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Table 3. '"H NMR data for TAPA, TIPA and TU in CDC, {al.

H, Hs Hs H, H, H, Hy,
TAPA 665 6.65 35
TIPA 6.97 6.97
TU 7.1 7.1 6.8 4.2 1.5 1.5 0.9

[a] Numbering of protons and carbons is indicated in Figure 1.

under dry N,. Tris(p-isocyanatophenyl)amine was obtained in 63 % yield, puri-
fied by recrystallization in diethyl ether and has a melting point of 148°C.
C,,H,,N,05: cale. C 68.48% H 3.28% N 15.21 %, found C 68.43% H 3.28 %
N 15.13%. In the IR specira a very intense peak at 2270 cm ™' due to the
isocyanate group is observed. The *H NMR and '*C NMR data of TIPA in
CDCl, are reported in Tables 3 and 4, respectively.

Table 4. '*C NMR data for TAPA, TIPA and TU in CDCI, {al.

C, C, C, C, C, C, G G Cy

TAPA 1431 1148 1241 1388
TIPA 1468 1257 1248 1282 1245
TU 143.6 1243 1220 1327 1540 851 309 19.0 137

[a] Numbering of protons and carbons is indicated in Figure 1.

TIPA was reacted with 1-butanol in 1,2-dichloroethane at 70°C under a N,
atmosphere for 2 days. After the solvent had been removed, the reaction
product, TU, was purified by using analytical high-pressure liquid chromatog-
raphy (HPLC) with THF /hexanc (20/80) as eluanl. TU was obtained as a solid
with a melting point of 167°C. "H NMR and '*C NMR data of TU in CDCl,
are reported in Tables 3 and 4 respectively. C33H,,N,Oq: calc. C 67.09% H
7.16% N 9.48%; found C 66.98% H 7.04% N 9.41%. In the IR spectra the
2270 cm™?! band disappeared completely while new bands due to the urethane
groups appeared at 1710, 1698, and 1598 cm ™.

UV absorption spectra were recorded with a Perkin Elmer Lambda 6 UV/vis
spectrometer. Corrected fluorescence and excitation spectra were obtained with
a SPEX Fluorolog 212. All solutions had an absorbance of approximately 0.1.
Third-order susceptibilities of TIPA and TU in solution were measured using an
optical phase conjugated (OPC) interferometer. {5] A Nd: YAG laser (YG-501
Quantel) was used as the excitation source. The intensity of the OPC wave
generated by degenerate four-wave mixing in a medium is proportional to the
third-order susceptibility of this medium. This macroscopic susceptibility ¢** is
related 1o the microscopic second-order hyperpolarizability y of the organic
molecules present in the sample cell. Carbon disulfide (x&), = 6.8 x 107! esu)
was used as a reference.
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Optical Second-Harmonic Effect of Sol-Gel
Inorganic—Organic Nanocomposites **

By Lothar Kador,* Reiner Fischer, Dietrich Haarer,
Reiner Kasemann, Stefan Briick, Helmut Schmidt,
and Heinz Diirr

The field of nonlinear optics has been characterized by a
remarkable increase of the research activities during the past
decade. This is mostly due to promising technical applica-
tions which could considerably enhance the potential of op-
tics and optoelectronics, espcially in the field of data process-
ing and data storage! For frequency doubling or
modulation of light by an electric field, materials with a
non-zero quadratic nonlinear coefficient (x‘*') are required.

For general reasons of symmetry, even-order nonlinear
coefticients can only be realized in substances with a non-
centrosymmetric structure. Thus, polymeric and other disor-
dered materials must be poled by an external field. Usually,
nonlinear-optically active (NLO-active) dye molecules,
which are characterized by large delocalized © electron sys-
tems and which, in addition, carry strong electric dipole mo-
ments, are incorporated into inert matrices so that orienta-
tion of the molecules is possible in an electric field while the
samples are kept above the glass transition temperature
(which must be well above room temperature). The goal is to
permanently freeze in at least part of the orientational order
by lowering the temperature below the glass point (7,) while
the field is still being applied.!”! However, a general problem
in commonly known polymeric systems is that the polariza-
tion decays with time to some value which is too small for
technical applications.

In order to solve this problem, several methods have been
proposed. One way is to use organic polymers and/or dopant
molecules that carry more than one functional side group per
unit so that the sample can be chemically crosslinked during
the poling process."® ~*! Reasonable temporal and thermal
stability of the x® parameter has been achieved with the
crosslinking technique. However, a general problem is that
raising the temperature of the precursor polymer during pol-
ing, which is necessary for an effective orientation of the
chromophores, at the same time initiates the crosslinking
process. Hence, it is difficult to decouple these two processes.
A way to circumvent this problem is to prepare rigid ma-
trices in a sol-gel transition. The sol—gel process allows the
synthesis of inorganic—organic composite materials which
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can be highly crosslinked, and high 7, values (several hun-
dred degrees Celsius) can be obtained.l15 =%

The objective of the investigation reported here was to
demonstrate the basic suitability of this class of materials as
matrices for ¥* chromophores and to show that stable pol-
ing in an electric field is possible. As a prerequisite, it was
necessary to develop sol-gel materials with a minimized con-
centration of free charge carriers and to employ suitable
methods for incorporating 3 chromophores. As was shown
by Livage and co-workers,['®) NLO-active dye molecules can
be incorporated in sol-gel materials containing =Si-CH,
groups and second-order nonlinear susceptibilities can be
obtained by poling. In our concept, polymerizable organic
components were added since they allow us to carry out
controlled photo- or thermal polymerization in the course of
poling and open up the possibility of performing further
shaping processes such as embossing during photo- or ther-
mally initiated crosslinking or photolithography ! *!!
Hence, our matrix materials can be characterized as inorgan-
ic-organic nanocomposites or organically modified ceramics
(ORMOCERSs). For the y® measurements, we used the
Maker fringe technique.!*?!

In order to optimize the charge carrier concentration (H®,
H,0) resulting from the sol—gel synthesis, a detailed investi-
gation of the synthesis mechanism was carried out by follow-
ing the synthesis process (hydrolysis, condensation, H,O
content, and silanol concentration) by Karl-Fischer titra-
tion, IR, and #°Si NMR spectroscopy. Homogeneous films
of low optical loss were synthesized by prehydrolyzing the
silane with 0.5 H,O per alkoxy group and then adding
Zr(OR), complexed with methacrylic acid, MAA
(Zr:MAA =1:1). The Zr alkoxide/MAA complex consumes
the H,O present in a latent form as =SiOH without leading
to the formation of “free” H,0. The catalytic activity of Zr
allows us to run the process at extremely low H® concentra-
tions necessary for high dielectric strengths. Due to the low
charge carrier content, the breakdown voltage of the cast
unsolidified films is in the range of 0.7 x 10° to 1.0 x 10° V/
cm, suitable for corona poling. In the course of the sol-gel
transition, the concentration of free ions in the matrix, and
hence the conductivity, decreases even further, which can be
concluded from a slight increase of the corona voltage (using
regulation of the current). However, a quantitative measure-
ment of this effect could not be performed. After addition of
the @ chromophores, the viscous liquids were used in a dip-
or spin-coating process and films of thicknesses between 0.5
and 6 um were obtained, depending on the volume fraction
of the saturated dye solution. The freshly prepared films
were poled with a corona current of 5 pA, corresponding to
voltages of 6 to 8 kV, with no dielectric breakdown occur-
ring. The sol-gel transition was performed by heating the
sample films to 120°C for 1 h. In the case of UV solidifica-
tion, the samples were illuminated with UV light for 30 to
60 s and then heated to 70°C for 1 h. Solid yellow or red
colored films were obtained which exhibited no agglomera-
tion of the chromophores, as was proven by vis spec-

Adv, Mater. 1993, 5, No. 4

© VCH Verlugsgesellschaft mbH, W-6940 Weinheim, 1993

MATERIALS

troscopy. Figure 1 shows a structure model of a solidified
three-dimensionally crosslinked ORMOCER matrix with a
¥*®-chromophore bonded to the inorganic backbone.
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Fig. 1. Structure model of the three-dimensionally crosslinked interconnected
inorganic-organic network of a solidified ORMOCER with a x®-chro-
mophore chemically bonded to the inorganic backbone (in the center of the
figure).

The results of the Maker fringe measurements are present-
ed in Figures 2—4. Figure 2a shows a typical second-har-
monic signal of a poled sol-gel sample; the irradiated wave-
length was 1064 nm and the sample thickness 2.0 um. The
NLO-active dye molecules (ANB, 5 wt.-%; see Scheme) are
chemically bonded to the matrix backbone. Since the sample

OCHa
CH3 O—Si-—(CHz )3—-—0

OCH3

Scheme. 4-Nitro-4'-(oxypropyltrimethoxysilyl)azobenzene, ANB.

is much thinner than the coherence length, no real Maker
fringes appear; only an envelope is visible, which is due to
transmission and projection factors.!*3! In the case of thin
poled films in which the molecules are oriented perpendicu-
larly to the surface, the signal is always zero at normal inci-
dence, since in this geometry the polarization direction of the
incident light is perpendicular to the molecular axis of high
hyperpolarizability.**! The dotted line represents the theo-
retical fit to the data with indices of refraction of n,, =1.2104
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and n,,, =1.50 and a y%¥ coefficient of 0.02316 pm/V. The fit
parameters were % and n_. The big difference between n,,
and n,, is somewhat unusual and may be due to surface
irregularities of the sample film, which affect the signal shape
particularly at large angles of incidence. The result for ¥ is
influenced by the refractive indices to some extent, but since
these are first data of a new class of materials, no effort was
made to measure the refractive index values accurately in a
separate experiment. For instance, using 7, =1.40 and
1, =1.50 yields & = 0.03232 pm/V, which is of the same
order of magnitude.
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Fig. 2. Maker fringe signals of a side group ORMOCER sample (containing
the dye ANB) at two different irradiated infrared wavelengths: a) 1064 nm,
b) 954 nm. The solid lines are the experimental data; the dotted lines represent
theoretical fits with nonlinear susceptibilities ¥@ of 0.02316 pm/V (a) and
0.04200 pm/V (b). In each part the fit parameters were {3 and the refractive
index at the irradiated wavelength, »,,. Sample thickness: 2.0 pm.

In order to check whether the nonlinear susceptibility is
affected by resonance enhancement due to absorption of the
second harmonic, we performed the Maker fringe experi-
ment at a second infrared wavelength of 954 nm. The signal
curve is plotted in Figure 2b together with the corresponding
fit. The parameters are ¥\ = 0.04200 pm/V, n, =1.4569,
n,,, =1.55. At 954 nm, the y® parameter value is larger than
at 1064 nm. This 1s in accordance with the absorption spec-
trum in the visible region, as Figure 3 shows. Since the sec-
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ond harmonic of 1064 nm is still close to the long-wavelength
tail of the absorption band, we can assume that also the y*®
parameter measured at this wavelength is affected by reso-
nance enhancement to some extent. Although the value of
%2 is larger at 954 nm, the noise level is higher because the
pulse power fluctuations are increased by the nonlinear stim-
ulated Raman process in the gas pressure cell.
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Fig. 3. Nonlinear susceptibilities 7% of the data in Figure 2, plotted as a func-
tion of the generated second-harmonic wavelength (right scale). Also shown is
the absorption spectrum of the sample in this wavelength region (left scale).

A very important property of y?' materials is the temporal
stability of the orientation of their chromophores. We mea-
sured the y{J parameter of a sample containing the dye DR1
over a period of more than five months. The results are
shown in Figure 4. The coefficient drops by a factor of

2 o

E 0.10 :

B ¢4

~N 0.0s) ¢ ¢ ; 1

3 ;
0.00 . : s

0 50 100 150
Days after poling

Fig. 4. Long-term behavior of the y{¥ coefficient of a poled sample doped with
the dye DR1.

roughly 3 (if the last data point is not taken into account) to
6 in this period. Thus, the stability is better than that of
PMMA matrices doped with physically dissolved dye mole-
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cules (which have no chemical bond to the polymer back-
bone).!* 51 We ascribe this effect to the rigidity of our three-di-
mensional crosslinked matrix material. However, the
stability is not as good as in organic side-chain polymers.!'®!
Also, the overall magnitude of the ¥ parameter is still
rather small. Perhaps the electrical conductivity of the
sample films in the early stages of the sol-gel process is still
too high, so that the internal poling field strength and, as a
consequence, the degree of orientation of the chromophores
cannot reach high values. More work is needed to clarify this
point.

The measurements presented in Figure 4 were carried out
with infrared radiation of wavelength 1064 nm. All the data
points were obtained using the same values of the refractive
indices n,, and n,,,. The scatter of the data may be due to the
fact that spots of stightly different thickness were illuminated
in the measurements. Note that the second harmonic gener-
ation signal varies with the square of the product of the 3
parameter and sample thickness for very thin films."'3
We wish to emphasize that these are first results and no
optimization of the system parameters has been performed.
For the side-chain chromophore ANB, the temporal sta-
bility of the ¥? parameter has not been investigated
yet.

These first results show that the basic concept of using
inorganic-organic composite materials produced by the sol—
gel process as a rigid matrix for oriented x*' chromophores
is promising. The absolute ¥'? values and the temporal sta-
bility of the DR1-doped samples are not satisfying at
present, but no optimization has been carried out so far.
Compared to conventional organic polymers such as
PMMA doped with non-linked dyes,*>! the decay is com-
paratively slow, indicating the effect of the three-dimension-
al crosslinked rigid matrix (although in new investigations of
organic guest-host systems with higher glass transition tem-
peratures considerably enhanced poling stabilities were
found™* ™). For the chemically linked chromophore (ANB),
the temporal decay of the orientation has not yet been inves-
tigated but we anticipate similar improvements as known
from organic side-chain chromophores. In further experi-
ments, the matrix effect (composition, synthesis), the effect
of dyes (structure, concentration) covalently linked to the
inorganic backbone, and the influence of the processing
parameters (variation of film thickness, poling conditions)
will be investigated.

Experimental

As basic system, a composition based on ZrO,, methacrylic acid (MAA), and
a methacryloxypropylsilane (H,C=C(CH;)COO(CH,),Si0,,; MPTS) was
used, as described in detail elsewhere!® '8, The sols were synthésized by step-
wise hydrolysis and condensation of the alkoxide precursors. Hydrolysis, con-
densation, H,0 content, and silanol concentration were monitored by means of
Karl-Fischer titration, IR, and 2°Si NMR spectroscopy. Homogeneous films
of low optical loss could be synthesized by prehydrolyzing the silane with
0.5H,0 per —OR and then adding Zr(OR), complexed with MAA
(Zr:MAA =1:1). The chromophores were added in saturated tetrahydrofuran
solutions (6.6 g/l  4-[2-(hydroxyethyl)-N-ethylamino]-4'-nitroazobenzene
(DR1); 30g/l 4-nitro-4’-(oxypropyltrimethoxysilyl)azobenzene (ANBUl).

Adv. Mater. 1993, 5, No. 4
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After addition of a UV or thermal radical starter (1% of 1-hydroxycyclo-
hexylphenylketone or 1% of azoisobutyronitrile, respectively), the viscous sols
were deposited by dip- or spin-coating on indium-tin-oxide (ITO) coated glass
slides. The samples were subjected to corona poling in a geometry with two thin
wires positioned above the ITO glass at a distance of about 15 mm.

The breakdown voltage of the deposited films was measured according to the
standard DIN 53481. During poling, the sol-gel process was initiated by UV
irradiation and/or heating, depending on the starter substance. In the UV
process, the sample was illuminated with the unfiltered radiation of a 200 W Hg
high-pressure lamp for 30 to 60 s and afterwards heated to 70 °C; in the purely
thermal process the heating temperature was 120 °C. The samples were kept at
the ¢levated temperature for about 1 h. The thickness of the sample films was
measured with a Sloan DEKTAK 3030ST stylometer.

The light source in our experimental set-up was a picosecond Nd>®: YAG laser
(Continuum PY 601C-10) which provides pulses of 35 ps duration. Most mea-
surements were performed directly with the 1064 nm output; however, a few
experiments were also conducted with a second infrared wavelength (954 nm)
which was generated in a Raman shifter (Spectra Physics RS-1) filled with
pressurized H, gas. The infrared radiation was split into two beams of equal
power, which were focused onto the sample and on a reference material. The
reference material was a poled PMMA layer with oxynitrostilbene side groups;
it was held at a fixed angle and provided a reference signal to correct for laser
power fluctuations. In both channels the generated second-harmonic light was
separated from the fundamental wavelength by means of a monochromator
(Jobin—Yvon H.10) and was detected by a cooled photomultiplier (Hamamatsu
R649), The phototube signals were finally fed into a boxcar averager (Stanford
Research SR245). A custom-built minicomputer controlled the experiment and
the data acquisition. The signal was typically averaged over 60 laser shots at
each orientation of the sample. The second-harmonic data were evaluated by
fits of the corresponding theoretical functions[13]; the comparison with the
amplitude of the fringe pattern of a y-cut crystalline quartz plate () = 0.5 pm/
V[20]) yielded absolute values of the y'* parameter. Note that all the 3 values
quoted in this paper correspond to the d parameter in [13].
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