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Novel copolymers of trisubstituted ethylene monomers, fluorine ring-substituted 2-phenyl-1,1-dicyanoethenes, RC6H4CH C(CN)2

(where R is 2-F, 3-F, and 4-F) and 4-fluorostyrene were prepared at equimolar monomer feed composition by solution copolymer-
ization in the presence of a radical initiator (ABCN) at 70◦C. The composition of the copolymers was calculated from nitrogen
analysis, and the structures were analyzed by IR, 1H and 13C-NMR. High Tg of the copolymers, in comparison with that of
poly(4-fluorostyrene) 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 decomposed in two stages in the range
210–600◦C.
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1 Introduction

Trisubstituted ethylenes (TSE, CHR1 =CR2R3) continue
to attract attention of polymer chemists as reactive
comonomers and models for mechanistic studies. It was
shown that electrophilic tri- and tetrasubstituted olefins
are particularly useful in delineating the transition from
radical chemistry to ionic chemistry (1). Previous stud-
ies showed that TSE containing substituents larger than
fluorine have very low reactivity in radical homopoly-
merization due to polar and steric reasons. Although
steric difficulties preclude homopolymerization of most
tri- and tetrasubstituted olefins, their copolymerization
with a monosubstituted alkene makes it possible to over-
come these steric problems (2). Copolymerization of
TSE having double bonds substituted with halo, cyano,
and carbonyl groups and electron-rich monosubstituted
ethylenes such as styrene, N-vinylcarbazole, and vinyl
acetate (3–5) show a tendency toward the formation
of alternating copolymers. Ring–unsubstituted 2-phenyl-
1,1-dicyanoethylene was copolymerized with styrene (6),

∗Address correspondence to: Gregory B. Kharas, Chemistry De-
partment, DePaul University, IL 60614-3214. Fax: 773-325-7421;
E-mail: gkharas@depaul.edu

vinyl ethers (7), methyl methacrylate (8), and N-vinyl-2-
pyrrolidone (9).

In relation to electric applications of cyano polymers,
strong piezoelectric activity was observed in the alternat-
ing copolymer of 1,1-dicyanoethylene (vinylidene cyanide)
(VCN) and vinyl acetate (VAc) by Miyata et al. (10). The
rolled and polarized copolymer showed piezoelectricity
strong enough to be comparable to that in poly(vinylidene
fluoride) films treated under the same poling conditions,
which was explained by the introduction of oriented C-CN
groups. Large dielectric relaxations in a poly(VCN-alt-VAc)
were observed by Furukawa et al. (11). This copolymer
has impedance similar to that of the human body and has
been suggested for medical applications as an ultrasonic
transducer (12). Dielectric behavior of TSE copolymers
of vinylidene methyl cyanide with 4-fluorostyrene and 4-
chlorostyrene has been studied (13). The α relaxation phe-
nomena have been characterized around Tg temperatures.
The low values of �ε were explained by the steric effect of
the bulky aromatic groups. Montheard et al. (14) have stud-
ied the radical copolymerization of VCN with two styrenic
comonomers bearing a fluorinated chain in the para po-
sition, leading to alternating copolymers. A synthesis (15)
and a study of dielectric behavior (16) of TSE copolymer
based on vinylidene methyl cyanide and 2,2,2-trifluoroethyl
methacrylate have been reported.
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Recently, we have reported synthesis and characteriza-
tion of copolymers of 2-phenyl-1,1-dicyanoethylene with
4-fluorostyrene and pentafluorostyrene (17).

In continuation of our studies of the monomer structure-
reactivity correlation in the radical copolymerization of
electrophilic trisubstituted ethylene monomers and in order
to develop new dielectric fluoronitrile polymers containing
C–CN and C–F substituents with strong dipole moments,
we describe in this paper the synthesis and characterization
of TSE copolymers of 4-fluorostyrene with fluorine ring-
substituted 2-phenyl-1,1-dicyanoethylenes.

2 Experimental

2.1 Materials

2-Fluoro, 3-fluoro, and 4-fluorobenzaldehyde, piperidine,
4-fluorostyrene (4FST), 1,1′-azobis(cyclohexanecarboni-
trile) (ABCN), petroleum ether, chloroform and toluene
supplied from Aldrich Chemical Co., were used as received.

2.2 General Procedures

Infrared spectra of the TSE monomers and polymers (KBr
plates) were determined with a Nicolet Avatar 360 FT-IR
spectrometer. The melting points of the monomers and the
glass transition temperatures (Tg) of the copolymers were
measured with TA (Thermal Analysis, Inc.) Model Q10 dif-
ferential scanning calorimeters (DSC). The thermal scans
were performed in a 25 to 200◦C range at a heating rate of
10◦C/min. Tg was taken as a midpoint of a straight line be-
tween the inflection of the peak’s onset and endpoint. The
thermal stability of the copolymers was measured by ther-
mogravimetric analyzer TA Q50 from ambient temperature
to 800◦C at 20◦C/min. The molecular weights of the poly-
mers were determined relative to polystyrene standards in
THF solutions with sample concentrations 0.8% (wt/vol)
by gel permeation chromatography (GPC) using a Altech
426 pump at an elution rate of 1.0 mL/min; TSK – GEL
G4000HHR column at 25◦C, and Viscotek UV 2501 detec-
tor. 1H- and 13C-NMR spectra were obtained on 10–25%
(w/v) monomer or polymer solutions in CDCl3 at ambient
temperature using a Bruker Avance 300 MHz spectrom-
eter. Elemental analyses were performed by Quantitative
Technologies Inc. (NJ).

2.3 Monomer Synthesis

The fluorine ring-substituted 2-phenyl-1,1-dicyanoethenes
were prepared by Knoevenagel condensation (18)
(Scheme 1). The synthesis procedure and characterization
of the TSE monomers was described earlier (19, 20). In
a typical synthesis, equimolar amounts of malononitrile
and an appropriate benzaldehyde were mixed with 2 mL
of DMF in an Erlenmeyer flask. A few drops of piperidine

Sch. 1. Monomer synthesis (where R = 2F, 3F, and 4F).

were added with stirring. The crystalline product of the
reaction was isolated by filtration, purified by crystalliza-
tion from 2-propanol, and dried until constant weight in a
vacuum oven at ambient temperature.

3 Result and Discussion

3.1 Homopolymerization

An attempted homopolymerization of the TSE monomers
in the presence of ABCN did not produce any polymer as
indicated by the lack of a precipitate in methanol. Inabil-
ity of TSE to polymerize is associated with steric difficul-
ties encountered in homopolymerization of 1,1- and 1,2-
disubstituted ethylenes (2). Homopolymerization of 4FST
under conditions identical to those in the copolymerization
experiments yielded homopolymers (Table 1).

3.2 Copolymerization

Copolymers of the TSE monomers and 4FST were pre-
pared in 25-ml glass screw cap vials at 4FST/TSE=1/1 mo-
lar ratio of monomer feed in toluene at 70◦C using ABCN
as an initiator (Scheme 2). After a predetermined time, the
mixture was cooled to the room temperature, and precip-
itated dropwise in petroleum ether. The crude copolymers
were purified by re-precipitation from chloroform solution
into an excess of petroleum ether. Then copolymers were
dried in a vacuum oven at 70◦C until constant weight. The
composition of the copolymers was determined based on
the nitrogen content (Table 1).

3.3 Structure and Properties

The structure of TSE-4FST copolymers was characterized
by IR and NMR spectroscopy. The IR absorption spec-
tra of the copolymers showed characteristic bands for both
TSE and 4FST units. Vinylic bond absorbances (C C) of
TSE and 4FST at 1615 and 1618 cm−1, respectively, are
absent, indicating that the copolymerization reaction has
occurred. These spectra showed the appearance of a weak
peak corresponding to the cyano group absorption of TSE
at 2230–2240 cm−1; which is observed in all cyano copoly-
mers. Benzene rings of both comonomers show stretching
bands at 1610, 1514 and 1453 cm−1, as well as a doublet
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Sch. 2. Copolymers synthesis (where R = 2-F, 3-F, and 4-F).

930, 834 cm−1, associated to C-H out of plane deforma-
tions. Similar result was observed for the IR spectrum of
2-Phenyl-1,1-dicyanoethene with 4FST (17).

Figure 1 shows 1H-NMR spectrum of copolymer of 2-
(3-Fluorophenyl)-1,1-dicyanoethylene and 4-fluorostyrene.
The broadening of the NMR signals in the spectra of the
copolymer is apparently associated with head-to-tail (A)
and head-to-head (B) structures, which formed through
the attack of 4-fluorostyrene ended radical on both sides of
TSE monomer units. The presence of A and B configura-
tions structures was observed in the copolymers of styrene
and 2-phenyl-1,1-Dicyanoethene (21). The 1H-NMR spec-
tra show a broad signal of TSE and 4FST aromatic pro-
tons at 6.0-8.0 ppm which result from overlapping multi-
plets of four spin system. The resonance at 4.0–3.4 ppm
is assigned to the styrenic backbone protons, methylene
in structure (A) and methine in structures (B) which are
in close proximity to cyano groups in TSE-4FST diads or
in 4FST centered TSE-4FST-TSE triads. The resonance in
the range 2.6–3.3 ppm is assigned to the methine protons
of fluorinated TSE monomers in structures (A) and (B).
This assignment is based on the comparison with the me-
thine proton absorption in head-to-head and head-to-tail
copolymers (21). The overlapping resonances in the 0.8–
2.0 ppm range are attributed to the methine protons of
4FST-4FST dyads.

The 13C-NMR spectra also support the suggested skele-
tal structure of the copolymers. The 13C-NMR spectrum
of 2-(3-fluorophenyl)-1,1-dicyanoethylene-4-fluorostyrene
copolymer is shown in Figure 2. Based on compari-
son of the 13C-NMR chemical shifts in the spectra of

poly(4-fluorostyrene), and copolymers of 2-phenyl-1,1-
dicyanoethylene and 4-fluorostyrene (17), the assignments
of peaks are as follows : 158–168 ppm (phenyl carbons
bonded to fluorine atoms of TSE and 4FST), 121–139 ppm
(phenyl carbons), 110–120 ppm (CN) of TSE unit and 32–
50 ppm (methine and methylene backborne carbons of TSE
and 4FST). The absorption at 58 ppm is assigned to the
quaternary carbon of TSE (C(CN)2). In addition, we noted
also the absence of the vinylic bond at 159 ppm ( CH) and
83 ppm ( C) associated to TSE monomers. The IR and
NMR data showed that these are true copolymers, com-
posed of 4FST and TSE monomer units. The composition
of the fluorine ring-substituted of the TSE-4FST copoly-
mers can be calculated by measuring integrals of some char-
acteristic peaks in 13C-NMR spectra. For example, in the
range 158-168 ppm of 13C-NMR of 2-(3-fluorophenyl)-1,1-
dicyanoethylene and 4FST copolymer (Fig. 2), the areas of
the signals of the quaternary carbons F-C3 of TSE (I1) at
164 and F-C4 of 4FST (I2) at 161 ppm show that the calcu-
lated percentage of TSE in the copolymer using equation
below, is close to 41.6%:

TSE mol% = I1

I1 + I2
× 100

The result is in good agreement with that determined
from elemental analysis (%N=8.03, 41.8%) for this copoly-
mer (Table 1).

The copolymers prepared in the present work are all
soluble in ethyl acetate, DMF, CHCl3 and insoluble in
petroleum ether, and heptane. The copolymerization of the

Table 1. Copolymerization of 4-fluorostyrene (M1) and fluoro ring-substituted 1,1-dicyanoethylenes, RC6H4CH C(CN)2 (M2)

TGA

R Yielda, wt% N wt% m2 in pol., mol% MW , kD Tb
g ,◦C

Onset of
decomp., ◦C

10% Wt
loss, ◦C

50% Wt
loss, ◦C

Residue at
500◦C, wt%

2-F 38 8.22 41.9 5.9 148 210 287 322 6
3-F 71 8.03 40.8 7.7 163 240 296 328 8
4-F 71 6.48 31.9 5.3 140 220 295 347 7

aPolymerization time was 24 h.
bTg transition was observed by DSC.
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Fig. 1. 1H-NMR spectra of Poly(4-Fluorostyrene) (a) and
Copolymer of 2-(3-Fluorophenyl)-1,1-dicyanoethylene and 4-
Fluorostyrene (b).

fluorine ring-substituted TSE with 4-fluorostyrene results
in formation of copolymers with molecular weight average
(Mw) from 5200 to 7800 Daltons.

Two key thermal properties, glass transition tempera-
ture, Tg, and thermal degradation were studied by differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA), respectively. All the synthesized copoly-
mers show a transition from glassy state to viscoelastic
state (Fig. 3). The copolymers show no crystalline DSC en-
dotherm thus suggesting amorphous behavior. Relatively
high Tg of the copolymers (Table 1) in comparison with
that of poly(4-fluorostyrene) (Tg = 104◦C) indicates a de-
crease of chain mobility of the copolymer due to the high
dipolar character of the TSE structural units.

Information on the degradation of the copolymers was
obtained from thermogravimetric analysis in nitrogen. The
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Fig. 3. DSC traces of TSE-4FST copolymers and poly(4-
fluorostyrene).
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Fig. 4. TGA traces of TSE-4FST copolymers (a) 4-F and (b) 3-F.

decomposition products were not analyzed in this study,
and the mechanism has yet to be investigated. Figure 4
shows the TGA traces of the thermal degradation of the
copolymers of 4FST and fluorine ring-substituted of 2-
phenyl-1,1-dicyanoethylene copolymers in nitrogen. Re-
sults of analyses summarized in Table 1. Figure 4 shows

Fig. 2. 13C-NMR spectrum of Copolymer of 2-(3-Fluorophenyl)-1,1-dicyanoethylene and 4-Fluorostyrene.
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that the copolymers begin to degrade in the 210–240◦C
range. The decomposition occurred in two steps, with rapid
decomposition in the 210–400◦C range followed by slow
second stage decomposition in the 400–600◦C range.

4 Conclusions

Copolymerization of fluorine ring-substituted 2-phenyl-
1,1-dicyanoethylene (TSE) with 4-fluorostyrene in solution
with radical initiation (ABCN) at 70◦C yielded random
copolymers with TSE alternating units. The composition
of the copolymers was calculated from nitrogen analysis
and the structure was analyzed by IR, 1H- and 13C-NMR.
Higher glass transition temperature of the copolymers in
comparison with that of poly(4-fluorostyrene) indicates a
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 copoly-
mers decomposed in two stages in the range 210–600◦C.
The study of dielectric behavior of these copolymers is un-
der investigation.
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