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ABSTRACT: Thermally stable copolyimides were prepared from two novel second-order
nonlinear optical chromophores containing diamines, 4-nitro-49-[N-(4,6-di-b-aminoethyl-
amino)-1,3,5-triazin-2-yl]aminoazobenzene (M1) and 4-nitro-49-[N-(4,6-di-4-aminophe-
nylamino)-1,3,5-triazin-2-yl]aminoazobenzene (M2); two codiamines, 4,49-diamino-3,39-
dimethyl diphenylmethane (MMDA) and bis-(3-aminopropyl)-1,19,3,39-tetramethyldisil-
oxane (SiDA); and 3,39,4,49-diphenyl ether tetracarboxylic acid dianhydride (OPDA).
All copolyimides possess high glass transition temperatures (Tg’s) between 237 and
271°C. Copolyimides based on M2 do not exhibit an obvious change in Tg as the M2
content is increased, while those based on M1 show a slight decrease in Tg as the M1
content is increased. All copolyimides exhibit high thermal decomposition tempera-
tures. The copolyimides are soluble in aprotic solvents such as NMP, DMAc, DMF,
DMSO, and 1,4-butyrolactone. Some are even soluble in common low boiling point
solvents such as THF and chloroform. The refractive index of a copolyimide is increased
as the chromophore content is increased, while the birefringence of a copolyimide does
not exhibit strong dependence on the chromophore content. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 76: 1619–1626, 2000
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INTRODUCTION

Organic poled polymers offer great promise for
the fabrication of integrated optical devices due to
their large electro-optic coefficients, low dielectric
constants, and flexibility in fabrication.1–8 How-
ever, a number of issues have to be thoroughly
addressed before they have any commercial
value. Three of these crucial issues are the high

temporal stability of the dipole orientation, large
optical nonlinearity, and minimum optical loss.3

Recent studies on side-chain polyimides for sec-
ond-order nonlinear optics show some encourag-
ing improvements in the stability of dipole orien-
tation due to the high glass transition tempera-
tures of polyimides. Miller et al.,9 Yu et al.,10 Jen
et al.,11 and some other groups12–19 developed
new nonlinear optical (NLO) polyimide systems.
All these side-chain polyimides exhibit excellent
properties, especially high-temperature orienta-
tion stability. Yu and coworkers10,20,21 synthe-
sized NLO copolyimides that exhibit a high glass
transition temperature (Tg) and high thermal sta-
bility. They found that the copolymerization ap-
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proach would offer the opportunity to study the
effects of the chromophore loading level on the Tg,
the thermal stability, and the optical nonlinearity
of the side-chain polyimides. It has been already
proven that the second-order optical nonlinearity
of the poled polymers would be improved with an
increase of the chromophore loading level. In
guest–host systems, however, as the chromophore
loading level increases, the Tg and the thermal
stability decrease dramatically. This plasticiza-
tion effect is not so obvious in the side-chain co-
polyimdes.10,20,21 The research indicates that the
copolyimides are the materials of choice for high
thermal stability within a tolerable trade-off
range in optical nonlinearity.

Apart from high orientation stability and opti-
cal nonlinearity, low optical loss is also extremely
important. As pointed out by a number of re-
searchers,3,22 the effort to enhance optical nonlin-
earity often presents the risk of pushing the op-
tical band edge too close to the operating wave-
length of the electro-optic devices. The low-energy
tails of the absorption bands of the chromophores
can extend several hundreds of nanometers into
the long wavelength region. Kowalczyk et al.23

proved that these chromophore absorption tails
were the main causes of the optical losses of the
NLO polymers. As even a small absorption at the
operating wavelength of electro-optic devices can
be detrimental, it is important to make NLO
chromophores as transparent as possible without
compromising the molecule’s nonlinearity. In this
article, two second-order nonlinear optical chro-
mophores (M1 and M2) were synthesized using
[2,4-di(2-aminoethylamino)-1,3,5-triazin-2-yl]-
amino or [2,4,-di(p-aminophenylamino)-1,3,5-
triazin-2-yl]amino as electron-donor groups.
These new synthesized molecules have hyperpo-
larizability values similar to that of Disperse Red
1 (DR1), while the maximum absorption wave-
lengths were no larger than 400 nm.24 Two series
of new side-chain NLO copolyimides based on
these chromophores were synthesized and char-
acterized. 4,49-Diamino-3,39-dimethyl diphenyl-
methane was used as the co-diamine monomer to
increase the organosolubility of the copolyim-
ides.25 A small amount of a silicon-containing di-
amine, bis-(3-aminopropyl)-1,19,3,39-tetramethyl-
disiloxane, was also used to promote adhesion
between the copolyimides and the glass substrate.
The effects of the chromophore loading level on
the Tg and other physical properties of the copoly-
imides were also studied.

EXPERIMENTAL

Materials

4-Amino-49-nitroazobenzene (DO3) and 4,49-di-
amino-3,39-dimethyl diphenylmethane (MMDA)
were synthesized in our lab.2 2,4,6-Trichloro-
1,3,5-triazine (lab reagent) was purchased from
the Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan) and purified by recrystallization in
benzene prior to reaction. Bis-(3-aminopropyl)-
1,19,3,39-tetramethyldisiloxane (SiDA) (lab re-
agent) was purchased from the Tokyo Chemical
Industry Co., Ltd., and used as received. Ethyl-
enediamine (analytical reagent grade) and p-
phenylenediamine (analytical reagent grade)
were purchased from the Shanghai Reagent Co.
(Shanghai, China) and used as received. 3,39,4,49-
Diphenyl ether tetracarboxylic acid dianhydride
(OPDA) (industrial product) was purchased from
the Shanghai Research Institute of Synthetic
Resins (Shanghai, China) and dried at 190°C for
2 h before use. N-Methyl-2-pyrrolidone (NMP; an-
alytical reagent grade) was purchased from the
Shanghai Reagent Company and dried over mo-
lecular sieves before use. Acetic anhydride (ana-
lytical reagent grade) and triethylamine (analyt-
ical reagent grade) were purchased from the
Shanghai No. 1 Reagent Co. (Shanghai, China)
and the Shanghai No. 3 Reagent Co. (Shanghai,
China), respectively, and used as received. Com-
mon reagents used in organic synthesis such as
sodium carbonate and hydrochloric acid were
used as received. Common solvents for solubility
measurement such as cyclohexane, toluene, ace-
tone, tetrahydrofuran (THF), chloroform, N,N-
dimethylacetamide (DMAc), N,N-dimethylform-
amide (DMF), dimethyl sulfoxide (DMSO), and
1,4-butyrolactone were used without purification.

Synthesis of 4-Nitro-4*-[N-(4,6-di-
b-aminoethylamino)-1,3,5-triazin-
2-yl]aminoazobenzene (M1) (Scheme 1)

DO3 (4.84 g, 0.02 mol) was dissolved in 30 mL
ethanol. The solution was cooled in an ice-water
bath to below 5°C. 2,4,6-Trichloro-1,3,5-triazine
(3.69 g, 0.02 mol) was then added and then a 40
wt % sodium carbonate aqueous solution was
used to neutralize the solution. The solution was
stirred for another 6 h before being slowly added
to a mixture of ethylenediamine (2.40 g, 0.04 mol),
water (30 mL), and hydrochloric acid (36%, 3.7
mL, 0.043 mol) under the protection of nitrogen.
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The mixture was stirred at 40°C for 5 h and then
heated to 80°C to remove ethanol by distillation
while being neutralized with a 40 wt % sodium
carbonate aqueous solution at the same time. Wa-
ter (100 mL) was then added and the mixture was
heated to 100°C and refluxed for another 4 h.
After cooling, the mixture was basified to a pH
value of 10. The resulting solid (6.05 g, 69.2%)
was collected by filtration and washed with water.
The product was purified by being dissolved in

100 mL water while keeping the pH value at 5.
The mixture was stirred at 50°C for 30 min under
the protection of nitrogen and then filtered. The
filtrate was basified to a pH value of 10 and then
extracted with diethyl ether three times. Upon
the removal of diethyl ether by distillation, orange–
red crystals were obtained; mp 173°C.

1H-NMR (DMSO-d6): d 5 7.96 (s; 2H), 7.92 (s;
2H), 6.61 (s; 2H), 6.58 (s; 2H), 3.22–3.45 (m; 11H)
and 1.23 (t; 4H). IR (KBr): 3481, 3355 (NH2),

Scheme 2 Synthesis of copolyimides.

Scheme 1 Synthesis of diamine monomers bearing NLO chromophore.
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1502, 1327 (NAO), and 1415, 808 (triazine) cm21.
UV/Vis (ethanol): lmax/nm 5 401.

C19H23N11O2 (437.47): Calcd: C, 52.17%; H,
5.30%; N, 35.22%. Found: C, 52.72%; H, 4.75%; N,
31.83%.

Synthesis of 4-Nitro-4*-[N-(4,6-di-4-
aminophenylamino)-1,3,5-triazin-
2-yl]aminoazobenzene (M2) (Scheme 1)

M2 was synthesized with a procedure similar to
that used in the synthesis of M1 apart from re-
placing ethylenediamine with p-phenylenedi-
amine. Yield: 69.4%. mp 160°C.

1H-NMR (DMSO-d6): d 5 7.95 (s; 2H), 7.92 (s;
2H), 6.56–6.68 (m; 12H), 3.42 (s; 3H), and 3.28 (s;
4H). IR (KBr): 3481, 3362 (NH2), 1505, 1326

(NAO), and 1410, 805 (triazine) cm21. UV/vis
(ethanol): lmax/nm 5 374.

C27H23N11O2 (533.56): Calcd: C, 60.78%; H,
4.35%; N, 28.88%. Found: C, 60.08%; H, 4.51%; N,
26.20%.

Preparation of the Copolyimides

The following polymerization procedure exempli-
fies the synthesis of copolyimdes PI a1–a4 and PI
b1–b5 (see Scheme 2). Added to a mixture of
the diamine monomer M1 (0.2 g, 0.460 mmol),
MMDA (0.938 g, 4.143 mmol), and SiDA (0.060 g,
0.242 mmol) in 18 mL of NMP was OPDA (1.503
g, 4.845 mmol). After stirring at room tempera-
ture for 4 h, the resultant poly(amic acid) (PAA)
was imidized with a mixture of acetic anhydride

Figure 1 UV-vis spectra of PI b1–b5.

Table I Synthesis and Physical Properties of the Copolyimides

Sample Pl a1 Pl a2 Pl a3 Pl a4 Pl b1 Pl b2 Pl b3 Pl b4 Pl b5

X 5% 10% 15% 20% 5% 10% 15% 20% 50%
Chromophore loading level

(wt %)a
2.25 4.41 6.49 8.50 2.23 4.43 6.33 8.22 17.79

[h]b 0.57 0.76 0.38 0.32 0.32 0.37 0.45 0.50 0.37
Tg (°C)c 252 251 250 237 260 267 270 271 263
Td (°C)d 530 590 593 575 569 568 580 577 552

a Chromophore loading level was calculated by using DO3 as the actual NLO chromophore.
b Measured at 30°C using NMP as the solvent; the standard concentration is 1 g/dL.
c Measured with DSC under the protection of N2 with a scan rate of 20°C/min.
d Initial thermal decomposition (on-set) temperature measured with TGA under the protection of N2 with a scan rate of

20°C/min.
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and triethylamine (diamine/acetic anhydride/tri-
ethylamine 5 4 : 36 : 9 in mol ratio) at 25°C for
48 h. The resultant polyimide (PI a2) was precip-
itated into a mixture of methanol and water (100
mL/100 mL). The copolyimide was then further
purified by extraction with methanol for 48 h and
then dried at 80°C under a vacuum for 2 days.

Characterization

The FTIR spectra of copolyimide thin films were
recorded on a Perkin–Elmer Paragon 1000 FTIR
spectrophotometer. The thin films were cast
from the dilute copolyimide solutions on KBr. A

Perkin–Elmer Lambda 20 UV-vis spectrophotom-
eter was used to record the UV-vis spectra of the
dilute copolyimide solutions (1024 M) in NMP
using NMP as the reference. The solubility of the
copolyimides was determined by observing the
solubility of the solid copolyimides in various sol-
vents at room temperature. The intrinsic viscos-
ity of the copolyimides was measured with an
Ubbelodhe viscometer using NMP as the solvent
at 30°C. The standard concentration was 1 g/dL.
The Tg’s of the copolyimides were determined by
differential scanning calorimetry (DSC). The DSC
curves were recorded on a Perkin–Elmer Pyris I

Figure 2 1H-NMR spectrum of PI a2.

Table II Solubility of Copolyimides in Various Organic Solvents (25°C)

Polyimide Cyclohexane Toluene Acetone THF Chloroform 1,4-Butyrolactone NMP DMAc DMF DMSO

Pl a1 2 2 2 1 1 1 1 1 1 1
Pl a2 2 2 2 1 1 1 1 1 1 1
Pl a3 2 2 2 1 1 1 1 1 1 1
Pl a4 2 2 2 1 1 1 1 1 1 1
Pl b1 2 2 2 12 12 1 1 1 1 1
Pl b2 2 2 2 12 12 1 1 1 1 1
Pl b3 2 2 2 2 12 1 1 1 1 1
Pl b4 2 2 2 2 12 1 1 1 1 1
Pl b5 2 2 2 2 2 1 1 1 1 1

1: Soluble; 12: partially soluble; 2: insoluble.
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DSC under the protection of N2. The scan rate
was 20°C/min. All samples experienced two heat-
ing processes from 25 to 300°C, and the second
one was recorded. The thermal stability of the
copolyimides was characterized by thermogravi-
metric analysis (TGA). The TGA curves were
recorded on a Perkin–Elmer TGA7 under the pro-
tection of N2. The scan rate was 20°C/min. Refrac-
tive indices of the copolyimide films were mea-
sured by the m-Line method using a prism cou-
pling apparatus. The laser source was a polarized
He—Ne laser (632.8 nm). The NMP solutions of
the copolyimides ('15% m/m) were filtered
through 0.5 mm syringe filter and then spin-
coated onto glass slides. The films were kept in a
vacuum oven at 140°C for 24 h to ensure the
complete removal of the residual solvent.

RESULTS AND DISCUSSION

Synthesis and Characterization of Copolyimides

Every copolyimide was synthesized using a tradi-
tional two-step synthetic method that includes

polycondensation between a diamine and a dian-
hydride to form a PAA and chemical imidization
to form a polyimide. MMDA was used as a
comonomer to increase the solubility of the co-
polyimides while still retaining a reasonably high
rigidity and thus the glass transition tempera-
ture.25 The addition of SiDA may help to increase
the adhesion of the copolyimides with the glass
substrate. The intrinsic viscosities of all the
copolyimides are between 0.32 and 0.76 (see Ta-
ble I).

For all of the two series of copolyimides, the
clear appearance of '1776 and '1721 cm21

bands characteristic of CAO stretching in imide
rings and the '1373 cm21 band characteristic of
C—N stretching in imide rings indicate the exis-
tence of the imide groups. The characteristic ab-
sorption peaks of the triazine ring at '1411 cm21

and the nitro groups at '1330 cm21 also indicate
the existence of the NLO chromophore.

The UV-vis spectra of PI b1–b5 are shown in
Figure 1. It is observed that PI b1–b5 are almost
completely transparent at wavelengths greater

Figure 3 Relationship between the refractive indices and the chromophore loading
level of PI b.

Table III Refractive Indices and Birefringence of the Copolyimides

Measurements

Samples

Pl a1 Pl a2 Pl b1 Pl b2 Pl b3 Pl b4

nTE 1.654 6 0.005 1.655 6 0.005 1.657 6 0.005 1.663 6 0.005 1.670 6 0.005 1.676 6 0.005
nTM 1.624 6 0.005 1.626 6 0.005 1.625 6 0.005 1.631 6 0.005 1.639 6 0.005 1.640 6 0.005
nTM 2 nTE 20.030 6 0.010 20.029 6 0.010 20.032 6 0.010 20.032 6 0.010 20.031 6 0.010 20.036 6 0.010

Refractive indices and birefringence were measured with the m-Line method with a wavelength of 632.8 nm.
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than 500 nm. As the NLO chromophore loading
level is increased, the characteristic absorption of
M2 at '370 nm increased.

The 1H-NMR spectrum of PI a2 is shown in
Figure 2. It is observed there is almost no unim-
idized amic acid remaining as almost no peaks
appeared at d (ppm) above 10.

Solubility of Copolyimides

The solubilities of the copolyimides in various
solvents are listed in Table II. It is observed that
all the copolyimides prepared are soluble in
strongly polar organic solvents such as NMP,
DMAc, DMF, DMSO, and 1,4-butyrolactone. PI
a1–a4 show better solubility than that of PI
b1–b5 and can even be dissolved in some common
low boiling point solvents such as THF and chloro-
form. The better solubility of PI a1–a4 may be
caused by the existence of more flexible back-
bones in PI a1–a4 than in PI b1–b5. As the NLO
chromophore loading level increases, the solubil-
ity of the copolyimides decreases. Both PI b1 and
PI b2 show reasonable solubility in THF and
chroloform, while PI b5, which has the highest
chromophore loading level, is not soluble in either
of the solvents.

Thermal Properties of Copolyimides

The Tg’s of all the copolyimides are listed in Table
I. It is observed that all the copolyimides, even
those with high NLO chromophore loading levels,
show quite high Tg’s. The Tg of each PI a copoly-
imide is lower than that of the PI b copolyimide
with the identical NLO chromophore loading
level. This is due to the higher flexibility of the
—CH2—CH2— linkages in PI a than of the cor-
responding p-phenylene linkages in PI b. The
effect of the high flexibility of the —CH2—CH2—
linkage on the Tg also leads to the gradual de-
crease in the Tg as the NLO chromophore loading
level is increased in PI a (see Table I). The Tg of
the PI b series, however, does not show an obvi-
ous decrease as the NLO chromophore loading
level is increased. The retention of a high Tg as
the chromophore loading level is increased is one
of the most important advantages of a side-chain
system over a guest–host system.

Apart from a high Tg, the copolyimides also
require a high thermal stability because the poly-
mer films have to be poled around the glass tran-
sition temperatures to generate an optical nonlin-
earity. The initial decomposition temperatures

(Td’s) of all the copolyimides are listed in Table I.
It was observed that all the copolyimides possess
high thermal stability: This high thermal stabil-
ity would ensure high-temperature poling of the
copolyimides.

Refractive Indices of Copolyimides

The refractive index of the mode having its elec-
tric field in the plane of the film (transverse elec-
tric) is nTE. The refractive index of the mode hav-
ing its electric field perpendicular to the plane of
the film (transverse magnetic) is nTM. The refrac-
tive indices of both TE and TM modes (nTE, nTM)
and birefringence (nTM 2 nTE) of some of the
copolyimides are listed in Table III. These poly-
mer films are birefringent as evidenced by the
difference between the refractive indices of the
TE and TM modes. The refractive indices of the
TE mode (in-plane) are larger than those of the
TM mode (out-of-plane), which implies that the
polyimide backbone intends to lie in the plane of
the film. The relationship between the refractive
indices and the chromophore loading level of PI b
is shown in Figure 3. It is observed that as the
NLO chromophore loading level is increased the
refractive indices of both TE and TM modes in-
crease almost linearly due to the relatively higher
refractive indices of the chromophores, while the
birefringence does not show an obvious change.

The authors would like to give their appreciation to the
Shanghai Novel Materials Research Center for its
financial support.
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