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A second-order nonlinear optical (NLO) chromophore (disperse red 1) was reacted with
(3-isocyanatopropyl)triethoxysilane to form a functionalized silicon alkoxide precursor
(SGDR1). To improve the temporal stability of the second-order NLO effect, we employed
a thermal cross-link between the organic side groups themselves. (3-Glycidoxypropyl)-
trimethoxysilane was mixed with SGDR1 in tetrahydrofuran (SGDR1/GPTS). We compared
the temporal stability of the poled samples with SGDR1 and SGDR1/GPTS. We investigated
second-order NLO properties of sol-gel films by virtue of second harmonic generation (SHG)
and linear electrooptic (E/O) coefficient measurements for the purpose. We achieved much
improvement in the temporal stability of second-order NLO effect at high temperature with
the heterogeneous films.

Introduction

Organic and inorganic hybrid materials through sol-
gel processes have been highlighted for photonic ap-
plications in recent years.1-3 Sol-gel processes with
silicon alkoxides can form various microstructures eas-
ily.4,5 Silicon alkoxide can be hydrolyzed in the presence
of water and a catalytic amount of acid. Transparent
films can be fabricated after hydrolysis and partial
condensation of the solution. Silicon trialkoxide can be
designed to bear a functional chromophore in one arm
of silicon through a flexible spacer. The resultant
structure is similar to that of a side-chain NLO polymer.
Second-order NLO properties of poled polymers have

been extensively studied for over a decade.6-10 One
difficulty for poled organic polymer arose from the poor

thermal and temporal stability of the NLO activity at
high temperature. Among the other requirements for
practical applications, the important issue with poled
polymers is postulated that the temporal stability of the
dipolar alignment should be much improved. For this
purpose, we made attempts to prepare the cross-linked
silylated films.11-13 The covalent bond of the chro-
mophore to the silicon network can give us higher
concentrations of the NLO unit in the matrix. The
solution of SGDR1 is subjected to hydrolysis and
condensation. Curing the film at high temperature
(>200 °C) leads to densification of the silicon oxide
matrix but results in partial decomposition of the
organic NLO chromophore. Moreover, the temporal
stability of the NLO effect at high temperature is
significantly worse than that of the poled organic
polymer.
In attempts to improve both second-order NLO effect

and its temporal stability, we designed the sol-gel
precursor in such a way finally that a high concentration
of chromophore was obtained. Heterogeneous mixed
solutions of SGDR1 and GPTS were used for the
purpose. Second-order NLO properties of prepared sol-
gel films were investigated by second harmonic genera-
tion (SHG) and linear electrooptic coefficient measure-
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ments. We investigated the difference in the temporal
stability between the homogeneous (SGDR1) and het-
erogeneous (SGDR1/GPTS) films. The formation of a
cross-link between the epoxy and urethane groups in
GPTS and SGDR1 was investigated by in situ IR
spectral analysis. We confirmed the improvement of
temporal stability by in situ SHGmeasurement and also
monitored the decay of electrooptic coefficient (r33) at
high temperatures.

Experimental Section

Materials. (3-Isocyanatopropyl)triethoxysilane, dibutyltin
dilaurate (DBTDL), and (3-glycidoxypropyl)trimethoxysilane
(GPTS) were purchased from Aldrich Chemical Co. and used
without further purification. Disperse red 1 was recrystallized
from ethanol.
Synthesis. We dissolved (3-isocyanatopropyltriethoxy)-

silane (2.0 g, 8.08 mmole) and disperse red 1 (DR1, 1.27 g,
4.04 mmol) in freshly dried tetrahydrofuran (THF, 30 mL).
The solution was refluxed for 4 h with a catalytic amount of
dibutyltin dilaurate (DBTDL). The solution was concentrated
and added into hexane to get a red precipitate. The resultant
product (SGDR1) was dried at 60 °C for 24 h and stored in a
desiccator saturated by argon; yield 80%.

1H NMR (DMSO-d6) δ(ppm) 8.25 (d, 2H), 7.83 (d, 2H), 7.75
(d, 2H), 6.72 (d, 2H), 5.07 (t, 1H), 4.22 (t, 2H), 3.78 (q, 6H),
3.65 (t, 2H), 3.51 (q, 2H), 3.08 (q, 2H), 1.60 (m, 2H), 1.22 (m,
12H), 0.58 (t, 2H). FT IR: NH stretching 3329 cm-1 (hydrogen
bonded), 3420 cm-1 (isolated) carbonyl (CdO) 1698 cm-1

(hydrogen bonded), 1725 cm-1 (isolated) NO2 1516 cm-1.
Materials Processing. The red solid (SGDR1, 1 mol) was

dissolved in THF. Water (4 mol) and 0.02-0.04 mol of
hydrochloric acid (HCl) was added to the solution. The
solution was hydrolyzed and aged at room temperature for 48
h. The solution for the heterogeneous film was prepared by
mixing SGDR1 with GPTS (50 mol %). The solutions were
spin coated on the polished KBr windows for the in situ
infrared spectroscopic study. For studying the NLO effect, thin
films were fabricated on indium tin oxide (ITO) precoated glass
and ordinary normal microslide glass by using a filtered
solution. We measured the thickness of the film using Tencor
P10. The refractive index and thickness of the film coated on
silicon wafer were measured with a Metricon instrument
simultaneously at three different wavelengths (632, 1300, and
1550 nm).
For second harmonic generation (SHG) experiments, we

poled the films using a corona poling technique in a wire-to-
plane geometry.14,15 For linear electrooptic coefficient mea-
surement, we deposited the gold electrode on top of the film
to fabricate sandwiched samples.
Second Harmonic Generation (SHG). In situ second

harmonic generation (SHG) measurements of samples were
carried out with a Q-switched mode-locked Nd3+:YAG laser
operating in the TEMoo mode. The samples were mounted on
the hot stage and corona poled. We integrated the second
harmonic (SH) signals during poling for optimizing the poling
conditions. For calculation of the absolute value of the second-
order NLO coefficient, d33, we followed the standard Maker
fringe technique that was already well described.16 Assuming
the Kleinman’s symmetry rule, we used the p-p fringe to
calculate the d33 value. The SH signal was normalized with
respect to that of a calibrated quartz crystal (Y-cut) whose d11
is 0.5 pm/V.17

Electrooptic Coefficient Measurement. We measured
the linear electrooptic coefficients of the samples by way of

reflection technique which is based on the difference of phase
retardation in TE and TMmode.18,19 Wavelengths of 632, 830,
and 1300 nm were used for this measurement. The sine wave
voltage (10 Vrms at 1 kHz) was applied to each sample during
recording the modulated signal. The linear electrooptic coef-
ficient “r33” was calculated by the following equation:

where Im is the amplitude of the electrooptic modulation, Vm

is the ac voltage applied to the sample, and Ic is the intensity
of the incident light where phase retardation is 90° between
the TE and TM modes.

Results and Discussion

We prepared the NLO-active triethoxysilane by a
simple urethane forming reaction between alcohol and
isocyanate.20 The synthetic scheme is illustrated in
Figure 1. The product is well soluble in THF, acetone,
dimethylformamide, pyridine, etc. In this study, we
selected THF as a solvent for the sol-gel process.
1. Infrared Spectral Analysis of SGDR1. We

deposited thin films on a KBr window via spin coating
for in situ IR spectral analysis. The IR spectrum shows
the existence of hydrogen bonds between the organic
side chains at room temperature. We could observe
superposed bands at 1698 and 1725 cm-1 in the IR
spectra of SGDR1 films. We assigned those two bands
to hydrogen-bonded and isolated carbonyl stretching
vibrations in carbamate, respectively. Simultaneously,
another overlapped bands could be observed at 3329 and
3420 cm-1, which were similarly assigned to hydrogen-
bonded and isolated NH stretching vibration modes.
Thus, it is apparent that the inter- or intramolecular
hydrogen-bonds exist between the carbamate groups in
the SGDR 1 matrix. The fraction of hydrogen-bonded
carbonyl group was calculated around 0.862 at 25 °C
by analyzing the peak fitted to Gaussian function. The
fraction of isolated carbonyl groups increased gradually
with heating (see Figure 2). During cooling, the hydro-
gen bonds were regenerated slowly. The fraction of
hydrogen-bonded carbonyl group was found to be 0.852
after cooling the sample at 25 °C. We also could see
the same tendency in NH stretching band around 3420-
3329 cm-1. Therefore, the formation of hydrogen bonds
was found to be thermally quasi-reversible in SGDR1
matrix.
2. Second-Order NLO Effect of SGDR1. 2.1.

Decaying Behavior of r33 of SGDR1. We fabricated the
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Figure 1. Synthetic scheme for NLO-active silane and the
structure of GPTS.
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E/O sandwiched samples with SGDR1 between ITO and
gold electrode. The samples were poled and annealed
for 2 h. Initially, the film was dried under argon and
poled at 100 °C for 1 h. The temperature was raised to
200 °C, and the sample was annealed for another 1 h.
We observed the decaying behaviors of the E/O effect
after aging the samples at 25 and 100 °C. At room
temperature, the E/O coefficient was sustained to 90-
95% of the initial value. However, the coefficient fell
to ∼25% of the initial one after annealing at 100 °C only
for 30 min. After 30 h at 100 °C, only 15-17% of the
initial signal remained (see Figure 3). We could fit the
decaying curves to double exponential function, A exp-
(-t/τ1) + (1 - A)exp(-t/τ2). Two-step relaxations were
analyzed in terms of relaxation times, τ1 and τ2. We
could calculate τ1 and τ2 to be 16.2 and 3974 min,
respectively.
We considered that decay of the NLO effect could

partially be ascribed to the collapse of the hydrogen
bond between side groups in the first stage. The
hydrogen bonds start to be disorganized around 90-

100 °C. As we observed in the IR spectra, the hydrogen
bond between the secondary amine and the carbonyl
group was affected thermally. If the density of silicon
oxide in the matrix is identical, the other factor to affect
decaying behavior is the decrease in the density of the
hydrogen bond. This suggestion was supported by the
results of in situ SHG experiments.
2.2. Second Harmonic Generation (SHG): Decay of

d33 at 100 and 150 °C. With the results in the elec-
trooptic study, we traced the second harmonic (SH)
signal during poling. The SH signal increased slowly
from 40 °C and fast around 80-90 °C. Usually, the
NLO side-chain polymer could not be poled at that low
temperature. However, SH signal could be observed
while applying the electric field at low temperature,
because the pristine film consisted of very low molecular
weight oligomers. Condensation between silicon hy-
droxide did not proceed enough to form a highly
organized silicon oxide network. The matrix did not
show any polymeric behavior in the thermal transition,
i.e., did not exhibit glass transition behavior in DSC
thermogram. Around 75-80 °C, the SH signal starts
to increase rapidly. This temperature coincided roughly
with the temperature at which hydrogen bonds start to
be broken as was found during in situ IR spectral
analysis (see Figure 4).
We poled the sample under 4.5 kV of corona field at

100 °C for 1 h and annealed it at 200 °C for 1 h. We
placed the poled sample on the corona poling stage and
applied the electric field at room temperature. The
incident angle of the laser was set at 48° to the surface
of the film. Then, we raised the temperature to 100 °C.
After this reached 100 °C, we turned off the voltage to
observe the decay of the SH signal. The signal fell down
to 10% of initial one within 30 min (see Figure 5). After
the voltage was turned on again, the signal recovered
to the same value as that measured before turning off
the applied field. Under the same method as above, we
traced the decaying behavior of the SH signal at 150
°C. The signal approached closely to zero within 10 min
(see Figure 5). These results indicate that SGDR1
shows a significantly poor temporal stability of the
second-order NLO effect at 100 and 150 °C.

Figure 2. Infrared spectra of SGDR1 with the heating and
cooling cycle.

Figure 3. Decaying behavior of r33 of SGDR1 at room
temperature and 100 °C.

Figure 4. Temperature dependence of SH signal of SGDR1.
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3. IR Spectral Analysis of Heterogeneous Film
(SGDR1/GPTS). During thermal condensation of
SGDR1 at 200-210 °C for a long time, an appreciable
portion of the chromophore decomposed. The optical
quality of the film turned was poor. To avoid this severe
thermal condition, we made an effort to induce a
thermal cross-link besides the silicon oxide network at
well below 200 °C. In principle, the lone pair of
electrons in secondary amine can attack the less crowded
carbon in the epoxide to open a ring. In this conversion,
tertiary amine can be formed after partial consumption
of secondary amine. In situ IR spectroscopy could give
us requisite information about how the internal struc-
ture changed. With an increase in annealing temper-
ature, hydrogen bonds were broken gradually, similar
to SGDR1. After raising the temperature to 150-160
°C, a new carbonyl band started to appear around 1745
cm-1. At the same time, the absorbance of the second-
ary amine decreased at 3420 cm-1. The force constant
of the carbonyl double bond near the tertiary amine
group may be higher than that of carbonyl in the
original carbamate (see Figure 6). The high force
constant and definite double-bond character of the
carbonyl group can drive to form a new band at the
higher wavenumber of 1745 cm-1. Then, we cooled the
sample to room temperature again. Compared to the
previous homogeneous SGDR1, we could observe ir-
reversibility of the hydrogen bond in the heterogeneous
film. This implies that the cross-link reaction proceeded
to some extent during annealing so that the molecular
interaction was partially limited.
In the IR spectrum of a pristine SGDR1/GPTS film,

the trace of the epoxide band (appeared at 906 cm-1)
almost disappeared after thermal treatment at 160-
170 °C for 30-100 min (see Figure 6). In short, we
confirmed some extent of the cross-link in the organic
parts accompanying densification of silicon oxide net-
work. We could impart two different kinds of a densi-
fication process in one matrix.
4. Second-Order NLO Effect of SGDR1/GPTS.

4.1. Decaying Behavior of r33 of Heterogeneous Film
(SGDR1/GPTS). We could improve the temporal sta-

bility much after poling and curing using the hetero-
geneous film. We poled the sample at 100 °C under 50
V/µm for 30 min and cured it at 170 °C for 1 h in the
presence of an electric field. While aging at 100 °C for
30 min, slight decay of the electrooptic effect was
observed. 80-85% of the initial electrooptic signal
remained at 150 °C even after annealing for 50 min (see
Figure 7). The results of IR analysis showed that when
the film was stored at 150 °C or higher, cross-linking
took place to some extent. This helped to reduce the
decrement of the initial E/O coefficient even after storing
them at 100 or 150 °C. The relaxation curve at each
temperature was analyzed in terms of the relaxation
times, τ1, and τ2 which are shown in Table 1. Consider-
ing the calculated relaxation times, we can expect the
long-term stability of the device that can be fabricated
with this matrix.
4.2. Second Harmonic Generation (SHG): Decaying

of d33 of the Heterogeneous Film at 100 and 150 °C.We
traced the SH signal during poling using the SGDR1/
GPTS film. The signal increased gradually from 40 °C,
and the rate of increase became relatively larger around
90-100 °C. This temperature range is also consistent

Figure 5. Decaying behavior of SH signal of SGDR1 at 100
and 150 °C.

Figure 6. Infrared spectra of SGDR1/GPTS with heating and
cooling cycle.

Figure 7. Decaying behavior of r33 of SGDR1/GPTS at 100
and 150 °C.
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with the temperature at which hydrogen bonds were
disrupted. To observe the decaying behavior of the SH
signal, we corona poled the sample under 4.5 kV for 1
h and cured at 170 °C for 1 h. We did the same
experiment as we did using SGDR1. First, after an-
nealing at 100 °C, the SH signal was maintained at
almost 85-90% even after 10 min in the absence of the
corona field (see Figure 8). After annealing at 150 °C
for 9 min, the SH signal was decayed to 70-75% of the
initial value. After tracing the decaying behavior of SH

signal, we raised the temperature at 180 °C to pole the
sample again. We applied a higher electric field, 5 kV,
than that we initially applied. No increment of the SH
signal was observed. This indicates that the cross-
linked structure started to form partially at 170 °C,
imparting some rigidity to the organic side groups.
We are making efforts to optimize the poling time and

temperature in order not to deteriorate the optical
quality of the sol-gel heterogeneous film.

Conclusion

We prepared the homogeneous SGDR1 and hetero-
geneous composite film with SGDR1/GPTS for studying
the temporal stability in the second-order NLO effect.
Inherent severe decaying behavior of the NLO effect in
the sol-gel neat film was much improved using our
catalytic silicon precursor (GPTS). The epoxy group in
GPTS showed reactivity in the solid state with nucleo-
philic secondary amine. This gave rise to cross-link
formation in the organic side groups. Densification of
silicon oxide and the thermal cross-link in organic part
have proved to be highly effective in improving the
temporal stability of the second-order NLO effect at high
temperature.
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Table 1. Measured and Calculated Values for SGDR1 and SGDR1/GPTS

r33 (pm/V)a decaying behavior of r33
632 nm 830 nm 1300 nm

d33(pm/V)b
at 1064 nm A τ1 (min) τ2 (min)

SGDR1 65.5 14.3 10.8 54.0 100 °C 0.782 16.2 3974
SGDR1/GPTS 54.0 9.0 8.2 42.7 100 °C 0.068 89.1 150 138

150 °C 0.173 178.9 41 934
a The samples were poled under 50 V/µm; electrode poling. b The samples were corona poled under 4.5 kV.

Figure 8. Decaying behavior of SH signal of SGDR1/GPTS
at 100 and 150 °C.
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