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ABSTRACT:

A new rigid tetracarboxylic dianhydride, 3,3"",4,4""-p-quarterphenyltetracarboxylic dianhydride, was

synthesized in three steps starting from diethyl 4-bromophthalate. New aromatic polyimides containing a p-quar-
terphenyl unit were synthesized from this tetracarboxylic dianhydride and various aromatic diamines by the conven-
tional two-step procedure that included ring-opening polyaddition in a polar amide-type solvent and subsequent thermal
cyclic dehydration. These polyimides had inherent viscosities of 0.41—0.83 dl g™ !, and were insoluble in organic solvents.
The glass transition temperatures (T,) of the polyimides were 220—260C, and exothermic crystallization was observed
on heating above its T,. Almost all the polyimides underwent melting prior to its decomposition.
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Aromatic polyimides have attracted much interest be-
cause of their high-temperature resistance and mechani-
cal strength.! Generally, aromatic polyimide are pre-
pared through a two step-procedure by the ring-opening
polyaddition of aromatic diamines to aromatic tetracar-
boxylic dianhydrides, followed by thermal cyclodehydra-
tion, and many polyimides have been prepared.! In re-
cent years, interest has been focused on the synthesis of
rigid-rod polyimides by incorporating aromatic rings
into the polymer backbone.? ! The increased number of
conjugated aromatic rings enhances the rigidity of the
polymer backbone, and their polarizable n-electrons lead
to strong intermolecular interactions to increase the
transition temperatures of these polymers.

However, recently almost all such rigid-rod polyimides
have been prepared by reactions of newly prepared dia-
mines having many conjugated aromatic rings with com-
mercially available tetracarboxylic dianhydrides, and
therefore only limited tetracarboxylic dianhydrides have
been used, for example, pyromellitic dianhydride,
3,3",4,4 -biphenyltetracarboxilic dianhydride, 3,3"",4,4" -
terphenyltetracarboxilic dianhydride, 3,3",4,4"-benzoph-
enonetetracarboxilic dianhydride, and 4,4 -oxydiphtalic
anhydride.” ! 3,3"",4,4" -terphenyltetracarboxilic dian-
hydride has the most conjugated aromatic rings in these
tetracarboxylic dianhydrides, but the number is only
three. There have been only a few polyimides from tetra-
carboxylic dianhydrides having more than four conju-
gated aromatic rings, and the properties of the polyim-
ides have not been described.!>!® Therefore, it is of inter-
est to prepare polyimides from new tetracarboxylic dian-
hydrides, which have more than four aromatic rings, and
examine the properties of the polyimides.

I conduct the synthesis of a new rigid-rod tetracarbox-
ylic dianhydride, 3,3"",4,4"" -p-quarterphenyltetracar-
boxilic dianhydride, which has one more phenylene unit
than 3,3”,4,4""-terphenyltetracarboxilic dianhydride and
has not been prepared, and aromatic polyimides derived
from it. This article is the first to report the synthesis
and characterization of novel aromatic polyimides from
this tetracarboxylic dianhydride and aromatic diamines.

Such a rigid structure was not expected to improve solu-
bility of the polyimides due to the high rigidity,'* but ex-
pected to cause higher chain packing.

EXPERIMENTAL

Materials

4,4’-Diaminodiphenyl ether (VIa), 3,4"-diaminodiphe-
nyl ether (VIb), 4,4"-diaminodiphenyl methane (VIc), m -
phenylenediamine (VId), and p-phenylenediamine (VIe)
were obtained commercially and purified by distillation
under reduced pressure. 4,4 -bis (4-aminophenoxy) bi-
phenyl (VIf) and 5-bromophthalic anhydride were ob-
tained commercially and used without purification. N, N-
Dimethylacetamide (DMAc) was purified by vacuum di-
stillation over calcium hydride. Bis(trimethylene)-4,4’-
biphenylenediboronate (II) were prepared as previously
reported.!®

Monomer Synthesis

Diethyl 4-bromophthalate (I). 45.4 g (0.20 mol) of 5-
bromophthalic anhydride, 40 mL of absolute ethanol, 40
mL of toluene, and 0.3 g of p-toluenesulfonic acid mono-
hydrate were added to a flask equipped with a reflux
condenser in a flask, and heated at 95-—105TC for 2 h.
The condenser was changed for distillation, and an
azeotropic mixture of ethanol, toluene and water was
distilled at 75—78°C. When the temperature began to
drop, 80 mL absolute ethanol were added, and the mix-
ture was again heated under reflux for 12 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 di-
chloromethane. The combined extract was dried over an-
hydrous magnesium sulfate. After evaporation of the sol-
vent, the residue was distilled under reduced pressure to
give I. Bp 138—141°C(1 torr). The yield was 51.4 g (85%).
The IR spectrum (NaCl) exhibited absorption bands at
2920 cm ! (C-H), and 1720 ecm ™! (C=0). 'H NMR spec-
trum [§ in CDCl;] showed signals at 1.35 (t, 3H, J =7
Hz), 1.37 (t, 3H, J =Hz), 4.35 (q, 2H, J =7 Hz), 4.37 (q, 2
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H,J =7 Hz), 7.59—7.67 (m, 2H), and 7.82 (d, 1H, J =2.2
Hz). 3C NMR spectrum [ in CDCls] exhibited peaks at
13.91, 61.68, 61.85, 125.40, 130.41, 130.49, 131.60,
133.70, 134.17, 166.18, and 166.41 ppm.

Anal. Caled for C1,H1304Br : C, 47.86% ; H, 4.35% ; Br,
26.53%. Found : C, 47.81% ; H, 4.36% ; Br, 26.48%.

Tetraethyl 3,3"", 4,4"" -p-quarterphenyltetracarboxy-
late (ITI). 15.46 g (48 mmol) of II, 36.1 g (120 mmol) of I,
potassium carbonate (16.58 g, 120 mmol), 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 1.5 g tetrakis(triphenlphos-
phine)paladium (Pd(PPhg), were added to the reaction
mixture. After the mixture was stirred at 90C for 8 h,
salts were removed by filtration, and the solvent was re-
moved by distillation under reduced pressure. The resi-
due was washed with methanol, and twice recrystallized
from toluene to give pure III. Mp 188—189C. The yield
was 21.2 g (74%). The IR spectrum (KBr) exhibited ab-
sorption bands at 2920 cm ! (C-H), and 1720 cm™ ' (C=
0). 'H NMR spectrum [§ in CDCl;] showed signals 1.39
(t, 6H,J =7.0 Hz), 1.40 (t, 6H, J =7.0 Hz), 4.38 (q, 4H, J
=17.0 Hz), 4.40 (q, 4H, J =7.0 Hz), 7.73 (d, 4H, J =8.8
Hz), 7.76 (d, 4H, J =8.8 Hz), 7.78-—7.82 (q, 2H, J =2.2
Hz, 8.1 Hz), 7.87 (d, 2H, J =8.1 Hz), and 7.96 (d, 2H, 2.2
Hz,). 13C NMR spectrum [3 in CDCl] exhibited peaks at
14.12, 61.63, 61.79, 127.17, 127.63, 127.71, 128.99,
129.76, 130.30, 133.45, 138.29, 140.33, 143.52, 167.16,
and 167.92 ppm.

Anal. Caled for C36H3408 . C, 72.711% s H, 5.76%.
Found : C, 72.55% ; H, 5.69%.

3,3"",4,4"" -p-quarterphenyltetracarboxylic acid (IV).
In a flask, 20.81 g (35 mmol) of IIT were dissolved in 350
mL 2-(2-methoxyethoxy)ethanol at 140C. A solution of
15.71 g (0.28 mol) of potassium hydroxide in 50 mL of
water was added to the solution, and the mixture was
heated at this temperature for about 2 h, resulting in the
formation of a white precipitate. The reaction mixture
was then concentrated under reduced pressure, and 300
mL water were added to the resulting mixture, which
was then heated at reflux for 5h. After being cooled to
room temperature, the solution was acidified by 6 M hy-
drochloric acid. The precipitated IV was collected and
dried in vacuo. This compound was used without purifi-
cation for the further reaction. The yield was 14.3 g
(85%). The IR spectrum (KBr) exhibited absorption
bands at 3400—3000 cm ! (OH), and 1710 cm ! (C=0).
'H NMR spectrum [5 in dimethyl sulfoxide (DMSO)-ds]
showed signals at 7.82 (d, 2H, J =8.1 Hz), 7.85 (d, 4H, J
=8.8 Hz), 7.88 (d, 4H, J =8.8 Hz), 7.91—7.94 (q, 2H, 2.2
Hz, 8.1 Hz) and 7.98 ppm (d, 2H, 2.2 Hz). }3C NMR spec-
trum [8 in CDCly] exhibited peaks at 125.74, 126.81,
127.00, 127.87, 128.94, 130.95, 133.82, 137.25, 138.97,
141.53, 167.45, and 167.86 ppm.

Anal. Caled for CygHi305:C, 69.71% ;H, 3.76%.
Found: C, 69.82% ; H, 3.72%.

3,3"",4,4""-p-Quarterphenyltetracarboxylic ~ dianhy-
dride (V). 4.82 g (10 mmol) of IV was heated together
with 400 mL acetic anhydride at reflux temperature for
about 2 h. The reaction mixture became homogeneous,
and was cooled to give yellow crystalline of V. Mp 290—
291°C. The yield was 3.81 g (85%). The IR spectrum
(KBr) exhibited absorption bands at 1860 cm ™! and 1770
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em ! (C=0). 'H NMR spectrum [§ in DMSO-dg] showed
signals at 7.93 (d, 4H, J =8.8 Hz), 8.00 (d, 4 H, J =8.8
Hz), 8.15 (2 H, d, 8.1 Hz), 8.34—8.37 (q, 2H, 2.2 Hz, 8.1
Hz), and 8.38 (d, 2H, 2.2 Hz). 1*C NMR spectrum [§ in
CDCl;] exhibited peaks at 122.80, 125.80, 127.30, 127.97,
129.55, 132.19, 134.05, 136.71, 139.70, 147.11, 162.67,
and 162.81 ppm.

Anal. Caled for C28H1406 : C, 75.34% 5 H, 3.16%.
Found:C, 75.11% ; H, 3.14%.

Polymerization

Polyimide VIIa from V and VIa. In a three nacked
flask, 1.116 g (2.5 mmol) of solid V were added to a solu-
tion of 0.500 g (2.5 mmol) of diamine VIa in 15 mL of
DMACc in one portion. The mixture was stirred at room
temperature for 5 h under nitrogen. A part of the result-
ing viscous solution was poured into 200 mL methanol.
The precipitated polymer was filtered, washed with hot
methanol and dried under vacuum. The inherent viscos-
ity of the polyamic acid (IITa) in DMAc was 0.83dl g ?,
measured at a concentration of 0.5gdl ! at 30C. The
rest of the DMACc solution was cast onto a glass plate and
the solvent was removed at 80°C. Thermal cyclodehydra-
tion of the polyamic acid was performed by successive
heating at 100C for 1 h, 200°C for 1 h and finally 280C
for 1 h under vacuum. The IR spectrum (film) exhibited
absorption band at 1780 and 1720 cm ™! (C=0) and 1360
ecm ™1 (C-N).

Anal . Caled for (C40H23N2O5), : C, 78.68% ; H, 3.63% ;
N, 4.59%. Found : C, 78.49% ; H, 3.66% ; N, 4.45%.

Other polymers were synthesized by similar procedure.

Measurement

'H and 3C NMR spectra and IR spectra were recorded
on a JNM-GSX-400 FT-NMR spectrometer and Shi-
madzu Spectro Photometer IR 435, respectively. UV/Vis
spectra were recorded on a Shimadzu UV-3101 PC spec-
trometer. X-ray diffraction was performed with a Rigaku
RAD-B System. Differential scanning calorimetry (DSC)
and thermogravimetry (TG) used a Shimadzu DSC-60
and a Rigaku Thermal Analysis Station TG 8110, re-
spectively, and measurements were made at a heating
rate of 10°C min ™! in air or nitrogen.

RESULTS AND DISCUSSION

Monomer Synthesis

A new aromatic tetracarboxylic dianhydride having
the quarterphenyl structure, 3,3""",4,4"""-p-quarterphe-
nyltetracarboxylic dianhydride (V), was synthesized in
three steps starting from diethyl 4-bromophthalate (I)
according to eq 1.

The cross-coupling of I with II, using tetrakis-
(triphenylphosphine)paladium (Pd(PPhs),) as catalyst,
yielded tetraethyl 3,3""" 4,4 -p-quarterphenyltetracar-
boxylate (III) in 74%. Subsequent hydrolysis of III af-
forded quarterphenyltetracarboxylic acid (IV) in 85%,
and IV was converted to tetracarboxylic dianhydride (V)
using acetic anhydride (85%).

Chemical structures were confirmed by IR and NMR
spectra, and elemental analysis. Compound V showed IR
absorption at 1860 and 1770 cm ! characteristic of car-
boxylic anhydride. The !3C NMR spectrum of V exhib-
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ited 12 peaks due to symmetry, indicating the formation
of the postulated tetracarboxylic dianhydride. Elemental
analysis of all the compounds was also in good agree-
ment with calculated results for the proposed structures.
The absorption spectrum of V showed maxima at 345 nm,
and the value compared with that of 3,3"-4,4" biphen-
yltetracarboxylic dianhydride strongly blue-shifted by
47 nm, indicating longer conjugation.

Polymer Synthesis

Aromatic polyimides VIIIa—VIIIf were synthesized
by the usual two-step procedure involving the ring-
opening polyaddition of aromatic diamine VIa—VIfto V
and subsequent thermal cyclodehydration as shown in
eq 2.

In the first step, ring-opening polyadditions were car-
ried out in DMAc at room temperature, leading to the
formation of polyamic acids having inherent viscosities
of 0.41—0.83 dl g ! in DMAc (Table I). The polymeriza-
tion proceeded in homogeneous solution in the reaction
media (DMAc), and viscosity of the polyamic acids was
rather high.

In the second step, the thermal conversion of the
polyamic acids to polyimides was performed by heating
precursor polymers in the form of film successively at
100C for 1 h, 200°C for 1 h and 280%C for 1 h under vac-
uum. These polyimides gave tough films in spite of hav-
ing rigid backbone.

The formation of polyimides was confirmed by appear-
ance of absorption bands at around 1770 cm ! and 1720
cm ! (C=0) and at about 1360 cm ™! (C-N) characteris-
tic of imide group in the IR spectra. Elemental analysis
values were in close agreement with those calculated,
thus also supporting polyimide formation.

Polymer Properties

Thermal behavior of the polyimides was evaluated by
TG and DSC. Figures 1 and 2 show TG curves of Polyim-
ide and DSC curves of all the polyimides, respectively,
and transition temperatures and 10% weight loss tem-
peratures (7o) are summarized in Table 1I. None of the
present polyimides lost weight below 4707 in air or ni-
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Table I. Synthesis of polyamic acids

Diamine Polyamic acid® Yield/% Ninh ?/dl g1
Vla VIla 98 0.83
VIb VIIb 97 0.83
Vic Vilc 97 0.53
VIid VIid 95 0.41
Vle Vlile 93 0.68
VIf VIIf 96 0.71

2 Polymerization was carried out with 1.5 mmol each monomer
in 7.0 mL DMAc at room temperature for 5 h under nitrogen.
b Measured at 0.5 g dl ' in DMAc at 30°C.

trogen, and Ty in air and nitrogen were from of 575—
600C and 600—645C, respectively. More than 65%
weight was retained even at 800°C in nitrogen for these
polyimides. These results indicate high thermal stability
of the present polyimides. On the basis of Ty, these poly-
imides have as high thermal stability as the polyimide
from p-phenylene diamine and 3,3,4,4"-biphenyltetra-
carboxylic dianhydride, the most thermally stable poly-
mer in the aromatic polyimides.!®

DSC curves of the present polyimides showed the
glass transition temperatures (7)) around 234—251C
followed by exothermic crystallization around 280—380
‘C, above their T,s. The rigid p-quarterpheny structure
may cause high order in the chains and therefore such
crystallization. Such crystallization has not been ob-
served in almost wholly aromatic polyimide, and thus
this finding is very interesting. The polyimides, except
VIIle, exhibited broad exothermic melting peaks prior
to their decomposition.

In X-ray diffraction studies, all polymers were amor-
phous, while VIIIb was slightly crystalline, which was
thought to be crystallized during imidation, (Figure 3).
However, these polyimides could be crystallized by an-
nealing at 350C for 1h (Figure 4). This is consistent
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Figure 1. TG curves for polyimide VIIIa at heating rate of 10T
min~"in (A) air and (B) nitrogen.
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Figure 2. DSC curves for polyimides at heating rate of 10C
min "~ ! in nitrogen.

VIIla

Intensity
g
s

Scattering Angle (26 )
Figure 3. X-ray diffraction patterns of the prepared polyimides.
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Table II. Thermal behavior of aromatic polyimides

Polyimide T/C* TJC? T,JC* TyWwC?* TWYC*®
VllIa 236 275—297 415—453 585 638
VIIIb 226 265—302 430—460 585 635
VIlIc 252 300—322 420—462 570 600
VIIId 253 277—328 417—458 585 625
Vllle 282 345—470  >470 600 645
VIIIf 220 276—322 413—465 575 612

a Determined by DSC in nitrogen at a heating rate of 10T
min~!. ®Temperature at which 10% weight loss was recorded by
TG at a heating rate of 10C min~! in air. ©Temperature at
which 10% weight loss was recorded by TG at a heating rate of 10
C min~!in nitrogen.

VIIa
VIIIb

Intensity
&

Scattering Angle (26 )

Figure 4. X-ray diffraction patterns of annealed polyimides at
350C for 1 h.

with the DSC measurement. The annealed polyimide
VIIlIe showed a more disordered crystalline pattern in
spite of the very rigid structure, and suggests that the
annealing at the higher temperature is necessary for
higher crystallinity of VIIIe.

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

CONCLUSION

The author synthesized a new rigid tetracarboxylic di-
anhydride, 3,3""",4,4"""-p-quarterphenyltetracarboxylic
dianhydride, which was used for polycondensation with
aromatic diamines to obtain aromatic polyimides. The
polyimides were crystallized above 3007, and had high
thermal stability.

Polym. J.. Vol. 32, No. 3, 2000
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