdl portion of the reection solution can be withdrawn just by tilting the reactor. The
monomes were directly didilled into graduated ampoules and these ampoules were
connected to the reactor before conditioning. After adding the required initigor, the
monomers were added by opening the stopcock of the ampoule. This reactor reduces the
manipulaion difficulties and prevents fresh impurities from entering the polymerization
sysem. Though the resulting polymer gill had bi-modd MWD (runs 4-6, table 5.3), the
amount of homopolymer contamination reduced congderably. This confirms the fact that
some impurities were entering the system during the manipulaions. But the presence of
lov molecular weight hump indicates that the termination of active chan ends is ill
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presnt in the sysem (fig. 5.7). This could be due to the time teken from didillation to
addition of the monomers (especidly second monomer). During this time the second
monomer (nest) may dat polymerizing. Providing a cooling jacket to the ampoules can
prevent this problem. Further refinements in the experimenta techniques are necessary to
obtain wel defined triblock copolymes of MMA axd LMA without homopolymer
contamination.

Table 5.3: Synthess of LMA, MMA triblock copolymers in THF a -40 °C in the
presenceof LiClO, ([A]o/ [1]o =10)

Run. | [I]" 10° | [LMA] | [MMA] Homopolyrmer Block copolymer
No. | moal/L mol/L mol/L

Mo | o | Mnet | Mosg | MWD | Mooy | Maae | MWD [MIclLLo

H NMR

1 2487 0.074 0.244 152 | 18.0 | 1155 | 349 | 446 | 1561 -
2 2487 0.059 0.236 122 | 189 | 1134 | 31.2 | 40.7 | 1558 -
3 2.043 0.073 0.228 182 | 289 | 1149 | 444 | 494 | 1270 75:25
4 2.043 0.048 0.267 122 | 169 | 1116 | 319 | 53.2 | 1258 8317
5 2.600 0.093 0.255 182 30.8 | 1140 | 379 | 55.3 | 1.263 7327
6 2.600 0.062 0212 122 277 | 1112 | 319 | 405 | 1289 7723

"M, @ = {[M]o / [1]l}" Mol. Wt. of monomer ”Number average molecular weights were
determined using PMMA cdlibration ! = Initiator efficiency = M, ca. / My, s “All the polymers
had bi-modd didribution

a m
2|4 T T 2|6 T T 2|8 T T 3|El T T 3|2 T T 2|5 T - 2"}' T 2|9 T 3|1 T
elution wolume, ml elution volume, mL

Fig 5.7 GPC traces of PLMA and PRNA -b-PLIMA-b-PIWIA prepared by amonic
polymenzation in single neck reactor - (a) and designed reactor - (b)
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5.34. Synthesisof LMA, MMA di-block copolymersusing ATRP:

Synthess of block copolymers by ATRP is a two-dep prooeeslﬁ) involving the
gynthess and isolation of macrainiticior folowed by block copolymer synthess usng
this mecroinitistor. We dtempted a sngle pot synthess of LMA, MMA diblock
copolymers by sequentid addition of monomers in ATRP. PPMI and PDT ligands were
used for this purpose. Firda LMA or MMA macrainitistors were prepared by ATRP
(described in section 5.2.3) and after Sx hours a smdl fraction was withdrawn for andyss
and second monomer was added. After continuing the reection for another six hours the
polymers were quenched by coodling in liquid nitrogen bath and polymers were isolated.

Theresultsare shown in table 5.4.

Table 5.4: Synthess of LMA, MMA diblock copolymers by ATRP usng CuBr cadys,
EBI initiator, in tolueneat 95 °C.

Run. | [MMA] | [LMA] Homopolymer Block copolymer
No. | mol/lL mol/L
[M]o [L]o Mia | Mygc | MWD | Mo | My | MWD | [M]q[L]o

s a3 . 3 s a3 s 4 A3
10 10 10 10 H NMR

N 1.86 0.55 51 9.1 125 149 | 421 114 76:24
2 1.86 0.55 51 125 1.46 14.2 40.3 1.37 76:24

3 1.86 0.55 51 85 122 149 16.7 1.28 70:30

4 1.86 0.55 50 7.7 116 14.2 16.9 113 80:20

"M, a = {[M]o / [1]}" Mol. Wt. of monomer, and calculated for yield Number average
molecular weights were determined using PMMA cdlibration “LMA was polymerized first. @
Ligand used was PDT in runs 1 & 2 and PPMI in runs 3 & 4. @ [c]o1]¢[L]o = 1:1:0.5 for PDT and
1:1:2 for PPMI

NN

' ET Taad7 A1 43 a5 31 w2
elution wolume, ml. elution volurne, ml. elution wolume, mL elution wolume, ml.

Fig. 58: GPC traces of block copolymers of LA and WA prepared by ATEP in a
one pot synthesis. (a) Bun 1 - (b) Ban 2 - (¢ Eun 3 and (d) Run 4 in table 5.4
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The meacro initiators prepared with PDT ligand gave reasonably good control over
molecular weight and rdaivey narow MWD. Viscosty of the reaction mixture
increased congderably after second monomer eddition. The block copolymers had low
molecular weight taling (fig 58) and poor initigtor efficiency, presumably, due to the
increesed viscosty of the reaction medium. This may reduce the rate of reversble
deectivation. Besides, it was obsened tha the concentration of insoluble Cu(ll) complex
increased with viscodty. This further reduces the reversble deactivation and thus losing
control over polymerizetion. The increment in viscodty in the polymerization of MMA
initicted by PLMA mecrointiator was less than that observed in the polymerization of
LMA initiated by PMMA meacrainitigtor. The obtaned block copolymer had multi-
modd, but narrow MWD.

The mecro initistors prepared usng PPMI ligand gave better initistor efficiency with
narow MWD. Even in these reactions viscodty increased after second monomer addition.
The block copolymers formed had narow MWD with good initiator efficiency. In the
cae of block copolymer prepaation with PLMA macro initistor the obtaned block
copolymer showved low molecular weight taling and a dight high molecular weight
hump. This indicates a dow crossover reection from LMA to MMA. In the case of LMA
initiation with PMMA  macro initiator the obtained block copolymer had very narow
MWD coupled with very good initictor efficiency. The better results in the case of this
ligand system can be atributed to the better solubility of the catdyst/ligand complex.

5.4. Conclusons
The block copolymers of LMA and MMA were syntheszed using both anionic

polymerizaion and ATRP methods. Di-block copolymers of MMA and LMA were
syntheszed with good control over molecular weight and narow MWD usng DPHLI as
intigtor in THF a —40 °C in anionic polymerizaion. Initiion of LMA with lithium
nephthdene in THF a —40 °C resulted in PLMA with bi-modd didribution. Preparation
of d-functiond a-methyl dyryl lithium with LiNgp and a-methyl syrene in sStu and
usng it as an initigor for LMA polymerization gave good control over polymerization
over a wide range of molecular weght. The tri-block copolymers of LMA and MMA
gyntheszed usng this initistor hed homopolymer contamination. This was attributed to
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the impurities entering the polymerization sysem during sample withdrawa and second
monomer addition.

The diblock copolymers synthesized by ATRP usng CuBr/PDT cadys complex
resllted in mult-modd digribution with poor initistor effidency. This result was
atributed to the insolubility of the Cu(ll) complex as the viscodty incresses. Synthesis of
di-block copolymers with CuBr/PPMI catdys complex gave much better results. The
reeson could be better solubility of the caidyst complex. The multrmodd MWD of the
block copolymer obtaned from PLMA macro-initigior was atributed to the dow

crosover reaction.
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Chapter 6: Synthess of wdl-defined gar polymers usng multi-
functional coupling agents

6.1. Introduction

Sa polymers are branched polymers with severd chains linked together a a single
junction point™®. These polymers represent the simplest form of branching and, thus, are
well suited for studying structureproperty relationships of branched polymers’. For this
purpose it is essantid to have sar polymers with defined number of chains (arms), chain
length, molecular weight and compostion. Synthess of dtar polymers was first reported
by Hory and Schaefgeﬁ‘") in 1948 and since then enormous developments have taken place
in the synthess of different types of dar polymers like homopolymers heteroarm dar
polymers, star block copolymers etc.”.

There are two drategies applied for preparing sar polymers. In the first drategy,
known as corefirda mehod, polymerization of a monomer is dated from a multi
functiona initiator to grow the star polymer from the core®. This strategy provides a clean
approach for the synthess of wel-defined sar polymers. However, this method reguires
the synthess of gopropricte multi functiond initiators, which is not dways easy. Besides,
it is important that dl the initiating Stes initistle the polymerization smultaneoudy and
with identicd rates. The other goproach is known as amHfird method and involves
coupling of the prepolymerized living liner polymer chans with a suitéble coupling
agent™®. This method has been more extensively used for the synthesis of star polymers™
. This gpproach has an advantage of sampling the linear polymer before coupling which
facilitates the rigorous charecterizetion of the product. Anionic polymerizetion methods
remain the best technique for preparing star polymers with high purity™.

More recent devdopments in the dar polymer synthess by anionic polymerization
involve the usage of 1,1-diphenyl ethylene (DPE) based compounds in both corefirst and
am-firg draegies. Quirk and coworkers have used this methodology for the synthesis of
wide vaidy of dar polymers like homopolymers, miktoarm dar polymers and sar block
copolymers™*¥. The mgor advantage of this method is the possbility of synthesizing w
functiondized da polymers by terminaing the reaction with suitéble dectrophilic
resgents. Mgor shortcoming of this method is that the maximum number of arms tha can

be achieved is limited due to the number of DPE functiondities that can be incorporated
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into a dngle molecule Beddes it is difficult to characterize individud dde chain, as
sampling is not possble here. Rate condants for the initiation for different dtes will be
different and leads to broad MWD.

Synthess of dar polymers by coupling the living linear polymer chains with di-
functiond monomers especidly divinylbenzene, has been extensvdy sudied>®. This
method is expeaimentdly draghtforward for the synthess of regular sar polymers,
miktoarm ga polymers and patidly wfunctiondized sa polymers. Though, by varying
the ratio of anion and difunctiond monomer, degree of branching can be controlled, this
often results in mult-moda and broad MWD with an average degree of branching and in
some cases, inter-connected stars are aso obtained”. Star polymer with narrow MWD
and uniform degree of branching can be obtaned by usng slyl hdide type coupling
agents by caefully mantaning the Soichiometry of coupling agents with the living
anions. Sar block copolymers can be prepared in a smilar way by fird making the block
copolymers followed by coupling or by ssquentid addition of monomes to the multi-
functiond initigior. Heteroarm da polymers (miktoarm dar polymers) are prepared by
firds making the sar polymers usng divinylbenzene type coupling agents and then using
this as the multifunctiond initiator to polymerize the second monomer.

Functiond polymers, especidly, polymers having functiond groups with different
polaity and reectivity from the back bone have unique propeties and gpplications,
leeding to erhanced reectivity, phase separdtion or association, &bility to form sdf-
assemblies and supramolecular  structures >, Most functional polymers are based on
smple linear backbone such as tdechdic polymers, block or graft copolymers etc. There
is an increesing interest towards functiond polymers with specid topologies like dar
polymers, hyperbranched polymers and  dendrimers®®. However, these polymers are
difficult to prepare due to the competition between the propagetion and the reaction of the
active center with the functiond group resulting in chain termingtion or trandfer. In order
to avoid this problem, protecting groups were used in the inititors or termindion agents
to mask the functiond group.

The oxazoline ring sydem was used extensvely as a protecting group for the
caboxylic acid functiondity and possesses condderable utility in organic synthesis due to
its inertness towards various resgents 2. Approprite menipulation of the oxazoline ring
leads to the ddehydes, ketones, lactones, amino acids thiiranes, olefins and homologated
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caboxylic adds®. 2-Subdituted oxazolines ae importait monomers in polymer
chemistry to prepare poly(ethyleneimines)®. Bera and Sivaran? reported the use of 2
tribromomethyl-2-oxazoline (TBO) as a tri-functiond initigior in the cationic ring opening
polymerizetion of 2-methyl-2-oxazoline (MOX) to produce a three-arm dtar polymer. This
indicates a strong dectrophilic nature of C-Br bonds in TBO. It was, therefore, of interest
to explore whether TBO could function as a tri-functiond linking agent in living anionic
polymerization (scheme 6.1).

N N rfﬂﬁlﬂﬂr
s P i+ [(}—car3 —_ [(}—c{:pmmw
S

Scheme 6.1: Synthesis of star polymers with TBO coupling agent

This could lead to the preparation of wel-defined three arm dtar polymers with a
polymerizeble group a the core. This Sar polymer can be used in the peparation of wel-
defined graft copolymers by copolymerization with  2-methyt2-oxazoline  (MOX).
Besdes the oxazaline ring can be hydrolyzed to generate carboxylic acid functiondity at
the core. It was, therefore, proposed to study the reaction of TBO with a modd
nucdeophile, n-BuLi, to explore the feeshility of TBO as coupling agent for the living
anionic chain ends

6.2. Experimental methods

6.2.1. Materials

2-Methyl-2-oxazoline  (MOX), 244trimethyl-2-oxazoline (TMOX) and CaHy,
were procured from Aldrich, USA. Benzoyl peroxide (BPO), N,N-dimethyl formamide
(DMF), and other solvents like hexane, THF, and toluene were procured from S. D. Fine
Chemicd Ltd, Bombay, India N-bromosuccinimide (NBS) was procured from Loba
Chemie Indudtries, Bombay, India
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6.2.2. Purification

MOX and TMOX were purified by freeze-thaw didillation after girring over CaHz
for 6 hours @ 25 °C. BP was reprecipitated from chloroform into methanol, filtered, dried
under vacuum a 0 °C for 4 hours and dored in dak a& 5 °C. NBS was recrystallized
from hot waer and dried overnight under dynamic vecuum. THF was purified and dried
as described in chepter 2. DMF was didtilled under reduced pressure after dirring over
CaH: for 4 hours All solvents were used after smple didtillation. Preparation of n-BulLi
and determining the concentration are described in chapter 2.

6.2.3. Synthesis of coupling agents®

TBO was gyntheszed by exhaudive bromingion of MOX (11.7 mmol) with NBS
(35 mmoal) in DMF (30 mL) in presence of cadytic amount of BPO (0.1 g) at 30 °C
(scheme 6.2). After 2 hours, the reaction mixture was poured in excess cold water.
Precipitated product was re-cayddlized from nhexane. Yidd was 3.0 g (82%). m.p.
1045 °C (literature mp. 105106 °C)®. 'H NMR (in CDCk) (fig. 6.1): 4.1d (t, N-CHy)
and 46 d (t, O-CH,). Elementd andyss Cdcd. %: C- 1493 H- 1.25, N 4.35 and Br-
74.5; found: C- 1510, H- 1.50, N- 4.32 and Br- 74.51.

R
N NBS, DMF N
—cH -
3 50°C >~CBr3

o o)

R=H -TBO
R=CH -DMTBO

Scheme 6.2: Synthesis of TBO and DMTBO

In a dgmila way 44dmehyl-2tribromomethyt2-oxazoline (DMTBO) wes
synthesized from TMOX with 80% yield. mp. 88 °C. *H NMR (in CDCl) (fig. 6.2): 4.35
d (s, OCHy) and 14 d (s, -C(CHs)y. Elementd andyds Cdcd. %: C- 2057, H- 2.28,
and Br- 68.5; Found: C- 20.65, H- 2.31, N- 4.31 and Br- 68
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Fig. 6.1: '"H MME. of TEO in CDC4

Fig 6.2 'H NME spectrum of DIMTBO in CDTl,

6.2.4. Modd reactions

TBO (36 mmol) was teken into a reection flak and 50 mL of dry THF was
tranderred into it. The solution was pae yelow in color. Temperature of the reaction was
reduced to -78 °C and n-BuLi (0.145 mol/L) was added drop-wise. The color changes to
dark brown color. After 05 - 1h, water was added to quench the reaction. THF was
removed under reduced pressure and the product was extracted into chloroform, washed
with water severd times. The organic layer was separated, dried over sodium sulphate,
solvent was removed and the product andyzed by *H NMR.

6.3. Resultsand Discussion
6.3.1. Sability of oxazolinering in the presence of anions

Modd reections of TBO and DMTBO with n-BuLi were initidly, caried out in
cyclohexane a room tempersture. TBO or DMTBO was dissolved in cyclohexane and
nBuLi was added drop-wise. The reection was terminated after 30 min. by adding water.
After agueous work-up, the resultant product was andyzed by using *H NMR. The NMR
goectra showed severd unidentifisble sgnals, which indicates the reaction is not clean and
several undesred reections are taking place. It was assumed that at room temperature the
oxazoline ring might react with nudeophiles To confirm this excess DPHLiI anion was
added to 2-mehyl2-oxazdline in THF a& 30 °C. The red color of DPHLi anion
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dissppeared dowly within 30 minutes (in case of 244trimethyl-2-oxazoline within 90
min.). After the red color disgppearance methyl iodide was added. The resulting product
mixture was andyzed by usng 'H NMR, and it exhibited the pressnce of very smal
quantity of 2-ethyl-2-oxazoline dong with severd other sgnds From these results it was
inferred that the 2-methyl2-oxazoline was undergoing metdation followed by undesred

side reactionsin the presence of anionsat 30 °C.

(0]
' (Minar)

h 1,1-DPHLI THF el . O e §
; > CHq ’ FCHzCHa + Side products
i o 30°C, 30min . 30 min

' -
| N

]l l_ f ¥ 1
t 5 W

Fig 6.3 'Y MR spectrum of (MO + DPHL1 + Iel) reaction product m CDCl5

Meyers and coworkers>? showed that 244 tri-subdituted oxazoline ring is
dable towards nucleophiles & — 78 °C. They prepared various homologated aromatic and
diphatic carboxylic acids®, by metdaing the oxazoline ring exdusivdy a 2-subdtituted
methyl group followed by reacting with the reguired dkyl or aryl hdide Their atempts to
dkylae dl the hydrogen of 2-methyl group were not successful. This was explained by
the inability of removing the tetiary proton, a low temperatures, by the base When the
teriary dkylaion was atempted a 20 °C, it was found thet the anion is not Sable and
rearranges rgpidly into corresponding ketenimines. But in dl ther dudies, smple MOX
was not studied.

Sogah and coworkers have reported”) the facile dkylaion of MOX to prepare sme
nove 2-subgtituted 2-oxazolines. They reported thet lithiaion of MOX with lithium
diisopropylamide (LDA) a —78 °C and consequent akylaion. But prolonged use of LDA
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and use of n-BuLi or t-BuLi for lithigtion results in some unidentified Sde product, which
is not reported in agmilar reaction with 2,4,4-trimethyl-2-oxazoline (TMOX).

In order to check the dability of oxazoline ring in presence of nucleophiles, such
as n-BuLi, different oxazoline compounds were lithiatled with n-BuLi in THF a -78 °C
and benzyl chloride wes added (scheme 6.3). Both subdituted and  un-subdtituted
oxazolines gave targeted molecules in dmost 100 % vyidd, as was confirmed by *H NMR
(fig 6.3). This is in agreement with the results obtained by Sogeh and coworkers®, where
they found thet the reection of lithio methyl oxezoline with benzyl bromide gives dde
products due to a possble dectrophilic ring opening, where as the same reaction with
benzyl chloride gives dkylated product in dmogt 98% vyidd. This in turn proves tha the
oxazoline ring is able towards nudeophiles such as n-BuLi, & low temperatures, even in
highly polar solvents like THF.

R
N
n-BuLi, THF g . PhCH.CI R
R >;CH3 >~c L CH,CH, Ph
o -78°C, 5 min.

Scheme 6.3: Reaction to check the oxazoline ring stability

d =
bN

=
g

=g

Fig 6.4 'H NMR spectrum of 2-(2-phenylethyl)-2-oxazoline m CDCl,

7.0
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6.3.2. Model reactions of TBO and DMTBO with nBuLi in THF at low

temperatures

The modd sudies of TBO/DMTBO with nBuLi in THF at low temperatures were
caried out. THF solution of TBOIDMTBO was added, dropwise to nBuLi (10 mol%
excess) in THF solvent a -78 °C or a -40°C. After 30 min. 1 mL of water was added to
terminate the reaction. The *H NMR spectra of the product (fig. 6.4) showed the oxazoline
ring -CH2 ggnds as mixture of triplets between the known chemicd dhift vdues of
tribromo compound (4.2 and 4.5d) and methyl oxazoline (3.8 and 4.2d). The integration
vaues of oxazoline -CH,- ggnds (3.8-4.3d) and that of n-butyl -CH; sgnds (0.9 d) do
not maich even for a mono-adduct. From these integration ratios it was approximately
cdculaed that 90% of the product was mono-adduct. The res can be attributed to the
presence of smdl quantities of di- and tri-adducts (<10%) or the presence of side reaction
products. The reaction time was increased in the next st of reactions to 1h and very little
improvement was observed. The results are tabulated below.

Table6.1: Modd studies of TBO with n-BuLi in THF at low temperatures

Run. [oxd] [nBuLi] Temp. Time Results
No. m/L nm/L °C h (From NMR)
1 0.036 0.145 -78 05 > 90 % mono adduct
< 10 % di and tri-adducts.
2 0032 0115 -78 1 > 80 % mono adduct
<20 % di and tri-adducts.
3 0032 0115 -40 05 > 80 % mono adduct
<20% di- and tri-adducts.
4* 0.029 0.089 -40 1 Mixture of mono-, di- and
tri-adducts.
*DMTBO was used

From thee reaults it is difficult to edablish conclusvely whether tribromomethyl
oxazolines can be usad as coupling agents for the synthess of triarm core-functiond sar
polymers. From the literature it is known that the reactions between linear dkyl lithium
compounds and akyl hdides involves certain extent of metathdogen exchange even a
low temperaures leading to a mixture of products The reaction of TBO with ether
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oigomeas of butadienyl lithium (product of 14-addition) or dlyl lithium needs to be
examined to rule out the possibility of seric effects as the inhibiting factor.

(o

3 n-Buli
THF

-40%

Mlxture of products

[

50 40 a0 20 1.0 0.0 PEM

Fig. 6.5 'H NMR spectrum of (TBO-+»Euli)
reaction product in CDCl,

6.4. Conclusons

The oxazoline ring was found to be dable towards nudeophiles like n-BuLi a low
temperaiures. Coupling of n-BuLi with tribromomethyl oxazolines is not quantitative,
presumably, due to deric hindrance and possble dde reections like metd-hdogen

exchange.
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Chapter 7. Summary and concusons

7.1. Summary and conclusons

The difficulties involved in peforming anionic polymerization of higher dkyl
(meth)acrylates such as lauryl methacrylate are low solubility & low temperatures and
high levds of dcohdic impurities present in the commercid monomer. These could be
the ressons for the rdatively less atention paid to this monomer in the literature. In the
present sudy, anionic polymerization of LMA with DPHLi and di-functiond a-methyl
dyryl lithium initigtars in THF a —40 °C was caried out in presence of additives (LiClOs,
Lid ad Gliy). The PLMA polymers were formed with reasonably good molecular
weight control and narow MWD (£ 1.16). Purification of the monomer is very important
and the best results can be obtained by caefully fractionating the monomer and further
didillation over CaHz. The di-block copolymers of LMA and MMA were syntheszed
without homopolymer  contamination. However, triblock copolymers could not  be
prepared  without homopolymer contamination. This was atributed to inadequacy with
respect to experimentation. The results can be improved by modifying the polymerization
reector S0 that syringe and cannula modes of addition can be kept to a minimum. The
monomers have to be mantaned a polymerization temperatures (-40 °C) dfter their
purification up to their addition time.

Copper mediated ATRP of LMA in toluene with different ligands (DP, DMDP, PDT
and PPMI) a 95 °C produce polymers with moderatdly narow molecular weight
digribution (< 1.3). For PPMI ligand optimum concentration of ligand with respect to
cadys and inititor was 1.3 and the dilution required was 1.4 (viv) monomer/solvent,
whereas for PDT it was found to be 1:1 and 1:2 respectively. Transfer and termination
reactions were obsarved in PDT/CuBr based ATRP presumably due to the high reaction
rates and poor solubility of the Cu(ll) species. Synthesis of di-block copolymers by ATRP
resllted in mult-modd didribution with apparently poor initigtor  efficiency.  When
CuBr/PPMI complex was used and LMA was added to PMMA meacroinitiator, better
resllts were obtaned with narow MWD and without homopolymer contaminetion,
goparently due to the better solubility of the Cu(ll) complex fadilitating better equilibrium
dynamics However, isolating the homopolymer and using it as macroinitiator for the
other monomer may improve the results.



Synthesis of tri-am dar polymers with oxazoline ring a the core paves way for
the synthess of wel-defined graft copolymers (comb polymer) and functiond polymers
To dudy the feeshility of preparing such polymer, modd Sudies were caried out for
TBO and DMTBO as coupling agents with n-BuLi. It was found that the coupling is not
quantitative presumably due to deric hindrance and possble sde reections, such as,
meta-haogen exchange. Delocdized, dericdly less hindered anions may be used for this
Sudy to avoid these problems.

7.2. Scopefor further research
These reaults obtained in the present sudy provide an excelent scope for further
studiessuch as.
Synthesis of tri-block copolymers of LMA with MMA other methacrylic monomers
without homopolymer contamination, in diffeeent compostions of monomeas and a
wide molecular weight range, and comparing the properties of these polymers with
SBS thermopladtic dastomers.
Sudies toward finding much better catdytic conditions for the polymerization of
LMA by ATRP and synthess of di- and triblock copolymers of LMA with other
methacrylic monomers.
Synthess of oxazdine-functiond da polymers after checking the feeshbility by

carying ot modd dudies for TBO, DMTBO with dlyllithium and butadienyl
lithium.
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