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Novel sol-gel processed poly( 1,4-phenylene vinylene) (PPV) and poly(2,5-disubstituted-1,4-phenylene 
viny1ene)isilica composites were prepared by a soluble precursor technique. The two PPV derivatives 
included in this study were poly(2-bromo-5-methoxy-l,4-phenylene vinylene) and poly(2-butoxy-5-meth- 
oxy-l,4-phenylene vinylene). The spectral characteristics of these materials have been investigated using 
UV-visible and FT-IR spectroscopy. The densification process was studied by differential scanning 
calorimetry and thermal gravimetric analyzer. The third-order nonlinear susceptibility ~ ( ~ 1  have been 
investigated for the polymers themselves and their sol-gel composites at 602nm using degenerate four- 
wave mixing (DFWM) technique. Relatively large xC3) values (4 x 10-'o - 1 x lo-' esu) with a 
subpicosecond response were observed. 

Keywords: sol-gel processing, derivatized PPV, precursor technique, densification, 
optical nonlinearity 
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34 K.-S. LEE et al. 

INTRODUCTION 

Conjugated polymers having extensive n-electron delocalization have been con- 
sidered as best candidates for third-order nonlinear optical materials because of 
the large welectron contribution to the optical n~nl inear i ty . ' -~ Most conjugated 
polymers, however, have generally not been found to good photonic media due 
to the high optical losses. In contrast, inorganic glasses like silica or vanadium 
oxide are excellent photonic media and can be made into high quality fibers and 
films with extremely low optical losses. Therefore, if conjugated polymers and 
inorganic glasses can be mixed homogeneously, this could be one of the better 
ways for obtaining materials with large optical nonlinearity and low optical losses. 

The first conjugated polymer/silica composite made from precursor technique 
was developed by our group.4 In order to  obtain the composites having high non- 
linear coefficient ~ 1 ~ )  as well as the high optical quality, poly( 1,4-phenylene vinyl- 
ene) (PPV) and silica alkoxide were mixed successfully without any phase sepa- 
ration or precipitation at certain optimized conditions. This unusual composite by 
combining of organic and inorganic compound has shown a great advantage in the 
optical waveguiding and other photonic  application^.^.^ Since PPV and its two 
derivatives-poly(2-bromo-5-methoxy-l,4-phenylene vinylene) (BrMPPV) and 
poly(2-butoxy-5-methoxy-1,4-phenylene vinylene) (BuMPPV)-can be synthe- 
sized by the precursor technique ,7-9 preparation of the composites composed of 
an inorganic oxide and the n-conjugated organic polymers through precursor tech- 
nique was possible. It should be noted that BrMPPV has two opposite substituents, 
i.e., one electron-withdrawing and the other electron-donating, whereas BuMPPV 
has two electron-donating substituents. Examination of the dependence of x ( ~ )  

values on the nature of substituents is our major interest in this investigation. The 
preparation of these composites by sol-gel process, characterization and optical 
properties of these composites, and the x@) evaluations by degenerate four-wave 
mixing (DFWM) technique will be reported in this paper. 

EXPERIMENTAL 

1. Synthesis of PPV, BrMPPV and BuMPPV 

PPV, BrMPPV and BuMPPV were prepared by the precursor route as reported 
elsewhere .7-9 

2. Sol-Gel Process 

Since all of the composites were prepared by the same method, only the preparation 
of BrMPPV/silica composite is described in detail to present the representative 
experimental procedure: Equal amount by volumes of tetramethyl orthosilicate 
(TMOS), methanol and the sulfonium polyelectrolyte polymer precursor are mixed 
with stirring and added proper amount of 0.1N of HCI to adjust the pH = 3. For 
sol-formation, this mixture was heated at 60°C for about 30 min, cooled down to 
room temperature and diluted to be 10 times by volumes of TMOS in solution by 
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CONJUGATED POLYMERS 35 

addition of methanol. Consequently, equal volumes of above mixture and BrMPPV 
precursor solution (5% by weight) are mixed. After storing at room temperature 
for 24 hrs, the final BrMPPV precursor/silica sol-gel solution is casted on a suitable 
substrate (silica glass or quartz plate) using spin coater. The resulting film is then 
thermally treated with the temperature increased at a rate of 20"C/min in a vacuum 
oven torr) and held 210°C for 20 hrs. As a result, the BrMPPV precursor 
is converted into BrMPPV and an optical quality composite film is formed. The 
only difference in preparation of BuMPPV/silica sol-gel composite is that tetra- 
hydrofuran was used as a solvent instead of methanol that was used in BrMPPV 
systems. 

3. Measurements 

IR spectra were obtained by an infra-red (Alpha Centauri FT-IR) spectrometer. 
In order to study the correlation between the third-order nonlinear susceptibilities 
x ( ~ )  and the band gaps for the polymers and composites, the UV-visible spectra 
for the polymers and silica sol-gel composites were obtained a Shimadzu spectro- 
photometer (model 3101 PC). The band gap energies were determined from the 
onsets of the bands in spectra. A prism coupler (Metricon PC-2000) was employed 
for the refractive indecies and film thickness measurements. Characterization of 
the thermal elimination reaction of the polymers and composites was conducted 
on a DuPont 9900 thermogravimetric analyzer (TGA) and differential scanning 
calorimetry (DSC). These measurements were performed at a heating rate of 
20"C/min under a nitrogen atmosphere. The third-order optical nonlinearities of 
samples were measured by the DFWM technique using 400 femtosecond pulses at 
602nm. The laser system consists of a Nd-YAG laser (Spectra Physics, model 3800 
mode-locked) with a fiber optic pulse compressor (Spectra Physics, model 3690), 
a synchronously pumped dye laser (Spectra Physics, model 375B), and a three- 
stage amplifier (Qunta-Ray PDA-1) pumped at 30Hz with a Qunta-Ray DCR Nd- 
YAG laser. The beams in the forward wave geometry for DFWM were focused 
onto the film. The conjugate signal was detected by a photodiode and processed 
by a boxcar averager (EG&G, model 4200). A detailed experimental setup and 
procedure can be found in elsewhere.10 

RESULTS AND DISCUSSION 

1. Preparation and Characterization of the Composites 

In general, the sol-gel composites can be made either by cogelation of monomers 
or oligomers with metal alkoxide or by their impregnation in porous gels. Never- 
theless, not all the polymers can form sol-gel composite by cogelation or impreg- 
nation with alkoxide. We utilized a new method for preparing optical quality 
composites by mixing the precursor polymers with the silicate in common solvent 
and a conversion of the mixture to final polymer/silica composite by thermal treat- 
ment. 

For the preparation of polymer/silica composites using sol-gel technique, several 
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36 K.-S. LEE er al. 

factors such as (i) the type of alkoxide used, (ii) the proper control of pH value, 
(iii) the amount of water in the system, (iv) the type of solvent used in precursor 
polymer, (v) a reaction and consolidating temperature, etc. should be considered. 
Due to the different properties of the polymer precursors and the alkoxides, the 
preparation of these composites is greatly affected by these factors and becomes 
more complicated than that for a pure sol-gel system. An improper control of any 
of preparation parameters can easily lead to phase separation or precipitation. 

Essentially, four stages are involved in the formation of pure sol-gel system from 
the monomer TMOS: hydrolysis and polymerization of monomer to form small 
particles, increasing in the size of the particles, and then coalescing of these particles 
in the form three-dimensional networks. The polymerization reaction can be pic- 
tured as the condensation between silanol groups, i.e., 

In the present approach, the precursors of BrMPPV and BuMPPV were intro- 
duced into the sol-gel system forming a homogenous mixture and then a thermal 
reaction above 200°C in a vacuum was followed converting the precursor polymers 
into the final polyconjugated polymers uniformly dispersed in the silicate matrix. 
This process involves the reaction (1) and the following elimination reaction (2). 

Polymer precursors X = H ,  Y = H : P P V  

X = (CH2)3CH3, Y=OCH3: BuhPPV 
X = Br, Y = OCH3 : BrMPPV 

Since the glass formed in the sol-gel process of TMOS is porous, the polymer is 
believed to be embedded within the inorganic oxide glass. It was reported earlier 
that the pore radii in the pure silica obtained via sol-gel process are much smaller 
(1,510 nm) than the near UV or visible radiation wavelength and, thus, pure sol- 
gel glass was transparent.ll The present BrMPPV- and BuMPPV-silica composite 
films was not only homogenously transparent but also exhibited a smooth surface 
according to an initial study on interference patterns observed by the multiple beam 
interferometry. However, we do not have any evidence for molecularly mixing. 
Using the sol-gel technique, we can prepare polymer composites in which two 
components are mixed in large compositions up to 50% by weight without any 
phase separation. 

Figure l(a), (b), (c) and (d) show UV-visible spectra of BrMPPV precursor, 
BrMPPV/sol-gel precursor, polymer BrMPPV, and BrMPPV/sol-gel composite, 
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CONJUGATED POLYMERS 31  

200 300 400 500 600 700 
Wavelength (nm) 

FIGURE 1 
cursor, (c) BrMPPV, and (d) BrMPPVisol-gel composite. 

The UV-visible absorption spectra of (a) BrMPPV precursor, (b) BrMPPV/sol-gel pre- 

. . . . .. .. . .. . PPV/SOL-GEL 
BrMPPV - . - . - . - BrMPPV/SOL-GEL 

-.. BuMPPV 
-. . . - . . . - BuMPPV/SOL-GEL 

----- 

200 300 400 500 600 70 

Wavelength (nm) 
FIGURE 2 The UV-visible absorption spectra of thermally treated PPV, BrMPPV and BuMPPV, 
and their sol-gel composites. 

respectively. The precursor polymer films showed very weak absorptions in the 
visible range indicating that they are very stable at room temperature and contain 
little conjugated units. Their UV spectra displayed three absorption bands with 
their absorption maximum at 210 (phenyl), 265 (sulfonium) and 298 nm (trans- 
stilbene structure). After the films were thermally treated, their spectra showed 
broad, continuous absorptions indicative of highly conjugated systems. The onset 
of the absorption which yields the optical band gap is 525 nm (2.37 eV) for BrMPPV, 
and that of the BrMPPV/sol-gel composite showed about 10 nm blue shift (510 
nm). The absorption maximum for BrMPPV is 441 nm compared to 395 nm for 
the BrMPPV/sol-gel composite. As shown in Figure 2, such UV absorption pattern 
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38 K.-S. LEE et al. 

is also found between BuMPPV and BuMPPV/sol-gel composite; when the BuMPPV 
precursor polymer is mixed with silica glass and converted into BuMPPV/sol-gel 
composite, the absorption maximum shifts from 460 nm to 432 nm in the fully 
eliminated BuMPPV film. Namely, composite shows blue shift. This trend is similar 
to our previous result for PPV and PPV/sol-gel c o m p o ~ i t e . ~  It is thus believed that 
polymer chains are indeed incorporated within the bulk of the glass and the effective 
conjugation length is shorter than in the pure polymers. 

The IR transmission spectra of the silica sol-gel, BrMPPV, BrMPPVhol-gel and, 
BuMPPVhol-gel composite are shown in Figures 3(a), (b), (c), and (d), respec- 
tively. In the spectrum of silica sol-gel, three characteristic absorption bands of 
amorphous silica are observed between 400 and 1300 cm-l.  The strong band at 
1080 cm-' corresponds to the stretching vibration of the Si-0 bond.'* The one 
at 45.5 cm-' is attributed to the vibrational modes of deformation of the 0-Si-0 
and Si-0-Si  bond^.'^.*^ The band positioned at 820 cm-' corresponds to the 
ring structure of the tetrahedral (Sio4).l4 There are three other bands at 3500, 
1620, and 950 cm-'. The bands at 3500 and 1620 cm-l correspond to the stretching 
and deformation modes for hydroxyl groups and water molecules. l5 The last ab- 
sorption band at 950 cm-' is generally attributed to the vibration of the Si-0 
bonds for the glasses containing non-bridging oxygens16 or to the stretching mode 
of Si-O(0H) bonds." This band disappears at higher temperature.lX 

In the case of fully converted BrMPPV, the trans-vinylene CH out-of-plane 
bending absorption band at 963 cm- and trans-vinylene CH stretching at 30.54 
cm-I were observed in the IR spectrum (Figure 3(b))." No absorbance was ob- 
served near 630 cm-l where cis-CH bending mode would be expected. Finally, the 
IR transmission spectrum of BrMPPVhol-gel (Figure 3(c)) has the features of those 
from both silica sol-gel and BrMPPV. This implies that the elimination reaction 
of BrMPPV was not hampered in the composite during the sol-gel process. Very ~. 

similar spectral features in BuMPPVhol-gel composite was also observed (Figure 
3(d)). 

2. Thermal Analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA), 
were conducted to examine thermal behavior of the composites. Figure 4 shows 
the DSC curve of BrMPPV precursor, silica sol-gel, and BrMPPV precursor-silica 
gel which had been dried at room temperature in a desiccator for 3 months. In the 
case of BrMPPV precursor (Figure 4(a)), two endortherms appear at about 120°C 
and 150°C of which the former may mainly be related to the loss of residual volatiles 
and the latter to the elimination HC1 and tetrahydrothiophene as shown in Equation 
2. For the silica sol-gel (Figure 4(b)), we observe a very broad endothermic peak 
in the range of 50-210"C, for the loss of residual volatiles and dehydration reaction 
(Equation 1) are responsible. Figure 4(c) shows a broad doublet shaped endotherm 
between 50°C and 130°C and the peak maximum positions are slightly lower than 
those of BrMPPV precursor given in Figure 4(a). The shift of peak positions strongly 
implies the presence of interaction between two components (BrMPPV precursor 
and silica sol-gel) in the system. 

The TGA results are consistent with the DSC data. Figure 5(a), (b), and (c) 
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39 

I 1 1 I I 1 

4000 3000 2000 1000 
Wavenumbers (cm-') 

FIGURE 3 The IR transmission spectra of (a) sol-gel, (b) BrMPPV, ( c )  BrMPPVisol-gel composite, 
and (d) BuMPPVisol-gel composite. 

show the TGA curves of BrMPPV precursor, the silica sol-gel and the BrMPPV 
precursor/silica sol-gel composite, respectively. According to Figure 5(a) the max- 
imum rate of weight loss for BrMPPV precursor occurred around 130°C and 450°C. 
The first loss corresponds to the liberation of volatiles and thermolyzed products, 
HCl and tetrahydrothiophene. The second weight loss was due to degradation of 
BrMPPV to a black carbonaceous film. However, in the case of BrMPPV pre- 
cursor/sol-gel silica composite, the above-mentioned two weight loss occurred at 
lower temperature (Figure 5(c)) and become broader than in pure polymer pre- 
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a 1 1 

@) SOL-GEL 

(c) BrMPPV precursodSOL-GEL 

100 200 300 400 

Temperature (C ) 
FIGURE 4 DSC curves for (a) BrMPPV precursor, (b) sol-gel, and (c) BrMPPV precursodsol-gel 
composite. 

100 

80 

n 
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s 
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.Y 

40 
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0 200 400 600 800 

Temperature (t!) 
FIGURE 5 TGA curves of (a) BrMPPV precursor, (b) the sol-gel, and (c) BrMPPV precursorisol- 
gel compositc. 
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CONJUGATED POLYMERS 41 
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cursor. This could be due to the polymer which is trapped in the sol-gel matrix, 
and causing the occurrence of the elimination reaction over the broader range of 
temperature. Both DSC and TGA studies suggest that the BrMPPV precursor/silica 
sol-gel composite tends to accelerate the elimination and condensation reaction 
when compared with each component. Furthermore, the repeated scan showed 
that the process associated with the endothermic reaction was irreversible and no 
glass transition was detected for the final compositions. Thermal properties showed 
similar characteristics for BuMPPV/silica composite. 

.*. 
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. *  
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0 .  

0. 

..J ...... . ....................... ............. 
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3. x ( ~ )  Evaluations by DFWM Technique 

The x ( ~ )  value was evaluated by comparing the strength of the conjugate signal at 
low incident photon flux with that of CS, according to the following Equation (3): 

Where n is refractive index, 1 the interaction length, and a the linear absorption 
coefficient. The subscript c and s refer to CS2 and the sample, respectively. The 
CS2 sample is nonabsorbing at the wavelength (602 nm) used in our experiments. 
The value of x ( ~ )  = 6.8 X esu was used as the reference value for CS,.20 In 
all samples the absorption term in Equation (3) is ignored because the sample is 
nearly nonabsorbing at the wavelength of 602 nm (see Figure 2). Figure 6 represents 
a typical subpicosecond DFWM response of BrMPPV. The symmetrical signal 
shape indicates that this compound has nonresonant pattern. All investigated sam- 
ples showed similar shapes with BrMPPV. The material forms, band gap energies 
and the third-order nonlinear susceptibilities x(') are presented in Table I. The 
measured effective x ( ~ )  values for BrMPPV and BuMPPV are 9 x 10-lo and 2 x 

FIGURE 6 DFWM signal profile for BuMPPV obtained by delaying the forward beam (400 fem- 
tosecond pulses, 602 nm). 
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42 K.-S. LEE et al. 

TABLE I 

Band gap energies and the third-order nonlinear coefficients x(3)  of 
PPV, BrMPPV, BuMPPV and their silica composites 

Materials 

PPV film 2.46 4 x 10-1'' 
PPVisol-gel composite 2.70 3 x 10-1'' 

BrMPPV film 2.37 9 x 10-10 
BrMPPVisol-gel composite 2.52 8 x 10-1" 

BuMPPPV film 2.19 2 x 10-9 
BuMPPVlsol-gel composite 2.23 1 x 10-9 

esu, respectively. These values are significantly enhanced when compared 
with the value of 4 x lo-'' reported by Singh et al. for PPV at 602 nm.21 The x ( ~ )  
values for the polymer/sol-gel composites show slightly smaller values than those 
for the corresponding pure polymers. This can be attributed to two reasons: (1) 
the onsets of the absorption spectra in the composites are shifted to shorter wave- 
length indicating a reduction in the effective configuration or conjugation length, 
(2) and the number density of the polymeric units responsible for x ( ~ )  is reduced 
in the composite. Since silica glass has relatively low x ( ~ )  value and behaves as a 
solid diluent in the polymer/silica composites. 

Organic polymers with extended n-conjugation have a relatively large non-res- 
onant third-order susceptibility x ( ~ )  due to their n-electron delocalization, The 
results of our measurement of x ( ~ )  values reflect that there is a significant contri- 
bution for x ( ~ )  from the electron donor substituents at the 2, 5 positions of PPV 
phenylene rings. The butoxy and methoxy electron donor groups at 2, 5 positions 
enhance the n-electron density in the conjugated polymer BuMPPV. In fact, BuMPPV 
film exhibited maximum absorption at 460 nm, which is much longer wave length 
when compared with PPV's maximum absorption at about 410 nm. In contrast, 
the maximum absorption in the visible region occurs at 441 nm, for BrMPPV 
indicating a slight bathochromic shift when compared with absorption position of 
PPV. It is certain that the two substituents on the phenylene rings electronically 
influence the absorption character of the polymer opposite direction. Thus, the 
energy band gap is smallest and the effective x ( ~ )  value is the largest for BuMPPV. 

CONCLUSION 

Composite materials of PPV, BrMPPV and BuMPPV with silica were prepared 
using sol-gel processing technique. The blue shift in the UV-visible spectra and 
reaction endothermic appearance at lower temperature in the case of composites 
provide strong evidence for the interaction between the polymers and the silica 
components. Nonlinear optical coefficients x ( ~ )  of the pure polymers and the pol- 
ymer/sol-gel silica composites had been determined by DFWM technique. The 
trend of increasing x ( ~ )  values for BrMPPV and BuMPPV reflects the contribution 
derived from the substitution of the electron donating groups at 2,5-position of 
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CONJUGATED POLYMERS 43 

PPV. The x ( ~ )  values for the polymer/sol-gel silica composites are slightly lower 
than those for the corresponding pure polymers. This may originate from the 
shortening of effective conjugation length due to tight trapping in silica matrix, 
and the lower number of density of the polymeric units. Compared to the pure 
polymers, sol-gel processed polymer/silica films are of significantly improved optical 
quality. 
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