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Mean-Field Theory of Photoinduced Molecular Reorientation in Azobenzene Liquid
Crystalline Side-Chain Polymers
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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 photoinducedrans < 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

Photoinduced reorientation of molecules in liquid crys-counting for the long-term stability. In addition, the in-
tals is a fascinating example of structural changes in @&rmolecular cooperativity within the individual domains
material upon illumination. In particular, the observationprovides an explanation for the intricate intensity depen-
of photoinduced birefringence [1] and collective rotationdence of the photoinduced anisotropy. Such a mech-
of molecules by a circularly polarized beam [2] in ne-anism is hard to realize in a model with independent
matic films demonstrates the versatility of light-matter in-molecules as the anisotropy simply reflects the number
teractions in materials with strong cooperativity betweerof absorbed photons. In Refs. [7,8] the framework of
molecules. Recently, similar effects have been observeHaltoet al. was applied to Langmuir-Blodgett films irradi-
in liquid crystalline azobenzene side-chain polymers [3-ated in the electronic absorption band where isomerization
5]. Even though these materials share many features wittennot account for the observed effects. In cases where
ordinary liquid crystals, the origin of photoinduced reori- trans < cis isomerization is the dominating source of
entation in these materials is quite different in nature. Inphotoinduced anisotropy, a similar model should be appli-
the case of ordinary (nonabsorbing) liquid crystals, reoricable, however, provided a few modifications are made.
entation occurs as a result of the electromagnetic torquin this manner, the highly attractive features of the model
exerted by the optical field. Because of the relativelyby Paltoet al.can be combined with the photoinduced
long time scale of the reorientation process, the opticalrans < cis mechanism responsible for the optical stor-
field is practically equivalent to a static field and, henceage process. In this Letter such a new mean-field theory
a Fréedericksz transition is observed [1]. Conversely, irof photoinduced anisotropy is constructed and compared
azobenzene compounds optical absorption plays a domivith the experimental results [9] for the azobenzene side-
nating role in the reorientation process [3—6]. Furtherchain polyester P6al2 described in Refs. [5,9-11].
more, the photoinduced birefringence has extremely high The essential quantity describing the anisotropic prop-
long-term stability and holograms recorded in both liquiderties of a liquid crystalline film is the angular distribution
crystalline [3—5] and glassy [6] polymers exist for severalof the mesogenic molecules, i.e., side-chain chromophores
years without any sign of degradation. This property hasn the present discussion. From the temporal evolution of
made azobenzene compounds very promising candidatése angular distribution the optical birefringence can be
for optical data storage technology. calculated as a function of illumination time and com-

So far the details of the reorientation process in lig-pared with experiments. Initially, the films are prepared
uid crystalline azobenzene side-chain polymers have noh a macroscopically isotropic state. In a multidomain
been clarified. It is generally accepted that reorientamodel this is equivalent to saying that the domain direc-
tion following photoinducedirans — cis isomerization tors are uniformly distributed. Furthermore, in a particu-
is the dominating mechanism in the storage process [3tar domain the angular distribution of chromophores will
5]. Any attempt to model the polymer material as a col-be symmetric around the director. During illumination
lection of independent mesogenic molecules undergoiny a linearly polarized laser beam, though, the probabil-
trans < cis isomerization will fail to explain the long- ity of a chromophore to absorb a photon is proportional
term stability, however. Clearly, even a minimal dif- to cog ¢, where 6 is the angle between the transition
fusion would be noticeable on a time scale of severatlipole moment of the chromophore and the laser polar-
years. Alternatively, Palt@t al.[7,8] have shown that ization. If, upon absorption, the chromophore undergoes
a multidomain model in which the molecules are sub-trans— cis or cis — trans isomerization, it will in gen-
ject to an ordering mean-field potential is capable of aceral change direction, say frof#', ¢’) to (6, ¢), in order to
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accommodate the structural change. The crucial point iand
the present context is that these events occur with a nonuni-

form probability of absorption proportional to cas. In ifc(g, ©) = Arclp(6, ¢)] fr(0, ¢)cos 6 dQ

a “frictionless” mean-field picture, the probability distri- dr

bution p(6, ¢) for finding a particular chromophore in a — Acrlfc(6, ¢)cos 6

small solid angled(} around an angular positiof®, ¢) 1

after isomerization is simply given by the equilibrium dis- + —[Nep8,0) — fe(0,0)]. ()
7-

tribution [7,8]
W) The various terms in these expressions are interpreted as
p(0,¢) = Ae o (1) follows: Focusing on the rate of change of tinans dis-
whereW (0, ¢) is the mean-field potential amdlis a nor- g,:lw:]'igﬂ’ tp}ggﬁhigg;e Cin? termasnlgtEq. (2_))arfe tit;g_rates
malization constant. Therefore, the nonuniform probabil- P ' rans rans = cis

ity of absorption depletes the smalld tail of the angular menzanon oceurs, respect!vely. R90r|entat|on following
is — trans isomerization is taken into account through

distribution and reorients the chromophores according t?he integration over solid angle in the first term. In addi-
Eg. (1). In tum, the asymmetry caused by the deficit 0tion, thecis — trans rate is proportional toic71 cos 6,

chromophores in the small9 tail is counteracted by ther- wherel is the incident intensity, and the transition coef-

mal relaxation processes trying to restore equilibrium. ItficientA — (hw)~'oerder is the product of the ab
CT — CTPCT -

is important to note that in the process of equilibrating an. otion cross sectiomr and the quantum efficienc
asymmetric distribution the domain director is rotated to- P cr q y

wards the region with an excess of chromophores. In thiébCT d'V'defd by Fhe photo_n energw. _Slmllarly, the
“ " . S frans — cis rate is proportional tai;¢c. Finally, the ther-
manner a “torque” is exerted on the entire domain via the

restoring force. Consequently, after illumination the distri-:g?el (r)(?Iﬁ])i(gtl?chs;eirs)rgzglﬁ?ngg t;h(?[htlrrglati;?éna;?qethe
bution of domain directors is uniaxial rather than uniform P y '

and as a result thmacroscopicequiibrium state has be- i 2 (NGRS S8 TERIR S B IR
come anisotropic. The new mean-field theory that follow: P !

I . . . She thermally induced reorientation leaves the total fraction
from this simple physical picture then provides an expla-

nation for the origin as well as the long-term stability of of trans forms unchanged. The various terms in Eq. (3)

the storage process. The lifetime of the macroscopic or2re perfectly analogous to those in Eq. (2) and their in-

der can be estimated from the relaxation tifnef domain terpretation is therefore straightforward. It is noted that

rotation. Because of the collective nature of this procesgven though theis form is thermally unstable, we have

it is assumed that is related to the relaxation time of a Nc9lected spontaneouss — rans transitions in the ex-
. L, : pressions above since the time scale (several hours) of this
single chromophore via 7 = n®r, wheren is the num-

ber of chromophores in the domain ands of the order process is orders of magnitude longer than the effects stud-

. ) . . ied here.
of unity (&« = 1 in case of mass-proportional relaxation). - . . .
Typically, for a 1 um?3domains =~ 10° andr ~ 10 s (see Initially, practically all chromophores will be in the ther-

below) and s@& = 300 yr in accordance with the observed .mfa.”y st_abletrarjs form _and so the polar angla, of the_
stability. initial director is identical to the polar angle at which

Now, since we deal with a mixture dfans and cis the distribution f7(0, ¢) is maximum. Experimentally,

forms, which generally have widely different absorptionthnedcé;e?r’a;rg?r;é;%nnsuﬁpéinqsiaﬂreen?nsgtz(fsxg';[giLlito]
cross sections, we have to introduce two distinct angula? q y y

distribution functions denoteg (6, ¢) and fc (6, o), re- at all times. If, furthermore, we assume that tfens dis-

spectively. The temporal evolution of these distributionslrioution remains approximately equilibrated, we can sim-

will involve two different processes: (i) photoinduced re- ply update the director angi2 by locating the maximum

. . . of f7(0, ¢) at a later timet. In this manner, however,
orientation reactions of the typgr(0’, ¢’) — fc(0, ¢) ! . . .
or £e(0', ') — fr(6, @) and (i) thermal relaxation pro- no account is taken of the interaction between domains

which in a real material will restrict the rotation of a do-
cessesfr(0, ¢) — p(0,¢) or fc(0,¢) — p(0, ¢) that

serve to restore equilibrium. Hence, the balance betwee ain. Physically, such domain-domain interactions may

these fundamental processes is described by the foIIowinl(gillr.'g'nate from mechanical stress [12] (and, in t_he case of
set of equations: in films, substrate anchoring effects may restrict rotation

[7]) but at present the specific nature of the interaction is

d unknown. A transparent way of incorporating this effect
EfT(H’ @) = Acrlp(0, 40)] fc(8,¢)cos 6dQ) is to introduce a threshold intensity [12], in the sense
that whenever the effective intensity in a particular do-
— Arclfr(6, ¢) cos main 7 cog § is less thanly,, the direction of the domain

1 is “frozen.” In addition, following Refs. [7,8] we can al-
+ —[Nrp(0.9) = fr(0.¢)]. () low for the strength of the mean-field potential to vary via
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the order-paramete, which is a measure of the degree of ordered (nematic) phase which are coexisting in a certain
alignment in a particular domain. For a single-componentemperature range. The Maier-Saupe potential is of the
material [13],Sis obtained as the angular average of theform W(8, ¢) = ¢S cog B + const, wherez, is a con-
second Legendre polynomi&(cosB) = %cos?,g — 5, stant. With this choice we find the important prediction
where 8 is the angle between a molecule and the domain d(Ad)

director. Hence, to treat theansandcis mixture we will = KI,

useS = (P,(cosB)), where(...) is taken to denote aver- drli=o
aging over angles as well as molecular forms. _ _mdN A §2 1 7
Once the angular distribution of transition dipole mo- 15epmAp rearc(gSo ). ()

ments in the material is detfermined, the optjcal prqpertie%hereq — acr/arc and S, is the initial order parame-
can be calculated from basic electrodynamics. With perger - As demonstrated in Fig. 1 this linear intensity de-
fectly anisotropic molecules the chromophore polarizabil,engence has been confirmed experimentally using data
ity tensor only has a smgle nonvanishing element (usm_ rom Ref. [9] and, hence, the value &f has been de-
the principle-axes coordinate system). For the two tranSigermined. A linear dependence is a unique signature of
tions this element is denote#c and acr, respectively.  ghsorption-induced reorientation and should be compared

Accordingly, the refractive index experienced by a probeiin the highly nonlinear dependence of ordinary lig-

beam polarized in a certain direction relative to the polaryq crystals due to the Fréedericksz transition [1].” It is,

ization of the writing beam can be calculated by projecty,,\vever not exclusive to the multidomain model, as is
ing the polarizability tensors onto this direction. We will goap, by takingS, = 0 in Eq. (7). In the rang®.73 =
assume that the contribution to the refractive index fromCO = 7.5 the Maier-Saupe potential admits two solutions
the polyester backbone, is isotropic. Therefore, for the [13], viz., a disordered onéS, = 0) and an ordered one
direction parallel(|) and perpendiculaf ) to the polar- ("> 32). Even though the disordered solution strictly
ization of the ertlr;g beam we find speaking represents an isotropic phase, it is assumed that
>, N (T this solution is a reasonable description of poorly ordered
=t £0 <]0 ]0 Larcfr(0.¢) + acrfc(0.¢)] phasesS, =~ 0) as well. We have used the various pa-
. rameters of the theory as fitting parameters in order to
X cos 6'sin6 df d¢> (4)  compare experimental phase-difference curves [9] (all ob-
80:%0 tained atT = 20 °C) with Eq. (6). From this compari-
and ) son it is found that the cas® = 0.32 cannot reproduce
» o, N (T the experimental data whereas iy = 0.01 very good
Lt <j;) j;) Larcfr(0. @) + acrfc(0.9)]  4greement between theory and experiment has been ob-
. tained. This finding is supported by differential scan-
X cos(p + yo)si' 0 d0d¢> : ning calorimetry and x-ray investigations [11] showing
%70 5 that the initial mesophase is indeed a poorly ordered ne-
(5) matic or smectic. The simulations based on the v&jue
In these expressiond\ denotes the density of chro- 0.01 are shown in Fig. 2. The best fit has been obtained
mophores,y, is the azimuthal angle of the direction,  with the valuescy = 6.8, Az¢ = 0.26 X 1073 cn?/mJ,
and(---)y denotes averaging with respect to the paramA.; = 0.96 X 1073 cn?/mJ, ¢ = 0.20, 7 = 10's, and
etersX. It can be shown that Egs. (4) and (5) yield the
following simple expression for the phase difference

TdN

wd @ L _
Ap = — ("|| —ny)= —— (arcar + aCTaC>50» = 0.030 m : exp. data for P6al2
Ap 2eonAp =
6) 0.025} .
( 5
whered is the sample thickness,s is the probe wave- S 0.020f )
length,m = (n + n,)/2 is the average index (taken as §/ 0.0151 |
its unperturbed value), and the coefficientsandac are N 1
given byayx = (fx(6, ¢)P>(cosh)) with X = T, C. é‘ 0.010+ -—.Linear fit: 2.95 10° T i
The choice of appropriate mean-field potential is adeli- - 0.005} o _
cate question. Experimentally, the polyester architecture is :‘é
known to exhibit several phases and signatures of glass, ne- =~ 0.000 , . . . . L]
matic, smectic, and isotropic phases have been seen [5]. In 0 200 400 600 800 1000
addition, indications of coexistence between these phases Intensity I [mW/cm’]

are observed. The simplest mean-field description that in. ;5 1. Experimental values of the initial slope of the pho-

cludes this effect is that of Maier and Saupe [13]. Thistoinduced phase difference as a function of intensity. The solid
model is appropriate for materials with a disordered and aiine is a linear fit to the data.
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024 . . . of orcdrc is approximately 100 times less than that of
= oxp. Intensity HA dyes [7] this suggests a valug =~ 100 mW/cn? in
£ 020] [mW/em? | agreement with the fitted result.
s lé)oo(? In conclusion, we have constructed a novel mean-field
ﬂ 016+ ] theory of photoinduced reorientation in liquid crystalline
% 0121 ggg ] side-chain polymers which for the first time provides an
g I ] explanation for several experimental observations includ-
5 0081 200 A ing the long-term stability and the intensity dependence of
% - photoinduced anisotropy.
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FIG. 2. The experimental phase-difference curves (solid Iiness\lo' 9502764 and No. 9600852.
and theoretical predictions (dashed lines) for five values of the
writing intensity.
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