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ABSTRACT: The double-layer structure of Langmuir-Blodgett (LB) multilayer assemblies formed by a
thermotropic polyacrylate with 2-hydroxyethyl and [[[[(2-methylbutyl)oxy]phenyl]azo]phenoxy]hexyl side
groups is modified by annealing and on ultraviolet (UV) irradiation. Both procedures cause order-disorder
transitions. The interaction with linearly polarized visible light results in a reversible reorientation of
the azobenzene side groups maintaining the layered structure. In this way the optical anisotropy of the
LB films is modified reversibly and continuously. In the original multilayer the photoreorientation process
is restricted by the dense packing of the side groups. But the process takes place after weakening the
intermolecular interactions. This has been achieved by a suitable preparation of the films, by annealing
of the thermotropic polymer, or by a photochemically induced decrease of the supramolecular order. The
photogeneration of anisotropy is governed by the molecular aggregation, the orientational order, the
thermotropic ordering tendency of the polymer to establish a homeotropic alignment, and the irradiation
conditions (wavelength, power density, polarization direction). Continued irradiation or annealing above
the glass transition temperature (Tg) results in a decrease of absorbance indicating smaller tilt angles.
The photoinduced dichroism is long-term stable but can be erased by irradiation and heating.

Introduction

Langmuir-Blodgett (LB) multilayer assemblies are
distinguished by a vertical layered structure. The
dipping process results in a tilted arrangement of the
amphiphilic moieties, causing azimuthal anisotropy. It
would be useful to be able to overcome domain structure
and to reorient films after they have been deported as
solid phase. This requires the introduction of molecular
mobility into the LB multilayer by heating or illumina-
tion without destroying the layered order. The manipu-
lation of LB order by external forces or photoreactions
is of great interest. In the case of thermotropic polymers
with photochromic azobenzene groups, this can be
achieved by annealing1 or irradiating.2-13

Upon irradiation the azobenzene moieties undergo
E-Z photoisomerization (Figure 1) and a wavelength-
dependent steady state is established between the
rodlike E isomers and the bent Z isomers. Not only is
there a change of the electronic structure, well-known
as photochromism, but also simultaneously shape,
polarity, and transition moment of the photochromic
moiety are modified. These changes of the molecular
structure result in modified intermolecular interactions
and, in this way, in a modification of the supramolecular
order of the LB multilayer. So, the periodicity of the
lamellar architecture and the in-plane order is affected.
Moreover, a sufficient disturbance usually led to a
irreversible loss of the supramolecular LB structure.14-17

To avoid this, LB multilayers built up of a thermotropic
polymer have been studied as a reversible model.
The interaction of photochromic moieties with linearly

polarized light offers a new way to orient such groups
in polymer films and supramolecular assemblies.18-31

In this way the optical properties of films may be
changed by the photochemically induced modification
of the orientational distribution. In the glassy state of

polymers the photoorientation process results in long-
term stable anisotropy. In this way optical anisotropy
is generated in isotropic films of amorphous and liquid-
crystalline polymers (LCP)26,27 or the anisotropy of
aligned LCP films is modified by photoreorientation.25
Photoinduced anisotropy in LB films was shown by
Barnik et al. for the first time in 1988.19 Recently,
photoreorientation was demonstrated in LB multilayers
of polymers, such as thermotropic polyacrylates2-5 and
“hairy rod” polyglutamates.9
Different mechanisms are discussed for photoorien-

tation process caused by irradiation with linearly polar-
ized light.25-27,32-40 In the case of azobenzene moieties
it is mainly accepted that the repeated angular-depend-
ent photoselection, photoisomerization cycles, and ro-
tational diffusion within the steady state results in a
photochemically induced directed reorientation of the
photochromic moieties.19-21,25-27 The probability for the
excitation of an individual (E)-azobenzene chromophore
follows to cos2 ω, where ω is the angle between the
electric field vector of the incident light and the transi-
tion moment of the photochromic moiety which coincides
approximately with its long molecular axis. Thus,
molecules oriented parallel to the electric field vector
preferably undergo the photoreaction (angular-depend-
ent photoselection). After an isomerization cycle, the
site and the orientation of a rebuilt E isomer is changed.
As a consequence, an increased angle ω decreases the
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Figure 1. Photoisomerization of azobenzene.
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probability of repeated excitation. In this way the
photochromic moieties will be continuously reoriented
toward a direction perpendicular to the electric field
vector of the incident light. The established orienta-
tional order remains stable in the glassy state, whereas
the photochromic moieties are restored on the molecular
level.
The influence of the initial order on the process is

somewhat controversially discussed. On the one hand,
it was shown recently that the photoreorientation
process can be restricted by the initial order of aligned
LCP films and LB multilayers.9,25 In such ordered
systems the photoisomerization takes place but the
photoreorientation process is suppressed by the liquid-
crystalline order. On the other hand, very recently, a
different model was proposed in which the initial order
of LB multilayers or liquid crystals plays an essential
role for the light-stimulated reorientation process.32-40

LB multilayers and spin-coated films of the same
thermotropic polymer, a 2-hydroxyethyl polyacrylate
with alkoxyazobenzene side groups, are an interesting
and reversible model system to study the photo(re)-
orientation processes depending on the supramolecular
order.2-5 The polymer combines the ability to form LB
multilayer assemblies and to undergo thermotropic self-
organization.1 Upon UV irradiation the initial double-
layer structure is irreversibly destroyed by the E-Z
photoisomerization connected with a loss of the initial
in-plane anisotropy. A new layered structure with
modified spacing and without any macroscopical optical
in-plane anisotropy was generated by subsequent visible
(Vis) irradiation. Very recently, it was shown2,4,5 that
on irradiation with linearly polarized light the tilted
azobenzene side groups were reoriented, yielding optical
in-plane anisotropy with an azimuthal angle of 90°
toward the electric field vector of the incident light,
while the layered structure was maintained.
The aim of this contribution is to study the photo-

(re)orientation process and the stability of photoinduced
optical anisotropy in LB multilayers and spin-coated
films of a smectic polymer depending on the irradiation
conditions and the state of order established via the
temperature or by irradiation.

Experimental Section
Photochromic Langmuir-Blodgett multilayers of the co-

polymer consisting of 2-hydroxyethyl acrylate and [[[[(2-
methylbutyl)oxy]phenyl]azo]phenoxy]hexyl acrylate (Figure 2)
were prepared by means of the Langmuir-Blodgett-Kuhn
technique.1 The amphiphilic copolymer exhibits liquid-crystal-
line behavior in the bulk (g 30 k 56 s 86 i).1
Stable monolayers were obtained at 20.7 °C in a KSV 5000

trough on pure water (Milli-Q system) by spreading a 1× 10-3

M chloroform solution and extremely slow compression at
about 5 cm2/min. Surface pressure readings were performed
with a Wilhelmy plate.
Transfer of the monolayers onto hydrophobic quartz plates

was carried out at a dipping speed of 5 mm/min and a surface
pressure of π0 ) 33, 36, or 39 mN/m. Transfer ratios of both
up and down strokes were above 0.94. To keep the dark

adapted material in the E configuration, care was taken by
working in the absence of actinic light.
The spin-cast films were prepared using a solution of 2%

by weight in chloroform and spun at 1000 rpm on silica glass
substrates. The films were dried in an oven at 40 °C under
vacuum for about 30 min in order to remove the rest of the
solvent.
The polarized UV/Vis spectra were measured on a Lambda

19 spectrometer (Perkin-Elmer) equipped with a set of Glan-
Taylor prism polarizers made of calcite (LOT). The self-
designed polarization kit performs a 360° angle scan. The
wavelength-dependent absorption data were extracted from
the polarized and angular-dependent UV/Vis spectra series
and plotted in polar coordinates as the vector length of the
absorbance at a given wavelength vs the polarizing angle of
the incident light beam. Thus, the polar diagrams represent
the azimuthal projection of the distribution function caused
by the nπ* and ππ* transition moments of the (E)-azobenzene
chromophores which coincide approximately with the long
molecular axis of the (E)-azobenzene chromophores.
The minimum and maximum of the angular-dependent

absorbance yield a dichroic ratio by R ) Amax/Amin. The
dichroism was calculated by D ) (Amax - Amin)/(Amax + Amin),
where Amax ) maximum absorbance and Amin ) minimum
absorbance perpendicular to Amax.
Irradiations were carried out by a mercury HBO 500 lamp

and appropriate filters on a conventional optical desk as well
as by an Innova 90 Ar+ laser system (Coherent) at 357, 457.4,
and 488 nm.

Results

Optical Properties of Differently Ordered Films
on Irradiation with Nonpolarized Light. On ir-
radiation the azobenzene moieties of the polymer un-
dergo E-Z photoisomerization in solution, spin-coated
films, and LBmultilayers. The established steady state
between both isomers depends on the ratio between the
absorbance coefficients of the E and Z isomers at the
excitation wavelength as well as on the molecular
environment of the chromophores.
The change of the absorption spectrum on irradiation

of the polymer in chloroform with UV light (365 nm) is
shown in Figure 3A. Figure 3B illustrates the different
steady states on irradiation at 365 and 436 nm. Upon
UV irradiation the steady state is characterized by a
high ratio of the Z isomers, while in the case of the Vis
irradiation the rodlike E isomers dominate. Figure 3B
demonstrates that the thermal Z-E isomerization
results in the re-creation of the initial absorbance.
Figure 4 compares the spectra in chloroform with

those of a spin-coated film and a LB multilayer after
different procedures. In both types of films the sym-
metric shape of the ππ* band becomes asymmetric at
the initial states. The maximum of absorbance in
solution at 359 nm is shifted to 328 nm in the spin-
coated film and the multilayer. Both facts indicate an
excitonic interaction of the aromatic chromophores
forming H-aggregates. The (E)-azobenzene chromophores
should be arranged “face to face” in dimers or higher
aggregates. The process can be described qualitatively
by the exciton model introduced by McRae and Kasha.41
A publication about this subject in different ordered
films of the polymer is in preparation.
The difference of the spectra after UV irradiation

shows that different steady states are established. This
is due to the different molecular environments of the
azobenzene moieties in both types of films and in
solution. In all cases the subsequent Vis irradiation
results in a state with a small content of Z isomer. In
solution the initial absorbance is achieved by the
thermal Z-E isomerization. The UV/Vis irradiation

Figure 2. Copolyacrylate with alkoxyazobenzene and hy-
droxyethyl side groups.
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cycle of the spin-coated film yields to a bathochromically
shifted and higher ππ* absorbance compared to that of
the initial film. This indicates the conversion of H-
aggregation species to nonaggregated E isomers by the
isomerization cycle.13 But the ππ* absorbance decreases
to the initial value by reaggregation during 16 h. The
simultaneously observed decrease of nπ* absorbance
indicates the continued occurrence of the Z-E isomer-
ization, but the expected increase of the ππ* absorbance
is overcompansated by the reaggregation process. How-
ever, in the case of the LB multilayer the irradiation
cycle results in a much larger change of absorbance. In
the LB multilayer the absorbance is decreased to
approximately 50% of the initial value and does not
reach that of the virgin LBmultilayer anymore (see also
Figure 6). The short wavelength of the maximum and
the decrease of absorbance indicate the aggregation and

a decreasing tilt angle of the azobenzene side groups.
This strictly corresponds to the structure model pro-
posed from the X-ray reflection and grazing incidence
diffraction measurements.2-8

So, the decreased absorbance is in agreement with
the increased spacing of 46-52 Å.8 Simultaneously the
optical in-plane anisotropy caused by the tilted side
groups oriented toward the dipping direction gets lost
as shown in Figure 6. Moreover, the decrease of absor-
bance is continued on storage in the dark by the forma-
tion of H aggregates and the improvement of the homeo-
tropic alignment. In this way the initial strained LB
multilayer is transformed into a less ordered structure.
This behavior of the thermotropic polymer was charac-
terized as an order-disorder transition caused by the
conversion of the LB structure to a liquid-crystalline
lamellar order which is similar to that of the bulk.1-8

Figure 3. (A) Change of the spectra of the polymer in chloroform on irradiation (λex ) 365 nm, P ) 2.5 mW/cm2). (B) Absorbance
at 365 nm versus the time irradiating with 365 (a) and 436 nm (b) and subsequent thermal Z-E isomerization in the dark.

Figure 4. Normalized absorbance of the polymer in chloroform (a), as a spin-coated film (b) and as a LB multilayer (c) (144
double layers) in the initial state (s), after UV irradiation (365 nm) (‚‚‚), after subsequent Vis irradiation (457 nm) (- -), and
relaxation at room temperature (16 h) (-‚‚-).
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Photoorientation of Spin-Coated Films. Upon
irradiation with linearly polarized Vis light (457 nm, 2
mW/cm2) optical anisotropy is induced in optically
isotropic spin-coated films. The linearly polarized light
generates an orientation of the azobenzene moieties
perpendicular to the direction of the electric field vector
of the incident light. This orientation process proceeds
on continued irradiation within the steady state. This
is demonstrated by the dichroism of the ππ* transition
as shown by the angular-dependent spectra in Figure
5. The polar diagrams for the same film before and after
the exposure illustrate the change of the angular
distribution of the absorbance at 330 nm in more detail.
The photoinduced dichroism is 0.56. This is remarkably
high compared to that of other LC polymers with
azobenzene side groups. Below the glass transition
temperature the induced orientational order of the film
remains stable for months.
Polarized Irradiation of the Original LB Multi-

layers. The original LB multilayers exhibit different
values of dichroism from 0.16 up to 0.63 at the depicted
wavelength of the maximum absorbance at 335 nm
depending on the preparation conditions. Hereby, the
side groups are arranged in layers of different tilt angles
but always directed toward the dipping direction caused
by the transfer process. The spacing of the layer and
the corresponding in-plane order can be modified by the

transfer pressure. The low-ordered LB multilayers are
prepared at 33 mN/m and the high ordered films at 39
mN/m. The azimuthal absorbance of the chromophore
is shown in Figure 6 for the initial state of a high-
ordered LB multilayer.
The irradiation of the multilayer using linearly polar-

ized Vis light (436 nm, 2 mW/cm2, with an angle of 45°
with respect to the initial orientational direction) de-
creases slightly the dichroism but does not result in a
change of the orientational direction. This fact is in
contrast to the behavior of the spin-coated film. It is
assumed that the photoreorientation of the azobenzene
moieties is suppressed by the dense packing of the LB
structure. Upon irradiation with nonpolarized Vis light
the absorbance is decreased slightly as well but the
orientational direction and the dichroic ratio remain
preserved. The photochemical disturbance caused by
the procedure under these conditions (wavelength,
power density, temperature) is not high enough to
overcome the initial LB order.
However, the reorientation takes place using a higher

power density (20 mW/cm2). The axis of azimuthal
dichroism is shifted only by an angle of 30°. The
theoretically expected value of 45°, i.e., 90° with respect
to the E vector, is not established. This is typical for
an incomplete reorientation process. The dichroism
(0.49) in the new direction is less compared to the

Figure 5. Angular-dependent spectra and angular-dependent absorbance at 330 nm of the spin-coated film before and after
irradiation with linearly polarized light (λex ) 457 nm, P ) 20 mW/cm2). EB indicates the electric field vector.
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primary state. Simultaneously the average absorbance
decreases to 0.64 of the initial value. This may be due
to the connection of the photoreorientation changing the
in-plane dichroism and the vertical ordering tendency
of the side groups. The reason for the dependence of
the photoreorientation process on the power density is
not clear yet. It is suggested that the molecular envi-
ronment of the chromophores is locally and temporarily
heated. Nevertheless, such a threshold of the photore-
orientation process caused by the supramolecular order
is of major interest.
However, an efficient photoreorientation process takes

place on irradiation even with low power density (2 mW/
cm2) in a less ordered multilayer (D ) 0.16). In this
case a shift of the angular-dependent maximum of
absorbance is induced perpendicular to the polarization
plane, indicating a complete reorientation process. But
the photoinduced dichroism is comparatively small. Due
to the same wavelengths of the high- and less-ordered
films, the molecular aggregation of the azobenzene side
groups should be similar in both multilayers. This
suggests that the strong orientational order of the side
groups is responsible for the restriction within the
high-ordered multilayer rather than the molecular
aggregation.
The modification of optical anisotropy depends not

only on the power density but also on the wavelength
of the incident light. So, the irradiation of the LB
multilayers with linearly polarized UV light (365 nm)
does not result in the generation of optical anisotropy.
The initial order is destroyed, but the disturbance
caused by the Z isomers at this steady state is so high
that a new orientational order cannot be generated. The
irradiation with nonpolarized UV light (365 nm) leads
to a similar isotropic film without in-plane orientational

order of the side groups. The subsequent nonpolarized
Vis irradiation rebuilds the E isomers and results in
an isotropic distribution of absorbance.
Photoreorientation of LB Multilayer after Pho-

tochemical Decoupling of Initial Order. In order
to change the direction of optical anisotropy in high-
ordered multilayers by means of linearly polarized light
with low power density (2 mW/cm2), it is necessary to
destroy this primary orientational order and the mo-
lecular aggregation. This can be done by UV irradiation
or an UV/Vis photoisomerization cycle. Both procedures
result in optically isotropic films but different ratios of
E and Z isomers. The subsequent polarized Vis irradia-
tion (1.4 J/cm2) generates a new orientational direction
combined with a new orientational distribution of the
chromophores (Figure 6).
On irradiation at an angle of 135° with respect to the

primary, but now erased orientational direction, which
corresponds to the dipping direction, the maximum
absorbance was found to be in the direction of 45°, i.e.,

Figure 6. Light-induced erasure and induction of optical in-plane anisotropy: Angular-dependent absorbance of LB multilayer
(64 layers) on UV and Vis irradiation at 20 °C. The electrical field vector of linearly polarized irrradiation is illustrated as arrow
in the polar diagram.

Table 1. Multistep Photoreorientation Procedure of a
Highly Ordered Multilayer at Room Temperature after

UV Irradiationa

γP,436 nm
(deg)

R
(deg)

â
(deg)

∆ψ
(deg) D

average
abs.335 nm

a 135 isotropicb 45 b 0.34 0.42
b 30 45 120 75 0.39 0.40
c 95 120 185 65 0.44 0.34
d 225 185 135 50 0.34 0.38
a Angle of the maximum of absorbance (335 nm) of aligned film

before (R) and after (â) irradiation with linearly polarized light
with an angle of the E vector γP (436 nm, P ) 1.64 J/cm2) in
laboratory coordinates, where the reorientation angle is ∆ψ ) â
- R. b The photoinduced orientational direction is always 90° with
respect to the polarization plane (γ) for isotropic films.
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90° inclined to the electric field vector of incident
polarized beam as expected for the theory. The dichro-
ism established by this process is about 0.45; i.e., it is
smaller than that of the virgin multilayer. An X-ray
study has recently shown that a new layered structure
with increased spacing of 52 Å is established by this
procedure, which is the same resulting from nonpolar-
ized Vis exposure.3
A second polarized Vis irradiation (2 mW/cm2 with

an angle of 45° between the induced orientational di-
rection and the direction of the E vector) does not result
in a further reorientation. The photoinduced orienta-
tion order of the film (D ) 0.45) restricts the further
reorientation (Table 4). But the process can be induced
after an additional UV step or irradiation with Vis light
of higher power density.
However, the polarized irradiation of a film with

slightly smaller in-plane orientational order (D ) 0.34)
results in a reorientation (Table 1). This demonstrates
a sophisticated dependence of the photoreorientation on
the order. As reported in Figure 7, after UV irradiation
dichroism (0.34) is photogenerated (step a). In step b
the direction of the optical axis is changed upon irradia-
tion with a different angle of the E vector of the incident
light with respect to the sample. Apart from the
polarization plane, a complete reorientation (steps c and
d) is always observed. This results in an azimuthal
rotation of the direction of dichroism under preservation
of the layered structure. The reorientation angles ∆Ψ,
the dichroism values D, and the average absorbance are
summarized in Table 1.
The reorientation angles ∆Ψ differ because of the

different angles between the initial axis of dichroism
and the direction of the E vector. It results always in a
complete reorientation perpendicular to the incident
beam. The photoinduced dichroism is similar for all
steps. It is interesting that the highest value is reached
for the orientation close to the former dipping direction.
This suggests a memory effect of the original LB film.

The average absorbance is decreased by this multistep
reorientation procedure, indicating that the number of
homeotropically aligned chromophores increases.
Photoreorientation at Higher Temperatures.

The annealing of the multilayer in the smectic me-
sophase (63 °C) causes a phase transition of the LB
structure to the liquid-crystalline order.8 This results
in an increase of the spacing, a related decrease of
absorbance, and the erasure of the optical in-plane
anisotropy (Figure 8).
Polarized Vis irradiation (436 nm) does not induce

optical anisotropy. The photoreorientation process is
suppressed by the homeotropically aligned side groups
and their cooperative dynamics in the smectic me-
sophase. The liquid-crystalline order affects the relax-
ation of the Z isomers and that of photooriented (E)-
azobenzene side groups to reduce the photoinduced
disturbance of the system.

Figure 7. Multistep photoreorientation: Change of the angular-dependent absorbance of a LB multilayer at 335 nm on polarized
irradiation (λex ) 436 nm, 2 mW/cm2, P ) 1.64 J/cm2) with different directions of polarization (a) 135°, (b) 30°, (c) 95°, and (d) 45°
at room temperature. The procedure starts after the UV/visible irradiation cycle.

Figure 8. Light-induced erasure, induction, and modification
of optical in-plane anisotropy: Angular-dependent absorbance
of a LB film with 64 layers at 335 nm and at 56 °C. The
linearly polarized irradiation procedure was carried out at 0°
and a second step at 135° (436 nm, 2 mW/cm2).

5734 Geue et al. Macromolecules, Vol. 30, No. 19, 1997



However, a very strong dichroism is photogenerated
in the same film and an identical orientational order at
approximately 56 °C. The change of the angular
dependence of absorbance is shown in Figure 8. The
original multilayer exhibits a dichroism of D ) 0.63 at
room temperature. Annealing at 63 °C causes loss of
the anisotropy and results in a decrease of the average
absorbance. A further decrease of the isotropic absor-
bance is caused by establishing the steady state on
nonpolarized Vis irradiation (436 nm). Starting from
this film, the linearly polarized irradiation at 56 °C
generates a dichroism of 0.81, with the maximum
absorbance perpendicular to the polarization direction
of the incident light. Thus, in this small temperature
range of some degrees Centigrade a drastic change of
the photoorientation behavior is observed. The tem-
perature of 56 °C is close to the phase transition
crystalline/smectic of the polymer in the bulk. However,
it is not clear whether the crystallization occurs in the
multilayer. Nevertheless, the lower temperature causes
an increase of the viscosity. To study this problem in
more detail, the photoreorientation behavior of a series
of polymers with different phase transitions will be
discussed in a forthcoming paper.
A subsequent irradiation procedure with a changed

polarization plane (135°) causes a corresponding reori-
entation to 45° with respect to the laboratory coordi-
nates. Simultaneously with the induction of optical

anisotropy, a significant decrease of the average absor-
bance is observed. This indicates a decrease of the tilt
angle Θ by this process, i.e., a promotion of the homeo-
tropic alignment of the azobenzene side groups.
A further experiment at 56 °C shows that the polar-

ized irradiation of an annealed film results in a com-
paratively high dichroism. This indicates that an UV
irradiation step is not necessarily for an efficient pho-
toorientation process at this temperature, because the
molecular aggregation and the tilted orientational order
of the primary LB structure are broken thermally.
The high values of optical in-plane anisotropy can be

frozen-in by a quick cooling below the glass transition
temperature under continued polarized irradiation. As
reported, the optical anisotropy is long-term stable in
the glassy state. The azimuthal anisotropy is easily
erased by heating to 63 °C, but the dichroism can be
re-created and modified easily some degrees Centigrade
below this temperature compared to the photoreorien-
tation at temperatures below the glass transition.
If the sample is irradiated at 56 °C and the polarized

light is switched off, keeping the film at this tempera-
ture, the azimuthal orientational direction remains
preserved but the dichroism is decreased within 120 min
from 0.82 to a stable value of 0.25 (Table 2). The
angular-dependent distribution of the in-plane absor-
bance becomes broader, but the average absorbance is
nearly constant during the fading process. This indi-
cates that the tilt angle is only slightly changed. On
the one hand, a high anisotropic can be generated
temporarily at 56 °C caused by the increased dynamics
compared to the room temperature and a sufficient high
viscosity in contrast to the liquid-crystalline phase at
63 °C. On the other hand, at 56 °C the high values of
dichroism are only stable under the action of polarized
light. They decrease dramatically when the ordering
force disappears.
After the fading process the sample was cooled down

to 20 °C and then irradiated with light of a different
polarization direction. The result is a dichroism with
a corresponding direction and an amount (0.3) which is
typical for films below Tg. Repeated irradiation at 56
°C, however, generates high dichroism values charac-
teristic for this state as described before (Table 3).
Table 4 summarizes the main results depending on

film preparation, temperature, and power density. The
changes of the average absorbance show that annealing,
Vis irradiation, and especially UV/Vis isomerization
cycles cause a significant decrease of the in-plane
component of the transition moment compared to the
initial LB film. In optically isotropic films the procedure
results in all cases in a complete photoorientation

Table 2. Change of the Photoinduced Dichroism (335
nm) on Thermal Fading at 56 °Ca

trelax (min) R (deg) D average abs.335 nm

a 0 45 0.82 0.24
b 30 45 0.63 0.25
c 60 45 0.35 0.30
d 120 45 0.27 0.25
a Initial exposure with Vis light (436 nm, 2 mW/cm2, 56 °C).

trelax represents the time after switching-off the light.

Table 3. Photoinduction of Dichroism in LB Multilayers
in Dependence on Temperature and Different Angles of

the E Vector of Incident Light with Respect to the
Samplea

T (°C)
γP,436 nm
(deg)

R
(deg)

â
(deg)

∆ψ
(deg) D

average
abs.335 nm

a 20 45 isotropic 135 0.34 0.38
b 56 135 135 45 90 0.82 0.24
c 56 0 45 90 45 0.74 0.29
d 20 30 90 120 30 0.29 0.30

a Angle of the maximum of absorbance (330 nm) before (R) and
after (â) irradiation with linearly polarized light with an angle of
the E vector γP in laboratory coordinates, where ∆ψ ) â - R is
the reorientation angle.

Table 4. Photoinduced Order in LB Multilayers and Spin-Coated Film in Dependence on the Preparation and on the
Irradiation Conditionsa

D

type of film T (°C) P (mW/cm2) initial end Aend/Ainitial R (deg) â (deg) ∆ψ (deg)

spin-coated film 20 2 0.02 0.56 0.56 iso 90
initial LB ML, low ordered 20 2 0.37 0.38 0.75 45 90 45
initial LB ML, high ordered 20 2 0.63 0.59 0.87 45 45 0
initial LB ML, high ordered 20 20 0.63 0.49 0.64 45 75 30
LB ML after UV step 20 2 0.02 0.45 0.59 iso 90
photoreoriented LB ML 20 2 0.45 0.43 0.54 45 80 35
LB ML after UV step 20 20 0.02 0.65 0.58 iso 90
annealed LB ML 56 2 0.03 0.81 0.44 iso 90
LB ML 63 2 0.02 0.01 0.53 iso iso 0
a Dichroism,D, at 330 nm before (initial) and after (end) polarized irradiation. Quotient of average absorbance after polarized irradiation

and of the initial film, Aend/Ainitial. Angle of the maximum of absorbance before (R) and after (â) linearly polarized irradiation in laboratory
coordinates, setting angle γP of incident light is always 0°; the reorientation angle is ∆ψ ) â - R.
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perpendicular with respect to the E vector. A high in-
plane order in multilayers or in photooriented films
restricts the process or results in an incomplete photo-
reorientation.

Discussion
The features of photoreorientation within LB multi-

layers were studied. The photoreorientation process of
azobenzene moieties in the ordered films was compared
to the photoorientation in isotropic films of the same
liquid-crystalline polymer.
The preparation of multilayers and spin-coated films

results in different arrangements of the 2-hydroxyethyl

polyacrylate main chains and the azobenzene side
groups. The hydrophilic polyacrylate backbones are
layered within the LB film architecture, but they are
coiled in the disordered spin-coated films. In the
multilayers the azobenzene side groups are arranged
in vertical layers tilted toward the dipping direction.
This tilt causes an orientational order in the plane and
results in azimuthal optical anisotropy. On irradiation
with linearly polarized Vis light the azobenzene moieties
in spin-coated films become oriented perpendicular with
respect to the direction of the electric field vector of the
incident light, but in the LB multilayers the strong
influence of the homeotropic-like arrangement and the
in-plane anisotropy of the tilted azobenzene moieties has
to be taken into consideration.
The amphiphilic and thermotropic properties of the

model polymer offer the opportunity to prepare films of
different supramolecular order, which can be modified
by annealing or irradiation. In all films the same
photoreaction takes place on the molecular level, but
the different states of supramolecular order established
by preparation, annealing, or irradiation affect the
photo(re)orientation process.
Figure 9 illustrates a scheme for the photoreorienta-

tion process in the ordered system. The azobenzene side
groups are homeotropically arranged as layers in the
xy plane and tilted toward the y direction. In the model
the electric field vector of the linearly polarized light is
parallel to the y direction. Under the action of the
polarized light the moieties become reoriented from
the y to the x direction, where ∆Ψ is the reorienta-
tional angle. Simultaneously, the tilt angle Θ is de-
creased. This is caused by the homeotropic ordering
tendency of the smectic polymer in combination with

Figure 9. Scheme for the photoreorientation process of an
azobenzene moiety from the initial orientation in the yz-plane
to the xz-plane by the reorientational angle ∆Ψ changing
simultaneously the tilt angle Θ. The linearly polarized light
of the irradiation procedure is represented by the double arrow
with the electric field vector E in the y direction and the
propagation in the z direction.

Figure 10. Schematic model for the photoreorientation process in LB multilayer assemblies after photoinduced modification of
the in-plane and out-off-plane order. The arrows represent the preferred direction of transition moment of the azobenzene moieties.
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the photoorientation to directions perpendicular to the
E vector.
The scheme proposed in Figure 10 summarizes the

main results concerning the photoreorientation of azo-
benzene moieties within the LB multilayer assembly of
this smectic polymer. In contrast to the photoorienta-
tion process in the spin-coated film the linearly polarized
Vis irradiation of the virgin, highly ordered LB multi-
layers does not result in a change of the orientational
order. The photoreorientation process is restricted by
the dense packing, the strong molecular aggregation,
and the orientational order of the azobenzene side
groups (Figure 10a), but the photoreorientation takes
place after weakening the intermolecular interactions
and, in this way, modifying the order and dynamics of
the film. This has been achieved by a suitable prepara-
tion of the films, annealing of the thermotropic polymer,
or UV irradiation. Thus, the stressed, densely packed
LB multilayers are modified with rising temperature
or by UV irradiation at room temperature. The forma-
tion of Z isomers results in deaggregation, the loss of
the layered structure, and a decrease of the orienta-
tional order down to zero (Figure 10b). In the case of
the thermotropic polymer, the UV/Vis irradiation cycle
or annealing causes a order-disorder transition from
the original LB multilayer to a liquid-crystalline film
(Figure 10c).
The photochemically induced disorder or the photo-

chemical “decoupling” of the system can be governed via
the wavelength-dependent steady state of the photo-
isomerization. After such a procedure the photo(re)-
orientation process takes place in the less-ordered films,
maintaining their layered structure (Figure 10d). The
reduction of the in-plane orientational order seems to
be the main factor for an efficient photoreorientation
process. Such a reorientation process can be repeated
many times if the polarization of the incident light is
changed with respect to the film. Caused by the linearly
polarized light, the azobenzene side groups become
reoriented, moving on a cone with its axis normal to the
plane of the film.
It has to be pointed out that the opportunity for the

modification of optical in-plane anisotropy is governed
by the competition of these two principles of orderingsthe
self-organization of the mesogenic azobenzene side
groups which tends to establish a homeotropic align-
ment and the ordering impact of the linearly polarized
light. In this way the photoreorientation process shows
a significant temperature dependence on the thermal
properties of the liquid-crystalline polymer. Below the
glass transition optical anisotropy can only be induced
if the restriction of the in-plane orientational order is
not too strong. However, once induced it remains stable
for months. With increasing temperature, a larger
azimuthal dichroism can be photoinduced, while the
average absorbance decreases with the progress of the
process. This indicates that the tilt angle is decreased
(see Figures 9 and 10). Moreover, the photoreorienta-
tion process seems to stimulate the homeotropic align-
ment, because, independent from the polarization, this
orientational direction is anyways perpendicular to the
electric field vector of the light.
In the smectic mesophase the photoreorientation is

restricted by the homeotropic order and the cooperative
dynamics of the mesophase (Figure 10e). This indicates
that there is an optimum temperature for the induction
of a maximum in-plane anisotropy. This temperature
depends on the actual order of the respective initial

state of the film, the viscosity, and the thermotropic
ordering tendency of the polymer. For efficient photo-
(re)orientation the initial in-plane and out-of-plane order
should be as low as possible. These results are in agree-
ment with our conception concerning the mechanism of
photo(re)orientation of azobenzenes in ordered sys-
tems.25-30 In the studied multilayer assembly there are
no indications for the photoreorientation mechanism
proposed by Palto et al. for ordered systems.34
Summarizing, it can be stated that the opportunity

of the azobenzene side groups to undergo photoreori-
entation depends in a sophisticated manner on the order
present in the films, the related dynamics, and the
exposure conditions concerning wavelength, polarization
direction, intensity, and exposure time. The photoin-
duced reorientation process in the multilayer of the
thermotropic polymer is controlled by the molecular
aggregation of the azobenzene moieties, the primary in-
plane and out-of plane order, the ordering tendency of
the liquid-crystalline polymer, and the temperature. In
a forthcoming paper the photoorientation of a spin-
coated film and the connection of this process with the
molecular aggregation and ordering phenomena of the
polymer will be presented as a function of temperature
and irradiation conditions.
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