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ABSTRACT: A new photorefractive composite based on a bifunctional methacrylate
copolymer with N-methacryloxypropyl-3-(p-nitrophenyl)azo carbazole and N-methacry-
loxypropyl carbazole as pendant side chains, which has high stability and potential
applications, was synthesized. A two-beam coupling gain coefficient of 9.4 cm21 and an
electrooptic coefficient of 9.3 pm/V were measured at the applied electric field of 92.4
V/mm by a typical two-beam coupling experiment and a compensation electrooptic
measurement technique. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 189–194, 2000
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INTRODUCTION

The driving force to pursue research on photore-
fractive (PR) polymers comes from both funda-
mental interests and practical expectations. It
has been known that photorefractive materials
are multifunctional materials which combine the
electrooptic (EO) effect and photoconductivity to
manifest a new property: photorefractivity.1 Pho-
torefractivity has been demonstrated so far in
guest–host systems2–5 where a glassy polymer
matrix is doped with either a transport agent, a
photosensitizer, an electrooptical molecule (NLO
chromophores), or sometimes a plasticizer. The
electrooptic effect due to alignment of the chro-
mophores is achieved by applying a field to the
sandwiched polymer or by corona poling. The
guest–host approach most probably leads to a
polymeric system with low stability. On the other
hand, photorefractivity was observed in some
side-chain polymeric materials6–8 which have
both the photoconductivity and the electrooptic

effect intrinsically. To obtain a photorefractive
composite based on a side-chain host polymer,
modified polyvinylcarbazole (PVK) was used as
starting material since it is well known for its
photoconductive properties.9–12 We synthesized a
new side-chain polymeric material with poly(car-
bazolylpropyl methacrylate) (PCPMA) as a start-
ing reagent. A portion of the carbazole groups
were reacted with p-nitrophenylazonium to form
3-(p-nitrophenyl)azo carbazole (NPAC) groups
with second-order NLO properties. The nonlinear
chromophores, in this case, are attached to the
backbone as a side chain and higher stability of
the EO effect is obtained. In this article, we also
report the observation of photorefractivity in a
carbazole-(nitrophenyl)azo carbazole (PCPMA–
NPAC) polymeric system. Two-beam coupling
(2BC) and EO experiments were performed, and
the 2BC gain coefficient and EO coefficient were
measured as a function of the applied electric
field. The erase–write properties of the gratings
are discussed as well.

EXPERIMENTAL

The synthetic procedures and the chemical struc-
ture of PCPMA–NPAC are shown in Scheme 1.
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Preparation of 9-Allylcarbazole (I)

To a mixture of 6.68 g (0.04 mol) carbazole, 35 mL
aqueous 50% sodium hydroxide, 5 mL benzene,
and 410 mg (1.8 mmol) benzyltriethylammonium
chloride, 5.19 mL (0.06 mol) of allybromide was
added dropwise with stirring. It was continued at
room temperature for 2 h. Then, the reaction mix-
ture was poured into hot water and left overnight
at room temperature. The precipitated solid was
collected, washed with water, and dried. Recrys-
tallizations from ethanol afforded colorless plates
(mp 52–54°C).

1H-NMR (400 MHz, CDCl3): d (ppm) 5 4.905 (2H, d,
CH2), 5.140 (1H, d, CHa, the foot number set the struc-
tural formula of Scheme 1), 5.167 (1H, d, CHb), 5.910
(1H, m, CHc), 7.244 (2H, d, He, H1), 7.368 (2H, t, Hg,
Hj), 7.438 (2H, t, Hf, Hk), 8.102 (2H, d, Hh, Hi).

Preparation of 9(3-Hydroxypropyl)carbazole (II)

In a 300-mL flask, fitted with a dropping funnel, a
reflux condenser, a nitrogen inlet tube, and a
magnetically operated stirring bar, was placed 41
mL of a 1.00M solution (1.55 g sodium borohy-
dride in THF) and 10.35 g 9-allylcarbazole (50
mmol) in 50 mL THF. The flask was immersed in
an ice-water bath at 0°C and flushed with dry
nitrogen. A static nitrogen atmosphere was then
maintained. From the dropping funnel, 10.5 mL
of borontrifluoride etherate (82 mmol) was added
dropwise to the reaction mixture over a period of
30 min. The flask was kept for 1 h at 20–25°C.

Excess hydride was destroyed by the careful ad-
dition of 20 mL of water. The organoborane was
oxidized at 30–50°C by adding 6 mL of 3 N NaOH
followed by the dropwise addition of 6 mL of 30%
H2O2. The warm reaction mixture was stirred for
an additional hour at room temperature. After
the addition of 50 mL water, THF was evaporated
out and the product was extracted with ether.
Finally, the product was recrystallized from
methanol twice (mp 96–98°C).

1HNMR (400 MHz, CDCl3): d (ppm) 5 1.537 (1H, s,
OH), 2.085 (2H, quartet, CCH2C), 3.574 (2H, t, NCH2),
4.439 (2H, t, OCH2), 7.221 (2H, d, 19, 89-H), 7.449 (4H,
t, 29, 39, 69, 79-H), 8.090 (2H, d, 49, 59-H).

Preparation of 3(N-Carbazolyl)propyl
Methacrylate (III)

In a dry 250-mL three-necked flask, 2.9 mL of
methacryloyl chloride in 20 mL of dry dichlo-
romethane was added to a solution of 5.6 g 9(3-
hydroxypropyl)carbazole and 4.2 mL of triethyl-
amine in 80 mL of dichloromethane. After stirring
for 3 h, the reaction mixture was washed with 2 N
NaOH and water. The crude product was further
purified by column chromatography with dichlo-
romethane as an eluent. Yield: 5.11 g (70%) of a
colorless oil.

ANAL. Calcd (found): C, 77.81% (77.87%); H, 6.48%
(6.47%); N, 4.78% (4.73%).

1HNMR (400 MHz, CDCl3): d (ppm) 5 1.975 (3H, s,

Scheme 1 Synthesis and chemical structure of side-chain polymer PCPMA–NPAC (m
: n 5 0.8 : 0.2).
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CH3), 2.236 (2H, m, CCH2C), 4.143 (2H, t, NCH2),
4.413 (2H, t, OCH2), 5.603 (1H, s, ACH), 6.130 (1H, s,
ACH), 7.225 (2H, d, 1, 8-H), 7.366 (2H, t, 3, 6-H), 7.426
(2H, t, 2, 7-H), 8.078 (2H, d, 4, 5-H).

Polymerization of Poly[3(N-carbazolyl)propyl
methacrylate] (PCPMA) (IV)

Polymerization was carried out in purified tolu-
ene in a vacuum sealing tube with AIBN as the
initiator. The polymer was precipitated out in
methanol and purified by redissolving in chloro-
form and reprecipitation in methanol.

ANAL. Calcd (found): C, 77.81% (76.29%); H, 6.48%
(6.53%); N, 4.78% (5.11%).

GPC measurement in THF indicated a weight-
average molecular weight of 1.43 3 105 using
polystyrene as a standard. DSC and TGA studies
showed a glass transition temperature (Tg) of
92°C and a decomposition temperature (Td) of
437°C.

Synthesis of PCPMA–NPAC (V)

The solution of p-nitrophenylazonium chloride
produced from 0.34 g of p-nitroaniline (2.5 mmol)
and 2.5 mmol of HNO2 in 30 mL water was added
to the mixture of 0.73 g of PCPMA (2.5 mmol) and

0.021 g of C12H25C6H4SO3Na in 50 mL dichlo-
romethane in an ice-water bath. After stirring
24 h at this temperature, the products were pre-
cipitated from ethanol and purified by redissolv-
ing in chloroform and reprecipitation in metha-
nol.

ANAL. (found): C, 75.11%; H, 6.02%; N, 5.54%; O,
12.65%, so the mol ratio of PCPMA to NPAC is 80 to 20.
The polymers are red powder and are soluble in a
variety of solvents.

UV/vis Spectra

The UV/Vis spectra (Fig. 1) of the polymers
and 3(p-nitrophenyl)azo-N-hydroxyethyl carba-
zole (NPAHC) (synthesized for comparison) showed
the typical absorption at 425 nm of the both
NPAHC and NPAC groups, indicating that the
NPAC group was already attached on the polymer
and the typical absorption wavelength of the
charge-transporting compound, namely, the car-
bazolyl group, at 342 nm. It should be noted that
the UV/vis spectra of the mixture of PCPMA–
NPAC and 2,4,7-trinitrofluorenone (TNF) (showed
in the insert of Fig. 1) indicated that there were
charge-transfer complexes formed between the
charge-transporting compound and the TNF spe-
cies.

Figure 1 UV/vis spectra of (solid line) PCPMA–NPAC, (dotted line) PCPMA, and
(dashed line) NPAHC. Insert: (solid line) PCPMA–NPAC; (dotted line) TNF : PCPMA–
NPAC.
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Poling

To pole the thick samples (100 mm) in situ at room
temperature to obtain the large birefringence, we
modified the polymeric system to obtain a low
glass transition temperature (Tg) by adding a
plasticizer (9-ethyl carbazole) up to 29 wt %. The
composite contained mainly PCPMA–NPAC at a
weight ratio of 70%, in which carbazole groups act
as photoconductive moieties and NPAC groups
provide the NLO property. TNF (1 wt %) was
added as the photosensitizer. The sample was
sandwiched by two ITO-coated glass slides and a
Teflon film was used as a spacer to control the
thickness of the sample film. The Tg of the com-
posite was 36°C measured by a differential scan-
ning calorimeter (DSC) and, thus, poling can be
carried out by applying a dc electric field directly
at room temperature. To detect the photorefrac-
tive properties of our low Tg thick samples, elec-
trooptic measurements and two-beam coupling
experiments were performed.

RESULTS AND DISCUSSION

Electrooptic (EO) properties of the composite
were measured using a compensation EO modu-
lation technique.13 A linear polarized 632.8 nm
HeONe laser beam (power 0.2 mW) with a polar-
ization angle of 45° with respect to the plane of
incidence was propagated through the sample
film at an incident angle of 60° in air and then a
parallelly mounted KD*P crystal was used. A dc

voltage was applied to the sample film through
the two ITO electrodes. The transmitted beam
then passed through an analyzer, whose polariza-
tion direction was oriented at 90° with respect to
the initial polarization of the incident beam. The
phase-difference DF of the p- and s-polarized com-
ponents of the beam from both voltage-induced
anisotropy and the EO effect of the sample was
compensated by using another variable dc voltage
on the KD*P crystal. With the measured value of
DF, we may deduce the effective EO coefficient
geff through

DF 5 ~pn0
3geffV sin2u!/l cos u (1)

where l is the wavelength of the laser beam; u,
the incident angle inside of the sample; V, the dc
voltage applied on the sample; and n0, the refrac-
tive index of the polymeric composite film. The
value of geff was calculated with eq. (1) for the
photorefractive sample at a certain dc poling volt-
age. Figure 2 shows the dependence of the effec-
tive EO coefficient on the applied electric field,
and a linear relationship is seen. At the applied
electric field of 92.4 V/mm, the geff reached 9.3
pm/V.

The photorefractive property of this side-chain
polymeric system was verified by using two-beam
coupling (2BC) studies at a wavelength of 633 nm.
In the 2BC experiments, a typical tilted geome-
try13 was employed as given in Figure 3. Two
mutually coherent p-polarized HeONe laser
beams with powers of 40 and 30 mW at 633 nm
were incident upon the sample. The tilt angle was
fext 5 60° and the angle between two beams was
2uext 5 20° in air. The characteristic feature of a
photorefractive effect is that refractive index

Figure 2 Electric-field dependence of the effective
EO coefficient measured at the wavelengths of 632.8
nm.

Figure 3 Schematic of the tilted geometry of the two-
beam coupling experiment.
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grating created in the medium shifted spatially
with respect to the writing intensity pattern
(called a nonlocal response). As a result, an asym-
metric energy transfer between write beams in a
photorefractive sample occurs. In this experi-
ment, we measured the following physical quan-
tities: I1, I12, I2, and I21, where I1 (I2) and I12
(I21) are the intensity of beam 1 (beam 2) after the
sample in the absence and in the presence of
beam 2 (beam 1), respectively. When the angle
between two beams is small enough, the two-
beam coupling gain coefficient, G, can be calcu-
lated by the following approximate formula:14

G 5
cos f

d lnS br
b 1 1 2 rD (2)

where b 5 I2/I1, r 5 I12/I21, f is the tilting angle
inside the sample, and d is the thickness of the
sample. The electric-field dependence of the two-
beam coupling gain coefficient is presented in Fig-
ure 4; the 2BC coefficient of 9.4/cm was obtained
at the applied electric field of 92.4 V/mm. Consid-
ering the EO response in low Tg composites, in-
cluding both the Pockels effect and the orienta-
tional birefringence effect, the electric-field de-
pendence of the grating amplitude Dn can be
regarded as15

Dn } E0Esc, (3)

where E0 is the applied external electric field, and
Esc, the internal space-charge field. According to
the standard band-transport model,1 we fitted the
measured 2BC coefficients with function of

G 5 K
E0E0

G

Î1 1 ~E0
G/Eq!

2 sin@tan21~E0
G/Eq!# (4)

where E0
G is the component of E0 along the direc-

tion of the grating wave vector, and Eq, the trap-
limited saturation space-charge field.

The index grating response was also investi-
gated based on the two-beam coupling experi-
ments. After beam coupling reached an equilib-
rium and, thus, a steady-state grating was cre-
ated, one of the writing beams was blocked and
the other “writing” beam served as both the read-
out and erasing beam, and the decay of the PR
grating could be recorded. Figure 5 presents the
typical process of the grating decay, which fol-
lowed Dn } I1/ 2 5 A exp(2t/t), where t is the
response time, and I, the intensity. This experi-
ment was repeated with different applied electric

Figure 5 Typical decay trace of the grating erasure.

Figure 6 Dependence of the response time on the
external electric field at the wavelength of 632.8 nm.

Figure 4 Electric-field dependence of the steady-
state 2BC gain coefficient at the wavelength of 632.8
nm.
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fields at the writing intensity of 0.3 mW/cm2. Fig-
ure 6 shows the time response characteristic of
the PR holograting as a function of the applied
field, which can be fitted using an exponential
form of t0exp(2E0/Em), with Em a parameter
dependent on a special sample.16

By using the fast translation technique,17 also
based on the two-beam coupling experiment, the
phase shifts as a function of the applied field were
measured and are shown in Figure 7. The exper-
imental data were also fitted theoretically. Differ-
ent from the processing of 2BC coefficients, we did
not neglect the diffusion field Ed here, because we
wanted to obtain it from this fit. The fit function is
of the form

C 5 arctanSEd
2 1 EdEq 1 E0

2

E0Eq
D (5)

where C is the phase-shift angle. Results sug-
gested that Eq 5 82.9 V/mm and Ed 5 3.7 V/mm.

CONCLUSIONS

In summary, we have demonstrated a new
method to prepare novel photorefractive polymer
systems by utilizing the principles for the design
of the NLO chromophore. An obvious asymmetric

optical energy exchange was observed, indicating
the photorefractive nature of the polymer. Our
results indicate that functionalizing a polymeric
photoconductor by attachment of second-order
moieties as side chains without altering the pho-
togeneration and transport properties of carriers
in these amorphous materials is a challenging
task. A better understanding of the microscopic
mechanisms in this new class of materials has
also to be established in order to further improve
and optimize their PR performance.
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