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ABSTRACT: We have prepared various polysilane copolymers that were functionalized with the nonlinear
optical chromophore N-methyl-p-nitroaniline. The glass transition temperature of the polysilanes was
adjusted to room temperature by copolymerization of methylphenyldichlorosilane and n-hexylmethyldi-
chlorosilane. Asymmetric two-beam coupling was observed at 633 nm, and a gain coefficient of 18 cm™
was measured at an externally applied field of 48 V um™1.

Introduction

The photorefractive effect is described as a multistep
process, involving the production of mobile charges,
followed by charge transport through diffusion and drift.
The free charges subsequently generate a space-charge
field that modulates the refractive index.22 It has been
shown that the photorefractive effect can be used for
the optical storage, exchange, and manipulation of
information. The first materials shown to be photore-
fractive were inorganic crystals, such as LiNbO3; and
BaTiOs. Recently, the photorefractive effect was also
demonstrated in a variety of organic materials, such as
polymer films,? liquid crystals,* and organic glasses.®
Since organic materials are flexible, efficient, and
inexpensive, they offer better perspectives for device
commercialization than the traditional crystals.

The components of organic photorefractive polymer
films reflect the multistep buildup of a photorefractive
grating; i.e., they mostly are polymer composites with
a sensitizer (charge generator), photoconductor (charge
transport agent), and a nonlinear optical dye for the
modulation of the refractive index. This approach has
led to the development of polymer films with high
diffraction efficiency and two-beam coupling gain.6”
Frequently, the photorefractive films are polymer com-
posites of the photoconductor poly(vinylcarbazole), the
plasticizer and photoconductor ethylcarbazole, a highly
polar, nonlinear optical, chromophore, and a small
amount of sensitizer. A drawback of this approach is
the phase instability of the composite. Because of the
incompatibility of the apolar photoconductor and the
polar dye, the photorefractive films often show phase
separation, on a time scale from several weeks to several
months, due to the crystallization of the dye.®° While
the phase stability of a polymer composite can be
improved by, for example, using a eutectic dye mixture,
fully functionalized polymers offer the best perspectives
in terms of stability.1? Therefore, in this work, we study
polysilanes functionalized with a polar dye, N-methyl-
p-nitroaniline (NMPNA).

Polysilanes are semiconducting polymers that show
o-conjugation along the Si—Si main chain. A high
photoconductivity has been reported for linear poly-
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silanes.’~15 Only holes were found to be mobile, and a
mobility of 10~4 cm?/(V s), approximately 4 orders of
magnitude higher than that of poly(vinylcarbazole), was
measured. Polysilane-based high-mobility photorefrac-
tive materials were first reported by Silence and co-
workers.1617 Poly(4-n-butoxyphenylethylsilane) was used
as a host polymer. To achieve optical nonlinearity, a
nonlinear optical (NLO) chromophore, such as a cou-
marin-150, was added to the polymer as a dopant. A
small amount of 2,4,7,-trinitro-9-fluorenone (TNF) or
fullerene Cgo was also included as a charge generator.
The poly(4-n-butoxyphenylethylsilane) has a low glass
transition temperature (Tg = 55 °C) and relatively polar
side groups (butoxy group), which enhance the disper-
sion of chromophores in the host polymer. Gain coef-
ficients on the order of 0.2—1.7 cm~1 were observed,
along with steady-state diffraction efficiencies of 10~*
and response times as fast as 39 ms. These data clearly
show the good potential for polysilanes as hole transport
agents in photorefractive materials.

In this paper, we report on the synthesis and char-
acterization of polysilanes with a nonlinear optical
chromophore in the side chain. This is a new class of
charge transporting host polymer functionalized with
an NLO group. To lower the glass transition tempera-
ture of the polymer to room temperature and to enhance
the index modulation by birefringence, the polysilane
main chain was a copolymer of methylphenyldichlorosi-
lane and hexylmethyldichlorosilane. NMPNA was co-
valently attached to the polysilane main chain. Two-
beam coupling measurements were done at 633 nm and
showed that the polymer is photorefractive.

Results and Discussion

Synthesis and Characterization of NLO Polysi-
lanes. Polysilanes with an NLO chromophore in the
side chain were synthesized by functionalizing a pol-
ysilane to avoid interference of the reactive groups of
the NLO chromophores, such as the amino group,
during the polymerization. Organodichlorosilanes, func-
tionalized with an amino group, are unstable in the
synthesis and the polymerization by a Wurtz type
reaction. A chloromethylated polysilane is a convenient
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Scheme 1. Synthetic Routes for Polysilanes Functionalized with N-Methyl-p-nitroaniline®
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a Note that although the chloromethylated group is represented in the para position of the phenyl group, its actual position can

be either the para or ortho position.'8

Table 1. Composition and Molecular Weight of the Synthesized Polysilanes

polymer X y z w My Mw/Mp
PSil 0.43 0.57 8 600 4.94
PSi2 0.83 0.17 5100 3.07
PSi1Cl 0.12 0.57 0.31 28 500 6.38
PSi2ClI 0.02 0.17 0.81 15 600 5.91
PSi1—-1 0.12 0.57 0.00 0.31 11 200 2.59
PSi1-2 0.12 0.57 0.10 0.21 26 100 4,94
PSi1—-3 0.12 0.57 0.19 0.12 45 200 7.75
PSi1—4 0.12 0.57 0.24 0.07 11 600 3.51
PSi2—1 0.02 0.17 0.00 0.81 32 300 4.07

polymer for the modification of the side chain. The
synthesis of the chloromethylated poly(methylphenyl-
silane) has been reported by Ban and co-workers.’® To
lower the Ty, we carried out the copolymerization of
methylphenyldichlorosilane with n-hexylmethyldichlo-
rosilane. Polysilanes with a long alkyl chain as a side
group have a low Ty value because of the flexibility of
the alkyl chain. Although poly(di-n-hexylsilane) is a
typical alkyl-substituted polysilane with a melting point
of 42 °C,19 it has a crystalline structure because of the
symmetric substitution of the Si main chain. Therefore,
we chose an asymmetric unit, such as n-hexylmethyl-
silane, in the copolymerization to reduce the crystallin-
ity and to improve the transparency. The poly(hexylm-
ethylsilane) is an oily substance at room temperature.
The synthetic routes are depicted in Scheme 1. We have
prepared two kinds of polysilanes as base polymers,
PSil and PSi2, where the ratios of the feed monomer
(methylphenyldichlorosilane/n-hexylmethyldichlorosi-
lane) were 1/1 and 4/1, respectively. The composition of
the copolymers was determined by the integration of the
signals of the alkyl protons around 1 ppm and the

aromatic protons around 7 ppm in the *H NMR spectra.
The results are summarized in Table 1. The ratio of the
phenyl-substituted Si unit to the alkyl-substituted Si
unit in the copolymer is almost similar to the feed
composition. PSil, with the smallest content of phenyl
groups, is an oily substance at room temperature while
PSi2, with the largest content of phenyl groups, is a
white powder. The chloromethylated polymers of PSil
and PSi2 are abbreviated by PSilCl and PSi2Cl, re-
spectively, and the ratios of chloromethylation are
summarized in Table 1. These ratios were determined
by the integration of the signals of the alkyl protons
(CH.CI) at 4.51 ppm and the aromatic protons around
7 ppm in the 'H NMR spectra. In Scheme 1, although
the position of the chloromethyl group is represented
in the para position of the phenyl group, it can be placed
both in the para and ortho position by the Friedel—
Crafts reaction.1®

Because PSil and PSilCl are oily polymers, we
measured the molecular weight distribution using a
GPC system equipped with columns for molecular
weights lower than 100 000. Figure 1 shows the elution
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Figure 1. GPC elution curves of PSil (a), PSilCl (b), PSi1—3
(c), and PSi1—2 (d).
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curves of PSil, PSil1Cl, PSil—2, and PSi1l—3. In the
elution curves, the region where the molecular weight
is higher than 100 000 corresponds to the exclusion limit
of the GPC columns. In Figure 1, there is no oligomer
component for PSilCl, PSi1—2, and PSi1l—3 while PSil
shows a sharp oligomer peak. The oligomer components
of PSil can possibly be attributed to cyclic silicon
compounds.2°=23 These oligomer components were also
observed in the elution curve of PSi2. However, the
elution curves of the other polymers do not show
oligomer components. The oligomer components of PSil
and PSi2 are removed by the precipitation in methanol
after the substitution reactions. Hence, the oily appear-
ance of PSilCl is not due to the plasticization of the
polymer by low molecular weight components, but it is
caused by the asymmetric substitution with long alkyl
chains.

Table 1 shows the molecular weights that were
determined by GPC using monodisperse polystyrene as
standards. The molecular weights of the polysilanes
increase by linking the CI group or the NMPNA group
to the side chain. Substitution with polar and bulky
groups causes deviation of the molecular weight from
the calibration curves determined using polystyrenes.
It is also possible that some cross-linking during the
substitution reaction increases the molecular weight.
Actually, in the formation of PSil—1 by the reaction of
PSil with NMPNA, 70% of the reaction products are
insoluble. Note that this reaction was carried out at 110
°C, the highest temperature used in the functionaliza-
tion reactions. The cross-linking may be caused by the
reaction of the amino group of the NMPNA side chain
with a chloromethyl group of another side chain.
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Table 2. Glass Transition Temperatures and Degradation
Temperatures of the Synthesized Polysilanes in °C

polymer Ty Ta polymer Ty Ty
PSi1 >200 PSi1-2 35 97
PSi2 >200 PSi1-3 35 160
PSil1Cl —28 >200 PSi1—4 —10 139
PSi2Cl 42 >200 PSi2—1 98 97
PSi1-1 40 154

The glass transition temperatures T4 and decomposi-
tion temperatures T4 were determined using a modu-
lated DSC and are summarized in Table 2. For high-T
materials, the mechanism for the refractive index
modulation is the linear electrooptic effect, or Pockels
effect. If the Ty of a photorefractive material is close to
room temperature, the modulation of the refractive
index is enhanced by birefringence because the nonlin-
ear optical chromophores can reorient.242> Therefore, in
the high-performance photorefractive polymers devel-
oped so far, the Ty is lowered to room temperature by
the addition of a plasticizer. Here we fine-tune the Ty
of the polymer by copolymerization of a high-Tg and low-
Tq polysilane. The Ty values of PSil and PSi2 are —40
and 43 °C, respectively. The Ty values of the polysilanes
are not significantly increased by the chloromethyl
group.

The glass transition temperature Ty has to increase
by the addition of a large NLO group to the polysilane
side chain. We have prepared NLO polysilanes with
different degrees of functionalization and have mea-
sured the Ty values. By changing the reflux tempera-
ture, the ratios of the NMPNA group were controlled.
The NLO polysilanes PSil—1, PSil—2, PSi1l—3, PSil—
4, and PSi2—1 were obtained by the reactions at 110,
80, 70, 60, and 100 °C, respectively. The content of the
NMPNA group was determined by the integration of the
signals of the alkyl protons (phenyl—CHCI at 4.51 ppm,
phenyl-CH,—N at 4.39 ppm) and methyl protons
(CHs—N at 3.14 ppm). As shown in Table 2, T4 becomes
higher with increasing content of NMPNA groups. The
direct functionalization of the apolar polymer Si back-
bone with polar NLO molecules also leads to an im-
provement in phase stability, compared to composites
of nonfunctionalized polysilanes doped with NLO mol-
ecules. To test the stability improvement obtained by
using a functionalized copolymer, we have tried to
prepare polymer composite samples of PSilCl doped
with NMPNA. This polymer composite crystallized
immediately, which illustrates the improved phase
behavior of the functionalized polymer.

The use of a modulated DSC allows to distinguish
between processes that are reversible or irreversible on
the time scale of the modulation. The total heat flow is
split up in a reversible and an irreversible component.
The reversible and irreversible heat flow components
for PSi1l—2 are shown in Figure 2, a and b, respectively.
Each curve has a specific feature. The reversible curve
shows a glass transition temperature around 35 °C. The
irreversible curve has an exothermal transition starting
around 75 °C. Since beyond this transition the material
changes color from yellow to black and becomes brittle,
we take this temperature to be the onset of degradation.
The degradation temperature listed in Table 2 is the
temperature at the intersection of the lines tangential
to the DSC curve before and after the degradation onset.
We did not exceed this temperature during the photo-
refractive sample preparation. In Figure 3 the Ty values
are plotted against the normalized content of phenyl
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Figure 2. MDSC results obtained during a heating scan on
PSil—2 at an underlying heating rate of 5 °C/min. The
direction of exothermal changes is upward for both curves. (A)
Reversible heat flow. This component shows a T, at 35 °C. (B)
Nonreversible heat flow. There is an exothermal degradation
reaction starting at 75 °C. The degradation temperature was
determined by linear extrapolation of the curve before and
after the degradation onset and is 97 °C.
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Figure 3. Dependence of T4 on normalized content of phenyl
group: circle, PSil-based polymers; diamonds, PSi2-based
polymers; square, poly(methylphenylsilane).

groups. The number of phenyl groups per Si unit was
obtained by the equation x + z + 2w, where X, z, and w
are related to the stoichiometric phenyl content of the
copolymer (Scheme 1). The T4 shows good correlation
with the normalized content of phenyl groups for NLO
polysilanes from PSil (circles) and from PSi2 (diamond).
In Figure 3, the Ty value of poly(methylphenylsilane)
is also plotted (square) and agrees with the other data.

Optical Properties. Polysilanes show a character-
istic absorption band in the UV—visible region due to
the o-conjugation along the Si—Si main chain. Figure 4
shows the absorption spectra of PSil, PSi2, and the
chloromethylated polysilanes. The absorption maxima
of PSil at 321 and 270 nm can be assigned to the o—o*
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Figure 4. Absorption spectra of polysilane copolymers and
the chloromethylated polysilanes in THF: (a) PSi1, (b) PSil1Cl,
(c) PSi2, and (d) PSi2Cl.

transition of o-conjugated Si—Si main chain and the
m—x* transition of the phenyl group, respectively. By
substitution of a phenyl proton with a chloromethyl
group, the o—o* transition shows only a small blue shift,
from 321 to 319 nm, and remains dominant. The 7—xa*
band, however, is strongly affected. PSi2 also shows
o—o* and 7—x* bands at 333 and 273 nm, respectively.
PSi2 shows no blue shift of the o—o* band by the
introduction of the chloromethyl group. These results
suggest that the o-conjugation of polysilane copolymers
is not affected by chloromethylation.

Figure 5A shows the absorption spectra of polysilanes
with various NMPNA substitution ratios, PSil—1,
PSil—2, PSi1l—3, and PSil—4. The absorbance is nor-
malized at the absorption maximum of the o—¢* band.
The absorption maximum of the o0—o* band does not
change by varying the NMPNA content. This suggests
that there is no conjugation between the Si—Si main
chain and the NMPNA side chain. The absorption
maximum of PSil—1 at 386 nm is attributed to the
NMPNA group attached to the phenyl side chain. The
absorption maximum shows a red shift compared to that
of NMPNA at 376 nm, which is induced by the electron-
donating effect from the phenyl side chain. In Figure
5B, the absorption spectrum of PSi2—1, with a high
NMPNA content, is compared to the spectrum of PSi2.
In this case, the o—o* band of PSi2—1 shows a slight
red shift, from 333 to 337 nm. This red shift may be
caused by a conformational change of the Si—Si main
chain, induced by the bulky NMPNA groups in the side
chain. The bulkiness of the side chains changes a coillike
conformation into a rodlike conformation. The rodlike
conformation enhances the o—o* conjugation along the
Si—Si main chain and causes the red shift of the
absorption band.1®

In Figure 6, the absorption spectrum of the NMPNA.-
substituted polysilane film is compared with a concen-
trated solution of NMPNA in THF. In the absorption



2236 Hendrickx et al.

(5]

Q -
8

O

8

kS

< i

250 300 350 400 450
Wavelength (nm)
T
B

8

=

<
o .
g
L
<

0.0 1 L [ ........... !
250 300 35 400 450

Wavelength (nm)

Figure 5. Absorption spectra of polysilanes with various
NMPNA substitution ratio in THF. (A) PSil-based polymers:
(a) PSi1, (b) PSi1—1, (c) PSi1—-2, (d) PSi1—3, and (e) PSi1—4.
(B) PSi2-based polymers: (a) PSi2 and (b) PSi2—1.
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Figure 6. Absorption spectra of (a) NMPNA in THF (100 mM,
2 mm optical path length) and (b) PSi1—2 film (ca. 0.02 mm
thickness). The absorption coefficient of PSil—2 was deter-
mined to be 21 cm™.

spectrum of NMPNA, there is no absorption band at
wavelengths higher than 500 nm. On the other hand,
the PSil-2 film shows a broad absorption band around
550 nm. Possibly this absorption is produced by a
complexation between NMPNA and the o-conjugated Si
main chain.

Photorefractive Measurements. The photorefrac-
tive response of a material can be verified by asym-
metric two-beam coupling experiments.2627 The nonlocal
response or the phase shift between the index grating
and the intensity pattern leads to an energy exchange
between the two writing beams incident on the sample.
It is a signature of a photorefractive index grating and
distinguishes a photorefractive index grating from other
laser-induced dynamic gratings, such as a photochromic
grating.

The voltage applied over the sample was increased
from O to 6 KV by increments of 1 KV every 10 min. We
verified that reversing the polarity of the applied voltage
leads to a reversal in the direction of the energy
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Figure 7. Asymmetric two-beam coupling gain coefficient as
a function of applied electric field for PSil—2 and PSil1—3:
circles, PSi1—2; triangles, PSi1l—3. The writing beams were
p-polarized.

transfer, which proves the asymmetry of the two-beam
coupling. The gain coefficient as a function of electric
field for the photorefractive samples was calculated from
the observed energy exchange and is shown in Figure
7.

The T values for PSi1l—2 are larger than the I" values
for PSil—3. Since, according to the coupled-wave equa-
tions, T is related to both the phase shift 6 (between
the intensity pattern and the index pattern) and the
index modulation amplitude An2®

r= 47”(@1-@2*)An sin 0 1)

where & are the polarization vectors of the incoming
beams. The NMPNA loading of PSil—2 (21%) is larger
than that of PSi1l—3 (12%) and hence should have a
larger An value according to the oriented gas model.
Assuming a similar value for the phase shift in both
materials, this can possibly explain the increased ef-
ficiency for PSil—2.

The photorefractive polysilane polymer composites
described in ref 16 had gain coefficients of the order of
0.2—2 cm™! at applied electric fields of about 11 V/um.
Due to the higher applied fields here, the gain coefficient
of PSil—2 peaks at 18 cm™!, which represents an
improvement by 1 order of magnitude. In our experi-
mental geometry, a gain of 18 cm~1 corresponds to 13%
energy transfer between the writing beams. A difference
with the polysilane composites in ref 16 is the speed of
the buildup. PSi1l—2 and PSi1l—3 only reached a steady
state after buildup times of several minutes, compared
to rise times of 40 ms for the composites. Possibly this
is due to a reduced photogeneration efficiency or slow
photogeneration.

We have also tested the photorefractive two-beam
coupling response of a sample of PSi1l—2 sensitized with
0.02 wt % Cg. A high photoconductivity has been
reported for fullerene-doped polysilanes.?82° The charges
are generated by the electron transfer between polysi-
lane and Cg0.3° However, the T" value and the response
time of PSil—2 did not improve by the addition of Cgp.
In our photorefractive measurements, a He—Ne laser
(633 nm) was used for the excitation of Cgo-doped PSil—
2. The absorption spectrum of the Cgo-doped PSil—2
film does not show a CT band due to complexation with
Ceo at that wavelength. In this case, Cgo is directly
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Figure 8. Transient absorption spectra obtained by 532 nm
laser pulse excitation of 0.1 mM Cg in deaerated benzonitrile
in the presence of 5 mM PSil—2: (a) 100 ns, (b) 1000 ns.

excited by the laser beam, and an electron transfer from
polysilane to the Cgp excited state is necessary for charge
generation. The charge generation via excited-state Cgo
is less efficient compared to that via excited-state
polysilane. The electron-transfer reaction between
PSil—2 and Cgo was examined by laser flash photolysis.
Figure 8 shows the transient absorption spectra ob-
tained by 532 nm laser pulse excitation of Cg in
benzonitrile solution in the presence of PSil—2. The
transient absorption at 730 nm is assigned to Cg triplet
excited state. There is no absorption band of a radical
ion generated by the electron transfer between Cgp and
PSil—2. This is in contrast with poly(methylphenylsi-
lane), which shows the formation of a poly(meth-
ylphenysilane) radical cation and a Cgo radical anion
by a photoinduced electron-transfer reaction,®® and
explains why Cgo does not work as a sensitizer for
PSil—2 in the photorefractive measurements. The pho-
toinduced electron transfer from the polysilane Si—Si
bond to Cgo is possibly reduced by the electron-
withdrawing nitro group of the PSil—2 side chain.

Conclusion

In summary, we have prepared new photorefractive
materials based on polysilane polymers. A total of five
copolymers functionalized with the nonlinear optical
chromophore N-methyl-p-nitroaniline were synthesized.
The glass transition temperature was lowered to room
temperature by copolymerization and was found to
correlate with the number of phenyl units per silicon
atom. The UV—vis spectra do not suggest that the Si—
Si o-conjugation is affected by the substitution.

Asymmetric two-beam coupling was observed for
PSil—2 and PSil—3, demonstrating the presence of a
photorefractive grating. A gain coefficient of 18 cm™!
was measured at 633 nm for PSil—2 at an applied
electric field of 48 V/um.

Experimental Section

Materials. We have prepared two kinds of polysilanes, by
a Wurtz coupling reaction, as base polymers, PSil and PSi2,
where the ratios of the feed monomer (methylphenyldichlo-
rosilane/n-hexylmethyldichlorosilane) were 1/1 and 4/1, re-
spectively. The synthesis was done as follows:®* A 300 mL
three-neck flask was fitted with reflux condenser, a pressure-
equalized dropping funnel, and a motor-driven stirrer. The
system was purged with nitrogen. Dry toluene (80 mL), sodium
(184 mmol), and 18-crown-6 (3 mmol) were added to the flask,
and the flask was heated to 110 °C under rapid stirring to
create a sodium dispersion. Methylphenyldichlorosilane (40
mmol) and n-hexylmethyldichlorosilane (40 mmol), diluted
with dry toluene (10 mL), were added dropwise to the sodium
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dispersion. The mixture was refluxed while stirring at 110 °C
for 1 h. Then the reaction vessel was cooled to room temper-
ature, and the mixture was separated into a supernatant
solution and an inorganic precipitate by centrifugation. The
supernatant fraction was slowly added to methanol with
stirring, and PSil was obtained as a white precipitate. The
yield was 26.3%, based on the Si unit. PSi2 was obtained by a
similar procedure, using methylphenyldichlorosilane (16 mmol)
and n-hexylmethyldichlorosilane (64 mmol). The yield was
21.3% based on the Si unit.

The chloromethylated polysilanes PSi1Cl and PSi2Cl were
prepared by a procedure similar to that of Ban and co-
workers.*® A polysilane (1 g) was dissolved in a mixture of 10
mL of chloromethyl methyl ether and 10 mL of chloroform.
SnCl, (1 g) was slowly dropped to the solution at 0 °C under
nitrogen. After stirring for 20 h at 5 °C, the solution was
dropped into methanol to obtain the chloromethylated polysi-
lane. The yield of the reaction was about 60% based on the Si
unit.

The reaction of chloromethylated polysilane with NMPNA
was carried out as follows: A chloromethylated polysilane (3
mmol, based on the Si units) and NMPNA (6 mmol) were
dissolved into a mixture of 10 mL of N,N-dimethylformamide
(DMF) and 10 mL of tetrahydrofuran (THF) with Nal (30
mmol). The solution was refluxed for 12 h with stirring under
nitrogen. The ratio of substitution of the CI groups with the
NMPNA groups was controlled by changing the reflux tem-
perature. The solution was dropped into a methanol/water
mixed solvent. The polymer was further purified by reprecipi-
tation using a methanol/water mixed solvent.

Samples for photorefractive measurements were prepared
by flattening a small amount of polymer (60 mg) at 60—70 °C
between a glass and Teflon slide. Then the material was cooled
to 0 °C, and the slides were separated. Small pieces of the
polymer were cut and put on two ITO-covered glass slides. The
glass slides were heated to 70 °C and pressed together.
Stripped optical fiber was used as spacer to ensure a uniform
sample thickness of 125 um. Samples were prepared of PSi1—2
and PSil1—3.

Measurements. NMR spectra were recorded using a JEOL
GX-400 spectrometer. The GPC elution curves were deter-
mined by a Waters HPLC system equipped with columns GPC
KF-802.5 (Shodex) and TSKgel G2000H (TOSOH). The number-
average molecular weight (M,) and the molecular weight
distribution (M\/M;) were determined by a calibration curve
using monodispersed polystyrene as standards. DSC scans
were performed using a modulated DSC with an underlying
heating rate of 5 °C/min. The oscillation period was 60 s, and
the oscillation amplitude was +0.8 °C. The amount of material
used was 7—9 mg for all polymers.

Two-beam coupling measurements were done using an
experimental geometry and setup similar to the one described
in ref 32. The laser was a He—Ne laser operating at 633 nm.
The angle between the two writing beams outside the sample
was 27°, and the angle between the bisector of the writing
beams and the surface normal was 60°. The two beams were
p-polarized, had a power of 0.2 mW each, and were collimated
to 500 um diameter in the sample. The analysis of the data
was done using the equation

I'd = cos al(lnltl(lz—io)) — COs 0, In(lf(ll—io)) 2)
11 (1;=0) I2(1,=0)

IY and 1} are the transmitted intensities of writing beams 1
and 2. Beam 1 is the beam closest to the surface normal, a.
and a, are the angles between the writing beams and the
surface normal in the sample, d is the sample thickness, and
I is the gain coefficient. The values for o, (25.2°) and o, (34.3°)
were calculated using an estimated refractive index of 1.7 for
the polysilane copolymers.
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