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differs from the diffusion coefficient of B the disturbance of the initial uniform distribution of the total
photochrome concentration (A +B) along the light irradiation direction is observed. The greater the dif-
ference in diffusion coefficients, the greater the observed change in the total concentration distribution.
The effect of change in total concentration along the light irradiation direction is found experimentally
by the example of azobenzene dissolved in hydrogel and irradiated by UV light.
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1. Introduction It has been found that penetration of the wave into the sample
is determined by thermal reaction rate constants. The wave shape
is dependent on the ratio of the absorption coefficients of the initial
and the product form of the photochrome and the ratio of quantum
yields of photochemical reactions.

Until now, the influence of the diffusion mobility of reagents
on photochemical reactions in optically dense media has not been
examined. Meanwhile, it is well known that in reaction-diffusion
systems involving feedback, a large variety of dissipative struc-
tures form [15-19], e.g. traveling waves, standing waves, helical
and concentric waves and so on. The diffusion mobility of reagents
may cause non-trivial kinetic behavior in significantly more simple
systems as well. For example, unusual kinetics is observed in the
reaction-diffusion process of type A+ B — C, withinitially separated
components [20-28].

Photochemical reactions in optically dense media with limited
diffusion mobility take place in a variety of materials. Examples

The kinetics of photochemical reactions in optically dense media
essentially free from diffusion has been examined in several papers
[1-14]. A decrease in light intensity within the sample has been
found to be a significant feature of such systems. The outermost lay-
ers absorb light significantly; therefore the light intensity and the
photochemical reaction rate depend on the distance from the irradi-
ated surface. As a result, the reagent as well as the reaction product
concentrations is described by a wave-like distribution along the
irradiation direction.

The kinetics of photochemical reactions in optically dense media
was examined for photochrome undergoing purely photochemical
transformation [1-12], and also in the presence of photochemical
thermoreversible [13,14] reactions. We have previously considered
kinetics of the photochromic transformation in optically dense
media according to the scheme [14]:

hv,k are systems for optical data storage, polymer under photodegrada-
Alh:kAZ tion, biological systems (photosynthesis, photodynamic therapy)
v,

and others. In all cases the distribution of light absorbing substances
and products of photochemical transformations are important for
_ quantitative description of processes.

* Corresponding author. Tel.: +7 495 9394900; fax: +7 495 9328846. Thus, the goals of this work are to consider theoretically the

) E—‘mail addresses: Yorobiev@excite.chem.msu.ru (A.Kh. Vorobiev), spatial distribution of reagents during the model photochemical
dzianis.menshykau@sjc.ox.ac.uk (D. Menshykau). isomerization reaction in an optically dense medium, taking into
1 Moved to: University of Oxford, Department of Chemistry, Physical and Theoret- N N . p y A 7 g
ical Chemistry Laboratory, South Parks Road, Oxford 0X1 3QZ, UK. account the diffusion mobility and to verify experimentally the
Tel.: +44 1865 275400; fax: +44 1865 275410. theoretical predictions.

1010-6030/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2008.06.004


http://www.sciencedirect.com/science/journal/10106030
mailto:vorobiev@excite.chem.msu.ru
mailto:dzianis.menshykau@sjc.ox.ac.uk
dx.doi.org/10.1016/j.jphotochem.2008.06.004

304 A.Kh. Vorobiev, D. Menshykau / Journal of Photochemistry and Photobiology A: Chemistry 199 (2008) 303-310

2. Experimental and computational details
2.1. Chemicals

Gelatin “Sigma” G-2500 Type A, M,y =80,000-120,000 was used
without further purification. Commercial DMF, hexane and toluene
were used without further purification.

cis-Azobenzene was obtained by following procedure: trans-
azobenzene was dissolved in hexane and was irradiated 10 min
with full light high-pressure mercury lamp with an intense stir-
ring. Then the solution was additionally irradiated with light at
wavelength A =313 nm. The reaction mixture was separated on the
chromatographic column filled with Al,Os. trans-Azobenzene was
eluted with hexane; cis-form was eluted with diethyl ester. The
purity was controlled with chromatography on Silufol plates.

2.2. Sample preparation

Samples for photolysis in the absence of gel were prepared by
dissolution of azobenzene in water/DMF mixture at 50 °C. The solu-
tion was filtered into a standard quarts UV-vis cell after cooling
down.

Samples containing gelatin were prepared by following proce-
dure: an exactly weighed quantity of gelatin was placed into quartz
UV-vis cell with optical length I =1 mm. In all samples the concen-
tration of gelatin was no less than 5% weight. Azobenzene solution
in water/DMF mixture was added to the cell. The gelatin was left
for 3-5h to swell and then the cell was heated to 40 °C. The solu-
tion was gently stirred and thermostated for several hours at 40°C.
Azobenzene distribution in the sample was measured after the
cell was cooled to room temperature. If the difference in optical
density between any points of the sample was more than 0.03D,
the procedure of heating and thermostating was repeated. After a
smooth azobenzene distribution was reached, the change of distri-
bution was measured for 24 h. The sample was used for photolysis
if distribution did not change during the day.

2.2.1. Parameters measurement of the system azobenzene in
water/DMF mixture

UV-vis spectra were recorded using a Shimadzu UV 2401 PC
spectrometer or a Carl Zeiss Specord M40 spectrometer. To mea-
sure extinction coefficients, a preweighed quantity of azobenzene
was dissolved in an aliquot of water/DMF mixture. The optical
density at wavelength A =436 nm was 0.5-0.7D in a cell with opti-
cal path length /=1 mm. An Aliquot of this solution was placed
into a cell with optical path length 5, 10, 20, 30, 50 mm and was
diluted with an exactly measured quantity of water/DMF mixture to
keep constant optical density. Azobenzene absorption spectra were
improved by subtraction of the absorption spectrum of water/DMF
mixture recorded in the same cell.

The azobenzene cis — trans isomerization was monitored by the
change in absorbance using a cell with optical length I=1 mm and
[=10 mm.

A high-pressure mercury lamp (500W) was used as a light
source. A parallel light beam was formed with system of quarts
lenses. The standard glassy filters were used for isolation of nar-
rowband radiation.

The cells were irradiated in two ways: in side (Fig. 1(a)) and
cell-end (Fig. 1(b)). Before irradiation the cell-end was polished
until optical transparence was achieved. The light intensity at wave-
length A =365nm was determined by ferryoxalate actinometry
[40]. The light intensities were 2.4 x 10'6 photon/(s sm?) on irra-
diation into side and 2.9 x 1016 photon/(s sm?2) on irradiation into
cell-end. Measurements were carried out in quarts cells in the con-
dition similar to azobenzene photolysis.
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Fig. 1. Cell irradiation into side (a) and cell-end (b).
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Fig. 2. Scheme of the device for azobenzene distribution measurement.

The cell was fixed in a holder (Fig. 2) for azobenzene distribution
measurements. Optical density was measured on the spectrometer
Specord M40, probe beam direction was perpendicular to irradi-
ation light from the mercury lamp. The intensity of probe beam
is negligible in comparison with intensity of Hg-lamp. The sample
was moved in 0.1 mm steps relative to the probe beam.

2.3. Numerical integration of differential equation system

The system of differential equations (2) was solved by an
explicit finite difference method with variable time step (see
supplementary data III).

3. Results and discussion
3.1. Theoretic consideration

Let us consider the photochrome undergoing direct thermal and
photochemical reactions, as well as reverse thermal and photo-
chemical reactions in agreement with the scheme:

hv,k
A2 Ay
hv,k

taking into account diffusion mobility of compounds A; and A,. In
this case, the photochemical reaction A; — A, proceeds when the
sample is irradiated. The photochrome exists in form A, near the
irradiated surface and stays in form A in the bulk of the sample.
Under these circumstances A, diffuses from the outer surface of
the sample into the bulk, while A; diffuses from the bulk to the
outer surface. Photochrome forms A; and A, have different struc-
tures and because of this they have different diffusion coefficients.
As a result the diffusive flow of substance A; differs from the dif-
fusive flow of A;, and the total concentration (A +A;) change will
take place along the irradiation direction. We will name this effect
photoconcentration.

The photochrome distribution in the sample is described by
the system of differential equations (1). The first equation is the
Beer-Lambert law in a differential form; the following equations
describe photochemical and thermal transformations, as well as
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diffusion.

% = —I(e1A1 + &2A2)

%1 — —p1811A1 + 282145 — k1A + kaAz + D; 8;% )
% = ¢1611A1 — ¢r82]Ay + K1Aq — koAy +D2%

where I(x, t) is the light intensity; A{(x, t), Ay(x, t) are the con-
centration of the substances; &1, €2, D1, and D, are the extinction
coefficients and diffusion coefficients of substances A; and A,
respectively; ¢, and ¢ , are the quantum yields of A; - A, and
A, — A1 reactions, respectively; k1 and k, are the constants of ther-
mal monomolecular reactions A; — A, and A, — A1, respectively.

Initial and boundary conditions can be written as follows:
A1(L,0)=ky[(k1 +ky), Ax(l, 0)=kq[(kq +k3), if uniform distribution is
assumed at the initial time and I(0, t) =19, 3A;/dI(0, t) = 0; dA;/dI(I°,
t)=0, where [0 is the length of the sample.

Next, dimensionless variables and parameters were applied

A=A1/AY+ A9, B=A;/AY +AY is the dimensionless concen-
trations; i=1/I° is the dimensionless light intensity; T = t¢&,1° is
the dimensionless time; x = 181(A10 +A%) is the dimensionless
space coordinate; x = [%7(A;° + A,%) is the dimensionless length
of the sample; y;=k;/¢1&1° is the dimensionless thermal rate
constant; o =¢&/eq is the absorption coefficients ratio; 8=¢,/¢q
is the quantum yield ratio; Dy = (A? +Ag) e1D1/ ((j)]e]IO) :Dp =
(A(1’+Ag) &1Dy/ ((]518110) is the dimensionless diffusion coeffi-
cients. Here, A? =A1(1, 0) is the concentration of A; at the initial
time.

The PDE system (1) can be written in dimensionless variables

% = —i(A+aA)

0A 02A
2 _ - 2
glg iA+ aBB y1A+yzB+D32%X2 (2)
Fre =IA—O{ﬁB+)/1A—]/zB+DBw
Boundary and initial conditions are

V2 Y1 .

Ax,0) = ————; B(x,00=———; i0,7)=1;

(. 0) (Y1 +y2) (*.0) ("1 +v2) 0.7)

g—A =0; g—B =0; g—A = g—B =0, (3)

X 0,7 X 0,7 X X0,T X X0,

where

xo = £1(AY + Ay

Since the PDE system (2) has no exact solution, some particular
cases are examined below.

3.1.1. Equal diffusion coefficients

In the case of equal diffusion coefficients Dg = D4 photochrome
distribution in the sample is even during the whole irradiation time
(supplementary data I).

3.1.2. Concentration distribution at infinitely long irradiation

The system reaches the stationary state and the concentrations
are constant in time as T — co. It can be proved that uneven pho-
tochrome distribution are achieved at prolonged light irradiation
when D, # Dg (see supplementary data II). Concentration A near
the irradiated surface in the stationary state is ordinary less than
in the bulk as a result of photochemical reaction. If D4 <Dg then
the total concentration A+ B in the beginning of the sample in this
stationary state is less than in the bulk (see supplementary data
Il). If D4 > Dg, then the total concentration A+ B in the beginning of
the sample is higher than in the bulk. The larger the absolute ratio

of diffusion coefficients, the larger the coefficient of linear depen-
dence, and the larger the photoconcentration effect. In paper [14] it
was shown that at certain parameter values, concentration A near
the front surface could be higher than in the bulk. This case can be
reduced to the previous one by swapping photochrome forms in
the equations.

Let us consider the next particular case, where only one form
of the photochrome can diffuse: D4 # 0; Dg = 0. The concentration
profiles for this case can be obtained from (see supplementary data
ID):

c 1 c 1] ¢
AX) = =—; Bx:[—ex (——x)+—}— 4
(x) (0= |5 exp (~pox) + | (@)
where the constant ¢ can be found from the transcendental equa-
tion

ity ixo + 1 {1 — exp <fix)] =Xg (5)
2 D4

The distribution of the total concentration of the photochrome in
the stationary state calculated from expressions (4) and (5) at differ-
ent values of Y, (dimensionless thermal rate constant of the reverse
reaction), is presented in Fig. 3.

Fig. 3(a) shows that effect of photoconcentration achieves a
maximum as the rate of the thermal reaction changes. The largest
photoconcentration effect is reached at y, ~0.1. The requirement
for the observation of an uneven distribution in the stationary state
is the presence of thermal reactions. Indeed, it can be verified by
direct substitution into equations that in the absence of thermal
reactions, yp =y, =0, the stationary distribution of photochrome
becomes uniform and is given by expression (4):

aff . 1
=apr1 P=apaa

Fig. 3(b) shows distribution of forms A and B in the sample. A is
distributed evenly in the sample, that is a common case than one
of the photochrome forms has diffusion coefficient equal to zero.
At low values of the rate of the reverse thermal reaction y, gra-
dient of photochrome form B is proportional to y,, however, the
higher the rate of thermal back reaction y, the less concentration
of form B is observed in the sample. Consequently, the quantity of
substance deviated from equilibrium passes through the maximum
on Y, increase.

For a quantitative description of the photoconcentration effect,
let us introduce the extent of photoconcentration x as the ratio of
the quantity of substances A; + A, shifted from uniform distribution
to the total quantity of substance in the sample

Alx)

(6)

1 [
X:TXO/O JA+B—1|dx (7)

According to this definition, the extent of photoconcentration in a
sample with even distribution is zero, but in a sample with distri-
bution described by the delta function is one. In all cases the extent
of photoconcentration is lies between zero and one.

The extents of photoconcentration at various values y1, Y2
and xg in the stationary state are presented in Fig. 4. The high-
est extent of photoconcentration is achieved in the absence of the
direct thermal reaction y; =0 (Fig. 4(a)). The maximal extent pho-
toconcentration, in the considered particular case (Dg =0, @ =0), is
observed at xgy; = 1 (Fig. 4(b)).

Analytical solution for more general case Dg =0, o # 0 is given
in supplementary data II, here we just notice that reagents distri-
bution does not depend on diffusion coefficient D,.

In the general case, solution in reagents distribution in station-
ary state can be found only numerically. Distribution of the total
concentration (A +B) and concentration of form A in the stationary
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Fig. 3. (a) Distribution of the total concentration (A+B) in the sample in stationary state. Results of analytical and numerical solutions are presented in solid and scattered
lines, respectively. (b) Distribution of the A—dashed line and B—solid line in the sample in stationary state. Ds=0, =0, y1=0,x°=10; 1, y,=0.05; 2, 2 =0.1; 3, y2=1; 4,

y2=10.
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Fig. 4. (a) Extent of photoconcentration x at various values of parameters y; and y»; xo = 10. (b) Extent of concentration x at various values of parameters y and Xo; y1 =0,

Dp =0, @ =0 for both cases (a) and (b).

state at various values of diffusion coefficient ratio Ds/Dg is pre-
sented in Fig. 5. It is seen that the larger the difference between
diffusion coefficients, the larger the deviation of total concentra-
tion from uniformity (Fig. 5(a)). If D4 >Dp photoconcentration is
observed near the irradiated surface, if D4 < Dg, photoconcentration

(a)2.2—

2.0

1.8

1.6

an]
+ 1.4

A

is observed in the bulk of the sample. This result is in agreement
with analytical results, presented in supplementary data II. Form A
or B are distributed almost evenly (Fig. 5(b)) when the ratio D4/Dp
is high or low accordingly. These results are in agreement with
analytical predictions (4).

(b)1A8-
1.6—-

o 1 2 3 4 5 6 7 8 9 10 M

Fig. 5. Stationary distribution of the total concentration (A+B) (a) and concentration of form A (b) at various values of ratio D4/Dg: 10 (1); 5 (2); 1 (3); 0.62 (4); 0.31 (5); 0.16
(6); 0.036 (7). Other parameters have next values: «=0.5; 8=1; y1 =0; y,=0.018; D4 =0.018; x°=10.7.
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Fig. 6. Distribution of the concentration A (a) and the total concentration (A +B) (b) in the sample at different values of dimensionless irradiation time =0 (1); t=20 (2);
7=400(3); 7=2000 (4); T=10,000(5); T=40,000 (6); T=+0cc (7,a) and (1, b). The following parameters values were used for modeling: «=0.5; S=1; 1 =0; Y2 =0; Do =0.029;

Dy =0.00058; x° =10.

The presented analysis shows, that uneven distribution of pho-
tochrome (photoconcentration effect) can be observed when the
photochrome undergoes photochemical reaction in optically dense
media, and when the photochrome forms have different diffusion
coefficients. In the stationary state, which is reached at infinitely
long irradiation of the sample, photoconcentration is observed
only when thermal isomerization reactions are presented. The
degree of photoconcentration depends non-monotonic on param-
eters values. Analysis of stationary states, however, cannot give
any information about kinetic processes. Consequently, numerical
modeling of the processes must be performed.

3.1.3. Numerical solution of the system (2)

Let us first consider the reaction of photochemical isomerization
in optically dense media in the absence of thermal reactions. The
results of numerical calculations for this particular case are pre-
sented in Fig. 6. One can see from Fig. 6(a) that at irradiation times
T~ 20, adecrease in the concentration A of the initial photochrome
formis observed near the irradiated surface. Fig. 6(b) demonstrates,
that a decrease in the total concentration (A+B) near the front
surface and an increase of the total concentration in the bulk are
observed on irradiation of the sample. On prolonged irradiation,
reaction wave penetrates deeper into the sample (Fig. 6(a)) and the
photoconcentration effect increases. Maximal concentration devi-

(a) 14~
1.3
12
1.1
m 104 1
< 0ol 2
0.8; 3
07 4
06—
— T T T T T T T T
0 2 4 6 8 10

ation from uniform distribution is observed at dimensionless time
T~10,000.

Fig. 6(b) shows, that at t=40,000 the degree of photoconcen-
tration decreases and at T = 200,000 the distribution of (A + B) again
becomes uniform. This observation is in good agreement with the
qualitative results shown in the previous section. In fact, in the
absence of thermal isomerization reactions, photochrome form dis-
tributions in the sample in the stationary state are given by Eq.
(6). This expression shows that distribution of photochrome forms
along the direction of light propagation is uniform, and the ratio of
photochrome forms A/B is equal to that for a photochemical reac-
tion in an infinitely fine layer. Accordingly, in the absence of the
thermal reaction, photoconcentration is observed only temporarily
(Fig. 7(b)).

If the thermal reaction of isomerization is taken into account,
system behavior is qualitatively similar to that described above.
Results of numerical modeling for this case are presented in
Fig. 7(a). It is seen that a decrease in total concentration (A+B)
near the irradiated surface and an increase in (A +B) in the bulk of
sample are also observed during photochemical reaction. However,
photoconcentration does not disappear in the stationary state. This
result is in agreement with theoretical predictions. Indeed, it was
shown analytically above that in the presence of thermal reactions
substance is distributed unevenly in the stationary state.

(b)o.14
0.12
0.10
0.08
0.06
0.04

0.02

0.00 = rrm T
10’ 10° 10° 10° 10° 10° 10’
T

Fig. 7. (a) The distribution of the total concentration (A + B) at different values of the dimensionless irradiation time: t=1.6 x 103 (1); 6.4 x 103 (2); 12.8 x 10% (3); 100 x 103
(4); 800 x 103 (5). Following values of dimensionless parameters were used for modeling: «=0.5; 8=1; y1 =0; ¥, =0.18; D4 =0.00018; D =0.00058; x° = 10. (b) The change
of photoconcentration value x during irradiation of the sample. The following values of dimensionless parameters were used for modeling: (1) =0.5; f=1; y1=0; y2=0;
D4 =0.029; Dg=0.00058; x°=10; (2) =0.5; B=1; y1 =0; ¥2=0.18; D4 =0.00018; Dz =0.00058; x° = 10.
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Fig. 8. Absorption spectra of azobenzene in water:DMF=45:55 mixture on irradia-
tion with light at wavelength A = 365. Irradiation time is: 0, 0.5, 1, 2, 4, 6, 9 min.

3.2. Experimental results and discussion

In order to experimentally verify the photoconcentration
effect, a solution of azobenzene in gel water/dimethylformamide
(DMF)/gelatin was used. Azobenzene was used as a photochrome,
since it undergoes reactions of cis — trans and trans — cis photoi-
somerization reactions [29-34]. It is known that cis-azobenzene
undergoes thermal isomerization into the trans-form. The rate of
thermal isomerization depends on pH and solvent [35,36]. The
geometry and polarity of the molecule are changed dramatically
onisomerization [37]. Consequently, different diffusion coefficients
should be expected for the cis- and trans-forms of azobenzene. A gel
of water/DMF/gelatin was used to prevent convection, since gelatin
is optically transparent and stable to UV irradiation [38]. DMF was
added to system to increase the solubility of azobenzene.

3.2.1. Parameters of system azobenzene in mixture water/DMF

Absorption coefficients of azobenzene in the examined sys-
tem are &q(A=365nm)=420dm3 mol-'cm™!, &,(A=436nm)
=1100dm3 mol-'cm~! and &¢ans(A = 365 nm) = 1600 dm3 mol !
cm~!; and &gans(A =436 nm)=710dm3 mol~' cm~!. It was found
that the absorption coefficient near A ~430nm depends on the
dye concentration for trans-azobenzene. If concentration of the dye
increases five times absorption coefficient decreases by ~10%.

trans-Azobenzene isomerizes into cis-azobenzene (Fig. 8) on
irradiation with light at wavelength A =365 nm. Optical density
increases near absorption band A ~ 430 nm, and the isosbestic point
is observed at wavelength A =381 nm when the system is irradi-
ated with light at wavelength A =365 nm for a short time (Fig. 8).
At longer irradiation times the isosbestic point is not observed
any more, and optical density decrease slightly at wavelength
A =430nm. Isomerization is not observed in freshly prepared
solutions of cis- and trans-azobenzene in water/DMF solution on
irradiation with light at wavelengths A =436 nm and A =405 nm,
whereas fast photoisomerization at both wavelengths is observed
if the solution was preliminarily irradiated with light at wavelength
A=365nm.

The kinetics of the thermal cis — trans isomerization is described
by the first-order kinetic law. The half-life is a several days if
the sample is prepared by dissolution of pure cis-azobenzene in
water:DMF = 55:45 mixture. However, when the azobenzene solu-
tion is irradiated with light atA =365 nm, time of half-life of the
cis — trans isomerization becomes equal to 4 min.

Results presented above show that in system water/DMF/
azobenzene the absorption spectra depend on concentration; the

1.0
0.8
— gel without
E 0.6 azobenzene
L _ gel with
bl azobenzene
< 0.4
[m]
02—
o+
0 5 10 15 20

//mm

Fig. 9. trans-Azobenzene diffusion from gel with the dye into clear one. t=0, 0.38,
11, 1.6, 2.5,3.8,5.2,6.7,17.2,30.3, 50.4 h.

rate of thermal isomerization and quantum yields of photochemical
isomerization depend on irradiation time with light at wavelength
A =365nm. These experimental facts are, apparently, evidence of
the formation of an azobenzene associate in the examined system.
Obviously, the ability of azobenzene to take part in photochemical
and thermal reactions in associates differs significantly from those
in true solutions. Azobenzene associates, apparently, decompose
on irradiation with light A =365 nm.

Quantum yields of photochemical reactions were determined
by a procedure described in [30], subject to the condition that
thermal isomerization can be neglected. Quantum yields of azoben-
zene isomerization on irradiation with light A =365 nm are equal
to ¢=0.13 £0.005 for trans — cis and ¢ =0.44 +0.01 for cis — trans
transformations. These values of quantum yield are in good agree-
ment for those in non-polar solvents [34,39], e.g. quantum yields
of isomerization in isooctane are ¢=0.12 and ¢ =0.48, respec-
tively.

The following experiments were made for the determination of
the diffusion coefficients of trans- and cis-azobenzene in gel which
consists of water:DMF=45:55 mixture and 5wt% of gelatin. The
layer of gel with azobenzene was brought into contact with the
layer of gel without the dye. Next, optical density profiles were
registered along such composite sample during time. The trans-
azobenzene distribution in the sample at different moments in time
is presented in Fig. 9.

The gradient of azobenzene concentration in the middle of the
sample is calculated from experimentally registered concentration
profiles. The value of this concentration gradient during such an
experiment is described by formula (8), which is obtained from
diffusion equation solution by the Fourier series method

Iy C

o 3¢ 2De
T coal

k(t) 2 t (8)

+00
(0,t) = —ZZ exp {—nz(zk +1)
i=1

Expression (8), with empirical correction ty to time t, was used
to approximate experimental data. The correction is introduced
to take into account some mixing of layers during bringing into
contact of last. The number of term, in expression (8) was chosen
so that addition of extra terms does not change diffusion coef-
ficients more than experimental error. The diffusion coefficients
for cis- and trans-azobenzene amount to (3.1+0.2) x 10-1° and
(4.5+0.2) x 10~ m?/s correspondingly.
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Fig. 10. Distribution of optical density (A =436 nm) in the sample along the light irradiation direction (A =365nm) (a) immediately after irradiation and (b) after thermal
cis — trans-azobenzene isomerization. At both (a) and (b) 1, t=1.2h; 2,t=4.2h; 3,t=8.4h; 4,t=12h.

3.2.2. Photochemical isomerization of azobenzene in optically
dense media

A sample with high optical density containing azobenzene in gel
was irradiated with light at wavelength A =365 nm. The optical den-
sity distribution in the sample along the light irradiation direction is
presented in Fig. 10(a). It is seen that optical density increases near
the irradiated surface. Consequently, trans-azobenzene isomerizes
into the cis-form. In the bulk of the sample (3-8 mm from irradi-
ated surface), an increase of optical density is also observed. Light
cannot penetrate to such depth at the azobenzene concentration
used. Consequently, the increase in optical density is explained by
cis-azobenzene diffusion into the bulk of the sample.

To discover photoconcentration, the sample was stored in dark-
ness for the time necessary for thermal cis — trans azobenzene
isomerization. Afterwards sample was scanned along the light irra-
diation direction to determine photochrome distribution in the
sample. Results of these measurements are presented in Fig. 10(b).
It is clearly seen that the increase of optical density in the bulk of
the sample is observed. In the course of irradiation the maximum
of optical density moves into the bulk of the sample; such behavior
is in agreement with theoretical predictions. Results of the model-
ing of the process using the parameters experimentally determined

0.06

0.04

436/nm)

AD(=

Fig. 11. Modeling of azobenzene photoconcentration with parameters values deter-
mined experimentally. (1) t=1.2h; (2) t=4.2h; (3) t=8.4h; (4)t=12h.

above are presented in Fig. 11. Comparison of Figs. 11 and 10
shows that experimental data are in semi-quantitative agreement
with the results of modeling. From these figures it is also seen,
that the decrease of optical density near the irradiated surface
is significantly less than one predicted theoretically. Such a dif-
ference between theory and experiment should be explained by
fact that azobenzene associates occur in real samples. Association
was not taken into account in the theoretical model. Absorp-
tion coefficient of azobenzene in associates is less than for free
azobenzene molecules. It was shown above that azobenzene asso-
ciates are destroyed under irradiation with light at wavelength
365 nm. In that case azobenzene in the front part of the sample is
non-associated, resulting in higher optical density than predicted
theoretically.

4. Conclusions

It has been shown, that light intensity distribution in optically
dense media can cause pattern formation, if photochemically active
molecules have diffusion mobility. It was found experimentally that
in the course of photochemical isomerization of azobenzene in
gel the dye concentration increases in the bulk of the sample and
decreases near the irradiated surface. Theoretically it was shown
that such a photoconcentration effect should be observed when
the photochemical reaction take place in optically dense media, and
reagents have diffusion mobility. The larger the difference in diffu-
sion coefficients between initial compound and the photoproduct,
the larger the observed photoconcentration effect.
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