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Electrophilic trisubstituted ethylene monomers, ring-substituted 2-phenyl-1,1-dicyanoethylenes, RCcH4CH=C(CN), (where R is 2-methy],
3-methyl, 4-methyl, 4-ethyl, and 2,5-dimethyl), were synthesized by piperidine catalyzed Knoevenagel condensation of ring-substituted
benzaldehydes and malononitrile, and characterized by CHN elemental analysis, IR, 'H- and '>*C-NMR. Novel copolymers of the ethylenes
and styrene were prepared at equimolar monomer feed composition by solution copolymerization in the presence of a radical initiator
(AIBN) at 70°C. The composition of the copolymers was calculated from nitrogen analysis, and the structures were analyzed by IR, 'H
and *C-NMR, GPC, DSC, and TGA. High T, of the copolymers, in comparison with that of polystyrene, indicates a substantial
decrease in chain mobility of the copolymer due to the high dipolar character of the trisubstituted ethylene monomer unit. The gravimetric
analysis indicated that the copolymers decompose in the 290—450°C range.

Keywords: trisubstituted ethylenes; radical copolymerization; styrene copolymers

1 Introduction

Previous studies showed that trisubstituted ethylenes
containing substituents larger than fluorine have very low
reactivity in radical homopolymerization due to polar and
steric reasons. Although steric difficulties preclude homopo-
lymerization of most tri- and tetrasubstituted olefins, their
copolymerization with a monosubstituted alkene makes it
possible to overcome these steric problems (1). Copolymeri-
zation of trisubstituted ethylenes (TSE, CHR=CR’R?)
having double bonds substituted with halo, cyano, and
carbonyl groups and electron-rich monosubstituted ethylenes
such as styrene, N-vinylcarbazole, and vinyl acetate (2, 3)
show a tendency toward the formation of alternating
copolymers.

Ring—unsubstituted ~ 2-phenyl-1,1-dicyanoethylene = was
copolymerized with styrene (4), vinyl acetate (5), methyl
methacrylate (6), vinyl ethers (7), and N-vinyl-2-pyrrlidone (8).

In continuation of our studies of the monomer structure-
reactivity correlation in the radical copolymerization of
ring-substituted 2-phenyl-1,1-dicyanoethylene monomers
(9, 10) we have prepared alkyl ring-substituted 2-phenyl-
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1,1-dicyanoethylenes, RC¢H,CH=C(CN), (where R' is
2-methyl, 3-methyl, 4-methyl, 4-ethyl, and 2,5-dimethyl),
and explore the feasibility of their copolymerization with
styrene (ST).

2 Experimental

2.1 General Procedures

Infrared spectra of the TSE monomers (NaCl plates) and
polymers (KBr pellets) were determined with a Nicolet
Avatar 360 FT-IR spectrometer. The melting points of the
monomers and the glass transition temperatures (75), of the
copolymers were measured by using a Polymer Laboratories
model DSC STA 625. Thermal stability of the copolymers
was measured by using a TA Instruments model TGA 2090.
The molecular weight of polymers was determined relative
to polystyrene standards in chloroform solutions with sample
concentrations 0.8% (wt/vol) by gel permeation chromato-
graphy (GPC) using a Waters Model 510 pump at an elution
rate of 1.0 ml/min, a Model 410 refractive index detector, a
linear ultrastyragel column and Millenium software.

"H and "C-NMR spectra of 4—10% CDCI; solutions of
monomers and polymers were obtained on a Bruker Omega
AC-200 spectrometer. Elemental analyses were performed
by Quantitative Technologies Inc., NJ.
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2.2 Synthesis of Monomers

2.2.1 Monomer Synthesis

The TSE monomers were synthesized by Knoevenagel con-
densation (11) of a ring-substituted benzaldehyde with malo-
nonitrile, catalyzed by base, piperidine.

2-, 3-, 4-tolualdehyde, 4-ethylbenzaldehyde, 2,5-dimethyl-
benzaldehyde, malononitrile, and piperidine supplied from
Aldrich Chemical Co., were used for monomer synthesis as
received. The preparation procedure was essentially the
same for all the monomers. In a typical synthesis, equimolar
amounts of malononitrile and an appropriate ring-disubsti-
tuted benzaldehyde were mixed with a small amount of
DMF in an Erlenmeyer flask. A few drops of piperidine
were added with stirring. The crystalline product of the
reaction was isolated by filtration and purified by crystalliza-
tion from 2-propanol. The condensation reaction proceeded
smoothly, yielding crystalline products, which were purified
by conventional techniques.

2.3 2-(2-Methylphenyl)-1,1-dicyanoethylene

Yield: 61%; mp 105°C; "H-NMR 8 2.5 (s, 3H, CH;), 7.0, 6.5
(m, 4H, phenyl), 7.5 (s, 1H, CH); ">C-NMR & 20 (CH;), 83
(CH=), 113 (CN), 126, 130, 134, 139 (phenyl), 158
(=C<); IR (NaCl) 3046 (m, C-H phenyl), 2227 (s, C==N),
1578 (s, C=C), 755, 708 (m, C-H out-of-plane bending).
Anal. Caled. for CHgN,: C, 78.55; H, 4.79; N, 16.66;
Found: C, 76.21; H, 4.71; N, 16.68.

2.4 2-(3-Methylphenyl)-1,1-dicyanoethylene

Yield: 82%; mp 78°C; "H NMR 623 (s, 3H, CH3), 7.0, 7.2,
7.3, 7.6 (m, 4H, phenyl), 7.7 (s, 1H, CH); >*C-NMR 6 21
(CH3), 83 (=C<), 114 (CN), 129, 130, 134, 137, 138
(phenyl), 160 (CH=); IR (NaCl) 3031, 2925 (m, C-H
phenyl), 2227 (s, C=N), 1572 (s, C=C), 787, 682 (m, C-H
out-of-plane bending). Anal. Calcd. for C;;HgN,: C, 78.55;
H, 4.79; N, 16.66; Found: C, 78.18; H, 4.65; N, 16.72.

2.5 2-(4-Methylphenyl)-1,1-dicyanoethylene

Yield: 90%; mp 137°C; '"HNMR 62.5 (s, 3H, CH3), 6.4, 7.1
(m, 4H, phenyl), 7.5 (s, 1H, CH); *C-NMR & 22 (CHj), 81
(=C<), 114 (CN), 129, 130, 146 (phenyl), 160 (CH=); IR
(NaCl) 3035, 2926 (m, C-H phenyl), 2222 (s, C=N), 1588
(s, C=C), 708, 615 (m, C-H out-of-plane bending). Anal.
Calcd. for C;HgN,: C, 78.55; H, 4.79; N, 16.66; Found: C,
78.54; H, 4.92; N, 16.54.

2.6 2-(4-Ethylphenyl)-1,1-dicyanoethylene

Yield: 61%; mp 75°C; '"HNMR 61.2 (t,3H, CHy), 2.6 (q, 2H,
CH,), 7.3, 7.8 (d, 4H, phenyl), 7.8 (s, CH=); '>C NMR 6 16
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(CH3), 28 (CH,), 81 (C=), 129, 130, 146 (phenyl), 114
(C=N), 160 (CH=); IR 3037, 2936 (w, C-H phenyl), 2225
(s, C=N), 1585(s, C=C), 836, 825 (m, C-H out-of-plane
bending). Anal. Calcd. for C{,H (N,: C, 79.10; H, 5.53; N,
15.37; Found: C, 78.93; H, 5.77; N, 15.38.

2.7 2-(2,5-Dimethylphenyl)-1,1-dicyanoethylene

Yield: 83%; mp 164°C; "H NMR 6 2.3 (s, 6H, CHs), 7.0, 7.3
(m, phenyl), 7.8 (s, CH=); '>*C NMR & 21 (CH,), 87 (C=),
130, 133, 136, 139 (phenyl), 113 (C=N), 159 (CH=); IR
3040 (w, C-H phenyl), 2225 (m, C = N), 1580(m, C=C),
831, 824 (m, C-H out-of-plane bending). Anal. Calcd. for
CioHoN»: C, 79.10; H, 5.53; N, 15.37; Found: C, 78.93; H,
5.77; N, 15.38.

2.8 Copolymerization

Styrene (ST) (Aldrich) was purified by washing with aqueous
sodium hydroxide, drying and subsequently distilling at
reduced pressure. Ethyl acetate (Aldrich) was used as
received. 2,2’-Azobisisobutironitrile (AIBN) (Aldrich) was
twice recrystallized from ethyl alcohol and then dried under
reduced pressure at ambient temperature. Copolymers of the
TSE and ST were prepared in 50-mL Pyrex screw-cap
ampoules at an equimolar ratio of the monomer feed using
0.0045 mole/1 of AIBN at an overall monomer concentration
2 mole/1 in ethyl acetate (total volume 20 ml). The copoly-
merization was conducted at 70°C. After a predetermined
time, the mixture was cooled to ambient temperature and
precipitated dropwise in methanol. The crude copolymers
were purified by reprecipitation from solution into an
excess of methanol. Then, the copolymers were dried under
reduced pressure at 60°C until constant weight. The compo-
sition of the copolymers was determined based on the
nitrogen content.

3 Results and Discussion

3.1 Homopolymerization

An attempted homopolymerization of the TSE monomers
in the presence of AIBN did not produce any polymer as
indicated by the lack of a precipitate in methanol. The
inability of the monomers to polymerize is associated
with steric difficulties encountered in the homopolymeri-
zation of 1,1- and 1,2-disubstituted ethylenes (1). This
type of steric hindrance would increase the activation
energy required for addition and slow down the rate of
propagation to such an extent as to favor the occurrence
of a chain transfer or termination instead. Homopolymer-
ization of ST wunder conditions identical to those in
copolymerization  experiments yielded 18.3%  of
polystyrene, when polymerized for 30 min.



10: 27 24 January 2011

Downl oaded At:

Novel Copolymers of Styrene

N

| I— € CI—C

" /CN
~ ‘ .
c:c\ +  HhO==CH AIBN

N »

n

Sch. 1. ST-TSE copolymer synthesis. R = is 2-methyl, 3-methyl,
4-methyl, 4-ethyl, and 2,5-dimethyl.

3.2 Copolymerization

Copolymerization (Scheme 1) of the alkyl ring-substituted
2-phenyl-1,1-dicyanoethylenes with ST resulted in formation
of copolymers (Table 1) with weight-average molecular
masses 10.2 x 10° to 21.6 x 10° Daltons. According to
elemental analysis, a substantial amount of TSE monomer
is present in the copolymers, which is indicative of relatively
high reactivity of the monomers towards ST.

In an attempt to qualitatively correlate the observed
monomer reactivities, we considered copolymer composition
data obtained at equimolar monomer feed. The relative reac-
tivity of ST in copolymerization with these monomers can be
estimated by assuming applicability of the copolymer compo-
sition equation (Equation (1)) of the terminal copolymeriza-
tion model (1).

my/my = [M](r1[Mi] + [M2])/[M2](IM1] + r2[M2]) (1)

m; and m, are the mole fractions of ST and TSE monomer
units in the copolymer, respectively; [M;] and [M,] are the
concentrations of ST and TSE in the monomer feed, respect-
ively. In the absence of the self-propagation of TSE
monomers (ky, =0, r», =0) and at equimolar monomer
feed ((M;]/[M;] = 1), equation (1) yields.

ry=mi/my —1 (2)

or the equation for the relative reactivity of styrene radical
ki2/ky1 with trisubstituted ethylene monomers:

1/r1 = 1/(m1/my) — 1 3)

Consideration of monomer reactivities according to
Equation (3) involves also the assumption of minimal copoly-
mer compositional drift at equimolar monomer feed and given
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conversion. This non-rigorous kinetic treatment nevertheless
allows estimation of the reactivity of a ST-ended polymer
radical in reaction with electrophilic monomer. Thus the
order of relative reactivity (1/7) and the tendency toward
alternation of monomer units in the copolymer for the five
TSE monomers is 3-methyl (1.42) > 4-methyl (1.24) > 2-
methyl (1.09) > 4-ethyl (0.44) > 2,5-dimethyl (0.38). More
detailed information on the copolymer composition at different
monomer feed ratios would be necessary for the application of
copolymerization models that would allow prediction of copo-
lymer composition.

3.3 Structure and Thermal Properties

The structure of ST-TSE copolymers was characterized by IR
and NMR spectroscopy. IR spectra of the copolymers show
overlapping bands in the 3800—2800 cm ' region corre-
sponding to C-H stretching vibrations. The spectra of the
copolymers show weak cyano group absorption of the TSE
monomer unit at 2230—2248 cm™ ' (2222—2230 cm™ ' in
the monomer). Benzene rings of both monomers show ring
stretching bands at 1495 and 1456 cm™ ', as well as a
doublet 770, 690 cm ™', associated with C-H out of plane
deformations. These bands were found also in copolymers
of 2-phenyl-1,1-dicyanoethylene with vinyl acetate (5) and
N-vinyl-2-pyrrolidone (8).

"H-NMR spectra of the ST-TSE copolymers show a broad
double peak in a 5.8—8.0 ppm region corresponding to phenyl
ring protons. The resonance at 3.2—3.8 ppm is assigned to ST
backbone protons in the close proximity of in ST-TSE dyad or
in ST centered TSE-ST-TSE triads. The low and high field
components of the 2.2—3.2 ppm peak is assigned to the over-
lapping resonances of the methine proton of the TSE
monomer unit in head-to-tail and head-to-head structures
(12). Backbone ST protons removed further from cyano
groups give rise to the absorption in 1.8—2.3 ppm with a
maximum at 2.2 ppm. The strong absorption in the 0.7—
2.1 ppm range corresponds to ST backbone protons in
ST-ST diads. The '>C-NMR spectra also support the
suggested skeletal structure of the copolymers. Thus, the
assignment of the peaks as follows: 137—147 ppm (quartern-
ary carbons of both phenyls), 120—145ppm (phenyl

Table 1. Copolymerization of styrene (M;) and alkyl ring-substituted 2-phenyl-1,1-dicyanoethylenes,

RC¢H,CH=C(CN), (M)

Onset of
Yield” Nitrogen M, in pol. My x 1073 Decomp.
R (Wt%) (Wt%) (mol%) (D) T, (°C) (TGA) (°C)
2-Methyl 13.5 7.61 34.24 14.8 134 297
3-Methyl 11.1 8.11 37.00 21.6 141 323
4-Methyl 22.6 7.86 35.61 18.6 123 299
4-Ethyl 14.5 5.38 23.52 10.2 136 300
2,5-Dimethyl 22.6 5.02 21.69 11.7 142 302

“Polymerization time was 8 h.
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carbons), 110—120 ppm (CN), 55—65 ppm (methine carbons
of TSE and ST, and ST methylene). The broad carbon reson-
ances are due to presence of both head-to-tail and head-to-
head dyads as discussed in more detailed assignment of 'H
and "*C-NMR spectra of 2-phenyl-1,1-dicyanoethylene-ST
copolymers (12). The IR and NMR data showed that these
are true copolymers, composed of ST and TSE monomer
units.

The copolymers prepared in the present work are all
soluble in ethyl acetate, DMF, CHCIl; and insoluble in
methanol, ethyl ether, and heptane. They are amorphous
and show no crystalline DSC endotherm. High 7, of the copo-
lymers (Table 1) in comparison with that of polystyrene
(Ty = 95°C) indicates substantial decrease of chain mobility
of the copolymer due to high dipolar character of the
structural unit. Information on the degradation of the
copolymers was obtained from thermogravimetric analysis.
The decomposition products were not analyzed in this
study, and the mechanism has yet to be investigated. The
decomposition of all copolymers in nitrogen occurs rapidly
in one stage in the 290—450°C range.

4 Conclusions

Electrophilic trisubstituted ethylene monomers, alkyl ring-sub-
stituted 2-phenyl-1,1-dicyanoethylenes, were prepared via a
base-catalyzed condensation of appropriate substituted benzal-
dehydes and malononitrile. The copolymerization of the ethyl-
enes with styrene resulted in statistical copolymers, with the
ethylene mole percent in the range 21—37%. The compositions
of the copolymers were calculated from nitrogen analysis and
the structures were analyzed by IR, 'H- and *C-NMR. High
glass transition temperatures of the copolymers, in comparison
with that of polystyrene, indicate a substantial decrease in the
chain mobility of the copolymers due to the high dipolar char-
acter of the trisubstituted ethylene monomer unit. The gravi-
metric analysis indicated that the copolymers decompose in
the range 290—450°C.
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