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ABSTRACT: The synthesis and characterization of a novel series of soluble polyimides, that are based on diamino-

benzoic acid alkylester (DBAE) having long-chain alkyl groups with 8–14 carbon atoms, are described. Polyimides

obtained from 3,30,4,40-benzophenonetetracarboxylic dianhydride (BTDA) and DBAE-8–14, and copolyimides based

on BTDA, DBAE-8–14, and 4,40-diaminodiphenylether (DDE) were insoluble in polar solvents such as N-methyl-2-

pyrrolidone (NMP) and the effect of long-chain linear alkyl groups for the enhancement of solubility was not recog-

nized. However, it was found that two methods improve the solubility. One is the use of branched alkyl groups such

as nonan-5-yl and 2,6-dimethylheptane-4-yl, and the other is the use of relatively flexible diamine co-monomer, 4,40-

diaminodiphenylmethane (DDM). These polyimides and copolyimides based on DBAE were soluble in various polar

solvents and exhibited good thermal stability in air and under nitrogen. The effect of DBAE for the enhancement of

solubility was lower than the effects of alkyloxydiaminobenzene (AODB) and alkyldiaminobenzophenone (ADBP),

probably due to the rigid ester linkage group in DBAE. [doi:10.1295/polymj.PJ2005257]
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Polyimides exhibit excellent thermal and mechani-
cal properties, and have extensive engineering and
microelectronics applications.1 Aromatic polyimides
such as pyromellitic polyimides are prepared from
aromatic diamines and aromatic tetracarboxylic dian-
hydrides via poly(amic acids). Since conventional ar-
omatic polyimides are insoluble, these polymers are
usually processed as the corresponding soluble poly-
(amic acid) precursors, and then either thermally or
chemically imidized. However, owing to the instabil-
ity of poly(amic acids) and the liberation of water in
the imidization process, problems can arise. Extensive
research has been recently carried out to improve the
solubility of polyimides.2–24 We have reported the
synthesis and characterization of soluble polyimides
and copolyimides based on alicyclic dianhydride such
as 2,3,5-tricarboxycyclopentyl acetic dianhydride
(TCA-AH), 5-(2,5-dioxotetrahydrofuryl)-3-methyl-3-
cyclohexene-1,2-dicarboxylic anhydride (cyclohex-
ene-DA), and 4-(2,5-dioxotetrahydrofuran-3-yl)-tetra-
lin-1,2-dicarboxylic anhydride (tetralin-DA).25–27

Conventional tetracarboxylic dianhydrides such as
3,30,4,40-benzophenone tetracarboxylic dianhydride
(BTDA) and alkyldiaminobenzophenone (ADBP)
having long-chain linear alkyl groups with 9–14 car-
bon atoms (ADBP-9–14),28 and BTDA and alkyloxy-

diaminobenzene (AODB) having long-chain linear
alkyl groups with 10–14 carbon atoms (AODB-10–
14) have also been used (Scheme 1).29 It was conclud-
ed that ADBP with an even number of carbon atoms
was effective in enhancing the solubility, while poly-
mers based on ADBP with an odd number of carbon
atoms remained insoluble. AODB bearing alkyl
groups via an ether linkage are more effective in com-
parison with ADBP where these groups are attached
by benzoyl groups, thus, all polyimides based on
BTDA and AODB-10–14 were soluble. Copolymeri-
zation using the conventional aromatic diamine, DDE
resulted in the improvement of both the molecular
weight and the thermal stability, and demonstrated
that AODB-12 was the most effective in enhancing
the solubility of the AODB-10–14-based polyimides.
It can be presumed that the entropy effect of long-
chain linear alkyl groups increases up to 12 methylene
units, however, the crystallization of these side groups
having more than 12 methylene units might decrease
the solubility of the polymers. The recent our papers
have described the soluble polyimides having dendric
moieties on their side chain,30 and the synthesis of
soluble polyimides in ionic liquids was also investi-
gated.31

This paper reports the synthesis and characteriza-
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tion of a novel series of soluble polyimides based on
diaminobenzoic acid alkylester (DBAE) having long-
chain linear alkyl groups with 8–14 carbon atoms.
Although polyimides based on DBAE having 8, 12,
or 18 carbon atom have already been reported,32 the
structure-properties relationships of polymers were
not investigated thoroughly. In this paper, the factors
affecting the solubility of the final polymers, such as
the alkyl chain length of DBAE, the use of branched
alkyl chains and the copolymerization effects using
the conventional aromatic diamine 4,40-diaminodi-
phenylether (DDE) or 4,40-diaminodiphenylmethane
(DDM) are described, and the results are compared
with the ones based on ADBP and AODB. The attach-
ing of alkyl side chains to polyimides has recently
been used to increase pretilt angles generated by the
polyimides in alignment layer applications of liquid
crystal displays (LCDs) and, thus, these studies are
of great practical importance.33–39

EXPERIMENTAL

Materials
3,5-Dinitrobenzoyl chloride and aliphatic alcohol

having long-chain alkyl groups were purchased from
Tokyo Chemical Industry Co., Ltd. (TCI) and used
as received, as were potassium carbonate and 10%
Pd/C, which were purchased from Wako Pure Chemi-
cal Industries, Ltd (Wako). 3,30,4,40-Benzophenone

tetracarboxylic dianhydride (BTDA), 4,40-diaminodi-
phenylether (DDE), and 4,40-diaminodiphenylmeth-
ane (DDM) were purchased from Tokyo Chemical
Industry Co., Ltd. (TCI) and purified by following
method; BTDA, mp 228.3 �C, recrystallized from
acetic anhydride; DDE, mp 193.6 �C, recrystallized
from ethanol; DDM, mp 95.4 �C, recrystallized from
ethanol. N-Methyl-2-pyrrolidone (NMP) (Mitsubishi
Chemicals) was distilled under reduced pressure from
4 Å molecular sieves. Reagent grade N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMAc),
dimethyl sulfoxide (DMSO), Dimethyl sulfoxide-d6
(DMSO-d6), 1,3-dimethyl-2-imidazolidinone (DMI),
m-cresol, tetrahydrofuran (THF), dichloromethane,
sulfuric acid, acetic anhydride and pyridine were pur-
chased from Wako Pure Chemical Industries, Ltd. and
used as received. Other conventional reagents were
purchased from TCI or Wako 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. Differential scan-
ning calorimeter (DSC) traces were measured on a
Shimadzu DSC-60 under nitrogen at a heating rate
of 10 �C/min and glass transition temperatures (Tg)
were read at the onset of the heat capacity jump (Tig)
from the second heating scan followed by JIS K-7121.
Thermogravimetric analysis (TGA) was performed on
a Shimadzu TGA-50 in air or under nitrogen at a heat-
ing rate of 10 �C/min. 1H NMR spectra were meas-
ured on a JEOL JNM-AL400 FT NMR in CDCl3 or
dimethyl sulfoxide-d6 with tetramethylsilane (TMS)
as an internal reference. IR spectra were measured
on a JASCO IR Report-100 spectrophotometer.

Synthesis of 2,6-Dimethylheptane-4-yl 3,5-dinitroben-
zoate
2,6-Dimethyl-4-heptanol (7.5 g, 52mmol) and tri-

ethylamine (6.9 g, 68mmol) were dissolved in 80mL
of THF. After 3,5-dinitrobenzoyl chloride (12.0 g,
52mmol) in 80mL of THF was added dropwise, the
reaction mixture was stirred at r. t for 3 h. The reac-
tion mixture was then poured onto a large amount of
ice water. Ethyl acetate was added to dissolve the pre-
cipitate and the organic layer was separated and wash-
ed sequentially with H2O, 10% aqueous NaOH, and
H2O. Subsequently, it was dried over anhydrous so-
dium sulfate, filtered and the ethyl acetate was evapo-
rated. The obtained solid was recrystallized from etha-
nol with charcoal to give 11.1 g (33mmol, 63% yield)
of white crystals. mp 47.5 �C; 1H NMR (CDCl3): �
0.96 (m, 12H, CH3), 1.47 (m, 2H, –CH–(CH3)2), 1.69
(m, 4H, –COO–CH–(CH2–)2), 5.43 (m, 1H, –COO–
CH–), 8.58 (d, 1H, 4-ArH, J ¼ 3:96Hz), 9.15 (d, 2H,
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Scheme 1. Soluble polyimides based on alkyldiaminobenzo-

phenone (ADBP) and alkyloxydiaminobenzene (AODB).
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2,6-ArH, J ¼ 2:0Hz), 9.22 (t, 1H, 4-ArH, J ¼ 2:0
Hz); IR (KBr): 1720 (C=O), 1540, 1340 (NO2) cm

�1.
Anal. Calcd for C16H22N2O5: C, 56.80%; H, 6.55%;
N, 8.28%. Found: C, 56.72%; H, 6.55%; N, 8.33%.
Other alkyl 3.5-dinitrobenzoates were synthesized

according to the procedure descried above (60–70%
yield). Melting points (mp), 1H NMR, IR and elemen-
tal analyses are as follows. In case of known com-
pounds, only melting points are listed.

n-Octyl 3,5-dinitrobenzoate
mp 57.9 �C (literature32 mp 59 �C)

n-Nonyl 3,5-dinitrobenzoate
mp 47.2 �C; 1H NMR (CDCl3): � 0.87 (t, 3H, CH3,

J ¼ 6:8Hz), 1.30 (m, 12H, –(CH2)6CH3), 1.84 (m,
2H, –COOCH2CH2–), 4.54 (t, 2H, –COOCH2CH2–,
J ¼ 6:8Hz), 9.15 (d, 2H, 2,6-ArH, J ¼ 2:0Hz), 9.22
(t, 1H, 4-ArH, J ¼ 2:0Hz); IR (KBr): 1720 (C=O),
1540, 1340 (NO2) cm�1. Anal. Calcd for C16H22-
N2O6: C, 56.80%; H, 6.55%; N, 8.28%. Found: C,
56.93%; H, 6.58%; N, 8.34%.

n-Decyl 3,5-dinitrobenzoate
mp 44.6 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:8Hz), 1.27 (m, 14H, –(CH2)7CH3), 1.84 (m,
2H, –COOCH2CH2–), 4.52 (t, 2H, –COOCH2CH2–,
J ¼ 6:8Hz), 9.15 (d, 2H, 2,6-ArH, J ¼ 2:0Hz), 9.22
(t, 1H, 4-ArH, J ¼ 2:0Hz); IR (KBr): 1720 (C=O),
1540, 1340 (NO2) cm�1. Anal. Calcd for C17H24-
N2O6: C, 57.94%; H, 6.87%; N, 7.95%. Found: C,
58.07%; H, 6.87%; N, 8.00%.

n-Undecyl 3,5-dinitrobenzoate
mp 51.9 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:8Hz), 1.27 (m, 16H, –(CH2)8CH3), 1.83 (m,
2H, –COOCH2CH2–), 4.54 (t, 2H, –COOCH2CH2–,
J ¼ 6:8Hz), 9.15 (d, 2H, 2,6-ArH, J ¼ 2:0Hz), 9.22
(t, 1H, 4-ArH, J ¼ 2:0Hz); IR (KBr): 1720 (C=O),
1540, 1340 (NO2) cm�1. Anal. Calcd for C18H26-
N2O6: C, 59.00%; H, 7.15%; N, 7.65%. Found: C,
59.05%; H, 7.15%; N, 7.66%.

n-Dodecyl 3,5-dinitrobenzoate
mp 55.8 �C (literature32 mp 57–59 �C)

n-Tridecyl 3,5-dinitrobenzoate
mp 58.4 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:8Hz), 1.27 (m, 20H, –(CH2)10CH3), 1.83 (m,
2H, –COOCH2CH2–), 4.54 (t, 2H, –COOCH2CH2–,
J ¼ 6:8Hz), 9.15 (d, 2H, 2,6-ArH, J ¼ 2:0Hz), 9.22
(t, 1H, 4-ArH, J ¼ 2:0Hz); IR (KBr): 1720 (C=O),
1540, 1340 (NO2) cm�1. Anal. Calcd for C20H30-
N2O6: C, 60.90%; H, 7.67%; N, 7.10%. Found: C,
60.75%; H, 7.76%; N, 7.23%.

n-Tetradecyl 3,5-dinitrobenzoate
mp 58.8 �C; 1H NMR (CDCl3): � 0.87 (t, 3H, CH3,

J ¼ 6:8Hz), 1.26 (m, 22H, –(CH2)11CH3), 1.83 (m,
2H, –COOCH2CH2–), 4.44 (t, 2H, –COOCH2CH2–,
J ¼ 6:8Hz), 9.15 (d, 2H, 2,6-ArH, J ¼ 2:0Hz), 9.22
(t, 1H, 4-ArH, J ¼ 2:0Hz); IR (KBr): 1720 (C=O),
1540, 1340 (NO2) cm�1. Anal. Calcd for C21H32-
N2O6: C, 61.75%; H, 7.90%; N, 6.86%. Found: C,
61.72%; H, 7.88%; N, 6.81%.

Nonan-5-yl 3,5-dinitrobenzoate
mp 52.0 �C; 1H NMR (CDCl3): � 0.91 (t, 6H, CH3,

J ¼ 7Hz), 1.35 (m, 8H, –(CH2)2CH3), 1.74 (m, 4H,
–COO–(CHCH2–)2), 5.24 (m, 1H, –COO–CH–), 9.15
(d, 2H, 2,6-ArH, J ¼ 2:2Hz), 9.22 (t, 1H, 4-ArH, J ¼
2:2Hz); IR (KBr): 1710 (C=O), 1540, 1340 (NO2)
cm�1. Anal. Calcd for C16H22N2O5: C, 56.80%; H,
6.55%; N, 8.28%. Found: C, 56.72%; H, 6.65%; N,
8.27%.

Synthesis of 2,6-Dimethylheptane-4-yl 3,5-diamino-
benzoate (DBAE-9-branch-B)
To a solution of 2,6-dimethylheptane-4-yl 3,5-di-

nitrobenzoate (9.5 g, 28mmmol) in 200mL of ethanol
heated at 50 �C were sequentially added 0.20 g of 10%
Pd/C by potion, 26mL of hydrazine monohydrate
using dropping funnel, and 0.20 g of 10% Pd/C by
potion. After this reaction mixture was refluxed for
12 h, the solution was filtered and the solvent was
evaporated. The crude diamine was recrystallized
from an ethanol/water mixture with charcoal to give
6.6 g (85% yield) of a pale brown powder. mp 98.9 �C;
1H NMR (CDCl3): � 0.92 (m, 12H, CH3), 1.39 (m,
2H, –CH–(CH3)2), 1.63 (m, 4H, –COO–CH–(CH2–)2),
3.52 (s, 4H, –NH2), 5.27 (m, 1H, –COO–CH–), 6.18
(t, 1H, 4-ArH, J ¼ 2:2Hz), 6.78 (d, 2H, 2,6-ArH, J ¼
2:2Hz); IR (KBr): 3350 (NH2), 1720 (C=O) cm�1.
Anal. Calcd for C16H26N2O2: C, 69.03%; H, 9.41%;
N, 10.06%. Found: C, 69.05%; H, 9.42%; N, 10.07%.
Other alkyl 3,5-diaminobenzoates were synthesized

according to the procedure descried above (63–84%
yield). Melting points (mp), 1H NMR, IR and elemen-
tal analyses are as follows. In case of known com-
pounds, only melting points are listed.

n-Octyl 3,5-diaminobenzoate
mp 50.1 �C (literature32 mp 32–33.5 �C)

n-Nonyl 3,5-diaminobenzoate
mp 33.2 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:80Hz), 1.28 (m, 12H, –(CH2)6–CH3), 1.71 (m,
2H, –COOCH2CH2–), 3.68 (s, 4H, –NH2), 4.25 (t, 2H,
–COOCH2CH2–, J ¼ 6:80Hz), 6.18 (t, 1H, 4-ArH,
J ¼ 2:0Hz), 6.78 (d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR
(KBr): 3350 (NH2), 1720 (C=O) cm�1. Anal. Calcd
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for C16H26N2O2: C, 69.03%; H, 9.41%; N, 10.06%.
Found: C, 68.81%; H, 9.24%; N, 9.89%.

n-Decyl 3,5-diaminobenzoate
mp 50.1 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:80Hz), 1.27 (m, 14H, –(CH2)7–CH3), 1.71 (m,
2H, –COOCH2CH2–), 3.64 (s, 4H, –NH2), 4.25 (t, 2H,
–COOCH2CH2–, J ¼ 6:80Hz), 6.18 (t, 1H, 4-ArH,
J ¼ 2:0Hz), 6.78 (d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR
(KBr): 3350 (NH2), 1720 (C=O) cm�1. Anal. Calcd
for C17H28N2O2: C, 69.83%; H, 9.65%; N, 9.58%.
Found: C, 69.74%; H, 9.61%; N, 9.59%.

n-Undecyl 3,5-diaminobenzoate
mp 53.9 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:80Hz), 1.27 (m, 16H, –(CH2)8–CH3), 1.71 (m,
2H, –COOCH2CH2–), 3.66 (s, 4H, –NH2), 4.25 (t, 2H,
–COOCH2CH2–, J ¼ 6:80Hz), 6.19 (t, 1H, 4-ArH,
J ¼ 2:0Hz), 6.78 (d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR
(KBr): 3350 (NH2), 1720 (C=O) cm�1. Anal. Calcd
for C18H30N2O2: C, 70.55%; H, 9.87%; N, 9.14%.
Found: C, 70.45%; H, 9.82%; N, 9.08%.

n-Dodecyl 3,5-diaminobenzoate
mp 80.2 �C (literature32 mp 68–70 �C)

n-Tridecyl 3,5-diaminobenzoate
mp 59.4 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:80Hz), 1.26 (m, 20H, –(CH2)10–CH3), 1.71 (m,
2H, –COOCH2CH2–), 3.69 (s, 4H, –NH2), 4.25 (t, 2H,
–COOCH2CH2–, J ¼ 6:80Hz), 6.19 (t, 1H, 4-ArH,
J ¼ 2:0Hz), 6.78 (d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR
(KBr): 3350 (NH2), 1720 (C=O) cm�1. Anal. Calcd
for C20H34N2O2: C, 71.81%; H, 10.25%; N, 8.37%.
Found: C, 71.71%; H, 10.20%; N, 8.37%.

n-Tetradecyl 3,5-diaminobenzoate
mp 64.2 �C; 1H NMR (CDCl3): � 0.88 (t, 3H, CH3,

J ¼ 6:80Hz), 1.26 (m, 22H, –(CH2)11–CH3), 1.71 (m,
2H, –COOCH2CH2–), 3.65 (s, 4H, –NH2), 4.25 (t, 2H,
–COOCH2CH2–, J ¼ 6:80Hz), 6.18 (t, 1H, 4-ArH,
J ¼ 2:0Hz), 6.78 (d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR
(KBr): 3350 (NH2), 1720 (C=O) cm�1. Anal. Calcd
for C21H36N2O2: C, 72.37%; H, 10.41%; N, 8.04%.
Found: C, 72.40%; H, 10.44%; N, 7.93%.

Nonan-5-yl 3,5-diaminobenzoate (DBAE-9-branch-A)
Liquid; 1H NMR (CDCl3): � 0.88 (t, 6H, CH3,

J ¼ 7Hz), 1.33 (m, 8H, –(CH2)2CH3), 1.62 (m, 4H,
–COO–(CHCH2–)2), 3.51 (s, 4H, –NH2), 5.07 (m, 1H,
–COO–CH–), 6.18 (t, 1H, 4-ArH, J ¼ 2:0Hz), 6.78
(d, 2H, 2,6-ArH, J ¼ 2:0Hz); IR (KBr): 3350 (NH2),
1720 (C=O) cm�1. Anal. Calcd for C16H26N2O2: C,
69.03%; H, 9.41%; N, 10.06%. Found: C, 68.83%;
H, 9.33%; N, 9.81%.

Preparation of Poly(amic acids) and Polyimides
The preparation of poly(amic acids) and polyimides

was carried out by the method previously report-
ed.25–29 The imidization reaction of the poly(amic
acids) was monitored by 1H NMR technique and the
conversion from poly(amic acids) to polyimides were
found to be 100%. Copoly(amic acids) and copoly-
imides using DDE or DDM as a diamine co-momo-
mer were synthesized in the same manner. An equi-
molar amount of BTDA was used with respect to
the total amount of diamines and all monomers were
added at the beginning of reaction. Diamine composi-
tions of obtained copolyimides were confirmed by
1H NMR and detailed description are given in the
next section. 1H NMR spectra, IR Spectra and results
of elemental analysis of representative polyimides are
as follows.

BTDA/DBAE-9-branch-B (100/100mol%)
1H NMR (DMSO-d6): � 0.89 (m, 12H, CH3), 1.43

(m, 2H, –CH–(CH3)2), 1.63 (m, 4H, –COO–CH–
(CH2–)2), 5.30 (m, 1H, –COO–CH–), 8.15–8.30 (m,
9H, ArH) ppm; IR (KBr): 1715 and 1770 (C=O),
1360 (C–N) cm�1. Anal. Calcd for C33H30N2O6: C,
71.99%; H, 5.49%; N, 5.09%. Found C, 70.78%; H,
5.31%; N, 5.39%.

RESULTS AND DISCUSSION

Monomer Synthesis
The functional diamines containing long-chain al-

kyl groups, diaminobenzoic acid alkylester (DBAE-
X; X, alkyl chain length), were prepared in two steps
using 3,5-dinitrobenzoyl chloride as a starting materi-
al. The synthetic route is illustrated in Scheme 2. The
esterification reaction using 3,5-dinitrobenzoyl chlo-
ride and aliphatic alcohols having long-chain alkyl
groups catalyzed by triethyl amine in THF gave alkyl
3,5-dinitrobenzoate in satisfactory yields (60–70%).
The reduction of alkyl 3,5-dinitrobenzoate were per-
formed by catalytic hydrogenation using Pd/C as a
catalyst and hydrazine hydrate/ethanol as a hydrogen
generator. Although the medium pressure hydrogen-
erator was used in our laboratory to complete the
reduction of dinitro precursors such as 1-alkyloxy-
2,4-dinitrobenzene,29 the relatively mild hydrogena-
tion using hydrazine hydrate/ethanol system was
seem to be preferable in the case of alkyl 3,5-dinitro-
benzoate, because the scissions of ester linkage were
sometime recognized in the use of medium pressure
hydrogenerator.

Polymer Synthesis
The synthetic route of the polyimides and copoly-

imides based on BTDA, DBAE-X, DDE or DDM is
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illustrated in Scheme 3. Two step polymerization sys-
tems including poly(amic acids) synthesis and chemi-
cal imidization were performed. The poly(amic acids)
were obtained by reacting the mixture of diamines
with an equimolar amount of BTDA at room temper-
ature for 12 h under a nitrogen atmosphere. The poly-
imides were obtained by chemical imidization at
120 �C in the presence of pyridine as base catalyst
and acetic anhydride as dehydrating agent. These are
the optimized synthetic conditions previously devel-
oped for the synthesis of soluble polyimides in our
laboratory.25–29 BTDA that is high reactive and com-
mon aromatic tetracarboxylic dianhydride was used
as a dianhydride monomer, and DDE or DDM high
reactive and common aromatic diamine was used as
a diamine co-monomer.

Experimental results of homopolymerization and
copolymerization based on BTDA/DBAE-X/DDE
are summarized in Table I. Although all polyamic-
(acids) were soluble in NMP that is a polymerization
solvent, however, all homopolyimide based on BTDA
and DBAE-8–14 were insoluble in NMP. As it was
previously reported that the copolymerization using
conventional diamines such as DDE improve the sol-
ubility by randomizing effect,28,29 the incorporation of
the second diamine monomer, DDE was examined.
However, all copolyimide based on BTDA/DBAE-X/
DDE were insoluble although 25, 50, or 75mol% of
DDE were incorporated. According to the common
fact that branched alkyl chain often enhance the solu-
bility of polymers in comparison with linear alkyl
chains, DBAE having branched alkyl chains such as
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Scheme 2. Synthesis of diaminobenzoic acid alkylester (DBAE).
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nonan-5-yl 3,5-diaminobenzoate (DBAE-9-branch-A)
and 2,6-dimethylheptane-4-yl 3,5-diaminobenzoate
(DBAE-9-branch-B) were introduced in these poly-
imides, and the homopolyimides based on BTDA/
DBAE-9-branch-A and BTDA/DBAE-9-branch-B,
and copolyimide containing more than 50% of
DBAE-9-branch-A or DBAE-9-branch-B were solu-
ble in NMP. Thus, the effect of long chain alkyl
groups for the enhancement of solubility were not rec-
ognized in the case of polyimides containing DBAE-
8–14, however, it was found that the introduction of
branched alkyl chains enhance the solubility. Diamine
compositions in the final copolyimides can be cal-
culated from 1H NMR measurement in DMSO-d6
(Table I, Figures 1 and 2). Specifically, the diamine
compositions of DBAE-9-branch-A/DDE (75%/
25%) and DBAE-9-branch-B/DDE (75%/25%) were
calculated from the intensity ratio of methine proton
based on DBAE-9-branch-A(B) and aromatic protons
based on DDE, and in a fair agreement with the initial
monomer compositions (Table I). In the case of
DBAE-9-branch-A/DDE (50%/50%) and DBAE-9-
branch-B/DDE (50%/50%), the solubility in DMSO-
d6 is poor and the accurate measurements were not
achieved. Inherent viscosities (�inh), which are con-
nected to the molecular weights of polymers, were

sufficiently high in the range of 0.82–0.93 dLg�1

for the copolyimide based on DBAE-9-branch-A and
DBAE-9-branch-B, showing the good film formation
ability.
Experimental results of homopolymerization and

copolymerization based on BTDA/DBAE-X/DDM
are summarized in Table II. As the solubility of above
copolyimides using DDE as a diamine co-monomer
were low than expected, DDM that is a relatively
flexible aromatic diamine monomer containing flexi-
ble methylene linkage was used as a diamine co-
monomer. Consequently, the copolyimides based on
DBAE-8–13 (50%)/DDM (50%) were soluble, while
the ones based on DBAE-8–13 (25% or 75%)/DDM
(75% or 25%) were insoluble. It is speculated that
the effect of copolymerization for the enhancement
of flexibility reach to the maximum at the middle
composition; DBAE-8–13 (50%)/DDM (50%). All
of BTDA/DBAE-14/DDM copolyimides were in-
soluble, probably due to longer alkyl chain. This phe-
nomenon can be explained by our previous results,
showing that the most effective alkyl chain length
for the enhancement of solubility is twelve and those
having more than twelve methylene units decrease the
solubility.29 Diamine compositions in the final co-
polyimides can be calculated from 1H NMR measure-

Table I. Polyimides and copolyimides based on BTDA/DBAE-X/DDE

Diaminea Polyamic acid Polyimide

Diamine compositionc 10% Weight loss

DBAE-X DDE �inh
b Solubility �inh

b DBAE-X DDE Tg
d temperaturee

mol% dLg�1 in NMP dLg�1 mol% �C in Air in N2

�C �C

DBAE-8–14

0 100 1.15 insoluble

25 75 0.68–0.80 insoluble

50 50 0.57–0.65 insoluble

75 25 0.40–0.50 insoluble

100 0 0.39–0.43 insoluble

DBAE-9-branch-A

0 100 1.15 insoluble

25 75 1.05 insoluble

50 50 1.02 soluble 0.83 278 346 351

75 25 1.13 soluble 0.82 76 24 280 340 333

100 0 0.90 soluble 0.88 286 334 331

DBAE-9-branch-B

0 100 1.15 insoluble

25 75 1.02 insoluble

50 50 0.99 soluble 0.93 292 348 340

75 25 0.88 soluble 0.86 76 24 278 330 330

100 0 0.89 soluble 0.84 296 323 327

aEquimolar amount of BTDA was used to the total amount of diamine. bMeasured at 0.5 g dL�1 in NMP at 30 �C.
cCalculated from the intensity ratio of methine proton based on DBAE-9-branch-A(B) and aromatic protons based on DDE

in 1H NMR measurement. dMeasured by DSC at a heating rate of 10 �C/min in N2 on second heating. eMeasured by TGA

at a heating rate of 10 �C/min.
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Figure 1. 1H NMR spectrum of a copolyimide based on BTDA/DBAE-9-branch-A/DDE (100/75/25). 1H NMR (DMSO-d6): � 0.85
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ment in pyridine-d5 (Table II, Figure 3). Specifically,
the diamine compositions, DBAE-X/DDM were cal-
culated from the intensity ratio of –OCH2-proton
based on DBAE-8–13 and methylene protons based

on DDM, and in a fair agreement with the initial
monomer compositions (Table II). Inherent viscosi-
ties (�inh) of copolyimides based on DBAE-8–13
(50%)/DDM (50%) were relatively lower in the range

Table II. Polyimides and copolyimides based on BTDA/DBAE-X/DDM

Diaminea Polyamic acid Polyimide

Diamine compositionc 10% Weight loss

DBAE-X DDM �inh
b Solubility �inh

b DBAE-X DDM Tg
d temperaturee

mol% dLg�1 in NMP dLg�1 mol% �C in Air in N2

�C �C

DBAE-8

0 100 0.98 insoluble

25 75 0.63 insoluble

50 50 0.51 soluble 0.38 51 49 — 484 452

75 25 0.33 insoluble

100 0 0.31 insoluble

DBAE-9

0 100 0.98 insoluble

25 75 0.62 insoluble

50 50 0.49 soluble 0.41 50 50 — 480 448

75 25 0.47 insoluble

100 0 0.38 insoluble

DBAE-10

0 100 0.98 insoluble

25 75 0.66 insoluble

50 50 0.52 soluble 0.43 51 49 — 443 433

75 25 0.48 insoluble

100 0 0.38 insoluble

DBAE-11

0 100 0.98 insoluble

25 75 0.60 insoluble

50 50 0.45 soluble 0.43 51 49 — 450 439

75 25 0.35 insoluble

100 0 0.33 insoluble

DBAE-12

0 100 0.98 insoluble

25 75 0.59 insoluble

50 50 0.48 soluble 0.39 51 49 — 447 438

75 25 0.42 insoluble

100 0 0.31 insoluble

DBAE-13

0 100 0.98 insoluble

25 75 0.56 insoluble

50 50 0.46 soluble 0.40 51 49 — 428 431

75 25 0.44 insoluble

100 0 0.36 insoluble

DBAE-14

0 100 0.98 insoluble

25 75 0.55 insoluble

50 50 0.47 insoluble

75 25 0.41 insoluble

100 0 0.37 insoluble

aEquimolar amount of BTDA was used to the total amount of diamine. bMeasured at 0.5 g dL�1 in NMP at 30 �C.
cCalculated from the intensity ratio of –OCH2-protons based on DBAE-8–13 and methylene protons based on DDM in
1H NMR measurement. dMeasured by DSC at a heating rate of 10 �C/min in N2 on second heating. eMeasured by TGA at

a heating rate of 10 �C/min.
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of 0.38–0.43 dLg�1 in comparison with copolyimide
based on DBAE-9-branch-A(B)/DDE probably due
to the relatively lower reactivity of DDM that was pre-
viously reported.25 However, copolyimides based on
DBAE-8–13 (50%)/DDM (50%) still show the good
film formation ability.

Polymer Properties
The glass transition temperatures (Tg) were deter-

mined by DSC measurements and the thermal sta-
bilities of these polyimides were evaluated by 10%
weight-loss temperatures (Td10) in TGA measure-
ments (Table I, II). The representative TGA traces
are shown in Figures 4–6. Tg of polyimides and co-
polyimides based on DBAE-9-branch A(B) were in
the range of 278–296 �C, while the ones based on
DBAE-8–13 (50%)/DDM (50%) were not recog-
nized. It is speculated that the flexible moieties based
on branched alkyl groups contribute the appearance of
Tg. Td10 of polyimides based on polyimides and co-
polyimides based on DBAE-9-branch A(B) were rela-
tively lower and in the range of 323–348 �C in air
and 327–351 �C under nitrogen, while these based
on DBAE-8–13 (50%)/DDM (50%) were regular val-
ues that were observed in soluble polyimides based on
lateral alkyl chains (ca. 400–500 �C) and in the range
of 428–484 �C in air and 431–452 �C under nitrogen.

From the fact that steep weight loss was observed
in TGA traces of polyimides and copolyimides based
on DBAE-9-branch A(B) at ca. 300 �C (Figures 4 and
5), it is speculated that the degradation of branched
alkyl groups containing weak tertiary C–H bonds took
place. However, it is conceivable that these poly-
imides having branched alkyl side chains still belong
to heat resistant polymers because there are no weight
loss up to 300 �C both in air and under nitrogen.
The solubility of the obtained polyimides was de-

termined in 9 common solvents at 5wt% concentra-
tion (Table III). These polyimides were soluble in var-
ious polar solvents in addition to NMP, however, the
solubility depended on the structure of polyimides. In
general, the polyimides based on DBAE-8–13 (50%)/
DDM (50%) were more soluble in NMP, DMF, DMI
and m-cresol than the ones based on DBAE-9-
branch A(B). On the other hand, the polyimides based
on DBAE-8–13 (50%)/DDM (50%) were less soluble
in DMAc and DMSO. Among branched DBAE type A
and B, type B seem to be more effective for the en-
hancement of solubility from the fact that polyimides
based on DBAE-9-branch-B were soluble in various
polar solvents such as NMP, DMF, DMAc, DMSO,
DMI, m-cresol, even in non polar solvent, CH2Cl2,
while polyimides based on DBAE-9-branch-A were
soluble only in NMP, DMI, m-cresol except BTDA/

C

O

NN

O

O

O

O
C

O

NN

O

O

O

O

CH2

50 mol%

n
n

O OCH2CH2(CH2)5CH3

50 mol %

CH3

(CH2)5

-O-CH2

CH2 (DDM) 

-O-CH2CH2

Pyridine 

H2O 

Figure 3. 1H NMR spectrum of a copolyimide based on BTDA/DBAE-8/DDM (100/50/50). 1H NMR (pyridine-d5): � 0.83 (t, J ¼
6:80Hz), 1.19 (m, 12H, –(CH2)5–CH3), 1.69 (m, –COOCH2CH2–), 4.08 (s, CH2 of DDM), 4.38 (t, –COOCH2CH2–, J ¼ 6:80Hz), 7.44–

8.73 (m, ArH overlapped with impurities of pyridine-d5).
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DBAE-9-branch-A/DDE (100/75/25). It can be im-
agined that these differences of solubility are due to
the degree of branch, that is type-B is more branched
than type-A.

CONCLUSION

The synthesis and characterization of a novel series
of soluble polyimides, which are based on diamino-

benzoic acid alkylester (DBAE) having long-chain
alkyl groups with 8–14 carbon atoms, are described.
Polyimides obtained from 3,30,4,40-benzophenone-
tetracarboxylic dianhydride (BTDA) and DBAE-8–
14, and copolyimides based on BTDA, DBAE-8–14,
and 4,40-diaminodiphenylether (DDE) were insolu-
ble in polar solvents such as N-methyl-2-pyrrolidone
(NMP) and the effect of long-chain linear alkyl groups
for the enhancement of solubility was not recognized.

200 400 600 800
Temp [°C]

0

50

100

%
TGA

DBAE−9−branch−B / DDE
100/0
 75/25
 50/50

Figure 5. TGA curves of soluble polyimides and copolyimides based on DBAE-9-branch-B under nitrogen (BTDA/DBAE-9-

branch-B/DDE).
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Figure 4. TGA curves of soluble polyimides and copolyimides based on DBAE-9-branch-B in air (BTDA/DBAE-9-branch-B/DDE).
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However, it was found that two methods improve the
solubility. One is the use of branched alkyl groups
such as nonan-5-yl and 2,6-dimethylheptane-4-yl,
and the other is the use of relatively flexible diamine
co-monomer, 4,40-diaminodiphenylmethane (DDM).
These polyimides and copolyimides based on DBAE
were soluble in various polar solvents and exhibited
good thermal stability in air and under nitrogen. The
effect of DBAE for the enhancement of solubility
was lower than the effects of alkyloxydiaminobenzene
(AODB) bearing alkyl groups via an ether linkage and
alkyldiaminobenzophenone (ADBP) bearing alkyl

groups via a benzoyl linkage, probably due to the rigid
ester linkage group in DBAE. According to the fact
that polyimides having branched alkyl chains are
effective on the enhancement of solubility, polyimides
having dendron side chain have been also investigated
in our laboratory.30 These results contribute the eluci-
dation of structure-properties relation in the studies of
soluble polyimides, and give the useful information
especially in the field of polyimide alignment films
for LCDs that sometime contains alkyl chains for
the generation of pretilt angle.

Table III. Solubility behavior of polyimides and copolyimides based on BTDA/DBAE-X/DDE

and BTDA/DBAE-X/DDM in various solvents

Diamines Solubilitya

mol% NMP DMF DMAc DMSO DMI m-Cresol THF CH2Cl2 H2SO4

DBAE-9-branch-A DDE

50 50 S(h) I I I PS(h) PS I I S

75 25 S(h) PS(h) PS(h) S(h) S(h) S I I S

100 0 S(h) I I I S(h) S(h) I I S

DBAE-9-branch-B DDE

50 50 S(h) I PS(h) PS(h) S(h) S(h) I I S

75 25 S S(h) S S(h) S S I PS S

100 0 S(h) S(h) S(h) S(h) S S I I S

DBAE-8 (50) DDM (50) S(h) PS(h) I I S S I I S

DBAE-9 (50) DDM (50) S S I I S S I I S

DBAE-10 (50) DDM (50) S(h) PS(h) I I S S I I S

DBAE-11 (50) DDM (50) S(h) S(h) I I S S I I S

DBAE-12 (50) DDM (50) S PS(h) I I S S I I S

DBAE-13 (50) DDM (50) S(h) PS(h) I I S(h) S I I S

aS, soluble; S(h), soluble after heating; PS, partly soluble; PS(h), partly soluble after heating; I, insoluble.
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Figure 6. TGA curves of representative soluble copolyimides based on BTDA/DBAE-X/DDM (100/50/50).
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