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The photoalignment of alternate layer-by-layer (LBL) deposited water-soluble azobenzene dye, direct
red 80 (DR80), and polycations have been investigated. The ultrathin films were probed by polarized
irradiation, UV-vis spectroscopy, and angle-dependent optical retardation measurements using a hybrid
liquid crystal (LC) cell. Dye aggregates within layers were found to reorient anisotropically with polarized
irradiated visible light. The selective photoisomerization process primarily enhances the E-isomer, giving
high dichroism with the long axes of the azobenzene dye oriented perpendicular to the polarization vector
of irradiated light (actinic light). The degree of photoalignment was dependent on the number of adsorbed
layers, aggregation behavior, and type of polycation pairs in contrast to spin-coated or Langmuir-Blodgett
(LB) films. Atomic force microscopy (AFM) before and after photoisomerization showed lateral expansion
of the morphological features consistent with greater anisotropic ordering. These results correlated with
the in-plane azimuthal LC photoalignment behavior in hybrid LC cells. Interesting trends were observed,
including thickness-dependent photoalignment behavior, different irradiation stabilities, phase shift, and
read-write capabilities as photoactive ultrathin films.

Introduction

Photochromic materials, whose optical properties can
be varied reversibly by light, have enormous potential for
electrooptical and optical devices.1 Applications include
the following: liquid crystal (LC) displays, holographic
surface relief gratings, optical data storage media, etc.
Azobenzene derivatives have been widely investigated
because of their well-defined reversible trans-cis or E-Z
photoisomerization property.2 Ultrathin films containing
these moieties are excellent materials for photocontrol of
surface and bulk properties. Using linearly polarized light,
these materials can induce; in-plane anisotropy in films,
surface photoregulation of LC alignment, linear photo-
polymerization, and anisotropic photobleaching. By em-
ploying polymer matrixes, the Weigert effect3 has been
demonstrated, where polarized reorientation of chro-
mophore dyes result in high optical anisotropies. The
photochromic moieties are incorporated by physical
blending and covalent tethering.4 However, it is not widely
known how the nature and morphology of a polymer
influences both photo- and thermochromism of a chro-
mophore.5 The effect of the matrix on photochromism is
not often investigated. There is no complete theory to
explain how a photochromic process is linked to matrix

properties.6 For practical reasons, spin-coated films of
azobenzene materials have been widely used to prepare
films for investigating optical properties.7 Understanding
aggregation and phase behavior of dyes in these blend
films can be complicated but is important for understand-
ing optical behavior.

The Langmuir-Blodgett (LB) technique can be used to
prepareorientedmonolayerandmultilayer filmscompared
to isotropic spin cast films.8 These films allow the
fundamental study of physical and chemical properties,
such as phase transitions, aggregation, photochemistry,
etc., at a monomolecular layer level. However, the deposi-
tion is tedious and is not adaptable for large-scale
processing both in quantity and dimension suitable for
commercial applications. Also, the orientation parameters
in LB films are known to suppress selective photoalign-
ment because of steric factors on the oriented azobenzene
groups.9 Self-assembled monolayers (SAMs) of azobenzene
groups have also been investigated.10 A large number of
azobenzene systems investigated as SAM and LB films,
have been reported.2,11

Recently, there has been great interest for molecularly
organized ultrathin films prepared using the alternate
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layer-by-layer (LBL) adsorption of polyelectrolytes or
electrostatic self-assembly (ESA).12,15 Alternate deposition
is achieved by overcompensation of polyelectrolytes ad-
sorbing on oppositely charged surfaces. The advantages
compared to the LB method include the following: It is
a simpler technique involving simple equipment and
preparation and can be applied to larger substrate
dimensions. A large variety of water-soluble macroions or
polyions can be used. The individual layers can have
distinct molecular thicknesses and ordering.13 And last,
surfaces of other geometries and colloidal particles can be
coated.14 By using low-molecular-weight species (dyes,
bolaform amphiphiles, nanoparticles, etc.), this method
has proven more versatile for preparing organized ul-
trathin films. Thus, incorporating azobenzene dye ag-
gregates into LBL films is attractive.15 Several groups
have demonstrated this concept.16 Others have reported
small-molecule dye-containing LBL assemblies for various
optical and sensor applications.17 The main advantage
over spin coating is that the concentration and layer
sequence of the dye aggregates can be well-characterized
prior to optical studies. In addition, the technique allows
the use of polyelectrolytes as a class of polymers for
ultrathin film preparation, with material combinations
not possible for spin coating. We have recently investigated
in detail the preparation of LBL films of water-soluble
azobenzene dye derivatives and polycations.18 It is im-
portant to examine in detail the behavior of charged small-
molecule dyes in LBL assembly. Azobenzene dyes have
long been used as colorants, stains, and markers.19 In
particular, it is important to correlate the dimension,
charge density, solubility, nature of aggregation, etc., of
these molecular species with photochemical activity.

In this paper, we report the LBL fabrication and
photoinduced alignment (photoalignment) of molecularly
ordered ultrathin films of a small-molecule azobenzene
dye (DR80) and polycations.18,20 This molecular chro-
mophoric dye was chosen to have sufficient charge density,
photoisomerizability, and high aspect ratio for the E-
isomer. The molecular assembly process was previously
investigated using surface sensitive techniques such as
quartz crystal microbalance (QCM), ellipsometry, UV-
vis spectroscopy, X-ray reflectometry, and surface plasmon
spectroscopy.21 Photoalignment studies showed high
anisotropies after irradiation with linear polarized visible
light.22 Correlation was made on layer ordering, dye

aggregation, and topological domain structures to their
photoalignment properties. Comparison was then made
with spin-coated films. To better understand their in-
plane photoalignment behavior, optical retardation in
hybrid LC cells was observed as a function of polarizer-
analyzer angle (polarimetry).9,28 In-plane selectivity of the
photoisomerization process was associated with the ag-
gregation nature of the domains resulting in reorientation
of the LC molecules. Interesting trends include thickness-
dependent behavior, different irradiation stabilities, phase
shift, and read-write capabilities as photoactive ultrathin
films. The behavior is different from previously reported
photoalignment behavior in LB monolayers, SAMs, and
spin-coated films.7,9-11

Experimental Section
Materials. The water-soluble anionic (sulfonated) azobenzene

dye direct red 80 (DR80) or Sirius red, MW )1373.09, λmax ) 528
nm, was obtained from Aldrich Chemicals and handled using
proper safety procedures.23 Purification involved recrystallization
using solvent mixtures with dimethylformamide (DMF) and
ethanol, followed by extensive cold solvent washing. Purity was
followed by thin-layer chromatography. The structure of the dye
is shown in Figure 1. The molecular dimension of the dye DR80
(Chem 3D software) is 3.4 nm × 0.8 nm assuming an all-trans
or E-isomer configuration. Poly(diallyldimethylammonium chlo-
ride) (PDDA; MW ) 100 000), poly(ethyleneimine) (PEI; MW )
70 000), poly(allylamine hydrochloride) (PAH; MW ) 50 000-
65 000), and poly(sodium 4-styrensulfonate) (PSS; MW ) 70 000)
were commercially obtained from Aldrich and used without
further purification. Filtered aqueous solutions (Milli-Q water
with 18.2 MΩ resistivity) were prepared with a concentration of
0.001 or 0.001 M/(repeat unit) at pH ) 6.5. The borosilicate glass
slides (25 mm × 40 mm × 0.5 mm) were used as substrates for
UV-visible spectroscopy, while Si wafers were used for ellip-
sometry. The substrates were cleaned by preliminary washing,
Piranha solution treatment, and were functionalized immediately
with (3-aminopropyl)triethoxysilane (Aldrich, 0.1% in acetone)
by SAM procedure.24 The quality of deposition for thicker films
was also improved by the initial deposition of three pair-layers
of PDDA and PSS.

Layer-by-Layer Deposition. The electrostatic LBL deposi-
tion on substrates was done using well-reported procedures.12a

The automated dye-polycation deposition was carried out using
a HMS series programmable slide stainer apparatus (Carl Zeiss,
Inc). In general, the sequence alternated between the oppositely
charged dye and polyelectrolyte solutions. Immersion time in
each solution was 15 min,25 followed by 2-min immersion in
deionized water and then 1 min in a bath with flowing deionized
water. This cycle was repeated until the desired number of pair-
layers was obtained. DR80 layers were always deposited last.
Using this procedure, for example, up to 100 pair-layers were
deposited for the DR80/PDDA films.

Instruments. UV-vis spectra were obtained with a Perkin-
Elmer Lambda 20 spectrophotometer equipped with a polarized
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(23) Möller, P.; Wallin, H. Mutat. Res. 2000, 462, 13.
(24) Fadeev, A.; McCarthy, T. Langmuir 2000, 16, 7268.
(25) Advincula, R.; Baba, A.; Kaneko, F. Polym. Mater. Sci. Eng.

(Am. Chem. Soc. Div.) 1999, 81, 95.
(26) Hong, J.; Park, E.; Park, A. Langmuir 1999, 15, 6515.
(27) Sutandar, P.; Ahn, D.; Franses, E. Thin Solid Films 1995, 263,

134.
(28) (a) Ichimura, K.; Suzuki, Y.; Seki, T.; Hosoki, A.; Aoki, K.

Langmuir 1988, 4, 1214. (b) Seki, T.; Sukuragi, M.; Kawanishi, Y.;
Suzuki, Y.; Tamaki, T.; Fukuda, R.; Ichimura, K. Langmuir 1993, 9,
211.

LBL Deposited Water-Soluble Azobenzene Dye Langmuir, Vol. 19, No. 3, 2003 655



spectroscopy setup. Ellipsometry was performed using a Mul-
tiskop (Optrel, GmBH, Germany) ellipsometer with 632.8 nm
He-Ne laser beam at 70° incidence. Both δ and æ values and
thickness data (average of three points) were measured and
calculated using a refractive index of 1.5.26 Surface morphology
were obtained by atomic force microscopy (AFM) under ambient
conditions (22-23 °C, 40% relative humidity) using a PicoScan
system (Molecular Imaging) equipped with an 8 × 8 µm scanner.
The magnetic AC (MAC) mode was used for all the AFM images.
A MAC lever, silicon nitride, Si3N4, based cantilever coated with
magnetic film, was used as AFM tip. The force constant of the
tip from the triangular-shaped cantilever was 0.1 N/m, and the
resonance frequency is ∼100 kHz. The force between the tip and
the sample was typically 1 nN. Besides the raw image, a Fourier-
filtered phase image was obtained to emphasize the periodic
features. The fast Fourier transform (FFT) program was supplied
by Molecular Imaging. A 500-scan accumulation was used for an
acceptable signal/noise ratio.

Photoirradiation and Polarized UV-Vis Spectroscopy.
Unpolarized and polarized UV and visible irradiation was done
using a 150 W Xe arc lamp with a beam expanding lens, employing
band-pass filters to obtain λ > 430 nm for the enhanced E-isomer
photoisomerization. The irradiation intensity based on the
distance, area, and intensity of the lamp was calculated to be
190 mW/cm2. A dichroic sheet polarizer was set between the
lamp and sample to obtain a desired polarized UV irradiation
with a reduced intensity of 50 mW/cm2. Isotropy of the films was
checked by UV-vis spectroscopy before each experiment. The θ
) 0° axis is defined to be parallel to the longer side of the
rectangular glass substrate (40 × 25 mm). When polarized
irradiation is introduced normal to the substrate plane, a
polarization direction either parallel (θ ) 0° or A|) or perpen-
dicular (θ ) 90° or A⊥) can be assigned with respect to polarized
UV-vis spectroscopy. The spectrum is then expected to show
different absorption intensities at angles associated with a specific
irradiation direction. The presence of dichroic features (bire-
fringence) indicates anisotropic molecular projections of the
absorbing species on the film. By definition, the dichroic ratio is
the ratio of peak intensity for s-polarized incident light to that
of p-polarized light and is given by the following equation:27 DR
) (A⊥ - A|)/(A⊥ + A|). Alternatively, the equation relating the
degree of ordering by the orientation parameter (S) of the dyes
can also be used, where S ) (A| - A⊥)/(A| + 2A⊥).26

Hybrid LC Cell Fabrication and Investigations. A hybird
LC cell was fabricated with the DR80/polycation substrate and
a glass substrate modified with an LB monolayer of stearic acid.28

This was done by sandwiching the nematic LC (4-pentyl-4′-
cyanobiphenyl) (N-35 °C-I) or (5CB) material between the

modified substrates and separated by a Mylar spacer (16 µm).
A homeotropic alignment was induced from the stearic acid side
of the cell (Figure 2). The optical retardation was monitored by
a photodector following the intensity of transmitted linearly
polarized He-Ne laser (632.8 nm, 5 mW) through the cell and
a polarizer/analyzer as a function of the rotation angle (φ) of the
cell. The experimental setup has been previously reported.28,40

The transmittance intensity was observed with a fixed analyzer
position while the hybrid LC cell was rotated. The results are
best plotted in a polar plot where the transmittance intensity
axis extends from the center of the circle (radius), and the rotation
angle (φ) is defined by the circumference of the circle. This can
also be plotted alternatively in an X-Y (φ vs intensity) scatter
plot.

Results and Discussion

Multilayer LBL Film Formation and Dye Ag-
gregation.UV-vis spectroscopyandellipsometryverified
the LBL self-assembly process of the dye/polycation layers
and their aggregation behavior.18 The films prepared were
clear, transparent, and uniform, with good optical quality
as seen by the naked eye. UV-vis spectra for the DR80/
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Figure 1. Chemical structure of the direct red 80 dye and polycations used. The molecular dimension of the dye E-isomer is also
shown.
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PDDA multilayers taken as a function of increasing layer
numbers are shown in Figure 3.18 The absorbance
increased linearly with the number of dye-polymer pair-
layers. The λmax centered at 562 nm is attributed to the
π-π* transition for the dye. DR80 has four azobenzene
groups with a conjugation length consistent with the high
molar absorptivity, εmax ) 4.2 × 104 M-1 cm-1 observed in
aqueous solutions. Typical values for a single azobenzene
in isooctane are εmax ) 2.26 × 104 M-1 cm-1 and λmax ) 318
nm for a trans configuration.29

The LBL film absorbance was strongly red-shifted: 34
nm compared to the 1 × 10-5 M solution (λmax ) 528) and
38 nm with PDDA present (λmax ) 524 nm) in solution
indicating aggregates in the film. It should be noted that
the aggregation of dye molecules in ordered structures
with corresponding dipoles results in a splitting of the
excitation energy levels.30 As a consequence, shifts in the
absorption spectra are observed, depending on the mutual
orientation of the interacting dipole moments. When the
dipole moments are parallel, a hypsochromic (blue) shift
H-aggregation (H band) occurs. If the transition dipoles
are in-line, rather than parallel, the spectra exhibit a
bathochromic (red) shift and the aggregates are termed
J-aggregates (J-band). The red-shift behavior for DR80/
PDDA indicates the formation of J-aggregates in each
layer where the orientation of the dye aggregates can be
described as tilted.18 Similar aggregation behavior has
been observed by Kunitake on a variety of water-soluble
dyes.16a Comparison of the λmax values with increasing
number of layers reveal a small shift in λmax position
occurring intermittently, indicating that the degree of
aggregation changes with thickness. This behavior has
been previously observed for azobenzene LBL films and
is influenced by the packing order achieved after the
addition of each layer.18,31 The reorganization of the
aggregates with increasing layer thickness is consistent
with a self-healing capacity for these types of films.12

The average thickness per dye-polycation pair-layer
was determined to be 1.9 ( 0.1 nm with an absorbance
of 0.032 au/pair-layer, i.e., an average absorbance/thick-
ness value of 0.017 au/nm. It has also been previously
reported that salts can increase the density of dyes

Figure 2. Hybrid LC cell setup was used to observe optical retardation of photoalignment. The rotation angle (φ) is defined by
rotation of the cell, and the intensity of transmission was monitored through a fixed analyzer.

Figure 3. UV-vis spectra as a function of layer number
showing increasing dye concentration. The change in thickness
as obtained by ellipsometry is also shown (inset). Reprinted
with permission from ref 18. Copyright 2001 American Chemical
Society.
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adsorbed per pair-layer.18 The DR80 dye-polycation layer-
by-layer assembly process has been investigated by a
number of other surface sensitive techniques, including
quartz crystal microbalance (QCM), X-ray reflectometry,
andsurfaceplasmon spectroscopy.20,21 Results havealways
shown that the deposition is consistently linear and the
dyes are ordered as aggregated domains in each layer.18

Note that the term layer ordering does not necessarily
refer to distinct layers with a finite boundary but rather
a consequence of alternately adsorbed layers of two
different and oppositely charged polyelectrolyte species.12

No Bragg peaks are expected even by X-ray diffraction
since there is no sufficiently distinct electron density
profile between layers.20,21 Interpenetration of the adjacent
layers cannot be ruled out, but should be limited by surface
coverage, film equilibrium, substrate defects, and thick-
ness of the oppositely adsorbing species. However, the
fact that a linear absorbance and thickness increase were
observed for each deposition cycle indicates a quantified
adsorption of dyes aggregated as layers. Much discussion
has been covered on this topic in several review articles12

and on similar dye-polyelectrolyte systems.16 In summary,
the characterization of these present DR80 films indicate
a uniformly prepared LBL multilayer suitable for pho-
toisomerization and photoalignment studies.

In-Plane Selective Photoisomerization or Photo-
alignment. A review of the photoalignment process in
azobenzenes is as follows:2 The photoalignment can be
induced in-plane (film surface plane or Sx and Sy) by a
selective and reversible photoconversion process utilizing
polarized UV or visible irradiation (Figure 4). Initially,
the azobenzene chromophores are isotropic (S0 ) Sx ) Sy

) Sz) in orientation. Upon polarized light irradiation with
vectorial electric field,VE, and polarization,VP, the highest
absorbance isexpectedwhere the transitiondipolemoment
(oscillator strength),µt, of theconjugatedazobenzenegroup
is the strongest, i.e., parallel to the molecular long axis
of the trans or E-isomer.28 In the presence of linearly
polarized light, photons are absorbed by the azobenzene
molecules according to cos2 æ, where æ is the angle between
the azobenzene µt, andVE of irradiated light. The absorbing
azobenzene groups will undergo photoisomerization trans-
cis-trans or E-Z-E resulting in photostationary states
of azobenzenes where the transition dipole moment, µt,
becomes parallel to the polarization vector, VE (in this
case set parallel to Sx).32 The result is a uniaxial
reorientation of the azobenzene transition dipole into the
direction perpendicular to polarization vector, VP, of
incident light with the dipole momentum equal to zero.33

Note that azobenzene groups can also be aligned out-of-
plane or along Sz, by the angle, R, which can also result
in a depletion of the oriented in-plane photostationary
states and its contribution to absorbance.34

The photoalignment can also be explained in terms of
the selective excitation of azobenzene molecular dye
excited states.28 By selectively exciting with UV light, only
the Z-form rich photostationary state for π-π* transition
is obtained. This is a typical E-Z photoisomerization
experiment. However, upon exposure only to filtered
visible light, the high aspect ratio E-isomer with the n-π*
transition is the major component of the photostationary
states.28 This means that no decay of the azobenezene
E-isomer is realized, if subjected only to visible light
irradiation for the n-π* transition. Changing the polar-

Figure 4. Photoalignment scheme showing how initially isotropic dye aggregates (shown as circles) can be made anisotropic by
the use of linearly polarized light resulting in reorientation and change in shape. The order and orientation parameters are also
defined with irradiation (see discussions).
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ization vector, VE, or polarization ) θ of the linear polarized
light causes reorientation of the rodlike E-isomer acting
asa “molecular rotor”.Thisgeneratesa largebirefringence,
especially on the dielectric constants since the dye
molecular long axis becomes reoriented. This photose-
lective orientation is the basis for the Weigert effect.3 Note
that both nondestructive and destructive photoorientation
(in the case of a photochemical reaction) can give the
Weigert effect. An alternative photoorientation mecha-
nism has been suggested involving thermal dissipation of
the electronic excitation energy in oriented aggregates.34

Previous work on spin-coated films of azobenzene dyes
and a polyimide matrix has been reported by Gibbons et
al.35 Azobenzene molecular species, with transition mo-
ments (azobenzene π-π* transition) parallel to the
polarization of the irradiated light (actinic light) under-
went trans- cis-trans (E-Z-E) photochemical conver-
sion in the blend film. The final in-plane projection resulted
in a perpendicular orientation of the E-isomer with respect
to the polarization, θ of the irradiated light (or parallel to
the electric vector). This photoalignment has been con-
sistently observed and demonstrated successively and
selectively in a number of ultrathin film configurations:
Langmuir monolayers, SAMs, LB multilayers, etc. This
process is also found to be dependent on light intensity
and irradiation time.36

LBL Dye/Polycation Photoalignment. In this case,
layer-by-layer ordered ultrathin films of water-soluble
azobenzene dyes have been investigated. Figure 5a shows
the UV-visible spectra of a polarized irradiated 50-layer
film of PDDA/DR80 on a glass substrate from 10 to 100

min of irradiation time.18 Prior to irradiation, the absorp-
tion is isotropic (Ao ) A| ) A⊥). The absorbance centered
at 550 nm decreases as the film is exposed to parallel
polarized irradiated light set at θ ) 0°, giving the parallel
absorption (A|). After the irradation process at 0°, the
substrate is then rotated 90° (perpendicular polarization
direction) and the UV-vis spectra taken. Immediately a
large difference in the absorbance is observed between 0°
and 90°, indicating an increase in the population of
absorbing species (dipole transition moment) to 90° or
perpendicular to the original polarization of irradiated
light as shown in Figure 5b. Again, this dipole orientation
corresponds to azobenzene absorption behavior. The
absorption band (A|) at 550 nm decreases with the
irradiated polarized light since the absorbing azobenzene
dye photostationary states at this orientation are depleted
andbecomeperpendicularlyorientedgivingrise toahigher
perpendicular absorption (A⊥). In this manner, a high
dichroism was observed with DR ) 0.4. Again, since the
photostationary states under this illumination condition
consist of the majority E-isomer, dichroism should be
ascribed mostly to the long axis of the oriented chro-
mophores. Our photoisomerization experiments without
the polarizer gave no dichroism for these films. Further-
more, after irradiation, the unpolarized absorbance, Aunpol,
also decreased, indicating partial reorientation of the
chromophores into the Sz direction, leading to an increase
in the orientation angle, R (see Figure 4).

Cylic or reversible photoalignment was also investigated
for the 50 pair-layer film. Figure 6 shows the photoi-
somerization process up to four cycles. It is clear that the
absorbance shifts with polarization reversibly. Distinct
photoselection in the absorption spectra is observed only
when the film is irradiated for longer time periods, e.g.
greater than60min.Shorter irradiationperiodsgave lower
dichroic ratios. These observations are consistent with
previously observed irradiation-dependent photoisomer-
ization kinetics of LBL films.31 As shown in Figure 6, a
clear decrease of the π-π* band was detected along the
polarization direction (A|), which resulted to an enhanced
absorption on the perpendicular state (A⊥). Again, this
was observed when the substrate is rotated from 0° to 90°
with respect to the polarization setup of the UV-vis
spectroscopy experiment. A slight decrease is observed at
the fourth cycle. It could be related to the increasing
fraction of azobenzene dyes that are becoming out of plane,
Sz, from the substrate with successive irradiation.34 It
could also mean increasing steric restriction on the

Figure 5. Polarized UV-vis spectra of a 50-layer DR80/
PDADMAC film: (a) change in absorbance with irradiation
time θ ) 0° and (b) substrate rotated 90° or perpendicular to
polarization of irradiated light, showing high dichroism.
Reprinted with permission from ref 18. Copyright 2001
American Chemical Society.

Figure 6. Cylic photoalignment for the 50-pair-layer film up
to four cycles. The absorbance at θ ) 0° decreases with time
but becomes maximum at θ ) 90°.
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reforming aggregates. Nevertheless, a reversible cyclic
photoalignment process was clearly demonstrated in these
films.

As shown in Figure 7, the kinetics of absorption with
photoalignment is also a function of thickness.31 The
change in slope is evident on the kinetics plot for different
thicknesses. Primarily, thicker films started to show two
regimes (change in slope indicating a k1 and k2 process)
with photoalignment.9,34,36 The kinetics of optical anisot-
ropy in films consists of a fast and slow process: axis-
selective photoselection involving E-Z-E photoisomer-
ization and subsequent photoreorientation of the molecular
axis. The second process can take place very slowly in a
glassy state, when compared with the first one, because
the sweep volume required for the rearrangement of a
rod-shaped molecular axis is much larger than that for
the photoisomerization.9,36 Thickness dependence on pho-
toisomerization has been reported previously for LBL
films,31 where the extent of dye aggregation and layer
ordering plays an important role. Thicker films have a
higher total amount of azobenzene dyes and should result
in more aggregated domains. Collectively, photalignment,
becomes a function of the total film thickness, where each
layer contributes a finite number of photoaligning do-
mains.31

The yield of the oriented photostationary E-isomer can
be estimated by the decrease in the absorbance of the
π-π* transition band during irradiation.34 The kinetics
can be modeled after the equation: [Et]/[Eo] ) F exp(-k1t)
+ (1 - F) exp(-k2t), where the concentrations of the
oriented photostationary E-isomer at time t and zero can
be determined. F is the fraction of the fast species, and
k1 and k2 denote the rate constants for the fast and slow
processes, respectively. Consequently, more dye ag-
gregates result in a larger initial E-Z-E photoisomer-
ization or faster k1. This is then followed by a slower
reorientation, k2, of the azobenzene molecular axis with
time.9,28

Clearly, the differences of photochromism with different
thicknesses are also due to matrix effects.2 This matrix
effect has two meanings: the effect of the matrix on the
photochromic behavior and the effect of the photochromic
behavior on the matrix. In the former, efficiencies of
photochromism are affected by the microenvironmental
properties of matrixes, including polarity, free volume,
and molecule-to-molecule interactions, etc. The latter
effect involves reversible property changes on matrixes
as a result of structural transformation of photochromic
guest molecules, leading to orientational alteration of host

molecules or residues embedded in matrixes, which
surround the guests. In principle, the orientational
changes of matrixes triggered by photochromic molecules
should be a useful probe for the physical as well as chemical
condition of matrixes.37

Figure 8 shows the photoalignment absorbance behavior
with different polycation pairs at approximately the same
thickness (60 layers). Different photoalignment kinetics
can be observed, depending on the polycation used.31 As
discussed earlier, PDDA showed the typical slope change
associated with photoalignment kinetics up to the 100
min regime.34 The PAH showed an almost similar behavior
but with less absorbance change than in PDDA. The PEI
showed a slow initial absorption change at the first 30
min followed by the change in slope. Previous studies have
shown that DR80 with PAH and PDDA polycations have
different aggregation behavior.18 The PAH is a linear
polymer which has less cationic charges and is pH
dependent. On the other hand, PDDA is a more linear
polymer with a higher hydrophobic than ionic component.
It is pH independent and has a higher MW. LBL films of
dyes with PEI are typically more disordered with high
interlayer penetration.16a,31 The presence of chain branch-
ing in PEI results in higher charge density that is pH
dependent where desorption in LBL films has been
reported.16a,31a In general, the films prepared by PDDA
compared to PAH and PEI are more uniform where the
aggregates are well-defined.16,31 It seems reasonable to
conclude that the kinetic behavior of PDDA films is
influenced by the formation of more uniform DR80
aggregates in each deposited layer. Thus, for these LBL
systems, the photoalignment behavior can be classified
as a collective effect of well-defined aggregates that can
be quantified by the number of layers and type of
polycations used.

To contrast layer ordering in LBL films with isotropi-
cally distributed aggregates in spin-coated films, we
compared their photoalignment behavior. The photo-
alignment behavior for DR80:PDDA films spin-coated
(1500 rpm) from 1:1 polyelectrolyte complexes (PEC), 2%
(w/w) dimethylacetamide (DMAC) or aqueous solutions,
are shown in Figure 9. Ulthrathin films were formed which
have thicknesses measurable by ellipsometry. In general,
the films are not as uniform (optically) compared to
polymer films commonly spin-cast from organic solutions.
Depending on the thickness of the spin-coated films,
different photoalignment kinetics can be observed. The
spin-coated films of comparable thickness (105 nm) to the
LBL (110 nm) showed a slower kinetics behavior with a

Figure7. Photoalignment absorbance properties with different
thicknesses of DR80/PDDA films: 5, 10, 15, and 20 pair-layers.
A change in kinetics is observed beginning at 20 layers. Figure 8. Photoalignment absorbance properties of DR80

paired with different polycation LBL films.
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slope change at 30 min followed by a monotonic plateau
behavior. This curve is not reproducible and was depend-
ent on film quality. Furthermore, thicker layers (750 nm)
of the PEC films did not show significant change in
absorption with time. No well-defined cyclic reversible
photoalignment behavior was observed with the spin-
coated films. It should be noted that these spin-cast films
were prepared from a binary polyelectrolyte complex.
Uniform films require some experimentation with rotation
speed and solvent conditions (different concentrations or
mixtures). In fact, one of the advantages of the LBL
technique is that ultrathin films can be formed on
substrates, which often has no equivalent to spin-coatable
solutions.

AFM Images. AFM images before and after UV
irradiationgive further insight into thephotoisomerization
and photoalignment process with these films.38 Figure 10
shows micrographs of the DR80/PDDA films with various
layer thicknesses. The morphology is comprised of cor-
rugated features with depression and ridges. Although it
cannot be directly imaged by AFM, these features comprise
a distribution of dye aggregates of undetermined size and
number.38 The roughness and feature size is observed to
change with increasing thickness. Thicker layers tend to
produce larger feature sizes with increased roughness.
This behavior correlates with some of the photoisomer-
ization behavior observed and the fact that the λmax shifts
with different thickness (Figure 3).

Also shown are micrographs of the 30 pair-layer films
before (Figure 11a) and after 2 h irradiation with
unpolarized (Figure 11b) and polarized (Figure 11c) visible
light > 430 nm. First of all, after irradiation, all of the
corrugated features enlarged regardless of the polarization
state of light. In particular, irradiation with unpolarized
light resulted in a slightly smoother film (lower root mean
square roughness ∼ 3.9 nm) with larger feature sizes. It
is well-known, the trans-cis photoisomerization causes
an increase in the area per molecule in LB films due to
the change in molecular configuration.9 Expansion of the
features indicates the occurrence of photoisomerization
in these films where the trans-cis-trans photoisomer-
ization is induced. This phenomenon has been observed
on a number of AFM-photoisomerization experiments in
monolayer films.38

When polarized visible irradiation was applied to the
film (Figure 11c), with the electric field parallel to the
longer side of the substrate, the features showed a
distinctly different behavior. As determined from these

Figure 9. Photoalignment absorbance properties of DR80 and
PDDA as spin-coated films in comparison with LBL films.

Figure 10. AFM images of the films: Morphology of the DR80/
PDDA at various thicknesses (X-Y-Z ) 1.0 × 1.0 × 0.25 µm
scans).
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Figure 11. AFM images of the films: (a) before irradiation (4.6 nm; X-Y-Z ) 1.0 × 1.0 × 0.05 µm), (b) after 2 h unpolarized
irradiation (4.1 nm rms; X-Y-Z ) 1.0 × 1.0 × 0.05 µm), and (c) after polarized irradiation for 2 h (3.8 nm rms; X-Y-Z ) 1.0 ×
1.0 × 0.05 µm).
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images, after polarized irradiation, the ridges in some
regions not only expanded in area but also became slightly
elongated and sharp. This comparison is evident especially
on the FT-phase images (right side), where the textures
are different. These observations correlate with the
selective photoisomerization observed.

The phenomena of aggregate growth and orientation in
morphological features before and after photoisomeriza-
tion have been previously studied.34,38 The following
mechanism has been described (Figure 12): A large
domain or feature might be composed of a distribution of
smaller oriented aggregates (subdomains) in individual
directions. The transition moments of the chromophores
within these individual smaller aggregates, based on the
in-plane projections of the molecules, are presumed to
point in approximately the same direction with a director,
S.34 The in-plane transition moment projection in neigh-
boring aggregates should also have an oriented average
direction. The result is that the initial unirradiated film
should have an overall isotropic orientation based on a
collective orientation of all the smaller aggregates.39 By
irradiation with only unpolarized light, no selective
reorientation is expected but only a reorganization of the
domains toward greater “swift volume” because of suc-
cessive trans-cis-trans photoisomerization.34,36 This is
similar to thermal annealing for these films where
smoother films are generated, decreasing kinetically
trapped conformations and aggregates of the dyes formed
during the deposition process. The observations in Figure
11b are consistent with this mechanism.

The situation with polarized light is different (Figure
11c). Aggregates with in-plane transition moment projec-
tions parallel to the polarization of irradiated light will
be subject to selective trans-cis-trans photoisomeriza-
tion. This is because aggregated azobenzene molecules
occur as ordered structures, with a strong cohesive energy
where each domain is relatively independent of the
neighboring domains.34,38 Aggregates with uncorrelated
orientations with respect to the polarized irradiation will
be scarcely influenced. However, aggregates with their
molecular orientations in the polarization direction of
irradiated light will show significant enlargement in size
because of anisotropic reorientation (Figure 12). This
behavior is indicative of a photoselection process, where
the collective aggregates (resulting morphological fea-
tures) showed a relatively large degree of expansion,
whereas others maintained their individual sizes after
irradiation (comparison of Figure 11b,c). This supports

the notion that dye aggregates can be regarded as a
“photoreacting units” consistent with those observed in
other types of azobenzene containing films.34,38 The
average excitation probability within these units depends
on the director orientation: Pexc ∝ (VEµt)2, where µt is the
azobenzene electric dipole transition moment and VE is
the irradiation electric field. The effective irradiation
intensity needed to reorient these aggregates is given by
Ieff ) Io cos2 æ, where æ is the azimuthal angle between
µt and VE (Figure 4). Ieff must exceed the intensity
threshold, ITh, for reorientation of the aggregates to occur.34

Thus, the AFM images acquired with different irradiation
conditions on either unpolarized or polarized light are
consistent with this mechanism. A detailed study com-
paring the mechanism of photoalignment with SAM and
LB films should be interesting.

Hybrid LC Cell Studies. In-Plane Photoalignment.
Hybrid LC cells were fabricated by sandwiching a nematic
LC (5CB) between the DR80/PDDA films and a glass
substrate modified with a stearic acid monolayer for
homeotropic alignment on one side (Figure 2).40 The cells
were irradiated with linearly polarized visible light (>430
nm) normal to the substrate plane, for n-π* excitation.
The n-π* excitation with linearly polarized visible light
causes azimuthal reorientation of the LCs primarily
through the reorientation of the E-photostationary state
of the azobenzene aggregates. The rodlike-shaped E-
isomer of the chromophore plays an essential role in the
in-plane homogeneous alignment regulation as a “mo-
lecular rotor”.9,10,11

For the experiments, the polarization plane of actinic
light at θ ) 0 is parallel to the longer side of the rectangular
cell, as illustrated in Figure 2. The birefringence was
monitored by following the intensity of transmitted
linearly polarized He-Ne laser beam though the cell and
a fixed polarizer (analyzer) position.28 The experiment is
essentially a cross-polarizer experiment, where the trans-
mission is monitored as a function of the rotation angle
(φ) of the cell.

The polar plot in Figure 13a shows the evolution of
transmittance with time as monitored through the cell.
The cell was rotated at an angle φ. For a 100 pair-layer
of DR80/PDDA film the first few minutes did not produce
significant changes in the transmission-angle dependence.
However, at 45 min the birefringence began to be observed
and was fully developed at 60 min. The maximum
transmittances are approximately located at 45° ( 90° ×
n, indicating the director (S) of the LC molecules exists
perpendicular to the polarization plane. The maximum of
transmittances is reached at 80% after 60-min irradiation
and finally at 90% after 120-min irradiation (not shown).
The angular dependence of transmittance of the monitor-
ing light for a hybrid LC cell with a 10 pair layer DR80/
PDDA was also examined (data not shown). It was found
that the maximum transmittance was about 80% (after
10 min), where the process of alignment of LC was faster
than that of a 100 bilayer DR80/PDDA cell. These results
are consistent with the photoalignment behavior as
observed with the DR80/PDDA films using polarized UV-
vis spectroscopy. In previous studies, the kinetics of
photoisomerization of LBL films was influenced by the
thickness of the samples; i.e., the isomerization is slower
for the thicker samples.31 Since the homogeneous align-
ment of LC molecules is controlled by the photorientation
of azobenzenes in DR80/PDDA films, it is clear that the
kinetics of alignment of LC molecules can be influenced
by the thickness of DR80/PDDA film. This indicates that
LC reorientation may not simply be a function of the
immediate azobenzene-polyelectrolyte layer in contact

Figure12. Schematic diagram showing change in the collective
isotropic orientation of the dye aggregates and the photoalign-
ment of individual domain aggregates after polarized irradia-
tion. Note the orthogonal nature of the dye orientation with
respect to polarized light axis.
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with the LC molecules, but may be influenced by the
overall thickness, layer ordering, and morphology of these
films. This is in contrast to previously reported photo-
alignment behavior in LB and SAM films which is
thickness independent.9-11 It is well-known that dipole
forces, polarity, surface energy, and topological factors

influence the surface anchoring energy of LC molecules41

and has been modeled.42 It will be important to do careful

(41) (a) de Gennes, P. G.; Prost, J. The Physics of Liquid Crystals;
Clarendon Press: Oxford, U.K., 1993. (b) Chandrasekhar, S. Liquid
Crystals, 2nd ed.; Cambridge University Press: Oxford, U.K., 1992.

Figure 13. (a) Time-dependent in-plane photoalignment behavior for a 100 pair-layer of DR80/PDDA. (b) Phase shift with respect
to angle of irradiated light for a 50 pair-layer of DR80/PDDA. (c) Stability of photoalignment with polarized and unpolarized
irradiation for a 100 pair-layer of DR80/PDDA. (d) Stability of photoalignment with time for a 100 pair-layer of DR80/PDDA. (e)
Read-write capability for a 10 pair-layer of DR80/PDDA.
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fundamental studies on the differences in a “command-
layer” effect on LBL films compared to LB and SAM films.

Phase Shift. To examine photoalignment control of the
LC molecules further, we irradiated uniformly preirra-
diated cells by linearly polarized light at various axes.
Figure 13b shows the shift of the transmittance curve as
a function of irradiation angle from θ ) 0°, 30°, and 45°
after irradiation with the actinic visible light (>430 nm)
at various axes. The transmittance maximum appears
periodically at θ + π/4 + π/2 × n (n ) integral numbers),
confirming a homogeneous alignment perpendicular to
the polarization plane of the irradiation light. It is clearly
shown that the direction of in-plane alignment can be
controlled by the angle, θ, of the linearly polarized light,
resulting primarily in a phase shift of the transmittance
curve.

Stability. The stability of the LC cell was examined.
The LC cell was first exposed to unpolarized light for up
to 60 min (Figure 13c). No photoalignment was observed.
Upon applying polarized light, the typical birefringence
change in transmittance was observed. The cell was then
re-irradiated with unpolarized light. The birefringent
transmittance behavior barely changed. This indicates
the stability of the original photoalignment against
unpolarized irradiation fields, indicating that apart from
selective photoisomerization, the dyes are expected to keep
their molecular long-axis orientation. These observations
are also consistent with the AFM results.

Also the film was left for 2 weeks under ambient
conditions (room temperature and exposed to air), and
the transmittance was monitored as a function of time
(Figure 13d). A slight decrease in intensity was observed
after 1 week. However, after the second week, a larger
decrease in intensity was observed but with the photo-
alignment orientation hardly changed. Our results with
a 10-layer film (not shown) gave a faster decrease in
transmittance and birefringence loss to within days. Thus,
photoalignment stability is also related to film thickness.
This is consistent with thickness-dependent photoalign-
ment behavior during the original irradiation.

These results clearly show that stability of the original
LC alignment toward maintaining high anisotropy. The
use of unpolarized light did not result in any optical
birefringence of the transmission once photoalignment
has been achieved. Furthermore, it should be possible to
use a selective cutoff filter, which decreases the amount
of E-isomers, which could result in the loss of the
birefringence transmission properties.

Read-Write Capabilities. To demonstrate read-
write capabilities, the cell was initially irradiated uni-
formly with one orientation and re-irradiated to another
linearly polarized light angle and back again. Before the
experiment, the cell was preirradiated with linearly
polarized light at θ ) 0° for 60 min. Figure 13e shows the
shift of transmittance when the cell was subsequently
irradiated with linearly polarized light with the polariza-
tion plane at θ ) 0° and then at 45°. 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. This was then repeated
for a second cycle between θ ) 0° and 45°. Again, for both

cycles, the transmittance maxima appears θ + π/4 + π/2,
confirming a homogeneous alignment perpendicular to
the polarization plane of the irradiation light. Note that
the second cycle resulted in a higher transmittance and
with no hysteresis. The birefringence seemed to have been
improved on the second cycle after the creation of a larger
swift volume for the dye to reorient with light. It is clear
that the direction of in-plane alignment changed with θ
reversibly for the 10-layer film. But for the 100-layer thick
films (data not shown) at 60 min irradiation time, this
resulted in some hysteresis behavior, again confirming a
thickness-dependent photoalignment behavior.

Overall, the LC photoalignment behavior is found to be
distinct for LBL films in contrast to SAM monolayers and
LB films,9-11 where the immediate monolayer largely
influences the LC alignment behavior. We have recently
reported in-situ attenuated total reflection (ATR) mea-
surements to investigate the layer ordering and LC
alignment in hybrid LC films with a Kretschman optical
configuration43 as well as holographic surface relief grating
formation44 on these films. Selective photoalignment with
the use of a patterned mask should be possible.

Conclusion

In this paper we have described the formation and
photoinduced alignment of layer-by-layer deposited ul-
trathin films of a small molecule azobenzene dye (direct
red 80) and polycations using the alternate LBL adsorption
technique. The water-soluble chromophoric dye with a
high aspect ratio E-isomer functions as a molecular rotor.
The photoalignment studies on the DR80/polycation pairs
were found to have high anisotropies after irradiation with
linear polarized visible light. Correlation was made on
the effect of film thickness, polycation pair, and comparison
to spin-coated films. Layer ordering, dye aggregation
behavior, and topological structures were found to be
important to their photoalignment properties. Optical
retardation in hybrid LC cells was observed as a function
of polarizer-analyzer angle. In-plane selectivity of the
photoisomerization process was found to be associated
with the aggregation nature of the domains in the film,
film thickness, irradiation time (and intensity) resulting
in the reorientation of the LC molecules. Photoalignment
reversibility was observed offering the potential for read-
write capabilities. Thus, the incorporation of a photo-
chromic moiety using the LBL technique is very attractive
for creating new light-sensitive optical materials and
devices from polyelectrolyte materials and water-soluble
dyes.
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