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Abstract

Resumen

Resumo

A system of six chlorophyll-A molecu-
les (Ch-A-6) was studied by quantum
chemical modeling methods using den-
sity functional theory and its non-local
approximations. Theoretical modeling
of the spatial structure, electronic levels,
distribution of effective charges on
atoms and excited states was carried out
simultaneously with interpretation of
experimental optical absorption spectra
of chlorophyll-A in solution with diethyl
ether. Analysis of electronic structure
and atomic nuclei by Mulliken methods
allowed to establish the nature of the
bond between chlorophyll-A molecules
within the system. The effect of Mg coor-
dinate position in the formation of bands
in calculated absorption spectra was stu-
died. According to the calculations, exci-
ted states are caused by transitions from
within each chlorophyll fragment. Transi-
tions of mixed molecular orbitals can also
be detected. A final analysis of non-co-
valent interactions showed the presen-
ce of a high degree of hydrogen bonds
and strong Van der Waals interactions.

Un sistema compuesto por seis moléculas
de clorofila-A (Ch-A-6) fue estudiado a
partir de métodos de simulacion de qui-
mica cuantica mediante la teoria funcional
de la densidad y su aproximacion de
formano local. La simulacion tedrica de
la estructura espacial, la configuracion
electrénica y la distribucion de cargas
efectivas en atomos y en estados excita-
dos se llevaron a cabo simultaneamen-
te con la interpretacion de espectros
opticos de clorofila-A en solucion con
etoxietano. El analisis de la estructura
electronica y de los nucleos atomicos
mediante métodos Mulliken permitié
establecer la naturaleza del enlace entre
las moléculas de clorofila-A dentro del
sistema. Se estudio el efecto de la posi-
cion del magnesio (Mg) en espectros de
absorcion simulados. Segun los calculos,
los estados excitados son causados por
transiciones dentro de cada fragmento
de clorofila. También se detectaron otras
transiciones entre orbitales moleculares.
El analisis de interacciones no covalentes
mostré la presencia de un alto grado de
enlaces de hidrégeno y fuertes interac-
ciones de Van der Waals.

Um sistema composto por seis moléculas
de clorofila-A (Ch-A-6) foi caracterizado
em simulagdo fisica quantica usando a
teoria do funcional da densidade e sua
aproximagdo ndo local. A simulagdo
da estrutura espacial, da configuracao
eletronica e da distribui¢do de cargas
efetivas nos 4tomos e nos estados
excitados foi realizada simultaneamente,
com interpretagao dos espectros opticos
da clorofila-A em solucdo em etoxieta-
no. A andlise da estrutura eletronica e
dos nicleos atdmicos usando métodos
Mulliken permitiu estabelecer a nature-
za da ligagdo entre as moléculas de clo-
rofila-A dentro do sistema. O efeito da
posi¢ao do magnésio (Mg) nos espectros
de absorgdo simulados foi estudado. De
acordo com os calculos, os estados exci-
tados sdo causados por transi¢des dentro
dos fragmentos, outras transi¢des en-
tre orbitais moleculares também foram
detectadas. A analise das intera¢des nao
covalentes mostrou a presenca de um
alto grau de ligagcdes de hidrogénio e
fortes intera¢des de Van der Waals.
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Introduction

Chlorophyll-A (Ch-A) is the only pigment in protein structures
that is directly involved in photosynthesis [1]. Common structure
of Ch-A is composed by a central chlorin ring enclosing a magne-
sium (Mg) ion with several methyl CH; ring substituents connected
to a hydrophobic hydrocarbon phytol “tail”. These three elements
integrate the main areas for absorption of visible radiation. The
central chlorin-enclosed Mg is widely believed to heavily influence
the absorption abilities of the whole system. The presence of Mg is
explained by the heterogeneous biosynthesis of chlorophyll [2],
which occurs along the carboxyl pathway by oxidation and chain
closure of the propionate substituent [3].

Obtained experimental optical absorption spectra of Ch-A have a
complex structure [4]. To connect transitions ground-excited states
to their respective fragments and their contributions to the inten-
sity of the bands is almost an impossible task without the use of
theoretical methods. Density functional theory (DFT) is one of the
most effective methods for calculating electronic structure, excited
states and probabilities of transitions from ground state [5-8]. This
approach allows one to determine the contribution of each frag-
ment to the intensities of the experimental bands from electronic
structure and distribution of Mulliken atomic charges. Additionally,
to verify and visualize the non-covalent interactions (van der Waals
interactions, hydrogen bonds, and steric clashes) between molecu-
les and molecular fragments, we used the non-covalent interaction
index (NCI) based on the reduced density gradient (RDG) of electron
density; this topological method has demonstrated great capabili-
ty and precision on predicting non-covalent interactions and their
characteristics [9-12].

In this work, three main structures were calculated and analyzed:
the system of six Ch-A fragments (Ch-A-6) (figure 1A), two mole-
cules of Ch-A in parallel (figure 1B) and perpendicular alignment
(figure 1C). The main objective of this work was to establish the na-
ture of the bond between Ch-A molecules and their excited states,
and to interpret the optical absorption spectra by energy analysis
and localization of molecular orbitals (MO). Separate tasks were set
to determine and analyze atomic charge, simulated photo-electro-
nic spectra and the effect of coordination of Mg ion in the chlorin
ring on the optical absorption spectra for the six-molecule system
and individual fragments of Ch-A in order to shed light on long-ran-
ge order effects (such as characteristic optical spectra that can be
measured from passive and active satellite sensors) by analyzing
electronic structure and absorbance from excited states.

Methods and approach

Quantum-chemical calculations of the spatial structure, energies
(and composition) of MO and distribution of effective atomic char-
ges were performed in the DFT approximation using the program
FireFly 8.2.0 [13]. Calculations of 50 excited states and singlet-sin-
glet transitions for all studied compounds were performed in the
approximation of non-local density functional theory (TDDFT) using
the GAMESS-US (2022 R2) program [14]. For all calculations the
hybrid exchange-correlation functional CAM-B3LYP [15] was used,
which is a modification of the B3LYP5 functional [16]. The selected
functional included long-range corrections and an accurate descrip-
tion of charge transfer processes [17, 18], which allows the calcula-
tion of complex systems [18]. The high density of atoms and overall
volume of the systems greatly affects calculation time and the choice
of basis set requires a compromise between accuracy and time-con-
sumption; therefore, the compact 6-311G basis set [19] was chosen
forits well-tested and accurate results for complex systems [20, 21].

Initial structure of the Ch-A molecule was constructed using data
from a study into the reaction center of a photo-system [22], regar-
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ded as the most accurate analog for experimental absorption spec-
tra of real pigments based on Ch-A; thereafter, the structure was
subdivided into several main fragments and calculated separately.
For all calculated compounds 50 excited states of singlet-singlet
transitions on the TDDFT methods were obtained. Additionally, an
analysis of non-covalent interactions and calculation of the sma-
Llest density gradient [23] were performed for the system of Ch-A-6
molecules using the program Multiwfn [24].

Results

The initial structure of Ch-A “natural” analog (figure 1A) consists
of six chlorin rings with phytol chains shortened to a C’ methyl
group; two water molecules coordinating the Ch-A molecules and
two extra Ch-A molecules flanking the central system [22]. Struc-
tures in figure 1B and 1C demonstrate, respectively, the arrange-
ment of two Ch-A molecules in parallel and perpendicular to each
other. Main Ch-A system contains six fragments of Ch-A numerated
in figure 1A. The acid radical CH,CH,CO,- is attached to fragment
one (perpendicular to fragment three) and two (perpendicular to
fragment four). In fragments three and four, the central Mg ions are
connected to water molecules; fragment five (located in the back-
ground of figure 1A) and six (located in the foreground of figure 1A)
have histidine (a heterocyclic alpha-amino acid) attached to them.
Two subsystems were isolated, each consisting of two molecules
with fragments one-three (figure 1C) and five-six (figure 1B).

R X h,

Figure 1. Spatial structure of six molecular chlorophyll-A system (A) and isolated
2-molecular subsystems in parallel (B) and perpendicular (C) configurations.

For all the selected structures energy, localization of MO (table 1)
and atomic charges (table 2) were calculated. In addition, an
analysis of the population of the highest occupied MO (HOMO) and
lowest unoccupied MO (LUMO) interacting in the energy transfer
from ground to excited states using theoretical absorption spectra
(figure 2 and 3) was carried out. The obtained calculated spectra
were compared with the experimental spectra of the Ch-A molecu-
le in a diethyl ether solution [25]. The choice of the experimental
spectrum in a diethyl ether solution is due to the fact that this sol-
vent is considered “non-polar” (doesn’t have donor-acceptor pro-
perties), compared to ethanol, acetone, methanol, etc. This allows
us to reduce the influence of external variables on the results [26].
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Table 1. Energy (eV) and localization (%) of the molecular orbitals (MO) system of
six chlorophyll-A molecules (Ch-A-6).

Chlorophyll-A-6 (Ch-A-6)

Localization (%)
N° MO € (eV)

1 2 3 4 5 6
1154 L+9 -0.84 - 100 - - - -
1153 L+8 -0.90 - - - 96 - -
1152 L+7 -0.95 97 - - - - -
1151 L+6 -0.97 - - 99 - - -
1150 L+5 -1.60 - - - - 21 79
1149 L+4 -1.62 - - - - 80 20
1148 L+3 -1.77 - 99 - - - -
1147 L+2 -1.85 96 - - - - -
1146 L+1 -1.95 - - - 96 - -
1145 LUMO -1.97 - - 99 - - -
1144 HOMO -5.47 - - - - 10 89
1143 H-1 -5.56 - - - - 72 27
1142 H-2 -5.61 - 99 - - - -
1141 H-3 -5.73 - - - - 74 25
1140 H-4 -5.73 99 - - - - -
1139 H-5 -5.81 - - - - 40 56
1138 H-6 -5.87 - - 97 - - -
1137 H-7 -5.88 - - - 94 - -
1136 H-8 -5.97 - 98 - - - -
1135 H-9 -6.05 54 - - 45 - -
1134 H-10 -6.11 46 - - 54 - -
1133 H-11 -6.14 - - 99 - - -

68 | - | - | - | - [ 26] 73]

N°: Ordinal number of the molecular orbital.
MO: designation of the molecular orbital relative to the HOMO and LUMO, where
plus (+) means the next one and the minus sign (-) means the previous one.
€ (eV): energy of the MO measured in eV.
Localization: the relative contribution of each fragment to the MO, expressed as a
percentage.

1132 H-12

Analysis of electronic structure was focused on both energy and
localization of MO in each individual Ch-A molecule (table 1). In
the system of Ch-A-6, inter molecular mixing of MO (MO numbers:
1144, 1143, 1141, 1139, 1132) is observed only for fragments five
and six located parallel to each other; furthermore, in perpendi-
cular configurations no hybridization was observed. The result of
calculation of systems composed by two chlorophylls with diffe-
rent mutual arrangements (table 2) corroborates a greater mixing
of orbitals for fragments of the Ch-A-1 subsystem lying parallel to
each other.

The HOMO in the Ch-A-6 system is formed by hybridization of the
fragments five and six, in which the fragment six is the predomi-
nant contributor. The LUMO is formed by fragment three: with a
HOMO-LUMO energy gap of 3.5 eV for the Ch-A-6 system, lower
than in the Ch-A-1 and Ch-A-2 systems, which have an energy gap of
0.34 and 0.28 eV respectively. The high density of five lowest unoc-
cupied and twelve highest occupied MO causes high absorption
capacity with a relatively narrow energy gap. Based on the results
obtained, it can be hypothesized that an increase in the number of
Ch-A molecules in the system will increase the density of boundary
orbitals with a decrease in the energy gap.

Table 2. Energy (eV) and localization (%) of the molecular orbitals (MO) system of two chlorophyll-A molecules in parallel (Ch-A-1) and perpendicular (Ch-A-2) configurations,
with their respective histidine (His#) molecules.

Ch-A-1 Ch-A-2

Ne MO ¢ (eV) LoFalization (%) : N° MO ¢ (eV) Localization (%)

1 His1 2 His2 1 2
444 L+7 0.56 100 0 0 0 360 L+5 0.20 3 97
443 L+6 0.48 0 0 0 100 359 L+4 0.10 97
442 L+5 0.36 0 0 100 0 358 L+3 -0.95 94
441 L+4 0.30 0 100 0 0 357 L+2 -0.98 6 94
440 L+3 -0.46 69 0 31 0 356 L+1 -1.84 96 4
439 L+2 -0.54 33 0 67 0 355 LUMO -1.95 4 96
438 L+1 -1.40 100 0 0 0 354 HOMO -5.73 100 0
437 LUMO -1.46 0 0 100 0 353 H-1 -5.89 0 100
436 HOMO -5.30 93 0 7 0 352 H-2 -6.06 79 21
435 H-1 -5.41 31 0 69 0 351 H-3 -6.13 22 78
434 H-2 -5.58 28 0 72 0 350 H-4 -7.27 100 0
433 H-3 -5.66 50 0 50 0 349 H-5 -7.45 28 72
432 H-4 -6.69 78 0 22 0 348 H-6 -7.61 43 57
431 H-5 -6.97 56 0 44 0
430 H-6 -7.21 27 0 73 0
429 H-7 -7.33 39 0 61 0 B
428 H-8 -7.46 100 0 0 0

N°: ordinal number of the molecular orbital (MO).

MO: designation of the molecular orbital relative to the HOMO and LUMO, where plus (+) means the next one and the minus sign (-) means the previous one.
€ (eV): energy of the MO measured in eV.

Localization: indicates the relative contribution to the MO expressed as a percentage.

As already noted, Ch-A contains a chlorin ring. Chlorin is a compo-
site porphyrin molecule in which two -CH, radicals were added. At
the same time, porphyrin is a derivative of the dipyrrin molecule
consisting of two pyrrole molecules. The molecular orbital energy
diagram (figure 2) shows correlation between MO from the pyrrole
structure to the complete Ch-A structure. Additionally, the energies
of the histidine MO are plotted on the diagram to show its partici-
pation in the formation of the Ch-A MO. The highest occupied MO

of pyrrole (m,) is retained when transitioning through dipyrrin-por-
phyrin-chlorin-chlorophyll-A, with destabilization non greater than
1.58 eV. The lowest unoccupied MO of pyrrole (1) is also retained
during the transition to Ch-A with a high degree of stabilization
equal to 4.23 eV. These changes, which have a positive effect on the
optical ability of Ch-A, are caused by the increasing density MO near
the HOMO-LUMO gap.
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Figure 2. Transitional energy correlation diagram of the chlorophyll-A molecule, its
derivatives and components, with occupied molecular orbitals indicated in black and
unoccupied molecular orbital in red.

Based on the values of energies and localizations from DFT calcu-
lations, theoretical photo electronic spectra (PES) for the Ch-A-6
system and for the Ch-A-1 and the Ch-A-2 subsystems were cons-
tructed exhibiting shifts and changes on the MO and their relati-
ve intensity when transitioning from a two-molecule system to a
six-molecule system. Theoretical photoelectron spectra of all struc-
tural molecules of Ch-A (shown in the diagram of figure 2) were
obtained separately (figure 3B).

354 Chlorophyll-A

309 Ghiorine

Porphine
251
Pyrrole

2.0 1 Histidine

Figure 3. A: Theoretical photoelectron spectra of Ch-A-6 (black line), Ch-A-1 system
in parallel configuration (red line) and Ch-A-2 system in perpendicular configuration
(blue line) fragments. B: Theoretical photoelectron spectra of Ch-A molecule and
derivatives of the pyrrole molecule.
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The atomic charges in Mulliken approximation (table 3) were ob-
tained by localization of the electron density of molecular orbitals
for all three systems. For Ch-A-6, all of the fragments have negative
charge; there is a lack of coordination with Mg ion in fragments one
and two, so the ion charge value is not given in the table for them.
The value of the Mg ion charge differs due to the presence of an
additional attached water molecule (H,0) for three and four frag-
ments; and histidine (His) for fragments five and six. The mutual
arrangement of the Ch-A molecules in the system affects the charge
distribution.

Table 3. Mulliken atomic charges (a.u.) for system of six chlorophyll-A molecules
(Ch-A-6), chlorophyll-a 2-molecule system in parallel configuration (Ch-A-1), chlo-
rophyll-a 2-molecule system in perpendicular configuration (Ch-A-2).

Ch-A-6 Ch-A-1 Ch-A-2
Fragment | q(a.u.) ::ﬁt q(@.u.) | Fragment | q(a.u.)
-0.144
1 0003 | 1/mg | 1 +0.004
. -0.150 /
2 -0.014 His1 0192 | 2/mg | 0
-0.033/
3/320/ +0.146/ | 2/Mg 12'11%63/ H,0 +0.146
g +1.120 :
-0.031/
4/;20/ +0.151/ His 2 +0.140
g +1.134
_ +0.044 |
5/’\:"5/ +0.148 |
& +1.167
_ +0.037 /
GIN'I"S/ +0.144 |
& +1.195
z -0.0005 z 0 x 0

The fragment number is indicated in accordance with figure 1A.
q: atomic charge.
X: Total charge of the entire system, the total charge of fragments 3-6 includes the
charge of the Mg ion.
His: Histidine.

Figure 4. Total charge of fragments in chlorophyll-A six-molecular system; red color
indicates positive charge; blue color indicates negative charge.

Total charge of systems Ch-A-6, Ch-A-1 and Ch-A-2 is close to neu-
tral; although, it can be noted that the total charge of fragment one
is negative (-0.144), and in fragment two it is positive (+0.196). This
indicates a “pulling” of the electron density onto fragment one and
of the His molecule from fragment two. Visually, the spatial struc-
ture is relatively symmetrical, but the distribution of atomic char-
ges is asymmetrical. In Ch-A-2, the first fragment remains relatively
neutral (the electron density is reduced by 0.004 a.u.). The second
fragment remains negatively charged, having received a charge from
the H,O molecule. Taking into account the results of the analysis
of atomic charge distribution, it can be speculated that, with an in-
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crease in the number of Ch-A molecules in the system, the atomic
charges are distributed in such a way that the entire system remains
neutral, but the fragments will differ in total atomic charge.

By considering atomic charges and their positioning, we can deduce
the type of bonding between the fragments (table 3 and figure 4).
Fragments one and two are significantly removed from the central
position and located perpendicular (respectively) to fragments
three and four, attracting an insignificant electron density of about
0.01 a.u. and forming a total negative charge. Fragments three and
four have a total negative charge (-0.033 and -0.031 a.u.), while
fragments five and six have a positive charge (+0.044 and +0.037
a.u.), indicating a redistribution of electron density drawn to frag-
ments three and four. In figure 4, areas with a positive (red) and ne-
gative (blue) charge are visually highlighted to clearly demonstrate
the distribution of the total charge of the fragments, indicating the
ionic nature of the bond between Ch-A molecules in the system.

Chlorophyll Ain diethyl
ether solution

1, relative units
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014/ \’)
o S
300 320 340 360 380 400 420
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Figure 5. Optical absorption spectra of the calculated chlorophyll-A six-molecular
system (Ch-A-6) (gray line), chlorophyll-A 2-molecule system in parallel configura-
tion (red line), chlorophyll-A 2-molecule system in perpendicular configuration (blue
line) and the experimental spectrum of chlorophyll-A (black dotted line).

When analyzing the experimental spectrum of Ch-A molecule in a
diethyl ether solution (figure 5, black dotted line), two groups of
maxima can be distinguished: 660, 614, 573 nm (red region) and
428,407, 379 nm (UV region). The theoretical data (figure 5, gray
line) for the system of six Ch-A fragments shows that the band with
amaximum at 660 nm consists of highly intense transitions 1-5 (ta-
ble 4) to m orbitals within fragments 2-2, 1-1, 6(5)-6(5), 4-4, 3-3.
An unambiguous assignment of the bands at 614 and 573 nm is
complicated by a high shift of 32 nm caused by the error in the me-
thod. Taking into account the calculations of individual Ch-A-1 and
Ch-A-2 systems (table 5) and the corresponding sequence of transi-
tion energies, we can assume that the transition with a maximum at
614 nm refers to the transition within fragments 3-3, and the band
at 573 nm corresponds to the transition within the residue 1-1. The

transition N° 3 (in table 4) stands out from 1144 to 1150 of mixed

orbitals of fragments five and six.

Table 4. Calculated singlet-singlet transitions to excited states of the Ch-A-6

molecular system.

Ch-A-6

N° E (eV) A (nm) f Transition Fragments
1 1.954 669.3 0.36 1142-1148 2-2

2 1.967 665.4 0.17 1140-1147 1-1

3 1.968 665.1 0.28 1144-1150 6,5-6,5
5 2.016 650.1 0.36 1137-1146 4-4

6 2.028 646.4 0.21 1138-1145 3-3
11 2.264 600.7 0.11 1133-1145 3-3
12 2.268 581.7 0.13 1140-1147 1-1
31 3.112 433.4 0.32 1138-1151 3-3
34 3.168 426.3 0.31 1135-1146 1,4-4
35 3.179 425.0 0.49 1142-1154 2-2
36 3.188 424.0 0.11 1134-1146 1,4-3
39 3.203 422.1 0.53 1132-1150 6,5-6,5
40 3.230 418.8 1.06 1137-1153 4-4
41 3.235 418.3 0.26 1132-1150 6,5-6,5
44 3.275 413.6 0.22 1132-1149 6,5-5,6
45 3.306 410.0 0.57 1137-1150 4-6,5
47 3.317 408.8 0.12 1137-1150 4-6,5

E: transition energy in eV.
A: wavelength in nm.
f: oscillator strength in relative units.

Transition: ordinal number of molecular orbitals between which the transition oc-

curs, the first number indicates the occupied MO, the second, separated by a dash,
is the unoccupied MO.

Fragments: numbers of fragments separated by a dash (figure 1A) between which
the transition occurs are indicated. Transitions with oscillator strength < 0.10
omitted.

The UV-region of the spectrum contains three high-intensity bands
with maxima at 428, 407, and 379 nm, which, according to calcu-
lations, belong to ten transitions (31-47). About these transitions,
the following can be distinguished: mixed transitions 34, 36, 39, 41,
44, 45, 47 and the transition with the highest calculated oscillator
strength of 1.06 occurring within fragment 4 (table 4, transition N°
40). However, the calculation of the Ch-A-6 system couldn’t show
the structure of the 407 and 379 nm bands. The calculated indi-
vidual systems Ch-A-1 and Ch-A-2 (table 5) allow us to interpret
these bands. In general, the transitions of these two systems are
similar, but they are fundamentally different in spatial arrangement,
from which it follows that the relative arrangement of Ch-A mo-
lecules relative to each other has a little effect on the absorption

spectra.

Table 5. Calculated singlet-singlet transitions to excited states of a system of two Ch-A molecules in parallel (Ch-A-1) and perpendicular (Ch-A-2) configuration.

Ch-A-1 | Ch-A-2

N° E(eV) | A(hm) f Transition Fragments N° | E(ev) | A(nm) f Transition Fragments
1 1.997 655.9 0.21 436-438 1-1 1 1.969 664.7 0.26 354-356 1-1
2 2.027 646.5 0.24 435-437 2,1-2 2 2.027 646.5 0.18 353-355 2-2
3 2.204 597.6 0.06 433-437 1,2-2 4 2.273 580.4 0.13 351-355 2,1-2
10 3.224 419.6 0.26 432-438 1,2-1 7 3.173 425.8 0.24 352-355 1,2-2
11 3.255 415.9 0.20 432-438 1,2-1 8 3.196 423.0 0.33 354-358 1-1
12 3.287 412.2 0.76 432-437 1,2-2 9 3.265 414.8 0.82 353-357 2-2
13 3.324 408.0 0.78 435-440 2,1-1,2 11 3.374 402.4 0.93 352-358 1,2 -1
14 3.398 399.9 0.15 435-439 2,1-2,1 12 | 3.410 398.6 0.29 349-355 2,1-2
17 3.539 385.3 0.14 436-439 1-2,1 15 | 3.495 389.8 0.49 351-357 2,1-2
24 3.748 365.8 0.17 436-444 1-1 18 | 3.724 368.0 0.11 348-356 2,1-1
25 3.801 361.2 0.10 428-438 1-1 19 | 3.760 364.7 0.50 354-359 1-1
27 3.861 356.2 0.60 433-440 1,2-1,2 20 | 3.805 325.8 0.31 350-358 1-1

— | 23| 3979 | 3116 | 045 | 353-360 2-2

E: transition energy (eV).
Transition: ordinal number of molecular orbitals between which the transition occurs, the first number indicates the occupied MO. The second is the unoccupied MO.
Fragments: numbers of fragments separated by a dash (figure 1B, 1C) between which the transition occurs are indicated. Transitions with oscillator strength < 0.10 omitted.
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A: wavelength (nm).

f: oscillator strength in relative units.
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The bands at 407 and 379 nm (UV-region of the spectrum) are for-
med by transitions between fragments three and five, four and six,
and five and six. There is no absorption of fragments one and two
in this region. The energies of the transitions and their intensities in

the theoretical absorption spectra correspond with good accuracy
to the experimental spectra of the Ch-A molecule, which allows us
to judge the reliability of the results obtained.
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To evaluate non-covalent interactions (NCI), we calculated the re-
duced density gradient (RDG) around in the Mg coordination re-
gions in a volume of a cube with side of five Bohr with geometrical
center in Mg ion (denoted in blue in figure 6). As a result, for the
fifth and the sixth fragments, an isosurface is observed around the
central Mg surrounded by nitrogen atoms, which indicates the pre-
sence of a strong attraction in this region (figure 7C). For the third
and fourth fragments, an attractive region with a hydrogen bond
is observed between the central Mg ion and the water molecule,
which is reflected in the NCI pattern as “tails” of the gradient touch
near sign (A;) p(r) = -0.040 a.u.

A

Figure 7. A: Visualization of non-covalent interactions of the system of six chloro-
phyll-A molecules as isosurfaces (Van-der-Waals interactions demarcated by the
color green). B: Reduce density gradient (RDG) in chlorophyll-A system (parallel con-
figuration), sliced perpendicular to interaction, critical values (RDG=0) correspond to
non-covalent interactions (strong Van-der-Waals interactions) between fragments.
C: RDG values around the magnesium ion of chlorophyll-A system. White within the
plotted area of B and C indicates values of RDG > 1.
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For fragments five and six, the isosurface diagram (figure 7A) shows
critical values within the range 1.400/-0.030 sign(A;) p(r) and lower,
corresponding to Van der Waals and weak attractive non-covalent
interactions. Figure 7A shows the visualization of non-covalent in-
teractions as isosurfaces, where blue color is hydrogen and halogen
bonds, green is Van der Waals interactions, red is strong repulsion,
TI-T interactions and steric effects. Van der Waals interactions can
be found in the plane between fragments five and six of the system.
The high degree of Van der Waals interactions is caused by the chlo-
rin rings of neighboring Ch-A, located near the considered regions.
This indicates the presence of polarization of electron shells and
the interaction of dipole moments between molecules (figure 7B).

Conclusion

Analysis of electron density and atomic charge distribution in the
molecular system consisting of six Ch-A molecules showed that
fragments interact through ionic bonds. With an increase in the
number of Ch-A molecules, the total charge of the entire system
remains neutral, and the total charge of the fragments included in
the composition is distributed unevenly. Total atomic charge in sys-
tems consisting of two Ch-A molecules with different relative posi-
tions (Ch-A-1 and Ch-A-2) remains neutral. At the same time, the
total charge of chlorin with a methyl group and a phytol “tail” of
one fragment in the Ch-A-1 system is negative (-0.144 a.u.), and the
second is positive (+0.196 a.u.). The histidine molecules attached
to this system have the opposite charge (-0.192 and +0.140 a.u.,
respectively). The distributions of atomic charges for the system of
four Ch-A molecules and two residues (Ch-A-6) indicate a signifi-
cant redistribution of the atomic charge when several Ch-A mole-
cules appear. The low total atomic charge of the fragments one and
two (-0.003 and -0.014 a.u.) derives from the lack of coordination
with the Mg ion. This affects insignificantly their participation in the
absorption spectra in the UV region. According to the calculations,
the coordination of the chlorin ring on the Mg ion causes a signi-
ficant redistribution of atomic charges, and therefore the electron
density which affects the absorption capacity in the UV region of the
spectrum. This allows the system consisting of Ch-A to have a high
absorption capacity of visible radiation.

The calculation and analysis of the absorption spectra showed tran-
sitions from the ground to excited states that occur between mixed
molecular orbitals of the nearest Ch-A molecules. Such transitions
are carried out with charge transfer (electron density). Thus, the ab-
sorption region is formed by transitions not only within one Ch-A,
but also between closely located ones.

Theoretical photoelectron spectra were obtained, which clear-
ly show the structure of the valence electron levels involved in
the energy transfer. The use of topological methods for analyzing
non-covalent interactions (RDG) showed the presence of strong hy-
drogen bonds and Van der Waals interactions. That indicates the
occurrence of polarization between closely located Ch-A molecules
and the interaction of the dipole moments of the molecules. For the
remains of Ch-A molecules (without Mg coordination), “strong” Van
der Waals interactions were not detected.
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