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ABSTRACT: We report a comprehensive experimental study of photoinduced processes in
azobenzene-containing liquid-crystalline polymer. The kinetic and optical characteristics of
the photoisomerization reaction and photo-orientation process have been determined. The
spin probe technique has been used to elucidate the details of orientation order and
rotational mobility of molecular fragments within the liquid-crystalline polymer. The
evolution of orientation order parameters ⟨P2⟩, ⟨P4⟩, and ⟨P6⟩ in the course of photoinduced
ordering of the material as well as the change of liquid-crystalline domain sizes have been
studied quantitatively. The obtained experimental results are compared with the predictions
of the existing models of photo-orientation.

■ INTRODUCTION
The phenomenon of photo-orientation in azobenzene contain-
ing media is promising for developing smart photoresponsive
materials and data storage devices.1−6 Despite numerous
potential and already implemented applications, a detailed
understanding of the microscopic mechanism of photo-
orientation at the present time is lacking. Several physical
models, which differ in basic assumptions about the physical
origin of photoinduced molecular alignment, were developed
for description of this phenomenon.7−15 It was posited that
photo-orientation is caused by random reorientation of
azobenzene fragments during photoisomerization,7−10,12 photo-
induced rotational diffusion of excited molecules,11,12 or
reorientation of liquid crystal director due to the torque
exerted by a non-equilibrium ensemble of excited chromo-
phores.13−15 The detailed experimental information about
photochemical properties of the material, characteristics of
molecular motions, and parameters of molecular orientation
alignment during photo-orientation are necessary for well
founded verification of the existing physical models.
In the present work, photo-orientation of azobenzene-

containing liquid-crystalline polymer is studied experimentally.
Along with the commonly used absorbance spectroscopy with
polarized light, the spin probe technique is applied for
elucidating the details of molecular orientation in this work.
This technique has proven informative for determination of
orientation order in liquid-crystalline materials and poly-
mers.16,17 It has been shown18,19 that orientation order
parameters of rank two obtained with this method are
consistent with the parameters obtained with optical
techniques, but the spin probe technique provides much
more detailed information on orientation alignment, including
order parameters of higher ranks. In addition to the above-
mentioned techniques, we used polarized optical microscopy
for monitoring changes in domain structure (texture) of liquid-
crystalline material in the course of photoinduced alignment.

The structure of the paper is as follows. Section A contains
the experimental details. Section B describes ESR spectra
simulation. Section C presents the experimental results. In
Section D, experimental data are compared with predictions of
existing models of photo-orientation. Section E contains
concluding remarks.

A. EXPERIMENTAL DETAILS

Liquid-crystalline copolymer PAAzo620 (Figure 1a) was chosen
in the present work as a test object. This polymer exhibits high
efficiency of photo-orientation, low tendency toward chromo-
phore aggregation, and wide temperature range of the nematic
phase. Transition temperatures for this material are 24 °C
(glass to nematic) and 120 °C (nematic to isotropic).20

A stable nitroxyl radical containing phenyl benzoate moiety21

was used as a spin probe (Figure 1b). The anisometric shape of
the probe molecule allows it to embed into the liquid-crystalline
medium and to efficiently reflect its molecular ordering.22

The procedure of the sample preparation was the following.
The polymer melt was pressed between two glass plates at 120
°C and then cooled to ambient temperature with a rate of ca. 5
°C/min. The film thickness was fixed by glass or PTFE spacers
(20−30 μm thick) placed between the glass plates. Before each
experiment, the samples were annealed at 60 °C for 2 h to
provide the identical thermal history. To obtain aligned samples
of PAAzo6, the melted polymer was pressed between glass
plates coated with rubbed polyimide and cooled from the
isotropic phase to ambient temperature with a rate of 1 °C/
min.
To prepare the material for ESR study, chloroform solution

with the known content of the polymer was mixed with
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chloroform solution of the spin probe. The solvent was
evaporated and the mixture was evacuated for a week at 10−3

Torr to remove residual chloroform. The concentration of the
spin probe in the prepared mixture was 0.5% by weight. Film
samples were prepared as described above.
Absorbance spectra were recorded using a Specord M40

UV−vis spectrometer. To account for extinction due to light
scattering, the long-wavelength regions of spectra were
approximated by a line and these linear baselines were
subtracted from the spectra. ESR spectra were recorded with
an X-band ESR spectrometer Varian E-3. The magnetic field
sweep was calibrated on the third and fourth components of
the ESR spectrum of Mn2+/MgO.
The samples were irradiated with light of high-pressure

mercury lamp DRSh-1000, equipped with a water IR filter, a
collimating lens system, and a glass filter for isolation of the
spectral line with a wavelength of 546 nm. The intensity of the
irradiating light was 43mW·cm−2 (1.2 × 1017 photons·cm−2·
s−1), as measured with a photodiode Vishay-BPW21R. The
heating of the sample at this irradiation power was ca. 5−10 °C.
This estimate was obtained experimentally using a dummy
sample containing a thermocouple. The samples were mounted
normally to the irradiating beam propagation direction. The
values of absorbance at 546 nm for the studied samples were in
the range 0.1−0.6 O.D. At low absorbances in this range, the
influence of inhomogeneity of light intensity throughout the
film thickness can be neglected. In the case of higher
absorbance in this range, the auxiliary time variable
t ̃ = ∫ 0

t (1 − 10−D(τ))/(D(τ) ln 10) dτ was introduced during

the kinetic analysis to account for nonlinear absorption of
light.23

Optical dichroism of homeotropically aligned samples was
measured with the spectrophotometer by the following
procedure. Consider the probe beam impinging on the sample
at angle β and polarized in the plane of incidence (p-
polarization). Let d be the sample thickness. Because of
refraction, light propagates within the polymer at angle α to the
sample normal (n sin α = sin β, where n is the refractive index).
Let A(α) be the experimentally measured value of absorbance
for the described probe beam. A(0) is the value of absorbance
at normal incidence of the probe beam. The optical path of the
beam within the sample is d/cos α. Let Az denote the
absorbance per optical path d for light polarized along the
sample normal and propagating along the sample surface. The
value A(α) cos α is the absorbance per optical path d at oblique
incidence. This value can be decomposed into two orthogonally
polarized components as follows:

α α α α= +A A A( ) cos sin (0) cosz
2 2

(1)

Thus, two values of absorbance, measured at normal and
oblique incidence of the probe beam, are necessary to calculate
the value of sample dichroism. The corresponding expression is
the following:
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Figure 1. Chemical structure of copolymer PAAzo6 (a) and the spin probe C4 (b), used in the present work.

Figure 2. (a) ESR spectra of the spin probe in isotropic samples of PAAzo6 at temperatures of 160−400 K (lines, experiment; circles, numerical
simulation result). (b) Temperature dependence of effective spin-Hamiltonian parameters determined from ESR spectra.
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The value of refractive index was taken to be 1.6 on the basis
of measurements for similar compounds.24

Microscopic images were obtained with polarizing optical
microscopes MIN-8 and Axioscope 40Pol (Carl Zeiss)
equipped with CCD cameras. The average size of liquid crystal
domains was estimated in the following way. A microscopic
image was converted into grayscale and normalized on
maximum and minimum intensity. After that, the image was
thresholded at half intensity and the number of connected areas
n in the resulting binary image was calculated. Domain diameter
was estimated as if the domains had effective spherical shape, as
((4/π)·(A/n))1/2, where A is the sample area depicted in the
analyzed image.

B. ESR SPECTRA SIMULATION
Numerical simulation of ESR spectra was performed by
minimization of the sum of squared deviations of calculated
spectra from the experimental ones. The procedure of spectra
simulation in the absence of spin probe rotation (rigid limit) is
described elsewhere.16 The orientation distribution function
was determined from ESR spectra by a two-step procedure.
First, the ESR spectrum of an isotropic sample was simulated.
Magnetic parameters of the spin probe in the studied matrix
were determined as a result of this simulation. The obtained
values of magnetic parameters were used then to simulate
angular dependence of the ESR spectrum of the anisotropic
sample in the second step. For this, ca. 10 ESR spectra recorded
at different orientations of the sample relative to the magnetic
field of the ESR spectrometer were simulated jointly. As a
result, the orientation characteristics of the probe were
determined. Each step is described in more detail below.
ESR spectra of the spin probe in an isotropic sample of

PAAzo6 at temperatures of 160−400 K are presented in Figure
2a. The ESR spectra typical for nitroxide spin probes in the
absence of molecular rotations were observed at temperatures
below 350 K. Numerical simulation of spectra in this
temperature range yields the spin-Hamiltonian parameters for
the spin probe, i.e., the principal values of the g-tensor and
tensor of hyper-fine interaction (hfi) of the unpaired electron
with 14N nucleus.16 The temperature dependence of spin-
Hamiltonian parameters is presented in Figure 2b, and the
values of parameters at 295 K are listed in Table 1. In Figure

2b, it is seen that below 300 K magnetic parameters are nearly
temperature independent. The principal values of g- and hfi-
tensors at higher temperatures (300−350 K) become partially
averaged by the probe rotational movements. ESR spectra in
these conditions can be simulated in the framework of the
quasi-libation model,25 which takes account of amplitude
restricted high-frequency angular vibrations of the probe
molecules.
At higher temperatures (350−393 K), the process of the

polymer alignment by the magnetic field of the ESR
spectrometer was observed. This process in the magnetic

field 0.33 T takes ca. 3000, 1000, and 300 s at temperatures of
350, 380, and 390 K, correspondingly. The orientation induced
by magnetic field complicates the recording of isotropic ESR
spectra in this temperature range but can be used for estimation
of molecular mobility in the medium. A model of field-induced
alignment has been suggested by Osipov and Terentjev.26 This
model provides an expression relating the time of macroscopic
orientation of liquid crystal with the characteristic time of
molecular rotations. In accordance with this model,26 rotation
correlation times of mesogenic molecular fragments in the
studied material can be estimated using the following
expression:

τ χ
μ

τ= Δ ·
⟨ ⟩⊥ ⟨ ⟩

B
N k T T P T

1
/ eT P TR,

2

0 A B c 2
/ H

c 2 (3)

where τH is the characteristic time of liquid crystal orientation
in the magnetic field with flux density B, τR,⊥ is the rotation
correlation time of mesogenic molecular fragments of the liquid
crystal, Δχ is the anisotropy of magnetic susceptibility, Tc is the
temperature of nematic to isotropic transition, and ⟨P2⟩ is the
order parameter of the aligned material.
With the values Δχ ∼ 5 × 10−5 cm3·mol−1,27 B = 0.33 T, Tc =

393 K, and ⟨P2⟩ ≈ 0.7, an estimate for rotation correlation
times of mesogenic fragments is τR,⊥ ∼ 3 × 10−7 to 3 × 10−6 s
at 350−390 K. No detectable alignment of PAAzo6 takes place
within a period of 1 month at 298 K in the magnetic field 1 T.
Using eq 3, one can obtain a lower estimate for rotation
correlation time at 298 K, τR,⊥ > 10−2 s.
The ESR spectra of the spin probe in the isotropic phase of

PAAzo6 (T > 393 K) were successfully simulated with the
model of anisotropic Brownian diffusion (Figure 2a, 400 K).
These simulations were performed using the program described
by Budil et al.28 The values of rotation correlation times at 400
K were found to be τ|| = 5.1 × 10−10 s and τ⊥ = 7.3 × 10−8 s.
Characteristics of molecular orientation in aligned samples of

PAAzo6 were determined from ESR spectra angular depend-
encies recorded at 295 K. At this temperature, the alignment of
the studied polymer is not affected by the spectrometer
magnetic field, and ESR spectra are not complicated with
molecular rotation effects.
Orientation alignment was characterized by the orientation

distribution function defined as the probability density to find
spin-probe particles directed at a certain angle:

ρ Ω = Ω
Ω

N
( )

d ( )
d (4)

where Ω = (α, β, γ) are Euler angles relating the reference
frame of the sample with the molecular reference frame, dΩ =
dα sinβdβ dγ. The orientation distribution function was
represented as an expansion in a series of Wigner D-functions,
truncated at the maximum rank Jmax:
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where Amn
j is a set of order parameters, defined as

∫ ρ= * Ω Ω ΩA ( ) ( ) dmn
j

mn
j

(6)

The order parameter A00
0 is equal to unity, since the

distribution function is normalized.

Table 1. Spin-Hamiltonian Parameters, Determined from
the ESR Spectrum of an Isotropic Sample of PAAzo6 at 295
K

g hfi (10−4 T)

gxx 2.008878 Axx 5.25
gyy 2.006374 Ayy 4.28
gzz 2.002248 Azz 32.15
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Orientation order parameters of the spin probe characterize
the alignment of the matrix most reliably if the molecular
reference frame is associated with the Saupe ordering tensor.29

The shape of the ESR spectrum depends on the relative
orientation of principal axes of the g-tensor and the ordering
tensor in the spin probe molecule,16−19,22 and therefore, the
analysis of ESR spectra provides a possibility to determine the
direction of orientation axes in the probe molecule.
The symmetry of the experimental system imposes certain

constraints on the possible values of order parameters Amn
j .30,31

It should be noted that, if the orientation distribution function
is not dependent on Euler angles α and γ (the case of axial
probe molecules distributed in an axial sample), the only
nonzero order parameters are A00

j with even j. In this case, the
alignment of the sample is commonly characterized with order
parameters ⟨Pj⟩ = A00

j .
The least-squares simulation of ESR spectrum angular

dependence of aligned sample yields the following: (i) the
truncation value Jmax, selected so that the increase of Jmax does
not lead to further improvement in the description of spectra;
(ii) the set of orientation order parameters Amn

j for the chosen
symmetry; (iii) the direction of ordering tensor axes in the
reference frame of the g-tensor.

C. EXPERIMENTAL RESULTS

C.1. Photoisomerization of PAAzo6. The UV−vis
spectrum of copolymer PAAzo6 in solution is typical for
absorbance spectra of trans-azobenzene derivatives. A π−π*
band with the maximum at 365 nm and an n−π* band at 430−
600 nm are observed. Upon irradiation of PAAzo6 in solution
with UV light, absorption increases in the n−π* band and
decreases in the π−π* band. It is well established in the
literature32 that these changes are caused by trans-to-cis
photochemical isomerization of azobenzene units. Irradiation
induces both trans-to-cis and cis-to-trans photoisomerization
because of the overlap of trans and cis isomer absorption bands.
In addition, thermal cis-to-trans isomerization takes place.
Thus, irradiation of a solution leads to a photostationary state,
in which the trans-to-cis photoisomerization rate is equal to the
sum of photochemical and thermal cis-to-trans isomerization
rates. This photostationary state almost in all cases contains

certain amounts of the photochrome in cis and trans
configurations.
The films of PAAzo6 with thickness 20−30 μm were used in

the present work. Only the long-wavelength edge of the n−π*
band can be observed in this case due to large absorption.
Figure 3a shows the kinetics of absorbance change upon the
irradiation of PAAzo6 sample with non-polarized light of 546
nm wavelength. The increase of absorbance in the n−π* band
is observed at small irradiation doses. This increase is associated
with the establishment of a photostationary state of photo-
isomerization (Figure 3a, inset). The photostationary state was
achieved with an effective rate constant of 0.10 s−1 (irradiation
intensity 43 mW·cm−2). The rate constant of thermal cis-to-
trans isomerization was measured in a separate experiment and
was found to be (5.1 ± 0.1) × 10−3 min−1 at 298 K. Thus,
thermal isomerization is characterized by a negligibly small rate
in comparison with photochemical reactions.
Photoisomerization kinetics in anisotropic azobenzene-

containing sample provides information about optical and
photochemical properties of azobenzene moieties in the
material. Absorbance coefficients of trans- and cis-azobenzene
units depend on the relative orientation of the electric field
vector of light and the axis of the sample anisotropy. As shown
in Appendix A of the Supporting Information, the value of the
absorbance coefficient for linearly polarized light is given by the
expression

ε εΘ = ̅· + · Θd p P( ) [1 2 (cos )]i i i i 2 (7)

Here index i denotes the trans or cis isomer, Θ is the angle
between the electric field vector of light and the sample
director, εi̅ is the average extinction coefficient, di is the
molecular linear dichroism, pi = (A0,0

2)i is the orientation order
parameter of rank two for isomer i, and P2(cosΘ) ≡ (3 cos2Θ
− 1)/2. Expression 7 is derived in the assumption of the axially
symmetric extinction coefficient tensor of the chromophore.
As shown in Appendix B of the Supporting Information, the

growth of the cis-azobenzene molar fraction xc(t) is described
by the following expression:

ε φ ε φ
ε φ

ε φ ε φ
= − − + · ̃ ·

+
x t I t( ) (1 exp[ ln 10{ } ])c t tc c ct

t tc

t tc c ct
(8)

Figure 3. (a) Kinetics of absorbance change upon irradiation of PAAzo6 with non-polarized light (λ = 546 nm). (b) Kinetics of polarized absorbance
change upon polarized irradiation of 546 nm of the PAAzo6 sample aligned with the rubbed surface; spectrophotometer probe beam polarized
parallel (squares) and perpendicular (circles) with respect to the sample director; irradiating light polarized parallel (filled symbols) and
perpendicular (open symbols) with respect to the sample director; time variable t ̃ = ∫ 0

t (1 − 10−D(τ))/(D(τ) ln 10) dτ is introduced to account for
nonlinear light absorption.
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where I is the intensity of irradiating light (in Einstein·s−1·
cm−2), φtc and φct are quantum yields of trans-to-cis and cis-to-
trans photoisomerization, and εt and εc are absorption
coefficients of trans- and cis-azobenzene units. The absorption
coefficients εt and εc in expression 8 are averaged over the
orientation distribution of chromophores and taken for
wavelength and polarization of irradiating light. The values of
these coefficients are given by eq 7. The variable
t ̃ = ∫ 0

t (1 − 10−D(τ))/(D(τ) ln 10) dτ is introduced to account
for nonlinear absorption of light in optically dense sample.23

The kinetics of the cis fraction change xc(t) given by eq 8
defines the observed kinetics of absorbance change:

ε ε= − +D t lc x t x t( ) {(1 ( )) ( ) }0 c t c c (9)

where l is the sample thickness, c0 is the total concentration of
azobenzene units, and εt and εc here represent absorption
coefficients of trans- and cis-azobenzene units for probe light
polarization and wavelength, averaged over the orientation
distribution of chromophores.
The experimentally observed change of the polarized

absorbance in the course of polarized irradiation of PAAzo6
sample aligned with a rubbed polyimide surface is presented in
Figure 3b. D|| and D⊥ in the figure represent optical densities at
parallel and perpendicular directions of the electric field vector
of the spectrophotometer probe beam with respect to the
sample director. Filled circles correspond to irradiation with
light polarized along the director, and open circles show
irradiation with light polarized perpendicularly to the director.
The result of least-squares fitting of experimental data with eqs
8 and 9 is shown in Figure 3b with lines. The values of
photochemical and optical characteristics obtained in the
course of the fitting are presented in Table 2. The value rε =
εc̅/εt̅ is the ratio of average extinction coefficients for trans and
cis isomers, rϕ = φct/φtc is the ratio of quantum yields.

The average molar mass of the material PAAzo6 is 790 g/
mol of azobenzene groups. Assuming the density of the
material is equal to ca. 1 g·cm−3, the concentration of
azobenzene units can be estimated as c0 ≈ 1.3 mol·L−1. In
the described experiment, the irradiating light intensity was I =
3.14 mW·cm−2 and the sample thickness was l = 20 μm. Using
the obtained value Iφtc/lc0 = 0.053 ± 0.001 min−1, one can
estimate isomerization quantum yields: φtc = 0.16, φct = φtc·rϕ =
0.66. From the measured value εt̅lc0 = 0.252, one can deduce εt̅
= 100 L·mol−1·cm−1 and εc̅ = rεεt̅ = 344 L·mol−1·cm−1 for
average extinction coefficients.
In Table 3, optical and photochemical characteristics

measured for PAAzo6 are compared with those found in the
literature for azobenzene derivatives in solutions, liquid crystals,
and polymers. It can be seen that photochemical characteristics
for different azobenzene derivatives and different matrixes differ

significantly. Nevertheless, photochemical characteristics meas-
ured for PAAzo6 in this work are in general agreement with the
literature data.
Values dtpt and dcpc presented in Table 3 reflect important

features of orientation order of trans- and cis-azobenzene
fragments. The n−π* transition in trans-azobenzene is known
to be characterized by high polarization.36,37 Assuming that the
characteristic of transition polarization is close to unity (dt = 1),
the obtained value of dtpt leads to an estimate of order
parameter pt ∼ 0.6. It means that trans-azobenzene moieties are
strongly ordered. The product dcpc for the cis-azobenzene
fragment is smaller than that for the trans-azobenzene fragment.
It may be caused both by poorer alignment of cis-azobenzene
fragments in liquid-crystalline material19 and by weaker
polarization of the n−π* transition in cis-azobenzene due to
intramolecular rotation of benzene rings.36

On the basis of the obtained data, one can estimate the molar
fraction of the cis isomer in the photostationary state of
isomerization at an irradiating wavelength of λ = 546 nm. The
photostationary cis fraction for isotropic sample can be
calculated using eq 8 as follows:

ε φ
ε φ ε φ

= ̅
̅ + ̅

=
+

=
ε ϕ

x
r r

1
1

0.066c
t tc

t tc c ct (10)

C.2. Photo-Orientation of PAAzo6. Figure 3a shows that
absorbance in the n−π* band decreases upon prolonged
irradiation of the initially isotropic PAAzo6 sample. This
process is associated with photoinduced alignment of
azobenzene chromophores perpendicular to the surface of the
irradiated sample. The dichroism along the sample normal was
determined from absorbance spectra recorded at normal and
oblique incidence of the spectrophotometer probe beam, as
described in section A (eq 2). The value of photoinduced
dichroism after long (1920 min) irradiation was found to be
0.69 ± 0.10. To exclude the influence of cis-azobenzene
moieties on the spectra, the sample was left for 16 h in the dark
after the illumination and prior to dichroism measurements.
This time is sufficient for the completion of thermal cis-to-trans
isomerization.
The process of photoinduced alignment is accompanied with

the change of microscopic texture of the polymer sample
(Figure 4a). Due to photoinduced homeotropic (i.e., in the
direction perpendicular to film surface) alignment of the liquid
crystal director, the image between crossed polarizers becomes
darker. As seen in Figure 4a, the sizes of liquid-crystalline
domains notably increase in the course of irradiation. An
estimate of mean domain sizes was obtained from calculation of
the number of connected areas in thresholded microscopic
images, as described in section A. The kinetics of mean domain
size change is presented in Figure 4b.
The evolution of orientation distribution function during

photo-orientation was measured with the spin-probe technique
described in section B. The application of this procedure is
illustrated in Figure 5 for a sample of PAAzo6 aligned with
magnetic field (0.33 T, 350 K). The experimental angular
dependence of the ESR spectrum and the results of simulation
are presented in Figure 5a. Figure 5b depicts the molecular
model of the central structural unit of the spin probe. This
model is built up on the basis of X-ray diffraction data.21

Directions of g-tensor principal axes are shown in Figure 5b as
black arrows. The long thick arrow represents the direction of
the ordering principal axis (the orientation axis), which was

Table 2. Photochemical Characteristics of trans- and cis-
Azobenzene Units in PAAzo6a

dtpt 0.576 ± 0.016
dcpc 0.034 ± 0.017
rε 3.44 ± 0.10
rϕ 4.10 ± 0.11
εt̅lc0 0.252 ± 0.003
Iφtc/lc0 (0.053 ± 0.001) min−1

aThe values are obtained by the analysis of photoisomerization kinetic
curves. All values correspond to a wavelength of 546 nm.
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determined as the result of numerical simulation of the spectra.
It is seen that this direction coincides with the long molecular
axis. Thus, as it might be expected, rod-like spin probe
molecules in liquid-crystalline medium align with their long
axes parallel to the LC director. A similar direction of
orientation axis for the same spin probe was determined earlier
as a result of the study of its alignment in low molecular weight
liquid crystals.38 Figure 5c shows the orientation distribution
function of the molecular orientation axis in the reference frame
of the sample. Orientation order parameters associated with
this distribution function are listed in Table 4 (first column).
The value of the order parameter of rank two ⟨P2⟩ = 0.602 in
PAAzo6 is in agreement with order parameters commonly
measured for nematic matrixes.
To determine the evolution of orientation distribution of

PAAzo6 during photo-orientation, the polymer sample
containing the spin probe was irradiated with non-polarized
light of 546 nm over a certain time interval. After this, the
angular dependence of the ESR spectrum for the irradiated
sample was recorded. The angular dependences were simulated
as described in section B. The change of obtained orientation

distribution is illustrated in Figure 6a. The initially isotropic
orientation distribution is observed to become anisotropic in
the course of irradiation. The director of PAAzo6 aligns
perpendicular to the sample surface, i.e., in the direction of
irradiating light propagation. Thus, the observed direction of
preferential orientation is consistent with literature data that
demonstrate that irradiation of azobenzene-containing materi-
als leads to their alignment perpendicular to the electric vector
of irradiating light polarization.1−6,39,40

It has been found in separate experiments that ESR spectra
recorded immediately after irradiation of PAAzo6 are identical
to those recorded after the completion of thermal cis-to-trans
isomerization. Obviously, the corresponding orientation
distribution functions were found to be identical as well. This
observation indicates that the orientation order is the same for
PAAzo6 in pure trans form and with the photostationary
content (6.6%) of cis isomer.
Irradiation of aligned samples of PAAzo6 leads to photo-

induced reorientation. The evolution of the PAAzo6
orientation distribution function during this process is
illustrated in Figure 6b. In this experiment, the polymer before

Table 3. Literature Data on Photochemical Characteristics of Azobenzene Derivatives in Solutions, Liquid Crystals, and
Polymers

photochromic molecule matrix λ (nm) dtpt dcpc rε φtc φct ref

azobenzene hydrocarbon solution 440 3.09 0.20−0.36 0.40−0.75 32
azobenzene 5CB/PPE 436 0.43 0.18 19
S1 0.39 0.19
S2 0.36 0.14
DO3 8CB, SmA 488 0.5−0.6 0.1−0.15 33

8CB, N 0.35−0.5 0.1
MR 8CB, SmA 488 0.4−0.46 0.1 0.17−0.22 0.37−0.45

0.26−0.4 0.1 0.22 0.28
8CB, N

DR1 PMMA 488−547 0.11 0.7 34
PUR-1 488 1.95 0.004 0.57 35
PUR-2 1.95 0.007 0.29
PUR-3 5.44 0.011 0.21
PUR-4 5.44 0.017 0.29
PAAzo6 546 0.576 0.034 3.44 0.16 0.66 this work

Figure 4.Microscopic images of the PAAzo6 sample between crossed polarizers, taken at different irradiation times (a) and kinetics of mean domain
size change in the course of photo-orientation (b). Sample thickness 25 μm.
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irradiation was aligned with the magnetic field (0.5 T) at 360 K
along the film surface. The photo-orientation process induced
by irradiation is seen as the decrease of orientation distribution
anisotropy at first and then the increase of the anisotropy in the
new direction. The assumption of axial orientation distribution
(along the preferential orientation direction) was sufficient for a
satisfactory description of experimental ESR spectra. The only
exception were ESR spectra recorded at 40 min of irradiation.
These spectra were simulated successfully only with the

account of oblateness of orientation distribution function
along the direction perpendicular to both the initial and final
orientations of the material.
Anisotropy of orientation distribution can be quantitatively

characterized with orientation order parameters (eq 6). The
kinetics of the change of order parameters during photo-
orientation and photo-reorientation are presented in Figure 7a
and b, respectively. Figure 7a (right scale) also illustrates the
change of absorbance during irradiation. It is seen that the slow
process of absorbance decrease corresponds to photo-
orientation.
The values of orientation order parameters for the polymer

aligned by a magnetic field (0.33 T, 360 K) and by light
irradiation (1920 min) are compared in Table 4. Apparently,
the action of light leads to a much higher degree of order. The
value of photoinduced dichroism obtained from optical
measurements (0.69 ± 0.10) is in agreement with the results
obtained with the spin probe technique (0.78 ± 0.02).
Figure 8 illustrates the temperature dependence of photo-

orientation rate. The kinetics of the change of the order
parameter ⟨P2⟩ during photo-orientation at temperatures of 5−
72 °C is presented in the figure. It was found that in the
nematic phase of PAAzo6 (t > 24 °C) the initial rate of photo-
orientation has a small temperature dependence, and the final
value of photoinduced dichroism somewhat decreases with the
increase of temperature. In the glassy state (t < 24 °C), the rate
of photo-orientation is significantly suppressed.

D. DISCUSSION
The obtained experimental results should be considered in the
light of existing theoretical models of the photo-orientation
process. Most models rest upon the assumption of random
reorientations of azobenzene chromophores in the course of
cycles of trans−cis−trans photoisomerization. In the simplest
case, this model leads to the following kinetic equations for
orientation distribution functions of the isomers:7−9
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In eq 11, θ is the angle between the principal axis of extinction
coefficient and the symmetry axis of the irradiating light
(electric field vector in the case of linearly polarized light or
propagation direction in the case of non-polarized light). ni(θ)
dθ is the amount of isomer i (trans or cis) with orientations in
the range θ...θ + dθ, I is the light intensity, φct and φtc are
quantum yields of cis-to-trans and trans-to-cis isomerization,
and εc(θ) and εt(θ) are absorption coefficients, which depend
on molecular orientation. The functions RTC(θ′ → θ) and
RCT(θ′ → θ) characterize the molecular reorientation
probabilities during the elementary act of trans-to-cis and cis-
to-trans isomerization. The value Ri(θ′ → θ) dθ represents the

Figure 5. (a) Experimental ESR spectra recorded at different angles
(specified near the spectra) between the sample director and the
direction of the spectrometer magnetic field (lines) and the results of
numerical simulation of these spectra (circles). (b) The molecular
model of the spin probe in g-tensor reference frame and the direction
of the orientation axis determined in the course of the simulation. (c)
The probe orientation distribution function of the orientation axis
determined in the course of the simulation.

Table 4. Order Parameters of the Spin Probe in the Polymer
PAAzo6 Aligned with Different Orientation Techniques

alignment technique

magnetic field photo-orientation

⟨P2⟩ 0.602 ± 0.010 0.78 ± 0.02
⟨P4⟩ 0.248 ± 0.013 0.506 ± 0.010
⟨P6⟩ 0.076 ± 0.007 0.214 ± 0.015
⟨P8⟩ 0.065 ± 0.006

Figure 6. The change of the orientation distribution function in the
course of photo-orientation (a) and photo-reorientation (b) in
PAAzo6 upon irradiation with non-polarized light (λ = 546 nm).

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp4080493 | J. Phys. Chem. B 2013, 117, 12328−1233812334



probability of the molecule to end up at the angle in the range
θ...θ + dθ, given that it started from the angle in the range θ′...θ′
+ dθ′. In the case of random reorientation, probability
distributions are isotropic, RTC(θ′ → θ) = RCT(θ′ → θ) =
sin θ/2.
The first term in the right-hand side of the first equation in

eq 11 expresses the decrease of the number of trans-azobenzene
molecules in orientation θ due to photoinduced trans-to-cis
isomerization. The second term expresses the overall rate of
increase in the number of trans isomers in orientation θ due to
cis-to-trans isomerization from all possible orientations θ′ of cis
isomers. The terms in the second equation in eq 11 have a
similar meaning.
The evolution of orientation order parameters in the

framework of the random reorientation model can be calculated
by integration of eq 11 (Figure 9). In the course of this
calculation, the time variable was expressed in units of
characteristic times of the establishment of the photostationary
state τ = t·I ln 10(εt̅φtc + εc̅φct

) and absorbance coefficients for
non-polarized light εi̅(θ) = εi̅·[1 − dipi·P2(cos θ)] (i = trans, cis)
were used (see Appendix A in the Supporting Information).
The comparison of the kinetic curves predicted by the

random reorientation model with the experimental measure-
ments leads to a conclusion that the model fails to reproduce
the kinetics of order parameter growth as well as the ratios
between order parameters ⟨P2⟩, ⟨P4⟩, and ⟨P6⟩ which reflect the
shape of orientation distribution. The calculated kinetic curves

in Figure 9 are “stretched”; i.e., the rate of photo-orientation
substantially decreases when the value of the order parameter
⟨P2⟩ ∼ 0.5−0.6 is achieved. It is seen that in experiment the
values of ⟨P2⟩ ∼ 0.7 are reached within the time which is an
order of magnitude less than predicted by the model.
Modifications of the discussed model that assume

reorientations only by a certain angle have been considered.41

This assumption can be introduced into the model (eq 11) by
modifying the reorientation probability densities RTC(θ′ → θ)
and RCT(θ′ → θ). Other variations of the model contain
additional consideration of orientation distribution for the
matrix molecules.10,12 This orientation distribution interacts
with the orientation distribution of azobenzene fragments
through a phenomenological torque. Numerical calculations
show that both types of modification, namely, the restriction of
turn angle and the account of interaction with the matrix, lead
to deceleration of the photo-orientation process. Therefore,
they do not provide better correspondence between theoretical
predictions and the experimental measurements than that
shown in Figure 9.
Another model of photo-orientation is based on the notion

of photoinduced rotation diffusion of light absorbing molecules.
This idea was initially stated by Albrecht42 and later applied to
describe photo-orientation of azobenzene-containing materi-
als.11,12 The model assumes that dissipation of absorbed photon
energy leads to local melting of the matrix in the vicinity of the
chromophore and induces the reorientation. Since the

Figure 7. (a) Change of orientation order parameters and absorbance at 546 nm upon irradiation of the initially isotropic PAAzo6 sample with non-
polarized light (λ = 546 nm). (b) Change of order orientation parameters in the course of photo-reorientation.

Figure 8. Change of order parameter ⟨P2⟩ determined with the spin-
probe technique during photo-orientation of PAAzo6 at temperatures
of 5−72 °C.

Figure 9. Comparison of orientation order parameters kinetics
obtained experimentally (symbols) and predicted by the model of
random reorientation during photoisomerization (lines).
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probability to absorb light is different for chromophores with
different orientations, this process should lead to the induction
of anisotropy of orientation distribution. According to the
mathematical model presented by Chigrinov et al.,11 the
effective potential which acts on the chromophores due to
anisotropy of light absorption is given by the expression

θ
α τ

θΦ =
̃

kT
I V

( )
2

cosm 2
(12)

and the maximum value of the order parameter ⟨P2⟩ at linearly
polarized irradiation is

α τ
⟨ ⟩ = −

̃
∞P

I V
kT152

m

(13)

In eqs 12 and 13, I ̃ is the energy flux of the irradiating light, α is
the absorbance coefficient, Vm is the molecular volume, kT is
the energy of thermal motion, and τ is the time needed for
complete dissipation of the energy of absorbed photon. Using
the parameters of our experiment (I ̃ = 43 mW·cm−2, α ∼ 100
cm−1, Vm = 10−21 cm3, kT ≈ 0.4 × 10−20 J, τ ∼ 10−10 s), one can
obtain an estimate: ⟨P2⟩∞ ∼ −10−12 and Φ(θ)kT ∼ 10−11kT.
Thus, the considered model predicts a much lower degree of
photoinduced order than that observed experimentally. The
estimated value of the effective potential is many orders of
magnitude smaller than the molecular mean field of liquid-
crystalline medium WMF ∼ kT. Therefore, one can expect that
the orientation of the chromophore molecule in liquid-
crystalline medium will be dictated completely by the
orientation potential of the matrix cage, i.e., by the orientation
of adjacent molecules.
One more theoretical approach to photo-orientation is

proposed by Palto and Durand.13 It explains the reorientation
of the material by the collective torque exerted on the liquid
crystal director by the subensemble of molecules in the excited
state. According to this model, the motion of individual
molecules can be described as rotation within the mean
molecular field of the liquid-crystalline medium and short
uncorrelated collisions between adjacent molecules. These
collisions are assumed to induce sudden changes in frequencies
and directions of molecular rotation. Considering the balance
of torques for molecules in ground and excited states, the
authors of this work13 come to a conclusion that the material
director should change its orientation upon irradiation. The
rate of director reorientation is defined by the expression

τ
τ

ετ η
η

= · −
*

Δ−

J
I Wln 10 1ph

1 c
e MF

2

(14)

In eq 14, τph is the characteristic time of director reorientation,
τc is the average time between molecular collisions, J is the
moment of inertia for the chromophore, I is the light intensity,
expressed in Einstein·s−1·cm−2, ε is the extinction coefficient of
the chromophore, τe is the average lifetime of molecules in the
excited state, WMF is the anisotropy of mean field potential, η
and η* are effective friction coefficients for chromophore
molecules in the ground and excited state, and Δ is the half-
width of orientation distribution function. The value of the
effective friction coefficient is defined as η = J·WMF

−1·τc
−1.

The application of the discussed model to quantitative
description of photo-orientation in azobenzene-containing
liquid-crystalline polymer is complicated because of the unclear
physical meaning of the parameter τc in glassy or liquid-
crystalline matrix. Indeed, the model of reorientation through

free rotation interrupted by short random collisions seems to be
oversimplified. In condensed matter, the molecules are
constantly in contact with the surroundings, which limits the
molecular rotation mobility. It is established that in liquid-
crystalline,43,44 glassy,45,46 and polymer47 media rotational
motions of the molecules consist of angular vibrations restricted
on amplitude by the matrix molecules. Reorientations by larger
angles are cooperative motions, which include the rearrange-
ment of the solvent cage around the molecule. The discussed
model13 takes no account of the cooperative nature of
molecular reorientation in condensed matter.
Realistic photo-orientation rates can be obtained within the

discussed model if the average time between the collisions is
assumed to be τc ∼ 10−13 s.13 This value can be used to
estimate rotation correlation time τR ∼ η = J·WMF

−1·τc
−1.

Assuming J ∼ 10−42 kg·m2 and WMF ∼ kT ∼ 10−20 J, one
obtains an estimate of τR ∼ 10−9 s. This value is 7 orders of
magnitude less than the lower estimate obtained in section B
for the polymer PAAzo6 at 298 K. Thus, according to the
discussed model,13 photo-orientation requires a much higher
degree of rotation mobility than that experimentally observed
in the liquid-crystalline polymer. As a result of these troubles,
the discussed model does not demonstrate a predictive ability.
It should be noted that, according to the discussed model,13

photo-orientation of a monodomain sample should proceed
through the rotation of the liquid-crystalline director with the
invariance of the degree of orientation alignment. The
measurements of orientation distribution in the course of
photo-reorientation of PAAzo6 (see Figure 6b) do not support
such behavior of orientation distribution function.
As far as we know, existing models do not account for the

change in domain sizes during photo-orientation. Some
models13,14 take into consideration the domain structure of
photoaligning material. However, according to these models,
photo-orientation proceeds inside the domain. Pedersen et al.14

have assumed that the interaction with adjacent domains
impedes photo-orientation. Therefore, the model predicts that
the larger the domain, the less is its surface per unit volume and
the less should be the impeding effect of adjacent domains.
Thus, according to this model, large domains should favor
faster photo-orientation. This prediction contradicts the
experimental observations. It is known that the enlargement
of liquid-crystalline domains leads to slower and less effective
photo-orientation.5,20,40

An alternative model could be constructed using the idea that
the large specific surface area of domain boundaries should
facilitate the photo-orientation process. It was noted in ref 13
that reorientation of material in the vicinity of domain
boundaries could be eased due to lower ordering and lower
stability of the liquid-crystalline phase. Indeed, mesogenic
molecules in the vicinity of domain boundaries can transit from
one domain to another by means of a simple turn. This process
requires neither large translational movement of the molecule
nor alignment of photochromic molecules in defiance of the
ordering potential of the cage. If for some reason the domains
oriented along the electric field vector of light become less
stable than the ones oriented in the perpendicular direction,
then the process of domain structure rearrangement could lead
to photo-orientation. The elaboration of this hypothesis
constitutes the subject of the following paper.
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E. CONCLUSIONS
A combination of optical methods and the spin probe
technique was used in the present work for a detailed
experimental study of photoinduced alignment of an
azobenzene containing liquid-crystalline copolymer PAAzo6.
The evolution of the material orientation distribution function
was measured in the course of photo-orientation and photo-
reorientation. The change in domain texture of the material
during photo-orientation has been observed.
The analysis of existing models of photo-orientation has

shown that they generally fail to account for experimentally
observed features of photo-orientation in PAAzo6. In the
oncoming paper, we shall formulate an alternative model based
on photochemically induced rearrangement of the domain
structure of liquid-crystalline material.
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