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Photochemical and Thermal Properties of Polysilane LB Films.
Stabilization of Oriented Polysilane LB films by Cross-Linking
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ABSTRACT: Oriented polysilane LB films are cross-linked in order to increase their durability toward
heat and deep UV lights. When oriented polysilane LB films without cross-linking are exposed to UV
light polarized in the direction parallel to the silicon chains, the order parameter decreases because of
scissions of the silicon chains. The order parameters also decrease when thin films are heated; this is a
result of disorientation rather than thermal decomposition. The durability of the oriented polysilane LB
films toward heat and UV irradiation increases considerably when they are cross-linked by exposure to
HCl and HCHO vapor. The cross-linking of P2 (poly((3-hydroxyphenylhexylsilane)) is carried out without
losing the polysilane orientation, however, in the case of P1 (poly(hydroxyhexyDhexylsilane)), a decrease
in the strength of the UV absorption was observed. Information on energy transfers within polysilane
films is obtained by photolysis of oriented polysilane LB films.

Introduction

Ever since soluble polysilanes were first synthe-
sized,l? they have been extensively studied because of
their unusual electronic and photochemical properties,3-12
as well as potential applications in future electronic
devices!3-2¢ such as in microlithography, photoconduc-
tivity, and nonlinear optics. These properties have been
attributed to the extensive delocalization of ¢ electrons,
which is strongly coupled with the polymer conforma-
tions.11:12

Since the o electrons are delocalized along the silicon
main chains, it would be useful to obtain thin films in
which the silicon chains align in one direction in order
to evaluate the polysilane properties. The Langmuir—
Blodgett (LB) technique is an excellent method for
preparing ultrathin films with well-defined molecular
order,25-30

Such polysilane LB films have been prepared by
employing either polysilanes with rigid structures or
polymers with amphiphilic moieties. A representative
example of the former is poly(bis(alkyloxyphenyl)silane)
reported by Embs et al.3! Polysilanes with hydroxyalkyl
or hydroxyphenyl groups,?2-3¢ and those bearing am-
monium groups,3 have been reported to give LB films
by us and by Seki et al. Some polysilanes have been
found to align in the direction parallel to the dipping
direction of the substrate when polysilane monolayers
at the air—water interface are transferred to the sub-
strate by dipping and withdrawing the substrates
(Figure 1).31734

Orientation of the one-dimensional Si chains should
be preferable when the polysilanes are employed in
optoelectronic devices. However, polysilanes are com-
monly degraded by UV lights.’? Moreover, the T, or
softening point of the polysilanes is usually low because
of the one-dimensionality of the silicon chain. Miller
et al. have proposed that some halogen compounds are
useful in the stabilization of the polysilanes because
they quench the excited polysilanes.?637 Two-dimen-
sional polysilynes, whose backbones consist of networks
of silicon atoms, have been shown to be more stable to
UV light irradiation.3840 However, various advanta-
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Figure 1. Schematic diagram of oriented polysilane LB films.

geous optical properties, such as emission and nonlinear
optical properties which are attributed largely to the
one-dimensionality of the silicon chains, have been
reported to disappear in the two-dimensional polysilyne
random network backbone.?8-4° Some polysilanes, such
as hydrosilylene polymers and cyclotetramethylenesi-
lylenes, which can be crosslinked by reactions with
oligomers bearing double bonds or oxidative reactions,
respectively, have been reported.*l However, these are
not suitable for LB film cross-linking because it is
difficult to make monolayers by applying these polysi-
lanes or these mixtures.

We now report the cross-linking of highly oriented LB
films of polysilanes without losing the one-dimensional-
ity of the polymer backbone, which allows the polymer
chains to keep their orientation even when the LB film
is irradiated with UV light or heated at high tempera-
ture.

Experimental Section

Synthesis. The polysilanes, poly((3-hydroxyphenyl)(n-
hexyl)silane) (P1) and poly((6-hydroxyhexyl)(n-hexyl)silane)
(P2) (Figure 2), were synthesized by a Wurtz-type coupling
reaction starting from the corresponding dichlorosilanes, as
described previously.3842

Film Preparation. A quartz plate was treated for 10 min
with a 3:1 (volume/volume) mixture of sulfuric acid and
aqueous hydrogen peroxide solution and rinsed with deionized
water. The plate was then washed with a 1% HF aqueous
solution for 30 s and rinsed with deionized water. The
procedure was repeated three times to remove organic con-
taminants. Finally, the plate was washed again with a 3:1
mixture of sulfuric acid and aqueous hydrogen peroxide
solution and rinsed with deionized water. The plate was
exposed to the vapor of hexamethyldisilazane at room tem-
perature by suspending the plate over hexamethyldisilazane
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Figure 2. Structures of and abbreviations for the polysilanes
used in this study.

for 12 h at room temperature in order to render the surface
hydrophobic. LB films of polysilanes P1 and P2 were prepared
by a vertical deposition method on a Kyowa Kaimen Kagaku
Model HBM Langmuir trough. A solution of 0.4 g of polysilane
in 1 L of cyclohexanone was spread at the air—water interface.
The monolayers were compressed at 15 mN/m and transferred
step by step onto a quartz plate at a compression rate of 20
mm/min and a dipping speed of 5 mm/min at 15 °C. The
surface pressure—area isotherms were monitored with a
Wilhelmy plate. '

Spectroscopy. The absorption spectra of the LB films were
recorded with a Shimadzu Model UV-260 visible recording
spectrometer. All measurements were made in transmission
geometry using quartz as the substrate. The incident beam
was polarized with a Melles Griot Glan-Taylor polarizing prism
or polarizing film (Polaroid technical filters 605215) to measure
the anisotropy of the UV absorption. The dichroic ratio (R)
was defined by the ratio of the UV absorption in the direction
parallel to the dipping direction (A,) to the UV absorption in
the direction perpendicular to the dipping direction (A.). The
order parameter (S) was defined by (AJ/A. — 1)/(AJ/A. + 2).
Representative UV aborption dichreoism spectra for polysilane
LB films are shown in Figure 5. IR spectra were recorded with
a Nippon Bunko Model IR Report 100 apparatus.

Photolysis. Photolysis of the LB films was carried out by
using collimated UV light generated by a high-pressure
mercury lamp. The light was polarized with Polaroid technical
filters 605215. Lights of 280, 320, and 340 nm wavelength
were selected with a Melles Griot band path filter, 03FIM018,
03FIU006, and 03FIU008, respectively. Photolysis was carried
out by employing polarized light parallel or perpendicular to
the polysilane chain direction. The UV absorption assigned
to the g—o* transition of the silicon backbones of the LB films
(300—400 nm) was monitored to determine the dichroic ratios.

Thermal Studies. LB films on quartz plates were placed
in a UV cell equipped with a heater whose temperature was
fixed by a temperature controller. The UV absorption assigned
to the o—o* transition of the Si—Si chains (300—400 nm) was
monitored with changes in temperature. The temperature of
the films was raised at the rate of 5 °C/min and held for 10
min at each temperature before measuring the UV absorp-
tions.

Cross-Linking of the Polysilane LB Films. Cross-
linking of the polysilane LB films was carried out by the
method similar to that reported previously,*? where poly(vinyl
alcohol) LB films are cross-linked by HCl and HCHO vapors.
Quartz plates bearing polysilane LB films were placed in a
beaker in which small beakers containing 6 N HCl aqueous
solution and 30% formaldehyde aqueous solution were put
separately (Figure 3). The reaction was carried out by
suspending the plate over the HCl and HCHO aqueous
solutions for 6 and 20 h, respectively. After the reaction,
residual HC] and unreacted HCHO in the films on the quartz
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Figure 3. Schematic diagram of the reaction method and the
reaction scheme of the polysilane cross-linking step.
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Figure 4. UV absorption anisotropy of un-cross-linked poly-
silane P1-LB film.

plate were removed by exposing the films to vacuum for 5 h
at room temperature.

UV Absorption Changes in Temperature for a Spin-
Coat Film. A spin-coat film of P2 was prepared on a quartz
plate by using a 5% (weight/weight) solution of P2 in ethyl
alcohol. The film was prebaked at 90 °C for 5 min. The
thickness was 0.15 um. The UV spectrum changes were
monitored by changing the temperature in a UV cell.

Results and Discussion

Photolysis of Polysilane LB Films with Polar-
ized UV Light. In this paper, polarized UV light
parallel and perpendicular to the polysilane backbone
chain direction is described as parallel light and per-
pendicular light, respectively, for convenience.

The P1-LB film displays a UV absorption maximum
at Amax = 350 nm, which is attributed to the o—¢*
transition of electrons in the silicon—silicon bonds, and
another absorption at Ap.; = 288 nm attributed to = —
m* transitions in the substituent phenyl ring, as shown
in Figure 4. The photolysis of the LB films was carried
out by using polarized UV light of 340 or 280 nm. These
photolysis results are summarized in Figure 5. When
the P1-LB film was exposed to parallel light of 340 nm,
the dichroic ratios decreased during irradiation. How-
ever, irradiation by perpendicular light of 340 nm
results in an increase in the dichroic ratio. When the
P1-LB film was irradiated with either parallel or
perpendicular light of 280 nm, changes in the dichroic
ratios were not observed, despite the fact that photo-
decomposition was actually observed because the optical
density of the UV absorption at 340 nm assigned to Si—
Si linkages decreased, accompanied by a blue shift of
the absorption maximum to 335 nm. Experimental
fluorescence depolarization results have been reported
to suggest that energies in photoexcited polysilanes
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Figure 5. Photolysis of un-cross-linked P1-LB film with
polarized light. The LB film is 10 layers thick. (A) Dotted
line: photolysis by polarized light perpendicular to the Si chain
at 320 nm. Solid line: photolysis by polarized light parallel
to the Si chain at 320 nm. (B) Dotted line: photolysis by
polarized light perpendicular to the Si chain at 280 nm. Solid
line: photolysis by polarized light parallel to the Si chain at
280 nm.

migrate, which occurs more frequently when the excita-
tion wavelength is shorter.#4~# Our results on polarized
photolysis are consistent with those of the fluorescence
depolarization. Namely, the photocleavage occurs at a
site close to where UV absorption took place at 340 nm
(longer wavelength). Therefore, when the film was
irradiated with parallel light, the silicon chains parallel
to the polarized light predominantly photodecomposed,
resulting in a decrease in the dichroic ratios. In the case
of 280 nm photolysis (shorter wavelength), photoexcited
energy migrates to neighbors from the point where the
UV absorption takes place. Accordingly, the photode-
composition takes place randomly and the dichroic
ratios for both photolyses (perpendicular and parallel
lights) do not change. The 280 nm light may be
absorbed, not only by the polymer backbone but also
by the phenyl substituents. Therefore, photoexcited
energy may also migrate randomly from the phenyl
substituent, so the random decomposition may be due
to the different site where the absorption occurs. The
P2-LB film, which does not have the phenyl group, was
photodecomposed by perpendicular and parallel lights,
respectively, in order to ascertain the explanation. The
changes of dichroic ratio for the P2-LB film showed the
same trend as those for the P1-LB film at the initial
stage when these LB films were exposed by polarized
280 nm lights and 320 nm lights. Accordingly, we
concluded that the energy migration takes place from
the silicon main chain, not from the phenyl group.
Cross-Linking of Polysilane LB Films. One of the
problems encountered when polysilanes are exposed to
HCI gas is the instability of the silicon—silicon linkages
toward acids.#” Figure 6 shows the polarized UV
absorption spectra of P2-LB films before and after the
cross-linking reactions. Almost no change is the optical
density was observed after the cross-linking. The
dichroic ratio after the cross-linking was 2.6, which was
the same as that before the cross-linking. These results
suggest that serious cleavages did not take place and
the orientation was preserved during the cross-linking
" reaction. In the IR spectrum of the P1-LB film after
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Figure 6. Polarized UV absorption spectra of a P2-LB film

before and after cross-linking. The LB film is 10 layers thick.
Time of cross-linking reaction: 20 h.

the cross-linking reaction, it was observed that the 3350
cm™! peak assigned to OH stretching decreased and new
peaks at 1040 and 1120 cm™! assigned to C—0-C
stretchings appeared. These changes in the IR spec-
trum also imply that the cross-linking was carried out
according to the equation shown in Figure 3. The
emission spectra of cross-linked P2 films excited at 320
nm displayed emission maxima at 343 nm, and no
emissions were observed at wavelengths longer than
400 nm. It has been reported that if a one-dimensional
polysilane contains branched Si chains, a broad emis-
sion at around 450 nm is observed.*34? Accordingly, the
emission spectrum implies that the polysilane LB film
cross-linked with HCl and HCHO has no branching of
the Si main chains.

In the case of the P1-LB film, if the cross-linking
reaction proceeds, it is reasonable to assume that a
phenol moiety reacts with HCHO to provide a phenol—
formaldehyde resin type cross-linking structure, where,
the ortho position of the phenol group is linked with
methylene groups to form (HO)Ph—CH;—Ph(OH),50
rather than that shown in Figure 3. Exposure of the
P1-LB film to HCl and HCHO gases resulted in a
decrease in the optical density of the 350 nm peak, as
well as the 280 nm peak assigned to the phenyl group
absorption. Cleavage of Si—Ph bonds by acids, espe-
cially by HCIl, has been reported by West et al.4!
However, the IR spectrum of the P1-LB film before
cross-linking treatment was the same as that after the
cross-linking treatment. There was no apparent de-
crease in IR peaks assigned to the phenyl rings.
Further, the ratios of intensities between the 350 nm
peak and 280 nm peak in UV absorption were almost
the same, and blue shifts of these peaks were not
observed. The scissions of Ph—Si bonds whose amounts
are not detected by the IR spectra, rather than cross-
linking, may have occurred by the exposure to HCI

Thermal Studies of Cross-Linked Polysilane LB
Films. Oriented polysilane films usually lose the
orientation when the films are heated because of the
large molecular motions caused by the heat, especially
for one-dimensional polymers. Figure 7 shows a de-
crease in the order parameter determined by the UV
absorption anisotropy of the P2 films when the temper-
ature increases. The order parameter of the P2-LB film
before cross-linking starts to decrease at around 140 °C.
The temperature at which a decrease in the order
parameter is observed increased to 170 °C after 6 h of
cross-linking and to 190 °C after 20 h of cross-linking.
The experiment clearly shows that thermally-induced
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Figure 7. Relation between the order parameter of a P2
polysilane LB film (10 layers thick) and temperature after
various cross-linking reaction times.

Table 1. Dichroic Ratios during Photolysis®

irradiation time®

(min) 23 h after 30
0 10 30  min photolysis®
cross-linked P2-LB film 199 194 1.90 1.90
P2-LB film 199 185 1.72 1.25

@ Initial dichroic ratio: 1.99. The figures in this table show
dichroic ratios. ® The P2-LB film was irradiated with parallel light
of 320 nm. ¢ The P2-LB film was stored in the dark for 23 h after
the 30 min photolysis.

loss of orientation in the polymer films decreases upon
cross-linking. From the fact that the UV absorption of
a P2 spin-coated film did not change up to 200 °C, the
decrease in the order parameter at high temperatures
is considered to result from disordering of the silicon
chains and not from thermal decomposition of the
chains.

Stability of Cross-Linked Polysilane LB Films
toward UV Photolysis. Table 1 shows the decrease
in the order parameter which occurs when the P2-LB
film was irradiated with parallel light of 320 nm. After
the irradiation, the LB film was held in the dark for 23
h. Before cross-linking, the dichroic ratio of the P2-LB
film decreased from 1.99 to 1.70 after 30 min of
irradiation by parallel UV light (320 nm) and continued
to decrease even in the dark to 1.25. For the cross-
linked P2-LB film, the decrease in the dichroic ratio was
only about 0.1 (from 1.99 to 1.90) after 30 min of
irradiation. The dichroic ratio did not decrease in the
dark. The increased resistance toward photolysis pro-
vided by cross-linking the LB films during the photolysis
may arise from the recombination of silyl radicals such
as —SiR, formed during the photolysis. The decrease
in the dichroic ratio of P2-LB films in the dark may be
caused by diffusion of low-molecular-weight oily prod-
ucts produced by the photolysis of the P2-LB film. The
fact that the dichroic ratio was constant for the cross-
linked LB film in the dark proved that cross-linking of
the LB films is effective for preserving their orientation
even after photolysis.

Conclusion

Photochemical and thermal properties of polysilane
LB films were examined. The photolysis of oriented LB
films by polarized light of longer wavelengths suggests
that scission occurs at sites close to where UV absorp-
tion takes place. On the contrary, when the LB film
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was excited by light of shorter wavelengths, the energy
of the excited polysilanes migrated much more widely.
The reactions undergone by polysilane P2-LB films with
HCl and HCHO vapors were found to be excellent
methods of cross-linking the polysilane chains without
disturbing their orientation or cleaving the Si—Si
backbone linkages. The cross-linking effectively in-
creases resistance of polysilane P2-LB films toward loss
of chain orientation by heat and photolysis.
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