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ABSTRACT: Preparation of second-order nonlinear opti-
cal (NLO) materials based on cellulose diacetate and mel-
amine derivatives was attempted. The NLO chromophore
DR19 was incorporated into the crosslinking network result-
ing from the reaction of cellulose diacetate with trimethyl-
olmelamine or hexamethylolmelamine. The poled and cured
NLO materials exhibited electrooptic coefficient (r,5) values
of 1.11 or 1.03 pm/V, respectively, at a laser wavelength of
1550 nm, a modulation frequency of 12.7 kHz. The r,; values
decreased to 80 or 81.5% of the initial values after 4 days.

The laser transmission loss was 0.50 or 0.44 db. The
crosslinking materials showed better temporal stability than
that of host/guest type materials, and 73% of the initial ;5
value remained after keeping the NLO film at 100°C for 15 h.
No evident weight loss was found below 250°C. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 100: 2832-2837, 2006
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INTRODUCTION

Development of optical communications led to inter-
est in research on nonlinear optical (NLO) materials,
especially those based on organic polymers, which can
possess the advantages of large susceptibility, high
laser damage threshold, faster response time, versatil-
ity of the molecular structure, and good mechanical
performance.! The molecular structure of second-or-
der NLO materials should not have any center of
symmetry. The NLO chromophores contained in an
amorphous polymer orient in an electric field at about
the glass-transition temperature (T,) of the polymer,
and the poled material should then be cooled down in
the electric field to stabilize the orientation of the
poled chromophores. The incorporation of NLO chro-
mophores into a polymer occurs in one of four ways:
to form a host/guest system, as a side-chain polymer,
in the main chain of the polymer, and to form a
crosslinking network.> For a useful NLO material,
chemical and physical stability are required. There-
fore, most researchers focused on polymers with a
high T, or crosslinking polymers.

Cellulose derivatives® are rigid and their molecular
chains are not easily moved because of glucose units.
Moreover, hydroxyl groups are attached to the mole-
cules of cellulose derivatives and can react with some
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crosslinking agents to form a crosslinking network.
Therefore, cellulose derivatives might be useful for
preparing NLO materials.

Melamine derivatives were widely used for light-
ing, coating, and decorating because of their good
transparency.* The preparation of the materials based
on melamine derivatives involved a condensation re-
action, which can provide an attractive way for the
formation of a crosslinking polymer network” to sta-
bilize the oriented NLO chromophores by decreasing
their mobility. In addition, melamine-based polymers
can show low optical loss and high T,. Jeng et al.® and
Hsiue et al.” reported that methylated hexamethyl-
olmelamine (HMM) was used for preparing NLO
polymer materials.

In the present work, the preparation of second-
order NLO materials based on cellulose diacetate
(CDA) and chromophore DR19 was attempted by us-
ing trimethylolmelamine (TMM) or HMM as a
crosslinking agent. The crosslinking structure was
characterized and some properties of the materials
were studied.

EXPERIMENTAL
Materials

CDA {[C,H,O,(OCOCHs;), 4(OH)y4l,,} formula from
Mark et al.®> and N,N-dihydroxyethylaniline were in-
dustrial products available from Shanghai Chemical
Reagent Co. and Haineng Chemical Co., respectively.
Other starting materials and solvents were reagent
grade and used as received.
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Scheme 1 The chemical structure of DR19.

Synthesis
Chromophore DR19

The chemical structure of DR19 is provided in Scheme
1. p-Nitroaniline (13.8 g) and HCI (22 mL, concentra-
tion = 37 wt %) were put into water (50 mL) to form
a solution. The solution of p-nitroaniline was poured
under strong stirring into a beaker containing water
(300 mL) and trash ice (300 g), and fine p-nitroaniline
precipitates formed immediately. Sodium nitrite (7.0
g) dissolved in water (30 mL) was added dropwise
into the p-nitroaniline solution at 0°C for 10 min. After
40 min, carbamide (1.0 g) was added for 20 min. Then,
the solution was neutralized by saturated sodium ac-
etate solution until the pH value reached 6-7. N,N-
dihydroxyethylaniline (18.1 g) was added to the reac-
tion system over 3 h. Thereafter, sodium chloride (100
g) was added. Finally, a deep red solid (22.6 g) was
obtained by filtration and recrystallization twice from
pure ethanol. Its melting and decomposition temper-
atures were 212-215 and 290°C, respectively. The re-
sults of the elemental analysis are as follows: ANAL.
caled for C;,H,gN,O,: C, 58.18%; H, 5.45%; N, 16.97%.
Found: C, 58.22%; H, 5.41%; N, 17.26% 'H-NMR
(DMSO-dq, 8): 8.31 (2H, d, Jir_5y = 8.5 Hz), 7.95 (2H, d,
Ju_u =9.0Hz),7.81 (2H, d, Jy_ = 8.2 Hz), 6.93 (2H,
d, Ju_ = 8.2 Hz), 490 (2H, s), 3.61 (8H, s).

™M

The chemical structure of TMM is shown in Scheme 2.
Formaldehyde (160.0 g, concentration = 37 wt %) was
neutralized with triethanol amine (2.0 g) until the pH
value reached 8. Then, water (100 g) and melamine
(75.0 g) were added gradually and the solution was
heated to 78°C. After 30 min it was cooled to room
temperature, stored for 24 h, and filtrated. TMM (40.0
g) was obtained after the filter cake was washed with
water several times and dried below 50°C under a
vacuum. The elemental analysis results are as follows:
ANAL caled for CH,,N¢O5: C, 33.33%; H, 5.56%; N,

NHCH,OH
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A

Scheme 2 The chemical structure of TMM.
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Scheme 3 The chemical structure of HMM.

38.89%. Found: C, 33.12%; H, 5.47%; N, 39.02%. 'H-
NMR (DMSO-d,, 8): 5.45 (H, t, J;;_4; = 7.2 Hz), 5.01
QH, d, ;4 = 7.3 Hz).

HMM

The chemical structure of HMM is provided in
Scheme 3. Formaldehyde (152.2 g, concentration = 37
wt %) was mixed with water (24.2 g) and then neu-
tralized with the solution of sodium hydroxide in
water (concentration = 10%) until the pH value
reached 9.0. Melamine (23.6 g) was added gradually,
and the solution was heated to 60°C and maintained at
this temperature for 3—4 h. It was then cooled to room
temperature and filtrated. HMM (42.7 g) was collected
after the filter cake was washed with water several
times and dried below 50°C under a vacuum. The
results of the elemental analysis are as follows: ANAL.
caled for CoH gN¢Og: C, 35.29%; H, 5.89%; N, 27.22%.
Found: C, 35.04%; H, 5.73%; N, 27.45%. "H-NMR
(DMSO-dg, 6):5.45 (H, t, Jy_—y = 7.30), 5.0 2H, d, Jy_—n
= 7.29).

Preparation of NLO polymer solutions

CDA, TMM, and HMM were dissolved in N,N-di-
methylformamide (DMF) to form a solution of CDA in
DMF with a concentration of 8.0 wt %, a solution of
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Figure 1 The process of stagewise poling and curing of the
film.
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Figure 2 The experimental setup to measure the electroop-
tic coefficient (ry3): 1. laser, 2. coupler 1, 3. polarization
controller, 4. piezoelectric tensor, 5. coupler 2, 6. DC voltage
source, 7. polymer sample, 8. detector, 9. amplifier, 10. wave-
form generator, 11. lock-in amplifier, 12. computer.

TMM in DMF with a concentration of 20.0%, and a
solution of HMM in DMF with a concentration of
20.0%, respectively. Each solution was filtered to re-
move impurities. The NLO polymer solution contain-
ing 25% DR19 and without any crosslinking agent
(sample I) was prepared by mixing 0.125 g of DR19
and 4.7 g of a solution of CDA in DMF. The NLO
polymer solution containing TMM and 25% DR19
(sample II) was prepared by mixing 0.125 g of DR19,
0.875 g of the solution of TMM in DMF, and 2.5 g of
the solution of CDA in DMF. The NLO polymer solu-
tion containing HMM and 25% DR19 (sample III) was
prepared by mixing 0.125 g of DR19, 0.875 g of the
solution of HMM in DMF, and 2.5 g of the solution of
CDA in DMF.

Poling and curing of NLO films

Each of the described solutions was spin coated on an
ITO glass plate to form a film with a thickness of about
3 wm. The film was dried at 75°C under a vacuum for
24 h and then subjected to corona poling from 6.0 to
8.0 kV and curing from 80 to 180°C. The poling and
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Figure 3 The IR spectra of sample L
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Figure 4 The IR spectra of sample II.

curing process continued about 150 min as shown in
Figure 1. The film was then cooled to room tempera-
ture in an electric field for about 60 min.

Measurements

The weight loss of the samples was determined by
using a WRT-2P thermogravimetric analysis (TGA)
instrument at a heating rate of 10°C/min. A Nicolet
AVATAR 360 FTIR spectrometer was used to charac-
terize the chemical composition of the NLO materials.
Elemental analysis was carried out with a Heraeus
CHN-RQPID instrument. The 'H-NMR data were
measured with a Bruker DRX-500. The dielectric re-
laxation of the NLO materials was tested with a CON-
CEPT 40 dielectric spectrometer (Novercontrol
GmbH). The transmission loss was measured with an
Anritsu MS9710B optical spectrum analyzer.

For measuring the susceptibility (x) value the
Pockels effect was determined with a Mach-Zehnder
interferometer prepared by Shanghai Jiaotong Univer-
sity to obtain the electrooptic coefficient (r3). The 3
values of the materials were found with a laser wave-
length of 1550 nm and a modulation frequency of 12.7
kHz. The schematic diagram of the experiment setup
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Figure 5 The IR spectra of sample III.
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Figure 6 The temperature dependence of log(tan 8) for
sample L.

is shown in Figure 2. The main part is an optical fiber
Mach-Zehnder interferometer consisting of two fiber
couplers (points 2 and 5). A piezoelectric tensor phase
modulator is put in one of the two light paths between
the two couplers to adjust the phase difference. The
polarization controller (point 3) is used to control the
state of polarization of the interference laser beam.
The polymer film is inserted perpendicularly into the
other light path (point 7). The optical signal output is
detected with a PIN diode and a lock-in amplifier
(point 11).
The r,; was calculated by the equation

21,0\ )
Wnsvm()(lmax - Imin) ( )

T3 =

where [, is the electric current modulation intensity;
A is the wavelength; n is the refractive index of the
film; V,,, is the modulation voltage; and I, and I,
are the maximum and minimum of the output light
intensity, respectively.

RESULTS AND DISCUSSION
Characterization of samples before and after curing

Because of the hydroxyl groups attached to CDA and
DR19, which were able to react with the N-hydroxy-
methyl groups of TMM or HMM,® and because of the
self-condensation between the N-hydroxymethyl
groups,’ samples II and III formed a crosslinking net-
work in the process of curing/poling. Sample I, how-
ever, was a simple host/guest type without crosslink-
ing agent and could not form a crosslinking network.
Figures 3, 4, and 5 present the IR spectra of samples I,
II, and III before and after curing, respectively. No
difference is found between the two IR spectra in
Figure 3. In Figure 4, the peaks at 3361, 1558, 1369, and
1001 ecm™ ' represent hydroxyl groups, N-hydroxy-
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Figure 7 The temperature dependence of log(tan 8) for
sample II.

methyl groups, N-hydroxyethyl groups, and primary
hydroxyl groups, respectively.'” In Figure 5 the peaks
at 3366, 1554, 1364, and 1003 cm ™' represent hydroxyl
groups, N-hydroxymethyl groups, N-hydroxyethyl
groups, and primary hydroxyl groups, respectively.
The area of these peaks decreased after curing, sug-
gesting their reactions in forming crosslinking net-
works.

The molecular chain relaxation of the samples
should be hindered by the crosslinking network.
Broadband dielectric spectroscopy is effective for
studying the relaxation behavior of NLO polymers.
The temperature dependences of the dielectric loss
[log(tan 8)] of cured samples I, II, and III are given in
Figures 6, 7, and 8, respectively. The dielectric relax-
ation experiments were carried out under the condi-
tions from 1 Hz to 1000 kHz and from —60 to 220°C.
The relaxation of chain segments would be too late to
be matchable for a higher frequency if the temperature
was not high enough. Therefore, the temperature
should increase to capture the relaxation of chain seg-
ments under the condition of high frequency or the
frequency should be low. This means that the relax-
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Figure 8 The temperature dependence of log(tan 8) for
sample III.
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Figure 9 TGA curves of samples II and III after curing.

ation can be shown apparently at low frequency at the
same temperature.'' For this reason, the data at 1 Hz
were used for discussion. The B relaxation, observed
near 20°C at 1 Hz, is attributed to the motion of a
methylene or methylene ether bridge and some unre-
acted groups.'? The smaller amplitude of the 8 relax-
ation of sample II [log(tan §) = —1.91] compared to
that of sample I (—1.64) implies the formation of a
crosslinking network of sample I1."> However, sample
III containing the HMM with six functional groups,
which is more than those of TMM contained in sample
II, shows only slightly higher amplitude [log(tan &)
= —0.672] than sample I. This abnormal phenomenon
might be in relation to some polar small molecules as
water adsorbed by the CDA, and the stronger capil-
lary condensation resulted from the denser crosslink-
ing network of sample III. Such polar small molecules
could result in a higher log(tan §) value due to strong
Maxwell Magner surface polarization.'*

The « relaxation in the figures is associated with the
glass transition of the samples. The temperature of the
a relaxation of sample I is about 100°C whereas those
of samples II and III are about 180 and 220°C, respec-
tively, at 1 Hz. The cured sample can contain chain
segments of different lengths between crosslinking
points and thus of different relaxation mobility.'*
Higher crosslinking density could restrict the mobility
of chain segments and make the temperature of the «
relaxation higher. The temperature of the « relaxation
for samples Il and III revealed their crosslinking struc-
ture. Sample III had a higher temperature of « relax-
ation than sample II, implying that the crosslinking
density of sample III was higher than that of sample II.
The temperature of « relaxation of sample I in Figure
6 is the lowest among the three samples, because it did
not form any crosslinking structure. However, the
log(tan 8) values of the « relaxation in the figures of
samples II and III are slightly higher than that of
sample I, which might be in relation to some unre-
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acted molecules of TMM and HMM or some conden-
sates of them, which could weaken the intermolecular
force of the samples and behave similar to plasticizers.

Figure 9 shows the TGA curves of samples II and III
after curing. No evident weight loss below 250°C is
found, which means cured samples II and III have
good heat resistance.

Transmission loss of laser

The transmission losses of the laser for samples I, 1II,
and III were less than 0.68, 0.50, and 0.44 db, respec-
tively, at wavelengths of 1100-1600 nm.

Electrooptic coefficient

The 75 value was initially determined 5 h after curing
and poling (the first day in Fig. 10), and then each day
thereafter. Figure 10 depicts the temporal behavior of
115 of the three samples at room temperature. It can be
seen that the r,; values determined on the first day for
samples I, II, and III are 0.89, 1.11, and 1.03 pm/V,
respectively. The r,; value of sample I decreases rap-
idly to 0.51 pm/V after only 1 day, which is 57% of its
first value. The 7,5 values of samples II and III decrease
to 0.82 and 0.84 pm/V, respectively, after 4 days and
stabilize at 80 and 81.5% of their initial values. It is
clear that the crosslinking network hindered the ori-
entation relaxation of the chromophores to a certain
degree. In addition, sample I possessed a lower 73
than the others at the first day. The reason might be,
more or less, in relation to the relaxation during the 5 h
between the end of poling/curing and the time at
which the first determination was carried out. Figure
10 proves that the relaxation of sample I is faster than
the others in an earlier stage.

The thermal stability of the ;5 of poled samples II
and III was obtained by measuring the r; after pol-
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Figure 10 The temporal behavior of the electrooptic coef-
ficient (1,5, pm/V) of the three samples. (Note: the value on
the first day was determined at 5 h after poling/curing.)
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ing/curing initially and then after keeping the sam-
ples in an oven at 100°C for 15 h. Seventy-three per-
cent of the initial 7,5 value of sample III remained,
whereas only 60% of sample II was left.

CONCLUSION

The electrooptic coefficient of the crosslinking second-
order NLO materials based on CDA and melamine de-
rivatives was 1.11 pm/V at a 1550-nm laser wavelength
and a 12.7-kHz modulation frequency and decreased to
80% of its initial value after 4 days when TMM was used
as the crosslinking agent. Its transmission loss of laser
was 0.50 db at a laser wavelength of 1100-1600 nm. The
corresponding values of the NLO material with HMM as
the crosslinking agent were 1.03 pm/V, 81.5%, and 0.44
db. No evident weight loss below 250°C was found in
samples II and III. The relaxation was suppressed by
crosslinking, but unreacted crosslinking agent and its
self-condensate could weaken the intermolecular force of
the material and exert an influence on the relaxation.
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