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bstract
A study was made of the formation of optical absorption anisotropy over the temperature range of 231.5–244 K in o-terphenyl, doped with an azo
ye under linearly polarized light irradiation. The reorientation of dye molecules results from a succession of isomerization acts. The direction of a
ransition dipole upon isomerization for most of the molecules changes by angle of several degrees. A small fraction of molecules is characterized
y a greater turn angle of approximately 37◦.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the last decade, much attention has been focused on the
hoto orientation of dye molecules in solid matrices. The interest
o this system is caused by its using for the creation of devices for
he storage of information and other optical instruments. Many
orks devoted to this problem has been published. Most of the

esults obtained are included in the book of Sekkat and Knoll
1]. References in the present paper are not complete and reflect
nly the main aspects of the problem under study. The majority
f studies are concerned with specially synthesized polymers in
hich a chromophor azo group is linked to the polymer chain

2–12], solutions of azo dyes in polymers [2,13–15] and layers
ontaining azo dyes [16–18].

It is established that the photo orientation of dye molecules
n polymers occurs during the reversible photoreaction of the
is–trans isomerization of azo molecules. The photo isomeriza-
ion of trans molecules into the cis ones and vice versa occurs
nder irradiation with linearly polarized light in the absorption
and of an azo compound. In this case, the dye molecules are ori-
nted so that their transition dipoles tend to be in the plane which
s perpendicular to the light polarization vector. The kinetics of

hoto orientation and the value of anisotropy depend substan-
ially on a polymer structure [4,5,10–12,14] and relative rates of
he photoinduced and dark isomerizations [6,10].

∗ Corresponding author. Tel.: +7 3833333456; fax: 7 383 330 7350.
E-mail address: grebenk@ns.kinetics.nsc.ru (S.Yu. Grebenkin).
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Much attention is paid to the study of the influence on the
rocess of the photo orientation of polymer origin, the rigidity
f its main chain, the origin of the link between azo chromophore
nd polymer chain, the value and distribution of a free polymer
olume, and the temperature of polymer matrix vitrification. A
heoretical description of the process of photo orientation kinet-
cs by a system of integro-differential equations is presented
2,7,10,19]. The method of its solution is based on the expan-
ion of the required functions in terms of Legendre polynomials.
his allows one to compare in some cases theoretical curves with
xperimental results.

Although there is a great number of works, the mechanism of
hoto orientation is not clearly understood. In the present work,
e have studied in detail the photoinduced formation of optical

bsorption anisotropy in the low-molecular weight matrix of o-
erphenyl (OTP) doped with azo dye. It is shown that in this case,
here is the process of the photo orientation of azo dye molecules.
s in the case of polymers, photo orientation occurs upon the

epeating cycles of cis–trans photo isomerization. A theoretical
alculation of the evolution of optical anisotropy was performed
o determine the kinematics of transition dipole rotation under
ight irradiation. We have derived explicit equations to describe
he process in two cases: (i) the case of molecule rotation through

random angle, and (ii) the case of the turns of fixed values
ssociated with each act of isomerization. The time dependence

f the anisotropy was fitted by a numerical solution of a system
f differential equations.

The photo orientation of azo molecules in low-molecular
eight matrices was studied only in the 60-s by Stolbova and

mailto:grebenk@ns.kinetics.nsc.ru
dx.doi.org/10.1016/j.jphotochem.2006.04.009
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o-workers [20–22], who were the first to explain a given
henomenon. The study was carried out for the system azo
ye–glycerol. The evolution of the photo orientation of azo dye
olecules in low-molecular weight matrices has not been stud-

ed until now.

. Experimental

.1. Experimental setup

The anisotropy formation kinetics were monitored by mea-
uring a sample absorbance (spectrophotometer SPECORD UV
IS, Carl Zeiss JENA) at a wavelength of absorption maxi-
um of trans isomer (388 nm). Design of the spectrophotometer

llows obtain absorbance values in a digital form. The sketch of
he experimental setup is depicted in Fig. 1.

The temperature controlled (temperature controller Polikon
13, Thermex, S.-Petersburg) aluminium cell equipped with
uartz windows for probe and photolytic beams was placed in
he spectrophotometer. The cell was cooled by gaseous nitrogen
vaporated in a Dewar flask and passed through the channels
rilled in the cell walls. The sample temperature was kept con-
tant to within ±0.1 K. The measuring accuracy of temperature
as ±0.3 K.
A 500 W high-pressure mercury arc lamp (DRSh-500-

M) operating on direct current was used as a source

f irradiation light. The time stability of light flux was
1%. The light intensity at 546 nm measured by the rate

f azobenzene photo iso-merization in isooctane [23] was
7.6 ± 0.8) × 1016 photons s−l cm−2. The required line of mer-

Fig. 1. Schematic representation of the experimental setup.
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Fig. 2. The chemical structure of NAMB.

ury spectrum was isolated by the standard set of glass filters
mmersed in water bath.

The light absorption by the sample at 546 nm does not
xceed 1%. Therefore, the light intensity was considered con-
tant throughout the sample.

To obtain a polarized light the polarizers from LOMO PLC
ere used. We experimentally determined that the contrast of

he polarizers at 546 nm is more than 4.7 × 102. To polarize the
robe beam the polarizer was installed directly behind the probe
ight source inside the spectrophotometer. A homemade holder
llows two fixed positions of the polarizer at which probe light
as either vertical or horizontal polarization. Because of light
ttenuation by polarizer, a more powerful incandescent lamp
f 50 W (Royal Philips Electronics) was used as a probe light
ource. It takes about two seconds to change the orientation of
he polarizer manually.

.2. Sample preparation

The OTP powder (Fluka, ≥99.0% (GC), mp 329–332 K)
as used as recieved. Azo dye (1-naphthyl-azomethoxybenzene,
AMB) was synthesized in our lab in accordance with [24] and
sed after thin-layer chromatography purification. Its chemical
tructure is depicted in Fig. 2.

The OTP powder was placed in a Pyrex ampoule with a rect-
ngular cross-section of 1 mm × 8 mm and a height of 15 mm.
he OTP was melted in the ampoule and then the azo dye was
issolved there. The concentration of NAMB in solution was
bout 4 × l0−4 mol/l.

The ampoule with a solution was kept at 373–393 K during
.5 h. After the warming no crystallization of OTP occurred at
oom temperature for several months.

After heating, the ampoule has been kept at room temperature
or 3 min and then placed into the cell cooled to experimental
emperature. The samples obtained in such a way did not crack
nd contained no bubbles. The ampoule was mounted in the cell
o that the angles between the light beams and the plane of the
ace 15 × 8 were 45◦. After 17 h of exposure at experimental
emperature in darkness the anisotropy formation kinetics was

easured. To create the anisotropy the sample was irradiated
ith vertically polarized light 546 nm.
The tetracene (UNION REAGENT) was used after recrys-

allization.
. Results and discussion

Under light irradiation, the NAMB molecules undergo
is–trans isomerization. A photostationary content of isomers
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Fig. 3. UV–vis absorption spectrums of NAMB in OTP before irradiation (top
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anisotropy suppose the rotation of molecules as a whole in con-
sequence of either (i) diffusion in cis and trans states, without
rotation in photo isomerization process or (ii) rotation in photo

Fig. 5. (a) Absorption evolution of NAMB in OTP during irradiation with the
urve) and after 2.5 h of irradiation with vertically polarized light 546 nm (middle
nd bottom curves), 239 K. The polarization of the probe light is horizontal
middle curve) and vertical (bottom curve).

epends on the light wavelength. The dark cis → trans iso-
erization occurs with a noticeable rate near and above room

emperature. In the temperature range, used in the present work,
he rate of this process is negligibly low.

Fig. 3 shows the spectra of optical absorption of NAMB in
TP before and after irradiation of the sample with linearly
olarized light (546 nm). A maximum of trans isomer absorp-
ion is at a wavelength of 388 nm. Light irradiation leads to a
ecrease in sample absorption over the trans isomer absorption
ange. As indicated by the figure, after irradiation with linearly
olarized light, the sample absorption spectrum depends on the
robing light polarization. The figure clearly demonstrates the
ppearance of optical absorption anisotropy upon cis–trans iso-
erization.
A quantitative description of experimental data was per-

ormed using the value of sample anisotropy which is defined
s

0(t) = Abs⊥(t) − Abs‖(t)

2Abs⊥(0) + Abs‖(0)
, (1)

here Abs⊥ and Abs|| are the absorbances of the sample at
88 nm measured using the horizontal and vertical polarizations
f probing light, respectively. As follows from Eq. (1), the A0(t)
alue is a one third of difference in the Abs⊥ (t) and Abs|| (t)
alues normalized to the initial isotropic absorbance.

Formation of the optical absorption anisotropy has been stud-
ed over the temperature range of 231.5–244 K with a step of
.5 K. The typical curves of anisotropy formation under sample
rradiation with a vertically polarized light of 546 nm are shown
n Fig. 4. The figure presents the experimental results that cor-
espond to the extreme points of the temperature range studied.
he curve of anisotropy formation at 231.5 nm was obtained in

ne measurement. The curve obtained at 244 K is the superpo-
ition of the data of two individual measurements.

Fig. 5a shows the time evolution of Abs⊥ and Abs|| values
t 239 K. A corresponding time dependence of anisotropy is

v
v
t
a
(

ig. 4. Formation of the sample anisotropy under irradiation with the vertically
olarized light 546 nm. The solid lines serve to guide the eyes.

iven in Fig. 5b. The Abs|| value decreases rapidly over the
nitial period of time. Under further irradiation, it continues to
ecrease but more slowly. The time dependence of Abs⊥ value
isplays a minimum. A similar behavior of the Abs⊥ and Abs||
alues has been observed for polymeric systems [6,10].

Two possible explanations for the formation of optical
ertically polarized light 546 nm, monitoring by horizontally (top curve) and
ertically (bottom curve) polarized light. (b) Corresponding anisotropy forma-
ion curve, 239 K. Solid lines are fitting curves obtained using the Model of fixed
ngle turns and bimodal distribution of the dye molecules over the turn values
see text).
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somerization process, e.g., trans(θ1) → cis(θ2) → trans(θ3) →
· ·, where θi is the angle between the direction of light polar-
zation and the transition dipole of a dye molecule, θ1 �= θ3.

Let us consider the first case. With the proviso that the
oefficient of the rotational diffusion of cis particles exceeds a
orresponding value for trans particles and cis particles are char-
cterized by some isotropic proportion of absorption, a sequence
f the processes:

a) isomerization, trans(θ1) → cis(θ1),
b) diffusion, cis(θ1) → cis(θ2),
c) and back isomerization, cis(θ2) → trans(θ2),

an give rise to anisotropy. At the same time we suppose that
rans particles absorb the light according to pure dipole transition

echanism. The calculation of absorbance evolution have been
erformed for this case using Eqs. (2).

dnt(t, θ)

dt
= −Iσtφtc cos2 θ nt(t, θ) + Iσcφct(a + (1 − a) cos2 θ)

dnc(t, θ)

dt
= −Iσcφct(a + (1 − a) cos2 θ)nc(t, θ) + Iσtφtc cos2 θ

The initial conditions are

t(0, θ) = 1

4π
, nc(0, θ) = 0. (3)

Here and below, we follow the next notations: θ is the angle
etween the direction of light polarization (Z-axis ) and the
ransition dipole of a dye molecule, nt(t,θ), nc(t,θ) the angle
istribution functions for trans and cis molecules; due to axial
ymmetry these functions do not depend on the axial angle ϕ, I
s the light intensity, σt, σc the absorption cross-sections of trans
nd cis isomers at wavelength of photolysis, when θ = 0, φtc, φct
re the quantum yields of trans → cis and cis → trans isomer-
zation, respectively, a is the proportion of isotropic absorption
f cis isomer, Drott , Drotc the rotational diffusion coefficients of
rans and cis isomers and � is the Laplacian.

The balance equation hold for the angle distribution func-
ions:

2π

0

∫ π

0
(nt(t, θ) + nc(t, θ)) sin θ dθ dϕ = 1. (4)

The first and second terms in the right-hand sides of Eq. (2)
orrespond to the disappearance and production of the molecules
n a given conformation due to photo isomerization. The third
erm describes the rotational diffusion of molecules.

dnt(t, θ)

dt
= −Iσtφtc cos2 θ nt(t,

dnc(t, θ)

dt
= −Iσcφct cos2 θ nc(t
The fitting parameters which provide the best fitting
esult are: Drotc = 1.1 × 10−4 s−1, Drott = 3.2 × 10−5 s−1, and
= 0.15. At that, the calculated results agree well with the exper-

mental absorbance curves.

a
N
t
d
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θ) + Drott�nt(t, θ),

θ) + Drotc�nc(t, θ).
(2)

A more than three-fold difference in rotational diffusion coef-
cients of cis and trans molecules raises doubts. Actually, the

hree-fold difference in the rotational times was observed for the
olecules which strongly differ in their size, e.g., anthracene and

nthanthrene [25]. The sizes of NAMB isomers differ to a lesser
xtent, therefore hardly theirs rotational diffusion coefficients
iffer so strongly. Moreover, the molar volume, for example, of
is stilbene, a molecule which structure is close to structure of
zobenzene, in solution is larger than that of trans stilbene [26].

Therefore, we conclude that the optical anisotropy of the sam-
le is formed rather by the series of photo transformations. At
he same time, we assume that the above-stated mechanism in
ome extent can also yield anisotropy of OTP matrix doped with
AMB.

The question about the angle value through which the NAMB
olecule rotates upon photo isomerization calls for special

tudying. Let us consider two models corresponding to the sim-
lest cases. In the framework of the first model, the direction
f transition dipole changes randomly with isomerization and
new direction is equiprobable. The second model assumes a

hange in the transition dipole direction by a fixed angle value.

.1. Model of random turns (RT)

We assume that rotation is performed with equal probability
hrough any angle, i.e., orientation of the product is quite ran-
om. Since glass is an isotropic medium, in the process under
tudy, all directions of spatial reorientation are equivalent. Let
xis Z be directed along the vector of irradiating light polar-
zation. Taking into account the process of thermal rotational
iffusion, the evolution of the orientational distribution function
or the molecules in the trans and cis states will obey the set of
q. (5). Similar equations in the general case were used earlier

n the works [2,7,10].

Iσcφct

∫ π/2

0
cos2 θ′ nc(t, θ′) sin θ′ dθ′ + Drot�nt(t, θ),

Iσtφtc

∫ π/2

0
cos2 θ′ nt(t, θ

′) sin θ′ dθ′ + Drot�nc(t, θ).

(5)

The initial conditions are set by Eq. (3). Drot is the rotational
iffusion coefficient of dye molecules. It is assumed that the
oefficients of the rotational diffusion of trans and cis molecules
re the same. The use of the identical coefficients of rotational
iffusion for trans and cis isomers is an approximation. We

ssume that the molar volumes of cis and trans isomers of
AMB and hence its diffusion constants do not differ essen-

ially. The validity of this assumption is supported by the reasons
iscussed above.
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ig. 6. Demonstration of fitting quality using different models. The dash and
olid curves represent the fitting with the Model of random turns, and Model of
xed angle turns, respectively, 239 K.

The numerical calculations indicate that system of Eq. (5)
ails to give even a rough description of experimental results.
hus, the assumption of the equiprobable turns of the NAMB
olecules upon photo isomerization does not represent the facts.
To get a better description of experimental data by the Model

f random turns we have introduced limitations to the area of
he available transition dipole directions of the dye molecule in
q. (5). We divided the total range of polar angle θ into N equal
arts and assume that the transition dipole with the polar angle
of the range between πn/N and π(n + 1)/N can fall, after photo

somerization, at any point of the same range.
The best fitting of the theoretical curve in the framework

f this model is achieved at N = 6. The corresponding curve is
hown in Fig. 6 by the dash line. As follows from the figure, the
odel mainly reflects all peculiarities of the time dependencies

f Abs⊥ and Abs||. In this case, however, it predicts a faster
eorientation of NAMB molecules. Indeed, the calculated Abs||
alues are strictly lower than the experimental points in the time
ange of 25–200 min. For the same reason, the calculated values
f Abs⊥ corresponding to the beginning of the process, exceed
he experimental values. The results obtained indicate that the
ontribution of turns by large angles in this model is too great.

.2. Model of fixed angle turns (FT)

In this model, transition dipoles turns is performed through
xed angle α. This idea was used also by Sekkat et al. in the
ork [7]. The orientational distribution function for the trans

somer obeys to equation (see Appendix A)

dnt(t, θ)

dt
= −Iσtφtc cos2 θ nt(t, θ) + Iσcφct

π

∫ θ+α

|θ−α|
nc(t, θ′)
× cos2 θ′ sin θ′ dθ′√
sin2α sin2 θ′ − (cos θ − cos α cos θ′)2

+ Drot�nt(t, θ). (6)

3

t
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The same equation can be given for the distribution function
f cis isomer. The initial conditions are set by Eq. (3).

Eq. (6) together with similar equation for nc(t,θ) allow numer-
cal computations of the distribution functions, nt(t,θ) and nc(t,θ)
t any moment of time. To fit the experimental curves, the val-
es kt ≡ I × σt × φtc, kc ≡ I × σc × φct, α and Drot were used as
tting parameters. The best fitting result obtained at α = 3.6◦ is
hown in Fig. 6 by solid lines. As follows from the figure, the
odel FT give a better agreement with experimental results than

he model RT. However, the noticeable deviations of the calcu-
ated values of Abs|| from the experimental points are observed
t times shorter than 80 min. This disagreement is caused by
oo slow reorientation of molecules in the framework of a given

odel. The attempt to increase the reorientation rate by increas-
ng the value of the turn worsens the quality of the fitting.

The description of experimental curves was essentially
mproved by using a bimodal distribution of NAMB molecules
ver the values of rotation angle. The dynamics of molecules in
ach ensemble was described by the model FT. The ensembles
ere assumed not to mix together. A small fraction of NAMB
olecules with a large rotation angle α2 was added to the main

nsemble of NAMB molecules with small rotation angle α1. All
tting parameters were the same for both ensembles but value of
otation angle. Fig. 5 demonstrates good description of experi-
ental data at 239 K when α1 = 3.6◦ and α2 = 29.1◦.
It is worth noting that a real distribution function over the

alues of rotation angle is, probably, a smooth angle function.
ubstituting this function by bimodal distribution is the approx-

mation. A fairly good description of experimental curves in the
ramework of this approximation is likely to indicate that a real
istribution function has a fairly sharp maximum near the deter-
ined value of the angle α1 and a wing which gradually tends

o zero toward large angles. The change in the α2 value from
9.1◦ to 45◦ leads to a negligible change in the weight of the
econd ensemble and has a small effect on the kinetic curves.
herefore, we estimate the value α2 to be 37 ± 10◦.

Table 1 summarizes the values of fitting parameters obtained
sing the FT model and a bimodal distribution of the molecules
ver the values of turn angle for several temperatures. The kc
alue of 7.5 × 10−2 s−1 was obtained by the fitting of the kinetic
urves of the anisotropy formation at 239 K. This value was
sed as a fixed parameter when fitting at other temperatures.
his approach is based on absence of temperature dependence
f the rate of cis → trans photo isomerization whereas the rate
f reverse process is strongly dependent on temperature [27]. As
ollows from the Table 1, the weight of the second ensemble is
ery small. This indicates that in most of the cases, the transi-
ion dipole turns in consequence of isomerization through about
he same angle. The determined rotational diffusion coefficients

rot agree very closely with that determined from anisotropy
ecay measurements for NAMB in OTP [28]. The values D∗

rot
etermined in these measurements are listed in the table.
.3. Does light energy enhance the rotation?

It may be suggested that a dissipation of energy of the pho-
on absorbed by a dye molecule causes a local “melting” of the
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Table 1
Fitting parameters obtained using the Model of fixed angle turns

T (K) kt (10−3 s−1)a Drot (10−5 s−1) D∗
rot (10−5 s−1)b α1 (◦) α2 (◦) W1

c

236.5 6.7 1.4 1.4 2.7 29.1 (fixed) 0.95
239 8.2 3.5 4.5 3.6 29.1 0.947
241.5 12.6 19.0 29.0 6.3 29.1 (fixed) 0.985
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a kt ≡ I × σt × φtc.
b D∗

rot is a value of rotational diffusion coefficient determined from anisotrop
c W1 is weight of the first ensemble.

atrix. As a result, the rotational mobility of the dye molecule
ncreases. The existence of such a mechanism was verified
xperimentally using tetracene. The size of the molecule of
etracene is close to that of the NAMB molecule but it under-
oes no conformational transformations. Since the light with a
avelength of 546 nm is weakly absorbed by tetracene the sam-
le was irradiated with light of a wavelength of either 405 or
36 nm. The sample absorbance was measured at a wavelength
f one of the tetracene absorption maxima (397 nm).

The irradiation of the tetracene-containing sample at 436 nm
or 160 min fails to give rise to optical absorption anisotropy.
here are two reasons for that: (i) light does not stimulate a

otation, (ii) quantity of light energy transformed by tetracene
olecule into heat per a second, Qtetr, is too small. Let us com-

are the value Qtetr with the energy dissipated into a matrix by
he NAMB molecule. The value Qtetr is given by

tetr = Iσtetr(1 − φF), (7)

here φF is the quantum yield of the fluorescence of tetracene.
The used light fluxes at 436 and 546 nm are comparable in

heir values.
The absorption cross-section of NAMB at 546 nm was esti-

ated to be less than that of tetracene at 436 nm by a factor of
pproximately 10. The absorption cross-section of tetracene was
stimated using the qualitative absorption spectrum measured by
s and the literature value of this value at 472 nm [29].

The quantum yield of tetracene fluorescence in ethanol and
enzene at room temperature is about 0.16 [30]. We have failed to
nd in the literature the data on tetracene fluorescence at 236.5 K
r at close temperatures. The data of [31] testify to a negligible
hange in the value of the quantum yield of anthracene fluores-
ence in 2-methylpentane and ethanol in the temperature range
f 235–300 K (φF ≈ 0.3). We assume that there are no strong
ariations in the quantum yield of tetracene fluorescence due to
decrease in temperature (from room temperature to 236.5 K).
hus, the main of the photon energy after light absorption by

etracene dissipates into heat.
It is concluded then that the amount of light energy converted

y the tetracene molecule per second into heat upon light absorp-
ion at 436 nm is not smaller than the amount of heat released
y the NAMB molecule upon light absorption at 546 nm.

The irradiation at 405 nm for 65 min gives anisotropy of

× 10−3 which is much smaller than the anisotropy observed

or NAMB. The optical density for both the vertical and horizon-
al polarized light decreases monotonically with the formation
f absorption anisotropy. This indicates that the appearance of

t
p
o
o

y measurements.

nisotropy is determined, in this case, by a selective photode-
omposition rather than the rotation of tetracene molecules.
his conclusion about the mechanism of the appearance of
nisotropic distribution of tetracene molecules in OTP under
inearly polarized light irradiation is confirmed by the work [32].

Thus, the release of the absorbed light energy into OTP matrix
s likely to cause no rotation of absorbing molecules.

. Conclusions

Irradiating azo dye solution in glassy OTP with linearly polar-
zed light gives rise to the optical absorption anisotropy of a
ample. This is induced by the rotation of dye molecules in con-
equence of the reverse cis ↔ trans photo isomerization. The
hotostimulated turns of the transition dipoles of most of the
olecules in OTP matrix is likely to occur with approximately

qual steps of several degrees in each act of photo isomeriza-
ion. The transition dipoles of a small fraction of molecules
urn through angle of 37 ± 10◦. The dissipation of the absorbed
hoton energy does not, probably, stimulate the rotation of
olecules in glassy OTP.
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ppendix A. Model of fixed angle turns: the deduction
f an equation for the orientational distribution function

Assume that axis Z is directed along the light polarization
ector. Because of axial symmetry, the angular distribution of
article orientations depends only on the polar angle θ. The angle
etween the vectors of transition dipoles of the product and the
recursor molecules upon isomerization is denoted by α. For
implicity, we assume that the vector of the transition dipole
urns through the same angle both in consequence of trans → cis
nd cis → trans processes.

The number of trans molecules, whose direction of the tran-
ition dipole is characterized by the angle θ decreases due to

he trans → cis isomerization and increases due to the reverse
rocess. Only the cis molecules which has the transition dipole
rientation in the range from |θ − α| to θ + α yield the increase
f this number. For trans molecules, the time dependence of the
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Fig. A1. Illustration for derivation of Eq. (6).

rientational distribution function nt(t, θ) follows the equation

d

dt

∫ 2π

ϕ=0
nt(t, θ) sin θ dθ dϕ

= −Iσtφtc cos2 θ

∫ 2π

ϕ=0
nt(t, θ) sin θ dθ dϕ+Iσcφct

×
∫ 2π

ϕ=0

∫ θ′=θ+α

θ′=|θ−α|
nc(t, θ′) cos2 θ′ sin2 θ′ dw(θ′, θ) dθ′ dϕ.

(A.1)

In the left-hand side of the equation, there is the rate of a
hange in the probability to find the transition dipole of trans
olecule in the range from θ to θ + dθ. In the right-hand side,

he first term describes a decrease of this probability due to
rans → cis photo isomerization and the second term describes
n increase of that due to cis → trans isomerization. The factor
w(θ′, θ) is the probability that a cis particle characterized by
orientation within the angle range θ′ − θ′ + dθ′ will transform

nto the trans particle having transition dipole direction in a
ange from θ to θ + dθ. The factor dw(θ′, θ) is of the form

w(θ′, θ) = dγ(θ′, θ)

π
. (A.2)

here dγ(θ′, θ) is the angle denoted in Fig. A1. In this figure,
he circle with center point O1 lies on the sphere of a unit radius
nd denotes all possible directions of trans dipole resulting from
somerization of the cis molecules whose dipoles directions are
assing through the point O1.

The angle between the ray OO1 and a ray passing through
and any point of this circle is α. The angle γ corresponds

o the arc of the circle between its upper point A and the point
′
haracterized by angle θ (point B). The angles θ, θ , α and γ are

elated by the equation

os θ = cos α cos θ′ + sin α sin θ′ cos γ. (A.3)

[
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Differentiating Eq. (A.3) at constant α and θ′, we get:

γ(θ′, θ) = sin θ dθ

sin α sin θ′ sin γ
. (A.4)

Expressing sin γ in terms of Eq. (A.3) and substituting it to
q. (A.4), we obtain:

γ(θ′, θ) = sin θ dθ√
sin2α sin2 θ′ − (cos θ − cos α cos θ′)2

. (A.5)

Integrating Eq. (A.1) over ϕ, using Eqs. (A.2) and (A.5) and
dding the term responsible for rotational diffusion, we obtain:

dnt(t, θ)

dt
= −Iφtcσt cos2 θ nt(t, θ) + Iφctσc

π

∫ θ+α

|θ−α|
nc(t, θ′)

× cos2 θ′ sin θ′ dθ′√
sin2 α sin2 θ′ − (cos θ − cos α cos θ′)2

+ Drot�nt(t, θ). (A.6)
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