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Introduction

Photochromic moiety in polymers is very attractive due
to the possibility of creating new light-sensitive materials
and optical devices.1,2 Ultrathin films containing photo-
isomerizable moeities, e.g., azobenzene dyes, are excellent
materials for holographic storage applications,3,4 photo-
patterning,5 and the photoalignment of liquid crystal (LC)
molecules.6-13 Homeotropic or homogeneous photoalign-
ment in LC systems involves reorientation of LC molecules
as controlled by photoirradiation, i.e., resulting from the
photogeneration of optical anisotropy of photochromic
layers or films.6 Ichimura et al. have referred to these
photochromic layers as “command surfaces”, since a
monolayer of azobenzene units on a substrate has been
proven sufficient to regulate the long-range orientation of
neighboring molecules up to 1 × 104 amplification.7,8

In-plane homogeneous photoalignment of LC molecules
has been observed with azobenzene-modified command
surfaces using linearly polarized light.9-12 When linearly
polarized UV light is used to irradiate a hybrid LC cell,
the azimuthal or in-plane alignment of LCs becomes
perpendicular to the electric vector of the linearly polarized
light. The mechanism for azobenezene molecules has been
previously reported to involve reorientation of the rodlike
E-isomer photostationary states, acting as a “molecular
rotor” for the LC molecules.9-12 Furthermore, the align-
ment direction can be altered reversibly by rotating the
electric vector of the light.13

There have been a variety of approaches toward the
fabrication of azobenzene command surfaces, e.g., via spin
coating of azo polymers,14 Langmuir-Blodgett (LB) tech-

niques,15 and self-assembled monolayers (SAMs).11,12,16

Recently, several groups including ours have reported the
fabrication of ultrathin molecular films by alternate
electrostatic absorption of polyelectrolytes and low-mo-
lecular-weight azobenzene dyes.17 The fabrication of
ultrathin molecular films by alternate electrostatic ad-
sorption or layer-by-layer (LBL) deposition of oppositely
charged polyelectrolytes from aqueous solutions has been
reported by Decher et al. since the early 1990s.18,19 This
multilayer film formation is simple and versatile, and
applies to a broad range of charged species (e.g., poly-
electrolytes, nanoparticles, proteins). The distinct advan-
tages of this film preparation method have yet to be
realized compared to LB and spin casting in terms of
applications.

In an effort to prepare photochromic azobenzene
polymer ultrathin films using the LBL approach, we
investigated the combination of poly{1-[4-(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl,
sodium solt} (PAZO) with the polycation poly(diallyldim-
ethylammonium chloride) (PDADMAC) at various layer
thicknesses. Previous investigations showed the prepara-
tion of well-defined multilayers of PAZO/PDADMAC,
capable of forming various thicknesses, layer ordering,
and photoisomerization.20 To investigate azimuthal pho-
toalignment in LC molecules, we utilized polarized visible
light to induce photoorientation of these ultrathin films
in a hybrid LC cell configuration. While a large number
of these studies have been reported with Langmuir
monolayers, LB films, and SAMs, to the best of our
knowledge our work reports one of the first details on the
use of LBL polyelectrolyte films for azimuthal in-plane
photoalignment.21 The results reveal interesting orien-
tational properties unique to LBL films with read/write
capabilities and stability that is thickness dependent. This
is significant in that a number of parameters available
for the LBL deposition can be used to optimize new optical
and data storage thin film materials, which are not
available for other ultrathin film preparation methods.6

Experimental Section
Materials. The polyanion PAZO and polycation PDADMAC

(MW 100 000-200 000) were purchased from Aldrich and used
without further purification. The nematic (N-35 °C-I) 5CB LC
molecules (4-pentyl-4′-cyanobiphenyl) were purchased from
Roche. The molecular structures for PDADMAC and PAZO are
shown in Figure 1. Aqueous solutions (Milli-Q water with 18.2
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MΩ resistivity) of the polymers, with a concentration of 1 mg/
mL, were freshly prepared for each experiment at pH 5.7. A
self-assembledmonolayer (SAM)of3-aminopropyltriethoxysilane
(APS; from Aldrich) was used to form a uniformly charged
substrate in Si wafer and glass. All solvents were spectroscopic
grade and obtained from Fisher Scientific.

Film Fabrication. Si wafers or glass slides were immersed
in piranha solution (v/v ) 1:3. 30% H2O2/98% H2SO4) for 1 h and
carefully washed with deionized water and dried. SAM treatment
with APS (sonicating procedure in 0.001 M toluene) was done
followed by 0.1 M HCl solution to render a positively charged
surface. The substrates were then alternately immersed in
aqueous solutions of PAZO and PDADMAC for 15 min each,
with water rinsing between each deposition.19 The last deposition
is always done with PAZO (outermost layer). The procedure was
automatically carried out using an HMS Series Programmable
Slide Stainer apparatus (Carl Zeiss, Inc).

Cell Fabrication. A hybird LC cell was fabricated with the
dye/polymer deposited substrate and a glass substrate modified
with a monolayer of stearic acid deposited by the LB technique.7,8

This was done by sandwiching the nematic LC (5CB) material
between the modified substrates and separation by a Mylar spacer
(16 µm). A homeotropic alignment was induced with this initial
arrangement from the stearic acid side of the cell (Figure 2).

Instrumentation and Measurements. UV-visible absorp-
tion spectra were obtained using a Perkin-Elmer Lambda 20
spectrophotometer.Theellipsometricmeasurementswerecarried
out with a Microphotonics SE400 ellipsometer (632.8 nm, 70°
angle of incidence). The LC cell was illuminated with a 150 W
Xe lamp with color filter (<430 nm) and a sheet polarizer. The
irradiation intensity based on the distance, area, and intensity
of the lamp was calculated at 185 mW/cm2 on the sample.

The transmittance through the LC cell was monitored by
following the intensity of the transmitted He-Ne laser beam
through the hybrid LC cell (rotated) and a mounted polarizer/

analyzer, i.e., as a function of the rotation angle. This is essentially
a crossed-polarizer experiment where the polarizer properties of
the hybrid LC cell can be quantified. The experimental setup
and interpretation have been previously reported7,8 as illustrated
in Figure 2 (see Supporting Information).22

Results and Discussion

Layer-by-Layer Deposition (LBL). The layer-by-
layer deposition of the polyelectrolyte pair layers were
investigated by UV-vis absorption spectroscopic and
ellipsometric measurements. In general, a linear trend in
thickness increase with sequential deposition of poly-
electrolytes was observed consistent with previous re-
sults.20 The average thickness is 2.4 nm/bilayer for
PDADMAC/PAZO at a concentration of 1 mg/mL (see
Supporting Information). Figure 1 shows the UV-vis
absorption spectra of PDADMAC/PAZO films on glass
slides with increasing number of bilayers. The absorbance
at 373 nm of PDADMAC/PAZO bilayer (Figure 1 inset)
increases in proportion to the number of bilayers, indicat-
ing regular growth of the PDADMAC/PAZO layers. The
maximum absorbance, λmax, at ∼373 nm is due to the π-π*
transition of the trans-azobenzene isomer. The small
shoulder at ∼460 nm is assigned to the n-π* transition.
Aqueous solutions of PAZO have λmax ) 366 nm indicating
a red shift with respect to the film. This suggests that the
PAZO azobenzene dyes are J-aggregated, consistent with
previously reported results.20 Thus these results indicate
the formation of uniform PAZO/PDADMAC ultrathin films
suitable for our photoalignment studies.

In-plane Photoalignment. The photoisomerization
behavior and kinetics of these films have been previously
reported.20 The kinetics of the photoalignment process for
the PAZO/PDADMAC films is reported in the Supporting

(22) The θ ) 0 axis is defined by the direction of the longer side of
the 25 mm × 75 mm cell, where θ is the polarized irradiation angle of
the actinic light as illustrated in Figure 2. The polarization birefringence
was then monitored by following the intensity of transmitted linearly
polarized He-Ne laser beam though the cell and the polarizer (analyzer).
The cell is then rotated with respect to the fixed analyzer as a function
of the rotation angle (φ). The transmission behavior is then plotted as
a function of the rotation angle (φ) and the transmission intensity.

Figure 1. Chemical structure of poly{1-[4-(3-carboxy-4-hy-
droxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium
salt} (PAZO) and poly(diallyldimethylammonium chloride)
(PDADMAC). UV-vis absorbance of PDADMAC/PAZO films
as a function of increasing number of bilayers (10-100 bilayers).
The inset shows the increase of absorbances at 373 nm with the
number of bilayers.

Figure 2. Experimental setup for measurement of the pho-
toinduced birefringence of the cell. Hybrid LC cell structure
and actinic light exposure conditions at defined angles. (The
cell axis is defined as the direction of the longer sides of the
rectangular cell, and the polarization plane angle (θ) contained
by the cell axis and the polarization plane of actinic light.)
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Information. Following the hybrid LC cell assembly
procedure as described in the Experimental Section, the
fabricated cells were irradiated with linearly polarized
light (>430 nm) for n-π* excitation (E-isomer) at defined
polarization angle, θ. The n-π* excitation with linearly
polarized visible light causes reorientation of the rodlike
E-isomer photostationary states to become oriented
perpendicular to θ. The E-isomer acts as a “molecular
rotor” causing azimuthal reorientation of the LCs.12 An
alternative mechanism has been suggested for this
photoorientation involving thermal dissipation of the
electronic excitation energy in oriented aggregates.23

The polar plot (extended 180° range) in Figure 3 shows
the time evolution of light transmittance through the cell
with rotation angle (φ) when the cell was irradiated with
linearlypolarized light filtered >430nmat thepolarization
plane, θ ) 0°. A 50 bilayer PDADMAC/PAZO film was
used as one side of the cell. We observed that, before
irradiation, some degree of alignment existed due to the
initial effect of loading the LC molecules.12 The maximum
transmittances are approximately located at 45° ( 90° ×
n, indicating that the director (S) of the LC molecules
exists perpendicular to the polarization plane. The 80%
transmittance was reached after 20 min irradiation and
86% after 60 min irradiation. The transmittance through
a hybrid LC cell with a 90 bilayer PDADMAC/PAZO was
also examined (data not shown). It was found that the
maximum transmittance was ∼56% (after 60 min) and
the process of alignment of LC was slower than that for
the 50 bilayer PDADMAC/PAZO cell. On the other hand,
for a 10 bilayer film, 90% transmittance was reached at
20 min. In our previous studies, the kinetics of photoi-
somerization of PDADMAC/PAZO film was influenced by
the thickness of the samples; i.e., the isomerization is
slower for the thicker samples.20

Since the homogeneous alignment of LC molecules is
controlled by the photorientation of azobenzenes in
PDADMAC/PAZO films, it is clear that the alignment
kinetics of the LC molecules can be influenced by the
thickness of PDAMAC/PAZO film. This indicates that LC
reorientation may not simply be a function of the im-
mediate azobenzene layer in contact with the LC mol-
ecules,13 but is influenced by the overall layer ordering

and photoisomerization of the film. This photoalign-
ment behavior is found to be distinct for LBL films in
contrast to monolayers and Langmuir-Blodgett films,
where the monolayer largely influences the LC align-
ment behavior.9-12 In fact, the addition of more LB
multilayers tends to repress azimuthal photoalignment
and reorientation.15 It is well-known that dipole forces,
polarity, surface energy, and topological factors influence
the surface anchoring energy of LC molecules24 and has
been modeled.25 Important differences in the orientation
and aggregation of the azobenzene molecules may play
an important role. Recent second harmonic generation
(SHG) studies of PAZO LBL films suggests thickness-
dependent orientation and aggregation where the azoben-
zene dyes are tilted 20° with respect to the surface normal
and with a large degree of interpenetration between
layers.26 The LBL PAZO/PDADMAC films are J-ag-
gregated in contrast to most azobenzene molecules in LB
films, which tend to be tightly packed and H-aggregated.15

An important comparison should also be made with spin-
coated films in which the azobenzene dyes are largely
isotropic and also aggregated.27 Thus, there is a need to
strongly correlate the ordering on these photoalignment
layers and their LC photoorientation behavior.

Phase Shift. To examine azimuthal photoalignment
control of the LC molecules in LBL films further, we
irradiated uniformly preirradiated cells by linearly polar-
ized light at various axes (θ). Figure 4a shows the shift
of the transmittance as a function of time when the cell
was subsequently irradiated with linearly polarized light
from θ ) 0° to θ ) 30° polarization plane. Before the
experiment, the cell was preirradiated with linearly
polarized light at θ ) 0° for 40 min. After 90 min of
irradiation, the full transformation of the molecular axis
of the azobenzene to perpendicular to the electric vector
of the second light was achieved. Figure 4b shows the
transmittance curves after irradiation with the actinic
visible light (>430 nm) at θ ) 30° and 45°. The results
clearly show that the direction of in-plane alignment can
be controlled kinetically by changing the angle of the
linearly polarized light, θ, resulting primarily in a phase
shift of the transmittance curves in the polar plot. The
transmittance maximum appears periodically at θ + π/4
+ π/2 × n (n ) integral numbers), confirming a homo-
geneous alignment perpendicular to the polarization plane
of the irradiation light.

Stability. The stability of the LC cell was examined
against unpolarized light and heat treatment. After the
photoirradiated LC cell was exposed to unpolarized light
for up to 60 min (Figure 4c), the maximum transmittance
was observed to decrease to about 45%. The transmittance
curves of the preirradiated cell after 1 h heating at 100
°C was also investigated (Figure 4d). The maximum
transmittance was also observed to decrease to 48%. These
results are in contrast to the stability of azobenzene SAM
induced photoalignment, which is very stable to heat and
unpolarized light.11 This clearly shows a unique aspect of
LC alignment in LBL films in that stability is dependent
on the overall thermal stability of the azobenzene-
polyelectrolyte film toward maintaining high anisotropy.
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Figure 3. Radial plot showing angular (φ) dependence of
transmittance of monitoring He-Ne laser beam through the
cell upon exposure to linearly polarized light (>430 nm) with
θ ) 0° as a function of exposure time.
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Based on the thickness-dependent photoalignment be-
havior, the stability should also be correlated with
thickness.

Conclusions
In this work, we have demonstrated the utility of PAZO/

PDADMAC LBL films for controlling LC azimuthal
alignment. Irradiation of a hybrid LC cell with linearly
polarized light resulted in in-plane homogeneous LC
alignment, which is dependent on the thickness, irradia-
tion time, orientation, and stability of the films. The
director of the LC molecules was found to be perpendicular
to the polarization plane θ and can be reoriented. In the
future, it will be interesting to focus on any unique
mechanism of photoalignment for this type of films. The
parameters for LBL film preparation and polyelectrolyte

design can be optimized for the photoalignment process
and even allow patterning.
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Figure 4. Radial plots at 180° showing (a) shift of angular dependence of transmittance from θ ) 0° to 30° as a function of exposure
time, (b) LC alignment phase shift properties of irradiated hybrid cell at different angular positions (θ ) 0°, θ ) 30°, and θ ) 40°),
(c) angular (φ) dependence of transmittance of monitoring He-Ne laser beam through the cell upon exposure to unpolarized light
(>430 nm) as a function of exposure time, and (d) transmittance before and after heating at 100 °C for 1 h. The cell is irradiated
with linearly polarized light (θ ) 0°) in advance.
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