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ABSTRACT: Thermally stable nonlinear optical (NLO) polyimide prepolymers with dif-
ferent chromophore-loading levels were prepared through an addition reaction of bis-
maleimide 1 and N,N-diallylamino-substituted chromophore 2. The prepolymers were
used to prepare NLO polyimide in a simultaneously poling/curing process. These
prepolymers exhibited excellent film-forming quality and good solubility in low boiling-
point solvents. Kinetic parameters (n, ln A, Ea) of their solidification reaction were
determined by the dynamic method. Thermal and NLO properties of the cured polyim-
ides with various chromophore-loading levels were studied. With increase of the chro-
mophore-loading level, the glass transition temperature (Tg) and the thermal stability
of the polyimides decreased, but the second-order nonlinearity of the poled film in-
creased. The largest d33 coefficient obtained was 76.2 pm/V at 1064 nm. The SHG
signal was rather stable up to 120°C. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77:
2939–2947, 2000
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INTRODUCTION

Extensive studies have recently been focused on a
poled polymer for nonlinear optical (NLO) mate-
rials since these materials are promising candi-
dates for fabrication of high-performance elec-

trooptical devices.1 However, most NLO polymers
suffer from the decay of electric field-induced sec-
ond-order optical nonlinearity, arising from the
relaxation of the induced noncentrosymmetric
alignment of chromophore molecules to a random
configuration. Various approaches have been
used to stabilize the poling-induced order.2–5 Sig-
nificant improvement in the design and synthesis
of efficient NLO polymer films have been achieved
by covalently linking the NLO chromophore to the
backbones of high Tg glassy polymers6–10 as a
side chain or a structural unit of the main chain.

To date, the majority of the high Tg polymers
studied in poled polymer systems centers on con-
densation-type polyimides.11–15 Although the
high Tg of a cured polyimide is desired for the
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thermal stability of the poling-induced order, very
high poling temperature was required for cured
polyimide, thus resulting in unsatisfactory pro-
cessibility and low poling efficiency due to the
stiffness of the main chain of the polyimide mol-
ecule. To circumvent this problem, a poly(amic
acid) (PAA) solution, which is the initial conden-
sation product of the reaction between an aro-
matic dianhydride and a diamino chromophore in
an aprotic solvent, is usually used to cast films.
But another problem will be encountered when
the PAA films are poled and cured simulta-
neously, that is, the water released during the
imidization step can increase the conductivity of
the film and, hence, then decrease the poling ef-
ficiency.16 In contrast, addition-type polyimide
can be cured without evolution of volatile by-prod-
ucts. Furthermore, addition-type polyimide would
exhibit the densification effect at lower tempera-
ture owing to the crosslink structure of the poly-
mer matrix. These features of addition-type poly-
imide offer great promise for the fabrication of
NLO materials. Among addition-type polyimides,
bismaleimide–diamine addition-type polyimide
has been extensively studied.17

Recently, we developed another addition-type
NLO polyimides. N,N-Diallylamino-substituted
chromophore (DAAC) is utilized as a monomer to
copolymerize with bismaleimide (BMI) monomers
via a polyaddition reaction of double bonds to
obtain the desired prepolymers. The prepolymers
have good film-forming quality and withstand the
subsequent poling/curing process. Also, they pos-
sess certain end-capped functional groups, so that
they can be thermally cured into polyimides. Dur-
ing the in situ simultaneously poling/curing pro-
cess, the induced noncentrosymmetric alignment
of chromophores is stabilized by the formation of
a crosslink structure. The motion of the chro-
mophore moiety in the polymer matrix can be

effectively restricted. Such a type of DAAC-func-
tionalized addition-type polyimides could lead to
a processable NLO material with good thermal
properties and optical characteristics.

EXPERIMENTAL

Starting Materials

N,N9-Bismaleimido-4,49-diphenylmethane 1 was
selected as the BMI monomer, which is commer-
cially available and purified by recrystallization
from methanol/chloroform, followed by chroma-
tography on silica gel. Aniline was distilled over
calcium hydride before use. Allyl bromide (J & K
Chemica, Beijing) was used as received. All the
solvents used were purified by normal methods.

Synthesis of Chromophore (2) (Scheme 1)

N,N-Diallylaniline 3 (ref. 18)

Fresh aniline (9.3 g, 0.1 mol) and allyl bromide
(12.1 g, 0.1 mol) were dissolved in dichlorometh-
ane (100 mL) at room temperature. To this solu-
tion were added anhydrous potassium carbonate
(41.4 g, 0.3 mol) and a small amount of potassium
hydroxide. The mixture was stirred at 40°C for
4 h. After cooling, the solid was filtered out. Then,
to the filtrate were added additional allyl bromide
(12.1 g, 0.1 mol) and potassium carbonate (41.4 g,
0.3 mol). The resulting suspension was refluxed
for 4 h. After filtration, and removal of the sol-
vent, the crude product was purified by distilla-
tion to give N,N-diallyl aniline 3 (12.3 g, 71.6%),
bp 96–98°C/5 mmHg.

1H-NMR (200 MHz, CDCl3) d 7.19 (m, 2H), 6.69 (m,
3H), 5.85 (m, 2H), 5.15 (m, 4H), 3.91 (d, 4H). 13C-NMR
(CDCl3) d 146.6, 133.9, 129.0, 116.3, 116.0, 112.4, 52.7.

Scheme 1
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4-(N,N-Diallylamino)-4*-nitro-azobenzene 2

To a stirred ice-cooled suspension of p-nitroani-
line (2.76 g, 0.02 mol) in 12 mL of 50% aqueous
hydrochloride were added 80 g of crushed ice and
sodium nitrite (1.6 g, 0.023 mol). The solution
became homogeneous after a few minutes and
then was added dropwise to the solution of 3 (3.46
g, 0.02 mol) in 20 mL of ethanol at 3–5°C. The
resulting mixture was stirred for 1 h at 3–5°C and
1 h at room temperature. The precipitate was
filtered and washed with cold water, then dried
under a vacuum. Recrystallization from ethanol
gave a red solid, 2 5.92 g (92%); mp 100°C.

IR (KBr, cm21) n 3370, 2904, 1600, 1516, 1388, 1341,
1239, 1138, 1105, 926, 860. 1H-NMR (200 MHz, CDCl3)
d 8.33 (d, 2H, J 5 9 Hz), 7.92 (d, 2H, J 5 9 Hz), 7.88
(d, 2H, J 5 9 Hz), 6.77 (d, 2H, J 5 9 Hz), 5.88 (m, 2H),
5.21 (m, 4H), 4.05 (d, 4H). 13C-NMR (CDCl3) d 156.6,
152.4, 147.4, 143.7, 132.3, 126.2, 124.6, 122.5, 116.5,
111.9, 52.9.

ANAL. Calcd for C18H18N4O2: C, 67.06%; H, 5.63%;
N, 17.38%. Found: C, 67.03%; H, 5.92%; N, 17.45%.

Prepolymers (Scheme 2)

BMI–DAAC prepolymers were prepared by the
following procedure: DAAC 2 was charged into a
50-mL three-necked flask fitted with a paddle
stirrer and nitrogen inlet; the flask was main-
tained in a oil bath. After 2 was melted into a
deep red liquid, 1 was added under nitrogen.
Then, the mixture was stirred at 110–120°C for
10 min. The resulting red liquid was poured into
a shallow disk under nitrogen; after cooling to
room temperature, the formed solid was ground
to get a red powder. The prepolymers prepared
with molar ratios of 1 to 2 (1 : 1, 2 : 1, and 3 : 1)
were denoted by Samples 1, 2, and 3, respectively.

Film Casting

The 15% solutions of the prepolymer Samples 1–3
in tetrahydrofuran (THF) were cast onto glass

slides. The solvent was evaporated in a convection
oven at 60°C overnight. Then, the samples were
thermally treated by gradually increasing the
temperature by the following program: 150°C for
2 h, 200°C for 2 h, and 250°C for 2 h. After
heating, the films, Samples 1a–3a, corresponding
to prepolymers Samples 1–3, respectively, were
removed from the glass slides by soaking them in
cold water, then dried in a vacuum. The thickness
of the cured films was about 1–2 mm.

To prepare thin films for in situ second har-
monic generation (SHG) measurements, the THF
solutions of the prepolymer Samples 1–3 were
filtered through a 0.2-mm syringe filter and then
spun-cast onto glass slides. The films were dried
in an oven at 60°C for 2 days in a vacuum, giving
Samples 1b–3b. The thickness of the films was
about 0.5–1 mm.

Measurements

The 1H- and 13C-NMR spectra were collected on a
Varian XL-200 NMR spectrometer. The FTIR
spectra were recorded on a PE FTIR 1760X
spectrometer. Differential scanning colorimetry
(DSC) and thermogravimetric analysis (TGA)
were performed using a PE-7 series thermal anal-
ysis system. The second-order NLO coefficient d33

of the film samples was measured by the SHG
technique at 1064 nm, with a Y-cut quartz crystal
as the reference. The instrument was equipped
with a heating and corona-poling apparatus to
allow the in situ measurements of the SHG inten-
sity at different temperatures during the poling
process. The poling voltage was 7 kV at the needle
point. The poling and thermal curing of the film
Samples 1b–3b were simultaneously carried out
with a tip-to-plane distance of 1.0 cm in multi-
stepped increasing temperatures from room tem-
perature to 210°C.

Scheme 2
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RESULTS AND DISCUSSION

Prepolymers

DAAC 2 is structurally similar to Disperse Red 1
(DR 1) but with a N,N-diallyl moiety. The double
bond of the allyl moiety can be covalently incor-
porated into the polymer backbone through an
addition reaction. The first hyperpolarizability
(b0 5 51 3 10248 esu) and the ground-state dipole
moment (mg 5 9.6 D) of 2 were estimated by a
semiempirical computational calculation AM1
program with a finite-field (FF) method.19 Soluble
prepolymers were prepared by a melt reaction of 1
with 2. The prepolymers exhibited good solubility
in low boiling-point solvents, such as acetone and
THF and had an excellent film-forming quality.

As indicated by Phelan and Sung,20 the reac-
tion of BMI with diallylbisphenol A is very com-
plicated, in which ene, Diels–Alder, homopoly-
merization, rearomatization, and alternating co-
polymerization are involved. In all these
transformations, maleimide moieties are con-
verted to succinimide groups. In the reaction of 1
with 2, such conversions of the maleimide moi-
eties to the succinimide group were also observed.
The FTIR spectra of 1, 2, and Sample 1 (1 : 1
molar ratios of two monomers) are shown in Fig-
ure 1. Compared with the FTIR spectrum of 1,
several distinct changes occur in the spectrum of
the prepolymer Sample 1. The intensities of the
band at 1150 cm21 associated with nCONOC of the
maleimide ring and the band at 830 cm21

(strong), due to the out-of-plane hydrogen defor-
mation of a double band of the maleimide ring,

decrease. On the other hand, the band at 1180
cm21, attributed to nCONOC of the succinimide
ring, occurs. The relative ratio of the band inten-
sities of 1150 and 1180 cm21 could be used for
monitoring the polyaddition reaction process. In
comparison with the FTIR spectrum of 2, the
band at 940 cm21 in the spectrum of the prepoly-
mer Sample 1, due to the allyl group of 2, de-
creases noticeably.

The 1H-NMR data of the prepolymer Sample 1
include a quartet at 8.2 and 7.9 ppm (AA9BB9)
assigned to the phenyl protons of the p-nitrophe-
nyl moiety; a quartet at 7.8 and 6.8 ppm
(AA9BB9), to the phenyl protons of the 4-substi-
tuted aniline moiety; and a multiplet at 7.3 ppm,
to the phenyl protons of the BMI moiety. Absorp-
tion at 7.2 ppm can be assigned to the cyclic olefin
proton of the terminal maleimide ring. The signals
at 5.9, 5.2, and 4.1 ppm are due to the olefin protons
of the terminal N,N-diallyl group. The signals at
upfield are due to the protons of the alkyl units
formed in the prepolymerization reaction.

From these results, it is concluded that the
BMI monomer 1 and the chromophore 2 are able to
carry out a polyaddition reaction under melt-reac-
tion conditions. The produced prepolymers have not
only good film-forming quality, but also terminal
olefin bonds (either maleimide or allylic moieties)
for subsequent chain propagation and/or crosslink
reaction under thermally curing conditions.

Curing Behavior

Thermal scans of the prepolymers Samples 1–3
(Fig. 2) were performed using a DSC instrument.

Figure 1 FTIR spectra of the monomers and prepolymer (1 : 1): (a) monomer 1; (b)
monomer 2; (c) prepolymer.

2942 WU ET AL.



The DSC scan of 1 is also presented for reference,
which shows an exothermic peak corresponding
to the homopolymerization superimposed on the
melting endotherm. In most cases, the melt endo-
therm and polymerization exotherm are unable to
be resolved. Homopolymerization of BMI (1) ap-
pears to be complete by about 170°C. A second
much more diffuse exotherm starts at about
220°C and is continuous up to 330°C, which was
due to a further crosslinking reaction. Therefore,
a higher curing temperature is necessary to fulfill
the crosslink reaction. For all the prepolymers,
Samples 1–3, there is no melting endotherm or
exotherm at lower temperatures, but a broad exo-
therm at the range of 150–225°C corresponding
to a crosslinking reaction, which is much lower
than the curing temperature of the BMI monomer
1. It is clear from these results that the introduc-
tion of the chromophore moiety to the molecular
backbone of the prepolymer could decrease the
curing temperature required for fulfilling the
crosslink reaction, leading to improved processi-
bility to some extent. Evidently, the chromophore
plays a role as an effective modifier to reduce the
curing temperature. The influence of the chro-
mophore-loading level in prepolymer molecules
on the curing behavior of the prepolymers was
observed. With increase of the chromophore load-
ing level, the maximum endotherm peak temper-
ature decreased but the enthalpy (DH) increased
from 117 to 159 and then to 234 kJ/mol for Sam-
ples 3, 2, and 1, respectively (Table I).

The FTIR spectra of the prepolymer Sample 2,
treated at different temperatures, are shown in
Figure 3. When the sample was treated at 150°C
for 2 h, the band at 1180 cm21 associated with the
succinimide ring became very noticeable, while
the band at 1139 cm21 due to the maleimide rings
just exhibited a small shoulder, indicating that
chain propagation/crosslink reactions proceeded
with the formation of succinimide groups. After
the sample was further treated at 200°C for 2 h,
the bands at 1139, 830, and 690 cm21 decreased
markedly. At the subsequent curing step (up to
250°C), the increase of the band intensity at 1180
cm21 and the disappearance of the bands at 934
and 1139 cm21 demonstrated that, after the pro-
grammed heat treatment, the olefin groups in the
prepolymer molecules were consumed nearly
completely.

Cure Reaction Kinetics

A kinetic study can provide a valuable reference
for optimization of the curing/poling process and
for a better understanding of structure–property
relationship in these crosslink materials. A few
attempts to study the kinetics of the cure reaction
for the bismaleimide homopolymer or copolymers
with diamine monomers were reported.21,22 Due
to the complex nature of thermosetting reactions,
a phenomenological method based on the equa-
tion below is usually used:

Figure 2 DSC traces of BMI monomer 1 and prepolymers.
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b
da

dt 5 Kf~a! (1)

where b is the heating rate and K is a constant,
depending on temperature in an Arrhenius form,
and f(a) expresses a function of the conversion of
reactive group, where a is the extent of the reac-
tion in most cases:

f~a! 5 ~1 2 a!n (2)

The reaction rate eq. (3) can be deduced by com-
bining eqs. (1) and (2):

b
da

dt 5 Ae2Ea/RT~1 2 a!n (3)

Based on this reaction rate eq. (3) and DSC
dynamic experiments, the active energy Ea, pre-

exponential factor A, and order parameter n for
the cure reaction at different heating rates can be
directly obtained by a PE-7 series thermal anal-
ysis system (Table I). It can be found from the
DSC curves of the prepolymer (Fig. 2) that, with
increase of the heating rate, the exotherm peak
moves to a higher-temperature region. In addi-
tion, the activation energy Ea and the preexpo-
nential factor A also depend on the heating rate.
So, the kinetic parameters were finally obtained
as extrapolation values (to b 5 0). As results, Ea
5 109–133 kJ/mol and ln A 5 22.0–28.2 s21.
Figure 4 includes plots of both the Ea and ln A
versus b, which exhibit fairly good linearity with
correlation coefficients of 0.995 and 0.998.

For given solid-state reactions with the same
cure mechanism, a linear relationship between
the logarithm of the preexponential factor A and
the apparent activation energy Ea should meet

Table I Results of DSC and TGA Analysis of Prepolymers and Polyimides

Samples
DH

(kJ/mol)b

Kinetic Parameters

n
Tg

a

(°C)
Td

a

(°C)
Yc

a

(%)
d33

(pm/V)ln A(s21)c Ea(kJ/mol)c

1 234 22 109 0.8 205 394 60 76.2
2 159 2535 123.5 1.04 234 413 52 53.6
3 117 28.2 133.5 1.12 277 436 57 30.0

a Data for finally cured samples 1a–3a.
b Extroplated value (to heating rate 5 0°C).
c At heating rate 5 20°C.

Figure 3 FTIR spectra of Sample 1 at different curing stages: (a) before heat treat-
ment; (b) 150°C, 2 h; (c) 200°C, 2 h; (d) 250°C, 2 h.
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the kinetic compensation effect23 (KEC). In the
case of prepolymer Sample 2, the linear relation-
ship is shown in Figure 5 with a linear correlation
coefficient of 0.999.

Glass Transition Temperature and Thermal Stability
of Cured Polyimides

The glass transition temperatures, Tg’s, of poly-
imides Samples 1a–3a were determined by DSC
(Table I). With the increase of the chromophore-
loading level, the Tg of the finally cured polyimide
obviously decreased. Considering the higher Tg of
the homopolymer of the BMI monomer 1 (390–
400°C),24 the lower Tg’s of the BMI/DAAC copol-
ymers are attributed to the introduction of flexi-
ble alkyl moieties of chromophore 2. Although the
introduction of the chromophore could reduce the
curing temperature, the presence of flexible moi-
eties in the molecules of the cured polyimide

would be harmful to the stability of the poling-
induced order. So, the chromophore-loading level
should be optimized in the design and synthesis of
the BMI/DAAC NLO materials for a balance of
thermal and optical properties.

The thermal properties of cured polyimide
Samples 1a–3a were evaluated by TGA. Figure 6
shows the TGA curves and Table I summarizes
the decomposition temperature (Td1 and Td2)
and the char yield at 700°C (Yc1). It can be found
that cured polyimides are stable up to 300°C and
then start losing weight. Unlike the TGA curves
of homopolymer of 1, these addition-type polyim-
ides degrade through a two-step process: The first
step occurs between 330 and 450°C with an
; 10% weight loss. The second step begins at
; 630°C and ; 65% residue is obtained. It is
worth noting that, with increase of the chro-
mophore-loading level, the thermal stabilities of
the cured polyimides turned out to be slightly
worse.

NLO Properties of Polyimide

Since the addition-type polyimide Samples 1–3
can be cured without evolution of volatiles, effec-
tive poling can be performed. To achieve optimum
poling efficiency, the films were poled and ther-
mally cured simultaneously. This process was
monitored by in situ SHG intensity measure-
ments. The multistepped thermal history and the
SHG intensity profiles are shown in Figure 7. For
all three prepolymers (Samples 1–3), the SHG
signals began to appear at 150°C and then rose at
a rather fast rate. After the films were poled at
150°C for about 1.5 h, their SHG intensities
reached the maximum values. With increasing

Figure 4 Dependencies of ln A and Ea on heating
rate for Sample 2.

Figure 5 Plot of Ea versus ln A for prepolymer Sam-
ple 2.

Figure 6 TGA traces of cured samples: (A) Sample 1;
(B) Sample 2; (C) Sample 3.
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temperature to 180°C, the SHG intensities de-
creased markedly at first and then increased
slowly in the subsequent homothermic process,
but could reach maximum values again. It can be
found that Sample 1b, with the highest chro-
mophore-loading level, exhibited the biggest sig-
nal drop between the two stages. Although the
SHG intensity would decrease slightly in the fur-
ther heat treatment, keeping the samples at
higher temperature (such as 210°C) for a longer
time is necessary for completing the crosslink re-
action—hence, improving the orientation stabil-
ity. If, during the process of cooling to room tem-
perature, the electric field was employed on the
samples throughout, the SHG signals were nearly
unchanged.

The calculation of the second-order nonlinear
coefficient d33 of the poled polymers is based on
the method suggested by Meredith et al.25 as fol-
lows:

d33,s

d11,q
5

xs
~2!

xq
~2! 5 ÎIs

Iq

lc,q

ls
F (4)

where d11,q is d11 of quartz crystal, which is 0.45
pm/V; Is and Iq, SHG intensities of the sample
and quartz, respectively; lc,q, the coherence
length of quartz; ls, the thickness of the sample;
and F, a correction factor, which is equal to 1.2
approximately when ls @ lc. Using eq. (4), the
d33’s of the three poled polymer films, Samples
1b–3b, obtained are in the range of 30.0–76.2
pm/V at a 1064 nm fundamental wavelength (Ta-
ble I).

The dynamic stability of the SHG signal was
studied by heating the poled films of Samples
1b–3b at a constant rate of 2°C/min over the

temperature range of 20–200°C (Fig. 8), accom-
panying monitoring of the change of the SHG
signals. For Sample 1b, with the highest chro-
mophore-loading level, the SHG signal was quite
stable until the temperature reached 120°C. A
fast decay of the signal was observed when the
temperature was up to 150°C. Its half-decay tem-
perature is close to 210°C. Meanwhile, with de-
crease of the chromophore-loading level, the ori-
entation stability of the poled film was improved.
In comparison with the results that the addition-
type polyimide, based on BMI and diamine chro-
mophore, has good thermal stability and moder-
ate optical nonlinearity (r33 5 7.8 pm/V at l
5 632 nm),26 the addition-type polyimides of
BMI/DAAC provide great promise in the prepara-
tion of a good performance NLO material.
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