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ABSTRACT: Photoinduced changes in the mechanical and dielectric properties of azobenzene polymer
films were measured utilizing the method of electromechanical spectroscopy. The measurements revealed
a strong correlation between the time-dependent behavior of the plate compliance and the dielectric
constant under irradiation. Actinic light causes a light softening of the film that also manifests itself in
the increase of the dielectric constant, whereas ultraviolet irradiation results in an initial plasticization
of the film followed by its hardening. The latter is accompanied by decrease of the dielectric constant. A
semiquantitative model based on the kinetics of the photoisomerization process in azobenzene polymers
is proposed. We assume that both visible and ultraviolet irradiation increase the free volume in the layer
due to photoisomerization. Additionally, ultraviolet light increases the modulus of the polymer matrix
due to the presence of a high density of azobenzene moieties in the cis state. These assumptions allowed
us to reproduce the time-dependent behavior of the bulk compliance as well as the dielectric constant at
different irradiation intensities, for both visible and ultraviolet light, with only two adjustable parameters.

Introduction

The first inscriptions of surface relief gratings (SRGs)
on azobenzene polymer films were reported indepen-
dently in 1995 by two research groups.1,2 Inscription was
done by exposing the sample to a periodic intensity or
polarization pattern that resulted from the interference
of two polarized laser beams. The wavelength of the
laser was in the absorption region associated with the
cyclic trans-cis-trans isomerizations of the azo dye.
Most important, the absorption of light on this wave-
length induced material flow over micrometer distances
even at room temperature, which is well below the glass
transition temperature, Tg, of the investigated polymers.

Several models3-8 have been proposed to explain the
origin of the inscribing force (see review in ref 9), but
none of them describe satisfactorily the light-induced
motion of the azobenzene polymers at a molecular
level.10 In all models, to explain the mass transport over
micrometer distances during irradiation at room tem-
perature, it is necessary to assume a considerable degree
of photoinduced plasticization, at least comparable with
that at the glass transition. For example, it has been
proposed, in a linear viscoelastic analysis of the dynam-
ics of SRG formation, that the Young’s modulus of the
azobenzene polymer film must be reduced by 3 orders
of magnitude under illumination with actinic light.10,11

However, only very weak plasticization has been found
in mechanical experiments performed recently in our
group.12,13 At room temperature, a less than 10%
increase of the plate compliance upon homogeneous
illumination with actinic light was observed. This is far
below the degree of “softening” induced by heating the
same layer above Tg. These results suggest that il-
lumination of an azobenzene polymer layer with actinic
light cannot induce a transition into a macroscopic low-
viscosity melt.

Presently, there is no doubt that multiple trans-cis
and cis-trans photoisomerizations of the azobenzene
moieties are involved in the light-induced material flow.
In many studies the softening effect was attributed to
this rapid cycling between two conformations of the

azobenzene moieties. Interestingly, using low-intensity
ultraviolet light, Srikhirin et al.12 observed an opposite
effect: the film compliance decreased by a few percent.
The authors argued that cis isomers somehow harden
the material when illuminated with ultraviolet light.

Until now, photoinduced mechanical changes in
azobenzene polymers have been explained empiri-
cally.12,13 The reason is that neither photoisomerization
rates nor cis fractions were estimated in the polymer
film used for particular mechanical experiment. In this
study we combine, for the first time, transient absorp-
tion data with the results of electromechanical and
dielectric spectroscopy to gain insight into the intrinsic
relationship between photokinetics and mechanical
processes in the layer. Moreover, we propose a model
that is capable of describing quantatively the transient
behavior of the plate compliance as well as the dielectric
constant under illumination at different intensities with
actinic and ultraviolet light. This model seems to prove
the validity of intuitive assumptions proposed previ-
ously by different authors.12,14

Experiment
The material investigated was an amorphous azobenzene

side chain polymer, poly(2-hydroxyethyl)methacrylate-co-(2-
(4-(4-cyanophenylazo)phenoxy)acetyl)methacrylate) (see Fig-
ure 1), with a molecular weight of 86 000 g/mol, an azo content
of 52%, and a glass transition temperature Tg ) 99 °C. Layers
for transient absorption measurements were prepared from a
solution of the polymer in tetrahydrofuran (2.5 wt %), which
was spun at 1000 rpm onto a glass substrate. The layer
thickness was 150 nm in all cases. Films for electromechanical
and dielectric experiments were coated on glass slides covered
with ca. 100 nm thick transparent indium-tin oxide bottom
electrodes. The layer thickness was measured with a Dektak
II depth profiler to be about 500 nm. After drying and
annealing, several equally spaced 4 mm wide aluminum strip
top electrodes (80 nm) were deposited onto the film surface
by thermal evaporation.

In the electromechanical and dielectric experiments, the
sample was irradiated with visible (VIS) or ultraviolet (UV)
light: λVIS ) 488 nm and λUV ) 365 nm. In both cases a xenon
lamp was used as a light source with an appropriate interfer-
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ence filter. The light was unpolarized to diminish photoorien-
tational effects. Figure 2 shows absorption spectra of the
investigated polymer when all chromophores are in the trans
or in the cis state. The latter was calculated from the
absorption spectra of a 150 nm thick layer, using the procedure
proposed in ref 15. One can see that at λUV ) 365 nm mainly
the trans isomers absorb the light, while at λVIS ) 488 nm both
isomers have comparable absorption coefficients and, thus, a
cyclic trans-cis-trans isomerization takes place.

Transient absorption experiments were performed with the
help of the lock-in technique. Samples were illuminated with
homogeneous light of either λUV ) 365 nm or λVIS ) 488. The
intensity at the sample was varied from 1 to 10 mW/cm2 (for
UV irradiation) and from 1 mW/cm2 to 1 W/cm2 (for VIS
irradiation). The absorption of the polymer layer at 365 nm
was probed by simultaneously illuminating the sample at λ )
365 nm with a beam of about 1 µW/cm2. This intensity was
sufficiently small to avoid any influence on the transient
absorption experiment. The probing beam was chopped to
create a reference signal for the lock-in detection. Its light
intensity was measured using a large-area Si diode.

The photoinduced changes in the mechanical and dielectric
properties of the thin azobenzene polymer films were measured

by means of electromechanical spectroscopy.16 This method
utilizes the electrostriction effect, i.e., the change in thickness,
∆h, of a thin polymer layer sandwiched between two electrodes
upon application of the alternating electric field

Here, h is the initial layer thickness, E0 is the field amplitude,
and Q is the electrostriction coefficient, which is proportional
to the plate compliance, âzz

where εvac is the vacuum susceptibility and ε′ is the real part
of the dielectric constant. The Claussius-Mosotti formula ∂ε′/
∂h ) -(ε′ - 1)(ε′ + 2)/(3h) has been used in the derivation of
eq 2.16 This formula is valid for an isotropic material subjected
to hydrostatic pressure,17 and thus, eq 2 is an approximation
for thin polymer layers.

The frequency of the alternating electric field in the
electromechanical measurements was 2.5 kHz, which caused
a periodic variation in layer thickness of ca. 10 pm at a
frequency of 5 kHz. This thickness modulation was measured
interferometrically by analyzing the field-induced phase shift
of a beam from a He-Ne laser reflected at the aluminum top
electrodes. Real and imaginary parts of the dielectric constant
were recorded simultaneously at 2.5 kHz with a home-built
setup.

Results
Plate Compliance. The plate compliance is defined

by the relative change in layer thickness, δh ≡ ∆h/h,
upon application of a stress σzz normal to the layer plane

Since, in the ideal case, the polymer layer cannot expand
parallel to the substrate, âzz differs from the bulk
compliance âbulk

18,19

with ν being Poisson’s ratio. In the following, we assume
that ν does not change under illumination, and thus,
the relative change of bulk compliance is equal to the
relative change of âzz

Here âzz(0) is the plate compliance in the dark, before
the light is turned on. The value of the plate compliance
was calculated from the electrostriction coefficient Q
according to eq 2 utilizing the in-situ measured real part
of the dielectric constant.

Figure 3 shows relative changes of the plate compli-
ance δâzz under VIS and UV irradiation. When VIS light
with an intensity of 1 mW/cm2 is switched on, δâzz
rapidly increases to a value of 0.06 and stays at this
level during further irradiation. After switching off the
light, δâzz quickly returns to its initial value in the dark.
As it was already mentioned in the Introduction, UV
illumination causes a complicated response. When UV
light with an intensity of 1 mW/cm2 is switched on, δâzz
first increases rapidly but then starts to decrease
gradually. After switching off the light, one observes an
initial abrupt drop of δâzz, followed by its gradual
increase to the initial value in the dark.

Figure 1. Chemical formula of the statistical copolymer poly-
(2-hydroxyethyl)methacrylate-co-(2-(4-(4-cyanophenylazo)phe-
noxy)acetyl)methacrylate). Here n ) 48% and m ) 52%.

Figure 2. Absorption spectra of the investigated polymer
when all chromophores are in the trans or in the cis state.
The latter was calculated using the procedure described in ref
15.

∆h ) QE0
2h (1)

Q ) -
εvacâzz

6
(3ε′ + (ε′ - 1)(ε′ + 2)) (2)

δh ) âzzσzz (3)

âzz ) 1 + ν
3(1 - ν)

âbulk (4)

δâzz )
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âzz(0)
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Although these measurements of the plate compliance
give a characteristic qualitative result, they can be
hardly used to develop a quantitative model for two
reasons. First, it is impossible to follow very rapid
mechanical changes at the moments when the light is
switched on or off (it takes about 2 min to measure the
plate compliance). Second, the data are usually very
noisy when we record changes in the film thickness that
are less than 10 pm and thus are very sensitive to any
vibrations.

Dielectric Constant. Fortunately, we have found a
strong correlation between the time-dependent behavior
of the plate compliance and the dielectric constant,
under VIS as well as under UV irradiation (Figure 3).
Contrary to the plate compliance, the dielectric constant
can be measured with a very high accuracy and with a
time resolution of about 10 s.

Figure 3 shows relative changes of the dielectric
constant

under VIS and UV irradiation. Here ε′(0) is the initial
value of dielectric constant in the dark, and ε∞ is the
susceptibility at an infinitely high frequency. ε′(0)
slightly varies from sample to sample, being about 3.2
( 0.1. ε∞ can be approximated by n2, where n is the
refractive index of polymer. In this study, n was
determined by means of ellipsometry to be equal to 1.60
at 632 nm, which gives ε∞ ) 2.56.

When VIS light with an intensity of 1 mW/cm2 is
switched on, δε′ increases within a few minutes to a
value of 0.1 and stays at this level during further
irradiation. After switching off the light, δε′ slowly
returns to its initial value in the dark. When UV light
with an intensity of 1 mW/cm2 is switched on, δε′ first
increases rapidly but then starts to decrease, approach-

ing its value in the dark. After switching off the light,
one observes an abrupt drop of the dielectric constant
followed by its very slow increase to the initial value in
the dark.

As it was already mentioned, relative changes of the
dielectric constant and plate compliance demonstrate
very similar qualitative behavior under VIS and UV
irradiation (Figure 3). We suspect that the reason for
these changes is common in both cases and is related
to the photoisomerization process in the polymer layer.
Direct light-induced heating of the layer can be ex-
cluded, since illumination with VIS and UV light causes
very different behavior. Light-induced changes in the
layer thickness, ∆h(t), can be also excluded as a possible
source for the observed effects. For illumination with
either VIS or UV light, we could not detect any change
in thickness by atomic force microscopy within the
resolution of ca. 1 nm (limited by the layer roughness
of ca. 1 nm). Such small light-induced changes in
thickness would cause only negligible variations in â
and ε′, in comparison to those found in this study.

An essential difference in the time-dependent behav-
ior of the dielectric constant and the plate compliance
can be observed after the light is switched off: the
dielectric constant returns to its initial value much
slower than the plate compliance. Such slow relaxation
of the dielectric constant is probably caused by orien-
tational effects, even though we tried to avoid these
effects by illuminating the sample with unpolarized
light. However, a certain degree of photoinduced align-
ment of the azobenzenes molecules in the direction
perpendicular to the film surface is still possible.
Therefore, when the light is switched off, the chro-
mophores might relax back to an isotropic orientational
distribution, which results in a slow change of the
dielectric constant.

Theoretical Approach

Photoisomerization Kinetics. To understand tran-
sient electromechanical properties, one should first
consider configurational changes of the azobenzene
chromophore which take place in the polymer film under
irradiation. Before the light is turned on, all chro-
mophores are in the trans state. Under illumination
with VIS or UV light, photoisomerization takes place,
and the number density of trans isomers, nT(t), de-
creases according to the following differential equation:

Here, nC(t) is the number density of cis isomers, kTC is
the rate constant of the trans-cis photoisomerization,
kTC is the rate constant of the reverse cis-trans pho-
toisomerization, Ip is the intensity of the light in W/cm2,
and γ is the rate of the cis-trans thermal back-
relaxation. If we define the cis fraction as fC(t) )
nC(t)/N, where N is the total number density of chromo-
phores, then eq 7 can be rewritten for the cis fraction
as

Here, we have introduced τp ) [(kTC + kCT)Ip + γ]-1 as
the characteristic time of the isomerization process. For

Figure 3. Time dependencies of the relative dielectric con-
stant, δε′, and the relative plate compliance, δâzz, under VIS
(a) and UV (b) irradiation with 1 mW/cm2.

δε′(t) )
ε′(t) - ε′(0)
ε′(0) - ε∞

(6)

dnT (t)
dt

) -kTCIpnT(t) + kCTIpnC(t) + γnC(t) (7)

dfC(t)
dt

) -τp
-1fC(t) + kTCIp (8)
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the situation where light is switched on at t ) 0, eq 8
can be easily solved, resulting in

On the other hand, the isomerization rate, ḟiso ≡
dfiso/dt, is given by

Thus, we define ḟiso as the number of all isomerization
events per unit of time, accounting for both trans-cis
and cis-trans isomerizations. When the photostationary
state is reached (t ) ∞), the following two relations are
obtained

where τC ) [kCTIp + γ]-1 is the effective lifetime of cis
isomer under illumination.

From transient absorption measurements it is pos-
sible to determine all rate constants (see Appendix and
Table 1) and calculate fC(t) and ḟiso(t) for a given light
intensity for VIS and UV irradiation. Since the studied
layers were quite thick (ca. 500 nm), we took into
account that the light intensity is not constant through-
out the film but decreases with the penetration depth,
z, according to the Lambert-Beer law

where R is the absorption coefficient at a particular
wavelength (shown in Table 1) and z-axis points toward
the substrate. Therefore, in eqs 9-11 an average
intensity Ip(1 - exp(-Rh))/Rh was used instead of Ip. It
should be noticed that R does not stay constant during
VIS or UV illumination but slightly varies with time.
However, in this paper we do not account for this
variation because it is the second-order correction and
does not affect the outcome of our approach. Comparing
fC(t) and ḟiso(t) curves calculated with the experimental
parameters (see Table 1) at the same light intensity
(Figure 4), two main differences between photoisomer-
ization at VIS and UV can be noticed: (1) At λVIS, the
cis fraction in the steady state is relatively small, about
0.1, while at λUV, the cis fraction is relatively high, about
0.3 at Ip ) 1 mW/cm2 and 0.5 at Ip g 10 mW/cm2. (2) At
λVIS, the isomerization rate is significantly higher than
at λUV for Ip g 10 mW/cm2. These two differences
motivated us to introduce a two-component mechanical
model which is capable of explaining the time depend-
ences of the plate compliance and the dielectric constant
under visible and ultraviolet irradiation.

Two-Component Mechanical Model. Let us con-
sider an azobenzene polymer layer as a two-component
system, consisting of the polymer matrix and free
volume (the latter can be visualized as small voids
embedded into the polymer matrix). Then, in the linear
approximation, the bulk modulus of the layer, K, can
be defined as

where K0 is the mechanical modulus of the polymer
matrix at room temperature in the dark, φ is the amount
of the free volume, and a is the positive coefficient of
proportionality. Any free volume present in the layer
in the dark is included into K0.

We now assume that photoisomerization of the azoben-
zene molecules generates a certain number of small
voids in the frozen amorphous polymer environment.
Therefore, because of irradiation with the VIS light, the
bulk modulus of the layer will decrease according to eq
13, and hence, the bulk compliance, â ) 1/K, will
increase. Taking into account that aφ , 1, relative
changes of the bulk compliance (and hence of the plate
compliance, see eq 5) will be proportional to the free
volume

It is clear that using eq 14, we can readily explain the
qualitative changes of the plate compliance under VIS
irradiation (Figure 3a). Multiple photoisomerization
cycles create free volume in the azobenzene polymer film
which manifests itself as a softening of the layer. When
the light is switched off, photoisomerization stops im-
mediately, the free volume gradually disappears, and
δâzz returns to its initial value in the dark.

To explain the complicated response of the azobenzene
polymer layer to UV irradiation, we have to consider
an additional phenomenon. As it was noticed previously
by Srikhirin et al.12 and confirmed by our own experi-
ment (see Figure 3b), hardening of the polymer layer
apparently correlates with the increase of the cis
concentration. This can be explained if we assume that
interactions of azobenzene chromophores in the cis state
with their nearest environment are stronger than those

Table 1. Rate Constants and Absorption Coefficients for
VIS and UV Illumination

kTC, cm2/J kCT, cm2/J γ, s-1 R, cm-1

VIS 0.41 ( 0.05 2.9 ( 0.4 (3.0 ( 0.1) × 10-5 6.6 × 103

UV 3.2 ( 0.3 2.9 ( 0.3 (3.0 ( 0.1) × 10-5 1.6 × 105

Figure 4. Time dependencies of cis fraction, fC, (a) and
isomerization rate, ḟiso, (b) under VIS and UV irradiation with
1 and 10 mW/cm2. These dependencies were calculated from
eqs 9 and 10, using parameters extracted from transient
absorption experiments (see Appendix).

δâbulk(t) ) aφ(t) (14)

fC(t) ) kTCIpτp(1 - exp(-t/τp)) (9)

ḟiso(t) ) [(kCT - kTC)Ip + γ]fC(t) + kTCIp (10)

fC,∞ ) kTCIpτp ḟiso,∞ ) 2fC,∞τC
-1 (11)

Ip(z) ) Ip exp(-Rz) (12)

K ) K0(1 - aφ) (13)
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in the trans state. Therefore, the modulus of the polymer
matrix is expected to increase with the concentration
of cis isomers. Thus, in the first linear approximation,
eq 13 can be rewritten as

Here, b is a coefficient of proportionality, which is
positive. Taking into account that bfC . 1, the relative
change of the bulk compliance is given by

Interestingly, we did not observe that the layer hardens
in the presence of cis isomers in the VIS experiments.
This difference in behavior between VIS and UV can
be explained if we assume that only a large fraction of
cis isomers is able to harden the matrix.

Light-Induced Changes of the Dielectric Con-
stant. The real part of the dielectric constant for a
system with a single relaxation time, τ, is given by

Here, ε0 is the static susceptibility, ε∞ is the susceptibil-
ity at an infinitely high frequency, and ω is the angular
frequency. In the Kirkwood-Fröhlich approach,20 which
takes into account intermolecular interactions and
hindered rotation

where kB is the Boltzmann constant and T is the
absolute temperature. In this equation 〈δM2〉 represents
fluctuations of the total dipole moment, M, which for a
real chain is equal to21

Here, Nµ2 is the value of 〈δM2〉 for a system composed
from freely rotating dipole units, with N being the
number of dipole groups per unit volume and µ being
the dipole moment of a given group. g is the so-called
correlation factor which depends on the strength of
statistical correlations between dipoles and on their
interactions with the polymer matrix. To understand
the meaning of the correlation factor, it is instructive
to consider two limiting cases: (1) g ) 1, dipoles rotate
freely and 〈δM2〉 ) Nµ2; (2) g ) 0, dipoles are totally
frozen in the polymer matrix and, thus, cannot rotate
at all.

It was reported previously that the increase of ε′
under VIS irradiation could be explained by the increase
of the dipole moment of azobenzene when it isomerizes
from the trans to the cis state.22 However, this change
would be detectable, only if fluctuations of the long axis
or rotation of the azobenzene dye around this axis were
possible at (or faster than) the measurement frequency
of 2.5 kHz at room temperature. Recent dielectric
spectroscopy studies23 on different azobenzene side
chain polymers showed that only the γ-relaxation
process and the high-frequency tail of the â-relaxation
process contribute to the dielectric constant at these
conditions. The γ-relaxation process was assigned to the
rotational fluctuations of the methyl groups and the
â-relaxation process to the local fluctuations of the ester

groups. In contrast, the relaxation frequency of the
azobenzene moieties was significantly lower (about
1-10 Hz). This allows us to argue that ε′ changes under
irradiation mainly due to the change in g rather than
due to the change in the dipole moment of azobenzene.
This interpretation is supported by relating the pre-
dicted change in dipole moment of our chromophore,
which is 5.2 D in the cis state compared to 6.8 D in the
trans state (the quantum chemistry calculations were
carried out by using a commercial software product
“Gaussian 98”) to the observed change in dielectric
constant. Despite the presence of cis isomers with
smaller dipole moment, we observe a well-pronounced
increase of ε′ in the VIS-illuminated sample.

Consequently, keeping µ constant and using eqs 17-
19, it is easy to show that the relative change of the
dielectric constant is equal to the relative change of the
correlation factor

Furthermore, one can show that in the absence of
statistical correlations between dipoles the relative
change of the correlation factor is also given by eqs 14
and 16 (the coefficients can of course take other values).
First, it is obvious that the presence of the free volume
increases the rotational freedom of the dipoles. Second,
the presence of cis isomers leads to an increase of the
strength of intramolecular interactions in the polymer
matrix which results in decrease of rotational freedom
of dipoles. This means that whenever the azobenzene
polymer film undergoes changes of its mechanical
propertiesssoftens or hardenssthis is reflected by an
appropriate change in ε′.

Let us show that our model is able to reproduce the
time-dependent behavior of the dielectric constant under
irradiation with visible light. In our model, δε′ is equal
to the relative change in the correlation factor and,
therefore, is proportional to the amount of the free
volume accumulated in the azobenzene polymer layer
from the moment t ) 0, at which the light is switched
on, until the moment t

Here φ̇(t′) is the additional free volume produced per
one unit at time t′ due to multiple photoisomerization
cycles. Relaxation of φ after this moment is described
by the exponential decay with the characteristic time
τm. The coefficient of proportionality c can be estimated
from the dependence of the relative dielectric constant
on temperature. We have determined c ≈ 215 by
measuring δε′ at the glass transition temperature (δε′
≈ 5.4) and using a literature value of φ ≈ 0.025.20

Let us first assume that φ̇ is strictly proportional to
the isomerization rate

This gives

K ) K0(1 + bfC) (1 - aφ) (15)

δâbulk(t) ) aφ(t) - bfC(t) (16)

ε′ ) ε∞ +
ε0 - ε∞

1 + (ωτ)2
(17)

ε0 - ε∞ ) 4π
3kBT

3ε0

2ε0 + ε∞
(ε∞ + 2

3 )2

〈δM2〉 (18)

〈δM2〉 ) gNµ2 (19)

δε′(t) )
ε′(t) - ε′(0)
ε′(0) - ε∞

) δg(t) (20)

δgVIS(t) ) c∫0

t
φ̇(t′) exp[-(t - t′)/τm] dt′ (21)

φ̇(t′) ) a0 ḟiso(t′) (22)

δgVIS(t) )

δgVIS,∞{[1 - exp(-t/τm)] light is on at t ) 0
exp[-(t - toff)/τm] light is off at t ) toff

(23)
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with

By deriving this equation, we took into account that γ
is negligibly small compared to kTCIp and kCTIp. Actual
values of τm were determined from the initial exponen-
tial decrease of the relative dielectric constant after
switching the light off. They were found to be indepen-
dent of Ip, and thus, eq 24 predicts a linear increase of
the relative dielectric constant with the light intensity
in the stationary state. However, the experimentally
measured δε′ curve increases with the light intensity
nonlinearly, as demonstrated in Figure 5. This curve
can be fitted using a power-law dependence

with a1 ) 0.050 ( 0.004 and a2 ) 0.32 ( 0.03. The
nonlinear behavior can be understood as follows: when
the light intensity reaches a critical value, chromo-
phores can reutilize free volume which has been gener-
ated by an earlier isomerization event.13 As result, the
additional free volume is not anymore proportional to
the isomerization rate. This has been taken into account
by introducing a nonlinear dependence of φ̇ on the
isomerization rate

This assumption does not change the principal form of
the time-dependent solution given by eq 23, but δgVIS,∞
is now defined by eq 25 with

Taking τm ) 200 s, we can reasonably well reproduce
the time dependencies of the relative dielectric constant
at different intensities of visible light (Figure 6a).
However, when the light is switched off, δε′ relaxes
much slower than δg as predicted by eq 23. We already
mentioned that orientational effects (neglected in our
model) might be a reason for this discrepancy between
the experimental data and the model prediction.

To describe the time-dependent behavior of the di-
electric constant under irradiation with ultraviolet light,

we introduce an additional term in eq 21

Here b is a free parameter which correlates the relative
hardening to the fraction of cis isomers. This equation,
with τm ) 200 s and b ) 0.1, satisfactorily describes
transient experiments under irradiation with UV light
(Figure 6b). When UV radiation is switched off, the
cyclic photoisomerization immediately stops, i.e., the
first term in eq 28 disappears, and one observes a sharp
drop in the dielectric constant. Interestingly, we could
use the same power law (see eq 25 for VIS light) to
describe the response at different intensities of UV light.
Note that there is a significant discrepancy between the
model predictions and the measured data at longer
times after the UV light is switched off.

In contrast to the dielectric constant, the bulk compli-
ance should not (or only weakly) depend on orientational
effects. This explains why using the same eqs 21 and
28 (but with different values of the fitting parameters)
we managed to describe satisfactorily the time depen-
dence of δâzz not only under irradiation but also at
longer times after the VIS or UV light has been switched
off (Figure 7). Despite significant noise in the data, one
can clearly see that, in the case of UV irradiation, the
gradual recovery of the bulk compliance to its initial
value in the dark is reproduced much better than that
of the dielectric constant (Figure 7a). In the case of VIS
irradiation, both the model predictions and the mea-
sured data exhibit an immediate drop of δâzz to zero
after the light is switched off (Figure 7b).

Equipped with the formalism described above, we are
also able to reproduce the complicated time dependence
of the dielectric constant under multiple illumination
with VIS and UV (Figure 8). During the first two cycles

Figure 5. Intensity dependence of the relative dielectric
constant, δε′, under VIS irradiation.

δgVIS,∞(Ip) ) a0cḟiso,∞τm ≈ 2a0c
kTC kCT

kTC + kCT
τmIp (24)

δgVIS,∞(Ip) ) a1Ip
a2 W m-2 (25)

φ̇(t′) ) [a0 ḟiso(t′)]
a2 (26)

a1 ≈ c(a0kTC)a2[1 + a2

kCT - kTC

kTC + kCT
]τm (27)

Figure 6. Time dependencies of the relative dielectric con-
stant, δε′, under VIS (a) and UV (b) at different intensities.
Lines show the relative correlation factor, δg, as predicted by
eqs 21 and 28.

δgUV(t) ) ∫0

t
φ̇(t′) exp[-(t - t′)/τm] dt′ - bfC(t) (28)
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the film is illuminated with VIS light. Because of the
fast cyclic photoisomerization the layer undergoes slight
softening, leading to an increase of δε′ to a value of 0.05.
When the VIS light is switched off, photoisomerization
stops immediately and ε′ slowly relaxes to its initial
value in the dark. Note that the height of the plateau
in the second VIS illumination step is comparable to
that in the first step. In the subsequent two cycles, the
film was illuminated with UV light. At the beginning
of every illumination cycle, the layer slightly softens due
to photoisomerization but then gradually hardens due
to the increase of the cis fraction. When the UV light is
switched off, photoisomerization abruptly stops, but the
remaining cis content leads to the sudden drop of ε′. This
results in an effective “hardening” of the layer compared
to the nonilluminated material, which slowly relaxes
back to the initial value in the dark. The characteristic

time of the relaxation process is comparable to the
lifetime of the cis isomers 1/γ ∼ 10 h. This is in
agreement to our model prediction that the recovery of
ε′ correlates with the thermal back-relaxation of the cis
fraction. Because the dark pause between the two UV
illumination steps is less than 2 h, the cis content is
still very high at the beginning of the second UV cycle.
Therefore, the maximum of δε′ in the second UV
illumination step is considerably lower than that mea-
sured during the earlier illumination cycles.

Discussion and Conclusions

In this study we have developed a semiquantitative
model that is capable to describe the time and intensity
dependence of the electromechanical and dielectric
properties of an azobenzene polymer layer measured at
two particular wavelengths: λVIS ) 488 nm and λUV )
365 nm. This two-phase model is based on two assump-
tions: (1) Cyclic photoisomerization creates additional
free volume in the polymer layer that results in a
softening of the layer. This process does not change the
mechanical modulus of the polymer matrix. (2) In
addition, in the case of UV irradiation, a high population
of the cis fraction slightly increases the modulus of the
polymer matrix. This effect can be explained if cis
isomers have stronger interactions with the surrounding
matrix than trans isomers.

To support the model presented here, we plan to
measure changes in mechanical and dielectric properties
of the film when irradiated at intermediate wave-
lengths. Such measurements will hopefully clarify the
question why we do not observe an abrupt hardening
after switching the light off in the film previously
irradiated with VIS light. Note that only 10% of azoben-
zene chromophores are in the cis state at λVIS ) 488
nm. Presently, we assume that the matrix only hardens
when the cis fraction reaches some critical value, which
is far above 10%. Another possible explanation is that
different isomerization mechanismssinversion at VIS
and rotation at UVscould be responsible for the differ-
ent matrix response when illuminated at 365 and 488
nm.

With respect to the formation of SRG under nonho-
mogeneous illumination, the data presented here sup-
port our earlier interpretation that light-induced changes
in the polymer film (either VIS or UV illumination) are
very different from those caused by simple heating.13

Most important, all data can be explained by a model
that is continuous with respect to time and intensity.
This excludes that illumination under conditions de-
scribed here induces a phase transition. Nevertheless,
the data suggest that a certain fraction of free volume
is introduced into the layer by the photoisomerization
process and that this additional volume remains within
the layer for a considerable amount of time (ca. 5 min).
Therefore, the experiments strongly suggest that the
light-induced free volume must redistribute itself dif-
ferently (with time and/or spatially) than the free
volume introduced by simple heating, which allows the
otherwise still hard material to flow in response to a
light-driven force (still unknown). Such a difference is
expected since one isomerization event consumes ca. 2
eV in energy in the range of picoseconds, and this energy
can be then gradually converted into a considerable
molecular rearrangementsreorientation of azobenzene
moieties, presumably followed by a change of main
chain conformation.

Figure 7. Time dependencies of the relative plate compliance,
δâzz, under VIS (a) and UV (b) irradiation with 1 mW/cm2.
Lines show a model prediction as described by eqs 21 and 28.

Figure 8. Time dependencies of the relative dielectric con-
stant, δε′, under multiple irradiation with VIS and UV light.
The relative correlation factor, δg, as predicted by eqs 21 and
28, is also shown.
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Interestingly, recent studies on the inscription of the
surface relief gratings revealed that the diffraction
efficiency decreases with increasing temperature.24

When the temperature exceeded 50 °C, it was impos-
sible to induce any changes of the layer topography. This
result appears to be totally unexpected since the bulk
compliance of azobenzene polymers slightly increases
with temperature. Therefore, any flow of material in
response to the external force is expected to be faster
at higher temperatures. Our experiments allow us to
speculate that the main reason behind such puzzling
behavior could be the faster relaxation of the light-
induced free volume at higher temperatures, caused by
an increase in local chain dynamics. In this case, we
indeed expect that the formation of SRGs at higher
temperatures is less effective compared to SRGs formed
at room temperature.
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Appendix. Transient Absorption
The time dependence of absorption coefficient was

probed at λUV ) 365 nm with concurrent illumination
of the layer at 365 and 488 nm. From these data, the
time-dependent normalized absorption was calculated

where A0 and A∞ are the absorbance in the dark and in
the photostationary state, respectively. Here, we did not
take into account the photoorientation of azobenzene
moieties because after switching the light off we have
observed a full recovery of the absorbance to its initial
value in the dark (this process correlates with the
thermal back-relaxation of the cis fraction). In the case
if photoorientation effects in the investigated polymer
will be pronounced, we would not expect a full recovery
of the absorbance value.

Figure 9 shows the time dependencies of -ln(δA) at
different intensities of VIS and UV light. The slope of
the curves gives τp

-1 ) (kTC + kCT)Ip + γ, which depends
linearly on Ip. Plotting the linear dependence of τp

-1 on
Ip yields its slope, S, which is equal to the sum of the
rate constants kTC and kCT.

Further, the photostationary value of the cis fraction
increases with the light intensity as

and saturates at high intensities to

For our polymer, fC,∞ is 0.12 at VIS and 0.55 under UV
illumination. Knowing S and measuring fC,∞, we were
able to separate kTC and kCT. Additionally, we have
measured the rate of the cis-trans thermal back-

relaxation, γ, following recovery of the normalized film
absorbance after switching off the light. It is known that
the cis-trans thermal back-relaxation is not strictly
monoexponential but exhibits an anomalous fast com-
ponent for the first few seconds.25 Therefore, the value
of γ, relevant to the time scale of our experiments, was
estimated after the first 3 min, when a much slower
monoexponential decay of absorption was already es-
tablished.

The values determined from transient absorption
experiment, for illumination with VIS and UV, are
summarized in Table 1.
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