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Mean-Field Theory of Photoinduced Molecular Reorientation in Azobenzene Liquid
Crystalline Side-Chain Polymers
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(Received 14 April 1997)

A novel mean-field theory of photoinduced reorientation and optical anisotropy in liquid crystalline
side-chain polymers is presented and compared with experiments. The reorientation mechanism is based
on photoinducedtrans $ cis isomerization and a multidomain model of the material is introduced.
The theory provides an explanation for the high long-term stability of the photoinduced anisotropy
as well as a theoretical prediction of the temporal behavior of photoinduced birefringence. The
theoretical results agree favorably with measurements in the entire range of writing intensities used
experimentally. [S0031-9007(97)04104-5]

PACS numbers: 61.30.Gd, 42.65.–k, 78.66.Qn
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Photoinduced reorientation of molecules in liquid cry
tals is a fascinating example of structural changes in
material upon illumination. In particular, the observatio
of photoinduced birefringence [1] and collective rotatio
of molecules by a circularly polarized beam [2] in ne
matic films demonstrates the versatility of light-matter in
teractions in materials with strong cooperativity betwe
molecules. Recently, similar effects have been observ
in liquid crystalline azobenzene side-chain polymers [3
5]. Even though these materials share many features w
ordinary liquid crystals, the origin of photoinduced reor
entation in these materials is quite different in nature.
the case of ordinary (nonabsorbing) liquid crystals, reo
entation occurs as a result of the electromagnetic torq
exerted by the optical field. Because of the relative
long time scale of the reorientation process, the optic
field is practically equivalent to a static field and, henc
a Fréedericksz transition is observed [1]. Conversely,
azobenzene compounds optical absorption plays a do
nating role in the reorientation process [3–6]. Furthe
more, the photoinduced birefringence has extremely h
long-term stability and holograms recorded in both liqu
crystalline [3–5] and glassy [6] polymers exist for sever
years without any sign of degradation. This property h
made azobenzene compounds very promising candid
for optical data storage technology.

So far the details of the reorientation process in li
uid crystalline azobenzene side-chain polymers have
been clarified. It is generally accepted that reorien
tion following photoinducedtrans $ cis isomerization
is the dominating mechanism in the storage process
5]. Any attempt to model the polymer material as a co
lection of independent mesogenic molecules undergo
trans $ cis isomerization will fail to explain the long-
term stability, however. Clearly, even a minimal dif
fusion would be noticeable on a time scale of seve
years. Alternatively, Paltoet al. [7,8] have shown that
a multidomain model in which the molecules are su
ject to an ordering mean-field potential is capable of a
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counting for the long-term stability. In addition, the in-
termolecular cooperativity within the individual domains
provides an explanation for the intricate intensity depe
dence of the photoinduced anisotropy. Such a mec
anism is hard to realize in a model with independen
molecules as the anisotropy simply reflects the numb
of absorbed photons. In Refs. [7,8] the framework o
Paltoet al. was applied to Langmuir-Blodgett films irradi-
ated in the electronic absorption band where isomerizati
cannot account for the observed effects. In cases whe
trans $ cis isomerization is the dominating source o
photoinduced anisotropy, a similar model should be app
cable, however, provided a few modifications are mad
In this manner, the highly attractive features of the mod
by Palto et al. can be combined with the photoinduced
trans $ cis mechanism responsible for the optical stor
age process. In this Letter such a new mean-field theo
of photoinduced anisotropy is constructed and compar
with the experimental results [9] for the azobenzene sid
chain polyester P6a12 described in Refs. [5,9–11].

The essential quantity describing the anisotropic pro
erties of a liquid crystalline film is the angular distribution
of the mesogenic molecules, i.e., side-chain chromopho
in the present discussion. From the temporal evolution
the angular distribution the optical birefringence can b
calculated as a function of illumination time and com
pared with experiments. Initially, the films are prepare
in a macroscopically isotropic state. In a multidomai
model this is equivalent to saying that the domain dire
tors are uniformly distributed. Furthermore, in a particu
lar domain the angular distribution of chromophores wi
be symmetric around the director. During illumination
by a linearly polarized laser beam, though, the probab
ity of a chromophore to absorb a photon is proportion
to cos2 u, where u is the angle between the transition
dipole moment of the chromophore and the laser pola
ization. If, upon absorption, the chromophore undergo
trans ! cis or cis ! trans isomerization, it will in gen-
eral change direction, say fromsu0, w0d to su, wd, in order to
© 1997 The American Physical Society



VOLUME 79, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 29 SEPTEMBER1997

d as

tes

g
h
i-

f-

he

that
on
3)
in-
at

this
ud-

-

h

]

-

ins
-
ay
of

on
is

ct

o-

ia
accommodate the structural change. The crucial point
the present context is that these events occur with a nonu
form probability of absorption proportional to cos2 u. In
a “frictionless” mean-field picture, the probability distri-
bution psu, wd for finding a particular chromophore in a
small solid angledV around an angular positionsu, wd
after isomerization is simply given by the equilibrium dis
tribution [7,8]

psu, wd  Ae2Wsu,wd, (1)

whereW su, wd is the mean-field potential andA is a nor-
malization constant. Therefore, the nonuniform probab
ity of absorption depletes the small2u tail of the angular
distribution and reorients the chromophores according
Eq. (1). In turn, the asymmetry caused by the deficit
chromophores in the small2u tail is counteracted by ther-
mal relaxation processes trying to restore equilibrium.
is important to note that in the process of equilibrating a
asymmetric distribution the domain director is rotated t
wards the region with an excess of chromophores. In t
manner a “torque” is exerted on the entire domain via t
restoring force. Consequently, after illumination the distr
bution of domain directors is uniaxial rather than uniform
and as a result themacroscopicequilibrium state has be-
come anisotropic. The new mean-field theory that follow
from this simple physical picture then provides an expl
nation for the origin as well as the long-term stability o
the storage process. The lifetime of the macroscopic
der can be estimated from the relaxation timet̃ of domain
rotation. Because of the collective nature of this proce
it is assumed that̃t is related to the relaxation time of a
single chromophoret via t̃  nat, wheren is the num-
ber of chromophores in the domain anda is of the order
of unity (a  1 in case of mass-proportional relaxation)
Typically, for a 1mm3 domainn ø 109 andt ø 10 s (see
below) and sõt ø 300 yr in accordance with the observed
stability.

Now, since we deal with a mixture oftrans and cis
forms, which generally have widely different absorptio
cross sections, we have to introduce two distinct angu
distribution functions denotedfT su, wd andfCsu, wd, re-
spectively. The temporal evolution of these distribution
will involve two different processes: (i) photoinduced re
orientation reactions of the typefT su0, w0d ! fCsu, wd
or fCsu0, w0d ! fT su, wd and (ii) thermal relaxation pro-
cessesfT su, wd ! psu, wd or fCsu, wd ! psu, wd that
serve to restore equilibrium. Hence, the balance betwe
these fundamental processes is described by the follow
set of equations:

d
dt

fT su, wd  ACT Ipsu, wd
Z

fCsu, wd cos2 u dV

2 ATCIfT su, wd cos2 u

1
1
t

fNT psu, wd 2 fT su, wdg , (2)
in
ni-

-

il-

to
of

It
n

o-
his
he
i-

s
a-
f
or-

ss

.

n
lar

s
-

en
ing

and

d
dt

fCsu, wd  ATCIpsu, wd
Z

fT su, wd cos2 u dV

2 ACT IfCsu, wd cos2 u

1
1
t

fNCpsu, wd 2 fCsu, wdg . (3)

The various terms in these expressions are interprete
follows: Focusing on the rate of change of thetrans dis-
tribution, the first and second terms in Eq. (2) are the ra
at which photoinducedcis ! trans andtrans ! cis iso-
merization occurs, respectively. Reorientation followin
cis ! trans isomerization is taken into account throug
the integration over solid angle in the first term. In add
tion, thecis ! trans rate is proportional toACT I cos2 u,
where I is the incident intensity, and the transition coe
ficient ACT  sh̄vd21sCT fCT is the product of the ab-
sorption cross sectionsCT and the quantum efficiency
fCT divided by the photon energȳhv. Similarly, the
trans ! cis rate is proportional toATC . Finally, the ther-
mal relaxation is represented by the third term, and t
rate of this process is determined by the relaxation timet.
In this term,NT denotes the total fraction oftrans chro-
mophores, and this factor has been included to ensure
the thermally induced reorientation leaves the total fracti
of trans forms unchanged. The various terms in Eq. (
are perfectly analogous to those in Eq. (2) and their
terpretation is therefore straightforward. It is noted th
even though thecis form is thermally unstable, we have
neglected spontaneouscis ! trans transitions in the ex-
pressions above since the time scale (several hours) of
process is orders of magnitude longer than the effects st
ied here.

Initially, practically all chromophores will be in the ther
mally stabletrans form and so the polar angled0 of the
initial director is identical to the polar angle at whic
the distributionfT su, wd is maximum. Experimentally,
thecis ! trans transition is quasiresonantly excited [10
and thetrans fraction will consequently be close to unity
at all times. If, furthermore, we assume that thetransdis-
tribution remains approximately equilibrated, we can sim
ply update the director angled by locating the maximum
of fT su, wd at a later timet. In this manner, however,
no account is taken of the interaction between doma
which in a real material will restrict the rotation of a do
main. Physically, such domain-domain interactions m
originate from mechanical stress [12] (and, in the case
thin films, substrate anchoring effects may restrict rotati
[7]) but at present the specific nature of the interaction
unknown. A transparent way of incorporating this effe
is to introduce a threshold intensity [12]Ith in the sense
that whenever the effective intensity in a particular d
main I cos2 d is less thanIth, the direction of the domain
is “frozen.” In addition, following Refs. [7,8] we can al-
low for the strength of the mean-field potential to vary v
2471
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the order-parameterS, which is a measure of the degree o
alignment in a particular domain. For a single-compone
material [13],S is obtained as the angular average of th
second Legendre polynomialP2scosbd 

3
2 cos2 b 2

1
2 ,

whereb is the angle between a molecule and the doma
director. Hence, to treat thetransandcis mixture we will
useS  kP2scosbdl, wherek. . .l is taken to denote aver-
aging over angles as well as molecular forms.

Once the angular distribution of transition dipole mo
ments in the material is determined, the optical propert
can be calculated from basic electrodynamics. With pe
fectly anisotropic molecules the chromophore polarizab
ity tensor only has a single nonvanishing element (usi
the principle-axes coordinate system). For the two tran
tions this element is denotedaTC and aCT , respectively.
Accordingly, the refractive index experienced by a prob
beam polarized in a certain direction relative to the pola
ization of the writing beam can be calculated by projec
ing the polarizability tensors onto this direction. We wi
assume that the contribution to the refractive index fro
the polyester backbonen0 is isotropic. Therefore, for the
direction parallelskd and perpendiculars'd to the polar-
ization of the writing beam we find

n2
k  n2

0 1
N
´0

* Z 2p

0

Z p

0
faTCfT su, wd 1 aCT fCsu, wdg

3 cos2 u sinu du dw

+
d0,g0

(4)

and

n2
'  n2

0 1
N
´0

* Z 2p

0

Z p

0
faTCfT su, wd 1 aCT fCsu, wdg

3 cos2sw 1 g0d sin3 u du dw

+
d0,g0

.

(5)

In these expressions,N denotes the density of chro-
mophores,g0 is the azimuthal angle of the' direction,
and k· · ·lX denotes averaging with respect to the param
etersX. It can be shown that Eqs. (4) and (5) yield th
following simple expression for the phase difference

Df 
pd
lP

snk 2 n'd 
pdN

2´0nlP
kaTCaT 1 aCT aCld0 ,

(6)

whered is the sample thickness,lP is the probe wave-
length, n  snk 1 n'dy2 is the average index (taken a
its unperturbed value), and the coefficientsaT andaC are
given byaX  k fX su, wdP2scosudl with X  T , C.

The choice of appropriate mean-field potential is a de
cate question. Experimentally, the polyester architecture
known to exhibit several phases and signatures of glass,
matic, smectic, and isotropic phases have been seen [5]
addition, indications of coexistence between these pha
are observed. The simplest mean-field description that
cludes this effect is that of Maier and Saupe [13]. Th
model is appropriate for materials with a disordered and
2472
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ordered (nematic) phase which are coexisting in a certa
temperature range. The Maier-Saupe potential is of t
form W su, wd  c0S cos2 b 1 const, wherec0 is a con-
stant. With this choice we find the important prediction

dsDfd
dt

Ç
t0

 KI ,

K 
pdN

15´0nlP
ATCaTCsqS2

0 2 1d , (7)

whereq  aCT yaTC and S0 is the initial order parame-
ter. As demonstrated in Fig. 1 this linear intensity de
pendence has been confirmed experimentally using d
from Ref. [9] and, hence, the value ofK has been de-
termined. A linear dependence is a unique signature
absorption-induced reorientation and should be compar
with the highly nonlinear dependence of ordinary liq
uid crystals due to the Fréedericksz transition [1]. It is
however, not exclusive to the multidomain model, as
seen by takingS0  0 in Eq. (7). In the range6.73 #

c0 # 7.5 the Maier-Saupe potential admits two solution
[13], viz., a disordered onesS0  0d and an ordered one
sS0 $ 0.32d. Even though the disordered solution strictly
speaking represents an isotropic phase, it is assumed
this solution is a reasonable description of poorly ordere
phasessS0 ø 0d as well. We have used the various pa
rameters of the theory as fitting parameters in order
compare experimental phase-difference curves [9] (all o
tained atT  20 ±C) with Eq. (6). From this compari-
son it is found that the caseS0 $ 0.32 cannot reproduce
the experimental data whereas forS0  0.01 very good
agreement between theory and experiment has been
tained. This finding is supported by differential scan
ning calorimetry and x-ray investigations [11] showing
that the initial mesophase is indeed a poorly ordered n
matic or smectic. The simulations based on the valueS0 
0.01 are shown in Fig. 2. The best fit has been obtaine
with the valuesc0  6.8, ATC  0.26 3 1023 cm2ymJ,
ACT  0.96 3 1023 cm2ymJ, q  0.20, t  10 s, and

FIG. 1. Experimental values of the initial slope of the pho
toinduced phase difference as a function of intensity. The so
line is a linear fit to the data.
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FIG. 2. The experimental phase-difference curves (solid line
and theoretical predictions (dashed lines) for five values of th
writing intensity.

Ith  135 mWycm2. From the experimental absorption
spectrum [10] thetrans ! cis absorption cross section
can be determined, and together with the above val
of ATC this allows us to determine the quantum effi
ciency fTC with the result fTC  5%. Furthermore,
from the values ofK and the above parameters the fol
lowing values of the polarizabilities (usingd  400 nm,
lP  632.8 nm, andn  1.5) are found:aTC  1.2 3

10234 F cm2 and aCT  2.4 3 10235 F cm2. The quan-
tum efficiencyfTC of 5% is of the same order of mag-
nitude as the experimental value for another azobenze
compound, viz., PMMA-DR1 [14], and a ratio ofACT

to ATC of approximately 3.7 also seems reasonable, bea
ing in mind thatcis ! trans isomerization is quasireso-
nantly excited. The polarizability ratioaCT yaTC  0.20
obtained from the best fit to experiments agrees with th
suggestion [14] that thecis form is less anisotropic than the
transform and, therefore, has a smaller oscillator strengt
Also, the value oft coincides with the decay time found
in experiments by observing the decay of the induce
anisotropy [5]. Finally, the fitted value ofIth is much
larger than the value,1 mWycm2 reported for hydropho-
bic azobenzene (HA) dyes [12]. The threshold, how
ever, is determined by the excitation rate, i.e.,IthsTCfTC,
rather than the photon flux, and since the present val
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of sTCfTC is approximately 100 times less than that o
HA dyes [7] this suggests a valueIth ø 100 mWycm2 in
agreement with the fitted result.

In conclusion, we have constructed a novel mean-fie
theory of photoinduced reorientation in liquid crystallin
side-chain polymers which for the first time provides a
explanation for several experimental observations inclu
ing the long-term stability and the intensity dependence
photoinduced anisotropy.
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