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ABSTRACT: 4-Chloromethyl styrene was copolymerized
with various molar ratio of methyl methacrylate or ethyl
methacrylate by solution free radical polymerization
method, at 70 * 1°C using a,a’-azobis(isobutyronitrile) as an
initiator. Then, very highly sterically hindered tris(trimeth-
ylsilyl)methyl substituent was covalently linked to the ob-
tained copolymers with liberation of chlorine atoms. The
structure of all pol¥mers was characterized and confirmed
by FT-IR, 'H and '*C NMR spectroscopy techniques. The
average molecular weight and glass transition temperature
of polymers were determined using gel permeation chro-

matograph and differential scanning calorimeter instru-
ments, respectively. Study of differential scanning calorim-
etry analyses showed that chemical modification of 4-chlo-
romethyl styrene copolymers with tris(trimethylsilyl)methyl
substituents leads to an increase in the rigidity and glass
transition temperature of polymers. © 2006 Wiley Periodicals,
Inc. ] Appl Polym Sci 102: 633-639, 2006
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INTRODUCTION

4-Chloromethyl styrene (CMS) or p-vinylbenzyl chlo-
ride (VBC) is an important dual functional monomer
that can be polymerized before or after chemical func-
tionality reactions on the benzyl chloride group. The
CMS polymers are reactive to react with various nu-
cleophilic reagents at fairly high yields. The numerous
physical and chemical properties of the functionalized
CMS polymers and their applications in various in-
dustries have been reported in many articles and pat-
ents." The functionalized CMS polymers have been
widely used in different processes as bactericide poly-
mers,” photo-sensitizers,” solar energy storages,* pho-
to-resists,” nonlinear optic:s,6 cholesterol trapping of
human serum” and polymeric prodrugs in drug deliv-
ery systems.®

Chemical modification of polymer structures is an
important route for modification of polymer proper-
ties such as mechanical, thermal and surface proper-
ties. In recently years, modification of polymer prop-
erties has been studied by attachment of various silyl
groups to macromolecular chains.”'* The properties
of CMS polymers are modified by nucleophilic substi-
tutions of the chlorine atoms, which yields depend on
the steric hindrance.
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The very bulky tris(trimethylsilyl)methyl group,
(Me;Si);C—, in which three organosilyl groups are
attached to the central carbon atom, is one of the
largest substituents. This group is greater than ¢-Bu, or
2,4,6-i-Pr;C.H, and close to 2,4,6-t-Bu;C,H,. The var-
ious organometallic compounds containing tris(trim-
ethylsilyl)methyl group have been synthesized and
studied in recent years.">'® The prototype tris(trim-
ethylsilyl)methyl group is referred to as the trisyl and
commonly denoted by “Tsi.”

Since the preparation of polymers containing very
bulky Tsi groups and studying of their modified prop-
erties is a new field in polymer and silicon chemis-
try,'” the synthesis and studying of trisylated poly-
mers properties have been reported in a few arti-
cles.2!

In this research work, CMS was first copolymerized
with methyl methacrylate (MMA) or ethyl methacry-
late (EMA) in various molar ratios by the free radical
polymerization method. The very bulky Tsi groups
were then attached to the resulted copolymers by
reaction between  tris(trimethylsilyl)methyllithium
(trisyllithium = Tsili) as a nucleophilic reagent and
benzyl chloride group of CMS units. The differential
scanning calorimetry (DSC) analyses of trisylated
polymers showed that with increase of CMS mole in
copolymer structures, incorporation of the bulky Tsi
groups is increased. Increasing of the Tsi ligands in
polymer structures leads to an increase in the glass
transition temperature (Tg).
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EXPERIMENTAL
Materials and measurements

For preparation of TsilLi, chloroform (Merck), THF
(Merck) and diethyl ether (Merck) were dried by stan-
dard methods. Also, Me;SiCl (Merck), Mel (Merck), Li
(Merck) used as received. The monomers of CMS (Al-
drich, 90%), MMA (Merck), EMA (Merck) were dis-
tilled under reduced pressure to remove inhibitors
before use. Toluene (Merck) was dried over sodium
wire and distilled before use. «,a'-azobis(isobutyroni-
trile) (AIBN; Merck) was purified by crystallization
from methanol. All the reactions were carried out
under dry argon to exclude oxygen and moisture from
the reaction systems.

Infrared spectra were recorded with a 4600 Unicam
FT-IR spectrophotometer as KBr pellets. 'H and "*C
NMR spectra were run on a Bruker 400 MHz spec-
trometer at room temperature using CDCl; as a sol-
vent. The molecular weights (M, and M,,) were deter-
mined using a Waters 501 gel permeation chromato-
graph (GPC) fitted with 10* and 10° nm Waters
Styragel columns. THF was used as an elution solvent
at a flow rate of 1 mL/min and polystyrene standards
were employed for calibration. The glass transition
temperature was determined with a Perkin-Elmer
DSC7 differential scanning calorimeter at a heating
rate of 10°C/min in air. T,’s were taken at the mid-

8
points of the heat flow changes.

Copolymerization of CMS with MMA or EMA

Copolymerization reactions were carried out in dried
toluene solutions at (70 = 1)°C, in Pyrex glass am-
poules sealed off under vacuum. AIBN was used as
initiator ([CMS] + [comonomer] = 40 mmol, [AIBN]
= 0.4 mmol). The sealed ampoules were vigorously
shaken by shaker machine and immersed in a water
bath held at the mentioned temperature of polymer-
ization about 30 h. After the reaction time, the am-
poules were removed from the bath and at once the
contents were poured into a large excess of cooled
proper nonsolvent (methanol). The precipitate sam-
ples were washed with the precipitant and dried un-
der vacuum until constant weight was attained.
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Preparation of tris(trimethylsilyl)methyllithium
(TsiLi)

Typically for preparation of TsiLi (about 20 mmol), a
solution of 5.75 g (25 mmol) of tris(trimethylsilyl)-
methane (TsiH) in dried THF (30 mL) was added to a
solution of MeLi generated from 3.54 g (25 mmol) of
Mel and 0.35 g (50 mmol) of Li in dried diethyl ether
(20 mL). Then, the diethyl ether was distilled from the
reaction mixture for reducing reaction time, and the
reaction mixture was boiled under reflux about 2 h.
The color of the mixture changed to reddish brown
during reflux time.

Addition of the bulky Tsi groups to copolymer
chains

In a 100 mL two-necked flask equipped with a drop-
ping funnel and a reflux condenser, 0.5 g of each
synthesized copolymer was dissolved in dried THF
(30 mL). A gas-inlet is attached to the top of the
dropping funnel and the system is maintained under a
slight pressure of argon. A solution of TsiLi (20 mmol)
in dried THF (30 mL) was prepared as described ear-
lier and transferred into dropping funnel under argon.
Then, TsiLi was added dropwise with stirring to a
solution of copolymer into flask at room temperature.
The reaction mixture was refluxed for about 3 h. Then,
the solution was poured into an excess methanol and
the yellow precipitate filtered and washed with meth-
anol. The resulted polymer was dissolved in THF (10
mL) for removing LiCl from the polymer. Then the
remaining solution was poured into cooled methanol
(50 mL) and the precipitate washed with methanol for
several times. The white obtained polymer containing
Tsi substituents in the side chains was collected and
dried under vacuum at room temperature.

Determination of solubility

The solubility of all the copolymers was tested by
mixing of 20 mg of the copolymer with 2 mL of
different solvents in a test tube. After setting aside the
closed tubes for 1 day the solubility was noticed.

TABLE 1
The Preparation Conditions of Copolymers at (70 = 1)°C
Monomer Monomer [1] [2] Time Conversion
Copolymer of 1 of 2 (mmol) (mmol) (h) (%)
PCM1 CMS MMA 10 30 30 75.2
PCM2 CMS MMA 20 20 30 69.2
PCM3 CMS MMA 30 10 30 73.5
PCE1 CMS EMA 10 30 30 79.5
PCE2 CMS EMA 20 20 30 80.2
PCE3 CMS EMA 30 10 30 77.3
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TABLE 11
The Solubility of the Synthesized Copolymers

Solvent PCM1 PCM2 PCM3 PCE1 PCE2 PCE3
Chloroform ++ ++ ++ ++ ++ ++
Dichloromethane ++ ++ ++ + + +
Water - - - - - -
Acetone + + + + + +
Benzene ++ ++ ++ + + +
Toluene ++ ++ ++ + + +
THF ++ ++ ++ ++ ++ ++
DMF ++ ++ ++ + + +
DMSO ++ ++ ++ + + +
Methanol - - - - - -
n-Hexane - - - - - —

++, soluble; +, soluble on heating; =, partially soluble on heating; —, insoluble.

RESULTS AND DISCUSSION
Synthesis of copolymers

The monomer of CMS was copolymerized with MMA
or EMA (in various molar ratios) at (70 = 1)°C using
AIBN as the radical initiator. The reaction conditions
are shown in Table I. The conversion of monomers to
copolymers was determined gravimetrically after ex-
haustive drying of the isolated copolymer samples.

Characterization of copolymers

The resulted copolymers are white solids and amor-
phous. The solubility of the copolymers is reported in
Table II.

The FT-IR spectra of copolymers showed a peak at
3030 cm ™! due to C—H stretching of the aromatic
ring. The peaks at 2990 and 2950 cm ™' were attributed
to the asymmetrical and symmetrical C—H stretching
of methylene and methyl groups. The ester carbonyl
stretching was observed at 1735 cm™'. The ring
stretching vibrations of the aromatic nuclei were ob-
served at 1600 and 1485 cm ™~ '. The asymmetrical and
symmetrical bending vibrations of methyl groups are
seen at 1453 and 1380 cm ™', respectively. The peaks at

ppm 10 5 0

Figure 1 '"H NMR spectrum of PCE1 in CDCl,

1273 and 1160 cm ™' were due to C—O stretching. The
C—H out of plane bending vibrations due to the aro-
matic nuclei was observed at 883, 750, and 690 cm ™.

In the 'H NMR spectra of the copolymers, two
methylene protons of benzyl chloride appeared at 4.5
ppm. The proton signals of the aryl group were seen
between 6.7 and 7.2 ppm. The resonance signal at 4.0
ppm was attributed to two methylene protons of
—COOCH, in copolymers PCE1, PCE2, and PCE3.
Three methyl protons of —COOCHj; in copolymers
PCM1, PCM2, and PCM3 appeared at 3.7 ppm. The
broad signal at 0.6-2.5 ppm was due to the methylene
groups of backbone and other alkyl groups. A typi-
cally '"H NMR spectrum of the copolymer PCE1 is
shown in Figure 1.

In the "*C NMR spectra, the resonance signal at 176
ppm was due to the ester carbonyl carbon in copoly-
mers. The aromatic carbons gave signals at 127, 128,
135, and 145 ppm. The signal at 46 ppm was attributed
to the methylene carbon of benzyl chloride. The at-
tached methyl and methylene carbons to the oxygen of
ester appeared at 52 ppm. The backbone carbon sig-
nals were observed at 40-45 ppm. A series of reso-

D1l
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Figure 2 '>C NMR spectrum of PCM1 in CDCl,
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TABLE III
Molecular Weights and Mole Fractions of the Synthesized Copolymers

Copolymer M, X 1073 M, x 1073 M,/M,, CMS (%) MMA (%) EMA (%)
PCM1 37.2 248 1.5 33 67 -
PCM2 32.6 19.1 1.7 48 52 -
PCM3 31.8 159 2.0 65 35 -
PCE1 34.6 20.3 1.7 27 - 73
PCE2 30.3 16.8 1.8 45 - 55
PCE3 35.1 18.4 1.9 68 - 32

nance peaks between 13 and 25 ppm was due to
a-methyl group and other alkyl groups. A typically
13C NMR spectrum of copolymer PCM1 is given in
Figure 2.

The number and weight-average molecular weights
of synthesized copolymers were determined by GPC
and are presented in Table III.

The copolymer compositions were determined from
the corresponding '"H NMR spectra. In the past few
decades 'H NMR spectroscopic analysis has been es-
tablished as a powerful tool for the determination of
copolymer compositions because of its simplicity, ra-
pidity, and sensitivity.”** The assignment of the res-
onance peaks in the "H NMR spectrum leads to the
accurate evaluation of the content of each kind of
monomeric unit incorporated into the copolymer
chains. Thus, the mole fraction of CMS in the copoly-
mer chain was calculated from measuring of the inte-
grated peak of 4.5 ppm, corresponding to two protons
of the CH,—Cl in CMS units and integrated peak of
3.8 ppm, corresponding to three protons of the OCH,
in MMA units or 4.0 ppm corresponding to two pro-
tons of OCH, in EMA units. Table III gives the mole
fractions of copolymers.

The glass transition temperature (T,) is an impor-
tant intrinsic characteristic that influences the material
properties of a polymer and its potential applications.
Furthermore, polymers with high glass-transition

temperatures are attractive for industrial polymer sci-
ence because of strong economic rewards that may
arise from their potential applications.*

The T, value of the copolymers was determined by
DSC and the resulted data are presented in Table IV.
All the synthesized copolymers show a single T,,
showing the absence of formation of a mixture of
homopolymer or the formation of a block copolymer.
The observed T, value for all the copolymers is ap-
proximately according to Fox and Pochan equations,
where T,y and T, are the glass transition tempera-
tures (°K) of CMS homopolymer and comonomer ho-
mopolymer.”® Also, w, and w, are weight fractions of
CMS and comonomer in the feed, respectively.

Fox’s equation is

and Pochan’s equation is
InT,=w, InTy +w,InT,

The obtained T, value from Fox and Pochan equations
is compared with observed T, value from DSC curves
in Table IV.

TABLE IV
Comparison of Observed T, Value of the Copolymers with Calculated T, Value from Fox and Pochan Equations
Copolymer w,? w,° Te:© (°C) T" (°C) T,° (°C) T (°O) T (°C)
PCM1 0.34 0.66 105 103 103.6 103.6 104
PCM2 0.60 0.40 105 103 104.2 104.2 105
PCM3 0.82 0.18 105 103 104.6 104.6 104
PCE1 0.30 0.70 105 65 76.0 76.5 78
PCE2 0.56 0.43 105 65 90.1 66.5 85
PCE3 0.80 0.20 105 65 96.2 96.6 97

@ Weight fraction of CMS in the feed.
b Welght fraction of second monomer in the feed.
T, of homopolymer of CMS.
Tg of homopolymer of second monomer.
¢ Calculated by Fox equation.
fCalculated by Pochan equation.
R Observed in relating DSC curve.
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Figure 3 Preparation route of trisylated copolymers.

Synthesis of trisylated copolymers

TsiLi as a nucleophilic reagent was prepared from the
reaction of TsiH and MeLi.'™'® As shown in Figure 3,
this reagent is able to react with benzyl chloride
groups of copolymers. Therefore, 0.5 g of each copol-
ymer was reacted with 20 mmol of TsiLi in THF and
the resulted "H NMR spectrum showed that all the
chlorine atoms were replaced with Tsi groups. The
solubility of trisylated polymers was same mentioned
solubility in Table II. The yield of trisylated copoly-
mers is given in Table V.

Characterization of trisylated copolymers

The replacement of chlorine atom by Tsi group is
easily followed by "H NMR. The peak around 4.6 ppm
corresponding to two protons of methylene of benzyl

TABLE V
The Yield of Trisylated Copolymers
Trisylated Weight Yield
copolymer (g) (%)
PCM1-Tsi 0.61 79
PCM2-Tsi 0.72 81
PCM3-Tsi 0.84 86
PCE1-Tsi 0.60 85
PCE2-Tsi 0.65 78
PCE3-Tsi 0.82 84

chloride in CMS disappeared and two new peaks, one
at 3.0 ppm corresponding to two protons of methylene
containing Tsi group and other at about 0.1 ppm cor-
responding to 27 protons of —C[Si(CH;);]; appeared
(Fig. 4).

Also, in 3C NMR spectra, carbon absorption
around 46.0 ppm corresponding to one carbon of
methylene of benzyl chloride disappeared and three
new peaks, one at 35.0 ppm corresponding to one
carbon of methylene containing Tsi substituent, the
second at about 9.0 ppm corresponding to one central
carbon of —C(SiMejy); and the latter at 2.6 ppm corre-
sponding to nine carbons of methyl in —C[Si(CHj);]s,

d

i [&]
i =
pom K

Figure 4 'H NMR spectrum of PCE1-Tsi in CDCl,.
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Figure 5 '>C NMR spectrum of PCM1-Tsi in CDCl,.

were observed (Fig. 5). Since the electronegativity of
silicon atom is lower than the electronegativity of
chlorine atom, the chemical shifts of new bonds in
both 'H and '*C NMR spectra are logically shifted
towards lower frequency.

Determination of the T, value of trisylated polymers
was carried out by DSC. There is only one T, peak in
the DSC curves. As shown in Figure 6, the T, values of
PCM1-Tsi, PCM2-Tsi, and PCM3-Tsi are 240, 255, and
273°C, respectively. Also, the T, values of PCE1-Tsi,
PCE2-Tsi, and PCE3-Tsi are 200, 220, and 251 °C,
respectively, (Fig. 7).

Study of these DSC curves resulted that incorpora-
tion of Tsi substituents in polymer side chains in-
creases the rigidity of polymers and the T, value is
subsequently increased. In addition, with increase
of CMS moles in the copolymer structures, the bulky
trisyl groups are incorporated in high yields. In-
creasing of functionalized side chains in polymers
decreases the free volume of the macromolecules
chains.

CONCLUSIONS

The various CMS copolymers with MMA and EMA
were prepared by radical polymerization method. The

— [+
=
=)
=
(TH
=t
m
iF]
I
a

100 ' 200 ' 300
Temperature (°C)

Figure 6 DSC curves of (a) PCM1-Tsi; (b) PCM2-Tsi; (c)
PCM3-Tsi
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Figure 7 DSC curves of (a) PCE1-Tsi; (b) PCE2-Tsi; (c)
PCE3-Tsi

incorporation of highly sterically hindered trisyl
groups took place from the reaction between TsiLi and
benzyl chloride bonds in the copolymers to yield the
novel modified copolymers. Very bulky Tsi substitu-
ents were linked to the aromatic rings via a methylene
group. The DSC analyses showed that the presence of
bulky Tsi groups leads to an increase in the glass
transition temperature. The incorporation of the Tsi
group into polymer structure creates macromolecules
with novel architecture that could be used as mem-
branes for gas or fluid separation.
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