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ABSTRACT

Acrylonitrile (AN) was copolymerized with [ (2-methacryloyloxy)-
ethoxy] trimethylsilane (2-MAETMS) and [ (2-methacryloyloxy)-
propoxy] trimethylsilane (2-MAPTMS) in dimethylformamide
(DMF) and dimethylsulfoxide (DMSO) between 50 and 70°C using
azobisisobutyronitrile (AIBN) as initiator. The copolymer com-
position was determined by silicon estimation, and the reactiv-
ity ratios were calculated by the Kelen-TlidUs method. In both
systems, ri(AN) and r2(2-MAETMS/2-MAPTMS) are higher in
DMF compared to the values in DMSO. Arrhenius parameters
were derived for the AN-2-MAETMS system. The difference
between the activation energies (Ei1 -E,z) favors self-propagation
for the acrylonitrile radical, whereas A11/A,> favors cross-
propagation. In the case of the 2-MAETMS radical, Ez2 - E3;
favors cross-propagation but Azz2/A; favors self-propagation.
The influence of the comonomers on some of the basic properties
of copolymers (e.g., intrinsic viscosity and glass transition tem-
perature) have also been studied.

*Present address: Sir Padampat Research Centre, J. K. Synthetics
Ltd., Kota (Raj.), India.
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INTRODUCTION

Copolymerization of acrylonitrile with various allyl and vinyl-
silanes, e.g., allyltrimethylsilane, dimethylphenyl vinylsilane,
methyl vinyl diethoxysilane, and vinyltrimethylsilane, has been inves-
tigated [ 1-5]. Poor reactivity of vinylsilanes in the copolymerization
of styrene with vinyltriethoxy, vinyltriacetoxysilane, and vinyl-
methyldiacetoxysilane [6, 7] has been observed by us.

In addition, the effect of silane monomers, e.g., on copolymeriza-
tion of styrene with [ (2-methacryloyloxy)ethoxy] trimethylsilane,
2-MAETMS (in which the silicon atom is not in the vicinity of the
vinyl double bond), has been reported previously [8] . The studies
have now been extended to the copolymerization of acrylonitrile (M)
with 2-MAETMS and 2-MAPTMS (M) to determine the effects of
substituent, solvent medium, and the polymerization temperature
on the monomer reactivity ratios.

EXPERIMENTAL

Acrylonitrile (BDH) was dried over fused calcium chloride after
making it free from the inhibitor and distilling it before use under
nitrogen at 77°C. DMF was dried over calcium oxide and distilled
at 152°C, Dimethylsulfoxide (DMSO) was distilled at 95°C/20 mm
and kept in a nitrogen atmosphere.

2-MAETMS and 2-MAPTMS were prepared from 2-hydroxyethyl-
methacrylate (2-HEMA) or 2-hydroxypropylmethacrylate (2-HPMA)
and trimethylchlorosilane in the presence of triethylamine following
the method of Antiopina et al. [9] 2-MAETMS was distilled at 71-72°C/
2 mm and 2-MAPTMS at 78-80°C/2 mm.

The copolymerization of acrylonitrile with 2-MAETMS or 2-
MAPTMS was performed in DMF or DMSO in an inert atmosphere
in the temperature range 50 to 70°C. AIBN (1 mol% on the basis of
total monomers) was used as the initiator, and the total concentra-
tion of monomers amounted to 4 mol/L. The time necessary for high
conversions was found from time vs conversion plots. Tables 1 and
2 show the actual conversions used for calculating r: and r>. The
products were isolated by precipitation in methanol, and they were
purified by repeated dissolution and precipitation. The polymers were
then dried at 50°C under vacuum to constant weight. The composition
of the copolymers was determined from their silicon content esti-
mated gravimetrically [ 10].

The infrared spectra of the copolymers were recorded in potas-
sium bromide between 700-4000 cm™" on a Grubb Parson spectro-
photometer.

The proton magnetic resonance spectra of the polymers were
recorded on a2 90 MHz varian spectrophotometer. A 5% (w/v) solution
of the polymer was made in trifluoroacetic acid. Tetramethylsilane
was used as the internal standard.
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TABLE 1. Copolymerization of Acrylonitrile (M) with 2-MAETMS

(M2)
Copolymer
composition

M

Temper- mole Conver- Silicon m,

ature fraction sion content mole [n]?

(°c) Medium infeed (%) (%) fraction (dL/g)

50 DMF 0.92 25.3 5.73 0.845 0.39
0.90 25.2 6.42 0.816 0.43
0.875 21.3 7.44 0.768 0.49
0.80 19.9 8.85 0.685 0.55

60 DMF 0.92 31.6 6.55 0.810 0.41
0.90 30.4 7.36 0.772 0.44
0.875 28.1 8.23 0.724 0.51
0.80 30.1 9.58 0.632 0.56

70 DMF 0.92 32.9 7.59 0.760 0.49
0.90 32.5 8.51 0.707 0.53
0.875 30.3 9.39 0.648 0.56
0.90 27.7 10.39 0.563 0.59

60 DMSO 0.92 28.7 6.90 0.795 0.42
0.90 25.1 7.71 0.754 0.48
0.875 26.3 8.48 0,709 0.51
0.80 27.1 9.55 0.623 0.56

qmtrinsic viscosity at 30°C in DMF.

The intrinsic viscosity was determined in DMF at 30°C using an
Ubbelohde suspension level viscometer,
Differential scanning calorimeter (DSC) (Perkin-Elmer DSC-2
model) was used for determining the glass transition temperatures
and the enthalpy of nitrile group oligomerization. In order to have
a homogeneous polymer sample, it was heated for a few seconds to
a temperature of 30°C above the second-order transition estimated

from a preliminary run, After homogenizing, the sample was

quenched and Tg was determined at a heating rate of 20°C/min.
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TABLE 2. Copolymerization of Acrylonitrile (M;) with 2-MAPTMS
(M:) at 60°C '

Copolymer
composition
M,
mole Conver- Silicon m; a
fraction  sion content mole [n]
Medium in feed (%) (%) fraction (dL/g)
DMF 0.92 29.5 4,98 0.868 0.33
0.90 26.5 6.07 0.823 0.36
0.875 25.1 6.76 0.790 0.40
0.80 24.3 8.20 0.705 0.42
DMSO 0.92 29.9 6.54 0.801 0.37
0.90 26.4 7.62 0.742 0.41
0.875 28.4 7.91 0.724 0.43
0.80 24,5 9.23 0.625 0.49

3ntrinsic viscosity at 30°C in DMF,

For quantitative analysis, the following settings were used on the
instrument: rate of heating 20°C/min, chart speed 20 mm/min, and
sensitivity range 5 mecal/s.

The enthalpy of nitrile group polymerization was determined by
comparing the peak area of the sample to that of a known weight of
the indium reference material using Eq. (1) as given in the Perkin-
Elmer handbook [11]:

K.R.A.
AH = (1)
W.Cs

K is the instrument constant, determined using a known weight (W)
of indium, which was found to be 1,46:

AHf W.Cs
Ks —uw«— (2)
R.A.

where W = weight of sample/standard in mg; Cs = chart speed (cm/s),
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FIG. 1. Time vs conversion plot for polymerization of (1) AN-2-
MAETMS, (2) AN-2-MAPTMS, and (3) AN at 60°C in DMF.

R = setting range (mcal/s) full scale divided by chart span in cm to
give the yield in mcal/s'cm, A = area (cm?), AH = heat of nitrile

group polymerization, and AHf = heat of fusion of indium (6.8 cal/g).

RESULTS AND DISCUSSION

Polymerization of acrylonitrile and its copolymerization with 2-
MAETMS and 2-MAPTMS was carried out at 60°C in DMF for differ-
ent intervals of time. It has been observed that the rate of copolym-
erization is higher than that of homopolymerization of acrylonitrile
{Fig. 1), which may be related to the higher reactivity of silane
comonomers., In addition, the slow rate of homopolymerization of
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acrylonitrile may be attributed to side reactions of the polyacrylo-
nitrile radical. Patron and others [ 12, 13] suggested that the poly-
acrylonitrile radical undergoes cyclization or oligomerization in
DMF, forming a cyclic imine radical and leading to low reactivity
in propagation reactions which results in drops in both the reaction
rate and the molecular weight. Due to bulky side substituents in the
silylated comonomers 2-MAETMS and 2-MAPTMS, cyclization will
be to a lesser degree, thereby leading to higher copolymerization
rate.

. r
—CHz—C,JH—CHg—{IJH—CHa—(fH — “HzC—HC\ CHCN —
CN CN CN

-HC-HC CH-CN
N

Further, the copolymerization rate for P(AN-2MAPTMS) is lower
than for P(AN-2-MAETMS} due to the increased size of the side sub-
stituents in 2-MAPTMS:

CH: O OSiMes

! |
CHz=C-—C—OCH:CH CH;

It is also interesting to note that no autoacceleration occurs in
solution copolymerization of acrylonitrile as observed in the bulk
polymerization of acrylonitrile by Bamford and Jenkins [ 14].

The results of copolymerization of acrylonitrile with 2-MAETMS
and 2-MAPTMS are shown in Tables 1 and 2, The copolymer com-
position vs composition of monomer feed plots (Fig. 2) indicate that
copolymers have a lower acrylonitrile content than the monomer
feed, At the same feed ratio however, the copolymers have a higher
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FIG. 2. Initial copolymer composition vs composition of monomer
feed: (1) AN-2-MAPTMS in DMF and (2) AN-2-MAPTMS in DMSO.

acrylonitrile (m;) content in DMF solutions compared to polymers
prepared in DMSO. This may be due to the higher reactivity of the
polyacrylonitrile radical in DMF which is a solvent with about the
same polarity and dielectric constant (AN, ¢ = 38; DMF, ¢ = 35).
From these copolymer composition data, reactivity ratios were
calculated according to the Kelen-Tiid8s method [ 15] represented by

ra rz
n=(r +—k -— (3)
a o

By plotting the 7 value calculated from the experimental data as a
function of £, a straight line is obtained, which on extrapolation to
£ =0and £ =1 gives the corresponding -rz/a and r:, respectively,
both as intercepts. The advantages of this method over the conven-
tional intersection and Fineman-Ross methods have already been
emphasized, and its applicability for high conversion data has been
reported [ 16]. Kelen-Tiidds plots for AN-2-MAETMS and AN-2-
MAPTMS systems in DMF and DMSO are given in Figs. 3 and 4,
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FIG, 3, Kelen-Tiid8s plot for copolymerization of AN-2-MAETMS
at 60°C in (1) DMF, r; = 0.229 and r> = 1.018; and (2) DMSQ, r; =
0.193 and r> = 0.463.

Values of r1 and rz (Tables 3 and 4) were calculated from the data
by the linear least square method. The reactivity ratios in DMF at
60°C are:

AN-2-MAETMS copolymer system: r; = 0.229, rz = 1.018
AN-2-MAPTMS copolymer system: r; = 0.485, rz = 1,157

The reciprocal of ri(AN) in both the systems, viz., AN-2-MAETMS
(1/r1 = 4.37) and AN-2-MAPTMS (1/r: = 2.06) in DMF, indicates the
higher reactivity of 2-MAETMS compared with 2-MAPTMS toward the
polyacrylonitrile radical. Moreover, 1/ri(AN) values of AN-HEMA
and AN-HPMA systems [1’7] are 37.04 and 27.78, respectively,
implying higher reactivity of the hydroxyalkylacrylates in compari-
son {o their silylated derivatives, i.e., 2-MAETMS and 2-MAPTMS,
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FIG. 4. Kelen-Tiid0s plot for AN-2-MAPTMS copolymerization
at 60°C in (1) DMF, r; = 0.485 and rz = 1.157; and (2) DMSO, r; =
0.216 and r> = 0.394.

Effect of Solvents on Reactivity Ratios

A perusal of the reactivity ratios in DMF and DMSO (Table 3)
reveals that both ri(AN) and r2(2-MAETMS or 2-MAPTMS) are higher
in DMF compared to the values in DMSO. A change in ri(AN) value
due to solvents means a change in the ratio kii/ki2, where ki1 and kiz
are the rate constants for the addition of acrylonitrile and silylated
methacrylate monomers 2-MAETMS and 2-MAPTMS, respectively,
to the polyacrylonitrile radical. Low ri(AN) in DMSO may therefore
be attributed to the greater diffusion of bulky silylated comonomers,
leading to greater cross-propagation as suggested by Nametkin et al.
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TABLE 3. Reactivity Ratio Values for Acrylonitrile-{ 2-methacryloyl-
oxy)-alokoxy] trimethylsilane Systems at 60°C

Monomer pair Medium T1 T

AN-2-MAETMS DMF 0.229 =+ 0.02 1.018 = 0.10
AN-2-MAETMS DMSO 0.193 £+ 0.01 0.463 £+ 0.01
AN-2-MAPTMS DMF 0.485 = 0.02 1.157 + 0.03
AN-2-MAPTMS DMSO 0.216 = 0.01 0.394 + 0.01

[3] for acrylonitrile-vinyltrimethylsilane and acrylonitrile-vinyldi-
methylphenylsilane systems in DMF, It has also been shown that
acrylonitrile may be associated with DMF [ 18], being similar in
polarity and dielectric constant. So a third kind of acrylonitrile
monomer species may be expected in this series of experiments for
polymerization. The change in ri(AN) with changing solvent may
reflect the competition between the different species in propagation
rates. The drop in r2(2-MAETMS) or 2-MAPTMS) in DMSO also
confirms the greater diffusion of these bulky monomers in a more
polar medium and an enhanced cross-propagation rate. However,
higher r; and r» values have been observed in DMSO for AN-HEMA
and AN-HPMA systems in comparison to the values obtained in DMF
[17]. The change in reactivity ratio values after silylation of HEMA
and HPMA may be due to the change in polarity of these silylated
monomers,

Temperature Dependence of Reactivity Ratios

A study of the temperature dependence of the reactivity ratios for
the AN-2-MAETMS system in DMF reveals that r1 decreases and r:
increases with an increase in the copolymerization temperature
(Table 4). A similar trend has been observed in styrene-2-MAETMS
[ 8] and styrene-vinylmethyldiacetoxysilane [ 7] systems. However,
rz(2-MAETMS) increases with an increase in the polymerization tem-
perature. At higher temperatures, greater solvation and diffusion of
the bulky silylated monomer would enhance both the rates of cross-
propagation and self-propagation, i.e., Kiz > Ky and Kzz2 > Ky,
which explains the decrease in r; and the increase in rz values with
an increase in the polymerization temperature. Arrhenius param-
eters are given in Table 4, The activation energies (E;; - E;2 ) favor
self -propagation of the polyacrylonitrile radical while the ratio of
preexponential factors favors cross-propagation. For the 2-MAETMS
radical, the difference E,2 - Ez: is 51.46 kJ/mol, favoring cross-
propagation, but Azz2/Az1 favors self-addition.
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Polymer Characterization

Intrinsic Viscosity

The intrinsic viscosity of acrylonitrile copolymers increases with
an increase in the 2-MAETMS or 2-MAPTMS comonomer content
(Tables 1 and 2). This may be due to the higher reactivity of the
growing silane radical (~Maz') present at the growing chain end which
will enhance the rate of propagation (Fig. 1), leading to high molecu-
lar weight copolymers. Further, the change in intrinsic viscosity
due to the introduction of silylated comonomers may be related with
the change in hydrodynamic volume in such copolymer systems,

Infrared Spectra

IR spectra of AN-2-MAETMS and AN-2-MAPTMS copolymers show
characteristic absorption bands of acrylonitrile and silylated methacrylate
comonomers. A strongbandat 1240 and 1250 cm ™' in AN-2-MAPTMS and
AN-2-MAETMS copolymers, respectively, due to (CH;)sSi confirms
the formation of copolymers., Other bands observed are at 763-769
and 840 cm™" due to the trimethylsilyl group. A strong band at 1110
cm™* due to vaSSi—O—C has also been observed. The aliphatic C-H

bands at 2959 and absorption at 2260 cm™* due to the nitrile group
have also been observed. However, the absorption bands at 1695 and
1754 cm™' may be due to the presence of cyclic structures. Grassie
and associates [ 18] have also assigned these bands to cyelic struc-
tures in their study of heat-treated polyacrylonitrile.

Proton Magnetic Resonance Spectra

PMR spectra of radically initiated PAN is identical with those
reported by Murano and Yamadera [ 20]. In the copolymer there is
a multiplet in the region, 7.62-8.5 7, due to methylene protons of
the polymer backbone, and a quinlet due to methine proton in the
range 6.4-7.6 7, A sharp singlet at 9.8 7 is associated with MesSi
protons: -

I
—CH2~CH~CH2—C ~~
I
CN COOCH2CH20SiMes

A triplet at 8.8 T confirms the presence of C-CH; protons. Two broad
peaks at 6.25 and 5.9 T may be related to CH20 protons present in
silylated methacrylate. The presence of two signals clearly indicates
the nonequivalence of the two CH,O groups due to different neighbor-
ing groups: -
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(|3H3
~CHz-C~
COOCH2CH:08iMes

Differential Scanning Calorimetry (DSC)

DSC data for PAN and its copolymers are given in Table 5. A
decrease in T may be due to the introduction of bulky silicon side
substituents

(-CH.~CH-) and (~CH:~CH-) OSiMe;

COOCH:CH:0SiMe; COOCH~CH-CH;

which reduce the intermolecular interactions between the molecular
chains. Kimmel and Andrews [ 21] have also suggested that the de-
crease in the transition at the lower temperature is due to the chain
mobility caused by weakening of the van der Waals forces.

The sharp exotherm for PAN becomes broader and also shifts to
higher temperatures with the introduction of silylated comonomers
{Fig. 5), It is interesting to note that in P(AN-2-MAPTMS) with a
higher content of silylated comonomer (13.2 mol%), a small shoulder
at 352°C along with the main exothermic peak at 337°C also appears.
Quantitative measurements show that the total amount of heat evolved
between 270 and 400°C, associated with the nitrile group oligomeriza-
tion, is also dependent on the composition of the polymer. Typical
results are reported in Table 5. The occurrence of the broad exo-
therm in copolymers at higher temperatures than that for polyacrylo-
nitrile indicates delayed initiation and slows propagation of nitrile

TABLE 5. DSC Data of PAN Copolymers

Exotherm

mz in Endotherm peak

copolymer peak maxima AH
Polymer {mol%) °C) °C) {cal/g)
PAN - 87 293 111
P(AN-2-MAETMS) 8.2 83 324 127
P(AN-2-MAETMS) 15.5 77 333 144
P(AN-2-MAPTMS) 7.8 81 328 137

P(AN-2-MAPTMS) 13.2 71 337 150
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FIG. 5. DSC thermograms of (1) PAN, (2) AN-2-MAETMS copoly-
mer (m2 = 8.2 mol%), (3) AN-2-MAPTMS copolymer (m: = 7.8 mol%),
and (4) AN-2-MAPTMS copolymer (mz = 13.2 mol%) at a heating rate
of 20°/min,
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oligomerization due to the introduction of bulky silylated side sub-
stituents. Shifting of the exotherm to higher temperatures with an
increase in the size of side substituent in the case of AN-2-MAPTMS
copolymers further substantiates the role of steric factors in cycliza-
tion,

Guyot et al. [ 22] have shown that nitrile oligomerization can be
initiated through a molecular mechanism by the carboxylic group of
the acid unit. After the first step, an amide structure is formed by
isomerization following molecular propagation, while radical propa-
gation is assumed in pure polyacrylonitrile. Similarly, in the present
study the presence of silylated side substituents will change the mode
of initiation and propagation of nitrile oligomerization, thereby lead-
ing to broader exotherms at higher temperatures. This also accounts
for the observed changes in AH values.

REFERENCES

[1] B. R. Thomson, J. Polym. Sci., 19, 373 (1956).
[2] C.E. Scott and C. C. Price, J. Am. Chem. Soc., 81, 2670
(1959). -
[3] N.S. Nametkin, I N. Kozhukhova, S. G. Durgar'yan, and V. S.
Filippova, Vysokomol. Soedin., All, '2523 (1969).
[4] N. S. Nametkin, I. N. Kozhukhova, V. G. Filippova, and S. G.
Durgar'yan, Ibid.,, B12, 180 (1970).
H P. Bajaj and D. C. Gupta, Eur. Polym. J., 15, 271 (1979).
6] P. Bajaj, Y. P. Khanna, and G. N. Babu, J. Polym. Sci.,
Polym. Chem. Ed., 14, 465 (1976).
[7] P.Bajaj, D. C. Gupta, and G. N. Babu, Eur. Polym, J., 13,
623 (1977). -
{8] P. Bajaj and G. N. Babu, Ibid., 12, 601 (1976).
9] G. B. Antiopina and K. A."Andrianov, Plast. Massy, 4, 28
(1968), B
[10] R. C. Mehrotra and P, Bajaj, J. Organomet, Chem., 22, 41
(1970).
[11] W. N. Brennan, Perkin-Elmer DSC-2 Instruction Manuals 7 and
8, Norwalk, Connecticut, 1973.
[12] L. Patron, C. Mazzolini, and A. Moretti, J. Polym. Sci.,
Polym. Symp., 42, 405 (1973).
[13] Ch. Graillat, J. Guillot, and A. Guyot, J. Macromol. Sci.—Chem.,
A8, 1099 (1974).
[14] T. H. Bamford, A. D. Jenkins, Proc. R. Soc. London, A128,
515 (1953).
[15] F. Tudos, T. Kelen, T. Foldes-Berezhnykh, and B, Turcsanyl,
React, Kinet. Catal. Lett., 2(4), 439 (1975).
[16] S. Prabhakara Rao, S. Ponratnam, S. L. Kapur, and P. K.
Iyer, J. Polym. Sci.,, Polym. Lett. Ed., 14, 513 (1976).




20: 23 24 January 2011

Downl oaded At:

524 BAJAJ AND GUPTA

[17] P. Bajaj, P. C. Jain, and D. Gangopadhyay, J. Polym. Sci.,
Polym. Chem. Ed., 17, 595 (1979).
[18] C. Pichot, E. Zaganiaris, and A. Guyot, J. Polym. Sci., Polym,

Symp., 52, 55 (1975).
[19] N. Grassie, Developments in Polymer Degradation-I, Applied
Science Publishers, London, 1977.
[20] M. Murano and R. Yamadera, J. Polym, Sci., Part B, 5, 333
(1967). -
[21] R. M. Kimmel and R. D. Andrews, J. Appl. Phys., 36, 3063
[

(1965).
22] A. Guyot, M. Bert, A. Hamoudi, I McNeill, and N. Grassie,

Eur. Polym. J., 14, 101 (1978).

Accepted by editor June 10, 1982
Received for publication July 12, 1982



