
Polymer Journal, Vol. 32, No. 11, pp 948-953 (2000) 

Synthesis and Characterization of Novel Aromatic Polyimides from Aromatic Diamine 
and 3,3' '' '' ,4,4'' '' '-p-Sexiphenyltetracarboxylic Dianhydride 

Atsushi MORIKAWA t and Katsumichi ONO 

Department of Materials Science, Faculty of Engineering, Ibaraki University, 
4-12-1 Nakanarusawa, Hitachi, Ibaraki, 316-8511, Japan 

(Received June 1, 2000; Accepted July 28, 2000) 

ABSTRACT: A new rigid tetracarboxylic dianhydride, 3,3"'", 4,4"'"-p-sexiphenyltetracarboxylic dianhydride, was 
synthesized in seven steps starting from diethyl 4-bromophthalate. New aromatic polyimides containing a p-sexiphenyl 
unit were synthesized from this tetracarboxylic dianhydride and various aromatic diamines by the conventional two
step procedure of ring-opening polyaddition in a polar amide-type solvent and subsequent thermal cyclic dehydration. 
These polyimides had inherent viscosities of 1.20-1.69 dL g- 1

, and were insoluble in organic solvents. The polyimides 
were characterized by differential scanning calorimetry (DSC), thermogravimetry (TG), wide-angle X-Ray diffraction 
measurements, and dynamic mechanical analysis (DMA). Typical polyimides were noncrystalline and showed excellent 
thermal stability, and had glass transition temperatures (Tg) at about 250'C. Decrease in the modulus at the glass tran
sition temperature was less than corresponding polyimides having no p-sexiphenyl unit due to the presence of the rigid 
p-sexiphenyl unit. 

KEY WORDS 3,3""', 4,4"'"-p-Sexiphenyltetracarboxylic Dianhydride / Aromatic Polyimides / Glass 
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Aromatic polyimides are characterized by high glass 
transition temperature (Tg) along with high decomposi
tion temperature and good mechanical properties. 1 In re
cently years, interest has been focused on the synthesis 
of soluble polyimides by introduction bulky pendant 
phenyl group, and a number of organic soluble polyim
ides having high Tgs have been prepared.2

-
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However, it is also interesting to prepare very rigid 
polyimides which have no bulky pendant group and ex
amine their properties. For such the rigid structure was 
expected to cause higher chain packing and increase 
transition temperature of these polymers. Recently, we 
synthesized very rigid polyimides from 3,3"'", 4,4""'-p
quarterphenyltetracarboxilic dianhydride and various 
aromatic diamines.12 The polyimides were crystallized 
at about 300°C, which had been hardly observed as al
most wholly aromatic polyimides, and had high thermal 
stability. Therefore, it is of interest to prepare more rigid 
polyimides and examine the properties of these poly
mers. We conducted the synthesis of a new rigid tetra
carboxylic dianhydride, 3,3"'", 4,4"'"_ p-sexiphenyltetrac 
arboxylic dianhydride, which has two more phenylene 
unit than 3,3""', 4,4"'"-p-quarterphenyltetracarboxilic 
dianhydride and has not been prepared, and aromatic 
polyimides were derived from it. This article is the first 
to report the synthesis and characterization of novel aro
matic polyimides from tetracarboxylic dianhydride and 
aromatic diamines. The properties of polyimide, espe
cially thermal behavior, are discussed. 

EXPERIMENTAL 

Materials 
4,4'-Diaminodiphenyl ether (Xia), 4,4'-diaminodiphe

nyl methane (Xlb), m-phenylenediamine (Xie), and p
phenylenediamine (Xld) were obtained commercially 

tTo whom correspondence should be addressed. 
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and purified by distillation under reduced pressure. 4,4'
bis( 4-aminophenoxy)biphenyl (Xie) and 2,2-bis(4-(4-
aminophenoxy)phenyl)propane (Xlf) were obtained com
mercially and used without purification. N-methyl-2-
pyrrolidone (NMP) was purified by vacuum distillation 
over calcium hydride. Diethyl 4-bromophthalate (1), 12 (4-
methoxyphenyl)boronic acid (11), 13 and bis(trimethyl
ene)-4,4'-biphenylenediboronate (VII)14 were prepared 
as previously reported. 

Monomer Synthesis 
Diethyl 4-( 4-methoxyphenyl)Phthalate (Ill). 22.58 g 

(75 mmol) of I, 15.20 g (0.10 mol) of II, 13.80 g (0.1 
mmol) of potassium carbonate, and 150 mL of deoxygen
ated toluene were added to a flask equipped with a re
flux condenser. The system was flushed with nitrogen, 
and 0.8 g of tetrakis(triphenylphosphine)paladium (Pd 
(PPh3)4) was added to the reaction mixture. After the 
mixture was stirred at 90°C for 8 h, salts were removed 
by filtration, and solvent was evaporated. The residue 
was distilled under reduced pressure (glass tube oven) to 
give pure III. Yield: 18.90 g (77%). Bp: 235-240°C (1 
torr). Mp: 45.0-46.0'C. The IR spectrum (NaCl) exhib
ited absorption bands at 2990 cm -l (C-H), and 1720 
cm- 1 (C=O). 

1H Nuclear magnetic resonance (NMR) spectrum (5 in 
CDC13] showed signals at 1.35 (t, 3H, J=7.0 Hz,-CHr 
CH3), 1.37 (t, 3H, J=7.0 Hz,-CH2CHJ, 3.86 (s, 3H, 
OCH3), 4.36 (q, 2H, J=7.0 Hz,-CH2CH3 ), 4.38 (q, 2H, J 
=7.0 Hz,-CH2CH3 ), 6.99 (d, 2H, J=S.8 Hz, H5), 7.56 (d, 
2H, J=8.8 Hz, H4), 7.67-7.70 (dd, 1 H, J=8.1 Hz, J= 
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2.2 Hz, J=8.1 Hz, H3), 7.82 (d, lH, J=8.1 Hz, H2) and 
7.83 (d, lH, J=2.2 Hz, Hl).13C NMR spectrum [.:5 in 
CDC13] exhibited peaks at 14.14, 55.43, 61.55, 61.78, 
115.93, 126.78, 128.59, 128.65, 129.43, 129.99, 131.68, 
133.80, 145.80, 160.12, 167.25, and 168.23 ppm. 

Anal. Calcd for C19H200 5: C, 69.50%; H, 6.14%. Found: 
C, 69.38%; H, 5.99%. 

4-(4-Hydroxyphenyl)phthalic Acid (IV). 18.06 g (55 
mmol) of III was heated together with 70 g of pyridine 
hydrochloride at reflux temperature for 30 min. After 
the reaction mixture became homogeneous, it was 
poured into water (1000 mL). The precipitated solid was 
collected by filtration, washed thoroughly with water, 
and dried under vacuum. The crude product was used in 
next reaction without further purification. Yield: 13.63 g 
(96%). The IR spectrum (KBr) exhibited absorption 
bands at 3400-3000 cm -l (OH), and 1700 cm- 1(C=O). 

1H NMR spectrum [.:5 in dimethyl sulfoxied (DMSO)
d6] showed signals at 6.88 (d, 2H, J=B.8 Hz, H5), 7.57 
(d, 2H, J=B.8 Hz, H4) and 7.72-7.79 (m, 3H, Hl, H2, 
and H3).13C NMR spectrum [.:5 in DMSO-d6] exhibited 
peaks at 115.11, 126.23, 128.10, 128.74, 129.81, 130.09, 
131.55, 133.71, 144.80, 157.61, 167.30, and 167.41 ppm. 

Anal. Calcd for C14H100 5: C, 65.12%; H, 3.90%. Found: 
C, 64.98%; H, 3.85%. 

Diethyl 4-(4-hydroxyphenyl)phthalate (V). 12.91 g (50 
mmol) of IV, 200 mL of absolute ethanol, and 0.3 mL of 
sulfuric acid were added to a flask, and heated at reflux 
for about 60 h. After the mixture was washed twice with 
100 mL 10 wt% sodium carbonate solution, the organic 
layer was collected, and the aqueous layer was extracted 
twice with 50 mL dichloromethane. The combined ex
tract was dried over anhydrous magnesium sulfate. Af
ter the evaporation of the solvent, the residue was puri
fied by silica gel column chromatography eluted by di
chloromethane. Yield: 12.89 g (82%). Mp: 84.0-85.0°C. 
The IR spectrum (KBr) exhibited absorption bands at 
3400-3000cm-1 (OH), 2980cm-1 (C-H), and 1730 
cm-1 (C=O). 

1H NMR spectrum [.:5 in CDC13] showed signals 1.39 (t, 
3H, J=7.0 Hz,-CH2CH3), 1.40 (t, 3H, J=7.0 Hz,-CH2 

CH3), 4.38 (q, 2H, J=7.0 Hz,-CH2CH3 ), 4.40 (q, 2H, J= 
7.0 Hz,-CH2CH3 ), 6.93 (d, 2H, J=B.8 Hz, H5), 7.49 (d, 2 
H, J=B.8 Hz, H4), 7.66-7.69 (dd, lH, J=2.2 Hz, 8.1 Hz, 
H3), 7.81 (d, lH, J=8.1 Hz, H2), and 7.83 (d, lH, 2.2 Hz, 
Hl). 13C NMR spectrum [.:5 in CDC13] exhibited peaks at 
14.14, 61.58, 61.77, 115.94, 126.71, 128.51, 128.58, 
129.37, 129.75, 131.68, 133.50, 143.84, 156.15, 167.25, 
and 168.23 ppm. 
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Anal. Calcd for C1sH1sOs: C, 68.78%; H, 5.77%. Found: 
C, 68.51%; H, 5.71%. 

3',4'-Di(ethoxycarbonyl)biphenyl Triflate (VI). A so
lution of 14.11 g (50 mmol) of trifluoromethanesulfonyl 
anhydride in 70 mL of dichloromethane was added drop
wise to a solution of 12.57 g (40 mmol) ofV and 10 mL of 
pyridine in 150 mL of dichloromethane at O °C. After stir
ring at 20°C for 2 h, the mixture was poured into ice
water. The organic layer was collected and the aqueous 
layer was extracted twice with 50 mL of dichlorometh
ane. The combined extract was dried over anhydrous 
magnesium sulfate. After evaporation of the solvent, the 
residue was purified by silica gel chromatography eluted 
by dichloromethane. Yield: 16.25 g (91%). Mp: 80.0-
81.0°C. The IR spectrum (KBr) exhibited absorption 
bands at 2990 cm -l (C-H), 1730 cm -l (C =O), 1420 (S= 
0), and 1215 (C-F). 

1H NMR spectrum [.:5 in CDC13] showed signals 1.39 (t, 
3H, J=7.0 Hz,-CH2CH3), 1.40 (t, 3H, J=7.0 Hz,-CH2 

CH3), 4.38 (q, 2H, J=7.0 Hz,-CH2CH3 ), 4.40 (q, 2H, J= 
7.0 Hz,-CH2CH3), 7.39 (d, 2H, J=B.8 Hz, H5), 7.68 (d, 2 
H, J=B.8 Hz, H4), 7.69-7.72 (dd, lH, J=2.2 Hz, 8.1 Hz, 
H3), 7.85 (d, lH, J=8.1 Hz, H2), and 7.87 (d, lH, J=2.2 
Hz, Hl). 13C NMR spectrum [o in CDC13] exhibited 
peaks at 14.09, 61.74, 61.87, 118.7 (q, J=320 Hz), 
121.97, 127.49, 129.10, 129.27, 129.83, 131.25, 133.43, 
139.60, 142.08, 149.58, 167.02, and 167.48 ppm. 

Anal. Calcd for C19H170 7F3S: C, 51.12%; H, 3.84%. 
Found: C, 50.96%; H, 3.67%. 

Tetraethyl 3,3"'", 4,4""'-p-Sexiphenyltetracarboxylate 
(VIII). 5.15 g (16 mmol) of VII, 15.62 g (35 mmol) of VI, 
4.83 (35 mmol) of potassium carbonate, and 100 mL of 
deoxygenated N, N-dimethylformamide were added to a 
flask equipped with a reflux condenser. The flask was 
flushed with nitrogen, and 1.0 g tetrakis(triphenlpho
sphine)paladium (Pd(PPh3)4 were added to the reaction 
mixture. The mixture was stirred at 90°C for 8 h, and 
cooled to room temperature. The precipitated product 
was collected by filtration, washed with water to remove 
salts, dried under vacuum, and twice recrystallized from 
NMP to give pure VIII. Mp 331-332°C. Yield: 8.48 g 
(71 %). The IR spectrum (KBr) exhibited absorption 
bands at 2980 cm-1 (C-H), and 1725 cm-1 (C=O). 

() 
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1H NMR spectrum [.:5 in CDC13] showed signals 1.39 (t, 
6 H, J=7.0 Hz,-CH2CH3), 1.40 (t, 6 H, J=7.0 Hz,-CH2-

CH3), 4.38 (q, 4H, J=7.0 Hz,-CH2CH3), 4.40 (q, 4H, J= 
7.0 Hz,-CH2CH3), 7.73 (d, 4H, J=B.8 Hz, H5), 7.76-
7.78 (m, SH, H6 and H7), 7.78 (d, 4H, J=B.8 Hz, H4), 
7.77-7.82 (dd, 2H, J=2.2 Hz, 8.1 Hz, H3), 7.87 (d, 2H, J 
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=8.1 Hz, H2), and 7.96 (d, 2H, J=2.2 Hz, Hl). 13C NMR 
spectrum [8 in CDC13] exhibited peaks at 14.17, 61.65, 
61.81, 127.22, 127.51, 127.53, 127.62, 127.71, 129.10, 
129.80, 130.30, 133.51, 138.10, 139.39, 139.87, 140.74, 
143.66, 167.21, and 167.97 ppm. 

Anal. Calcd for C48H420 8: C, 77.19%; H, 5.67%. Found: 
C, 77.00%; H, 5.62%. 

3,3"'", 4,4"'"-p-SexiphenyltetracarboxylicAcid (IX). In 
a flask, 2.24 g (3 mmol) of VIII were dissolved in 800 mL 
of 2-(2-methoxyethoxy)ethanol at 19O°C. A solution of 
0.96 g (24 mmol) of sodium hydroxide in 10 mL of water 
was added, and the mixture was heated at this tempera
ture for two hours to give a white precipitate. The reac
tion mixture was concentrated under reduced pressure, 
and a solution of 0.96 g (24 mmol) of sodium hydroxide 
in 2000 mL of water was added. The system was then 
heated at reflux for 2 h. After being cooled to room tem
perature, the solution was acidified by 6 M hydrochloric 
acid. The precipitated IX was collected and dried in 
vacuo. This compound was used without purification for 
the subsequent reaction. The yield: 1.68 g (88%). The IR 
spectrum (KBr) exhibited absorption bands at 3400-
3000 cm-1 (OH), and 1705 cm-1(C=O). 

0 
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HO-C 

HO-C 
II 
CJ H2 

0 
II 
C-OH 

C-011 
II 
() 

1H NMR spectrum [8 in DMSO-d6 at 12O°C] showed 
signals 7.82 (d, 2H, J=8.1 Hz, H2), 7.85 (d, 4H, J=8.8 
Hz, H5), 7.86-7.88 (m, 8H, H6, and H7), 7.89 (d, 4H, J 
=8.8 Hz, H4), 7.91-7.95 (dd, 2H, J=2.2 Hz, 8.1 Hz, H3) 
and 7.97 (d, 2H, J=2.2 Hz, Hl). 13C NMR spectrum [8 in 
DMSO-d6 at 120°C] exhibited peaks at 125.69, 126.59, 
126.62, 126.67, 126.91, 127. 78, 130.37, 130.89, 133. 75, 
137.06, 138.13, 139.18, 141.53, 146.72, 167.35, and 
167.76 ppm. 

Anal. Calcd for C40H260 8: C, 75.70%; H, 4.13%. Found: 
C, 75.50%; H, 3.96%. 

3,3 "'", 4,4 ""'-p-Sexiphenyltetracarboxylic Dianhydride 
(X). 2.22 g (3.5 mmol) of IX were heated together with 
350 mL of diphenyl ether at reflux temperature for 
about one hour. The reaction mixture became homogene
ous, and was cooled to give yellow crystalline. Pure X 
was obtained by recrystallization from diphenyl ether. 
Mp 290-291 °C. The yield: 1.89 g (90%). Mp: 336.O-
337.O0C. The IR spectrum (KBr) exhibited absorption 
bands at 1850 cm-1 and 1780 cm-1(C=O). 
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1H NMR spectrum [8 in DMSO-d6 at 12O°C] showed 
signals at 7.93 (d, 4H, J=8.8 Hz, H5), 7.95-7.98 (m, 8H, 
H6, and H7), 8.00 (d, 4H, J=8.8 Hz, H4), 8.15 (2H, d, J 
=8.1 Hz, H2), 8.34-8.37 (dd, 2H, J=2.2 Hz, 8.1 Hz, H 
3), and 8.38 (d, 2H, J=2.2 Hz, Hl). 13C NMR spectrum [8 
in DMSO-d6 at 12O°C] exhibited peaks at 122.75, 125.74, 
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126.58, 126.95, 127.27, 127.92, 129.48, 132.12, 134.02, 
136.69, 138.15, 139.70, 141.58, 147.13, 162.67, and 
162.81 ppm. 

Anal. Calcd for C40H220 6: C, 80.26%; H, 3.70%. Found: 
C, 80.11%; H, 3.66%. 

Polymerization 
Polyimide Xllla from X and Xia. In a three nacked 

flask, 0. 75 g (1.25 mmol) of solid X were added to a solu
tion of 0.25 g (1.25 mmol) of diamine Xia in 30 mL of 
NMP in one portion. The mixture was stirred at 3O°C for 
24 h under nitrogen. A part of the resulting viscous solu
tion was diluted with NMP. Inherent viscosity of the 
polyamic acid (Xlla) in NMP was 1.69 dL g-1, measured 
at a concentration of 0.5 g dL -l at 3O°C. Remaining 
NMP solution was cast onto a glass plate and the solvent 
was removed at 8O°C. Thermal cyclodehydration of the 
polyamic acid was performed by heating at 10O°C for 1 h, 
2OO°C for 1 h and finally 3OO°C for 1 h under vacuum. 
The IR spectrum (film) exhibited absorption band at 
1780 and 1720 cm-1 (C=O) and 1360 cm-1 (C-N). 

Anal. Calcd for (C52HaoN205)n: C, 81.88%; H, 3.96%; N, 
3.67%. Found: C, 81.66%; H, 3.82%; N, 3.52%. 

Other polymers were synthesized by similar proce
dure. 

Measurement 
1 H and 13C NMR spectra and IR spectra were recorded 

on a JNM- GSX-4OO FT-NMR spectrometer and SHI
MADZU Spectro Photometer IR 435, respectively. X-Ray 
diffraction was performed with a Rigaku RAD-B System. 
For differential scanning calorimetry (DSC) and thermo
gravimetry (TG) a Shimadzu DSC-6O and Rigaku Ther
mal Analysis Station TG 8110 were used, respectively, 
and measurement was made at a heating rate of l0°C 
min -l in air or nitrogen. Dynamic mechanical analysis 
(DMA) was performed with the Advanced Rheometric 
Expansion System at 1.0 Hz at 5°C min- 1. Polyimide 
films were annealed at 4OO°C for 10 min in a vacuum 
oven. 

RESULTS AND DISCUSSION 

Monomer Synthesis 
p-Sexiphenyltetracarboxylic dianhydride was synthe

sized by reactions involving the extension of phenylene 
unit using p-methoxyphenyl boronic acid, as previously 
reported (eq 1).15 Cross-coupling16

•
17 of I with (p-metho

xyphenyl)boronic acid, II, using tetrakis(triphenylph
osphine)paladium (Pd(PPh3)4) as catalyst, yielded di
ethyl 4-(4-methoxyphenyl)phthalate, III. III was treated 
with pyridine hydrochloride to give 4-(4-hydroxyphenyl) 
phthalic acid, IV and converted to diethylester V. After 
V was converted to the trifrate VI, which was reactive, 
using trifluoromethanesulfonic anhydride , cross
coupling of VI with VII gave tetraethyl p-sexiphenyl
tetracarboxylate VIII. Hydrolysis of VIII afforded tetra
carboxylic acid IX, and IX was converted to tetracarbox
ylic dianhydride, X, by heating in diphenyl ether. 

Chemical structures were confirmed by IR and NMR 
spectra and elemental analysis. 

Compound X showed IR absorption at 1850 and 1780 
cm - l characteristic of carboxylic anhydride. The 13C 
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pyridine HCI 

(CF3SO:i)20 
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2 VI 
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HHOO-g~OH _C,_H,_OH __ C,H,O--g~OH 
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0 0 
IV V 

VI 

VII 

IX 

X 

(1) 

NMR spectrum of X exhibited 16 peaks due to symme
try, indicating the formation of postulated tetracarbox
ylic dianhydride. Elemental analysis of all compounds 
was in good agreement with calculated results for pro
posed structures. 

Polymer Synthesis 
Aromatic polyimides Xllla-Xlllf were synthesized 

by the ring-opening polyaddition of aromatic diamine 
Xla-Xlf to X and thermal cyclodehydration as shown 
in eq 2. 

In the first step, ring-opening polyadditions was car
ried out in NMP at 30°C, leading to the formation of 
polyamic acids. The solubility ofX in NMP was very low 
and thus the polymerization was carried out at a low 
concentration (3.1 wt%) and the reaction mixture was 
stirred for 24 h. The reaction mixture was homogeneous 
except for polymerization with p-phenylene diamine, 
Xld. All polyamic acids, which were once reprecipitated, 
were insoluble in organic solvent and even in NMP. We 
determined inherent viscosity from diluted reaction so
lution. The polyamic acids had rather high inherent vis
cosities of 1.20-1.69 dL g- 1 (Table I). Polyamic acid 
Xlld, from Xld, was precipitated during polymerization 
due to low solubility, as that inherent viscosity of Xlld 
could not be measured. 

In the second step, thermal conversion of the polyamic 
acids to polyimides was performed by heating precursor 
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Table I. Synthesis ofpolyamic acids 

0 
II 
c, 

0 
c/ 
II 
0 

( d) 

Diamine Polyamic acid " Yield/% 11inh b/dL g-, 

Xia Xlla 97 1.69 

Xlb Xllb 98 1.62 
Xie Xllc 97 1.20 
Xld Xlld 95 - C 

Xie Xlle 94 1.54 

Xlf Xllf 97 1.49 

a Polymerization was carried out with 1.25 mmol each mono
mer in 30 mL NMP at 30'C for 24 h under nitrogen. b Measured 
at 0.5 g dL - , in DMAc at 30°C:. 'Insoluble in organic solvents. 

polymers in the form of film at 100°C for 1 h, 200°C for 1 
h and 300°C for 1 h under vacuum. The polyimides ex
cept Xllld gave tough films in spite of rigid backbones. 
Polyimide Xllld was not obtained as film due to low 
solubility ofpolyamic acid, Xlld. 

The formation of polyimides was confirmed by absorp
tion bands at around 1780cm-1 and 1720cm-1 (C=O) 
and at 1360 cm -i (C-N) characteristic of the imide 
group in IR spectra. Elemental analysis values data in 
close agreement with those calculated, thus supporting 
polyimide formation. 

Polymer Properties 
Crystallinity of as-made polymers was estimated by X

Ray diffraction. All polymers were amorphous despite 
rigid structures, while Xllld was crystalline. 

Thermal behavior of the polyimides was evaluated by 
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Figure 1. TG curves for polyimide Xllla at heating rate of 10°C 
min - l in (A) air and (B) nitrogen. 

XIIIa 
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Figure 2. DSC curves for polyimides XIII (first heating) at heat
ing rate of 10 'C min - l in nitrogen. 

TG and DSC. Figures 1 and 2 show TG curves of Polyim
ide, Xllla, and DSC curves of all polyimides (first heat
ing), and transition temperatures and 10% weight loss 
temperatures (T10) are summarized in Table II. No poly
imides (Xllla, Xlllc, Xllld, and Xllle) without ali
phatic groups lost weight below 490°C in air or nitrogen, 
and T10 in air and nitrogen was from 580-595°C and 
600-645°C respectively. More than 65% weight was re
tained even at 800°C in nitrogen for the polyimides. 
These results indicated high thermal stability of the pre
sent polyimides. On the basis ofT10, the polyimides have 
thermal stability as much as polyimide from p
phenylene diamine and 3,3', 4,4'-biphenyltetracarboxylic 
dianhydride, the most thermally stable polymer in the 
aromatic polyimides.18 The thermal stability of the poly
mers having aliphatic groups was reduced. 

DSC curves ofpolyimides Xllla, Xlllb, Xlllc, and VI
lie showed glass transition temperatures (Tg) around 
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Table II. Thermal behavior of aromatic polyimides 

Polyimide Trf°Ca Tj°Ca T m/"Ca T1r/"Cb T1r/'C' 

Xllla 244 377-421 >470 585 640 
Xlllb 244 330-385 >470 580 637 
Xlllc 237 335-380 385-425 590 600 
Xllld 595 645 
Xllle 232 325-455 >470 580 635 
Xlllf 236 540 608 

"Determined by DSC in nitrogen at a heating rate of lO'C 
min - 1

. h Temperature at which 10% weight loss was recorded 
by TG at heating rate of l0°C min -l in air. ' Temperature at 
which 10% weight loss was recorded by TG at heating rate of 10 
'C min -l in nitrogen. 
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Figure 3. Storage modulus of polyimides XIII, XIV, and XV a. 

237-244 °C followed by broad exothermic peaks around 
320-420°C above their Tgs, and only polyimide Xlllc 
exhibited broad endothermic peaks (390-420°C) prior to 
decomposition. Tg was almost comparable to that of the 
previously reported polyimides, XV, prepared from 3,3"',-
4,4"'-p-quarterphenyltetracarboxylic dianhydride, 12 but 
crystallization temperatures (Tes) were higher than 
those of XV. Polyimide Xlllf having the most flexible 
connecting groups exhibited only Tg at 236°C, and poly
imide Xllld with the most rigid symmetric structure did 
not undergo obvious transition due to crystallinity. 
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Figure 4. Storage modulus of annealed polyimides XIII, XIV, 
andXVa. 

Figure 3 shows the temperature dependence of the dy
namic storage modulus for polyimides XIII, XN, and 
XV. 12 XN was prepared from IXa and biphenyltetra
carboxylic dianhidride. We could not determine the stor
age modulus ofXIIld because this polyimide was not ob
tained as film. A high modulus glassy region was fol
lowed by sudden decrease of modulus in the glass transi
tion region. The modulus decreased rapidly around 250-
0C to a very low level for XN and XV, which did not have 
a rigid p-sexiphenyl structure, without showing a pla
teau region. The present polyimides XIII showed a pla
teau region with modulus above 10 MPa around 300°C. 
The modulus ofXIIla increased at about 360°C and con
stant above this temperature, thus possibly correspond
ing to the exothermic peak around 390°C observed in 
DSC. In contrast to XIIla, the modulus of XIIIc de
creased rapidly above 360°C, corresponding to a broad 
endothermic peak around 400°C. 

Polyimides XIII may thus form an orderd paracrystal
line structure above glass transition possibly due to 
strong intermolecular interaction between rigid p
sexiphenyl backbones of the polymers, although we 
could not detect X-Ray diffraction patterns. The ordered 
structure develops above 300°C to form temporary net
works and prevents further drop in the storage modulus. 
In XIIIa, the ordered structure develops with increasing 
temperature, while in XIIIc the structure disappears 
with drop in modulus at high temperature. 

To confirm the effects of structure ordering, we an
nealed polyimide XIIIa at 400°C for 10 min. Tempera
ture dependence of the storage modulus of annealed XI
Ila is shown in Figure 4. The modulus ofXN and XVa 
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is shown in the figure for comparison. The modulus 
above glass transition for XIIIa further increased to as 
high as 300 MPa even at 450°C. This was due to the de
velopment of structure ordering by annealing, although 
we could not detect crystalline order by X-Ray diffraction. 
This is in contrast to the behavior observed in XV a, 12 

where annealed XVa showed an ordered crystalline pat
tern. The longer p-sexiphenyl unit may cause less move
ment of polymer backbone and thus less order in chains. 

All polyimides were insoluble in organic solvents and 
sulfuric acid even on heating. 

CONCLUSION 

The authors synthesized a new rigid tetracarboxylic 
dianhydride, 3,3"'", 4,4""'-p-sexiphenyltetracarboxylic 
dianhydride, which was used for polycondensation with 
aromatic diamines to obtain aromatic polyimides. The 
present polyimides were insoluble in organic solvents, 
but decrease in modulus at the glass transition was less 
than for polyimides, without the p-sexipheny structure, 
and effects of p-sexipheny structure was conspicuous in 
DMA spectra above glass transition. 
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