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ABSTRACT: The photocontrol of the in-plane alignment of spincast poly(di-n-hexylsilane) (PDHS) film
was successfully achieved on a photooriented azobenzene- (Az-) containing monolayer irradiated with
linearly polarized visible light. The Si backbone of PDHS after crystallization aligned in the perpendicular
direction to the polarization plane of actinic light. The preparative conditions of the PDHS film such as
molecular weight of this material and thickness were examined in detail by polarized UV—uvisible
absorption spectroscopy. The orientational order of PDHS chain was strongly dependent on the molecular
weight of PDHS. Lowering of the molecular weight of PDHS gave rise to a higher orientational order of
the Si backbone. With increasing film thickness, the photoalignment of the PDHS main chain became
less efficient. However, successive annealing and crystallization upon cooling provided high degrees of
alignment even for thicker films of the low molecular weight material. The atomic force microscopic
observation revealed the formation of characteristic fibrous morphologies in the film, which was directed
parallel to the electric vector of the polarization. Thus, photoinduced anisotropy in the Az monolayer
controls not only the PDHS backbone alignment but also the mesoscale morphology of the film at larger
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hierarchies.

1. Introduction

Physical properties of polymer films such as electri-
cal,! optical,2 and mechanical® characteristics crucially
depend on the backbone orientation, thus development
of orienting method is of great importance in polymer
science and technology. Chain orientations of polymer
chains in thin films mostly relied on mechanical proce-
dures including rubbing,* stretching,® friction transfer,®
and the Langmuir—Blodgett technique.” An alternative
candidate is epitaxial transfer from an oriented sub-
strate surface. A variety of polymer materials can be
aligned on oriented polymer surfaces,® prepared by
stretching, rubbing, and friction deposition, and also on
inorganic crystal surfaces.®

On the other hand, surface-mediated photoalignment
has recently become an important technology in liquid
crystalline materials.’® The orientational control of
polymer chains by such photochemical procedure is an
alluring and challenging target because it may provide
new technologies for microprocessing of polymer films.
Our recent preliminary work indicated that this pho-
tochemical control is applicable also for the alignment
of a polysilane, poly(di-n-hexylsilane) (PDHS), through
the transfer from a photochemically oriented azoben-
zene- (Az-) containing monolayer (6Az10-PVA).'1 An
illustrative presentation of the system and chemical
structure of materials are shown in Scheme 1. The
process investigated here presents the following two
distinctive issues. First, the photoalignment of polymer
main chains is performed for the first time. Second, the
epitaxial growth of the chain alignment is performed
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on a “flexible” molecular brush, which is in contrast to
conventional systems using rigid uniaxially oriented
surface of polymer films® or inorganic crystal surfaces.®

PDHS is favorably used for the observation of the
polymer organizations because simple UV—visible ab-
sorption spectral measurements provide useful informa-
tion on both conformational and orientational states of
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the backbone due to the delocalization of the o-electron
along the catenated Si chain.’? The PDHS film shows a
reversible conformational transition, which is reflected
in the light absorption property. PDHS has an absorp-
tion maximum at ca. 370 nm at room temperature.
Above 42 °C, the absorption peak shifts to ca. 320 nm.
This is due to a conformational change of the Si
backbone and the molecular packing state from an
ordered phase (crystalline phase) to a disordered one
(columnar mesomorphic phase).1213

We have reported some preliminary results on the
alignment behavior of PDHS on a photoaligned Az
monolayer by linearly polarized light (LPL);!* however,
detailed factors affecting the PDHS alignment have not
been elucidated. Parameters affecting the photoalign-
ment may be classified into two categories: factors
relating to the preparative conditions of the PDHS film
and factors relating to the design of the Az monolayer
on the substrate. This paper focuses to the effects of
preparative conditions of the PDHS film in terms of the
molecular weight of PDHS and the thickness of the
spincast film. Detailed examinations relating to the
molecular design and preparative control of the Az
monolayer on the substrate surface will be described in
a subsequent report.*

2. Experimental Section

2.1 Materials. The synthetic procedure for 6Az10-PVA was
described in the previous report.’®> PDHS was prepared by
reductive condensation of the dihexyldichlorosilane (Chisso
Ltd.) with sodium metal in dry toluene.’>® The molecular
weight was determined by gel permeation chromatography
(GPC) analysis (JASCO Intelligent UV/vis detector 875-UV
with Integrator 807-1T) using polystyrene as the calibration
standard. PDHS materials of three different molecular weights
My, = 1.4 x 108, My/M,, = 1.9; My, = 3.1 x 10°% M./M, = 2.1;
My = 2.5 x 104 Mw/M, = 2.7) were prepared by solvent
fractionation from toluene, using 2-propanol and methanol as
the poor solvent.

Fused silica plates were cleaned with a saturated potassium
hydroxide/ethanol and then ethanol followed by washing with
pure water (Milli-Q).

2.2. Preparation of PDHS Films on Az Monolayer. A
photochromic monolayer of Az containing amphiphilic polymer
(6Az10-PVA) was first transferred onto a fused silica plate by
the Langmuir—Blodgett (LB) method.*” A chloroform solution
containing 6Az10-PVA (1.0 x 1072 mol dm~3) was preirradiated
with UV light (365 nm from a Hg—Xe lamp) for 5 min to allow
the cis-Az-rich photostationary state. This 6Az10-PVA solution
was spread on pure water (Milli-Q) filled in a LAUDA FW—I1
film balance at 20 °C. After evaporation of the solvent, the
monolayer was compressed at a speed of 1.0 cm min~. The
cis-6Az10-PVA monolayer was transferred onto a fused silica
substrate at 0.4 nm? per Az unit by standard vertical lifting
at 0.2 cm min~*. The transfer ratio was virtually unity. The
deposition in the cis form is a requirement from the prepara-
tion of a highly homogeneous 6Az10-PVA LB monolayer on
the substrate. The deposited monolayer was stored in the dark
to allow thermal isomerization to the trans form of Az.18

The stored 6Az10-PVA films was first irradiated with
nonpolarized 365 nm light 0.3 J cm™2 to enrich the cis-Az
content and then irradiated with LPL at 436 nm (3.0 J cm™?).
This irradiation procedure led to a high degree of orientation
of Az in the in-plane component. PDHS films were prepared
on the top of the orientated Az monolayer by spincasting from
hexane solutions. It was confirmed spectroscopically that the
contact with hexane solution does not disturb the photoin-
scribed structure of the Az monolayer. The thickness of the
PDHS film was controlled by adjusting the concentration of
PDHS/hexane solution.

2.3. Measurements. UV—visible absorption spectra were
taken on a Hewlett-Packard diode array spectrometer 8452A
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Figure 1. Polarized UV—visible absorption spectra of the
6Az10-PVA monolayer irradiated with LPL at 436 nm. The
spectra were taken with a polarized probe beam at perpen-
dicular (Ag) and parallel (A) directions relative to the polariza-
tion plane of actinic light.

or a JASCO model MAC-1 spectrometer that is suited for
weakly absorbing samples. The accuracy of absorbance with
this instrument reached a level of 1.0 x 10~*. For polarized
spectra, a polarizer mounted in a rotating holder was placed
in front of the samples.

The light irradiation was performed with a 150 W Hg—Xe
lamp (San-ei UV supercure-230S) combined with optical filters
for wavelength selection (Toshiba optical filters UV-35/UV-
D36A for 365 nm illumination, and Y-43/V-44 for 436 nm
illumination).

Film thickness of the initial PDHS film was estimated by
surface profilometry using a Dektak3ST (ULVAC/Sloan Co.)
The film was scratched, and the height difference between the
substrate surface and the film surface was measured. Averages
of more than three measurements were adopted for the value
of film thickness.

The FTIR spectra were recorded on a Biorad FTS6000
spectrometer equipped with a DTGS detector. The system was
purged with dried air. A CaF; plate was used as the substrate
for the transmission measurement. A polarizer (JEOL IR-
Opt02) was placed in front of the sample, and the measure-
ment was carried out in the normal incidence.

Atomic force microscopic (AFM) images were taken with a
Seiko SPA300/SP13700 system in the dynamic force mode at
an ambient atmosphere. A micro-cantilever of SI-DF20 (20 um
scanner, a rectangular-shaped Si tip) was used. The spring
constant was 13 N m~%, and the resonance frequency was 130
kHz according to the manufacturer. The scan speed was 0.5—
1.0 Hz.

3. Results and Discussion

3.1. Photoalignment of PDHS. Alignment of the
Si Backbone. Figure 1 shows the polarized absorption
spectra of the 6Az10-PVA monolayer after irradiation
with LPL at 436 nm. Exposure of the LPL to the
monolayer induced the orientation of Az moiety pref-
erentially in the perpendicular direction to the polariza-
tion plane of actinic light with respect to the in-plane
component. The electric vector of the polarized light
induced a molecular reorientation to a nonexcitable
direction.'® In the present case, the dichroic ratio [(An
- A||)/(AD + A||)] was 0.42.

A spincast film of PDHS (M,, = 2.5 x 104 film
thickness = 45 nm) was subsequently prepared onto this
Az monolayer. In these experiments, the PDHS having
the lowest molecular weight was employed. Figure 2
shows the polarized absorption spectra of PDHS film.
Immediately after spincasting, the PDHS film was fully
in a mesophasic (disordered) phase (316 nm absorption)
and had no optical anisotropy (Figure 2a). Storage of
the PDHS film in the dark at room temperature for 2
days allowed a sufficient crystallization (360 nm absorp-
tion). After crystallization, the PDHS film exhibited an
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Figure 2. Polarized UV—visible absorption spectra of a PDHS (M, = 2.5 x 10%) film on the 6Az10-PVA monolayer irradiated
with LPL at 436 nm. The spectra were taken with a polarized probe beam at an angle 0 relative to the polarization plane of
actinic light. The spectra were immediately taken after spincasting (a) and crystalliziation at room temperature for 2 days (b).
Furthermore, the PDHS film was annealed at 100 °C for 1 h (c) and then crystallized again (d).

in-plane anisotropic nature (Figure 2b). As shown, the
polarized absorption spectra revealed that the Si main
chain is aligned perpendicular to the polarization plane
of the actinic light. The aligned direction of the PDHS
main chain agreed with that of the Az orientation on
the substrate. This fact indicates that the crystallization
of the PDHS chain occurred on the photooriented Az
monolayer in an epitaxial manner. It seems that an
initial local anisotropic nucleation in the vicinity of the
oriented Az layer governs the alignment of the whole
film after crystallization. The enhancement of the
absorbance after crystallization is attributed to an
increased molar extinction coefficient for the more
extended chain.?°

The orientational order of PDHS film was further
enhanced upon annealing and successive cooling. The
order parameter, S [=(R — 1)/(R + 2), where R = abs-
(90°)/abs(0°)], evaluated for the ordered phase was 0.33
before annealing (Figure 2b). When this film was
annealed at 100 °C for 1 h, the intensity of the peak
around 316 nm corresponding to the disordered phase
increased, and the peak around 360 nm thoroughly
disappeared. Thus, the annealing procedure gave the
complete transition to the conformationally disordered
phase.l? In this case, the PDHS chain alignment was
enhanced to a higher order (S = 0.58, Figure 2c).

Successive cooling of this sample to room temperature
gave a crystalline film with an orientational order of S
= 0.56 and higher crystallinity (Figure 2d). Lovinger et
al.?! reported that the lateral packing correlation of the
disordered part is improved by heating above the
transition temperature (42 °C), and the regenerated
crystalline phase after cooling shows an increased
orientational order. The same tendency was observed
in the present work. The annealing temperature adopted
here (100 °C) was not a special requirement. The
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Figure 3. Polarized IR spectra of the aligned PDHS (My =
2.5 x 10% film on Az monolayer. Solid and dashed lines
represent the spectra taken at perpendicular and parallel to
the polarization plane of actinic light.

orientational enhancement was also induced fully after
annealing at a lower temperature slightly above the
transition temperature (50 °C).

The increase in the orientational order was hardly
observed upon further annealing and cooling. Once the
PDHS chain was aligned, the alignment was strongly
memorized and fixed. Irradiation with LPL with a
different polarization direction did not alter the direc-
tion of the PDHS chain.

Orientation of the Hexyl Side Chain. IR spectros-
copy provides information on the orientation of alkyl
chain. Figure 3 shows the polarized transmission FTIR
spectra in the wavenumber regions of methyl (—CHy)
and methylene (—CH,—) vibrations for a photoaligned
PDHS film. The absorption of the bands at 2925 and
2856 cm™! are assigned to the asymmetric and sym-
metric CH; stretching bands, respectively. The peak
positions are indicative of the involvement of gauche
conformers.?223 Thus, the crystalline state is somewhat
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Figure 4. Polarized UV—visible absorption spectra of PDHS
films crystallized on the photooriented 6Az10-PVA monolayer
preirradiated with LPL at 436 nm. The molecular weights of
PDHS were 1.4 x 10° (dash line) and 2.5 x 10* (solid line).

Table 1. Spectral Features of Photooriented PDHS
Films: Absorption Peak Position Amax and Orientational
Order Parameter?

S
mol wt Amax/nm 1st cryst 2nd cryst
2.5 x 10* 360 0.47 0.56
3.1 x 10° 368 0.10 0.15
1.4 x 108 368 0.04 0.04

a2 Film thickness = 35-40 nm.

disordered. These bands indicated an anisotropic na-
ture. For the asymmetric band, the absorbance obtained
with the perpendicular probing polarization to the
actinic LPL was larger than that with the parallel
direction; the opposite tendency was found for the
symmetric one. Since the transition moments of the two
bands are orthogonal to each other and are perpendicu-
lar to the alkyl side chain axis, this fact gives a model
where the hexyl side chains are aligned perpendicular
to each other with respect to the substrate surface. This
knowledge is in consistent with the rubbing induced
alignment of PDHS as studied by Tachibana et al.*
Therefore, the structural feature of the photoaligned
PDHS resembles that obtained by the rubbing method.

3.2. Effects of the Molecular Weight. The long-
chain nature of polymers in general prevents a sharp
alignment of polymer crystals in the epitaxial growth
process.? In this respect, PDHS materials having three
different molecular weights [My, = 2.5 x 10* (Mw/M, =
2.7), My, = 3.1 x 105 (Mw/M; = 2.1), and M, = 1.4 x
108 (Mw/M;, = 1.9)] were employed in order to clarify
the influences of molecular weight on the photoorienting
behavior.

Figure 4 shows the UV absorption spectra of the
photoaligned PDHS films having the lowest (My, = 2.5
x 10% and the highest (M,, = 1.4 x 10%) molecular
weight prepared on the photoaligned Az monolayer. The
spectra were taken after sufficient crystallization. As
shown, the difference in the molecular weight did not
affect the orienting direction; however, the degree of
orientational order was markedly influenced.

Table 1 summarizes the order parameter (S) and the
peak position (Amax) of the ordered phase obtained from
UV absorption spectral data. The PDHS having the
lower molecular weight gave the higher in-plane orien-
tational order. The PDHS with lower molecular weight
leads to a sharper epitaxial alignment, probably due to
more degrees of allowed segmental freedom with less
entanglement or less physical cross-linking. The orien-
tational order and crystallinity were enhanced after
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Figure 5. Orientational order parameter (S) of PDHS films
as a function of film thickness. The circle and triangle
represent data after the first and second crystallization,
respectively. M,, of PDHS were 2.5 x 10* (a) and 1.4 x 108 (b).

Order parameter (S)

successive annealing and cooling (second crystalliza-
tion), which was again dependent on the molecular
weight. S of PDHS film of the lowest molecular weight
(2.5 x 10%) was enhanced from 0.47 to 0.56 after the
second crystallization. The improvement of S was minor
for the intermediate molecular weight sample (M, = 3.1
x 10%), S changing from 0.10 to 0.15. For the sample of
the highest molecular weight (Myy = 1.4 x 108), no
enhancement in S was observed (S = 0.04). The preven-
tion of the orientational improvement in the second
crystallization for the higher molecular weight material
can be resulted possibly from two factors. One is the
suppressed segmental freedom of polymer chains as
mentioned for the first crystallization. Another factor
can be the small degree of orientational order after the
first crystallization, which results in an insufficient
improvement of alignment on annealing. The former
interpretation is more plausible since no improvement
in S was observed for properly aligned thinner films
(thickness below 20—30 nm) of the highest molecular
weight sample (see section 3.3).

The absorption maximum also changed with varia-
tions in the molecular weight of PDHS. The absorption
maximum of PDHS films of M, = 2.5 x 104, 3.1 x 10°,
and 1.4 x 10° were positioned at 360, 368, and 368 nm,
respectively. The bathochromic shift of the UV absorp-
tion peak observed in the high molecular weight PDHS
films shows the more effective g-electron delocalization
in the PDHS backbone. These results indicate that
PDHS having the lowest molecular weight led to the
highest in-plane orientational order in total, but the
conjugation state of the main chain is the less ordered.

3.3 Effects of Film Thickness of PDHS. Since the
in-plane-component orientation of the Az monolayer
should initially affects the PDHS chain in the contacting
region, the orientational order of the entire film seems
to be dependent on the film thickness. Furthermore,
Despotopoulou et al.?> showed a large effect of film
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Figure 6. Topographical AFM images of PDHS (M, = 2.5 x 10%) films on the Az monolayer without irradiation (a and c) and
preirradiated with LPL (b and d). The average film thickness was 20 nm. The images were taken after the first crystallization (a

and b) and second crystallization (c and d).

thickness on the crystallization behavior of PDHS below
50 nm. It is therefore of significance to conduct an
exploration on the thickness dependence for under-
standing the photoalignment behavior of PDHS.

A PDHS film with varied thickness from 10 to 100
nm was prepared on the preirradiated Az monolayer.
Figure 5 shows the order parameter (S) as a function
of film thickness for the PDHS films of the lowest
molecular weight (M,, = 2.5 x 10%) (a) and the highest
one (M, = 1.4 x 109) (b). In both cases, the orientational
order of the PDHS backbone became larger for the
thinner films (circles in a and b).

The order parameter was enhanced after the second
crystallization for the lower molecular weight sample
(triangles in Figure 5a). The orientational order was
enhanced upon annealing and the S for thicker films
became comparable with those of the thinner ones. It
can be reasonably assumed that the influence of the
photooriented Az layer did not reach the overall thick-
ness after just the first crystallization. However, the
lateral packing correlation of the disordered part was
improved by heating, leading to an enhancement of

orientational order at least within thicknesses less than
100 nm.

In the case of the high molecular weight material, the
photoalignment of PDHS was largely suppressed (Fig-
ure 5b). When the PDHS film became thicker than 30
nm, essentially no alignment in the PDHS chain was
induced. The photoalignment effect was observed for the
thinner films having less than 20 nm thickness, how-
ever, the alignment was quite insufficient, S being less
than 0.2. No enhancement in S was observed even after
annealing. The significant influence of the epitaxial
alignment was admitted at thicknesses below 30 nm,
which is almost in accord with the knowledge on the
two-dimensional constraint of PDHS films as demon-
strated by Frank’s group.2®

3.4. Morphologies Observed by Atomic Force
Microscopy. 3.4.1 Morphological Features. The
surface morphologies of the PDHS (M,, = 2.5 x 10%, the
lowest molecular weight) films were observed by AFM.
Figure 6 shows the topographical AFM images of PDHS
films formed on a nonirradiated (a and c) and LPL-
irradiated (b and d) Az monolayer. Here, the average
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Figure 7. Topographical AFM images of PDHS (M,, = 2.5 x
10%) film on the Az monolayer preirradiated with LPL. The
average film thickness was 100 nm. The images were taken
after the first crystallization (a) and second crystallization (b).

film thickness of PDHS was 20 nm for the both samples.
The films were prepared by spincasting and were
crystallized at room temperature for 1 day.
Characteristic fibrous patterns were observed in
topographical images in both cases. The fibrous patterns
formed on the photooriented Az monolayer were pref-
erentially aligned parallel to the polarization plane of
actinic light (Figure 6b). In appearance, the fibers grew
up to ca. 200 nm in length and ca. 13 nm in width
(uncorrected for the AFM cantilever width). The thick-
ness in the z direction of the fiber ranged 3—7 nm. As
described in section 3.1, the PDHS Si backbone is
preferentially aligned perpendicular to the polarization
direction, and thus the Si backbone and the fibers are
directed perpendicular to each other. It is therefore
implied that the PDHS chain is folded orthogonal to the
fibrous structure. AFM images indicates that the fibers
are gathered to form sheaflike bundles. The fibrous
structure was also observed for a PDHS film formed on
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a nonirradiated Az monolayer (Figure 6a). In this case,
the fibers are aligned at local scales, but the direction
was not controlled over the whole area. The dimensions
of the finest fibrous structure in terms of length width
and height were the same as those of the photoaligned
organization.

After the second crystallization, the fibrous structures
became clearly elongated (nearly to several nanometers
level) in both cases on the nonirradiated (Figure 6c) and
LPL irradiated (Figure 6d) Az monolayers. This reason-
ably agrees with the knowledge of the promoted crystal-
lization after second crystallization.

Most probably, the PDHS backbone is folded to form
a lamella structure, and the lamella is elongated to the
polarization plane direction. The formation of the fibrous
structure was characteristics of the low molecular
weight sample (M,, in the range of 10%). The high
molecular weight PDHS above M,, of 10° did not form
fibers. It is to be stressed that the Az monolayer controls
not only the alignment of the Si backbone but further
the film morphology of higher hierarchies.

3.4.2. Annealing Effect in a thicker film. Figure
7 shows the topographical AFM images of PDHS films
of average thickness of 100 nm on preirradiated Az
monolayer after the first crystallization (Figure 7a) and
the second one (Figure 7b). Fibrous structures were
observed also for this thicker PDHS film, however, the
direction of the fibers was not controlled before anneal-
ing. After annealing and successive crystallization
(second crystallization), the fibers were evidently aligned
along the polarization direction of the actinic light in a
similar manner as observed for the thinner film. The
thicker film exhibits hierarchical organizations in which
the fibers were assembled to form sheaflike larger
bundles having widths of several tens of nanometers.
The morphological change in the thicker film after the
second crystallization can be explained as follows. After
the first crystallization before annealing, the photoori-
entation is attained only in the vicinity of the oriented
Az surface. The orientational control of the PDHS in
the entire region is just attained after the second
crystallization process, leading to the appearance of the
anisotropic morphology on the surface. This interpreta-
tion reasonably explains the larger increase in S for the
thicker films after the second crystallization, and also
the saturated magnitude of S after the second crystal-
lization for samples of any thickness examined (Figure
5a).

4. Conclusions

As shown in the present study, the photoalignment
behavior of PDHS significantly depends on the prepara-
tive conditions of PDHS. Data presented here obviously
indicate that the orientational order of the Si backbone
and the conformation depend on the molecular weight
and the film thickness. The annealing and successive
second crystallization highly improves the in-plane
alignment for the low molecular weight material, how-
ever, no effect was admitted for the high molecular one.
It is probable that chain entanglement among the
polymer chain impedes the alignment for the high
molecular weight PDHS. Photoalignment of PDHS by
the Az monolayer is efficient in the thickness ranges
below 30 nm for the first crystallization. These values
are in good agreement with the data of Despotopoulou
et al.?5 describing that the modifications on the crystal-
lization behavior becomes prominent at this thickness
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level. Therefore, the consistency in the film thickness
strongly implies that the present photoassisted phe-
nomena are strongly coupled with the intrinsic organi-
zation of the PDHS.

The Az monolayer controls not only the alignment of
the Si backbone but also the film morphology of higher
hierarchies. Thus, knowledge about the lamella forma-
tion process may be essential to understand the align-
ment behavior of PDHS. Detailed investigation in this
aspect is now in progress.

This paper dealt with only the factors of the PDHS
film preparation. The alignment behavior should be
strongly influenced by the design of the surface Az
monolayer. Investigation in this aspect will be presented
in the following paper.* We anticipate that the photo-
alignment of polymer is not limited to PDHS but may
be extended to other polymers including z-conjugated
systems.
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