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ABSTRACT: Relatively low thermal stability of second-
order nonlinear optical (NLO) coefficient due to the relaxa-
tion of dipole orientation is a major problem limiting the
practical application of these NLO polymers. NLO poly-
mers with suitable Tg are always important for optical
devices. In the present work a synthetic approach to sty-
rene-(N-(4-hydroxyphenyl) maleimide) copolymer (SHMI)
with 4-[N-ethyl-N-(2-hydroxyethyl) amino]-40-nitroazoben-
zene (DR1) as side chain and chromophores has made it
possible to efficiently prepare a NLO polymer. The copoly-

mer with high Tg of 2028C has low relaxation of dipole ori-
entation. The maximum optical loss at the optical commu-
nication wavelength is less than 0.9 dB. NLO coefficient r33
is 8.2 pm/V (1550 nm) and its maximum relaxation at
room temperature is 18%. � 2008 Wiley Periodicals, Inc. J
Appl Polym Sci 108: 1378–1384, 2008

Key words: nonlinear optical (NLO) polymer; styrene-
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INTRODUCTION

Organic second-order nonlinear optical (NLO) poly-
mers offer great promise for use in high-speed electro-
optical (EO) devices with broad bandwidth, low drive
voltages, flexibility in fabrication and processing tech-
niques that are compatible with integrated circuit tech-
nology.1–7 Relatively low temporal stability of second-
order NLO coefficient due to the relaxation of dipole
orientation is a major problem limiting the practical
application of these NLO polymers.8 There are two
main ways to suppress the relaxation. One is to intro-
duce crosslinking structure into NLO materials.9,10

The other is to synthesize high Tg NLO polymers hav-
ing rigid backbones with chromophores as side
chain.11,12 Many efforts have been made to attain high
Tg polymers.13–16 Polyimide materials have been inves-
tigated because of their excellent NLO stability at ele-
vated temperatures.17–21 However, NLO polymers
with high Tg are not always beneficial for optical devi-
ces. A poling process to align the optical polymer
takes place efficiently around Tg under the high elec-

tric fields. Too high temperature under the electric
fields may cause dielectric breakdown of the optical
polymer or buffered layers, which limits using high
electric fields for the efficient alignment. It is worthy
to find polymers with suitable Tg for the reason.22 It
seems that the NLO-active polymers based on sty-
rene/maleimide copolymers and 4-[N-ethyl-N-(2-
hydroxyethyl) amino]-40-nitroazobenzene (DR1), which
is a frequently used chromophore,23 can meet the ba-
sic demands of application in terms of EO coefficient,
stability, optical loss, and so on.

In the present work a NLO polymer (SHMI-DR1)
based on styrene/maleimide copolymer, with DR1
as side chain and chromophore, was synthesized.
The synthesis begins from the preparation of N-(4-
hydroxyphenyl) maleimide (HMI), which is from
maleic anhydride and 4-amino phenol as shown in
Scheme 1. HMI is then copolymerized with styrene
to form styrene-(N-(4-hydroxyphenyl) maleimide)
copolymer (SHMI), which has the reactive site. The
hydrogen of the phenyl OH group of SHMI can be
delocalized to some extent. It can be protonized and
addition polymerized with azodicarboxylic acid
diethylester (DEAD), and finally SHMI-DR1 was
synthesized by a reaction similar to Mitsunobu reac-
tion during which the DR1 were linked to the SHMI
by ether bonds as shown in Scheme 2. In the reac-
tion, OH group is eliminated from DR1, while SHMI
is dehydrogenated.
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EXPERIMENTAL

Materials

Styrene (991%) (Shanghai Chemical Reagent Co.,
Shanghai, China) was purified by reduced pressure
distillation. Maleic anhydride (99.5%) (Shanghai
Chemical Reagent Co., Shanghai, China) and azodi-
carboxylic acid diethylester (DEAD) (40 wt % metha-
nol solution, Aldrich, St. Louis, MO) were used
without further purification. 4-[N-ethyl-N-(2-hydrox-
yethyl) amino]-40-nitroazobenzene (DR-1, 95%,
Aldrich), q-aminophenol, and 2,20-azobisisobutyroni-
trile (AIBN) were purified by recrystallization before
use. Tetrahydrofuran (THF) was purified by dehy-
dration with LiAlH4 followed by distillation. Di-
methyl formamide (DMF), o-xylene, triphenylphos-
phine (PPh3), and other chemical reagents were all
analytical grade and used as received.

Synthesis of SHMI and SHMI-DR1

N-(4-hydroxyphenyl) maleimide (HMI) was synthe-
sized according to the patent literature,24 and then
reacted with styrene by free radical polymerization
to form SHMI. The composition, yield, and molecu-
lar weight of SHMI at different feed ratio are shown
in Table I. The copolymer is nearly alternating copol-
ymer. Styrene-maleimide copolymers (SHMI-DR1)
with DR1 as side chain were synthesized by Mitsu-
nobu reaction.25,26 Fifty milliliter flask was purged
by N2 to remove O2. Twenty-five milliliters of THF
solution with 0.586 g SHMI (feed ratio of HMI and
styrene was 1 : 1), 0.756 g DR1, and 0.746 g triphe-
nylphosphine (PPh3) were added under N2 atmos-
phere. After complete mixing, 0.962 mL 40 wt % tol-

uene solution of DEAD was added slowly. The reac-
tion was maintained at room temperature for 48 h.
The product was precipitated by excessive methanol
after concentration by a rotary evaporator. They
were then thoroughly washed with methanol until
the solvent was colorless. SHMI-DR1 was then dried
at 508C for 48 h in vacuum to afford a dark red
solid. Yield: 0.592 mg (44%).

Characterization of the copolymers

FTIR spectra of DR1, SHMI, and SHMI-DR1 were
measured on an EQUINOX65 FTIR spectrometer.
1H-NMR spectra of the copolymer were recorded on
a BRUKER AVAVCE-DMX 500 spectrometer with
Acetone-d6 as solvent and TMS as internal standard
sample. UV–vis spectra were obtained on a HITA-
CHI UV-250 spectrometer. Elemental analysis of the
copolymer was performed on Carlo-Erba EA1110
CHNO-S analyzer. Differential scanning calorimetry
(DSC) measurement was performed on a DSC-5P
under N2 atmosphere with a heating rate of 108C/
min. Thermogravimetric analysis was performed
using a Perkin-Elmer TGA-7 thermogravimetric ana-
lyzer under N2 atmosphere with a heating rate of
208C/min. Measurement of molecular weight of the
copolymers was performed using Waters 150-C gel
permeation chromatography at 258C, with THF aselu-
ent and anion polymerized PS as standard sample.

SHMI-DR1 was deposited onto ITO Pyrex glass
substrates by the spin-coating technique at 2000 rad/
min from solutions of 12% of copolymers in DMF.
They were dried at 808C for 24 h. The corona poling
of the films was conducted by using the poling
equipment with gratings. The corona poling was
performed under N2 atmosphere at 6.5 KV using a
sharp tungsten needle as electrode, which was
placed 1.0 cm above the film surface at 1958C for

Scheme 1 Synthetic route of N-(4-hydroxyphenyl) malei-
mide (HMI) and styrene-(N-(4-hydroxyphenyl) maleimide)
copolymer (SHMI).

Scheme 2 Synthetic route of DR1 substituted styrene-(N-
(4-hydroxyphenyl) maleimide) copolymer (SHMI-DR1).
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20 min. This optimization condition is found out by
calculating the order parameter of film under vari-
ous poling conditions, which is defined as the ratio
of decrease of absorbance to the initial absorbance. It
is better if the ratio is close to 1. The change of UV–
vis absorption spectra acquired from pristine NLO
film and the poled film is shown in Figure 1. The
morphology of pristine NLO film and the poled film
was observed by metallographic microscope. Optical
loss (Lo) and r33 of poled SHMI-DR1 film was meas-
ured by Mach-Zehnder technique.27

RESULTS AND DISCUSSION

Chemical structure of the copolymers

FTIR spectra of HMI and SHMI (molar ratio is 1 : 1)
synthesized are shown in Figure 2. HMI and SHMI
have absorption peaks at 1775 and 1705 cm21, which
are the feature absorption of carbonyl group in im-
ide. The shared absorption for both SHMI and HMI
at 3100, 1600, 1520, 830 cm21 is attributed to the phe-
nyl rings and the para-substituted phenyl rings.
HMI has an intense absorption band approximately
centered at 3500 cm21 due to the phenyl OH

group, while SHMI has a broad band in the region
of 3100–3700 cm21. The absorption peak at 1220
cm21 assigned to C��O in HMI shifts down to 1194
cm21 in SHMI. The absorption peaks at 760 cm21

(due to the monosubstituted phenyl rings in styrene
moieties) and 2928 cm21 (the feature absorption of
carbon chain polymer, due to the long chain of
C��C) appear in spectrum for SHMI.

1H-NMR spectrum of SHMI is demonstrated in
Figure 3. The sharp peaks approximately at 2 and 3
ppm are assigned to the aliphatic hydrogen linked
to the C��C backbone. The aromatic hydrogen in the
phenyl rings are indicated by the two medium and
broad peaks centered at 6.8 and 7.2 ppm, respec-
tively. The peak at 8.6 ppm is attributed to the
hydrogen in OH groups. The ratio of integration for
hydrogen in phenyl rings and OH groups is about
1 : 9. From a qualitative point of view, the spectrum
is consistent with the polymer structure.

Figure 4 is the FTIR spectra of SHMI-DR1, SHMI,
and DR1. Compared with SHMI, SHMI-DR1 has a

TABLE I
Composition, Yield, Molecular Weight, and Molecular Weight Distribution of SHMI with Different Feed Ratio

Feed ratio
(HMI : St)

Repeat unit composition
of the copolymers (HMI : St)a

Yield of
copolymerization (%) Mn (3104)b Mw (3104)b d 5 Mw/Mn

b

60 : 40 48 : 52 32 2.3 5.9 2.6
50 : 50 47 : 53 92 1.6 3.8 2.3
40 : 60 45 : 55 74 1.5 2.7 2.0
33 : 67 41 : 59 52 1.2 2.2 1.8

a Measured by NMR and elemental analysis.
b Measured by GPC, THF as solvent, PS as reference.

Figure 1 The change of UV–vis absorption spectra
acquired from pristine NLO film and the poled film.

Figure 2 FTIR spectra of N-(4-hydroxyphenyl) maleimide
(HMI) and styrene/N-(4-hydroxyphenyl) maleimide (1 : 1)
copolymer (SHMI).
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medium intense absorption band at 1340 cm21,
which is the feature absorption of nitro group in
DR1. Absorption at 1600 cm21 and in the region of
700–800 cm21 of SHMI-DR1 is much more intense
than SHMI due to the increased concentration of
phenyl rings introduced by DR1.

1H-NMR spectrum of SHMI-DR1 is demonstrated
in Figure 5. Compared with that for SHMI, two
weak peaks are observed in spectrum for SHMI-DR1
in the 8.0–8.5 ppm due to hydrogen in phenyl rings
linked to NO2 group in DR1 and hydrogen in azo-
benzene. SHMI-DR1 has OH groups that have not
been substituted. Comparing SHMI with SHMI-DR1,
chemical shift of the phenyl OH group shifts from
8.6 to 9.6 ppm. This is attributed to the hydrogen
bond formed between NO2 group in DR1 and phe-
nyl OH group. The peaks at 6.2–7.8 ppm are attrib-
uted to the aromatic hydrogen. The sharp peaks at

2–4 ppm are attributed to the hydrogen of ��CH2��,
��CH��, and ��CH3 in DR1.

UV–vis spectra of SHMI-DR1 and substitution
ratio of DR1

UV–vis spectra of THF solution of SHMI-DR1 and
DR1 are shown in Figure 6. The maximum absorp-
tion wavelengths (kmax) of SHMI-DR1 and DR1 are
473 and 484 nm, respectively. The p-p* transition of
azobenzene in the polymer is hypsochromically
shifted by 11 nm, which indicates the influence of
backbone. The hindrance of backbone contributes to
the increase of energy needed for p-p* transition.

The concentration of DR1 in SHMI-DR1 was esti-
mated by UV spectrometry. Figure 6 shows the UV
spectra of DR1 and SHMI-DR1. The chromophore
concentration and substitution ratio of the phenyl
OH groups in SHMI are obtained according to the
standard curve of DR1 (as shown in Fig. 7). The

Figure 3 1H-NMR spectrum of styrene/N-(4-hydroxy-
phenyl) maleimide (1/1) copolymer (SHMI).

Figure 4 FTIR spectra of SHMI-DR1, SHMI, and DR1.

Figure 5 1H-NMR spectra of SHMI-DR1.

Figure 6 UV–vis spectra of DR1 and SHMI-DR1 (in THF
solution).
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chromophore concentration in SHMI-DR1 and the
substitution ratio were calculated to be 12 wt % and
13%, respectively.

GPC results of SHMI and SHMI-DR1 are shown in
Table II. It is indicated that SHMI-DR1 has a slightly
larger molecular weight due to the side-chain chro-
mophore. The substitution ratio of DR1 can be calcu-
lated from the change in Mn caused by the introduc-
tion of DR1. Suppose the mass concentration of DR1
is WD%, the number average mass before and after
substitution are M1 and M2, respectively. Thus WD%
can be calculated by the relation,

WD% ¼ M2 �M1

M2
3 100% (1)

The results almost consist with the results of UV–vis
spectra.

Table II also lists the elemental analysis results of
SHMI-DR1. The theoretical values are calculated on
the assumption that the content of DR1 moieties of
SHMI-DR1 is 12 wt %. It is observed that the ele-
mental analysis results are in accordance with the

structure of copolymers. The structure of SHMI-DR1
is confirmed by the above results.

Solubility of SHMI-DR1

The solubility of SHMI-DR1 in different solvents is
listed in Table III. It is indicated that SHMI-DR1 has
better solubility in solvents, which can form H-bond-
ing with its phenyl OH groups that are not substi-
tuted. Because of the DR1 group, SHMI-DR1 is
slightly soluble in hydrophobic solvents such as
chloroform and o-dichlorobenzene. SHMI-DR1 has
good solubility in the solvents with low boiling
points such as acetone and THF. This provides
SHMI-DR1 with good film-forming ability by spin-
coating technique.

Thermal properties of SHMI-DR1

Tg of SHMI-DR1 obtained from DSC thermogram is
about 2028C which is little lower than that of SHMI
(2538C), but much higher than many side-chain NLO

Figure 7 Standard curve of DR1 in THF solution.

TABLE II
Molecular Weight of SHMI-DR1 and Substitution Ratio

of DR1 in SHMI-DR1

Mn
a

(3104)
Mw

a

(3104)

d 5
Mn/
Mw

a

Theoretical
values

Practical
valuesb

C
(wt %)

H
(wt %)

C
(wt %)

H
(wt %)

SHMI 1.65 3.85 2.33 73.72 5.12 73.05 5.16
SHMI-
DR1

1.84 4.44 2.41 72.71 5.09 72.54 5.12

a Measured by GPC, THF as solvent, PS as reference.
b Measured by elemental analysis.

TABLE III
Solubility of SHMI-DR1

Acetone 1

THF 1
DMF 1
Chloroform 1/2
Ethyl acetate 2
Cyclohexane 2
Ethylene diamine 2
Acetic anhydride 2
Toluene 1/2
o-xylene 1/2
Dimethyl sulfoxide 1
Styrene 2

1, soluble; 1/2: partially soluble; 2: insoluble.

Figure 8 TGA and DTG analysis of SHMI-DR1.
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polymers.28 TGA and DTG analysis of SHMI-DR1
are displayed in Figure 8. SHMI-DR1 begins to de-
grade at 2448C. The thermal stability of SHMI-DR1
is worse than that of SHMI but better than DR1
whose degradation temperature is � 2208C.29 The
degradation process can be divided into three
phases. The weight loss at Td2 (3248C) is 11%, which
is close to the concentration of DR1. It can be con-
cluded that the first phase in the degradation pro-
cess (Td1 and Td2) should be attributed to the thermal
degradation of DR1 groups. The curve in the second
phase is very similar to that of SHMI. This phase
consists of the breakdown of backbones and the
decomposition of phenyl rings. In the second phase,
SHMI-DR1 initially degrades and maximally degrade
at lower temperatures than those of SHMI due to
the decrease of molecular regularity of SHMI-DR1
and the destruction of hydrogen bond. But SHMI-
DR1’s Td1 is 408C higher than its Tg and is thermally
stable enough to be applied in EO devices.

The morphology of SHMI-DR1 films

Figure 9 shows the morphology of pristine NLO film
and the poled film observed by metallographic
microscope. No significant difference was observed
between the morphology of pristine DR1 doped
SHMI film and the poled film. It can also be found
that the morphology of pristine SHMI-DR1 film was

homogeneous. Club-shaped structures in the poled
film indicate the orientation of SHMI-DR1 in bulk,
which is induced under the electric field.

Linear and nonlinear optical properties

The optical loss (Lo) of SHMI-DR1 films at the optical
communication wavelength is displayed in Figure
10. It is observed that the maximum optical loss of

Figure 9 Morphology of pristine DR1 doped SHMI film (a), poled DR1 doped SHMI film (b), pristine SHMI-DR1 film (c),
and poled SHMI-DR1 film (d) observed by metallographic microscope.

Figure 10 Optical loss of SHMI-DR1 in the range of optic
communication wavelength.
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SHMI-DR1 at the communication wavelength is 0.89
dB (1250 nm) and the optical loss at most wave-
lengths is less than 0.75 dB. Especially at some par-
ticular wavelengths, at which r33 is usually detected,
Lo are 0.87 dB (1180 nm), 0.58 dB (1300 nm), 0.42 dB
(1310 nm), and 0.71 dB (1550 nm), respectively. All
these indicate that SHMI-DR1 film meets the
demands of device application as for optical loss.

r33 of poled SHMI-DR1 film detected by Mach-
Zehnder technique27 is 8.2 pm/V (1550 nm). Its r33
at shorter wavelength (e.g. 1300, 1180, 632.8 nm, etc)
may be higher. Figure 11 shows the stability of r33. It
gives the values of r33 at different temperatures as a
function of time. Figure 11 indicates that the electro-
optic coefficient of side-chain SHMI-DR1 loses 18
and 22% at room temperature and 808C, respec-
tively, and then maintains constant. The reason is
that in the side-chain poled polymers the chromo-
phores are linked to the main chains of the copoly-
mers by chemical bonds, which can reduce orienta-
tion relaxation. SHMI-DR1 meets the basic demands
of device application as for the electro-optic coeffi-
cient and the stability of the electro-optic effect.

CONCLUSIONS

NLO polymer based on N-(4-hydroxyphenyl) malei-
mide-alt-styrene copolymer with DR1 as side chain
was synthesized by Mitsunobu substitution reaction.
The synthesized copolymer has good solubility and
an appropriate Tg of 2028C, which gets a balance
between the low relaxation and low possibility
for dielectric breakdown. When DR1 content in the

copolymer is about 11 wt %, r33 of SHMI-DR1 is 8.2
pm/V (at 1550 nm) and the maximum loss at room
temperature is 18%. The maximum optical loss at the
optical communication wavelength is less than 0.9 dB.
It can be concluded that SHMI-DR1 synthesized is a
promising NLO polymer for optical device.
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