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Ionic liquids are low-melting-point salts that have
characteristic properties such as absence of flamma-
bility, lack of measurable vapor pressure, good ability
to dissolve organic compounds, and catalytic effects.
Recently ionic liquids have become utilized as a reac-
tion medium for many organic reactions including
polymer synthesis.'

Polyimides exhibit excellent thermal and mechani-
cal properties, and have extensive engineering and
microelectronics applications.> Since conventional
aromatic polyimides are insoluble, extensive research
has been recently carried out to improve the solubility
of polyimides.>”!" The authors also have systemati-
cally investigated the synthesis of soluble polyimides
based on alicyclic tetracarboxylic anhydrides,!>!4
aromatic diamines having long chain alkyl groups,'>:1¢
and dendric moiety on their side chain.'” In these stud-
ies, conventional volatile organic compounds (VOC)
such as N-methyl-2-pyrrolidone (NMP) were used
for polymerization solvents. On the other hand, there
were only a few papers that ionic liquids were used
as solvents for polyimide synthesis.'®!® This paper
reports the application of ionic liquid as solvents for
the synthesis of alicyclic polyimides that have the
same structure reported previously in our lab,'* and
the merit of ionic liquids are clarified.

EXPERIMENTAL

Materials

1-Butyl-3-methylimidazolium hexafluorophospate
([bmim]PFg), 1-hexyl-3-methylimidazolium hexafluo-
rophospate ([hmim]PFg), 1-octhyl-3-methyl imidazo-
lium hexafluorophospate ([omim]PFg), and 1-butyl-3-
methylimidazolium bromide ([bmim]Br) were kindly

Polyimide / Polymerization / 5-(2,5-Dioxotetrahydrofuryl)-3-methyl-3-cyclohexene-

supplied by The Nippon Synthetic Chemical Industry
Co., Ltd. 5-(2,5-Dioxotetrahydrofuryl)-3-methyl-3-cy-
clohexane-1,2-dicarboxylic anhydride (cyclohexene-
DA) and 4,4'-diaminodiphenyl ether (DDE) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (TCI)
and purified by recrystallization; cyclohexene-DA, mp.
175.1°C, recrystallized from acetic anhydride; DDE,
mp. 193.6 °C, recrystallized from ethanol. Other con-
ventional reagents were purchased from TCI or Wako
Pure Chemical Industries, Ltd. and used as received.

Measurements

The inherent viscosities of all polymers were meas-
ured using Cannon Fenske viscometers at a concentra-
tion of 0.5 g/dL in NMP at 30°C. 'H NMR spectra
were measured on a JEOL JNM-AL400 FT NMR in
dimethyl sulfoxide-ds with tetramethylsilane (TMS)
as an internal reference. IR spectra were measured
on a JASCO IR Report-100 spectrophotometer.

Preparation of Polyimides

As a typical example, to a 20 mL flask was added
4.75 g of [bmim]PF¢ and the system was purged by
argon, and then heated to 130 °C. To above solution
was added 0.108 g (0.538 mmol) of DDE by portion
under argon flow while the system was heated to
180°C. Finally, to this mixture was added 0.142¢
(0.538 mmol) of cyclohexene-DA by portion, and the
system was stirred at 180 °C under argon flow for 1 h.
Powdered polyimides were obtained by precipitation
into 100 mL of methanol, filtered, and washed with
a large amount of methanol, and then purified three
times by reprecipitation technique using NMP as a
good solvent and methanol as a poor solvent, and
finally dried at 100 °C for 1d.
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Scheme 1. Synthesis of polyimides based on cyclohexene-DA and DDE using ionic liquids as solvents.
Table I. Polymerization of cyclohexene-DA and DDE in an ionic liquid
Reaction condition” Polyimide
Entry Tonic liquid® Time Consentration Solubility Ninh®
(h) (Wt %) (in IL) dLg™h

1 [bmim]PFg 1.5 5 soluble 0.31
2 [hmim]PFg 1.5 5 soluble 0.30
3 [omim]PFg 1.5 5 partly soluble 0.14
4 [bmim]PFg 1.0 5 soluble 0.25
5 [bmim]PFg 3.0 5 soluble 0.36

6 [bmim]PFg 4.0 5 insoluble —
7 [bmim]PFq 0.5 10 soluble 0.24
8 [bmim]PFg 1.0 10 soluble 0.42
9 [bmim]PFg 1.5 10 soluble 0.53

10 [bmim]PFg 2.0 10 insoluble —
11 [bmim|Br 3.0 10.0 soluble 0.20
12 m-cresold 8.0 20.0 soluble 0.33

*bmim; 1-buthyl-3-methylimidazolium, hmim; 1-hexyl-3-methylimidazolium, omim; 1-octhyl-3-methyl-

imidazolium. PEquimolar amount of cyclohexene-DA and DDE was used. Polymerization temperature;
180°C. “Measured at 0.5 gdel in NMP at 30°C. dPolymerization condition; 80°C, 2h-200°C, 6 h.

RESULTS AND DISCUSSION

The experimental results of synthesis of polyimides
using cyclohexene-DA and DDE as monomers, and
[bmim]PF¢, [hmim]PFs and [omim]PFs as solvents
were summarized in Scheme 1 and Table 1. Although
various compounds are known as ionic liquids, N,N -
dialkylimidazolium hexafluorophosphates were chos-
en because these are commonly available room-tem-
perature ionic liquids and easy to handle. According
to our pre-experiments, it was found that dissolution
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temperature and the addition order of monomers are
important. Specifically, it was found to be necessary
to dissolve DDE in ionic liquids over ca. 130°C, and
then add cyclohexene-DA by portion while the tem-
perature was elevated to 180 °C. If these monomers
were added simultaneously at lower temperature, the
homogeneous solutions were not obtained and precip-
itation took place.

Firstly, the difference of three kinds of ionic liquids
([bmim]PFg, [hmim]PF¢ and [omim]PFs) was exam-
ined under the same polymerization conditions (time;
1.5h, monomer concentration; 5wt %), and it was
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observed that homogeneous solutions were obtained
in case of [bmim]PFg and [hmim]PFe, while the pre-
cipitation took place in case of [omim]PF¢ (Table I,
Entry 1-3). It can be assumed that longer alkyl chains
decrease the polarities of ionic liquids and hence
reduce the solubility of polyimides. Obtained poly-
imides were carefully purified by reprecipitation and
well characterized by 'H NMR and IR in agreement
with our previous results.'*

Secondly, the effect of polymerization time was ex-
amined (Table I, Entry 4-6, Entry 7-10). The inher-
ent viscosities (1jn), Which are connected to the mo-
lecular weights of polymers, were measured in
NMP. It was found that longer polymerization time
gave the high molecular weight polyimides, however
excess polymerization times caused precipitation of
polyimides (Table I, Entry 6, 10). Thirdly, the higher
molecular weight polyimides were obtained in shorter
time in case the monomer concentration was increased
from 5 to 10wt % (Table I, Entry 7-9). However, in
the case of higher monomer concentration over 10
wt %, the proceeding of polymerization became diffi-
cult because of precipitation of polyimides.

The following two polymerization experiments
were carried out as comparative methods (Table I,
Entry 11-12). m-Cresol that is the common solvent
for one-step polymerization of polyimides was used
under the same condition previously reported.'”!8
Consequently, the molecular weight (inherent viscos-
ity) of polyimide obtaind in m-cresol was lower than
the one obtained in [bmim]PFg. It can be assumed that
the catalytic effects are existed in polyimide synthesis
using ionic liquids as the reaction medium. Since the
data of ref 18 demonstrated that N,N'-dialkylimidazo-
lium bromide gave the higher molecular weight poly-
imides in comparison with the corresponding hexa-
fluorophosphates, [bmim]Br was examined instead
of [bmim]PFe. Consequently, [bmim]Br gave a lower
molecular weight (inherent viscosity) polyimide prob-
ably due to the fact that [bmim]PFgs have the stronger
catalytic effect than [bmim]Br in the case of our
study. Since the difference between our study and
ref 18 is that the type of monomers is different, the
suitable ionic liquids for the polyimide synthesis are
probably depend on the type of monomers.

In conclusion, the best polymerization condition
was Entry 9 in Table I ([bmim]PFg, 1.5h, 10wt %,
180 °C) and it gave the highest molecular weight poly-
imides (%inn; 0.53). According to our previous study
using NMP as a polymerization solvent, the same
cyclohexene-DA/DDE polyimides (9j,n; 0.53) was
obtained from two-step reaction including the poly-
(amic acids) synthesis (r.t., 12 h, in NMP) and chemi-
cal imidization reaction (120°C, 4h, in NMP with
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acetic anhydride and pyridine as catalysts).'* As com-

pared with two methods, the following merits were
found in case of using ionic liquids, namely, ionic lig-
uids can give the same molecular weight polyimides
by shorter reaction time without additional catalysts.
Since alyciclic dianhydrides are low reactive mono-
mers, >4 it is recognized that the use of ionic liquids
are the valuable method for the formation of relevant

polyimides.
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