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Theoretical approach to photoinduced inhomogeneous anisotropy in bacteriorhodopsin films
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The aim of this work was to perform a complete study of the dynamic and steady-state photoinduced
processes of thick bacteriorhodopsin (bR) films, taking into account all the physical parameters and the
coupling of rate equations with the energy transfer equation. The theoretical approach was compared with
experimental data, and good concordance was found between both sets of data. The theoretical approach shows
that the values of the rate constants for solid bR films are about two or three orders of magnitude lower than
those observed in solution. It can also be noted that the temperature change during the experiment had a great
influence on the final values of transmittance and, consequently, on the inhomogeneous distribution along the
coordinate of light propagation. The study shows that, depending on the intensity and wavelength of the pump
beam, we can obtain a very inhomogeneous profile of the population densities, which implies an inhomoge-
neous profile of the birefringence and dichroism. Therefore, this must be taken into account in the applications

described for this system.
DOI: 10.1103/PhysRevE.76.016608
I. INTRODUCTION

The need for improved materials in many photonic appli-
cations has been the focus of much research activity in recent
decades. Photochromic systems, whose optical properties
change upon illumination, have been one of the most widely
studied, since a great number of applications, such as optical
memories [ 1] or all optical switching [2], has been described
for them. The set of molecules that have photochromic prop-
erties can be divided into two categories according to their
origin. On the one hand, we have the chemically engineered
molecules [3,4], such as azo compounds or spirooxazine
dyes, widely employed in the applications described above;
the main problems with these were fatigue resistance and
low switching speed in a rigid polymer matrix [5]. On the
other hand, we have the biologically based materials, such as
bacteriorhodopsin (bR) [6], which is contained within the
purple membrane of members of the haloarchaea species.
This last system has advantages over chemically engineered
systems since it supports a large number of write-erasure
cycles. Therefore, bR-containing materials have been used
for many applications in optics, such as optical memories
[6,7], optical phase conjugation [8], real-time holography
[9-11], spatial light modulators [12,13], all optical switching
[14], or holographic interferometry [15].

The main problem, or perhaps the main advantage, of the
biological system bacteriorhodopsin is the number of states
involved in the photocycle [6] (compared with the two states
usually encountered in the chemically engineered systems),
which makes it difficult to model the events that take place
during the material’s illumination, this being the usual pro-
cedure to improve the behavior of the material. There are
many studies in the literature that describe the behavior of
bacteriorhodopsin [16-21], but, due to the great complexity
of the system, they usually use some approximations, which
involve limitation of the number of bR states considered, or
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decoupling of the radiative transfer equation (Beer’s law)
and the rate equations for the bR states. These approxima-
tions cause different problems, such as a lack of information
about all the physical parameters of the system (rate con-
stants or quantum efficiencies) in the first case and an incor-
rect description of the photoinduced inhomogeneity in the
propagation direction of light in the second case.

The aim of this work was to perform a complete study of
the dynamic and steady-state photoinduced processes of
thick bacteriorhodopsin films, taking into account all the
physical parameters and the coupling of rate equations with
the energy transfer equation. The theoretical approach was
compared with experimental data, which allowed us to vali-
date the modelization procedure and to characterize some of
the physical parameters of the bR in the film. These were
different from those described in the literature [22,23], which
are usually measured in solution. This study also allows us to
characterize the anisotropy distribution along the film as a
function of different experimental parameters, such as light
intensity and wavelength or exposure time.

The bR films are composed of an inert matrix (usually a
polymer or gelatin) and a large number of photochromic pro-
tein bacteriorhodopsin molecules. Regarding the description
of the bR molecules, two different frames should be distin-
guished, depending on the optical properties. On the one
hand, a chain of amino acids forms a helicoidal superstruc-
ture, whose main function is to serve as a rigid support for
the light active core inside the bacterial membrane. This core
is composed of a few amino acids and the retinal chro-
mophore attached to the lysine 216 via protonated Schiff
base linkage. The function of this active core is to act as a
light-driven proton pump, transforming light energy into
chemical energy by a mechanism that has been described
previously [9,10], with a high quantum efficiency. This
mechanism is composed of six states (see Fig. 1), starting
from the B state, which upon illumination is converted into
the M state via K and L states, and then returns to the B state
via N and O states. Apart from the normal evolution of the
photocycle, the protein can also return directly to the B state
from K, L, M, and N states upon photon absorption. Another
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Schematic representation of the bacteriorhodopsin

photocycle was discovered in bR by Popp et al. [24]. This
second photocycle is coupled with the first one, since it starts
at the O state, which upon photon absorption is converted
into theP state. The evolution of the P state is described in
detail in Ref. [25]. Basically, two transitions are possible for
the P state: it could return to the O state upon illumination
with green light (absorption maximum around 525 nm), or it
could be converted into the Q state due to thermal decay.
Upon photon absorption, the Q state returns to the B state
and closes the photocycle. It is important to note that Q and
P states are thermally stable [25] (they only return to the
primary photocycle upon illumination), so they are important
for certain photonic applications like optical data storage
[26].

II. THEORETICAL BACKGROUND

In order to describe the photoinduced changes in a photo-
chromic material, the intensity distribution along the film
must be known. Therefore, the starting point is the equation
for radiative energy transfer along an inhomogeneous me-
dium:
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alua(?t) =~ [Bual&.0) + Baa(LD(L.0).

where [, is the intensity of the pump beam polarized along
the a direction, { is the propagation coordinate of the elec-
tromagnetic field, and 8,, and Bfa are the macroscopic mag-
nitudes related to the microscopic absorption and scattering
cross sections. We only consider the existence of an electric
field polarized along the a direction, so the model described
is valid for initially isotropic systems (the most usual case)
and when the a direction is one of the main axes for an
anisotropic film. For a system formed by N* classical bodies
in the « state (ke{B,K,L,M,N,0,P,Q}), statistical me-
chanics can be applied to obtain the expressions of these
macroscopic magnitudes as a function of the corresponding
microscopic properties:

(1)

3
Buw.8.) = 2 2 Ni(L0) o), (2)
Vk i

3 3
BE(w,0,0) = 2 DN Dok (@) + 2 NI, (3)
Vi i i

where o7 and o7; , are the components of the microscopic
absorption and scattering cross section matrices of the « state
of bR, respectively, while o7; » denotes the microscopic scat-
tering cross section of the matrix, N}, are the population
densities of bacteriorhodopsin units in the « state with the i
component of the cross section projected along the a coordi-
nate of the macroscopic frame, and N} is the density of
molecules of the inert matrix. Therefore, we need to know
the time evolution of the population densities of bacterior-
hodopsin units for each state to solve the time evolution of
the transmitted intensity. This time evolution is given by the
rate equation system for the population densities, which can
be written in matrix form as

B=A~n,~a, (4)

where the B and n;, vectors are B
={onZ 1 0t,on% 1ot,on% 1 9t,0n 1 gt o1 ot on ot ont 19,1}
and ny,={n2 n& nk nM Y n? nf n2}, while the coeffi-
cient matrix A is
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where the k, coefficients are

ki = Pl + ks (6)
k= O+ ke + K, (7)
kyy = DY 4 ko + ks (8)
k= DN + ko + ks 9)
ko =D + ko, + ks (10)
kp=®f +k,,, (11)

and the terms ®}, are given by

K
<ID§;=%U,'§I“. (12)

In this system, n}, are the normalized population densities
for the « state (nf=N%/NF), the parameters ¢, are the
quantum efficiencies of the photoinduced reactions, and %,/
are the rate constants of the transition k— k' (we have omit-
ted the dependency on ¢ and time of all the population den-
sities and the light intensity of the pump beam for simplic-
ity). Also, it should be noted that the equations may be
simplified, depending on the pump beam wavelength; for
example, for a working wavelength of 532 nm the M and the
O states do not absorb (®Y=®?=0). The last line of the
coefficient matrix accounts for the conservation of the total
purple membrane units oriented in a fixed direction (N2F
=N;/3 for isotropic nonoriented films). This conservation
can be assumed for bacteriorhodopsin chromophores con-
tained in a rigid solid matrix (without free rotation of the
purple membrane units) due to the rigidity of the light active
core [27] (in other photochromic systems this cannot be as-
sumed, because the isomerization is independent of the ini-
tial direction [28]). It is important to note that, for other
material configurations, such as dense solutions of bR, the
model would be modified, in order to take into account the
rotation effect. In that case, the modifications would include
new free parameters (rotation diffusion constants), and an
increase in the number of unknown functions. Therefore, the
system becomes extremely complex, with a solution vector
of 24 components and a coefficient matrix A of 24 X 24 el-
ements.

At this point we have a set of equations that describe
photoinduced processes in thick bR films, which has seven
unknown functions (the six bR state population densities and
the pump intensity), a large number of parameters (rate con-
stants, quantum efficiencies, and microscopic optical proper-
ties), and two variables (position and time). This system has
no analytical solutions for time and position, and therefore
we have to employ numerical methods. In the next section,
we proceed to define the different parameters of the systems,
which we divide into two categories according to the effect
of the environment.

PHYSICAL REVIEW E 76, 016608 (2007)

A. Rate constants and quantum efficiencies

The first set of parameters are the rate constants and quan-
tum efficiencies of the different transitions of the photocycle.
This set is characterized by the large influence of the envi-
ronment on the values, due to the transmembrane nature of
BR, mainly the water content and the pH; however, chemical
additives [13,29] in the polymer matrix also have a dramatic
influence on the rate constants. In the case of the rate con-
stants, it is also important to note that their values depend on
the temperature, which is not constant during the pump
stage, so it has to be taken into account. The temperature
dependency of the rate constants is given by the Eyring re-
lationship [30], which allows us to represent the rate constant
at a given temperature 7, as a function of the k; at another
temperature 77:

KTy (—hk" )TO/T‘ (13)

' n \ kT,

where kp and h are the Boltzmann and Planck constants,
respectively. A rigorous treatment of the temperature change
during the experiment involves the use of the heat transfer
equation, which in principle is a three-dimensional equation,
coupled with all the equations present in the paper with a
complex dependency. Also, new free parameters will be in-
troduced, such as the heat capacity and thermal conductivity.
In order to simplify, we use an approximation of the tem-
perature function, which is based on two reasonable argu-
ments: (i) the temperature change is an equilibrium between
the increase due to light absorption and decrease due to ther-
mal dissipation, which occurs with different time constants;
(ii) the maximum temperature is not higher than 340 K for
light intensities of about 2000—3000 W/m?, since no degra-
dation of the protein is observed in the experiments at these
intensities. Making these assumptions, we can represent the
temperature function during the experiment as

T= TO + a,-,,(l - 2 b,«e_c"z) - ade<1 - 2 hie_git> 5 (14)

where the coefficients a;, and a,, account for the total tem-
perature increase due to light absorption and decrease due to
thermal dissipation, respectively, and both depend on the in-
cident intensity. The temporal behavior is described as a
combination of ascending saturation curves for the heating
process and descending saturation curves for the dissipation
process, where c¢; and g; are the time constants of these pro-
cesses, weighted with the coefficients b; and h; (£;5,=1 and
2 ihi= l)

Numerical values of all these parameters in the bR film
cannot be easily determined with any experimental tech-
nique, so they were free parameters in the fitting procedure
of experimental curves. Since they are intrinsic properties of
the material, it is important to note that the same values at a
given temperature will explain the experimental data in dif-
ferent conditions (such as different incident intensities).

B. Microscopic optical properties

The second set of parameters that we have in the equa-
tions are the microscopic optical properties of all the ele-

016608-3



ACEBAL et al.

PHYSICAL REVIEW E 76, 016608 (2007)

TABLE I. Values for the microscopic optical properties of the different states of bR (u;, and A, from

Refs. [26,33]).

B K L M N 0 P 0
af(0) (10728 m?) 20.46 26.25 12.88 21.78
fy(o) (10728 m%) 5.87 10.33 5.59 5.67
a(0) (10728 m3) 4.35 4.35 3.78 4.19
Kigr (1072 Cm) 375 3.38 3.17 2.95 2.65 3.95 336 279
A (1072 m) 560 610 548 410 560 640 525 390

ments of the system, which are not affected by the environ-
ment (pH and water content). Concretely, we need the values
of the microscopic absorption cross sections of the different
states of the system and the microscopic scattering cross sec-
tions for the working wavelength, which are given by [31,32]

o(pgy)* expl= (0 - wp)*/29*]

() = s 15

0'”((1)) CﬁEO \/;T‘y ( )
B 247 afi(w) o’

o g(w) = —, (16)

9¢*

where ,LL: is the ground to excited state transition dipole
moment of the « state of bR, w) (w =2mc/ )\") is the fre-
quency of this transition, y denotes the width of the absorp-
tion curve, a;;(w) is the polarizability of the « element at w,
c is the light speed, and ¢ is the dielectric permittivity of the
vacuum. In order to assign reliable numerical values to these
microscopic parameters, we follow two different strategies.
On the one hand, We use experimental values present in the
literature for wz,, w;,, and y[26,33], which allow us to have
a complete description of the absorption cross section of the
system. On the other hand, we have the polarizability com-
ponents, which cannot be easily measured experimentally, so
we evaluate these components using quantum mechanical
simulations with a procedure described in a previous study
[34] for two states of the system (all the calculations were
performed with the GAUSSIAN 98 package [35]). In this pre-
vious work, we considered that the polarizability of the dif-
ferent states of the bacteriorhodopsin can be separated into
the contribution of the light active core and that of the struc-

tural chain of amino acids (aq, @©):

(17)

CAYK = CY()I + CAYCK

where «a; denotes the sum of the traces of static polarizability
of the 296 amino acids that form the bR protein, and a¢~

the polarizability matrix of the light active core of the protein
(retinal chromophore and surrounding amino acids). The el-
ements of the polarizability matrix are given by the equation

aﬁ"(w) ~ 2 @’ e(0) +a; I(O)QCK(w ), (18)
e,e#1
where «a;;’ e(O) and Q(w) are
2(us, )
a;5(0) = , (19)
fLEOw

(0 (05, - ]

[(w'l(g 2 _ w2]2+r2w2’

QICK((U; ) = (20)
Here I' is the damping factor, related to the width of the
absorption curve. The values of the microscopic optical
properties of the different states of bR are shown in Table I,
with the other values used being y=I/2.355=2X 10" 57!
and ¢(p=2.76 X 10726 m3. The polarizabilities of K, N, P, and
Q states of bR were not calculated, since their population
densities were two orders of magnitude lower than those of
the other states, so their contribution to the scattering losses
was negligible in this study.

III. MODELIZATION PROCEDURE

In the modelization procedure, we distinguish two differ-
ent cases, the steady state and the time-dependent response.
In both cases, the problem described has no analytical solu-
tions, so numerical treatment was required. However, the
way to solve the problem was different in each case. For the
steady-state case, all the time derivatives of the population
densities are equal to 0, so the B matrix is now B”
={0,0,0,0,0,0,0,1}, which implies that we have a system
of linear equations for the population densities, with the fol-
lowing solution:

n;(1,(0) = (21)

where A~! is the inverse of the coefficient matrix and o
indicates the steady state (infinity time). This solution gives
us an analytic expression for the population densities as a
function of the different parameters of the system and the
light intensity function, which now depends only on the co-
ordinate of the propagation direction. Therefore, the expres-
sions for the population densities were introduced in Eq. (1),
resulting in a differential equation with one unknown func-
tion and one variable:

a1 _ (2 S N

de = i(w) + O'SYR((U)]

This equation was solved with standard numerical meth-
ods. Then the intensity function was introduced in the popu-
lation density expressions to find their distribution along the
propagation direction (inhomogeneous distribution).
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The way to solve the time-dependent case was different,
since for this case we had a set of coupled differential equa-
tions that depends on two variables, and the numerical ap-
proach was also a difficult task. We solve the system by
decoupling the differential equation for the { variable from
those for the time variable, which can be done if we dis-
cretize the material in the light propagation direction. For an
adequate number of layers [or step size (A{)], we considered
that the population densities do not depend on the { variable,
so Eq. (1) can be solved analytically for each layer, and the
transmitted intensity of the j layer is

3
Ia[i] = Ia[j - l]exp - <2 E N;jz(j’t)[o-;;(w) + G-S,R(w)]

3
+ :’floﬁR>A§ , (23)

where the N7 (j,t) were solved with the rate equations
(which depend only on the time variable), taking into ac-
count that the intensity function needed to solve the j layer

was that of the j—1 layer.

IV. EXPERIMENTAL PROCEDURE

The theoretical model was evaluated with experimental
data obtained with a standard setup for a commercially avail-
able bacteriorhodopsin film (MIB), whose main characteris-
tics were an optical density of 2.8 at 560 nm and a thickness
of 100 um. For the experimental setup, we used a linearly
polarized pump beam from a frequency-doubled Nd:VO,
laser operating at 532 nm. This beam was expanded, colli-
mated, and limited to an area as small as possible, to ensure
a homogeneous distribution of the light intensity (center of
the Gaussian distribution). The signal was monitored in real
time using a photodetector positioned behind the sample.
The experiment was repeated at 11 different intensities of the
pump beam.

V. RESULTS AND DISCUSSION

First, we must assign reliable values to the rate constants
and quantum efficiencies. As mentioned above, this was
done by fitting experimental values with the model, where
the rate constants and quantum efficiencies were free param-
eters. It is important to note that, as a consequence of the
experimental conditions [in particular, of the pump beam
wavelength (532 nm), ®¥~0 and ®?~0 due to the low
absorption of the M and O states], ¢,, and all the parameters
related to the branched photocycle (¢p, ¢p, ¢p, and k,,)
could not be determined. Therefore, the discussion of the
inhomogeneous distribution of the population densities is
valid for a range of the pump beam wavelength between 500
and 560 nm, approximately, which is the wavelength usually
employed for applications like all optical switching or spatial
light modulators. An analysis of the influence of the
branched photocycle of the bR would involve the study of
the transmittance curves with a pump beam frequency near
the absorption maximum of the O state, for which (I)g
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FIG. 2. (a) Theoretical (black lines) and experimental (gray
points) results for the transmittance at the steady state for different
incident intensities. (b), (c) Theoretical and experimental results for
the transmittance dynamic response (calculations done with 100
layers) for three different incident intensities (514, 844, and
1180 W/m?).
><Df;, so the population densities of the P and Q states will
be appreciable. This will be important for applications where
the photoinduced changes remain a long time after the pump
stage; however, this aspect was outside the scope of this
study.

The results of the fitting procedure are shown in Fig. 2,
where we present two different sets of experimental results
(steady-state and time-dependent responses). First, we fitted
the steady-state data, which gave us a set of values for the
parameters {ky,...,®g,...}, whose main characteristic is
that if we multiply all the values by a constant &, then these
new values also fit the experimental result. Therefore, to ob-
tain a unique solution for the parameters we fitted the dy-
namic data, where now we had only one free parameter (£).
This procedure showed that we cannot assign reliable values
to the physical parameters of the system with steady-state
data only. It is important to note that the numerical treatment
employed makes it difficult to demonstrate the uniqueness of
the fitting, since we do not have an analytical expression to
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fit, and therefore expressions for the gradient and the Hessian
were not available. The fitting procedure involves the calcu-
lation of the regression coefficient for a large number of sets
of values for the parameters. First, a large step size is used,
which allows us to assign an order of magnitude for each
parameter, and later a more accurate step size is employed to
obtain the best-fit parameters. We try to ensure the unique-
ness of the fitting using the steady state and three dynamic
response curves, since we think that it is possible to have two
different sets of parameters that fit the steady state and one
dynamic response curve with relatively good concordance.
However, it is difficult for these different sets to fit three
dynamic responses correctly, since these responses depend
nonlinearly on the parameters.

As can be seen, good concordance (regression coefficients
higher than 0.97) was found between both sets of data using
the following values of rate constants and ¢, at 293 K (am-
bient temperature): k;;=2300 (+200) s, k;,,=169 (x2) s7!,
kyp,=0.98  (x0.05) s7!, k=110 (x10)s7!, k,,=52
(£0.3) s7!, k=230 (£20) 57!, k,,;=64.6 (x0.6) s7!, k,,=40
(#4) 57!, k,,=0.1 (<1)s7!, ¢p=0.12 (x0.001), ¢x=0.12
(<0.2), ¢;=0.12 (x0.001), and ¢$y=0.8 (>0.6). The values
in parentheses mark the confidence interval for the param-
eters, based on the change in the regression coefficients when
we modify the values of each parameter. It can be seen that
the width of the confidence interval changes from one pa-
rameter to the other. All of them were relatively narrow, ex-
cept three related to the N and K states, for which the interval
was broad. This may be attributed to the low values of the
population densities for the N and K states, and has no effect
on the calculation of the inhomogeneous distribution of the
anisotropy. Other free parameters of the model were the co-
efficients of the temperature function [Eq. (14)], which were
a3, =047\1,00), az,=0.6a;, by=1, h;=0.6, h,=0.4, ¢,=10,
£,=0.02a;,, and g,=0.0014q;,. These temperature param-
eters basically mean that there was a rapid increase in the
temperature due to the absorption (which depends on the
incident intensity), and later a slow decrease in the tempera-
ture due to the equilibrium between absorption and dissipa-
tion, where the rate constants of the decrease depend on the
temperature reached. Using these parameters, the tempera-
ture change is about 8 K for the steady state and the highest
intensity employed (2000 W/m?), so the approximation that
disregards the temperature gradient seems correct. We test
this approximation experimentally using two diaphragms,
one before and one after the film. In the standard setup both
have the same radius, while, in the second experimental
setup, the first diaphragm is open with the largest radius, so
we changed the temperature gradient in the xy plane. Since
both transmittance curves are similar, we considered that the
effect of the temperature gradient was negligible.

Figure 2(a) shows the transmittance [defined as
I,(L,1)/1,00,t)] of the pump beam at the steady state, using
different values of the incident intensity, for both experimen-
tal and theoretical data. The observed and calculated curves
show the typical saturation form for photochromic systems,
where saturation was found for an intensity slightly higher
than 2000 W/m?. These values of the parameters also repro-
duce the dynamic behavior of the transmittance, as can be
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seen in Figs. 2(b) and 2(c), where the dynamic response for
the three different incident intensities (514, 844, and
1180 W/m?) is shown. Figures 2(b) and 2(c) are the same
but with different time scales, which shows the good concor-
dance between experimental and theoretical data for short
and long times. It is important to note that the experimental
results for short times (0—2 s) can be reproduced without the
temperature effect on the rate constants using different val-
ues from those shown before, but this model does not allow
us to reproduce the dynamic response for long times. There-
fore, the observed evolution of the transmittance after the
first change in the slope (between 1 and 2 s depending on the
incident intensity) must be attributed to the change in tem-
perature during the experiment. Regarding the values of the
rate constants which reproduce the steady-state and dynamic
behavior of bR films, it should be noted that they were be-
tween two and three orders of magnitude lower than those
reported in the literature [22,23], which were measured in
solution. These results must be mainly due to the effect of
the water content, since, as mentioned above, the values of
the rate constants are greatly modified by this parameter
[15], and it is obvious that the water concentration in a so-
lution is quite different from that in a solid film. The other
parameters that modify the rate constants—pH and chemical
additives—could be similar for a solution and for a solid
matrix, so the main effect must be due to the water content.

The good concordance between theoretical and experi-
mental data confirms that the model was a good approxima-
tion of the events that take place during illumination of the
material, so we could use all the information obtained to find
out more about what occurs inside the material. In particular,
we were interested in the inhomogeneous distribution of the
normalized population densities along the light propagation
direction. This is an important parameter needed to analyze
the photoinduced anisotropy, which can be defined as the
difference between the population densities with the x com-
ponent of the microscopic frame projected along the a and b
coordinates of the macroscopic frame:

Any=ny, —ny,. (24)

The nf, depends on the coordinate of the propagation di-
rection, and ny, is constant for the systems studied here, so
Eq. (24) implies that the anisotropy depends on the coordi-
nate of the propagation direction with the same dependency
as n,. Therefore, the study of the inhomogeneous profile for
the population densities also shows the inhomogeneous dis-
tribution of the material anisotropy. Therefore, birefringence
and dichroism (a lot of applications are based on these prop-
erties) vary with the depth of the sample. The study of the
inhomogeneous distribution was done for both cases, steady
state and time dependency. Simulations for the steady state
are shown in Fig. 3. First, in Fig. 3(a), we analyze the effect
of the light intensity. The behavior of the curve is as ex-
pected, since the results showed that the population of the
initial B state increases with depth as a result of the attenu-
ation of the pump beam intensity, while the population of the
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FIG. 3. (a) Normalized population densities (n,,) of different
states of bR versus the coordinate of light propagation for two in-
cident intensities (black, 514 W/m?; gray, 1180 W/m?). (b) Nor-
malized population density (n,,) of B state of bR versus the coor-
dinate of light propagation for three different wavelengths of the
pump beam at 514 W/m?2.

other states decreases. Another expected result was the fact
that the increase in the incident intensity causes a smaller
difference between the population densities of the first and
the last layers, where, for example, at 1180 W/ m?, the popu-
lation density of the L state was close to a homogeneous
distribution. This was not the case for the B and M states, for
which higher intensities are needed. The change in njy, with
increase in the intensity of the pump beam is greater for the
last layers, since for the first layers saturation was reached.
An interesting result is also shown in Fig. 3(b), where we
analyze the effect of the wavelength of the pump beam on
the photoinduced anisotropy. The difference between initial
and final layers was greater for the pump wavelength near
the resonance of the B state (560 nm) with the same intensi-
ties, while a more homogeneous result is obtained with a
wavelength outside resonance (514 nm). Regarding the val-
ues of the initial layer, it should also be commented that the
photoconversion efficiency reached, defined as l—nfa, was
higher for a wavelength near resonance, so higher anisotro-
pies could be obtained using this wavelength.

Finally, we analyze the dynamic behavior of the photoin-
duced inhomogeneous anisotropy. Figure 4(a) shows the evo-
lution of the normalized population densities of the B and M
states of bR with the depth of the sample for different times.
We can distinguish two different time scales for the profile
change during the pump state, one for an interval between 0
and 2 s, where the greatest change in the form of the profile
is produced, and the other for a time longer than 2 s. As
mentioned above, the results for the first interval can be ex-
plained basically by the values of the different rate constants
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FIG. 4. (a) Normalized population densities (n,,) of the B
(black) and M (gray) states of bR versus the coordinate of light
propagation for five different times with an intensity of 514 W/m?,
(b) Normalized population density (n,,) of the B state of bR versus
the coordinate of light propagation for five different step sizes (1, 5,
20, 50, and 100 layers) at 2 s with an intensity of 514 W/m? (points
indicate the results for 100 layers).

without the influence of the temperature (to be more precise,
we can say that the temperature influence is not remarkable
at this stage). After this time, the form of the profile does not
change significantly, and we only observe a decrease in the
whole curve for n® and an increase for n until the steady
state is reached, which happens at long times (more than
100 s). Figure 4(b) analyzes the importance of a correct se-
lection of the step size in the modelization procedure of the
time response. As can be seen, the results converged for val-
ues of step size greater than 2 wm (50 layers), whereas when
we used a smaller number of layers we could not reproduce
the inhomogeneous distribution correctly.

VI. CONCLUSIONS

We performed a complete study of the dynamic and
steady-state photoinduced processes of thick bacteriorhodop-
sin films, taking into account all the physical parameters and
the coupling of rate equations with the energy transfer equa-
tion, and obtained good concordance between theoretical and
experimental data. The theoretical approach shows that the
values of the rate constants of the primary photocycle for
solid bR films are about two or three orders of magnitude
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lower than those observed in solution. It can also be noted
that the temperature change during the experiment had a
great influence on the final values of transmittance and, con-
sequently, on the inhomogeneous distribution along the co-
ordinate of light propagation. The study shows that, depend-
ing on the intensity and wavelength of the pump beam, we
can obtain a very inhomogeneous profile of the population
densities, which implies an inhomogeneous profile of the bi-

PHYSICAL REVIEW E 76, 016608 (2007)

refringence and dichroism. Therefore, this must be taken into
account in the applications described for this system.
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