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Abstract—Modeling the optical response of photosynthetic pigments is an integral part of the study of funda-
mental physical processes of interaction between multi-atomic molecules and the external electromagnetic
field. In contrast to ab initio methods for calculating the ground and excited states of a molecule, the use of
semiclassical quantum theories allows us to use characteristic functions, such as spectral density, to calculate
absorption spectra rather than considering the full set of electron and atom configurations. The main disadvantage
of'this approach is the comparison of calculated and experimental spectra and, as a consequence, the need to justify
the uniqueness of the obtained parameters of the system under study and to evaluate their statistical significance.
In order to improve the quality of the optical response calculation, a heuristic evolutionary optimization algo-
rithm was used in this work, which minimizes the difference between the measured and theoretical spectra by
determining the most appropriate set of model parameters. It is shown that, using as an example the spectra
of photosynthetic pigments measured in different solvents, the optimization of modeling allowed us to obtain
a good agreement between the calculated and experimental data and to unambiguously determine the elec-
tron-phonon interaction coefficients for the electronic excited states of chlorophyll, lutein and B-carotene.
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INTRODUCTION

The analysis and interpretation of spectroscopy
data of both monomeric pigments in solvents and pig-
ment-protein complexes (PPCs) plays a key role in
studies of the primary processes of photosynthesis [1—
3]. PPCs of plants, bacteria and blue-green algae
exhibit a wide variety of optical properties and packag-
ing of pigments in the protein matrix [4, 5]. Chloro-
phylls (Chl), bacteriochlorophylls and carotenoids are
the main pigments providing optical activity of PPC in
the visible spectral range [6]. The specific features of
the chemical structure of photosynthetic pigments
allow them to efficiently absorb external electromag-
netic radiation, converting it into the energy of elec-
tronic excitations [7]. The interaction of pigments
inside PPC leads to the formation of quasi-particles —
excitons, possessing different degrees of delocalization
in the complexes, which results in a change in the opti-
cal properties of PBC compared to monomeric pig-
ments [8—10]. Eventually, the diversity of light-har-
vesting complexes and their mutual arrangement in

the membranes of photosynthetic organisms ensure
efficient transfer of absorbed energy to specialized
protein structures—reaction centers, where chemical
processes of charge separation take place [11, 12].

Theoretical analysis of optical properties of PPCs is
impossible without knowledge of basic quantum char-
acteristics of pigments, such as the energy of electronic
excited states and their lifetime, as well as the magni-
tude and direction of dipole moment transitions from
one state to another [13]. These parameters determine
the profile of the pigment absorption spectra and its
potential ability to exchange energy with other pig-
ments in the PPC. The application of modern ab initio
quantum calculations [14—16] for modeling the elec-
tronic and vibrational excited states of organic pig-
ments allows us to evaluate the optical properties of
monomeric molecules with high accuracy; however,
such calculations for systems of interacting pigments
become very energy- and time-consuming.

To speed up calculations, an alternative to ab initio
simulations can be considered modeling the optical
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Fig. 1. Chemical structure and absorption spectra of the photosynthetic pigments measured at room temperature: lutein (/) and
B-carotene (2) in THF (a) and Chla in (/) diethyl ether, (2) pyridine and (3) THF (b).

response using the semiclassical quantum theory of
the interaction of electromagnetic radiation with mat-
ter [17]. This theory is based on the concept of the
spectral density function, which carries information
about the effective vibrational modes that characterize
the electronic excitation of the molecule under study.
Each vibrational mode is defined by three quantities:
frequency, damping coefficient and intensity of inter-
action with electronic excitation (Huang—Rhys fac-
tor) [18]. Due to the phenomenological nature of this
approach, a comparison of measured and calculated
spectra is necessary to estimate the parameters of the
system under study. The process of fitting the spectra
is associated with the search of virtually infinite number
of possible parameter values and comparison of the
obtained modeling results with experimental data for
each set of potential “ideal” parameters of the system.

As the results of the research show, the problem of
modeling the optical properties of photosynthetic pig-
ments can be solved using evolutionary algorithms,
the heuristic nature of which makes it possible to tune
the optimal mode of the optimizer without going into
the nuances and details of a particular problem. Dif-
ferential evolution (DE) is one of the most widely used
optimization methods [19, 20]. The algorithm is based
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on a set of specific methods of selecting a mutant vec-
tor of optimized parameters [21].

Using the example of modeling the absorption
spectra of lutein, B-carotene and Chla taken at room
temperature in different solvents (Fig. 1), we demon-
strate that the simultaneous application of semiclassi-
cal quantum theory and differential evolution method
allows us to determine statistically significant spectral
density parameters for each pigment-solvent combi-
nation [22]. Moreover, the application of the optimi-
zation algorithm, in contrast to the conventional cal-
culation of spectra, allows us to set the initial spectral
density with an equidistant set of vibrational frequen-
cies with fixed values of the Huang—Rhys factors,
which either becomes significant or negligibly small in
the process of fitting the experimental spectra. As a
result, the obtained spectral density can be regarded as
a characteristic function describing the degree of elec-
tron-phonon interaction for each vibronic mode with
an electronic transition.

MATERIALS AND METHODS
Differential Evolution Algorithm

For modeling the absorption spectra of pigments,
the classical version of the DE designed to find the
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global minimum of functions of many variables was
taken as a basis. Its advantage is that the minimized
function can be nonlinear, nondifferentiable and mul-
timodal. With a correctly specified physical model, a
large number of free parameters can only increase the
running time of the algorithm, while leaving its final
accuracy acceptable. To start the optimization of sim-
ulations, the target function, free parameters and their
search range must be set before running the program

[18, 23]. If 6™ (w,,) is the experimental spectrum,

o“"(®,,, x;) is the simulated spectrum, x; is the set of
quantum model parameters to be optimized, and ®,, is
the frequency range of the measured spectrum, then
the target minimized function will be:

M
2
100 = =3 (6™ (@,) - 0@, x) . (1)
M m=1

At the initial stage of DE, a set of vectors is created
in the n-dimensional space, where 7 is the number of
free parameters, for each of which the value of the tar-
get function is calculated. The best one (i.e. the one
with the smallest function value) is taken into the next
generation, then a new generation of vectors is created
by mutation and crossing, the values of which will be
compared with the best vector from the previous one,
after which the best vector at the moment will be
selected again. The cycle of sequential procedures of
mutation, crossover and selection will operate until
the calculations stop. The end of the program can be
initially set by the number of generations or by reach-

ing a sufficient value of the target function.

The Multimode Brownian Oscillators Theory

The semiclassical theory of multimode Brownian
oscillators was used to calculate the profile of the
absorption spectra. This theory usually considers a
system of two electronic levels (ground and excited),
each of which interacts with a set of vibrational states
of the molecular backbone and the nearest protein
environment or solvent, which in turn is also modeled
by a set of damped oscillators [17]. The external influ-
ence of the electric field is considered as a perturbation
for the system of electronic levels, which is not quan-
tized and represented as a Gaussian packet E(r,f). If
the polarization of the medium is decomposed by
degrees of perturbation as

P, ) = Pr,n) + Pe,n)® + Pe,n)® +--,  (2)

then the expression corresponding to the first-order
polarization is written in the form

P =~ fanECr-n)s"a).,  O)
0

where S(l)(tl) is the optical response function of the sys-
tem of electronic levels. Knowing the optical response
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function, we can calculate the absorption spectrum
o(w), corresponding to the transition of the system from
the ground state to the excited state by the formula

a@=jmwmww 4)

The methods to calculate S(')(tl) are described in
many publications [1, 2, 17]. In general, formula (4),
which is suitable for numerical modeling, is expressed
through the correlation function g(f) of the dipole
moment of the transition from the ground to the
excited state:

o1 t
g(0) = 2= [do-—2" coth (Br/2)C" (0)
2n 7 0)
= gin(o) (5)
i sim(wf) -t _,
- L ldo™—/"L""C"(w),
- j = ()

this function depends on the temperature (1/ = kT
d on the spectral density of the electron transition.

The expression for the spectral density can be
obtained by the method of continuum integration [15]
and is given as follows:

C"(0) = Z

2 b
- 2 2 2 2
j(())j—(,l)) +(D'Yj

28 jmi-(oy f

(6)

where {®;,5;,7,} is the set of parameters characteriz-
ing vibrational modes of the pigment; ®; is the fre-
quency of the jth mode, §; is the Huang—Rhys factor
of the jth mode, vy, is the damping coefficient for the
Jjth mode. To obtain the most realistic profile of the
absorption spectra, it is also necessary to take into

account the effect of inhomogeneous broadening,
which is modeled by adding an exponential factor

2
e_(A’) /2 to the expression for the 0(0)), where

A =FWHM/2,/2In2 and FWHM defines the full
width at half maximum of the Gaussian distribution
for the values of Q,, . Thus, the expression for calculat-
ing the absorption spectra takes from [24]:
c(w)
o (7)
= iRe Idt expii(m — Q,, )t} exp{—g(?)} exp {—%(Atf}.
0

RESULTS

In the visible region, the absorption spectra of
carotenoids are associated with the 5, — S, electronic
transition, while the S, — S, transition is forbidden by
symmetry rules [25]. Chla is optically active in both
the high-frequency (Soret band) and low-frequency
regions of the visible range. In this work, only the
No. 6
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Fig. 2. The generalized spectral density functions before the start of spectrum modeling (a) and after modeling (b). Initially,

vibronic frequencies are uniformly distributed in the range from 500 to 3020 cm_l, the damping coefficient is the same for each
mode and is fixed, the Huang—Rhys factors are free parameters (this fact is reflected by the same intensities for each mode). After
the end of optimization, the values of the Huang—Rhys factors are determined and correspond to the theoretical spectrum, which

maximally coincides with the experimental one.

Sy — O, bands of the low-frequency electronic transi-
tion of Chla were taken into account. The absorption
spectra of lutein and B-carotene in tetrahydrofuran
(THF) and Chla in diethyl ether, pyridine, and THF
measured at room temperature were used for the sim-
ulations. The initial values of the frequencies of vibra-
tional modes in the spectral density (Fig. 2) were set in
the range of 500 to 3020 cm~! with a uniform step of
120 cm~'. Thus, the overall number of free parameters
is D = 27, specifically, 22 electron-phonon interaction
intensities for each mode (Huang—Rhys factors), the
electron transition energy between the ground and
excited states, Q,,, FWHM, of the inhomogeneous
broadening, and three values for the low-energy
vibronic mode: {,,,,, S/, Viow)- The settings of the
algorithm parameters are similar to those used in com-
puting the linear optical response [18, 23] for a system
in which the spectral density was calculated with a
fixed set of relevant vibrational modes. DE/best/1/bin
was used to perform the simulations with the weighting
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factor F =0.55 and crossover probability Cr=0.9. The
overall number of generations is fixed for each run of
the program P = 300. The number of calls of the com-
putational function for one run of the optimization
program is determined through the number of free
parameters D and is equal to K= 10PD. The results of
spectra modeling for all “pigment—solvent” combina-
tions are shown in Figs. 3 and 4. The parameters of the
quantum models for each spectrum are presented in
Table 1. These values correspond to the lowest value
of the function %?(x;) obtained after 10 runs of DE
algorithm.

As can be seen from the presented results, for Chla
and carotenoids were of the same order, indicating the
universality of the method used for the different type of
pigments. Taking into account that the simulated spec-
tra are within different energy ranges (carotenoids from
19000 to 26000 cm~!, Chla from 14000 to 17000 cm™"),
it can be stated that the optimization algorithm con-

verges steadily for electronic transitions €,, with val-

No.6 2024
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Fig. 3. Result of the modeling of lutein (a) and B-carotene (c¢) absorption spectra in THF. Thin lines indicate intermediate results
of calculations for the first seven generations of DE. The dependence of the minimized discrepancy function between the exper-
imental and theoretical spectra on the number of calls of the spectra simulation procedure for lutein and B-carotene is shown in

graphs (b) and (d).

ues in the visible range. A similar conclusion about the
versatility of the method can be made for modeling
different types of solvents: diethyl ether and THF are
nonpolar, while pyridine is polar. In all plots of Figs. 3
and 4, the discrepancy function after 300 generations
asymptotically approaches the limit, which is deter-
mined by the noise of the measured spectra.

The initial spectral density for each optimization
run was the same (Fig. 2a). The final result of the opti-
mization is 27 parameters of the quantum model,
averaged after 10 program runs, on the basis of which
the resulting spectral density is calculated (Fig. 2b).
The calculated spectral densities for lutein and -car-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

otene, as well as for Chla in diethyl ether, pyridine,
and THF after each DE run are shown in Figs. 5 and 6.
The final results of the optimization are independent
of the initial conditions. The arrows indicate the fre-
quency regions where maximum differences are
observed for pigments in different solvents.

DISCUSSION

Linear optical response modeling using differential
evolution has already been successfully applied by our
research team to analyze the absorption spectra of
astaxanthin [18] in polar and nonpolar solvents, a
keto-carotenoid produced by algae and yeast fungus.
Vol. 18
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Fig. 4. Result of the modeling of Chla absorption spectra in diethyl ether (a), pyridine (c) and in THF (e). Thin lines indicate
intermediate results of calculations for the first seven generations of DE. The dependence of the minimized discrepancy function
between the experimental and theoretical spectra on the number of calls of the spectra simulation procedure for Chl a spectra in

each solvent is shown in graphs (b), (d) and (f), respectively.

In this work, the spectral density was used for which
the number of vibronic modes was fixed and equal to
eight. It is known that carotenoid-type molecules are
characterized by four main frequencies: vibrations of
double and single carbon bonds, as well as methyl
groups and hydrogen. Taking into account two over-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

tones and another frequency corresponding to the sum
of double and single carbon bonds, a good agreement
between theory and experiment was obtained. How-
ever, in this study we use a more general approach for
the spectral density, not limiting ourselves to a finite
set of modes at certain frequencies, but setting a comb

No.6 2024
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Table 1. Parameters of the semiclassical theory optimized by differential evolution on the basis of which the absorption
spectra of B-carotene and lutein in THF and Chla in pyridine, diethyl ether and THF are calculated

Free parameters B-carotene—THF | Lutein—THF Chla—THF | Chla—pyridine | Chla—diethyl ether

1 Q,, 22463.75 23175.85 15836.04 15518.32 15763.26

2 FWHMq 1307.67 793.40 50.15 357.86 279.14

3 Wy 175.87 82.94 163.13 295.85 252.96

4 Siow 0.025 0.24 0.49 0.16 0.22

5 Yiow 63.42 287.75 182.48 37.20 211.24

6 S500 0.00057 0.00012 0.059 0.0061 0.051

7 S620 0.00031 0.00088 0.00029 0.053 0.0014

8 S740 0.00050 0.0018 0.023 0.12 0.025

9 Ss60 0.00022 0.21 0.050 0.018 0.11
10 Sos0 0.00072 0.027 0.032 0.022 0.035
11 S1100 0.048 0.21 0.054 0.052 0.014
12 S1220 0.30 0.27 0.050 0.028 0.057
13 S1340 0.52 0.0060 0.037 0.057 0.054
14 S1460 0.045 0.0042 0.031 0.00073 0.0092
15 S1580 0.13 0.49 0.018 0.047 0.012
16 S1700 0.014 0.13 0.0044 0.010 0.053
17 S50 0.00078 1.18e—005 0.0070 0.0095 0.00019
18 S1940 0.14 0.015 0.0078 0.015 0.0030
19 S$5060 0.032 0.0024 0.016 0.011 0.043
20 5180 0.0017 1.07e—006 0.033 0.0017 0.0017
21 55300 0.0017 0.0023 0.0039 0.012 0.0040
22 Sra20 3.50e—005 0.029 0.032 0.00096 0.00065
23 540 3.23e—005 0.0059 0.0043 0.00054 0.023
24 S2660 1.33e—005 0.0033 0.0084 0.0057 6.77e—006
25 85780 7.38e—006 3.29e—005 0.00097 0.00013 0.00098
26 855900 0.021 6.76e—005 5.71e—005 8.47e—006 0.0041
27 S3020 0.051 0.076 0.016 0.012 0.017

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B Vol. 18 No. 6 2024
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Fig. 5. Spectral densities for lutein (a) and B-carotene (b) in THF obtained after 10 runs of the optimization algorithm. In all

cases, the magnitude of the discrepancy did not exceed 107*. The arrows indicate the frequency range in which the largest differ-

ences are observed.

of vibronic modes with a fixed step in a wide range
(Fig. 2a). On the one hand, such calculations become
much more time-consuming due to the larger number
of free parameters; on the other hand, if the algorithm
is properly implemented, the overall accuracy can
increase. For example, in a previously published study
[26] there is a large discrepancy in the high-energy
region because only two vibronic modes of carot-
enoids without overtones were considered.

It is worth noting that the concept of generalized
spectral density can be implemented only with the
help of an efficient and robust optimization algorithm,
since it is impossible to solve this type of problem ana-
lytically or ‘manually’. If such modeling of carotenoid
spectra measured in different solvents is carried out

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

and a database including spectra, chemical formulas
and semiclassical quantum theory parameters in the
form of generalized spectral density is created, it will
be possible to identify specific regularities and classify
the type of immediate environment depending on its
influence on the studied pigments on the basis of the
obtained and systematized data. It should be empha-
sized that the accuracy of the results strongly depends
on the step between the peaks in the comb (in this
work it was constant and equal to 120 cm™'). This
value needs to be finely optimized, because if the step
is too large, many peaks may be missed, and if it is too
small, they may be indistinguishable from each other.
Based on the available combed peaks, the final
absorption spectrum can be calculated. Obviously, the

No.6 2024
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idea of the generalized spectral density needs further
detailed analysis and elaboration.

Despite the same initial spectral density conditions
for all molecule and solvent combinations, different
results were obtained at the output of the program,
by which each “pigment—solvent” combination can
be unambiguously classified. This is confirmed by
the small scatter in the data obtained for each pair,
as well as the low value of the non-convexity, show-

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

ing a good agreement between the experimental and
calculated data.

CONCLUSIONS

On the example of Chla in three solvents (diethyl
ether, pyridine, and THF), as well as lutein and B-car-
otene in THF, we have shown that the use of a spectral
density function of a special kind (in the form of a
comb with an equidistant distribution of vibronic
Vol. 18

No. 6 2024
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modes in the range from 500 to 3020 cm™~') as an initial
condition for multiparametric optimization allowed us
to model the experimental data with great accuracy
and, at the same time, to obtain statistically distin-
guishable values of the obtained spectral density. For
all pigment—solvent combinations, the electron—pho-
non interaction intensities defined by Huang—Rhys
factors were unambiguously determined.
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