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Cross-linkable organic NLO chromophore called DRS was chemically incorporated
into silica matrices using the sol ~ gel process. A number of electrically poled DRS/silica
matrix systems were studied to elucidate the relaxation of the oriented organic chro-
mophore by following the decay of UV absorption as a function of time and tempera-
tures. The value of the second harmonic coefficient d ;; was 47 pm/V for the DRS/silica
matrix films (0.4 wm thickness). From the dramatic decrease in the UV absorption after
poling at 80°C, it is speculated that the DRS may act as a liquid crystalline mesogenic
group and is effectively oriented in poling at the phase (nematic) transition temperature
(80°C). This argument was substantiated by investigating the phase behavior of DRS
itself using both DSC and a polarized optical microscope. The DRS/silica system con-
tained the ideal matrices to retain the oriented chromophore because of optical clarity,
thermal stability and effective poling at the nematic liquid crystalline phase.

Introduction

The interaction of the electromagnetic field of a high-in-
tensity laser light with a nonlinear optical (NLO) material
can generate new electromagnetic fields. As light passes
through a substance, its electric field interacts with inherent
charges in the material, causing the original beam to be al-
tered in phase, frequency, amplitude, or polarization. The
application of such interactions is of importance in technolo-
gies such as optical communication, optical computing, and
dynamic image processing (Zyss, 1985; Boyd, 1989). These ar-
eas are now creating intense interest, not only because of the
NLO properties of the materials, but also due to attempts to
control other characteristics such as solubility, processability,
optical clarity, absorption, and thermal stability, as these at-
tributes will obviously determine their technological utility.

Initial developments in NLO materials gave rise to NLO
devices using inorganic crystals such as quartz, LINbO;, and
KH,PO, (Long, 1995), followed by inorganic semiconductors
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such as gallium arsenide (GaAs) and indium antimonide
(InSb), which displayed large optical nonlinearities (Long,
1995). Although both types of NLO materials are used in
crystals, they face a “trade-off” problem between the re-
sponse time and the magnitude of optical nonlinearity, and
are costly and difficult to produce; furthermore, they absorb
effectively in the visible region and are of poor optical qual-
ity, which eliminates many possible applications.

Organic systems have been investigated as an alternative to
inorganic materials because of their low cost, fast and large
nonlinear response over a broad frequency range, inherent
synthetic flexibility, high optical damage threshoids, and abil-
ity to have tailored molecular structures (Baumert et al., 1987;
Dehu et al,, 1993; Zyss, 1985). However, organic NLO chro-
mophores also have some problems, such as a lack of thermal
stability, and the gradual relaxation of oriented chro-
mophores after poling. Several systems have been found to
be relatively successful in solving or improving the problems,
and progress has been reviewed by Burland et al. (1994). A
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Figure 1. (a) Host guest (DR-1/Silica) and (b) new
cross-linking system (DRS/Silica).

very interesting recent development in this area is the use of
sol-gel chemistry to produce thermally stable matrices for the
organic NLO chromophores (Nakamura et al., 1991).

Clear inorganic and modified inorganic/organic glasses can
often be prepared in sifu by low-temperature polymerization
of appropriate monomers in the sol—gel process (Klein, 1988;
Brinker and Sherrer, 1970). The procedure of this technique
is shown in Figure 1a and 1b for a silicone containing glass. A
number of organic NLO chromophores have been incorpo-
rated into a variety of inorganic glasses by the sol-gel tech-
nique. These materials can be classified either as network
modifiers (Figure 1a) or reactive network makers (Figure 1b),
depending on the functionality.

However, since the glasses are produced by subsequent
densification, problems of volume contraction, brittlement,
and shrinkage are often encountered when thin films are
generated on substrates (Haruvy and Webber, 1991). Fur-
thermore, due to unfavorable interactions between organic
NLO chromophores and inorganic matrices, light scattering
(originating from phase separation) often presents additional
problems. In an efforts to minimize these problems, a wide
variety of solvents and additives, including surfactants, has
been used. Recently, a relatively simple procedure for the
preparation of crack-free, optically clear films containing a
variety of organic chromophores without additives or surfac-
tants has been reported (Haruvy and Webber, 1991).

Here, we report experimental results from investigations of
the stability of an organic-oriented chromophore called DRS

in a pure glass matrix (prepared from tetraethoxy orthosili-
cate) with less brittlement and light scattering. In addition,

there has been speculation about the origin of the _observed
large, second-order optical parameters for these films, and
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the liquid crystalline behaviors of DRS was investigated in
connection with this questioning.

Experimental Studies
Materials and instruments

The starting materials, 4-{ethyl(2-hydroxyethyl)amino]-4'-
nitroazobenzene, and tetraethoxy orthosilicate (TEOS), were
purchased from Aldrich Chemicals and were used without
further purification. The compound DRS was simply pre-
pared from 4-[ethyl(2-hydroxyethyl)amino]-4'-nitroazo-ben-
zene, disperse red 1 following the procedure described in our
earlier works (Lee et al., 1996; Shul et al., 1996). FT-NMR
(Jeol, INM-LA 300 MHz) and differential thermal analysis
(Shimazu 50A) were used to characterize the resulting DRS.
The phase transitions of DRS were monitored using a differ-
ential scanning calorimeter (DSC) (Thermal Analyst 2100, TA
Instruments) and a polarized optical microscope (Mettler
FP90). The microscope glass slides as substrates were pur-
chased from Fisher Scientific premium and used after they
were ultrasonically cleaned in a detergent solution, washed
with deionized water, and then washed with isopropanol, and
dried at 50°C in a dust-free oven and stored in a desiccator.
Reagent-grade HCl and absolute ethanol were obtained from
Fisher Scientific. Double-distilled deionized water was used
in all the experiments reported in this work. The relaxation
behavior of the chromophores was studied by the decay of
the UV-visible light in a spectrophotometer (Varian Cary 1E).

The second harmonic generation (SHG) of the poled
DRS/silica samples were measured with 1064 nm laser radia-
tion. A polarized Nd:YAG laser with a 15-ns pulse width and
a 20-Hz repetition rate was used as the light source. The cal-
culation of the second harmonic (SH) coefficient d,; fol-
lowed the method previously reported by Jerphagnon and
Kurtz (1970).

Films preparation using the DRS/silica system

The initial solution for the formation of glass matrices was
prepared using the molar ratio of TEOS (1): EtOH (10):
hexyleneglycol (0.1): HCl (0.05): H,O (2), after which DRS
(10 wt. % of TEOS) dissolved in DMF was slowly added to
the precursor solution while stirring. After stirring for one
more hour, the mixed solution had a viscosity of 35 cp, suit-
able for spin-coating onto the glass substrate. Then, a spin-
coater (Kyowa Riken, K-359SD-1) was used at 2,000 rpm for
180 s to fabricate DRS/silica films on a glass substrate. The
thickness of the films prepared under these conditions was
commonly 0.4 um and even. The poling was carried out di-
rectly using the corona discharge method. Details of the
corona poling setup were reported earlier by Mortazavi et al.
(1989). The poling was started at 80°C. The strength of the
effective electric field used for poling was estimated to be 10
kV according to the literature (Mortazavi et al., 1989). Then,
with the electric field on, the thin films were heated to a
temperature at which the cross-linking of the material is fast.

Results and Discussion

Thermal stability of DRS

Prepared DRS was characterized and confirmed by 'H-
NMR (Shul et al., 1996). To find an optimum poling temper-
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ature, the thermal stability of DRS was investigated using dif-
ferential thermal analysis (DTA). From the DTA results,
thermal decomposition temperature of DRS was found to be
320°C, which is higher than that of DR-1 (290°C). Therefore,
the poling and curing temperature of the whole system were
set below 320°C. To fabricate the best second-order NLO
films, both curing and poling proceeded simultaneously. Al-
though the DRS/silica matrix spin-coated /cured films were
very thin (0.4 pm), there was no microscopic phase separa-
tion. The cross-linking reaction between the organic chro-
mophore (DRS) and TEOS was expected based on our ear-
lier article (Shul et al., 1993) and that of Kim et al. (1993).

Order Parameter of DRS in silica matrices

To investigate the relaxation behavior of various chro-
mophores and matrices after poling, the absorption behaviors
of each sample was examined as a function of time. The ab-
sorption spectra were taken at regular intervals over 200 h
for the poled /cured samples kept at 25, 80, 100, and 140°C,
respectively. The temporal retention of DRS/silica matrices
was excellent at all the temperatures studied (Figure 2). Since
the stability of the orientational order of the molecule deter-
mines the potential of the materials for practical NLO appli-
cations, these system show great promise for this purpose.
Indeed, in those systems the NLO chromophores (DRS) are
“locked in” a noncentrosymmetric arrangement after poling
and curing in the cross-linked matrices. The retention of the
chromophore orientation is considerably improved compared
to our previous results using the sol-gel method to form
matrices in guest—host systems, as was shown in Figure la
(Lee et al., 1996). This effect is due to the cross-linking reac-
tion between DRS and silica matrices; similar results have
been reported by other groups as well (Jeng et al., 1992).

Since all films were prepared from the same initial solu-
tion, the expected decay of UV absorption with respect to
time should be similar at the investigated temperatures (e.g.,
25, 80, 100 and 140°C). However, immediately after
poling /curing at 80°C, a dramatic decrease in absorption was
observed (Figure 3). This observation was unexpected: in both
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Figure 2. UV absorption changes before and after pol-
ing, and relaxation behaviors of DRS/silica
matrix film at various temperatures as a func-
tion of time.

A, = before poling; 4 = after poling.
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Figure 3. UV absorption changes before and after poi-
ing at 80°C.

our previous article (Shul et al,, 1996) and those of other
groups, the amount of absorption decreased by poling was
approximately 30% due to the alignment of DR-1 in the poly-
mer or silica matrices. However, the absorption differences
of the DRS/silica matrices before and after poling at 80°C
was about 70%. At the same time, the order parameter of
the DRS/silica matrices calculated from the UV absorption
difference (Burland et al., 1994) was 0.7. The experiments
were repeated several times under the same condition, and
the results were reproducible. There are two possible reasons
for the large decrease in the UV absorption for the films
poled at 80°C; (1) some of the NLO chromophores might have
been lost due to sublimation; (2) the chromophores actually
align more effectively at 80°C than at other temperatures. If
the decrease is due to the first reason, the UV absorption
decay would increase as the poling/curing temperatures in-
crease. However, as it was shown in Figure 2, the UV adsorp-
tion decay is almost the same at all other temperatures inves-
tigated. Therefore, we speculate that the organic chro-
mophore in DRS exhibits a liquid crystaliine phase at the
specific temperature (80°C) and the poling electric field would
induce more effectively oriented arrays of NLO chro-
mophores at this temperature. Actually, electric-field-in-
duced dipolar alignment of the mesogenic NLO-active
azochromophore in a side chain liquid crystalline polysilox-
ane was reported by Abe et al. (1995).

DSC analysis of DRS

In order to examine the validity of the argument presented
earlier, we used a differential scanning calorimeter (DSC) and
a polarized optical microscope to observe the phase-transi-
tion behavior of the pendant mesogenic group (DRS) in the
cross-linked silica matrices. For this purpose, DSC scans of
DRS and DR-1 at 10°C/min were performed for comparison.
Each sample was prepared by drying a small amount of the
solution in the DSC sample pan. Figure 4 shows typical DSC
scan of both DR-1 and DRS. The results indicate that DRS
showed two peaks, one due to melting, the other to liquid
crystal phase (nematic) transition. The crystal phase-transi-
tion temperature was exactly 80°C in the cooling cycle, while
in the heating cycle the temperature was 100°C. The reason
for the discrepancy of the crystal phase transition is probably
due to supercooling, which is often observed for liquid crys-
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Figure 4. (a) Differential scanning calorimeter analysis
of DR-1 and (b) DRS.

talline compounds. The phase transitions monitored by the
optical microscope are consistent with the results obtained
from DSC (Figure 5). While DSC the data of DRS obviously
showed a characteristic nematic phase transition, those of
DR-1 showed only a single peak due to melting at 162°C. No
liquid crystalline phase was observed for DR-1 under the po-
larized optical microscope. Therefore, both DSC and the op-
tical microscope results substantiate the speculation that the
formation of nematic phase for DRS in the reactive silica
matrix is a major factor in the large optical order parameter
observed for films poled at 80°C. In other words, by poling at
the phase-transition temperature of DRS (nematic phase), a
large difference on the UV absorption could be obtained due
to the effective alignment of the chromophores (Stupp et al.,
1992). Further investigation is under way in our group to ap-
ply the observed results in an NLO device.

Nonlinear optical properties

To observe the NLO properties, the SH intensity of the
poled samples examined in this work was obtained with an
Nd:YAG laser (Figure 6). The results show that the
DRS/silica matrix system has large SH intensities. The SH
coefficient is determined by measuring the SH intensity as a
function of the incident angle in transmission through the
film. The nonlinear optical coefficient (d;;) of the
poled/cured DRS/silica matrices was 47 pm/V, even in very
thin film (0.4 pm).
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Figure 5. Polarized optical microphotograph of nematic
phase of DRS at 80°C.

Conclusions

The sol-gel process was used to incorporate NLO chro-
mophores directly into an inorganic network, and use of the
DRS compound improves the retention of the oriented NLO
chromophores. The most effective alignment of the chro-
mophores can be obtained if the poling is carried out at the
liquid crystal-phase transition temperature (nematic phase in
this work). Therefore, it may be possible to keep the noncen-
trosymmetry of the liquid crystalline chromophores cova-
lently bound in a matrix network by simply applying a mag-
netic field or low-voltage electric poling instead of high-volt-
age electric poling. Since the DRS/silica system has shown
better clarity and less brittlement even in thin films, this kind
of network may be a better host to lock in the oriented NLO
chromophores locked in the host matrix.
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Figure 6. SH intensity change for incident angle in
DRS/silica matrices poled at 80°C.
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