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Abstract

The theoretical analysis of the influence of photoselection on the photochemically induced distribution of reagent in the strongly absorbing
media is presented for the first time. The treatment of the problem was based on the consideration of the reagent’s orientation distribution
functions and performed for a media free of translation and rotation diffusion. The procedures for theoretical prediction of time and space
evolution of the photoinduced wavelike concentration and dichroism profiles are obtained. It is theoretically shown that the polarized irradiation
(photoselection conditions) can cause deeper penetration of photochemical reaction in the strongly absorbing samples in comparison with
the case without photoselection. The magnitude of this eftect is determined by the ability of molecule for anisotropic light absorption. It is
found that the irradiated sample with high optical density contains the space recorded ‘image’ of the kinetics of the photoselection and the

photochemical reaction carried out in the optically thin sample.
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1. Introduction

Photoselection means that during irradiation with polar-
ized light or collimated light beam of the ensemble of ran-
domly oriented molecules, only preferably oriented ones
absorb light and subsequently undergo chemical conversion
[1]. As a result of such a selection, the distribution of mol-
ecules on their orientations and, consequently, anisotropy of
some physical properties of the irradiated sample appears.
The photoinduced anisotropy of optical absorbance can be
experimentally measured as the difference of the optical den-
sitics D |, D measured with the polarized light parallel and
perpendicular to the polarization of the irradiating light. The
magnitude of optical anisotropy is characterized by the value
of dichroism (d): d=[D, —D,]/| D, +D,]. The magni-
tude of dichroism is sensitive to the changing of the molecules
oricntation in any processes in a system. So, the photoselec-
tion is used as a powerful method for the investigation of
molecular dynamics in condensed media [2].

The photochemical reaction under polarized light (under
photoselection condition) is of great interest due to facilities

* (orresponding author.

! *strongly absorbing media’, ‘sample ( material ) with high optical density”
and ‘optically thick sample’ are the different terms denoting the sample
within which the decrease of irradiating light intensity by absorption cannot
be naglected.
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devoted to investigation of the kinetics of the photochemical
reactions in the solid state, the elementary act of the chemical
reactions, and development of the data storage technology
[ [-17]. A significant number of works were devoted to the
theoretical consideration of photoselection [1-7] and its
implementation for experimental investigation of chemical
reactions | 2,5~17]. However, the developed theoretical mod-
els describing the kinetics of photochemical reactions and
accumulation of photoinduced dichroism during photoselec-
tion were obtained under the assumption of a low optical
density of the irradiation sample, which often is not the case.
Generally in real systems the decrease of light intensity by
absorption cannot be 1gnored, and the approaches considered
above cannot be applied. On the other hand, photochemical
reaction in the solid and strongly absorbing media has
attracted a great deal of attention hecause of its potential for
technological applications (optical data recording, photo-
graphic processes and microphotolithography, polymer deg-
radation) | 18-21]. But in spite of a number of works that
has been devoted to the theoretical | 18.22-30] {31-37} and
experimental [19-21,38—41] investigations ot the photo-
chemical kinetics in the strongly absorbing media, the effect
of photoselection has not been considered until now.
Therefore, the aims of the present work are to consider the
influence of the combination of photoselection and strong
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light absorption on the solid state reactions and to obtain the
theoretical description of the photoselection in the photo-
chemical reaction in the strongly absorbing material. The
desired result is to obtain the mathematical expressions
describing the depth distributions of the fraction of the
remaining reagent’s molecules and photoinduced dichroism.
The simplest reaction of photobleaching A - B in a media
free of rotational and translation diffusion was chosen as a
model system.

2. Model

Let us consider a photochemical reaction A— B in an
ensemble of initially random-oriented molecules. It is also
assumed that the substance is uniformly distributed through
the sample; rotational and translation dirfusion can be
neglected in the time scale of the experiment; the reactive
molecules have an axial extinction coefticient tensor (ECT):
the product of reaction does not absorb light on the wave-
length of the irradiation; the decrease of the intensity of irra-

diated within the irradiated sample obeys the lL.ambert—Beer

Law. Photolysis is carried out with linearly polanzed light.

The behavior of the photochemical reaction in the thick
sample under photoselection conditions is described by the
time and space evolution of the angular orientation distribu-
tion function of reactive molecules. The or:entation of the
molecule with regard to the axial ECT is described by the
angle B, which is the angle between the orientation of the
main axis of the molecular extinction coefficient tensor and
the direction of the photolysing light polarization. So the
orientation distribution of molecule A in a thin layer d/ at the
depth { of the sample and at any moment of tire ¢ is described
via orientation distribution function p: B./).  where
p(B.r.0)dldB is the fraction of the molecule with orientations
in the interval from B to B+ 4B in the layer form [ to /+dl.
The function p(B,7./) is random and normulized for any /
before irradiation (7=0):

™

p(BOD=p,: f pudB=1 ()

0

where p, is the random orientation function | | |

sin 8
Po= > (2)

For the evaluation of the fraction of the remaining mole-
cules and photoinduced dichroism in any layer of the irradi-
ated sample, the optical measurements in polarized light
should be performed in the direction perpendicular the direc-
tion of the propagation of the irradiating light at the appro-
priate distance from the irradiated surface (Fig. 1). The
optical densities, D, and D;, measured by this way with the
light polarized parallel and perpendicular to the polarization
of the irradiating light and the fraction of the remained com-
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Fig. |. Diagram of experimental sct-up corresponding to the considered
theoretical model.

pound &are calculated from the orientation distribution func-
tion as [4]:
ki

Dyl t.l)=D()fa”(B)p(B.1,/ 1dB.

D (t.y=D, | e (B)p(B.r.H)dS. {3)
[§]

™

&ry= fp(,B,t.,l)dB

0

where D, is the optical density of an isotropic sample before
the start of photolysis [ 6].

£(B)=1+2P;(cos B)e —&.)/3

& (B)y=1—"Py(cos B)e —&)/3 h

where £., &, are dimensionless components of the extinction
coefficient tensor: &./& and &'/&  respectively.
e=(&"+2&")/3 and. &', & are the real components of
ECT [4]. P,(cosf3) = (3cos"B—1)/2 is a second Legendre
polynomial.

The space and time evolution of the angular distribution
function of the substance A is described by the following set
of a pair of coupled partial ditferential equations:

ap(B..h

ar
al(l)

Tttt [epippanag
f

I(hade'l
=— i/’"’*'ﬁ( ﬁ )f)( ﬁ,‘[)

T

{)
or in dimensionless form:

ap
ar P (6)

Ji .
" fopas
X
0
with the boundary conditions p( 8,0.x) = p,, 1(7.0) = 1.
Here x=lc & is the dimensionless depth, 7 is the dimen-
sionless time (7=2.303¢¢!.£/S), ¢ is the quantum yield of
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the photochemical reaction, / is the depth from the irradiating
surface, S is the square of the irradiating surface, I, is the
intensity of irradiating light, i=I1(7x)/1, p=p(B.7x):
po=p(B.0x): e=¢g(B) from Eq. (4): p* and p® are the
orientation distribution functions for the molecules of the
initial compound A and the reaction product B. respectively.

For solutions of Eq. (6) the known substitution | 22,34
was used

U= [i(.m')d'r (7}

After this substitution the set of Eq. (6) transforms to the
following:

ap

ou - °P (8)
U o |
avr”ar )PP

The solution of the first equation can be readily obtained:
p(T) =pe” (9)

Putting Eq. (9) into the second equation of Eq. (8) uives:

Uom
dU )
Tr :—Jjep“e”“’dﬁdb’ (1)
X

00

Integration by U in the right part gives:

T

dU v )
—:—j(l»e ¢ ’)podﬁ (1)
dx
4]

and tinally,

v Uivm)

—dU
dx= — (12)

0 U0, J’(l_e‘gb’)p dB

0

From the first equation of Eq. (8) and from Eq. (6). one can
obtain the limits of integration:

! P
U(x1)y=— ————-]n(—)
s(B) \p,
So,
(1/eB) Incp/p,
-1
x= — Ju (14)

[§]

In the case when &.> ¢, Eq. (14) can be presented in the
partially reduced form:

215
X=
CH w3y Incpd
: du
o e \/T—T ; d
T = - L etV Ul e — &, ))4 1
yUle.—&) 2 (

(15)

where £(8) = &(B) from Eq. (4).

Note. that the ratio p/p, has values within range from 0 to
1. So, from Eq. (15), one can numerically obtain the values
of the angular distribution function for any desired distance

x below the irradiated surface and then relatively to Eq. (3).,

calculate the respective magnitudes of dichroism and quantity
of unexhausted substance.

Thus, we have obtained the expression for calculation ot
the photoinduced concentration and dichroism profiles for
the photochemical reaction under photoselection condition
inside a sample with high optical density. In Figs. 2-5 and
Fig. 7. one can see the three-dimension map of the depth
dependence of the angular distribution function of the rea-
gent’s molecules, concentration and dichroism profiles cal-
culated relatively to Egs. (14). (15) and (3},

3. Results and discussion
3.1 Depth distribution of photoinduced dichroism
Fig. 2 shows the depth dependence of the angular distri-

bution function of the molecules of substance A inside the
sample with high optical density after irradiation with linearly

0.5

p(B)

180
Fig. 2. Three-dimension map of the depth dependence of the angular distri-
bution function of the initial reagent’s molecules in the sample subjected 1o
irradiation with linearly polarized light. (extinction tensor components of

the reagent molecules: £.=3. £ .= &, = 0 irradiation time: 7= 10).
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Fig. 3. A typical depth dependence of the kinetic and anisotropy parameters
of the sample with high optical density subjected to irradiation with linearly
polarized light (extinction tensor components: &= 3, ¢, = &, = (}; irradiation
time: 7= 10).
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Fig. 4. A comparison of the photoinduced dichroism protiles in the samples
with high optical density calculated for molecules with different light absorp-
tion tensors. The simulated curves correspond to the following extinction
tensor components of the reagent’s molecules: (1) £.=3, &, =¢,=0; (2)
e=25,6=6=025(3)e.=2,6=6=05(4)e.=15 £=£=075
(5)e.=1.1,6=¢g,=095;(6) &.=¢.=&,= 1 (isotropic light absorption}.
Time of irradiation: 7= 10.

polarized light calculated relatively to Eq. (15). The concen-
tration and dichroism profiles. calculated from this angular
distribution function are depicted on Fig. 3. The angular dis-
tribution function in the front layer of the sample, as well as
dichroism and £ values, is equal to the one calculated for the
optically thin samples in Ref. [4]. Unsurprisingly, in the area
near the irradiated surface, the system behavior under pho-
toselection is the same as in the systems with low optical
densities. So the calculation depicts that the photoselection
in the sample with high optical density leads to the appearance
of the optical dichroism of the sample, which decreases from
its maximum value in the first layer of the sample down to
zero in the layers where chemical conversion degree is neg-
ligible (Fig. 3). The maximum magnitude of dichroism
increases with the increase of the ability of molecules for
anisotropic light absorption (Fig. 4).
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Fig. 5. The inward propagation of the photoinduced concentration «solid
lines) and dichroism (dashed lincs) profiles in the sample during irradiation
with linearly polarized light. Extinction tensor components are &.=2.8,
£,=¢&,=0.1,; different curves correspond to the following irradiation times:
(1 7=0.2, (2) 7=05, (3) 701, 14 7=2,(5) 7=5.(6) =10, (7)
7=20, (8) 7=40. (9) 7=060. (1) 7=80.

The photoinduced dichroism is a reasonable result of pho-
toselection. But how does photoselection influence the kinet-
ics of the photochemical reaction in the optically thick
samples? We performed the comparison of concentration pro-
files calculated with and without consideration of photose-
lection. In the case without photoselection the curves were
calculated relatively to Ret. [34].

Itis known [20-22,38-40] that the consummation of pho-
tochemical reaction in a rigid material with high optical den-
sity leads to the formation of the wavelike concentration
profiles along the sample depth, which propagates inwards
the sample during irradiation. [t was also theoretically [ 22—
24.34] and experimentally [ 19] shown that concentration
profiles of reagents must keep their form during their inward
propagation in the sample. Fig. 5 shows that in the case of
photoselection, the concentration and dichroism profiles also
keep their form during propagation of the reaction inside a
sample for most cases. This rule is not valid only when the
molecule is able to have an orientation when it does notabsorb
light at all. The two cases match this condition: molecules
which absorb light strictly in one direction (e&.=3,
&,=¢&.=() or molecules with absorption of light in plane
(e.=0, e,=&,=1.5). But due to relaxation processes in
matrix, partial light depolanzation by reflection and media
scattering, the above-mentioned situation can scarcely be
achieved in real conditions.

3.2, Space recording of the photoselection kinetics

Let us consider the optically thick sample as a set of thin
layers where the photochemical reaction kinetics and photo-
selection obey ‘classical’ taws, valid for samples with low
optical densities. Due to these laws the strictly defined value
of photoinduced optical unisotropy (D, —D,)/D, corre-
sponds to every degree of initial reagent degradation (1 — N/
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N,) [42]. Thus, one may expect that the dependencies
[(D, —Dy)/D,] vs. (1-N/N,) calculated for the cases of
samples with high and low optical density should suftice. As
we showed in Fig. 6 our calculation completely proved this
expectation. The desired dependencies were calculated rela-
tively to Eq. (15) for the strongly absorbing sample { line on
Fig. 6) and relatively to the well-known procedures | 2—4.6]
for the optically thin sample (dots on Fig. 6).

The degree of reagent degradation is strictly determined
by the dose of absorbed light. In case of an optically thin
sample, the different doses of absorbed light can be obtained
by different periods of irradiation. In the case of the sample
with high optical density, the all thin layers absorb their own
light doses, which depend on the layer’s depth below irradi-
ated surface. Thus, we see that irradiated samples with high
optical density contain the depth recorded ‘image’ of the
kinztics of the photoselection carried out in the optically thin
sample.

We can obtain the image of the reaction and photoselection
kinetics in the optically thin sample by using data obtained
for the irradiated optically thick sample. To do this we have
to calculate for the thin sample the hypothetical yalues of
time (¢') corresponding to each registered value of the degree
of initial reagent conversion. Time ¢ means that during the
time of irradiation equal to ¢, the photochemical reaction in
the optically thin samples reaches the same degree of reagent
conversion as one measured in the optically thick sample at
the given depth /.

It we want to obtain from the irradiated opticaily thick
sample the image of the reaction and photoselection kinetics
as they would occur in the optically thin sample, w have to
calculate for the thin sample the hypothetical values of time
(¢ corresponding to each registered values of the degree of
the initial reagent conversion. During the time of irradiation
equal to ' the photochemical reaction in the optically thin
samples reaches the same degree of reagent conversion as in
the optically thick sample at a given depth. Values ot /' relate

1NN
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Fig. 6. The comparison of the dependencies | (D -D }/D,| vs. « I-N/No)
calculated for the both cases of samples with high (line) and fow (dots)
optiual density (see text). Dimensionless irradiation time in the hoth cases:
T=:0.

with the values measured in the optically thick sampie by the
following expression { see derivation in Appendix A):

p.s ([, DU
r’:+—j l-——(—) d/’ (16)
el D,
/

where /| is the thickness of the sample in the direction of the
probe light beam; / is the depth below the irradiated surface
along the direction of irradiating light propagation; D, is the
optical density of the sample measured by the probe light
beam in the direction perpendicular to the direction of the
irradiating light propagation; before irradiation it is constant
during the whole length of the sample. D(/) is the optical
density measured by probe beam at the distance [ below the
irradiating surface of the sample: &' is the average extinction
coefficient; ¢ is the quantum yield of reaction; /, is the irra-
diating light intensity; I’ is the variable of integration: § is the
square of the irradiated surface of the sample. Eq. (16) is
valid for cases when light is completely absorbed in the sam-
ple, orin other words the length of the photoinduced wavelike
concentrational profile is less than the sample length.
Hence, the single registration of the depth distribution of
the dichroism and reagent’s quantity in the irradiated sample
with high optical density allows to imagine and reconstruct
the photoselection and reaction kinetics carried out in the
sample with low optical density. 1t should be noted that any
optical drawbacks of samples ( light scattering, light absorp-
tion by matrix, etc.) will cause the disagreement of the pho-
toselection kinetics obtained in the samples with high and
low optical densities. In spite of this, the above-mentioned
method of reconstruction of photochemical and photoselec-
tion kinetics can be useful for cases where measurements
divided by periods of time are related with difficulty.

4. The influence of photoselection on the depth of the
photochemical reaction penetration inwards irradiated
sample

The comparison of the shapes of concentration profiles,
calculated with account of photoselection and without such
account gave out a quite interesting result. Fig. 7 shows that
under irradiation with linearly polarized light (in the photo-
selection conditions ), the concentration profiles of the reac-
tion are broadened and the reaction penetrates deeper inwards
an irradiated sample relatively to the case without photose-
lection. This effect increases with the increasing ability of
reactive molecules for anisotropic absorption of light (Fig.
7).

This effect seems to be surprising at first glance. But vir-
tually it is quite explainable. In the case of photoselection the
intensity of light is accumulated in one polarization direction.
Due to light absorption law, it can be absorbed only by favor-
ably oriented molecules, whose amount is less than the gen-
eral amount of molecules in this laver. So, these molecules
undergo photochemical conversion much faster than the mol-
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Fig. 7. A comparison of the photoinduced dimensionless concentration pro-
files in the samples with high optical density calculated for molecules with
the different light absorption tensor. The simulated curves correspond to the
following extinction tensor components of the reagent’s molecules: 1 -
g,=3¢6=6=02-£=28£=6=01,3-¢=21 6=5=0254.
£,=2.6=6=055-g=15 ¢ =£=075black dots - ¢,
(isotropic light absorption ). Time of irradiation: 7= 10

ecules with other orientations and open “the door’ for the light
to the next layer. Then the same situation occurs in the next
layer. As a result the intensity of the linearly polarized light
decreased in each layer less than in the case of unpolarized
light; consequently the photochemical reaction penetrates
deeper inwards the sample. On the other hand, the beam of
unpolarized light (with the same intensity ) can be considered
as a set of randomly oriented linearly polarized light beams.
Under irradiation of the sample with such a beam all the
molecules irrespective of their orientation in the layer have
an equal opportunity for absorption of light and to undergo
photochemical conversion. In other worlds, the quantity of
light-absorbing molecules is much more in cach layer. As
result, the incident light exhausts on a less depth range below
irradiated surface. So, the photochemical reaction propagates
less inwards the sample under irradiation with unpolarized
light than with polarized one with the time o1 irradiation and
lightintensity being equal. The same situation also takes place
it the molecules absorb light isotropically (& =&, =g.=1).

It should be noted that in all cases depicted on Fig. 7 the
general amount of absorbed light, as well as the quantity of
exhausted reagent, is the same. So, the deeper penetration of
the reaction inwards the irradiated sample is .ichieved not by
increasing the irradiating light intensity but only by changing
the light polarization. One can see that the ditference of pen-
etration can be quite significant. Hence, the photoselection
opens a possibility to control the depth of penetration of
photochemical reaction in a solid media.

5. Conclusions
(1) Theoretical description of the time and space evolution

of the orientation distribution function of the reactive mole-
cules undergoing photochemical conversion under photose-

lection in a sample with high optical density is obtained for
the first time. On the basis of this, the reaction Kinetics and
dichroism accumulation during photoselection in the strongly
absorbing samples free of rotational and translation diffusion
are obtained.

{2) It is shown that in most cases the photoinduced con-
centration and dichroism profiles keep their forms during
propagation of the reaction inwards the sample. It is found
that this rule is not valid only in the case when molecules are
able to have an orientation when it does not absorb light at
all.

(3) Itis found that the irradiated sample with high optical
density contains the space recorded ‘image’ of the kinetics of
the photoselection and the photochemical reaction carried out
in the optically thin sample.

(4) It is theoretically shown that under photoselection
conditions photochemical reaction can penetrate deeper
inwards the sample relatively to the case without photoselec-
tion. The possibility of control of the depth of penetration of
photochemical reactions in the solid materials with high opti-
cal density is noted.
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Appendix A.

The following square, calculated from the photoinduced
concentrational profile as on Fig. 3 is equal to the quantity of
the photoconverted molecules in the sample’s volume from
the depth / to the end of the sample:

N(,J(I—M)dl’ (17)
4 O

where N, and N([7) are the initial and current length density
of molecules quantity measured at depth /.

Due to complete absorption of light in the sample the
amount of light on the surtace of the layer (/) and light
absorbed in the sample below this surface are equal. Then. in
accordance with quantum yield of reaction the total amount
of light that has fallen on the layer ] (F(/)) is:

a

N NI
F(1>=—“f EEEALLER P (1%)
b ) N

By dividing the known quantity of fallen light F([) by the
intensity of irradiating light /, (quantity per second), we
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calculate the time of irradiation necessary for achieving the
given degree of conversion N(/)/N, in the layer of thickness
dl irradiated with the light of intensity /

i ¥ 1V‘I"
EEACN | FRRATCRA Y7
"n¢ Nn

!

Below we adopt Eq. (19) for the measurable values of
optical densities D (/). The probe light beam has a width A/,
If this width is small enough that the changing of NV(/) is
negligible within A/ then the value of N(/) can be calculated
from the D(/) by the following ratio:

(19

DV
e'l Al

N()= (20)
where [ is the thickness of the sample in the direction of the
probe light beam (Fig. 1); &' is the average extinction coef-
ficient; V= SAlis the volume of the sample’s part correspond-
ing to the beam width A/; S is the square of the irradiated
surface of the sample.

Putting Eq. (20) in Eq. (19) and using the substitution
V=5Al we finally obtain:

DS (. DUY\., ,
== II— AW (21)
"‘I,L(ﬁ]n[ Do

So, the desired derivation is performed
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