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Spatial orientational structures in the layers of liquid crystalline polymalonates
are investigated using UV absorption method and the results of null ellipsom-
etry technique. Preferential in-plane alignment of azobenzene fragments and
in-plane reorientation under irradiation with polarized UV light are established.
The components of the order parameter tensor of azobenzene fragments are
estimated for the initial state and after different doses of irradiation. The uni-
axial as well as biaxial order of the azobenzene chromophores are detected.
The biaxiality is observed in the intermediate stages of irradiation, whereas the
uniaxial order is realized in the saturated state. The proposed theory takes into
account biaxiality of the induced structures and describes well experimental
dependencies of the order parameter components on the time of irradiation.
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1. INTRODUCTION

The photoinduced anisotropy (POA) in azopolymer films is a well-known phe-
nomenon extremely promising for application in the systems of optical storage and
computing, telecommunication, holography etc. [ 1]. Besides, photooriented polymer
layers are excellent aligning substrates for liquid crystals [ 2]. Microscopic origin of
POA in azopolymers is assumed to be a photoinduced orientational ordering of
azobenzene moieties in the direction perpendicular to polarization direction of the
exciting light E. Mechanisms of such orientational ordering are described elsewhere [
1, 3]. As far as spatial case is concerned, there are many directions perpendicular
to E. The variety of orientational 3D structures (uniaxial, biaxial, splayed with dif-
ferent spatial orientation of the principle axes) can be observed depending on many
factors such as chemical structure, method of film preparation, irradiation condi-
tions and so on. The study of the 3D orientational structures in polymer films was
restrained with the lack of effective experimental methods. The known approaches [
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4, 5] are associated with limited field of application and strong approximations. For
the sake of simplicity, in the experimental studies [ 1, 6, 7] and even in theoretical
calculations [ 3] uniaxial ordering had been assumed. The first attempt to estimate
the biaxiality was by Wiesner et al. [ 5] that used the results of IR absorption.
The weak point of the approach [ 5] is that it can be applied only for the spe-
cial orientational configuration and requires knowledge of the original orientational
structure. We used this method to process the data of UV absorption. On the other
hand, the method of null ellipsometry is complementary to the UV spectroscopic
measurements. By using it we estimated [ 8, 9] the type of the 3D orientational
configuration before irradiation and after subsequent periods of irradiation. These
results combined with the UV absorption measurements allowed us to estimate the
components of order parameter tensor of azobenzene chromophores. Our theoreti-
cal approach to the photoinduced ordering in azopolymers is based on kinetic rate
equations extended to take into consideration biaxiality of the induced structures.
As a result we computed the order parameter components of azobenzene units for
different irradiation doses. Predictions of the theory are in good agreement with the
data obtained experimentally.

2. EXPERIMENTAL

2.1. Samples

We used poly[octyl(4-hexyloxy-4'-nitro)azobenzenemalonate] synthesis of which
is described in [ 10]. The polymer was solved in dichloroethane and spincoated on
the quartz slabs. The prepared films were kept at the room temperature for 24 h for
the evaporation of solvent. To induce anisotropy in the films, we used the irradiation
of a Hg lamp. Intensity of the actinic light was about 4.0 mW. A Glan-Thomson
polarizer was applied for the polarization of UV light. A normal incidence of the
actinic light was used in our studies. The irradiation was provided in several steps
followed by absorption measurements.

2.2. Method

The UV/Vis absorption measurements were carried out using PC conjugated
spectrometer KSVU (LOMO, Russia). The wavelength of testing light was tuned to
the absorption maximum of azobenzene fragments. The testing beam was polarized
and directed normally to film plane. Absorption components in the direction of
exciting light polarization E and perpendicularly to E were measured. We denote
them as Dx and Dy, respectively. The out-of-plane absorption component, Dz , was
estimated by making use the method proposed in [ 5]. The latter assumes that the
sample has uniaxial structure with in-plane position of the axis of anisotropy at the
instant of time t0. It implies that Dz(t0) = Dx(t0) and the total (spatial) absorption
can be estimated as follows

Dtotal = Dx(t0) +Dy(t0) +Dz(t0) = 2Dx(t0) +Dy(t0) : (1)
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When the number of trans azobenzene units does not change considerably, the total
absorption is constant and the value of Dz at instant of time t can be determined
from the following equation:

Dz(t) = Dtotal �Dx(t) �Dy(t) ; (2)
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Figure 1. Dependencies of (a) the principle absorption coefficients and (b) com-
ponents of the order parameter on irradiation time.

where Dx(t) and Dy(t) are experimentally measured parameters.

2.3. Results and discussion

The UV/Vis spectra of studied compound have intensive absorption band with
the maximum at �t = 377 nm corresponding to ��� transition of trans azoben-
zene fragments. The wavelength of the testing beam was tuned to this value. After
switching off actinic light the spectrum revealed changes that became stationary for
approximately 5 min. In order to have the azobenzene units relaxed to the stationary
state, the components Dx and Dy were measured in 15 min after each irradiation
period.

In order to estimate a lifetime of cis isomers we have measured relaxation of the
spectral changes at �t = 377 nm after irradiation with non-polarized light. Incidence
directions of both actinic and testing light were approximately normal to the film.
It was found that the relaxation curve contains two components with characteristic
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times of 0.5 s and 4 min, respectively. The first value can be attributed to cis -
trans transition of azobenzene chromophores, whereas the second one corresponds
to orientational relaxation of the units.

The experimentally measured absorption components Dx and Dy for different
irradiation doses are presented in Fig. 1a. Kinetics of Dx and Dy is typical for
reorientation mechanism of azobenzene units [ 3]. Both curves Dx(t) and Dy(t)
reveal saturation. As it was earlier shown by null ellipsometry method [ 8, 9], the
saturated state of the film of studied polymer is fitted as uniaxial structure with the
in-plane orientation of the axis of anisotropy. Taking it into account and additionally
assuming that lifetime of cis form is about 0.5 s we arrive at the conclusion that, in
our experimental case, the method described above can be applied to estimate Dz .
The values of Dz calculated by means of Eqs. (1)-(2) are also presented in Fig. 1a.
Dependencies Dx(t), Dy(t) andDx(t) show that the photoinduced ordering is mainly
due to the in-plane reorientation of azobenzene fragments in the y direction. In
addition, slight reorientation from x to z direction is observed.

The orientational structure in general case is described by the tensor Sij, which is
diagonal when the coordinate axes directed along the principle axes of the film. The
diagonal elements Sxx � Sx, Syy � Sy and Szz � Sx are related to the absorption
components Dx, Dy and Dz [ 5]. For example,

Sx =
2Dx � (Dy + Dz)

2(Dx +Dy +Dz)
: (3)

The components Sy and Sz can be obtained by the cyclic permutation in the
expression (3). The values of Sx, Sy and Sz calculated using equation (3) are pre-
sented in Fig. 1b. It is seen that initial stage of irradiation is characterized by
biaxiality, whereas the photosaturated stage by uniaxial orientation with order pa-
rameter about 0.7. According to [ 9], the uniaxiality of the saturated state could
be caused by mesomorphic properties of azobenzene fragments. The action of ac-
tinic light then can be considered as a factor stimulated selforganization peculiar
to mesophases [ 11]. From this point of view, the realized structure is a result of
photoreorientation and selfassembling processes in the film.

3. THEORY

In this section we discuss briefly our theoretical approach to kinetics of the
photoinduced reorientation. Starting from the master equations, we then specialize
the rates of involved transitions. The final kinetic equations for order parameters are
derived after making assumptions on the form of angular redistribution probabilities.
In addition, this phenomenological model includes a set of order parameters that
characterizes main chain orientation of the polymer.

3.1. Master equations

In what follows we shall assume that the dye molecules in the ground state
are of trans form with the orientation of the molecular axis defined by the unit
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vector n̂. The latter is specified by the polar, �, and azimuthal, �, angles: n̂ =
(sin � cos �; sin � sin �; cos �).

Angular distribution of the trans molecules is characterized by the distribution
function Ftr(n̂). Molecules in the excited state have the cis conformation and the
corresponding distribution function is Fcis(n̂). Then for the number of trans and cis

molecules we have

Ntr =

Z
Ftr(n̂) dn̂; Ncis =

Z
Fcis(n̂) dn̂; N = Ntr +Ncis ; (4)

respectively, and N is the total number of molecules.
Introducing the normalized distribution functions f1(n̂) � Ftr=N and f2(n̂) �

Fcis=N , we write the kinetic rate equations of the following general form [ 12, 13]:

@fi
@t

=

�
dfi
dt

�
Di�

+
2X

j=1

Z
[Wij(n̂; n̂

0) fj(n̂
0; t)�Wji(n̂

0; n̂) fi(n̂; t) ; ] dn̂
0 ; (5)

where i = 1; 2. The first term on the right hand side of Eq. (5) is due to rotational
diffusion of molecules in trans (i = 1) and cis (i = 2) conformations, so that the
terms proportional toWii can be incorporated into the diffusion term. The remaining
part of Eq. (5) accounts for trans�cis (terms proportional to W21) and cis�trans

(terms proportional to W12) transitions.
The trans�cis transition is stimulated by the incident UV�light quasiresonant

to the corresponding transition. Assuming that the electromagnetic wave is linearly
polarized along the x�axis, the rate of the transition can be written as follows [
3, 14]:

W21(n̂; n̂
0) = �tr(n̂; n̂

0)Ptr(n̂
0) ; (6)

Ptr(n̂
0) = �tr!cis

X
i;j

�(tr)ij (n̂0)EiE
�
j = qtI(1 + u n2x) ; (7)

where �(tr)(n̂) is the tensor of absorption cross section for trans molecule oriented

along n̂: �
(tr)
ij = �

(tr)
? Æij + (�

(tr)

jj � �
(tr)
? ) ni nj , u � (�

(tr)

jj � �
(tr)
? )=�

(tr)
? and �tr!cis is

the quantum yield of the process; �tr(n̂; n̂0) describes the angular redistribution of
molecules excited in the cis state; I is the pumping intensity.

For the cis�trans transition along the same line of arguments we have

W12(n̂; n̂
0) = (
c + qcI) �c(n̂; n̂

0); qc � �cis!trans�
(cis) ; (8)

where 
c � 1=�c, �c is the life time of cis molecule and the anisotropic part of

absorption cross section is disregarded, �
(cis)
jj = �

(cis)
? � �(cis).

3.2. Order parameters

The following three order parameters are of our primary concern:

Sx = h 3n2x � 1 i=2 � �S0=2+
p
3=2S2; (9a)

Sy = h 3n2y � 1 i=2 � �S0=2�
p

3=2S2; (9b)

Sz = h 3n2z � 1 i=2� S0 ; (9c)
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where h	i �
Z

	f1 dn̂.

We can now expand the distribution functions fi(n̂) over spherical functions
and derive equations for the corresponding components. The next step involves
truncating the system and computing the kernels of angular redistribution. Omitting
the details, in the simplest case, we have the following system of kinetic equations:

@n

@t
= �(
c + qcI) n + �qtI(1� n + �uSx) ; (10a)

@Si

@t
= ��qtI

"X
j=0;2

wij Sj � v(1� n)(Æi;0 �
p
3=8Æi;2)

#
�

� (�qtI + Dt)(Si � S
(p)
i ) + (
c + qcI)�c Ci ; (10b)

@Ci

@t
= �(
c + qcI +Dc)Ci ; (10c)

@S(p)
i

@t
= 
p (Si � S

(p)
i ) ; i = 0; 2 ; (10d)

where n � Ncis=N , �qt � qt(1+ u=3), �u � 2u=(3+ u), v � �u [10�]�1=2, w22 = �w00 =

�u=7, w02 = �2w20 =
p
6w00; Dc � 6D

(cis)
r and Dt � 6D

(tr)
r are rotational diffusion

constants of cis and trans molecules, respectively. Additional order parameters Ci

and S(p)
i characterize ordering of intermediate states of cis molecules and ordering

of polymer backbone [ 15], respectively.

3.3. Steady state

Eqs. (10) yield the uniaxial stationary state with

S(st)
x = S(st)

z = S(st)
0 () S(st)

2 =
p
3=2S(st)

0 :

The result is

S
(st)
0 =

�v

w00 +
p
3=2w02 + �v

; 1� nst = �� �S
(st)
0 ; (11)

where

� =

c + qcI


c + (qc + �qt)I
; � =

�u�qtI


c + (qc + �qt)I
:

According to Fig. 1b, experimental data give S(st)
z = S(st)

y � �0:267. Assuming

that u = 19, �(cis) � �(tr)? , and qt=qc � 30 (see [ 15]), as it is shown in Fig. 2, the
relevant steady state order parameters can be calculated from Eq. (11).

Referring to Fig. 2, it is seen that the experimental value of Sz corresponds to

c � 2:68 �qtI. From Eq. (11) we can now calculate nst: nst � 0:14. According to [
3, 14], the mechanism of reorientation in our case, where fraction of cis molecules
in photosteady state is found to be relatively small, corresponds to angular redistri-
bution.
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Figure 2. Stationary value of Sz vs 
c � 1=�c computed from Eq. (11). The
life time of cis molecules is scaled by �qtI. The marked point corresponds to the

experimental steady state value of Sz , S
(st)
z � �0:267.

4. CONCLUSIONS

We have thus demonstated that UV absorption method supplemented by the
null ellipsometry technique is an effective tool for investigation of the features of
spatial ordering in azopolymer films. This method is shown to detect spatial rear-
rangement of chromophores under irradiation. In addition, it enables us to calculate
the components of order parameter tensor for the original structures of the films as
well as for structures at various stages of irradiation.

Our theoretical approach to the kinetics of photoinduced reorientation is based
on master equations with allowance for biaxiality. Predictions of the simple phe-
nomenological model proposed in this paper are in good agreement with experimen-
tal data as far as kinetics of order parameters and photosteady state are concerned.

Despite, for brevity, the details of underlying theoretical considerations had been
almost completely left aside this paper, it should be emphasized that angular redis-
tribution is of crucial importance in our approach. Moreover, in order to account for
long term stability of the photoinduced isomerization more sophisticated treatment
would involve development of an effective medium theory. We will publish more
comprehensive discussion of the theory elsewhere.
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Ïðî äâîâiñíiñòü ôîòîiíäóêîâàíèõ ñòðóêòóð â àçîïîëiìåðíèõ ïëiâêàõ

Ïðî äâîâiñíiñòü ôîòîiíäóêîâàíèõ ñòðóêòóð â àçîïîëiìåðíèõ

ïëiâêàõ

Î. Êèñåëüîâ1, Î. ßðîùóê2, Þ. Çàêðåâñüêèé2, Î. Òåðåùåíêî2

1 ×åðíiãiâñüêèé òåõíîëîãi÷íèé óíiâåðñèòåò, âóë. Øåâ÷åíêà 95, 14027
×åðíiãiâ, Óêðà¨íà

2 Iíñòèòóò ôiçèêè ÍÀÍÓ, ïðîñïåêò Íàóêè 46, 03028 Êè¨â, Óêðà¨íà

Øëÿõîì âèêîðèñòàííÿ ìåòîäó ÓÔ ïîãëèíàííÿ òà ðåçóëüòàòiâ åëiïñîìåò-
ðè÷íèõ âèìiðþâàíü âèâ÷åíi ïðîñòîðîâi îði¹íòàöiéíi ñòðóêòóðè â øàðàõ ðiä-
êîêðèñòàëi÷íèõ ïîëiìåðiâ. Âñòàíîâëåíî, ùî ïiä äi¹þ ïîëÿðèçîâàíîãî ÓÔ
âèïðîìiíþâàííÿ àçîáåíçîëüíi ôðàãìåíòè îði¹íòóþòüñÿ ïåðåâàæíî â ïëî-
ùèíi. Îòðèìàíî îöiíêó äëÿ êîìïîíåíòiâ òåíçîðà ïàðàìåòðà ïîðÿäêó ÿê
ó ïî÷àòêîâîìó ñòàíi, òàê i ïiñëÿ ðiçíèõ äîç îïðîìiíþâàííÿ. Âèÿâëåíî ÿê
îäíîâiñíå òàê i äâîâiñíå âïîðÿäêóâàííÿ àçîáåíçîëüíèõ õðîìîôîðíèõ ãðóï.
Ïðè÷îìó äâîâiñíiñòü ñïîñòåðiãà¹òüñÿ ó ïðîìiæíié ñòàäi¨ îïðîìiíþâàííÿ,
òîäi ÿê îäíîâiñíèé ñòàí ðåàëiçó¹òüñÿ â ðåæèìi íàñè÷åííÿ. Çàïðîïîíîâàíà
òåîðiÿ âðàõîâó¹ äâîâiñíiñòü iíäóêîâàíèõ ñòðóêòóð i äîáðå îïèñó¹ åêñïåðè-
ìåíòàëüíi çàëåæíîñòi êîìïîíåíòiâ ïàðàìåòðà ïîðÿäêó âiä ÷àñó îïðîìiíþ-
âàííÿ.

Êëþ÷îâi ñëîâà: àçîïîëiìåð, ôîòîiíäóêîâàíà àíiçîòðîïiÿ, ïðîñòîðîâà
îði¹íòàöiÿ.
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