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m INTRODUCTION chlorophyll absorbs light, then conducts energy transfer

Chlorophyll is known as the group of pigments in by resonance energy transfer to the specific pair of

cyanobacteria, algae, and plants that take the most
important role in photosynthesis. Similarly, there is a

chlorophyll molecules in the photosystem reaction
center, which can perform charge separation and

bacteriochlorophyll group in photosynthetic bacteria. generate free protons (H") and electrons (e7) [2] that

The pigments that consist of the tetrapyrrole structure, a drive photosynthesis forward [3]. Mainly, chlorophylls a

single reduced version of the porphyrin ring called and b, along with bacteriochlorophylls a, b, ¢, and d, are
. .. . . biosynthesized from the amino acid glutamate, which is
chlorine, and a double reduced version in bacteriochlorin

contain a magnesium atom bound to the N4 center [1]. In shared with the heme and siroheme biosynthesis

the general process of light harvesting mechanism, P athway and is part of the porphyrin metabolism
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pathway (KEGG pathway ID: map00860). Chlorophylls c,
e.g., chlorophylls cl, c2, and c3, are biosynthesized as a
branch from the biosynthetic pathway of chlorophyll a,
specifically from protochlorophyllide that leads to
chlorophyll a [4]. Chlorophylls d and f are synthesized
from chlorophyllide a, precursor of chlorophyll a [5].
Bacteriochlorophylls ¢, d, and e can be found in green
sulfur and green filamentous bacteria as their most
abundant pigments, while bacteriochlorophyll g is the
primary pigment in heliobacteria [6]. Both chlorophylls d
and f belong to cyanobacteria [7-8]. Other pigments, such
as chlorophyll e, are rare in Vaucheria hamata and
[9]. Meanwhile,
bacteriochlorophyll f, found in green sulfur bacteria, is

Tribonema bombycinum
evolutionarily unfavorable because their energy transfer is
less efficient, causing slow growth [10].

The chlorophyll pigments are stored within protein
complexes that work as the integrated light-harvesting
machinery of photosynthesis. Chlorophyll a is the main
chlorophyll pigment widely available in photosynthetic
organisms [11]. Chlorophyll b is an accessory pigment
available in plants, and the ratio compared to chlorophyll
a is higher for shade-adapted chloroplasts [12]. In plants,
chlorophylls a and b are stored inside the photosystem,
[13].
Chlorophylls ¢ are the chlorophyll pigments that can

specifically by chlorophyll-binding proteins
harvest blue and green light, allowing them to penetrate
deeper water than other wavelengths, and are available in
Chromista - a kingdom of eukaryotic algae [4]. These
differences in pigment efficiency characteristics infer that
specific pigments might be good in certain conditions.
Additionally, if the photosynthetic organisms can be
their
photosynthesis efficiency could improve, e.g., if the

engineered to produce certain pigments,
environment has lower or higher light intensity levels.
Plant photosynthesis is a process that involves
quantum mechanical interactions, mainly the energy
transfers between light (photon) and the excited electron
(exciton).  Upon  hitting a  chlorophyll or
bacteriochlorophyll pigment, a photon causes an electron
to excite from its molecular orbital, and while exhibiting
quantum coherence properties in a wave function, the

exciton transfers to other chlorophyll molecules until it

Indones. J. Chem., 2025, 25 (4), 1209 - 1225

reaches the reaction center chlorophyll [2].
Hypothetically, each chlorophyll and bacteriochlorophyll
molecule possesses unique quantum characteristics, e.g.,
frontier molecular orbitals (FMO) gaps that explain the
distinctive energy gaps from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) [14]. These values characterize
the molecular orbital excitation profiles at the ground
state and time-dependent excitation energies using density
functional theory (DFT) calculations. By understanding
the different chlorophyll and bacteriochlorophyll
profiles, the substitution of the pigments for future
synthetic biology applications would be possible for
enhanced photosynthetic system development.

The previous study focuses exclusively on
chlorophylls a and b, analyzing their excited states in
diethyl ether, acetone, and ethanol using TD-DFT with
CAM-B3LYP functionals [15]. Their work emphasizes
solvent polarity effects and functional tuning for these
two pigments. Other studies have also simulated
excitation energy profiles of chlorophyll [16-17], in
chlorophylls d and f [18], and bacteriochlorophyll a [19].
This in silico study aimed to perform theoretical analysis
via computational-based simulations and calculations to
different types

bacteriochlorophyll pigments. A comprehensive dataset

characterize of chlorophyll and
encompassing excitation energies, oscillator strengths,
extinction coefficients and tunnelling rates across
diverse pigments were generated from this study. This
extensive analysis offers novel insights into the
photophysical properties of these pigments under
aqueous conditions, contributing valuable information
for the design of synthetic light-harvesting systems.
Moreover, in this study and analysis protocol, we
attempted to use the simplified versions of the existing
equations to make the data replicable and easily
evaluated by interdisciplinary communities globally.

m EXPERIMENTAL SECTION
Materials

The chlorophyll and bacteriochlorophyll molecules
(Fig. 1) were obtained in SMILES format from the
MetaCyc database (http://vm-trypanocyc.toulouse.inra.fr)
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Fig 1. The structures of chlorophylls and bacteriochlorophylls with their various side chains (R)

and the Human Metabolome Database (HMDB)
(https://hmdb.ca) in three-dimensional PDB format.
Specifically, chlorophyll f was acquired from PubChem
(CID: 122706135), and bacteriochlorophylls c and d were
acquired from Chemical Entities of Biological Interest
(ChEBI), with IDs of 60197 and 81553, respectively. The
SMILES codes for bacteriochlorophylls and chlorophyll f
were converted into a three-dimensional PDB format
using the NIH NCI Online SMILES Translator
(https://cactus.nci.nih.gov/translate). A protein used for
docking was the photosystem II complex from
Arabidopsis thaliana (PDB ID: 5MDX), which served as
the scaffold for interactions with chlorophyll molecules.

Instrumentation

Chlorophylls and bacteriochlorophylls molecules
were prepared using Avogadro v1.2.0 (Avogadro
Chemistry) for structural verification and energy
minimization. The pigment molecules were analyzed
using DFT with GaussView v6.0 and Gaussian 09W
(Gaussian, Inc., US) [20]. For docking, energy-minimized
pigment molecules were imported into the PyRx v0.8
pipeline (The Scripps Research Institute, US), including
OpenBabel [21], for further energy minimization and

ligand conversion. Following the multiple ligands
docking protocol, the ligands were docked into the
protein scaffold using Autodock Vina [22].

The binding affinities from the three simulations
were then analyzed statistically using SPSS Statistics
(IBM, US) with an analysis of variance (ANOVA),
followed by a post-hoc Duncan multiple range test to
identify significant differences between pigments. The
highest-scoring conformations, with the strongest
binding affinities, were visualized using PyYMOL v2.5.1
(Schrodinger, Inc., US) [23]. Lastly, all results were
analyzed the PCA  Calculator
(https://www.statskingdom.com/pca-calculator.html)
(Statistics Kingdom) to compare the data based on the

using online

correlations.
Procedure

DFT calculations

After energy minimization with Avogadro, the
molecules were inputted into DFT calculations. In
Avogadro, the Universal Force Field (UFF) was
employed for the energy minimization, with the steepest
descent algorithm applied in 4 steps per update.
Frequency calculations were attempted to confirm the
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absence of imaginary vibrational modes for selecting
pigment structures. However, the jobs were not
completed on the available local hardware due to the
computational demands of vibrational analysis on large
chromophores.

The DFT analysis was separated into three
processes: (i) Ground state for initial identification of the
FMO, [24] TD-DFT via time-dependent self-consistent
field (TD-SCF) calculations for excited-state properties
prediction, assuming default singlet spin states, under
gas/non-solvent state, and (iii) another similar TD-DFT
via TD-SCF (singlet spin states) with solvent effect.
Becke's three-parameter exchange functional combined
with the Lee-Yang-Parr correlation functional (B3LYP)
[25-26] was employed, along with the basis set of 6-
31G(d,p) for ground-state calculations, and Coulomb-
attenuated method B3LYP (CAM-B3LYP) functional for
TD-DFT as it facilitates long-range exchange interactions
[27]. Additionally, a solvent model based on density
(SMD) [28] for water solvent was applied to the TD-DFT
second calculation solvent effect. From ground state
calculations, the energy gaps between FMOs, namely
HOMO and LUMO were recorded. From TD-DFT
calculations, the key molecular properties, i.e., FMO,
excitation energies, wavelength, oscillator strength and
details about orbital transitions and energy gaps were
obtained. For the TD-DFT with solvent effect, the same
results observation was applied.

Post-DFT calculations

Following the ground state and TD-DFT simulations,
the obtained energy gaps of FMO (ground state DFT) and
oscillator strength, frequency, and energy gaps (TD-DFT)
were used as prerequisites for further calculations. This
included the extinction coefficient (based on the oscillator
strength) and tunneling rate.

€oef T
e= = — (1)
4N, C?
€eoef =AY 2 432x10°M lem™! )
(meczln(IO))

The molar extinction coefficient of the pigment (¢) (Eq.
(1)) is calculated by incorporating the oscillator strength
(f) and exciton wavelength (A) of the first excited state of
the pigment resulting from the TD-DFT results, as
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adapted from a previous study [29]. The universal
extinction coefficient (£.r) (Eq. (2)) was obtained by
measuring the various constants, e.g., Avogadro number
(Na), elementary charge (C), electron mass (m.), and the
speed of light (c).

To simulate the interaction profiling between the
two same pigments (e.g., between two chlorophyll a), the
tunneling rate (kgr) is calculated (Eq. (3)) based on
Marcus’ theory. The distance (d) was determined by
in PyMOL v3.0.3
(Schrodinger, Inc.) on A. thaliana photosystem II
complex’s (PDB ID: 5MDX) chlorophyll a, and the light
(PDB ID: 3BSD)
bacteriochlorophyll a relative distance from each other

using measurement features

harvesting complex’s
(0.35 to 0.5 nm), a distance of 0.4 nm was selected as the
rounded average distance. The exciton mass (m.) or
electron mass was used for the calculation. The pre-
exponential factor (A) set at 10" s as the typical
vibrational frequencies range was used. The pigment
molecular barrier energy (Eparer) was determined by
dividing the energy gap into two (Eq. (4)), assuming the
energy barrier that separates two molecules is ideal.

kpp=A-e h (3)

E

8
Ebarrier = 7 (4)

Lastly, the coherent time (t.) was calculated by using the
energy-time uncertainty principle, with the energy
uncertainty being the energy barrier of the system (AE)

(Eq. (5)).

h

= 5
= 5)
Molecular docking result analysis

Following the molecular docking, binding

affinities, root-mean-square deviation (RMSD) values,
hydrogen bonds and hydrophobic interactions (van der
Waals forces) were recorded for each docking run. Blind
docking tests were conducted to assess the binding sites
of each pigment (e.g., chlorophyll a) within the active
site of a chlorophyll-binding photosystem II protein
receptor. The docking simulations were repeated three
times to ensure statistical accuracy. Key hydrogen bonds
and hydrophobic interactions for each pigment were
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compared. The primary objective for docking was not to
validate the in vivo binding under physiological
conditions but to assess and compare theoretical binding
affinities as a predictive screening tool. This analysis
supports  future synthetic biology applications,
particularly in designing or modifying light-harvesting
protein-pigment complexes where alternative pigments
may be incorporated. Such comparative data can guide
pigment substitution strategies by identifying molecules
with favorable protein-binding propensities prior to

experimental implementation.

Additional statistics

Once the values for the ground state DFT FMO
energy gap, the values from TD-DFT, such as extinction
coefficient, tunneling rate, coherent time, and docking
binding affinity, were obtained, a two-dimensional
principal component analysis (PCA) of correlation
(eigenvalue decomposition) with standardized values (to
the mean and standard deviation) was generated and

visualized.

m RESULTS AND DISCUSSION

Chlorophyll Structural Significance and FMO
Profiles

Chlorophyll is essential for photosynthesis, with
various types (a, b, and ¢) playing distinct roles in light
absorption and energy conversion. Chlorophyll a, the
primary pigment in most photosynthetic organisms,
absorbs light most effectively in the blue-violet (around
430 nm) and red (around 662 nm at Q, band) parts of the
spectrum. This absorption enables chlorophyll a to drive
photosynthesis by capturing light energy and converting
it into chemical energy through electron transport. In
contrast, chlorophyll b acts as an accessory pigment,
extending the range of light usable for photosynthesis by
absorbing additional wavelengths in the blue and red-
(around 453 and 642nm) [30].
Chlorophyll ¢, found primarily in algae, lacks the

orange regions
hydrophobic phytol chain present in chlorophyll a and b,
making it more water-soluble and thus better suited for
aquatic environments in which algae thrive. The
structural differences in chlorophyll ¢ allow it to absorb
wavelengths that are less accessible to chlorophyll a,
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particularly in environments where light is filtered
through water [31-33]. A previous study revealed that
chlorophyll f has an absorption spectrum peaking at
740 nm [34]. Similarly, bacteriochlorophylls ¢, d, and e
absorb in the range of 650 to 800 nm [35].

Further research into magnesium porphyrins is
needed, as the core structures of chlorophyll molecules
highlight the central role of the magnesium ion in
stabilizing the porphyrin ring. This stabilization is
crucial for the efficient absorption of light and the
subsequent transfer of electrons during photosynthesis,
as seen in chlorophyll a and its accessory pigments [36].
This variation in structure and function allows plants
and algae to optimize light absorption across a range of
environmental conditions, particularly in low-light or
water-filtered environments. Previous studies [36-37]
have provided critical insights into how these
chlorophyll molecules adapt to different ecological
niches, enhancing their efficiency in capturing and
converting light energy for photosynthesis.

The chlorophylls and bacteriochlorophylls studied
in this research show distinct electronic characteristics
based on their molecular structures, which were
visualized using DFT calculations at the ground state.
These pigments contain tetrapyrrole rings (either
chlorin, phytochlorin, porphyrin, or bacteriochlorin),
with a central magnesium ion playing a crucial role in
stabilizing the ring structure and facilitating light
absorption during photosynthesis [1].

The chemistry behind these structures lies in their
tetrapyrrole

chlorophylls a, b, d, and f (and bacteriochlorophylls a, b,

electronic  properties. The rings in
and g) serve as the primary sites for electron excitation.
The delocalized m-electrons within these rings are
responsible for absorbing light and enabling the
excitation of electrons from the HOMO to the LUMO,
which is essential for the photochemistry of
photosynthesis [38].

The FMO analysis (Fig. 2 and 3) reveals that the
electron density is concentrated around the tetrapyrrole
rings of both chlorophylls and bacteriochlorophylls,
particularly in their HOMO and LUMO regions. This

distribution of electron density affects the pigments'
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ability to absorb light at different wavelengths. The  for each pigment (Table 1) indicate the amount of
summarized energy gaps between the HOMO and LUMO  energy required for electronic transitions.

Hydrogen

Carbon
Oxygen

Nitrogen

©C e @ @00

Magnesium

Fig 2. Chlorophyll frontier molecular orbital profiles (on each, HOMO on top and LUMO on bottom), showing the
electron density dispersed surrounding the tetrapyrrole ring structures of the pigments (a—e): chlorophylls a, b, ¢, d,

and f

(a) (c)
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Fig 3. Bacteriochlorophyll frontier molecular orbital profiles (on each, HOMO on top and LUMO on bottom),

showing the electron density also dispersed surrounding the tetrapyrrole ring structures of the pigments as previously

observed in the chlorophylls whereas (a—f): bacteriochlorophylls a, b, ¢, d, e, and g

Table 1. Frontier molecular orbital and the energy gap
profiles at the ground state

Pigments FMO  Energy (eV) FMO Eg, (eV)

Chl a HOMO -4.921 2.247
LUMO -2.674

Chlb HOMO —5.069 2.265
LUMO -2.804

Chl ¢ HOMO -5.083 2.661
LUMO —2.423

Chld HOMO —4.989 2.360
LUMO -2.630

Chl f HOMO -3.976 0.549
LUMO -3.427

BChl a HOMO —4.534 1.721
LUMO -2.813

BChlb HOMO -4.679 1.702
LUMO -2.977

BChl ¢ HOMO —-4.250 0.830
LUMO -3.420

BChl d HOMO —5.264 0.652
LUMO -4.612

BChl e HOMO —4.333 1.057
LUMO -3.276

BChlg HOMO -4.509 2.109
LUMO -2.400

Note: Chl - chlorophyll, BChl - bacteriochlorophyll

The HOMO-LUMO gaps of chlorophyll pigments
reveal essential insights into their absorption properties.
Chlorophyll a, with a HOMO-LUMO gap of 2.247 eV,

absorbs light around 605 nm, placing it in the red region
of the spectrum, making it highly effective for capturing
red light during photosynthesis. Chlorophyll b, with a
slightly larger gap of 2.265 eV, absorbs light around
606 nm and serves as an accessory pigment, extending
the range of light plants can utilize. Chlorophyll c,
commonly found in algae, has a HOMO-LUMO gap of
2.661 eV, enabling it to absorb shorter wavelengths
around 550 nm, allowing algae to thrive in deeper water
environments where blue and green light is more
prevalent. Chlorophylls d and f, primarily found in
cyanobacteria, exhibit unique absorption characteristics.
Chlorophyll d
chlorophyll £, with the smallest energy gap of 0.549 eV,

absorbs around 596 nm, while
absorbs far-infrared light. This allows it to function
efficiently in low-light environments. These structural
the
photosynthesis, enabling organisms to adapt to various

variations contribute to diverse roles in

light conditions.
Exciton Energy Profiles

The exciton energy profiles for each chlorophyll
pigment were calculated using TD-DFT using CAM-
B3LYP/6-31G(d,p) under non-solvent (gas phase) and
SMD (H,O) solvent condition (Table 2). The result
revealed important details about their absorption
properties. Exciton energies represent the energy required
for an electron to be excited from the ground state to a
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Table 2. Exciton energy profiles of each pigment under no solvent and with solvent (H,O)

No solvent Solvent effect: SMD-H,O Differences (H>O vs gas)
Pigment Excited Energy Wavelength  Oscillator  Energy Wavelength  Oscillator ~ AEnergy Wavelength  Oscillator
state (eV) (nm) strength (f) (eV) (nm) strength (f) (eV) (nm) strength (f)
Chla 1 2.1816 568.32 0.2913 2.1450 578.02 0.3811 -0.0366 9.70 0.0898
2 2.4526 505.52 0.0906 2.3918 518.38 0.2024 —-0.0608 12.86 0.1118
3 3.3222 373.20 0.0610 3.3328 372.01 0.6463 0.0106 -1.19 0.5853
Chlb 1 2.1376 580.03 0.2403 2.0797 596.15 0.3325 -0.0579 16.12 0.0922
2 2.4438 507.35 0.0595 2.3868 519.45 0.1684 -0.0570 12.10 0.1089
3 3.1836 389.45 0.7274 3.0763 403.03 0.7435 -0.1073 13.58 0.0161
Chlc 1 2.3979 517.06 0.0240 2.3568 526.07 0.0960 —-0.0411 9.01 0.0720
2 2.5487 486.46 0.0343 2.5829 480.02 0.0632 0.0342 -6.44 0.0289
3 2.8032 442.29 0.0231 3.1715 390.93 0.8896 0.3683 -51.36 0.8665
Chld 1 2.2946 540.33 0.1687 22272 556.67 0.2321 -0.0674 16.34 0.0634
2 2.4336 509.47 0.1420 2.3762 521.77 0.3181 -0.0574 12.30 0.1761
3 2.5115 493.67 0.0245 3.3354 371.73 0.4111 0.8239 -121.94 0.3866
Chl f 1 0.3367 3682.40 0.0016 1.1472 1080.71 0.0104 0.8105  -2601.69 0.0088
2 1.8093 685.27 0.1252 2.1774 569.43 0.1804 0.3681 -115.84 0.0552
3 2.0234 612.76 0.1700 2.4425 507.61 0.3569 0.4191 -105.15 0.1869
BChl a 1 1.5665 791.49 0.3580 1.4175 874.65 0.4872 —-0.1490 83.16 0.1292
2 2.3218 534.00 0.0834 2.2295 556.10 0.1572 -0.0923 22.10 0.0738
3 3.3278 372.57 0.0015 3.2679 379.40 0.6510 -0.0599 6.83 0.6495
BChlb 1 1.5373 806.51 0.3543 1.4042 882.98 0.4793 -0.1331 76.47 0.1250
2 2.3163 535.28 0.0933 2.2274 556.63 0.1683 -0.0889 21.35 0.0750
3 3.2653 379.71 0.0051 3.2868 377.22 0.0483 0.0215 -2.49 0.0432
BChl c 1 1.7982 689.50 0.0509 1.7975 689.75 0.0855 -0.0007 0.25 0.0346
2 2.1952 564.79 0.0104 2.2061 562.01 0.0248 0.0109 -2.78 0.0144
3 2.8766 431.00 0.0233 2.8485 435.26 0.7914 -0.0281 4.26 0.7681
BChld 1 0.2245 5521.90 0.0070 0.6548 1893.48 0.0269 0.4303  -3628.42 0.0199
2 0.9363 1324.16 0.0065 1.7875 693.61 0.3791 0.8512 -630.55 0.3726
3 1.5094 821.43 0.2236 2.0344 609.44 0.0368 0.5250 -211.99 —-0.1868
BChle 1 0.4743 2613.92 0.0089 0.6471 1915.89 0.0134 0.1728 -698.03 0.0045
2 1.4476 856.47 0.0451 1.4530 853.31 0.0957 0.0054 -3.16 0.0506
3 2.0197 613.87 0.0003 2.2552 549.77 0.0003 0.2355 -64.10 0.0000
BChlg 1 2.2129 560.27 0.2862 2.4484 506.39 0.3766 0.2355 —53.88 0.0904
2 2.6153 474.07 0.1210 2.5934 478.07 0.2365 -0.0219 4.00 0.1155
3 3.4308 361.39 0.0081 3.3494 370.17 0.0424 -0.0814 8.78 0.0343

Note: Chl - Chlorophyll, BChl - Bacteriochlorophyll

higher energy state and are a key factor in understanding

the light-harvesting efficiency of photosynthetic
pigments. Additionally, the changes on wavelengths due

to solvent effect, whether redshifted (shifted to longer

wavelength) or blue-shifted (shifted to shorter
wavelength), could also reflect the pigment
characteristics. The transitional details of electron

excitation energies are available in Table S1 and S2.

For chlorophyll a, the first excited state exhibited a
redshift from 568.32 to 578.02 nm (AN = +9.7 nm) with a
significant increase in oscillator strength from 0.2913 to

0.3811 in solvent. This enhancement supports its robust
light
environments. Chlorophyll b followed a similar trend
with a shift from 580.03 to 596.15 nm and an oscillator
increase of +0.0922, reinforcing its complementary role

absorption in  aqueous  photosynthetic

in broadening the absorption range. Chlorophyll c,
which is more prevalent in marine algae [4], showed a
smaller redshift (+9.01 nm) in its first transition but
exhibited a remarkable intensity increase in its third
excited state (f rose from 0.0231 to 0.8896), suggesting
solvent-enhanced charge transfer or m>m* character.
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Chlorophylls d and f displayed even more dramatic
solvent effects. Chlorophyll d's third state experienced a
blue shift of —121.94 nm (from 493.67 to 371.73 nm),
while chlorophyll f, previously showing extremely long-
wavelength absorption in the gas phase (3682.4 nm), was
blue-shifted in solvent to 1080.71 nm, bringing its
transition into the near-infrared range. This unique
absorption spectrum allows chlorophyll f to function
efficiently in environments with very low light levels
dominated by far-red photons [39].

Among the bacteriochlorophylls,
and b
absorption strength and modest redshifts in their first
(+83.16 and +76.47 nm,

Bacteriochlorophyll d, however, underwent a substantial

bacteriochlorophylls a showed enhanced

transitions respectively).
blue shift of —3628.42 nm in its first excitation, correcting
its gas-phase far-infrared prediction toward more
biologically relevant wavelengths. Similarly,
bacteriochlorophyll e showed solvent stabilization, with a
wavelength shift of —698.03 nm and improved intensity

(Af = +0.0045). Interestingly, bacteriochlorophyll g, the
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pigment associated with far-red adapted phototrophs,
exhibited a blue shift in its first excitation (-53.88 nm)
and increased oscillator strength (+0.0904), suggesting
an environmentally responsive tuning of its absorption.
These solvent-dependent shifts highlight how local
dielectric environments may be crucial for tuning
absorption profiles in natural systems [15]. Overall, the
TD-DFT data confirms that
quantitatively significant and may qualitatively reshape

solvent effects are

the absorption landscape of specialized chlorophylls and
bacteriochlorophylls, especially those adapted to low-
light or extreme environments.

Additional Calculations

The extinction coefficient (molar extinction
coefficient) was calculated to observe the strength of the
pigment in absorbing light at the specific wavelength,
which in this case is the exciton spectrum wavelength.
The calculated extinction coefficients from the first
excited state (Table 3) reveal that chlorophyll a,
bacteriochlorophylls a and g exhibit the highest light

Table 3. Calculation results of the extinction coefficient from the first excited state of all the pigments in Table 2

Conditions Pigment TD-DFT FMO Wavelength Oscillator Extinction coefficient
energy gap (eV) (nm) strength (f) (L/mol-cm)
No Solvent Chlorophyll a 3.997 568.32 0.2913 2.214 x 10%°
Chlorophyll b 4.015 580.03 0.2403 1.790 x 10'°
Chlorophyll ¢ 4.590 517.06 0.0240 2.005 x 10°
Chlorophyll d 4.206 540.33 0.1687 1.349 x 10"
Chlorophyll 2.161 3682.40 0.0016 1.877 x 107
Bacteriochlorophyll a 3.228 791.49 0.3580 1.954 x 10"
Bacteriochlorophyll b 3.214 806.51 0.3543 1.898 x 10'°
Bacteriochlorophyll ¢ 4.041 689.50 0.0509 3.189 x 10°
Bacteriochlorophyll d 1.995 5521.90 0.0070 5.476 x 107
Bacteriochlorophyll e 2.962 2613.92 0.0089 1.471 x 108
Bacteriochlorophyll g 3.937 560.27 0.2862 2.207 x 10%
Solvent (SMD =  Chlorophyll a 4.026 578.02 0.3811 2.848 x 10"
H,0) Chlorophyll b 4.020 596.15 0.3325 2.409 x 10%
Chlorophyll ¢ 4.492 526.07 0.0960 7.883 x 10°
Chlorophyll d 4.213 556.67 0.2321 1.801 x 10*°
Chlorophyll 2.943 1080.71 0.0104 4,157 x 108
Bacteriochlorophyll a 3.132 874.65 0.4872 2.406 x 10"
Bacteriochlorophyll b 3.142 882.98 0.4793 2.345 x 10%°
Bacteriochlorophyll ¢ 3.926 689.75 0.0855 5.355 x 10°
Bacteriochlorophyll d 2.427 1893.48 0.0269 6.137 x 108
Bacteriochlorophyll e 3.107 1915.89 0.0134 3.021 x 10®
Bacteriochlorophyll g 4.241 506.39 0.3766 3.213 x 10"
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absorption capacity, consistent with their known roles as
principal pigments in plant and bacterial photosystems.
Notably, bacteriochlorophyll g, although less commonly
discussed, showed an exceptionally high extinction
coefficient in water (3.21 x 10" L/mol cm), comparable to
chlorophyll a, suggesting strong absorption even under
far-red conditions. In contrast, pigments like chlorophylls
¢, f, and bacteriochlorophylls d-e demonstrated much
lower extinction values, especially under gas-phase
(SMD H,0)
enhanced the extinction coefficients of nearly all

conditions. However, solvent effects
pigments, with chlorophyll ¢ increasing more than 3-fold
and bacteriochlorophyll g showing the most significant
absolute gain. This trend reflects how solvent polarity and
dielectric environment can intensify dipole-allowed
transitions and highlights the ecological tuning of
pigments: high extinction in key wavelengths is likely
favored in pigments central to primary light harvesting.
In contrast, others may serve in supportive or adaptive
roles where spectral breadth or low-light specialization is
prioritized.

Indones. J. Chem., 2025, 25 (4), 1209 - 1225

The tunneling rates of the pigments also indicate
the transfer rate between pigments, assuming a fixed
inter-pigment gap of 0.4 nm (Table 4). At the same time,
faster coherent time suggests rapid energy transfer but
greater sensitivity to decoherence. In general, pigments
with lower energy barriers exhibit faster tunneling rates
and longer coherent lifetimes, suggesting more favorable
quantum energy transfer characteristics. Among all,
bacteriochlorophyll d shows the lowest energy barrier
(0.997 eV in gas phase; 1.213 eV in solvent), resulting in
the fastest tunneling (5.147 x 10" t0 6.093 x 10" s™") and
longest coherence time (6.599 x 107'° to 5.424 x 107'®s).
In contrast, chlorophyll ¢ displays higher energy barriers
(2.29 eV in gas; 2.25 eV in water), correlating with faster
decoherence and lower tunneling rates, potentially due
Both
chlorophyll a and bacteriochlorophyll a, the central

to its more delocalized excitation profile.

pigments in oxygenic and anoxygenic photosynthesis,
respectively, strike a balance, offering moderately low
energy barriers and coherent times in the range of ~3-
4 x 107'% 5, aligning with their observed high extinction

Table 4. Tunneling rates and coherent time of the pigments among themselves, assuming the gap between pigments

is equal to 0.4 nm

Energy barrier Tunnelling bate Coherent time

Conditions Pigment pair (V) (s in x10%)  (s; in x10-)
No Solvent Chlorophyll a - a 1.998 10.166 3.294
Chlorophyllb - b 2.008 10.222 3.279
Chlorophyll ¢ - ¢ 2.295 12.004 2.868
Chlorophylld - d 2.103 10.795 3.130
Chlorophyll f - £ 1.080 5.503 6.092
Bacteriochlorophyll a - a 1.614 8.038 4.078
Bacteriochlorophyll b - b 1.607 8.002 4.096
Bacteriochlorophyll ¢ - ¢ 2.021 10.299 3.257
Bacteriochlorophyll d - d 0.997 5.147 6.599
Bacteriochlorophyll e - e 1.481 7.362 4.445
Bacteriochlorophyll g - g 1.969 9.992 3.344
Solvent (SMD = H,0O) Chlorophylla - a 2.013 10.253 3.270
Chlorophyllb - b 2.010 10.237 3.274
Chlorophyll ¢ - ¢ 2.246 11.690 2.930
Chlorophylld - d 2.106 10.815 3.125
Chlorophyll f - f 1.472 7.317 4.472
Bacteriochlorophyll a - a 1.566 7.791 4.203
Bacteriochlorophyll b - b 1.571 7.815 4.190
Bacteriochlorophyll ¢ - ¢ 1.963 9.959 3.353
Bacteriochlorophyll d - d 1.213 6.093 5.424
Bacteriochlorophyll e - e 1.553 7.727 4237
Bacteriochlorophyll g - g 2.120 10.901 3.104

Adhityo Wicaksono et al.



Indones. J. Chem., 2025, 25 (4), 1209 - 1225

coefficients (Table 3). This coupling of strong light
absorption and efficient quantum tunneling underscores
their evolutionary optimization for primary energy
capture and transfer. Interestingly, while chlorophyll f
and bacteriochlorophyll e have lower extinction
coefficients, they maintain relatively prolonged coherence
times (up to ~4.4-6.6 x 107'°s), suggesting they may
support specialized roles where long-lived but slower
energy transfer is advantageous, such as in low-light or
near-infrared environments. Together, these results
reinforce the idea that efficient energy transfer is not
solely determined by light absorption, but also by a
pigment’s quantum mechanical profile, highlighting the
interplay between molecular structure, environment, and
quantum dynamics.

The excitation profiles, extinction coefficients, and
tunneling-coherence dynamics (Table 2-4) reveal how
each pigment uniquely balances light absorption with
Chlorophyll  a,

bacteriochlorophyll a, and bacteriochlorophyll g stand

quantum  transfer  efficiency.
out with strong light-harvesting capacity, solvent-

enhanced oscillator strengths, and fast, coherent
tunneling, ideal for bright, energy-rich environments. In
contrast,  pigments like  chlorophyll f and
bacteriochlorophyll d display weaker absorption but
compensate with longer coherent lifetimes and lower
tunneling barriers, pointing to roles in low-light or far-red
conditions. So, for synthetic photosystems designed for
bright-light

bacteriochlorophyll g offer optimal performance. In

environments, chlorophyll a and
contrast, chlorophyll f and bacteriochlorophyll d are
better suited for darker or filtered-light settings due to
their quantum resilience and far-red adaptation.

Molecular Docking Results

Molecular docking simulations were performed to
assess the interactions between different chlorophylls and
with  the
protein scaffold of the Photosystem II complex in A.
thaliana (PDB ID: 5MDX). The binding affinities, the
number of hydrogen bonds, and hydrophobic/van der

bacteriochlorophylls chlorophyll-binding

Waals interactions were analyzed (Fig. 4). The docking
resulted in molecular binding affinities with the protein
(Fig. 4(a)). The strength of these affinities appears to be
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influenced by the number of contributing hydrogen
bonds (Fig. 4(b)) and the hydrophobic or van der Waals
interactions within the protein cavity (Fig. 4(c)).
Chlorophyll ¢ displayed the highest binding affinity
(=10.27 kcal/mol). Still, it formed no hydrogen bonds
and had the lowest number of hydrophobic interactions
(8 interactions). Chlorophyll d had the second-highest
binding affinity (-8.87 kcal/mol), forming 2 hydrogen
bonds and 14 hydrophobic interactions. In contrast,
chlorophyll f had a lower binding affinity
(=7.83 kcal/mol), forming 1 hydrogen bond and 13
hydrophobic interactions. Among the
bacteriochlorophylls, bacteriochlorophyll d had the
highest binding affinity (-10.13 kcal/mol), forming 1
hydrogen bond and 14 hydrophobic interactions.
Bacteriochlorophyll e, with a binding affinity of
-9.13 kcal/mol, formed 4 hydrogen bonds and 12
hydrophobic interactions, the highest number of
hydrogen bonds among all ligands. Bacteriochlorophyll
¢ also demonstrated strong binding affinity
(=9.80 kcal/mol), forming 2 hydrogen bonds and 11
hydrophobic interactions. However, statistical analysis
indicated no  significant  difference  between
bacteriochlorophylls ¢ and d.

Chlorophylls a and b, which are commonly
involved in photosynthesis, had moderate binding
affinities (—8.40 and —8.47 kcal/mol, respectively, and
their value differences are statistically not significant),
both forming 1-2 hydrogen bonds and engaging in 13-
14 hydrophobic interactions. These interactions suggest
a stable and energetically favorable docking, especially
for chlorophyll a, which primarily influences light
absorption during photosynthesis. The results also
showed that bacteriochlorophylls generally exhibit

stronger binding affinities compared to chlorophylls.
Principal Component Analysis

PCA analysis was conducted to evaluate the profile
similarities of the pigments based on correlation through
plots of the eigenvalues. PCA analysis visualization (Fig.
5(a)) revealed that the tunneling rate and energy gap
(ground state DFT) eigenvalues overlap closely, followed
by those of binding affinity and extinction coefficient
and those of coherent time. The PCA results of ten keys
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(a) Chlorophyll f
Chlorophyll d
Chlorophyll ¢
Chlorophyll b
Chlorophyll a
Bacteriochlorophyll g
Bacteriochlorophyll e
Bacteriochlorophyll d
Bacteriochlorophyll ¢
Bacteriochlorophyll b
Bacteriochlorophyll a

-12 -10 -8 -6 -4 -2 0
Average binding affinity (kcal/mol)

(b) Chlorophyll f
Chlorophyll d
Chlorophyll ¢
Chlorophyll b
Chlorophyll a

Bacteriochlorophyll g

Bacteriochlorophyll e

Bacteriochlorophyll d

Bacteriochlorophyll ¢

Bacteriochlorophyll b

Bacteriochlorophyll a

0 0.5 1 1.5 2 25 3 35 4 45 5
Averaged number of hydrogen bonds (rounded up)

©)  Chiorophyllf
Chlorophyll d
Chlorophyll ¢
Chlorophyll b
Chlorophyll a
Bacteriochlorophyll g
Bacteriochlorophyll e
Bacteriochlorophyll d
Bacteriochlorophyll ¢
Bacteriochlorophyll b

Bacteriochlorophyll a

o 2 4 6 8 10 12 14 16
Averaged number of hydrophobic interactions (rounded up)
Fig 4. The molecular docking results of the pigment molecules against the chlorophyll-binding protein that served as
the protein scaffold indicated the comparisons of (a) average binding energies, (b) rounded-up averaged values of

hydrogen bonds, and (c) rounded-up averaged values of the hydrophobic interactions
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Pigments (SMD: H,0) (73.68%)

N
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@ Chiorophyll d
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© Bacteriochlorophyll b
@ Bacteriochlorophyll ¢
© Bacteriochlorophyll d
) @ Bacteriochlorophyll e
@ Bacteriochlorophyll g

-
°
°

o
[+]
(-]

-
°
°

'
N

4 -2 0 2
PC4(56.63%)

Fig 5. PCA of 10 observed characteristics of all pigments in (a) no-solvent phase and (b) simulated under SMD solvent

effect with water. Notes: The calculation is based on the TD-DFT results at the 1st state, where excitation states between
HOMO and LUMO are all present. Eigenvector letters: TD-DFT FMO energy gap (1), wavelength (2), oscillator
strength (3), extinction coefficient (4), trans-pigment tunneling rate (5), trans-pigment coherent time (6), ground state

FMO energy gap (7), average binding affinities (8), average H-bonds (in ceiling function) (9) and average van der

Waals (in ceiling function) (10)

of photophysical and quantum descriptors across all
pigments in the gas phase (Fig. 5(a)) and solvent (SMD,
water) (Fig. 5(b)). In both conditions, over 73% of the
captured, that the
dimensionality reduction captures the majority of trait

total variance is confirming
differences. In the gas phase (Fig. 5(a)), chlorophyll f and
bacteriochlorophyll d stand apart due to their low energy
barriers and long coherent times (variables 5 and 6). In
contrast, chlorophyll ¢ and bacteriochlorophyll e are
separated by their low extinction coefficients and
oscillator strengths (variables 3 and 4). Chlorophyll a,
bacteriochlorophylls a, and g cluster near the center with
balanced values, aligning with their robust and efficient
roles in native systems. In the solvent condition (Fig.
5(b)), we observe a tighter clustering of several pigments
(notably chlorophylls a and b, and bacteriochlorophylls a,
b, g), indicating that the water solvent stabilizes specific
properties, particularly enhancing extinction coefficient
(4) and oscillator strength (3). Interestingly, chlorophyll £,
bacteriochlorophyll d, and chlorophyll ¢ remain outliers,
underscoring their unique adaptation to niche light
environments and distinct quantum characteristics even
after solvation.

The eigenvector directions are distinctive between
no solvent (Fig. 5(a)) and with solvent (Fig. 5(b)). Under
no solvent condition, the eigenvectors show that
excitation and absorption properties (i.e., energy gap,

wavelength, oscillator strength, and extinction coefficient)
align strongly along PC,, while quantum transport traits
(i.e., tunneling rate and coherence time) distribute more
across PC,. On the other hand, under solvent conditions,
the influence of binding-related descriptors (i.e., H-bonds
and van der Waals contacts) becomes more prominent
on PC,. At the same time, absorption properties remain
dominant along PC,. The results showed that most
pigments cluster more tightly in the solvent, while
chlorophylls ¢, f, and bacteriochlorophyll d remain distinct
due to wunique quantum traits. Excitation-related
properties dominate PC,, while PC, reflects quantum or
binding effects depending on the environment.

The Pigments’ Quantum Profile as a Complex
System with Binding Protein

The calculations in this study reveal that all
pigments possess distinct band gaps. Band gaps, or FMO
energy gaps, indicate the kinetic interaction stability of
pigments [40]. In silico docking studies suggest larger
band gaps allow more stable interactions with protein
receptors [41-42]. The docking results showed that
chlorophyll ¢ and bacteriochlorophylls ¢ and d exhibit
the strongest binding affinities, with no statistically
significant differences between these three pigments
(Fig. 5). Combining all the data, aside from the primary
pigments, bacteriochlorophyll g emerges as a potential
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candidate for substitution, as it exhibits a high extinction
coefficient, tunneling rate, and coherent time. Further
structural comparisons are needed to synthesize novel
derivative pigments for improved photosynthesis and the
engineering of photosynthetic systems.

should test
pigments as

Future computational studies

chlorophyll and bacteriochlorophyll
components of multiple-pigment systems rather than
single-pigment studies. For example, in the Photosystem
II complex (RCSB ID: 5MDX), 212 chlorophyll a and 96
chlorophyll b molecules are involved, with 10-15
pigments housed in each chlorophyll-binding protein.
Similarly, the Fenna-Matthews-Olson complex in
bacteria like Chlorobium tepidum (RCSB ID: 3BSD) and
(RCSB: 6MEZ) hosts 7

bacteriochlorophylls per binding protein. Simulating

Prosthecochloris  aestuarii
pigments within a planar crystal system (e.g., 2 x 2 x 2
matrices) using high-performance computational tools
like Quantum Espresso (QE) [43] would better represent
their electronic profiles within these biological systems.

Prospects in Synthetic Photosynthetic Biology

This study aims to provide pigment characterization
using DFT at the ground state and time-dependent
simulation for photosynthetic characterization that can
be used for future studies requiring deeper quantum
mechanics characterization or supporting synthetic
biology projects focused on engineering photosynthetic
systems in cell-free environments or living organisms.
One prospect involves engineering the pigment molecules
(e.g., chlorophyll), redesigning light-harvesting complexes,
introducing non-native pigments, or even combining
them with de novo synthetic carbon fixation pathways
and artificial reaction center development [44-46]. These
ideas will be necessary for designing operational systems
adapted to harsh or extreme environments, e.g., regions
with high or low light intensity on Earth or even
extraterrestrial environments like Mars or Venus, where
sunlight may be dimmer or brighter.

However, several challenges must be overcomed,
including tackling the complexities of photosynthetic
systems, ensuring system stability, optimizing energy
efficiency for total metabolism, and addressing genetic
engineering limitations. These challenges can be mitigated

Indones. J. Chem., 2025, 25 (4), 1209 - 1225

through state-of-the-art developments in modular design
techniques, advanced modeling and simulation, directed
evolution, and synthetic minimal organisms as testing
“chassis”. Additionally, system modeling combined with
computational biology (such as DFT) can facilitate
pigment characterization, guiding the selection of
suitable pigments or aiding synthetic pigment design.

m CONCLUSION

This study characterized the pigment profiles of
the chlorophylls and bacteriochlorophylls. The ground
state DFT results favored chlorophylls a, b, and c as they
exhibited  the  highest
bacteriochlorophylls, g and b showed the highest energy

energy  gaps.  For
gaps compared to the other pigments. In terms of
exciton profiles, time-dependent DFT revealed that
certain pigments respond to shorter wavelength
spectrums (e.g., around 400 nm for chlorophylls a and b
and bacteriochlorophylls a, b, and g), indicating their
responsiveness to higher-energy photons. Conversely,
(e.g.,
bacteriochlorophylls ¢, d, and e) respond to longer

other = pigments chlorophyll f and
wavelengths (> 700 nm), enabling adaptation to low-
light conditions. The pigments could interact with the
plant photosystem II chlorophyll-binding protein, but
chlorophyll ¢ and bacteriochlorophylls ¢ and d
demonstrated the strongest binding affinities.
Additional calculations of quantum metrics (i.e.,
extinction coefficient, tunneling rate, and coherent time)
indicated that bacteriochlorophyll g is a strong
candidate for synthetic substitution. PCA results suggest
that the pigments grouped into three clusters based on
tunneling rate performance, while other properties were
relatively similar. This study proposes that chlorophyll a
and bacteriochlorophyll g are optimal for bright-light
synthetic systems. In contrast, chlorophyll f and
bacteriochlorophyll d may be better suited for dim or
filtered-light environments. This work lays a foundation
for  further

computational and  experimental

development of engineered photosynthetic systems.
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