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Polyimides bearing pendant furan groups

Synthesis of polyimides bearing pendant furan groups

via polymer reactions

Yusuke TSUDA"***
Kenichi KANEGAE**
Yusuke TAJIMA***
Kazuo TAKEUCHI***

Synthesis of polyimides baring pendant furan groups has been successfully investigated via the
polymer reaction of furoyl chloride with polyimides based on 2,2-diamino-4,4’-
hexafluoroisopropylidenedi (phthalic anhydride) (6FDA) and 3,3-dihydroxy-4,4-diamino-biphenyl
(HAB). The maximum conversion was 84% achieved with pyridine as the catalyst and solvent.
Novel polymers obtained showed excellent thermal stability, with the solubility in various organic
solvents improved by the attachment of pendant furan groups in polyimides.

Key Words : Polyimides, Furan Groups, Furoyl Chloride, Polymer Reaction, Thermal Stability, Solu-

bility

Polyimides exhibit excellent thermal and
mechanical properties, and have extensive engi-
neering and microelectronics applications V .
Widespread research has been recently carried
out to improve the properties of polyimides,
and a variety of functionalized polyimides such
21V " bhotosensitive
W15 polyimides
corrosion resistant

as organo-soluble polyimides
polyimides'®'¥, LC polyimides
for proton exchange®!”,
polyimides'? ,
92" and nonlinear optical polyimides
have been investigated.

polyimides for LC alignment

22)~24)
layers ,

Recent work by Tajima et al. has found
that polymers bearing furan groups turn gel in
the presence of fullerene, Cs by UV irradiation,
and that the reaction mechanism involves the
polycondensation of furan units via singlet oxy-
gen generated from the excited triplet state of
Ce™ ™. Polymers with pendant furan moieties
form a chemical network with Cg on irradia-

P14 8 H26H SH

tion, and provide novel photochemical methods
applicable for radiation-curing of resins and
#~3_ Furan moieties were first in-
backbone of poly

However, heat resistant

photoresists
troduced on the
(methacrylate)® 2
polymers such as polyimides have been recently
selected as the base polymers because of a
better durability for microelectronics applica-
tiOHSaO)al).

There are two major methods for the intro-
duction of furan groups in polyimides. Firstly,
the use of furan containing tetracarboxylic
dianhydrides or aromatic diamines for mono-
mers, and secondary reactions of furan contain-
ing reagents
makes use of the latter method and describes

with polyimides. This paper
polymer reactions of furoyl chloride or furfuryl
bromide with polyimides containing phenolic
hydroxy groups. The thermal stability and solu-
bility of the

resulting furan containing
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polyimides are also described.

EXPERIMENTAL

Materials
2,2-Diamino-4,4-hexafluoroisopropylidenedi
(phthalic anhydride) (6FDA) was purchased
from Central Glass Co. Ltd., and used as re-
ceived, as was 3,3-dihydroxy-4,4>-diamino-
biphenyl (HAB), which was purchased from
Tokyo Chemical Industries Co. Ltd. N-Methyl-
2-pyrrolidone (NMP) (Mitsubishi Chemicals)
was distilled under reduced pressure from 4A
molecular sieves. Reagent grade furoyl chloride,
furfuryl alcohol, potassium carbonate, phospho-
rous tribromide, acetic anhydride, pyridine and
other conventional reagents were purchased
from Wako Pure Chemical Industries Ltd. and

were used as received.

Characterization

The inherent viscosities (7uwn) of polymers
were measured using Cannon Fenske viscome-
ters at a concentration of 0.5g/dL in NMP at
30 C. The SEC analysis was performed using a
Shimadzu high-pressure liquid chromatography
system containing a LC-10AT pump, a CTO-
10A column oven (45 TC) and a RID-10A RI de-
tector coupled to a Nelson Analytical 900 Series
integrator data station working with the Perkin
Elmer Turbochrom 4 software. The SEC setup
had a guard column and two 25 cm AM gel col-
umns (10 xm, 500 A and 10 xm, 10000 A).
N,N-Dimethylformamide (Aldrich, HPLC-grade)
was used as an eluent at a flow rate of 1mL/
min. Number and weight average molecular
weights were determined from calibration plots
constructed with poly (ethylene glycol) stan-

dards (American Polymer Standards
Corporation). Thermogravimetric analysis
(TGA) was performed on a Shimadzu

(Model TGA-50)
under air or nitrogen at a heating rate of 10

thermogravimetric analyzer

C/min. '"H NMR spectra were measured on a
JEOL JNM-EX270 FT NMR in dimethyl
sulfoxide-ds with tetramethylsilane (TMS) as
an internal reference. IR

spectra were

measured on a JASCO IR Report-100 spectro-
photometer.

Preparation of 6FDA/HAB Polyimide (base-PI)

The preparation of base-PI was followed by
the method previously reported'”™™ . The
imidization reaction was monitored by 'H NMR
technique, and the conversions from polyamic
(acids) to polyimides, that are imidization ratio
were found to be 100%. 'H NMR (DMSO-ds):
8= 7.50-8.30 (m, ArH.), 10.14 (br. s, OH). IR
(KBr): 3400 (OH), 1780 and 1740 (C:O),_1360
(C-N) em™'. pun: 0.86 dL/g. SEC (DMF): M. =
2.35 X 10 g/mol, Mv/Ma = 2.34.

Acylation of base-PI with furoyl chloride

Base-PI (0.25 g, 0.38 mmol of repeat units)
and furoyl chloride (0.31 g, 2.28 mmol) were
dissolved in pyridine (5 mL). The reaction mix-
ture was stirred at 50C for 24 h under a nitro-
gen atmosphere, before precipitation into
methanol (100 mL). The powder obtained
(furoyl-PI) was filtered and washed with of
methanol (3 X 50 mL), and dried at 100 C for
24 h. 'H NMR (DMSO-ds): & = 6.70 (s, Hs),
7.42 (s, Ha), 7.60-8.30 (m, ArH). IR (KBr): 3400
(OH), 1780 and 1740 (C=0), 1360 (C-N) cm .
yimn: 0.86 dL/g. SEC (DMF): M. = 2.75 X 10' g/
mol, Mw/M» = 2.01.

Alkylation of base-PI with furfuryl bromide

A fresh solution of furfuryl bromide (1.48
g, 9.2 mmol) in 15 mL of ether, prepared by
the method of Zanetti®”, was added in the mix-
ture of base-PI (3.0 g, 4.6 mmol of repeat
units) and potassium carbonate (0.31g, 2.28
mmol) in 40 mL of DMAc. The reaction mix-
ture was stirred at room temperature for 24 h
under a nitrogen atmosphere, before precipita-
tion into methanol (100 mL). The powder ob-
tained (furfuryl-P1) was filtered and washed
with methanol (3 X 50 mL), and dried at 100
C for 24 h. 'H NMR (DMSO-ds): & = 5.30 (s,
CH:), 6.39 (s, Hv), 6.52 (s, Ha), 7.3-83 (m,
ArH). IR (KBr): 3400 (OH), 1780 and 1740
(C=0), 1360 (C-N) ecm™'. pun: 0.41 dL/g. SEC
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(DMF): M. = 550 X 10° g/mol, Mw/M. = 4.50.

RESULTS AND DISCUSSION

The most convenient method for the intro-
duction of pendant groups onto a polyimide
backbone has been achieved by the use of
modified diamine monomers and the synthesis
of these monomers are generally obtained from
starting materials
such as 2,4-dinitrophenol" ,
dihydroxybiphenyl®* |
chloride' .

mation yield the desired monomers followed by

containing nitro groups
4,4’-dinitro-2,2’-
‘and 3,5-dinitrobenzoyl
Suitable functional group transfor-

reduction of nitro groups. Originally we tried to
follow these synthetic methods to obtain furan
containing diamine monomers and polyimides.
However, problems arise owing to the decompo-
sition of furan rings during reduction of the
nitro group. Although 2,5-bis (aminomethyl)
furan and the difulic diamine derivatives have
been previously reported™, these compounds
contain aliphatic diamines unsuitable for heat
resistant polyimides. Takeuchi et al. overcame
this problem and developed a novel synthetic
method for furan containing monomers and cor-
responding polyimides by use of a mild cata-
lytic hydrogenation method®.

Although direct polymerization is the pre-
ferred method for the effective introduction of
functional groups onto the polymer chain, an
alternative method, namely, polymer reactions
are also becoming recognized as an important
method®,

molecular weight, monomer composition, and

because polymer properties such as

sequence distribution and the most of basic
physical properties can be controlled before the
introduction of functional groups. Consequently,
we have investigated the latter method, via
polymer reactions to introduce furan groups
into the polyimides.

Synthesis of base-PI
based on 6FDA and HAB
(base-PI) were chosen for the study, because

Polyimides

the excellent solubility of these polymers allows
facile polymer reactions. 6FDA are known to

give highly soluble polyimides in any
combinations with aromatic diamines®. There
are several functional diamine monomers,

acid®
5,5'- (hexafluoroisopropylidene) bis (2-
amionophenol)® and HAB?® . We selected

HAB because of the capability of esterification

for example, 3,5-diaminobenzoic

and etherification reaction, as well as the high
reactivity for polymerization.

The synthetic route to base-PI is illustrated
in Scheme 1. It consists of a poly (amic acids)
synthesis followed by chemical imidization. The
poly (amic acids) units based on 6FDA can
theoretically exist as three isomers due to an
asymmetrical structure. The poly (amic acids)
were obtained by reacting 6FDA with an
equimolar amount of HAB at 25 C for 12 h
under a nitrogen atmosphere. Base-PlI was ob-
tained by chemical imidization at 120 C in the
presence of pyridine as a catalyst and acetic
anhydride as the dehydrating agent. This
method is the optimized synthetic conditions
previously developed®™'”. Base-PI was charac-
terized by 'H NMR, IR, yis, and SEC. The
M. value from SEC measurement was 2.35 X

* g/mol using polyethylene glycol standards,
and 7n showed a value of 0.86 dL/g which in-
dicated the formation of high molecular weight
polyimides. Base-PI showed a good film forming
ability from NMP. The polydispersity according
to SEC measurement, M./M. was 2. 34, indicat-

HO, OH
e s

[e) FaC, CF3

[o]
6FDA
FiC_ CF3
J\ P O~ 5
NMP, RT
\1‘0” n
8FDA/HAB Poy(amnc acids)
. FiC_ CFy
Acz0, Pyridine
NMP, 120°C O O D i
B6FDAJHAB Polyimides (base-Pl)

Scheme 1. Synthesis of base-PIl




— 4 —

MEMOIRS OF KURUME NATIONAL COLLEGE OF TECHNOLOGY Vol. 18 No. 1

ing that this polyimides have a low molecular
weight distribution for a polycondensation poly-
mer of this type.

Polymer reactions

Two reagents having furan moieties were
examined in this paper. One is furoyl chloride
giving formation of esters and is commercially
available, while the other is furfuryl bromide
which generate an ether and is obtained from
furfuryl alcohol and phosphorous tribromide by
the method previously reported®™ ¥
tion pathway is illustrated in Scheme 2.

. The reac-

The reaction of furoyl chloride and base-PI
was achieved using pyridine as a scavenger for
the hydrogen chloride by-product with various
reaction conditions studied in detail (Table I).
Conversions of the above polymer reactions

base P}

Furfuryl bromide, K,CO,

Furoyl chioride

N Pyridine, 50°C, 24h

were monitored by 'H NMR measurements
(Figure 1). Signals appearing at 6.70 ppm and
7.42 ppm were assigned to the H. proton and
Hb proton in furan rings respectively. Although
H. protons overlapped with the phenyl protons,
the conversions can be determined as Eq. (1).

IHa/Iarom - IHa=X/6OO (1)

where Iu. is intensity ratio of H. protons (aver-
aged from H. and Hs), Iom is intensity ratio of
aromatic protons including H. protons, and X is
conversion (%). The reaction was first carried
out using excess furoyl chloride with equimolar
pyridine in NMP and gave a low conversion of
21% (Entry 1, Table 1). To overcome this poor
conversion, we optimized the conditions and
found that high conversions can be achieved by

HF oo

furoyl-Pl (conversion; 84%)

DMAGc, RT, 24h

{0 T

furfuryl-P\ (conversion; 35%)

Scheme 2. Synthesis of furoyl-PI and furfuryl- PI via polymer reaction

Table I. Polymer reaction of furoyl chloride on base-PI
Entry Molar ratio® Time Temp. Conversion

Furoyl chloride Pyridine (h) °C) (%)
1 6 2° 24 80 21
2 6 solvent 1 80 21
3 6 solvent 3 80 37
4 6 solvent 6 80 72
5 6 solvent 24 80 72
6 6 solvent 24 ‘ 50 84
7 6 solvent 24 25 32
8 2 solvent 24 80 43

? Molar ratio related to a repeating unit of 6GFDA/HAB polyimide.

Y NMP was used as the solvent.
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furfury/~Pl  Hy, Ha Hy Hp
O FiC _CF3 ©
~(N N
0 n

Aromatic/protons
(H, overfapped)

furoy/-Pl  H, H, Hy. Hb
7\ ' N
HCQ-;S\PO (o) o) Hc
o] F3C CF3 (0] O
n

(o} (o]
Aromaticj protons

(H, overflapped)

9 8 7 6 5
ppm
Fig.1. 'H NMR spectra of furoyl-PI and
furfuryl-PI
base-PI;
Mn = 2.35 x 10* (g/mol)
Mw/Mn = 2.34

84% furoyi-Pi,
Mn = 2.75 x 10* (g/mol)
Mw/Mn = 2.01

45% furfuryl-Pl;
Mn = 5.5 x 10° (g/mol)
Mw/Mn=4.50

the use of pyridine as the solvent as well as
the catalyst. Three factors that control conver-
sions are time, temperature and molar ratio of
furoyl chloride (Entries 2-8, Table I). The
longer reaction time and higher molar ratio of
furoyl chloride gave higher conversions with no
change after 24 h, but an optimum temperature
of 50 C was found. The maximum conversion
of 84% was reached under the -conditions
shown in Entry 6 (Table I) with the use of 6
equivalents of furoyl chloride at 50 C for 24 h.
The M. of furfuryl-PI was similar to base-PI
(Figure 2).

The polymer reaction of furfuryl bromide
and base Pl was investigated using potassium
carbonate as the base catalyst and DMAc as
the solvent. There was no reaction at 50 C
probably due to the thermal instability of

% while the conversion at

furfuryl bromide
room temperature reaction reached 35% accord-
ing to the similar '"H measurement described in
Figure 1 for furfuryl-Pl. It is noted that the
molecular weight of furfuryl-Pl1 decreased from
235 X 10* to 55 X 10° g/mol and the
polydispersity (Mv/M.) increased from 2.34 to
4.50 (Figure 2). It is considered possible that

the etherification reaction conditions caused de-

f T T
0 5 10

T T
20 25 30

Elution Time (min)

Fig.2. SEC traces of polyimides
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composition of the polymer during the course of
reaction. Thus, the polymer reaction making
use of furfuryl bromide to form furfuryl-PI
must be considered to be a less useful method
due to the low conversion and the large de-
crease in molecular weight of the polymers ob-
tained.

Properties of polyimides

The thermal stability of these polyimides
was evaluated by 10% weight-loss temperatures
(Tdw) in TGA measurements (Table II). The
Tdi of base-PI and furoyl-PI (conversion: 84%,
Entry 6, Table 1) were sufficiently high and
in the range of 460-479 C in air and 475-482
C under nitrogen. The introduction of furoyl
groups decreased the Tdw to 378 C in air, and
to 438 C under nitrogen.

The solubility of the obtained polyimides
was determined in 14 common solvents at a 5
wt% concentration (Table II). All polyimides

Table I Properties of Polyimides

Polyimides
furoyl-PI°

Properties

base-PI* Surfuryl-PI°

Td,?
in Air 479 460 378
in Nitrogen 482 475 438
Solubility® in:
DMF
DMAc
DM SO
pMIf
m-Cresol
THF
Acetone S
Dioxane S(h)
CH,Cl, I
CHCl,
MeOH
Hexane
H,S0,

n unwununun nun

Pt

—
W o= = 0w nrnnvnwvn n n. 1

w - - n wnwunvunnnvn v nuurvy nan

w2

2 6FDA/HAB polyimides.

b Furoyl 6FDA/HAB polyimides (conversion; 84%, Entry 6 in Tab. 1’
¢ Furfuryl 6FDA/HAB polyimides (coversion; 45%).

910% Weight loss temp erature measured by TGA.

¢S, soluble; S(h), soluble at elevated temperature; I, insoluble.

f1,3-Dimethy1-2-imidazolidinone

showed good solubility in aprotic polar solvents
such as NMP, DMF, and DMAc. It is noted
that furoyl-Pl1 and furfuryl-P1 were soluble in
haloganated solvents such as methylene chlo-
ride and chloroform, while the base-PI was in-
soluble in these solvents. It has been previ-
ously reported that pendant aromatic groups in

polyimides  improved the  solubility of
polyimides®™ ~*. and is assumed that pendant
furan groups enhance the solubility of

polyimides in a similar manner.

CONCLUSION

Synthesis of polyimides bearing pendant
furan groups have been successfully investi-
gated via a polymer reaction of furoyl chloride
and base PI. The maximum conversion, 84%
was achieved using pyridine as proton scaven-
ger as well as the solvent. Furfuryl bromide
was less effective in this polymer reaction, be-
cause it gave furfuryl-PI with a low conversion
(35%) and caused a large decrease in the mo-
lecular weight. The solubility in various organic
solvents was improved by the attachment of
pendant furan groups to the polyimide back-
bone. It is considered that furoyl-PI are useful
polymers for the investigation of photoresists
based on polyimides and Cg, and that the
above polymer reaction conditions can be ap-
plied for various modifications of polyimide.
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Study on Uptake of Arsenic Ions in Solutions by
Several Species of Aquatic Plants

Koki SHIGEMATSU
Jinichirou  KUBO
Mikio UMAKOSHI

Sveral species of aquatic plants such as Hoteiaoi, Botan-ukikusa, Fusamo,Kuromo,Suginamo and
Ousanshyomo (each plant is written in Japanese name) growing in the Chikugo River were col-
lected to study their abilities of accumulation by the uptake of arsenic ions from the water. One
stump of each specie regardless the amount of roots was floated in beakers with 2 ¢ water contain-
ing arsenic ions of the concentration of 10 or 20 xg/4. In order to examine the effect of the difference
between As(Il) and As(V) ion on the uptake resistivity, 3 kinds of model solutions each of which
exists only As(Il) ion,As(Il)/As(V) concentration ratio of 1 and only As(V )ion were prepared. 50
m{ of water in each beaker was taken up every weeks or 10 days for determination of arsenic ions
by atomic absorption spectral method. Main results obtained in this experiments are as follows.
(1) All of species of aquatic plants used in this experiments were found to fundamentally absorb ar-
senic ions and showed the tolerance without withering while the experiments. The average arsenic
uptake velocity were between 0.3 and 2 pg/day - stump and maximum amount of arsenic accumu-
lation in one stump was about 30 xg in the term of 50 or 60 days. Those aquatic plants seemed
to have a tendency to absorb arsenic ions proportionally to the days and after the absorption
equiribrium reached, the uptake reactions stopped.

(2) Botann-ukikusa, Hoteiaoi and Suginamo were found to absorb arsenic ions fast,whereas Fusamo
and Kuromo absorbed slowly.

(3) The aquatic plants used in this experiments absorbed As(Il) better than As(V) ions, however,

Botanukikusa and Hoteiaoi were not effected by the form of arsenic ions.
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Applications of Harmonic Functions to Analyses
of Three-Dimensional Problems of Elasticity

The following matters are investigated;

Ryoichi IMAI

1) Harmonic functions are useful for analyses of three-dimensional problems of elasticity.
2) Many harmonic functions are used in three kinds of coordinates systems, respectively.
3) Displacements u,v,w of a bar under tensile loads are introduced.
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auroral luminosity and ground Pc3
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The phase structure of very low lati-
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