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Abstract

A series of all sol—gel organic—inorganic nonlinear optical materials based on the prepolymers of melamines and an alkoxysilane dye
(ASD) were investigated. The NLO-active ASD containing nitroazobenzene was incorporated into the melamine matrices with different
weight ratios. This all sol—gel type is shown to have the advantages of simultaneous polymerizations, and better compatibility between two
components due to residual hydroxyl and silanol groups after curing. The simultaneous route is often used to avoid significant phase
separation in a multi-component system. SEM results indicate that the inorganic networks are distributed uniformly throughout the organic
networks on a molecular scale. The silica particle sizes are well unger. This series of all sol-gel materials exhibits large second-order
optical nonlinearity @3 = 10—54 pm/V at 1064 nm, and 3—17 pm/V at 1542 nm) after poling and curing. Temporal stability of the effective
second harmonic coefficient at T@is also reported® 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction Recently, organic—inorganic sol—gel materials have
received significant attention, especially for advanced
Second-order nonlinear optical (NLO) polymers have photonics applications [9—11]. By incorporating the hard-
been extensively studied for applications in photonic ness of an inorganic sol-gel material into a high perfor-
devices, such as frequency doubling and electro-optical mance organic polymer, the resulting organic—inorganic
(EO) modulation, because of their large optical nonlinearity, composite may display the desired properties of both
excellent processibility, low dielectric constants, and high components [12—-14]. The incorporation of an inorganic
laser damage thresholds [1]. Over the past few years, differ-sol—gel material provides an inert environment for the
ent approaches have been investigated for preparing NLOorganic polymer and theoretically prevent its thermal
polymers with excellent NLO properties. They are guest— decomposition. Moreover, the inorganic networks will be
host system, side-chain type, main-chain type, and cross-densely and uniformly packed throughout the organic
linked type NLO polymers [2—8]. One of the crosslinked chain segments by the sol—gel process [12—14]. The inter-
NLO polymers is the sol—gel material [6—8]. Sol—gel mate- actions between an inorganic oxide and an organic polymer
rials with second-order NLO properties are promising for will reduce the molecular motions during the glass transition
applications in photonic devices for a humber of reasons. [14]. Therefore, the incorporation of an inorganic NLO sol—
These include their low temperature processing capability, gel material within an organic polymer is a reasonable
excellent optical quality, good thermal and temporal stabi- approach to enhance long-term NLO stability.
lities, refractive index control of films, and ease of device  Melamine-based sol—gel materials have been widely used
fabrication [6—8]. A sol—gel matrix doped with NLO chro- in the lighting, coating, and decorating industries because of
mophores has been reported by Jeng et al. [6]. Moreover,their good transparency [15]. High crosslink density with
NLO-active dyes have been covalently bonded with alkoxy- uniformity can be obtained via a sol—-gel process involving
silanes [7,8]. Subsequently, organically modified inorganic sequential hydrolysis and condensation reactions [16,17].

NLO sol—gel materials were obtained. Based on these conclusions, melamine is chosen to be the
organic component of an all sol-gel organic—inorganic
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Fig. 1. Chemical structures of: (a) HMM1; (b) HMM2; and (c) ASD.

produced from simultaneous sol—gel reactions aids subse-silicon oxide and organic networks. This would promote

quent hydrolysis of the melamine and alkoxysilane. More-

the compatibility between the inorganic and organic

over, this simultaneous route is often used to avoid phasenetwork. For the sake of comparison, a novel organically
separation of a multicomponent system [18—20]. One more modified sol—gel system was developed by the sol—gel

important feature of this all sol—gel type is that the residual
hydroxyl groups and silanol groups after curing will be
shown to exhibit hydrogen-bonding interactions between

0
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Scheme 1. Synthesis of the triethoxysilane capped melamine HMMSI.

processing of the ASD and a melamine end-capped with
alkoxysilane.

The thermal behavior of these all sol—-gel NLO materials
was studied by their temperature dependence on dielectric
relaxation. The phase homogeneity was analyzed using
scanning electron microscopy (SEM). Further, the second-
order nonlinearity and temporal stability at 200wvere also
investigated.

2. Experimental

Hexa(methoxymethyl)melamine, HMM1 (Fig. 1(a)) and
(hydroxymethyl)benzoquanamine, HMM2 (Fig. 1(b)) were
obtained from Monsanto and Aldrich, respectively, and
were used as received. The prepolymers of HMM1 and
HMM2 were prepared by heating the monomer at °220
for 1 h in the presence of acetic acid. The alkoxysilane
dye, ASD (Fig. 1(c)) was synthesized by the coupling of
a monoepoxy of (3-glycidoxypropyl) trimethoxysilane
and a monoamine of 4-[(4itrophenyl)azo]phenylamine
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Fig. 2. Infrared spectra of: (a) melamine; (b) 3-isocyanatopropyl triethoxysilane; and (c) HMMSI.
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Fig. 3. Infrared spectra of M2ASD50 (HMM2 : ASE 1 : 1), from top to bottom: pristine, cured (Z2Q 1 h).

Table 1
Thermal behavior of a series of melamine (HMM1, HMMZ2, and HMMSI)
and an alkoxysilane dye (ASD) based all sol-gel NLO materials

Sampled Composition (weight ratio) Ty CC)°
ASD — 293.0
M1ASD75 HMM1/ASD (25/75) 284.5
M1ASD50 HMM1/ASD (50/50) 268.0
M1ASD25 HMMZ1/ASD (75/25) 263.6
M2ASD75 HMM2/ASD (25/75) 291.2
M2ASD50 HMM2/ASD (50/50) 275.3
M2ASD25 HMM2/ASD (75/25) 267.4
MSIASD75 HMMSI/ASD (25/75) 288.7
MSIASD50 HMMSI/ASD (50/50) 277.1
MSIASD25 HMMSI/ASD (75/25) 269.6

2 Samples were cured at ZZDfor 1 h.

(Disperse Orange 3) [21]. Moreover, the preparation of
triethoxysilane capped melamine (HMMSI) was achieved
by the functional reaction of 3-isocyanatopropy! triethoxy-
silane and melamine (Scheme 1). Melamine, 2.5g,
(0.02 mol) was added to the dry tetrahydrofuran (THF)
(80 ml) and the mixture was refluxed while being stirred
under nitrogen and catalyst (dibutyltin dilaurate) for 1 h.
Then, 3-isocyanatopropyl triethoxysilane, 12 g, (0.06 mol)
was added and the heating was continued for 3 days. The
functional reaction was monitored during the reaction by
FTIR spectroscopy. The product was further extracted
with ethyl acetate. After the solvent was removed, the resi-
due was purified by column chromatography. The final clear
and almost colorless viscous product was obtained. The
chemical structure of HMMSI was characterized using

P T, was calculated at the temperature corresponding to 5% weight loss. FTIR spectroscopy. The infrared spectra of melamine,
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Fig. 5. The mapping spectra of the cured: (a) M1ASD50; (b) M2ASD50;
and (c) MSIASD50.

(c)

Fig. 4. Scanning electron micrograph of the cured: (a) M1ASD50; (b)
M2ASD50; and (c) MSIASD50.
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Fig. 6. Dielectric loss tangent versus temperature

and frequency for the cured: (a) HMML1; and (b) ASD.

3-isocyanatopropyl triethoxysilane, and HMMSI are shown 1000-1100 cr', respectively. These results indicate that

in Fig. 2. The NH stretch of melamine was observed around
3500 cm®. For 3-isocyanatopropyl triethoxysilane, the
C—H vibration stretch of O—-R showed up at around
2800—3000 cm'. The Si—O-Cstretching frequencies of

alkoxysilane are located in the region of 1000-

the HMMSI was obtained.

The reaction behavior of the materials was determined by
differential scanning calorimetry, DSC, (Seiko SSC/5200)
at a heating rate of 2@ min ’. Degradation temperatures
(Tq) were measured on a Seiko Exstar 6000 thermogravi-

1100 cmi™. The strong absorption peak corresponding to metric analyzer (TGA) at € min~* under air. UV-Vis

N=C=0 stretching was observed at 2273¢m For
HMMSI sample, the stretching peak of=liC=0O group
disappeared at 2273 crh This indicates that the residual
3-isocyanatopropyl  triethoxysilane was completely
removed by column chromatography. In addition, the,NH
stretch of melamine was not observed around 3500'cm

spectra were recorded on a Perkin EImer Lambda 2S spec-
trophotometer. The crosslinking of these sol—gel materials
was characterized by Fourier transform infrared (FTIR)
spectroscopy (Bio-Rad FTS155 FTIR). SEM (Jeol JEM-
840A) was used to study the morphology of the film (gold
coated). Dielectric relaxation behavior of the NLO sol—gel

The C—H vibration stretch of O—R and Si—O-C stretch of materials was studied by dielectric spectroscopy, DEA,

alkoxysilane were observed at around 2800-3000 an

d(Novercontrol GmbH). The measurement was performed
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Fig. 7. Dielectric loss tangent versus temperature and frequency for the cured: (a) M1ASD25; (b) M1ASDS50; and (c) M1ASD75.
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Fig. 8. Dielectric loss tangent versus temperature and frequency for the cured: (a) HMM2; and (b) M2ASD50.

using a Schlumberger SI 1260 impedance/gain-phase analythe corona poling set-up were the same as previously
zer and a Quator temperature controller. Dielectric measure-reported [22]. The poling process was started at room
ments were made from100°C to 250C. The frequency  temperature and increased to 220at a heating rate of
scan range was from I6to 10° Hz. 15°C min™ ™. The corona current was maintained a®

A prepolymer solution containing the ASD and mela- with a potential of 4.5 kV, while the poling temperature
mine-based prepolymer was prepared for spin-coating. Inwas kept at 22 for 1 h. The formation of the network
one example, the ASD (0.1g) and prepolymer (0.1g) and the molecular alignment of the poled order proceeded
(weight ratio = 1:1) were dissolved in THF (0.1g), simultaneously during this period. Upon saturation of the
containing 20 mg of water and 20 mg of acetic acid to aid SHG signal intensity, the sample was then cooled down to
the hydrolysis of ASD and the melamine-based prepolymer. room temperature in the presence of the poling field, at
The prepolymer solution was stirred at room temperature for which point the poling field was terminated. The thickness
4 h. Thin films were prepared by spin-coating the polymer and indices of refraction for the NLO polymer films were
solution onto indium tin oxide (ITO) glass substrates. The measured by a prism coupling (Metricon 2010). Second
poling process for the second-order NLO polymer films was harmonic generation measurements were carried out with
carried out using an in-situ poling technique. The details of a Q-switched Nd-YAG laser operating at 1064 and
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Fig. 9. Dielectric loss tangent versus temperature and frequency for the cured: (a) HMMSI; (b) MSIASD25; (c) MSIASD50; and (d) MSIASD75.

1542 nm using a Raman cell [23]. Measurement of the Moreover, the absorption peak at around 1100 tris

second harmonic coefficientds;, has been previously
discussed [24], and thdy; values were corrected for absorp-
tion [25].

3. Results and discussion

In this study, the optimum curing conditions were deter-

broader after curing, suggesting—8)—Siformation [26].

In addition, thermal decomposition of the sol—gel materials
was measured on a thermogravimetric analyzer under air
after curing at 22TC for 1 h. Ty was read at the temperature
corresponding to a weight loss of 5%. The composition and
the Ty of the all sol—-gel organic—inorganic NLO materials
are summarized in Table 1. Thgof the organic—inorganic
NLO sol-gel materials increase with the increase in the

mined using the DSC reaction scan for sol—gel process. Thecontent of ASD because of a higher inorganic ratio.

curing temperature (22Q) was chosen as the approximate

Thin films were prepared by spin-coating the prepolymer

midpoint between the start of exothermic curing and the solution onto ITO glass substrates for NLO measurement.
thermal decomposition temperature of ASD [26]. In addi- Optical clarity was maintained before and after the poling
tion, the thermal fluctuation at a high poling temperature and curing process for these all sol-gel organic—inorganic
would negatively affect the non-centrosymmetric alignment NLO materials. This was confirmed using optical micro-
of the NLO chromophores. This was also taken into consid- scopy. Moreover, the homogeneity of these organic—inor-
eration in determining the optimum curing parameters. ganic sol-gel materials was studied using SEM. The
After curing the organic—inorganic sample M2ASD50 fractured surfaces of the cured M1ASD50, M2ASD50 and
(HMM2:ASD = 50:50), the formation of the SiO-Si MSIASD50 are shown in Fig. 4. No sign of any phase
was evidenced by FTIR spectroscopy (Fig. 3). An appreci- separation was observed when the magnification was
able decrease of the C—H vibrational stretch of the O3-CH increased up to 4060 In addition, the distribution of inor-
groups at around 2800—3000 chrwas observed which is  ganic networks in the organic matrix was further confirmed
due to the condensation of the methoxymethyl groups. using SEM with a mapping technique [27]. The mapping



G.-H. Hsiue et al. / Polymer 40 (1999) 6417-6428

Absorbance

0.5

Pristine
— - - Poled/cured
------ After thermal treatment

500 600 700 800

Wavelength (nm)
(a)

Absorbance

Pristine

——— Poled/cured
------ After thermal treatment

300 400

500 600 700 800

Wavelength (nm)
(b)

Absorbance

Pristine
——— Poled/cured
------ After thermal treatment

300 400

Fig. 10. UV-Vis absorption spectra of the: (a) MLASD50; (b) M2ASD50;

and (c) MSIASDS50.

500 600 700 800
Temperature (°C)

(©)

6425

from the DSC study for the cured organic—inorganic sol—
gel NLO materials because of the formation of high cross-
linking density of the organic and inorganic networks [28].
Dielectric relaxation is a useful technique for studying the
dynamic behavior of the polymers, as it is sensitive to the
motions of the ground-state dipole moments of the NLO
chromophores. Moreover, the molecular mobility is deter-
mined by the molecular packing of the organic and inor-
ganic networks. The packing structure of the organic—
inorganic sol—gel material could be thoroughly examined
by the dielectric relaxation behavior. Temperature depen-
dence of the dielectric loss tangent for the cured HMM1 and
ASD is shown in Fig. 6. For cured HMML, therelaxation
was observed from-100°C to 50C, which corresponded to
the local (i.e. crankshaft) motion of the methylene or methy-
lene—ether bridges in the network and the free motion of the
dangling chains from the unreacted methoxymethyl groups
(Fig. 6(a)) [29]. Moreover, tha-relaxation (associated with
the glass transition) occurred at a higher temperature range.
The large amplitude of the-relaxation implies a low cross-
linking density of the cured HMM1 [12]. In Fig. 6(b), thge
relaxation was observed in the range ofLl00CC-5C0C,
which corresponds to the local and non-cooperative motions
of the NLO chromophore for cured ASD. Moreover, ihe
and d-relaxations occurred at a higher temperature range.
Thed-relaxation was associated with a larger scale of mole-
cular motion, which has a lower relaxation frequency
(below 1 kHz) than thea-relaxation (10 Hz—100 kHz)
[30]. The amplitude of thea-relaxation is significant,
which also reflects that the cured ASD has a low crosslink
density. For the cured M1ASD25, M1ASD50 and
M1ASD75 (Fig. 7), the suppressed-relaxation peaks
were located at higher temperatures as compared to the
cured ASD. In particular, the M1ASD50 sample exhibited
a highestx-relaxation temperature. In Fig. 7(a), the relaxa-
tion behavior of the cured M1ASD25 was similar to that of
the cured HMM1 because of the high content of HMML1.
Moreover, relaxation behavior of the cured M1ASD75 with
high ASD content was similar to the cured ASD (Fig. 7(c)).

Table 2

Linear optical properties of a series of melamines and an alkoxysilane dye
based all sol—-gel NLO materialdd {s the thickness of the polymer film.
Ns3o, N771, Nigss Misar @re the refraction indices at 532, 771, 1064, and
1542 nm, respectively.)

Samples d (nm) Ns32 771 N1os4 Mis42
spectra of the cured M1ASD50, M2ASD50 and MSIASD50 AsD 11 1.75 1.67 1.64 1.61
are shown in Fig. 5. The results indicate that the silicons are M1ASD75 10 171 165 1.63 1.59
distributed uniformly throughout the polymer film and that M1ASD50 0.9 1.68 1.63 1.59 1.57
the silica particle sizes are much smaller thaom for these MIASD25 0.7 1.65 159 157 155
P | M2ASD75 1.2 1.72 1.66 1.64 1.61
samples [27]. The opservathn' by SEM supports the fgct that v2asDs0 1.0 1.67 1.64 1.61 1.58
a high degree of uniform mixing between the organic and M2AsSD25 0.7 1.64 1.58 1.57 1.56
inorganic networks was obtained for these melamine-basedMSIASD75 11 1.69 164 1.60 1.58
sol—gel composites. MSIASD50 0.8 1.66 1.62 1.58 1.56
MSIASD25 0.9 1.63 1.58 1.56 1.54

Glass transition temperature$ ( were not detectable
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However, the amplitudes of the-relaxation peaks were from 1.54 to 1.75, and increased with the increase in the
decreased for these cured HMM1/ASD samples comparedcontent of ASD. The second-harmonic coefficietgsand
with the cured HMM1 and ASD. This reduction in ampli- ds; of poled/cured ASD, HMM1/ASD, HMM2/ASD and
tude was more significant for the M1ASD50 compared with HMMSI/ASD samples for incident light of 1064 and
the other samples. Suppression of the molecular motion1542 nm are summarized in Table 3. These melamine/
during glass transition is presumably owing to the increase ASD based all sol—gel organic—inorganic NLO materials
of the crosslinking density and the existence of the interac- show large second-order nonlinearity after poling and
tion between the organic polymer and inorganic networks curing at 220C for 1 h. Moreover, the second-harmonic
for the cured HMM1/ASD samples. The predominant coefficients increased with the increase in the content of
source of the interaction comes from the residual hydroxyl ASD. A larger second-harmonic coefficient of these NLO
groups on the surface of the Si@etwork and melamine  sol-gel materials was obtained for the incident light of
network [14]. In addition, temperature dependence of the 1064 nm compared with the second-harmonic coefficient
dielectric loss tangent for the cured HMM2 and M2ASD50 obtained at 1542 nm. This is due to the resonant enhance-
is shown in Fig. 8. For cured HMM2, the local motions®f  ment of the second-harmonic generation at a wavelength
and--relaxations were observed in the range-df00°C— near 532 nm [34].
50°C. Moreover, thea-relaxation behavior of the cured The temporal characteristics of the second harmonic
HMM2 was similar to that of the cured HMM1 and that coefficient for the poled/cured NLO sol—-gel films at
of the cured M2ASD50 was similar to that of the cured 10C°C are shown in Fig. 11. In Fig. 11(a), a better temporal
M1ASD50. Each of the two exhibitegtrelaxation tempera-  stability was obtained for the poled/cured HMM1/ASD
tures almost in the same temperature range, even though theamples compared with the poled/cured ASD, especially
number of reaction sites for HMM2 was less than that for the one with an equivalent weight ratio of HMM1 and
HMML1. This implies that the packing of the rigid aromatic ASD. The dense and uniform packing of the organic and
ring through the organic network was able to effectively inorganic networks leads to better temporal stability of the
suppress the molecular motion during glass transition all sol—gel organic—inorganic NLO material. In Fig. 11(b),
[6,8,31,32]. Moreover, the composition dependence of the the composition dependence of the temporal stability for
dielectric relaxation for the cured HMM2/ASD samples poled/cured HMM2/ASD samples was the same as that
(M2ASD25, M2ASD50, and M2ASD75) are the same as for the HMM1/ASD samples. This corroborates that the
that for the cured HMM1/ASD samples. In addition, dielec- HMM1/ASD and HMM2/ASD samples show similar ther-
tric relaxation behavior of the cured HMMSI and HMMSI/  mal dynamic behavior as studied by dielectric spectroscopy.
ASD samples (MSIASD25, MSIASD50 and MSIASD75) is  In addition, the temporal stability behavior of the poled/
shown in Fig. 9. The composition dependence of the dielec- cured HMMSI/ASD samples are shown in Fig. 11(c). Better
tric relaxation is different from those of the cured HMM1/ temporal stability was obtained for the poled/cured
ASD and HMM2/ASD samples. The-relaxation tempera- HMMSI/ASD sample containing a higher HMMSI content.
ture increases with the increase in the content of HMMSI The temporal stability of the poled/cured ASD could be
because of the high-relaxation temperature of the cured significantly improved by the incorporation of ASD into
HMMSI samples. Moreover, the crosslinking between the melamine-based sol-gel material.
HMMSI and ASD via the sol—gel process results in the
suppression of the molecular motion, and subsequently
leads to the enhancement of therelaxation temperature
for the cured HMMSI/ASD samples. This result is more
significant for the cured HMMSI/ASD sample containing
a higher HMMSI content (above 50 wt.%).
. . . Table 3

The pO_llng effect on the absorptlon k_JEhaVIOr of the NLO The second harmonic coefficierdgs and ds; (pm/V) of a series of mela-
polymer films were measured by UV-Vis spectroscopy. The mines and an alkoxysilane dye based all sol—gel NLO materials for incident
absorption spectra for the NLO polymer films before and light of 1064 and 1542 nm wavelength
after poling, and under thermal treatments at “C0@re

shown in Fig. 10. The maximum of the absorption occurred Samples Gastrone Gascaoeg Gagasen Garasen
around 450 nm for these NLO polymers. Immediately after asp 54.0 19.2 16.6 6.4
poling/curing, a decrease and a blue shift were observed inM1ASD75 418 13.7 12.0 4.2
the spectrum. This was due to dichroism and electrochro- M1ASD50 40.0 143 118 4.8
mism resulting from the induced dipole alignment [33]. miﬁggig égg 1?1'2 g'g é';
Moreover, the relaxation phenomenon was observed in they,aspso 343 13.9 9.7 39
spectrum after thermal treatment at 30Cfor 250 h. The M2ASD25 16.8 5.4 43 1.6
linear optical properties of these NLO sol—gel materials are MSIASD75 37.6 12.7 8.8 32
summarized in Table 2. The thickness of the polymer films MSIASD50 28.1 9.5 8.6 3.1
MSIASD25 10.7 46 3.2 11

ranged from 0.7 to 1.@m. The refraction indices ranged
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1 melamines (HMM1, and HMM2) and an ASD based all
-+ ASD ; sol—gel organic—inorganic NLO materials, especially the
08 F :mﬁggsg ones with equivalent weight ratio of melamine and ASD,
= o M1ASD25 have a higher glass transition temperature than the cured
% 06} ASD sample. Moreover, thex-relaxation temperature
= increases with the increase in the content of HMMSI for
= o4} the organically modified NLO sol—gel materials. As a result,
§ better temporal stability at 100 was obtained for these
02 : — melamine-based sol-gel organic—inorganic materials
compared with that for the poled/cured ASD sample.
0 1 1 1 1
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