
Two optically active dianhydrides were prepared from the reaction of l-aspartic
acid with either pyromellitic dianhydride (PMDA) or benzophenone tetracar-
boxylic dianhydride (BTDA) and subsequent transformation of tetraacids to

dianhydrides using thionyl chloride. Solution polycondensation reaction of the pre-
pared dianhydrides with different aliphatic and aromatic diisocyanates (MDI, PPDI,
NDI, HMDI, H12MDI and IPDI) resulted in the preparation of twelve novel optically
active polyimides. The optimal conditions for polyimidations (reaction time and tem-
perature programming) were obtained via study of the model compounds. The result-
ing polyimides showed inherent viscosities in the range of 0.18-0.55 dL/g and had
good solubility in polar aprotic solvents. The monomers, model compounds and poly-
mers were characterized by FTIR, 1H NMR spectroscopies and elemental analysis,
and their physical and optical properties were studied as well. 
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Polyimides are widely used in
advanced technology areas because
of their excellent thermal stability,
chemical resistance, and outstanding
mechanical and electronic properties
[1-3].

In general, it is difficult to

process polyimides because of their
poor solubility in organic solvents
and high melting temperature in
fully imidized form. Therefore, the
processing is usually carried out with
poly(amic acid) intermediate, which
then can be converted into the poly-
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imide via  vigorous  thermal  treatment or chemical
treatment. However, this process has some inherent
problems such as the emission of volatile by-products
and the storage instability of poly(amic acid)s [4].

In order to overcome these problems, a lot of
research work has been reported on the improvement of
solubility and processability of polyimides in fully
imidized form without a deterioration of their perfect
properties [5,6]. Several approaches toward soluble
polyimides, including the introduction of flexible link-
ages [7-9], asymmetric units [10], or bulky groups into
the backbone [11-13] have been developed during the
last decade. Among these modifications, natural amino
acids have been used for the preparation of polyimides
with either ether, ester or amide groups [14-19]. The
combination of these groups with imide structure
imparts flexibility, elongation and toughness. Particu-
larly, aromatic-aliphatic copolyimides containing both
pyromellitimide or trimellitimide and succinimide or
glutarimide rings in the main chain were prepared via
reaction of dianhydrides containing imide linkages and
diamines [20-22]. 

On the other hand, the optically active polymers
have grasped the interest of synthetic, biological, phys-
ical and analytical chemists, as well as polymer and
material scientists. Extensive studies have been con-
ducted on their synthesis, conformation and function.
The motivation to create chiral synthetic polymers
range from quite fundamental to rather pragmatic con-
cerns.

Among the fundamental issues sought via optically
active synthetic polymers is the desire to understand
the mechanism of polymerization reactions, particular-
ly the origin of stereochemistry during polymerization
and conformational properties of polymers in solution.
The recent upsurge in the chiral drugs in the pharma-
ceutical industry has created a sense of urgency to
develop new catalysts and reagents for asymmetric
synthesis and chiral supports for chromatographic res-
olution of enantiomers. Although the issues related to
polymerization mechanisms, optical induction and con-
formational properties are of fundamental interest to
many in the macromolecular community, the recog-
nized need to create new, more versatile polymeric
reagents, catalysts and enantioselective supports is
likely to be a dominant driving force behind the synthe-
sis of novel optically active polymers and monomers

[23-27]. 
Recently we have published papers concerning the

synthesis and basic characterization of processable
polyimides via reaction of dianhydrides and diiso-
cyanates [28-30]. By using diisocyanate instead of
diamine, formation of imide groups happens at a lower
temperature and polymerization occurs under mild con-
dition. In addition, the evolved small molecule is car-
bon dioxide, which easily bubbles out of the reaction
system during the course of polymerization. So in con-
nection to our and others, interest in preparation of
polyimides especially the preparation of optically
active ones [31-37], this study deals with the synthesis
of novel optically active aromatic-aliphatic polyimides
on the basis of two imide containing bis(2-N-succinic
anhydride)s. All monomers, model compounds and
polymers were characterized and their properties
including viscosity, solubility, optical and thermal
behaviours were also studied. 

EXPERIMENTAL

Chemicals were purchased from Fluka, Merck or
Aldrich chemical companies. Pyromellitic dianhydride
(PMDA) and benzophenone tetracarboxylic dianhy-
dride (BTDA) were recrystallized from acetic anhy-
dride and sublimed in vacuum before use. N-Methyl-2-
pyrrolidone (NMP) was dried by distillation under
reduced pressure over calcium hydride and stored on
the molecular sieve 4 A. 

1H NMR Spectra were recorded on a Bruker Avance
DPX 250-MHz instrument using dimethyl sulphoxide-
d6 as solvent. Fourier transform infrared (FTIR) spec-
tra were recorded on a Bruker IFS 48 instrument using
potassium bromide pellets. Mass spectra were recorded
on a Shimadzu GC-MS-QP 1000 EX. Thermogravi-
metric analysis (TGA) and differential scanning
calorimetry (DSC) were performed on a Stanton
STA 625 with a heating rate of 20oC/min under air. All
polymers were dried at 150oC under vacuum for 5 h
before being subjected to the thermal analysis. Melting
points were determined in open capillaries with a Buchi
535 instrument. The inherent viscosities of polymers
were determined for a solution of 0.5 g/dL in N,Ní-
dimethylformamide (DMF) solvent at 30oC using an
Ubbelohde viscometer.   
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Preparation of Monomers 
Synthesis of Tetraacid-1 (TA-1)
In a round-bottomed flask equipped with magnetic stir-
rer and reflux condenser was placed PMDA (4.36 g,
0.020 mol) and 150 mL of a mixture of pyridine with
acetic acid solvents (volume ratio 2:3). l-Aspartic acid
(5.32 g, 0.040 mol) was added with stirring.  The stir-
ring was continued at room temperature overnight and
then the reaction mixture was refluxed for 5 h. The
excess of acetic acid/pyridine mixture was removed
under reduced pressure. After addition of about 10 mL
concentrated hydrochloric acid and stirring, a white
precipitate was formed which was filtered and washed
with plenty of hot water and finally dried under vacu-
um at 70oC overnight (8.24 g, 92%).

Synthesis of Dianhydride-1 (DA-1)
A round-bottomed flask was charged with TA-1 (8.1 g,
0.018 mol), freshly distilled thionyl chloride (15 mL)
and chloroform (10 mL). The reaction mixture was
refluxed for 5 h. The excess thionyl chloride and chlo-
roform were removed under reduced pressure. The
crystals of DA-1 were filtered and washed twice with
10 mL of dry benzene. Finally the white solid obtained
was dried under vacuum at 100oC for 5 h (7.12 g, 96%). 

Synthesis of Tetraacid-2 (TA-2) and Dianhydride-2 (DA-2) 
The reaction of BTDA and l-aspartic acid and subse-
quent transformation of produced intermediate TA-2 to
DA-2 were carried out according to the above proce-
dures.

Preparation of Model Compounds  
Synthesis of MI-1
In a 100-mL three-necked round-bottomed flask
equipped with a thermometer, nitrogen gas inlet tube,
reflux condenser and magnetic stirrer were placed
phenyl isocyanate (0.476 g, 0.004 mol) and dry NMP
(5 mL). While stirring at 0oC, DA-1 (0.824 g,
0.002 mol) was added portionwise over a period of 15-
20 min. The stirring of the solution was continued for
further 30 min and then allowed to attain to room tem-
perature and maintained for 20 min. The flask was
slowly heated to 40oC and kept at this temperature for
2.5 h. It was then heated to 90oC and maintained for 2 h.
Carbon dioxide gas evolution was observed at this tem-
perature. The reaction temperature was raised to 130oC

and kept for 20 h. After cooling, the solution was
poured into water and the precipitated compound was
filtered and washed several times with hot water and
then dried under vacuum at 100oC for 5h. 

Synthesis of MI-2
The same procedure was repeated for the preparation of
MI-2 from the reaction of two equivalents of phenyl
isocyanate and one equivalent of DA-2.

Preparation of Polyimides
A general procedure for the preparation of polyimides
was as follows:

In a 100-mL three-necked round-bottomed flask
equipped with a thermometer, reflux condenser, nitro-
gen gas inlet and outlet, oil bath and magnetic stirrer,
was placed diisocyanate monomer (0.003 mol) and dry
NMP (8 mL). While stirring at 0oC dianhydride
monomer (0.003 mol) was added portionwise over a
period of 15-20 min. The flask content was kept at 0oC
for 30 min and then at room temperature for further
30 min. Then, it was slowly heated to 40oC and main-
tained at this temperature for 2.5 h. The temperature
was increased to 90oC and kept for 2 h. Carbon dioxide
gas evolution was observed at this temperature. Then,
the polymerization was continued at 130oC for 20 h.
After cooling, the solution was poured into water and
the precipitated compound was filtered and washed
several times with hot methanol and then dried under
vacuum at 100oC for 5 h. 

RESULTS AND DISCUSSION

The synthetic route for preparation of monomers is out-
lined in Scheme I. The reaction of one equivalent of
PMDA or BTDA with two equivalents of l-aspartic
acid in pyridine/acetic acid solvents mixture leads to
bis-aspartic acids (TA-1 and TA-2) which were subse-
quently transformed to bis-succinic anhydrides (DA-1
and DA-2). FTIR Spectra of bis-aspartic acids showed
acidic bands at 2300-3500 cm-1 (O-H stretching) and
1710 cm-1 (C=O stretching). Also the characteristic
bands of imide groups were appeared at 1780 and
1730cm-1 due to asymmetric and symmetric stretching
of carbonyl groups, 1380, 1180, 720 cm-1 as a result of
axial, transverse and out-of-plane vibrations of cyclic
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imide structure, respectively. 1H NMR Spectra of bis-
aspartic acids showed a doublet of doublets for CH(a)
proton at 5.21 ppm and two distinct doublets of dou-
blets at 2.94 and 3.16 ppm for two protons of CH2(b)
Respectively. This is due to that C(a) is a chiral center,
so the two hydrogens of CH2(b) attached to C(a) are
diastereotopic. The aromatic C-H protons were
appeared at 7.1-8.3 and the peak at ~11 ppm was
assigned to COOH protons. 

The bis-aspartic acid compounds were converted to
the corresponding bis-succinic anhydrides using excess
amount of thionyl chloride in chloroform solvent under
reflux condition. FTIR Spectra of DA-1 and DA-2
showed absorption of anhydride C=O at 1870 and
1725 cm-1 (asymmetric and symmetric stretching) and
imide C=O at 1790   and 1720 cm-1 (asymmetric and
symmetric stretching), also peaks at 1390, 1100 and
720 cm-1 were due to axial, transverse and out-of-plane
vibration of cyclic imide structure, respectively. In
1H NMR spectra of bis-succinic anhydrides a doublet
of doublets was observed at 5.6 ppm for CH(a) proton
which shift to downfield due to higher electron with-
drawing effect of anhydride group in comparison to
acid groups of corresponding bis-aspartic acid
monomers. Also two distinct doublets of doublets were
observed at 3.0 and 3.2 ppm for two different protons
of CH2 (b) group. The peak at ~11 ppm due to COOH

protons was totally disappeared, which confirmed the
complete conversion of bis-aspartic acids to bis-suc-
cinic anhydrides. Also in mass spectra of DA-1 and
DA-2, molecular ion peaks at 412 and 516 were
observed, respectively. The elemental analysis of DA-1,
C 52.03 (52.43, calculated), H 1.87 (1.94), N 6.34
(6.80) and DA-2, C 57.60 (58.14), H 2.11 (2.32), N
33.40 (34.11) showed good correlation of the calculat-
ed and found data, which confirmed the proposed struc-
ture of bis-succinic anhydride monomers.

For obtaining optimum conditions of polymeriza-
tion and confirming the structure analysis of the result-
ing polymers, the model reactions were carried out with
DA-1 and DA-2 using phenylisocyanate as a mono-
functional isocyanate (Scheme II). The model reactions
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Scheme I. Preparation of DA-1 and DA-2 monomers.

Scheme II. Preparation of MI-1 and MI-2 model compounds.
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Table 1. Characterization data of tetraacids, dianhydrides and model compounds.

Compound Yield (%) mp (°C) FTIR (cm-1) 1H NMR (ppm) [α]D

TA-1

TA-2

DA-1

DA-2

MI-1

MI-2

92

86

96

95

72

70

>270

253

>270

235

>270

>270

3430-2520, 1772, 1730, 1707, 1383,

1286, 1248, 1186, 731

3500-2300, 1780, 1734, 1713, 1657,

1389, 1254, 1180, 723

2953, 1871, 1794, 1724, 1391,

1265, 1232, 1111, 1072, 1009, 727

2960, 1870, 1795, 1710, 1660,

1388, 1250, 1180, 1100, 720

2963, 1780, 1730, 1634, 1383,

1234, 725

2960, 1780, 1720, 1649, 1385,

1234, 1109, 725

2.94 (dd, 2H), 3.16 (dd, 2H), 5.21 (dd, 2H),

8.27 (aromatic, 2H), 11.60 (COOH, 4H)

2.95 (dd, 2H), 3.17 (dd, 2H), 5.22 (dd, 2H),

7.90-8.30 (aromatic, 6H), 11.65 (COOH, 4H)

3.03 (dd, 2H), 3.23 (dd, 2H), 5.70 (dd, 2H),

8.45 (s, 2H)

2.94 (dd, 2H), 3.15 (dd, 2H), 5.56 (dd, 2H),

7.88-8.17 (m, 6H)

2.97 (dd, 2H), 3.19 (dd, 2H),

5.42 (dd, 2H), 6.94-7.47 (aromatic, 10H),

8.48 (aromatic, 2H) 

3.00 (dd, 2H), 3.22 (dd, 2H), 5.40 (dd, 2H),

6.90-7.50 (aromatic, 12H), 8.04-8.18 (aro-

matic, 2H), 8.60 (aromatic, 2H)

-12.70

+7.51

-11.19

+6.85

-9.37

-8.0

Scheme III. Preparation of PI-1  to  PI-12  polymers.
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were performed in several steps which their duration
and temperature were altered in order to find conditions
of maximum yields and purity for MI-1 and MI-2.
FTIR Spectra of model compounds showed character-
istic peaks of imide structure at 1780, 1730, 1390, 1100
and 720 cm-1. There were no signs of anhydride car-

bonyl band at 1870 cm-1, which indicate the complete
reaction of anhydride groups with isocyanate functional
groups and formation of imide structures. In 1H NMR
spectra of model compounds proton of chiral centre
C(a) showed a doublet of doublets at 5.4 ppm. Two
doublets of doublets were observed at 3.0 and 3.2 ppm

Table 2. Characterization data of polyimides.

Polymer

code
Yield (%) FTIR (cm-1) 1H NMR (ppm) [α]D ηinh (dL/g)

PI-1

PI-2

PI-3

PI-4

PI-5

PI-6

PI-7

PI-8

PI-9

PI-10

PI-11

PI-12

74

87

76

87

72

70

90

83

84

95

80

74

2925, 1785, 1724, 1510, 1381,

1202, 727
2935, 1774, 1724, 1510, 1381,

1308, 727

2934, 1780, 1722, 1512, 1380,

1310, 725

2926, 1774, 1726, 1383, 1111,

727

2995, 1779, 1724, 1541, 1383,

1113, 729

2935, 1778, 1718, 1541, 1385,

1111, 727

2930, 1778, 1720, 1675, 1512,

1383, 723

2927, 1778, 1722, 1670, 1527,

1383, 722

2935, 1780, 1722, 1681, 1543,

1383, 723

2926, 1779, 1720, 1668, 1528,

1383, 721

2926, 1780, 1720, 1669, 1535,

1383, 725

2935, 1780, 1718, 1665, 1535,

1387, 721

3.07 (dd, 2H), 3.17 (dd, 2H), 5.41 (dd, 2H),

7.22-7.43 (aromatic, 4H), 8.23 (s, 2H)

3.05 (dd, 2H), 3.18 (dd, 2H), 3.81 (s, 2H),

5.42 (dd, 2H), 7.10 (aromatic, 4H),7.35 (aro-

matic, 4H), 8.23 (s, 2H)

3.04 (dd, 2H), 3.15 (dd, 2H), 5.40 (dd, 2H),

7.20-7.50 (aromatic, 6H), 8.27 (s, 2H)

1.30 (b, 20H), 2.70-3.35 (b, 6H), 5.39 (dd,

2H), 8.25 (s, 2H)

0.88 (b, 15H), 2.8-3.3 (b, 4H), 3.80 (m, 3H),

5.28 (b, 2H), 8.34 (s, 2H)

1.32 (b, 8H), 2.75 (b, 4H), 2.97 (m, 2H), 3.17

(m, 2H), 5.38 (dd, 2H), 8.33 (s, 2H)

3.00-3.30 (dd, 4H), 5.50 (dd, 2H), 7.20-7.62

(aromatic, 4H), 7.95-8.23 (aromatic, 6H)

3.03 (dd, 2H), 3.15 (dd, 2H), 3.84 (s, 2H),

5.44 (dd, 2H), 6.90-7.35 (aromatic, 8H),

8.02-8.15  (aromatic, 4H), 8.45 (s, 2H)

2.90-3.20 (b, 4H), 5.36 (dd, 2H), 7.25-7.75

(aromatic, 6H), 8.00-8.33 (aromatic, 6H)

1.34 (b, 20H),2.70-3.30 (b, 6H), 5.17 (dd,

2H), 

7.50-8.50 (aromatic, 6H)

0.92 (b, 15H), 2.8-3.4 (b, 4H), 3.80 (m, 3H),

5.28 (b, 2H), 

8.15-8.31(aromatic, 6H)

1.20-1.75 (b, 8H), 2.94 (b, 8H), 5.41 (dd,

2H),

8.17-8.23 (aromatic, 6H)

+75.0

+7.14

+6.35

+10.0

+2.30

-4.52

-27.41

+13.02

-56.00

-27.41

+13.68

+14.94

0.29

0.25

0.28

0.24

0.38

0.31

0.19

0.24

0.28

0.51

0.44

0.18
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Table 3. Thermal characteristic data of polymers.

Polymer code Tg (°C) T10% (°C) Char yield (%) Polymer code Tg (°C) T10% (°C) Char yield (%)

PI-1

PI-2

PI-3

PI-4

PI-5

PI-6

160

155

138

151

150

119

410

420

395

373

347

330

50

45

47

40

33

31

PI-7

PI-8

PI-9

PI-10

PI-11

PI-12

150

140

142

135

127

115

310

360

356

335

315

300

46

36

40

43

31

30

Table 4. Solubility behaviour of polymers.

(+) Soluble at room temperature; (+-) Soluble after warming; (-) Insoluble.

Polymer code DMF NMP DMAc DMSO p-Cresol CHCl3 CH2Cl2 THF H2SO4

PI-1

PI-2

PI-3

PI-4

PI-5

PI-6

PI-7

PI-8

PI-9

PI-10

PI-11

PI-12

+-

+

+-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+-

+

+-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

+

+

+

+

+

+

+

+

+

+

+

+

for each protons of CH(b) group. Aromatic C-H pro-
tons of succinimide part of molecules were observed at
6.9-7.5 ppm. The elemental analysis of MI-1, C 61.17
(64.06, calculated), H 3.28 (3.20), N 9.82 (9.96) and
MI-2, C 67.67 (68.31), H 3.45 (3.38), N 8.10 (8.62)
showed good correlation of the calculated and found
data. According to the optimized conditions obtained
from the study of model compounds, twelve different
polyimides were prepared from reaction of DA-1 and
DA-2 with several diisocyanates as shown in Scheme
III. The structures of polyimides were characterized by
FTIR and H  NMR spectroscopies, which the corre-
sponding data were collected at Table 2. The FTIR
spectra of polyimides showed characteristic bands of
imides structure without any sign of peak due to iso-
cyanate or dianhydride groups. Also the 1H NMR spec-

tra of polyimides were in accordance with the proposed
structures. The representative elemental analysis of
polyimides was as follows:

PI-2: C 64.08 (64.81, calculated), H 3.29 (3.14),
N 9.58  (9.76).

PI-8: C 66.90 (67.26), H 3.40 (3.24), N 7.74 (8.26).
Due to inactivity of the chiral centre during the

course of the synthesis, the property of optical activity
was observed for the monomers, model compounds and
polyimides. The results of the optical properties for the
obtained materials were collected in Tables 1 and 2.

The inherent viscosity (ηinh) of the copolyimides
measured in DMF solvent at 30oC was in the range of
0.18-0.51 dL/g. Considering the inherent viscosity of
polymer solution as a measure of the molecular weight,
the polyimides exhibit moderate molecular weight.
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One of the objectives of this study was to produce
modified polyimides with improved solubility. The sol-
ubility of the polyimides was studied at different sol-
vents as shown in Table 3. Most polyimides were solu-
ble in common polar aprotic solvents as well as con-
centrated sulphuric acid. The polyimides based on
BTDA anhydride and aliphatic diisocyanates showed
better solubility in comparison to other polyimides. The
films cast from solution of polymers in chloroform was
brittle. So it was impossible to study the mechanical
properties of polymers.

These copolyimides could be cast into film. How-
ever, it was difficult to form flexible films, because of
their limited molar mass. Also it is well documented in
literature that because of diminished charge transfer
complexes between two adjacent chains, aliphatic-aro-
matic polyimides have shown better optical properties.
The appearances of solutions of the prepared polymers
in NMP solvent were investigated. The solutions of PI-6,
PI-10, PI-11 and PI-12 were almost colourless.

The thermal properties of the polyimides were
studied by DSC in air atmosphere. No transition relat-
ed to softening or melting was detected, although a
glass transition (Tg) was observed around 140oC. All
polymers showed an exotherm starting around 300oC,
which was assigned to their thermal degradation. The
thermal stability of the polyimides was evaluated by
thermal gravimetric analysis (TGA). The polyimides
started to lose weight, because of thermal degradation,
around 300oC. The 10% weight loss of the polymer
used as a criterion for their thermal stability was in the
range of 300-410oC, which indicates moderate thermal
stability (Table 4). The char yields of the polymers at
600oC were higher than 30%. 

CONCLUSION

Two different optically active aromatic-aliphatic
tetracarboxylic acids were synthesized from the reac-
tion of PMDA or BTDA with l-aspartic acid. Subsequent
conversion of the tetraacids to dianhydrides (DA-1 and
DA-2) were carried out using thionyl chloride. Twelve
novel optically active and soluble polyimides having
inherent viscosities of 0.18-0.55 dL/g were synthesized
from the reaction of optically active dianhydrides with
different aromatic and aliphatic diisocyanates. The

resulting polyimides showed acceptable physical prop-
erties as well as optical activity. 
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