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ABSTRACT

Simplelaboratory synthesisof poly (styrene)-block-poly (ethylene glycol)-
block-poly(styrene) (PS-PEG-PS) tri-block copolymer (TBC) using versatile
atom transfer radical polymerization (ATRP) techniqueisreported. Chloro-
and Bromo-PEG macroinitiators were synthesized by the transformation of
the end group of PEG through 2-chloro or bromo propionyl chloride which
was subsequently used in the preparation of symmetrical TBC of PS-PEG-
PS under ATRP conditions using styrene as monomers. The PEG-
macroinitiators and synthesized TBC were characterized by FT-IR and *H-
NMR spectroscopy. The average molecular weight and molecular weight
distributions of the TBC were obtained using GPC analysis. The experimental
results showed that the polymerization was controlled/living with the
PDI=1.4. The thermal behaviour and compositional properties of the TBC
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were studied using TGA.

INTRODUCTION

Block copolymersareof considerableinterest for
variousapplications, suchasemulsfiers, disperson sta-
bilizers, compatibilizers, biologica materials, phase
transfer catal ysts, and water-absorbing €l astomerg4.
Molecular design of block copolymerswith well-de-
fined architecturesisavery important areaof research
now adays®. Traditiondly, block copolymerswith pre-
determined number-averagemolecular weight(M, ) and
low polydispersity indices(PDI) aredways synthesized
by anionic, cationic, and group-transfer polymerization
methods; however, these polymerization methods can
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be successfully carried out only under trictly controlled
conditiong®. TBCsof poly (styrene) (PS) and poly (eth-
ylene oxide/ethyleneglycol) (PEG) with theblock se-
quence (PS)_-(PEG) -(PS), arenonionic amphiphilic
mol ecul es, which are both surface-active and ableto
form micellesin agueous/organic solvents. They are
commercially synthesized in avariety of molecular
weightsand PS/PEG ratios. Thus, TBCsof PS-PEG-
PS representsan important class of polymeric surfac-
tantsand are used in variousindustries, viz., pharma-
ceutica, cod and petroleum, agriculturd andfinechemi-
cag’8.

ATRPcanovercomemany of thelimitationsof other
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living polymerization reactions (only asmall number of
monomer's can be used, thereactionsare sensitiveto
moi sture, and two or more monomers cannot beran-
domly copolymeri zed) and provideatechniqueto maxi-
mizethepotentid of living polymerizations®. Thecon-
trol of the polymerization afforded by ATRPisaresult
of theformation of radicalsthat can grow, but arere-
versibly deactivated to form dormant species’®!l, Re-
activation of the dormant speciesalowsthe polymer
chainsto grow again, only to bedeactivated later. Such
aprocessresultsin apolymer chain that slowly, but
steadily, growsand hasawell-defined end group (for
ATRPthat end group isusually an alkyl halide)!*2%3.
Although other controlled radica polymerization sys-
temshave been reported by variousgroups#*, ATRP
remainsthemost powerful, versatile, smple, andinex-
pensivetechnique. ATRP produces polymerswith very
low polydispersitiesand provides extensive control of
mol ecular architectureusing awiderangeof monomers.
A variety of gradient, block and graft copolymerswith
novel compositions, macromolecular architecturesand
functional end groups have been prepared¢8, The
ATRPtechnique has been used to synthesize well-de-
fined polymerswith molecular weightsranging from
1000to 100,000 g/mol. However, termination and other
Sdereactionsa so occur, and they become more promi-
nent as the molecular weight of the polymer in-
creasest 9,

Researcher groupslikeCheng, S. et d ., Batsberg
et d.?Y and Yuan et a .?? were al so reported the syn-
thesis of PS-PEG-PS copolymer viaATRPand stud-
iedthemicellar behavior of such amphiphilictriblock
copolymers. Theperformanceof copolymer materids
depends on structurally related parameters, such as
molecular weight digtribution, chemical natureof theend-
groups, random or block nature of copolymer, and bal -
ance between hydrophobic and hydrophilic segments.
Synthesisof PS-PEG-PStriblock copolymersisnot a
new thing actualy, but present Situation, attentionisal-
ways given towardsthe synthesis and applications of
water soluble TBCs of PS-PEG-PS, where one may
hopeto have micellesin thermodynamic equilibrium.
Our group would beinterested inthe synthesis of well-
defined hydrophobic/weter insoluble TBCsof PS-PEG-
PSwhichjust givetheminor effect of ethereal oxygen
of PEG block that may bethefutureuseful materia for
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many dectrica applications.

Inthis context, wereport the synthesis of new hy-
drophobic PS-PEG-PStriblock copolymer with novel
physical propertieswith reasonable molecular weight
and low polydispersity viaATRPtechnology and, us-
ing poly (ethylene glycol) with aC-Cl or C-Br-end-
group macroinitiators. Thestructureand molecular char-
acteristicsof thissynthesized PS-PEG-PStriblock co-
polymer werestudied by FT-IR, *H-NMR, TGA, and
GPC. Thecompatibility and the potential morphol ogi-
ca behaviour of thisPS-PEG-PSternary block system
areunder our investigation

EXPERIMENTAL SECTION

Materials

Monomer styrenewas purchased from commer-
cid sourcesand purified by passing through acolumn
filledwithAl O, toremoval of inhibitors, then washed
with 5% NaOH, and finally neutralize with ion free
water. Purified styrenewas stored over molecular seves
inglassbottleuntil used. Polyethyleneglycol with mo-
lecular weight of 1500 g/mol was product of Sigma-
Aldrich. Bipyridine (Bipy) and 4-dimethyl amino pyri-
dine(4-DMAP) wereof LobaChemieof AndaR grade.
The CuCl was freshly prepared by reducing
CuSO,.5H,0 with sodium bisul phate NaHSO, and
HCI. Other reagents used in synthesislike hexane, di-
ethyl ether, thionyl chloride, ethanol and THF are of
Merck products and used without further purification.

Synthesisof 2-Chloro propionyl chloride/2-Bromo
propionyl chloride

30mL (0.413mol) of reditilled thionyl choridewas
placed in a250 mL three-neck RBF equipped with a
reflux condenser arranged on magnetic stirr. 15
mL(0.175 mol) 2-CPA was added cautioudy dropwise
with the hel p of dropping funnel during the course of
30-40 minutes and the mixturewas stirred and reflux
for the4 hrs. to ensuredl theacid (-COOH) was con-
verted into acid chloride(-COCI). Rearranged the ap-
paratusfor thedistillation and collect the crude acid
chlorideboiling between 80-115°C. Finally, redistilled
from aflask provided with ashort fractionating column
and collect the 2-CPC at 100-113°C. Theyield was
80% (14 mL). Similarly 2-BPC was synthesized by
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taking 2-BPA in of place of 2-chloro propionic acid
and adopting the above same procedure. Both the com-
pounds were utilized in the synthesis of PEG-
macroinitiator cons sting C-Cl and C-Br end group.

(@) O,
A\ \Y
C—OH C—ClI
/ S0Cl, , Reflu /
cl-CH ———3  cI-CH
CH CH
2-CPA 3 (a) 2-CPC 3
QA QA
C—OH C—ClI
/ sOCl, , Reflu /
Br-CH ﬁ Br-CH
\ \
CH
rorn 2 (b) Lot

Scheme1: Synthesisof (a) 2-CPC & (b) 2-BPC

Synthesis of poly (ethylene glycol)-Macroinitia-
tors

The PEG-macroinitiatorswere synthes zed through
2-chloro or bromo propionyl chloride as shown in
scheme2aand 2b. Ina100 mL two neck RBF, 2.4gm
(19.8 mmal) 4-dimethyl amino pyridine(4-DMAP) was
dissolvedinto 20 mL dichloromethane(DCM) and 1.84
mL (0.0132 mmol) triethylamine(TEA) wasadded. The
mixturewas vigorously stirred for 1 hr under the N,
atm. inicebath maintaining thetemperature 0°C. After
1hr, 1.2 mL (16.5mmoal) 2-CPC mixedwith5mL DCM
wasinjected with syringe. When theyd | owish dispersed
sol ution was obtai ned, the sol ution of 10gm (6.6 mmol)
PEG dissolvedin 20 mL DCM was added dropwise
with the help of dropping funnel and stirring was con-
tinued for thefurther 18 hrs. The macroinitiator was
precipitated by adding large excessof diethyl etherin
icebath. The macroinitiator wasisolated by filtration
and washed with diethyl ether. After recrystallization
from dry ethanol, the product was again washed with
diethyl ether and then dried under vacuum for aday.
Thefind product, awhitecrystdlinepowder wasstored
under anitrogen atmosphere.

Synthesis of PS-PEG-PS Triblock copolymer by
ATRP

The TBC of PS-PEG-PSwas synthesi zed through
ATRPus ng theabove synthesized macroinitiatorsand
styreneasmonomer by bulk polymerization procedure.
Ina150 mL RBF were placed macroinitiator, ligand
bipyridyl and catdyst CuX inal:2:6 ratiosand themix-
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ture degassed by afreeze-pump-thaw techniquethree
times. After 30 minutes 10 mL (87.22 mmol) monomer
styrenewas added with help of canula. Thereaction
wasallowed to proceed under stirring at 110°C for 20
hrs. The polymer product was recovered through col -
umn chromatography with auminaand waspurified by
the preci pitationinto hexen.

cl o} H, Hy Cl CH,
Sy—c O -C< )Co . . t-ch
CH-C Of Ok O Onyy = ool
HsC ] H> Ha o Cl
2-CPC PEG 2-CPC
18 hours TEA
stirring
4-DMAP
cl,
CH C\
HC oy _Co )C. Ha
3 '(C/ ~, )' \C C CH
Hy H. &
(@ Macroinitiator
CI-PEG-CI
Br 0 Hy H Cl CHg
\ / \ /
- . O C Co..OL = -
oH-C + pObc Ok Oy - skl
H,C  Cl H, Hy O Br
2-BPC PEG 2-BPC
18 hours | TEA
stirring
4-DMAP
Br,
CH C H,
HaC O( c- ),c Hs
~o C C CH
Ha Had B
(b)  macroinitiator
Br-PEG-Br

Scheme?2: Synthesisrouteof (a) C- Cl end group and (b) C-
Br end group with PEG-macr ainitiator

M easur ements

Fourier transforminfrared (FT-IR) spectraof the
all compounds were recorded on Shimadzu-8400S
spectrophotometer by KBr pellet method. The spectra
were obtained over the frequency range4000-400 cm®
at aresolution of 4 cmrt and 30 scan. Theproton nuclear
magneti c resonance (*H-NMR) spectraof block co-
polymer made on Bruker Avance I1 400 NMR spec-
trometer operated at 400 MH, using TMSasaninter-
nal standard, and the CDCI,, solvent provided the deu-
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teriumlock frequency at 256C from SAIF, Chandigarh.
Thermd gravimetry andyss(TGA) was conducted for
the degradati on pattern of the synthesi zed polymer was
done on Shimadzu (TGA-50) at ahegtingrateof 10°C/
min. The The apparent Mn, apparent Mw, and mo-
lecular weight digtribution of thetriblock copolymer were
determined by gel permestion chromatography usinga
PL-GPC 200 gel permeation chromatography instru-
ment of, with onerefractiveindex detector and two PL
gel-mixed-B 10um columns (300x7.5 mm), operated
with THF asthe eluent at 35°C. The chromatograms
were calibrated with PS standards.

CH=CH, X 0O CH=CH,

/)

CHS w n

+HsC of _C.yco o, FHs,

Cc” o C” Y c-CcH

H, Hg
Macroinitiator

Styrene Styrene

ATRP

CuX
20 hours

100°-110° C
H H /,O
*Pc-cz]-CH—c CHs
N H, H,

2
CH; Oy _C_ )}C. O | Hy
3 Ne o}n C c-CH+c —CH]L*
A, e I n

PS-b-PEG-b-PS Triblock Copolymer

Scheme 3: The synthesisrouteof PS-PEG-PStriblock co-
polymer viaATRP

Stirring

bipy
x= Br/Cl

RESULTSAND DISCUSSION

In the synthesis of PS-PEG-PS triblock copoly-
mer, initidly 2-CPC and 2-BPC weresynthesized from
their respective carboxylic acids. The FT-IR spectraof
synthesized acid chloridederivativesa ongwith respec-
tive, carboxylicacidswereshowninFigure 1.

Both theacidsclearly showsthebroad band rang-
ing from 3200-3500 cm'* depicted the-OH stretching
band dueto the carboxylic acid functional group, be-
sidethat in the spectrum of their corresponding acid
chlorides does not shows these broad spectrums. It
indicatesthe substitution of -OH group by -Cl group
during thereaction with used thionyl chloride. These
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acid chloridederivativesfurther used to prepared PEG-
Macroinitiator consisting -Cl and—Br terminal groups.
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Figurel: The FT-IR spectrum of 2-CPC/2-BPC initiator
alongwith respectiveacids

The FT-IR spectraof the PEG-Macroinitiator of
chlorine & brominebased areshowninFigure2. The
spectrum of CI-PEG-CI Macroinitiator [Figure2(A)]
clearly showsthat the broad absorbance band of -OH
group was compl etely disappeared and the presence
of characteristic absorbance band of —C=0 band at
1760 cm indicatesthe cova ent combination of 2-CPC
and PEG-1500. Similar observation also observedin
thecase of Br-PEG-Cl Macrainitiator [Figure 2(B)].

*) B)
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. : . . . . T T T " T T
3000 2500 2000 1500 1000 500 0 do; gk ofh - M o 500

Wavenumber (em)

Figure2: FTIR spectrum of (A) CI-PEG-CI and (B)CI-PEG-
Br macroinitiators

Both the telechelic Cl-PEG-CI and Br-PEG-Br
macroinitiatorswereused toinitiateATRPof styrenein
bulk and in solution for formation of TBC of PS-PEG-
PS. The product purification was carried out by ex-
tractionwith cyclohexane(for PS) and water (for PEG
macroinitiators). Figure 3 showsthecomparison FTIR
spectra of PEG, Cl-PEG-CI Macrointiator and PS-
PEG-PS triblock copolymer. The spectrum of PS-
PEG-PS triblock copolymer shows the presence of
typical absorbance of PEG and aromatic absorbance
of styrene both.

Figure4 representstheH-NMR spectraof triblock
copolymer, PS-PEG-PS by bulk polymerizationiniti-
ated by CI-PEG-Cl macroinitiator. A single pesk at 3.64
dppm existed in both the MI and TBC for the methyl-
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ene group (-CH,-) of PEG, but for the triblock co-
polymer, two peaks at 6.5 dppm and 7.1 dppm ap-
peared for phenyl ring protons. Both the IR spectra
and the*H-NM R spectraconfirmed the coexistence of
the polystyrene chain and the pol yethyleneglycol chain
inthe macromolecular structure??,

Triblock Copolymer

Macroinitiator (MI)

PEG-1500

Transmittance (%)

T T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Figure3: FTIR spectrumof thePEG, CI-PEG-CIMI & TBC
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Figure4: The!H-NMR spectraof triblock copolymer, PS-
PEG-PS

H-NMR:1) 0.9 § ppm for the methyl proton of
propyl group, 2) 1.2 8 ppm for the methylene proton of
styrene, 3) 1.9 6 ppm for the methyn proton of propyl
group, 4) 2.1 ppm for the methyn proton of styrene
5), 3.7 & ppm for the methylene protons of PEG and 6)
6.506 and 7.1 6 ppm for the phenyl ring protons.

To determinethethermal stability of the polymer
thethermal gravimetric analysiswas conducted. The
measurements areused primarily to determinethether-
mal and/or oxidativestabilitiesof materialsaswell as
their compositional properties®!. Figure5 showsthe
TGA curveof obtained from TBC of PS-PEG-PS. The
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thermogram indicatesthe starting of thermal degrada-
tion of TBPundergoesat 301°C and with a total mass
lossof 100.0%. TGA resultsinthetemperatureregion
below the onset of degradation. At about 68°C, the
TBPgartstoevolvethesmal amount of moisture, which
isclearly foundto be 3%.

P5-b-PEG-b-PS Copolymer

E

Mass Loss (%0)
5

=
T

o 400 500
Temperature (°C)

Figure5: TGA curveof triblock PS-PEG-PScopolymer

The GPC curveof triblock copolymer obtainedin
bulk ispresented in Figure.6. The single peak of the
GPC curveof the productsat 4.940 indicated that the
product could not to bethe blend of PS-homopolymer
and PEG-homopolymer; if so, the GPC curves should
appear astwo peaks. Dataindicatestheinvol vement
of essentialy al PEG macroinitiator chainsininitiating
the ATRP of styrene. The Number Average (M) =
176171, Weight Average (M )= 247765 and Polydis-
persity (M /M ) =1.4for TBC of PS-PEG-PSaredso
obtained from the GPC measurements. The synthesized
polymer have narrow polydispersity (M /M ) values
1.4, which further indicates ahigh efficiency of the
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Figure6: TheGPC of triblock PS-PEG-PS copolymer
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macroinitiatorsand alow degree of uncontrolled poly-
merizationsgenerated by sidereaction particularly ther-
ma polymerization.

CONCLUSIONS

It hasbeen shown those 2-chloro (or bromo) pro-
pionates PEG-macroinitiatorsare activein ATRPof sty-
rene. Hydrophobic TBC of PS-PEG-PSwith controlled
structurewaseffectively synthesized and well charac-
terized, which have not been obtained previously by
direct polymerization fromamacroinitiators. Thegood
control over themolecular weight distributionwasob-
tained viaATRP conditions. Clear understanding of the
laboratory approachwasreported and it was concluded
that compared to other “living” radical system, ATRP
represents asimple, inexpensive, and more general
method for controlledradica polymerization. Thecom-
patibility and the potential morphol ogical behavior of
thisPS-PEG-PSternary block systemwill bekey for
futuredectrica applications.
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