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Poly(p-phenylene vinylene) (PPV)-silica composite thin films were prepared via the sol-gel process 
incorporating a water-soluble PPV precursor. After solvent evaporation, the spin-coated or quiescently 
cast films were cured and the PPV precursor and the silica sol were completely converted into the PPV-silica 
composites. Quiescently cast films show an improved wave-guiding behaviour with a Z 3 value only slightly 
smaller than pure PPV films. Their structure consists of a nanophase-separated morphology composed of 
amorphous silica and paracrystalline PPV. Small-angle X-ray scattering and bright field transmission 
electron microscopy images indicate a random arrangement of the nanoscale domains with average domain 
size of approximately 4 nm. In contrast, spin-coated films show clusters and cluster-cluster aggregates 
approximately 100 nm in diameter. The clusters consist of particulate silica and pores, each about 3 nm in 
size, with the PPV contained in the pores and between the clusters. The observed morphologies are related 
to film preparation conditions in terms of sol-gel processing, taking the presence of the polymer into account. 
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I N T R O D U C T I O N  

Polymer sol-gel composite or hybrid materials attract 
special interest because they combine the beneficial 
properties of both materials, the polymer and the silica. 
For example, the excellent optical quality of glass in terms 
of transparency and wave-guiding can be combined 
with special non-linear-optical properties of conjugated 
polymers' .  In other applications, efforts have been made 
to combine the high tensile strength and toughness of 
ordered rigid-rod polymers and the excellent compressive 
strength of glass 2 4, or to prepare new contact lens 
materials by the sol-gel procedure employing poly(methyl 
methacrylate) (PMMA) 5. The properties of transparent 
si l ica-PMMA composites, e.g. density, refractive index, 
modulus of rupture, compressive strength, abrasion rate 
and Vickers hardness, have been investigated over a range 
of 100% silica to 100% PMMA 6. Material properties 
are expected to be a function of the number of groups 
on a polymer chain which react with the silica particles 7. 
Experiments showing a decreasing small-angle X-ray 
scattering (SAXS)-derived correlation length with an 
increasing number of functional groups on the polymer 
chain led Huang e t  al.  7 to suggest a model in which all 
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functional groups are connected to clusters formed by 
silica particles. 

To date, there are no publications dealing primarily 
with the structure and morphology of polymer silica 
composites; in particular, there are no investigations 
utilizing transmission electron microscopy (TEM) or 
scanning electron microscopy (SEM). In contrast, the 
microstructure of pure sol-gel processed silica 8 has been 
extensively investigated by wide-angle X-ray scattering 
(WAXS) 9, SAXS 1°'11, small-angle neutron scattering 
(SANS) 12'13, TEM '4-17 and SEM TM. In addition, silica 
samples have been used as models for fractals 19.20, with 
various simulations of cluster growth and aggregation of 
silica 2'. Depending on the sol-gel preparation conditions, 
many types of structures and morphologies are reported: 
linear or branched polymers; clusters and diffusion- 
limited aggregates; fully dense particles. The conditions 
necessary to form sheets and coatings from sols 
have been defined 22 and the influences of fast solvent 
evaporation and the flow conditions in the sol during 
thin film preparation are reported 23. 

In the present work, poly(p-phenylene vinylene) 
(PPV)-silica composites were prepared to combine the 
excellent optical wave-guiding behaviour of silica with 
the high third-order non-linear susceptibility, Z 3, of PPV. 
The structure and morphology of such composite films 
are expected to influence the optical quality dramatically. 
The wave-guiding behaviour of the composites can be 
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improved, compared to pure PPV, by incorporating the 
silica phase, whereas the X 3 value is expected to be reduced 
only by decreased number density of PPV molecules in 
the composite. To enhance the waveguiding, the domain 
sizes of the phases need to be much smaller than 
the wavelength in order to provide a homogeneous 
index of refraction to minimize light scattering. The 
parameters of the sol-gel process and the influence of the 
film preparation techniques on the structures and 
morphologies in the PPV-silica composite thin films are 
investigated in this paper. 

EXPERIMENTAL 

Sample preparation 
Thin films of PPV-silica composites were prepared 

from a PPV-silica precursor solution using the sol-gel 
process according to a procedure developed by Prasad 
et al. 24. This involves the addition of 1 mol% formic 
acid (relative to tetramethoxysilane (TMOS)) to equal 
volumes of TMOS, methanol and a 4% solution of 
poly(p-xylylene-~-cyclobutylsulfonium chloride), i.e. PPV 
precursor, in water under constant agitation. The 
solution, with pH of about 2-3, was agitated at 60°C for 
30 min to form a sol. After cooling to room temperature, 
eight volumes of MeOH and a defined amount of PPV 
precursor/H20 solution were added so that a final mass 
ratio of PPV:TMOS = 1 was reached. The solution was 
clarified by treatment in an ultrasonic bath. Upon leaving 
the solution at room temperature, gelation occurred after 
8 h. Our films were prepared by ageing the solution for 
4h. The sol was either spin-coated onto plain or 
carbon-covered glass slides or quiescently cast onto 
hydrophobic glass slides or Teflon sheets. 

Spin coating was performed by completely covering 
75 mm x 25 mm carbon-coated glass slides with 1-2 mm 
of a thin film of the viscous sol, and subsequently rotating 
it at 5000 rev min- 1 for 1 min. Quiescently cast films were 
prepared by spreading the sol onto a Teflon sheet 
surrounded by Teflon edges and covering it with a beaker 
for slow solvent evaporation. 

Subsequent to both spin-coated and quiescently cast 
film formation, the remaining solvent was removed under 
vacuum at 70°C for about 4 h followed by curing the 
films at 120°C for 10 h. Finally, the PPV precursor was 
completely converted into PPV by further heating the 
films at 200°C for 4 h. Assuming a fully dense film, samples 
are approximately 50wt% PPV. 

Quiescently cast free-standing films, about 10 #m thick, 
were embedded in epoxy resin and cut into sections about 
50 nm thick using a Reichert-Jung FC-4E microtome at 
room temperature. Samples spin coated onto carbon film 
were floated off from glass slides onto a 1 vol% HF/H20 
solution and then picked up with electron microscope 
grids. Some of the samples were exposed to OsO4 vapour 
for 1, 2, 4 and 6 h to possibly selectively stain one of the 
phases and achieve better TEM image contrast. Other 
samples were floated onto HF/HzO solution, with 
varying concentration of 1-10 vol%, and left there for 
times varying from 5 to 45 min to study HF etching effects 
on the PPV-silica composite films. 

WAXS was carried out using a Statton camera and 
recording patterns on Kodak X-ray film. A Kratky 
camera with flight path, sample holder and detector in 
a vacuum chamber was utilized for SAXS. X-ray 
experiments were carried out at 40kV and 20mA 
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using Cu-Kc~ radiation. SAXS data were corrected for 
background and desmeared. A Jeol 200 CX microscope 
was operated at 200 kV for bright-field imaging and 
electron diffraction. Electron diffraction patterns and 
bright-field images were recorded on Kodak SO-163 film 
developed for 5min at 20°C in D 19 full strength 
developer. 

RESULTS AND DISCUSSION 

The sol-gel preparation process used for the PPV-silica 
composites may lead to a structure and morphology 
which can be anticipated from prior results reported for 
pure silica samples a. A starting solution with pH of 2-3 
usually produces small, weakly branched polymeric silica 
particles. Highly dense particles are not observed in acid 
solution. The high ratio of water molecules to TMOS 
(r=9) would enhance the branching. The expected 
particle diameter in a pure silica film prepared under our 
conditions 8 is about 5 nm. The gelation time at pH = 2-3 
is expected to be very long (100 h). Adding the additional 
MeOH and PPV precursor solution in the second process 
step slightly raises the pH and reduces the gelation time. 
Solidification of the films is significantly influenced by 
the solvent evaporation rate as the solution is spin-coated 
or quiescently cast before the gelation point is reached. 

Quiescently cast films 
WAXS on a stack of 10 free-standing films totalling 

about 80/~m thickness shows four broad rings (Figures 
la, b). The very intense, broad ring at a spacing of about 
0.42 nm occurs at the location of the amorphous halo 
(d = 0.42 nm) of silica 9 and the 110 (d = 0.428 nm) and the 
200 (d=0.395nm) reflections of PPV (Table 1). Two 
weaker diffraction rings are observed at higher angles at 
spacings of 0.314 nm and 0.213 nm, which correspond to 
the 210 and the 220 reflections of PPV according to the 
structure proposed by Granier et al. 25'26. This indicates 
that part of the diffuse 0.42nm ring is due to a 
contribution of the 110 and 200 PPV reflections. Electron 
diffraction of microtomed sections of free-standing film 
show patterns very similar to the WAXS patterns 
observed on as-prepared free-standing films. Upon high 
electron irradiation, the weak crystalline PPV rings fade, 
leaving only the strong 0.42 nm amorphous halo. The 
diffraction data suggest a two-phase structure consisting 
of paracrystalline PPV and amorphous silica. 

SAXS measurements performed on quiescently cast 
free-standing films displayed a broad peak ranging over 
spacings from 2 to 5 nm with a weak maximum around 

Table 1 d-Spacings (nm) of PPV-sil ica composite thin films from 
X-ray diffraction 

hkl Calculated for PPV a Found for PPV/silica 

110 0.427 0.42 
200 0.395 0.42 
210 0.312 0.314 
310 0.234 
220 0.214 0.213 
001 0.552 
021 0.301 
012 0.329 

a Spacings based on a monoclinic unit cell 27 with a=0.709, b=0.605, 
c = 0.658, ct = 123 ° 
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Figure 3 Bright-field image of a microtomed section of a quiescently 
cast free-standing film. The low contrast and the heterogeneous 
morphology indicate a statistical distribution of both phases with a 
domain size smaller than 4 nm 

polymeric silica chains. Therefore, silica clusters with a 
small pore size are formed and solidification is expected 
to occur before the gel point is reached. In sol-gel films 
consisting only of pure silica, further solvent evaporation 
leads to cluster-cluster aggregation and film collapse, 
which generates porosity. In the composite sol-gel films, 
the PPV precursor remains in the pores and in between 
the clusters and seems to prevent aggregation, as mainly 
single clusters are observed (see Figure 4a). This 
results in a morphology of the PPV-silica spin-coating 
composites consisting of silica clusters containing some 
PPV in the porous regions embedded in a PPV matrix. 
In contrast, the moderate solvent evaporation rate during 
quiescent casting of the films increases the concentration 
of the silica and PPV precursor in the sol very slowly, 
and favours crosslinking between the reactive silica 
intermediates. Highly branched silica polymer is expected 
to be formed, resulting in gelation before the solvent 
evaporates completely. Further ageing leads to the 
formation of a continuous silica network entrapping the 
PPV precursor. The formation of a gel mainly by 
crosslinking reactions thus results in a morphology with 
a more homogeneous and finer scale phase distribution. 

In addition, the possible formation of covalent linkages 
between the silica gel and the PPV molecules must be 
considered. The PPV precursor polymer, i.e. poly(p- 
xylylene-~-cyclobutylsulfonium chloride), is not expected 
to react with TMOS or intermediate products formed 
during the sol-gel process. However, the available PPV 
precursor material always contains some molecular 
structure variations, such as monomer units already 

Figure 4 (a) Bright-field image of spin-coated PPV film. Large clusters and cluster-cluster aggregates of silica particles are observed. (b) Higher 
magnification bright-field image of clusters showing silica particles and pores with dimensions of about 3 nm 
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converted into phenylene vinylene and chlorine or 
sulfide-substituted p-xylylene units based on elimination 
and substitution reactions of the sulfonium group 27. In 
addition, methoxy-substituted p-xylylene units can be 
formed under acid conditions when methanol is present 
as a solvent 28'29. As the so l , e l  process is carried out in 
a mixture of water and methanol under acid conditions, 
the formation of such monomer units must be considered. 
Methoxy groups, as well as the double bond in 
already formed phenylene vinylene units, may react with 
intermediates formed during the sol-gel process resulting 
in covalent linkages between both phases. The formation 
of such linkages could promote compatibility of both 
phases and influence the phase size. More detailed studies 
are necessary to investigate the potential reaction of such 
functional sites, starting, for example, with pure poly(-c~- 
methoxy-p-xylylene) or with a precursor already partially 
converted to PPV and following the influence of the 
density of functional groups on the resulting film 
morphology. 

Optical properties of quiescently cast films 
The linear and non-linear-optical properties of the 

composite materials were investigated using films several 
micrometres thick quiescently cast onto glass substrates 
using the doctor-blading technique 24. In a planar 
wave-guide configuration, both the prism and the 
grating coupling methods were used to determine the 
wave-guiding behaviour. Low optical losses related 
to scattering confirmed that the domain sizes were 
significantly smaller than the optical wavelength. Using 
prism coupling, propagating distances of more than 2 cm 
at a wavelength of 1.06 #m were readily achieved for 
the TE modes, indicating optical losses of less than 
2 db cm-1. Such a value represents more than a tenfold 
improvement in the optical wave-guiding behaviour 
compared to pure PPV films. 

The excellent optical quality of these composite 
films allowed investigations of third-order non-linear- 
optical properties of the composite films using a 
variety of techniques, such as femtoseeond transient 
absorption, optical Kerr gate and degenerate four-wave 
mixing, as reported in more detail elsewhere 3°. The 
results discussed here were obtained using degenerate 
four-wave mixing with 400 femtosecond pulses 31. The y3 
value of 3 x 10 -l°esu, obtained for the PPV-silica 
composites at a wavelength of 602nm and with the 
response time limited to the laser pulse width, is only 
slightly smaller than the maximum value of about 
4 x 10- lo esu reported by Singh et al. 31 for pure stretched 
PPV samples (draw ratio 10:1) with all polarizations of 
the incident beams parallel to the stretching direction. 
Based on the number density consideration, a reduction 
in the ;(3 value by a factor of at least 1.6 is expected for 
a composite film containing about 50wt% PPV. 
Taking into account that the PPV molecules exhibit a 
paracrystalline phase with random crystallite orientation 
in the PPV silica composites, an additional reduction of 
the X 3 value by a factor close to three is expected, 
resulting in an estimated ;(3 value of approximately 
1 x 10 lo esu. The fact that the ;(3 value observed for the 
composite film is much closer to the value observed for 
the pure PPV film, may be a consequence of the 
significantly improved optical quality of the composite 
films, permitting a more realistic assessment of the 
intrinsic ;(3 value of PPV. A similar observation 

was made in a polymer composite of poly(p-phenylene- 
benzbisthiazole) and aromatic, amorphous nylon, where 
the improved optical quality of the film also yielded a 
higher ;(3 value32. 

CONCLUSIONS 

Thin films of PPV silica composites were prepared from 
a PPV-silica precursor solution using the sol gel process 
and spin coating or quiescently casting the sol onto solid 
substrates prior to the gel point. 

The observed morphologies of the quiescently cast 
and the spin-coated films can be related to the 
parameters and conditions of the sol gel procedure, 
taking into account the presence of the PPV precursor 
polymer in the solution. The sol-gel, quiescently cast 
PPV-silica composite film process is an excellent 
approach to prepare thin films with a high non-linear- 
optical coefficient ;(3 and a significantly improved 
wave-guiding behaviour compared to pure PPV films. 

Quiescently cast PPV-silica composite thin films (1:1 
mass ratio) show improved wave-guiding behaviour with 
optical losses of less than 10 db cm 1 and a ;(3 value of 
3x 10-1°esu, only slightly smaller than the value 
observed for pure PPV samples. The ;(3 value observed 
on the composite films is much higher than expected 
considering the number density of PPV units and the 
random orientation of the PPV molecules in the 
composite. 

The excellent optical properties of the composite films 
are due to a nanophase separated morphology consisting 
of a statistically distributed amorphous silica phase and 
a paracrystalline PPV phase with maximum domain 
sizes of less than about 4nm. In contrast, spin- 
coated PPV silica composite films show a morphology 
consisting of clusters with dimensions between 50 and 
100 nm formed by silica particles and pores, both about 
2 to 3 nm in size, embedded in a PPV film. The PPV 
precursor matrix between the silica clusters prevents 
cluster-cluster aggregation during the rapid solvent 
evaporation so that mainly single clusters are observed. 
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