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ABSTRACT: The radical polymerization of the three kinds of fluorine-containing malei-
mides, that is, N-[2-(trifluoromethyl)phenyl Jmaleimide (2TFPhMI), N-[3-(trifluor-
omethyl)phenyl Imaleimide (3TFPhMI), and N-[4-(trifluoromethyl)phenyl]malei-
mide (4TFPhMI) was carried out in the presence of a radical initiator in benzene at
60°C. The polymerization reactivity of these fluorine-containing maleimides and the
properties of the resulting polymers were examined in comparison with the results for
the methyl-substituted phenylmaleimides. The trifluoromethyl-substituted maleimides
readily polymerized to give polymers in high yields as well as a methyl-substituted
one. The resulting polymers showed an excellent resistance against organic solvents;
especially, poly (4TFPhMI) was insoluble in the most common solvents. The onset tem-
perature of thermal decomposition of the fluorine-containing polymers (T} = 352—
368°C) was similar to that of poly(N-phenylmaleimide) (7T}, = 364°C) and slightly
lower than those for the methyl-substituted one (7},;; = 388—402°C). The glass transi-
tion temperature of the polymers was dependent on the position of the trifluoromethyl
group. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1703-1708, 1998
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INTRODUCTION

The polymerization and copolymerization of ma-
leimide derivatives have been studied and the
properties of the polymers produced have also
been characterized because of their excellent ther-
mal stability.’~® Polymaleimides are prepared
through vinyl polymerization, that is, radical or
anionic polymerizations, and are strongly ex-
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pected to be applied as a new transparent mate-
rial because of their characteristics different from
those of conventional polyimides prepared by con-
densation polymerization.='° Previously, Mat-
sumoto et al.* demonstrated that the solubility
of poly(N-phenylmaleimide) [poly(PhMI)] was
modified by the introduction of alkyl groups into
the N-phenyl ring, especially the substitution of
2,6-positions. Simultaneously, it was also re-
vealed that the polymerization and copolymeriza-
tion reactivities of the substituted PhMIs de-
pended on the position, number, and bulkiness of
the alkyl substituents. For example, the ortho-
substitution decreased the yield and molecular
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weight of the polymers by steric hindrance in
propagation. It was found that the alkyl-substi-
tuted poly (PhMI)s were soluble in many kinds of
common organic solvents including benzene, chlo-
roform, and tetrahydrofuran and that they
showed an excellent thermal stability as well as
unsubstituted poly(PhMI). We had an interest in
the polymerization reactivity of fluorine-substi-
tuted maleimides and the property of the re-
sulting polymers, because fluorine substitution
would be expected to gain resistance against or-
ganic solvents, as commonly observed for fluoro-
polymers, and the introduction of fluorine may
also change the reactivity of monomers owing to
unique properties of an electron negative fluo-
rine.'™'?

Some maleimides containing fluorine have
been prepared and polymerized by several work-
ers.”> 2! For example, Barrales-Rienda et al.'®*
reported the polymerization of seven kinds of flu-
oro-substituted PhMIs, that is, 2-fluoro-, 3-fluoro-,
4-fluoro-, 2,4-difluoro-, 2,5-difluoro-, 2,3,5,6-tetra-
fluoro-, and pentafluoro-PhMIs. They carried out
radical and anionic polymerization of these male-
imides in bulk or in solution as well as by y-ray
irradiation polymerization. The structure and
thermal degradation of the resulting polymers
were examined in detail. Recently, Nagai and Ta-
kahashi'®'® also reported the polymerization be-
havior of several fluorophenylmaleimides moni-
tored by differential scanning calorimetry. Oishi
et al.’” studied the polymerization of maleimides
containing perfluoroalkyl groups in the N-substit-
uent. Hagiwara et al.'® reported anionic polymer-
izations of pentafluoro-PhMI with several kinds
of initiators. Matsumoto et al.* already referred
to the polymerization reactivity of N-[3-(tri-
fluoromethyl )phenyl Jmaleimides (3TFPhMI) in
radical polymerization and some properties of the
resulting polymer.

In this article, we deal with the radical poly-
merization of three kinds of N-[ (trifluoromethyl )-
phenyl Imaleimides (TFPhMIs), that is, N-[2-
(trifluoromethyl)phenyl Jmaleimide (2TFPhMI),
3TFPhMI, and N-[4-(trifluoromethyl)phenyl]-
maleimide (4TFPhMI). The polymerization reac-
tivity as well as the solubility and thermal proper-
ties of the resulting polymers are compared with
the results for the methyl-substituted deriva-
tives (MPhMIs), that is, N-(2-methylphenyl)-
maleimide (2MPhMI), N-(3-methylphenyl )ma-
leimides (3MPhMI), and N-(4-methylphenyl)-
maleimide (4MPhMI), as shown in Figure 1.
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Figure 1 Structure of trifluoromethyl- and methyl-
substituted N-phenylmaleimides.

EXPERIMENTAL

Materials

TFPhMIs were prepared from maleic anhydride
and the corresponding aniline by literature meth-
ods.?? Trifluoromethylaniline and maleic anhy-
dride in diethyl ether were stirred at room tem-
perature for 8-12 h. The reaction proceeded
slowly and, consequently, the resulting maleamic
acid was precipitated. The precipitant was filtered
off and dried in vacuo. The maleamic acid was
allowed to react with acetic anhydride in the pres-
ence of sodium acetate at 90°C for 2 h. The struc-
ture of the monomers obtained was checked by
NMR spectroscopy.

2TFPhMI: Yield 70%. Mp 118.5-119.5°C. 'H-NMR (60
MHz, CDCly) 6 7.3-7.7 (m, aromatic, 4H), 6.71 (s,
CH=, 2H). 3TFPhMI (ref. 4): mp 67.0-68.0°C. 'H-
NMR (60 MHz, CDCl;) 6 7.3—7.7 (m, aromatic, 4H),
6.68 (s, CH=, 2H). 4TFPhMI: Yield 65%. Mp 147.0—
149.0°C. 'H-NMR (60 MHz, CDCl;) 6 7.0-7.8 (m, aro-
matic, 4H), 6.71 (s, CH=, 2H).

Dimethyl 2,2’-azobisisobutyrate (MAIB) and 2,2’-
azobisisobutyronitrile (AIBN ) were recrystallized
from ethanol.
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Table I Radical Polymerization of TFPhMIs
in Benzene at 60°C

Monomer Initiator Time Yield
(mol/L) (mol/L) (h) (%)
2TFPhMI (0.5) MAIB (5 x 107%) 5 42.6
2TFPhMI (0.5) AIBN (5 x 107%) 5 26.1
3TFPhMI (0.5) MAIB (5 x 107%) 5 88.9
4TFPhMI (0.5) MAIB (5 x 107%) 5 71.3

Polymerization Procedure

TFPhMI, an initiator, and benzene were placed
in a glass ampule. The solution was degassed by
the freeze—thaw technique, and then the ampule
was sealed in vacuo. After polymerization at 60°C
for a given time, the polymerization mixture was
poured into a large amount of methanol to precipi-
tate the resulting polymer. The yield of the poly-
mer was determined gravimetrically. Benzene
should be used very carefully because of its carci-
nogenicity. Toluene can be also used as the sol-
vent for this polymerization and it is recom-
mended for the reproduction of this work.

Measurements

"H-NMR spectra were recorded on a JASCO A202
spectrometer. Differential scanning calorimetry
and thermogravimetric analysis were performed
in a nitrogen stream at a scanning rate of 10°C/
min using a Seiko DSC-200 and TG-200, respec-
tively.

RESULTS AND DISCUSSION

Polymerization Reactivity

The polymerization of TFPhMIs was carried out
in the presence of a radical initiator in benzene
at 60°C. All the polymerizations of TFPhMIs pro-
ceeded inhomogeneously because of the insolubil-
ity of the resulting polymers. The polymerization
of 2TFPhMI gave the polymer in a lower yield
compared with those of 3STFPhMI and 4TFPhMI,
as shown in Table I. Figures 2 and 3 show the
time—conversion relationship for the polymeriza-
tion of TFPhMIs. The results of the polymeriza-
tion of MPhMIs under similar conditions are also
included in Figure 3 as the reference.?

The polymerization rate was reduced in the or-
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Figure 2 Time-conversion relationship for radical
polymerization of TFPhMIs in benzene at 60°C with
MAIB: (O) 2TFPhMI; (O0) 3TFPhMI; (A) 4TFPhMI.
[Monomer] = 0.5 mol/L; [MAIB] = 5 X 10~ mol/L.

der of the meta-, para-, and ortho-substitution in
the series of TFPhMIs and MPhMIs, respectively.
The lower polymerization reactivity of ortho-sub-
stituted PhMIs was already discussed in the pre-
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Figure 3 Time-—conversion relationship for radical
polymerization of TFPhMIs and MPhMIs in benzene at
60°C with MAIB: (O) 2TFPhMI; (OJ) 3TFPhMI; (@)
2MPhMI; (H) 3MPhMI; (A) 4MPhMI. [Monomer]
= 1.0 mol/L; [MAIB] = 5 X 102 mol/L.
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Table II Solubility of Poly(TFPhMI)s

Substituent
Solvent?® 2-CF; 3-CF; 4-CF,
Carbon tetrachloride (8.6) i i i
Tetrahydrofuran (9.1) i i i
Trichloroethylene (9.2) i i i
Benzene (9.2) i i i
2-Butanone (9.3) i i i
Chloroform (9.3) i i i
Anisole (9.5) i i i
1,1,2-Trichloroethane (9.6) i i i
Cyclohexanone (9.9) SW SW i
1,2-Dichlorobenzene (10.0) S S SW
1,4-Dioxane (10.0) i i i
Acetonitrile (11.9) i i i
Dimethyl sulfoxide (12.0) S sW i
Dimethylformamide (12.1) S sw i

s, soluble; sw, swelling; i, insoluble.
? The values in parentheses indicate a solubility parame-
ter, (cal/cm®)*2.

vious articles. For example, 2MPhMI polymerizes
at a lower rate to provide the polymer with a lower
molecular weight compared with 3SMPhMI and
4MPhMI because of the suppressed propagation
by steric hindrance in both the monomer and the
propagating radical.*?® The PhMI with 2-alkoxy-
carbonyl substituents also showed similar poly-
merization behaviors.?*?® The slightly higher re-
activity of STFPhMI than of 4TFPhMI, as seen in
Table I and Figure 2, is interpreted as an electronic
effect; namely, a para-trifluoromethyl group is a
stronger electron-withdrawing group than that in
the meta position.

The polymerization rates of TFPhMI and
MPhMI bearing the substituents at the same posi-
tion were as follows: TFPhMI < MPhMI. In the
polymerization of the substituted PhMIs, the in-
troduction of an electron-donating group into the
N-phenyl ring enhances the polymerization reac-
tivity, which is deduced from the polymerization
rate and the molecular weight of the polymer,
when the steric hindrance is not significant. In
contrast to it, an electron-withdrawing group de-
creases the polymerization reactivity.*

The use of AIBN instead of MAIB resulted in
the decrease in the polymer yield, while AIBN is
the most popularly used azo-initiator for radical
polymerization in an organic medium. This is be-
cause of less reactivity of the primary radical
from AIBN, the 2-cyano-2-propyl radical, toward

2TFPhMI, as previously demonstrated in the
polymerization of 2MPhMI?® and other less reac-
tive vinyl monomers.?-”

Solubility of Polymers

In Table II, the solubility of poly(TFPhMI)s
toward a variety of organic solvents is shown.
All poly(TFPhMI)s were insoluble in carbon
tetrachloride, tetrahydrofuran, trichloroethylene,
benzene, 2-butanone, chloroform, anisole, 1,4-di-
oxane, and acetonitrile. Poly(2TFPhMI) and poly-
(3TFPhMI) were soluble or swelled in cyclohexa-
none, 1,2-dichlorobenzene, dimethyl sulfoxide,
and dimethylformamide, while poly(4TFPhMI)
was swelled in 1,2-dichlorobenzene, but insoluble
in the other solvents shown in Table II. Poly-
(MPhMI)s are soluble in many kinds of organic
solvents including nonpolar solvents,* and poly-
[(N-ethoxycarbonylphenyl )maleimide ]s are also
soluble in several kinds of solvents.?* The high
resistance of poly(TFPhMI)s to solvents is due
to the strong polar nature of the trifluoromethyl

group.

Thermal Properties

The initial decomposition temperature (T},;;) and
the maximum decomposition temperature (7'..)
were determined by thermogravimetric analysis
in a nitrogen stream at a heating rate of 10°C/
min. The decomposition temperatures determined
are summarized in Table III, together with the
previous results for poly(MPhMI)s.*

It has been revealed that poly (TFPhMI)s have
an excellent thermal stability as well as do the

Table III Thermal Properties

of Poly(TFPhMI)s
Tinit Tnax T,
Polymer (°C) (°C) 0O
Poly(2TFPhMI) 368 434 328
Poly(3TFPhMI) 3692 4272 339
Poly(4TFPhMI) 364 439 —P
Poly(PhMI) 364 4222 —°
Poly(2MPhMI) 3922 4272 335
Poly(3MPhMI) 3882 418 —°
Poly(4MPhMI) 4022 4222 —°

2 Ref. 4.

" T, was not observed below T'p.
¢ Not determined.
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other polymaleimides.*® The T, for poly-
(TFPhMI)s were 364—369°C, being similar to
that for poly(PhMI) (T}, = 364°C) and lower
than 388—402°C for poly(MPhMI)s, whereas the
Tyax for poly(TFPhMI)s (427-439°C) were
slightly higher than those for poly(PhMI) and
poly(MPhMI)s (418—-427°C). These results are
interpreted by the following mechanism (Scheme
1): In the decomposition of poly(MPhMI)s, the
abstraction of the hydrogen of the methyl group
on the N-phenyl ring results in the formation of
a benzyl radical. The crosslinked structure pro-
duced by the coupling of the radicals would in-
crease the T},; value of the polymer. In fact, it has
been demonstrated that poly(2MPhMI) yields a
partly insoluble fraction after isothermal heating
at 360°C.* Contrarily, in the decomposition of
poly (TFPhMI)s, such an abstraction and the sub-
sequent crosslinking hardly occur on account of
the large energy for the homolytic cleavage of the
C—F bond. As a result, the Ti,'s for poly-
(TFPhMI)s are same as that of poly(PhMI) and
lower than those for poly(MPhMI)s.

The glass transition temperature (T,) of poly-
(TFPhMI)s were similar to those of poly-
(MPhMI)s. The T, values were 328 and 339°C for
the ortho- and meta-substituted poly(TFPhMI)s,
respectively, and 335°C for poly(2MPhMI), while
the para-substituted polymers did not show a T,
below their decomposition temperatures.

CONCLUSIONS

The radical polymerization reactivity of TFPhMIs
were as follows: 3STFPhMI > 4TFPhMI > 2TFPhMI,
being similar to the order for the methyl-substi-
tuted PhMIs. The poly (TFPhMI)s showed excel-
lent solvent and heat resistance. The T',;; and T'ax

values were 352—-368°C and 427-439°C, respec-
tively, for poly(TFPhMI)s. The T, values were
328 and 339°C for poly(2TFPhMI) and poly-
(3TFPhMI), while poly (4TFPhMI) did not show
any T, below its T},;;. Thus, we have demonstrated
that the polymers of trifluoromethyl-substituted
N-phenylmaleimides show high onset tempera-
tures of thermal decomposition and high glass
transition temperatures, as well as excellent re-
sistance against organic solvents. In the aspect of
the practical processing of polymers, the 2-triflu-
oromethyl-substituted polymer soluble in several
organic solvents would be favored rather than the
4-substituted one, which is insoluble in any sol-
vent and does not melt below the decomposition
temperature. The copolymerization of these ma-
leimides with vinyl monomers would provide new
copolymers with good heat and solvent resistance.
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