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ABSTRACT: Purple bacteria possess two ring-shaped protein
complexes, light-harvesting 1 (LH1) and 2 (LH2), both of which
function as antennas for solar energy utilization for photosynthesis
but exhibit distinct absorption properties. The two antennas have
differing amounts of bacteriochlorophyll (BChl) a; however, their
significance in spectral tuning remains elusive. Here, we report a
high-precision evaluation of the physicochemical factors contribu-
ting to the variation in absorption maxima between LH1 and LH2,
namely, BChl a structural distortion, protein electrostatic
interaction, excitonic coupling, and charge transfer (CT) effects,
as derived from detailed spectral calculations using an extended
version of the exciton model, in the model purple bacterium
Rhodospirillum rubrum. Spectral analysis confirmed that the
electronic structure of the excited state in LH1 extended to the BChl a 16-mer. Further analysis revealed that the LH1-specific
redshift (∼61% in energy) is predominantly accounted for by the CT effect resulting from the closer inter-BChl distance in LH1
than in LH2. Our analysis explains how LH1 and LH2, both with chemically identical BChl a chromophores, use distinct
physicochemical effects to achieve a progressive redshift from LH2 to LH1, ensuring efficient energy transfer to the reaction center
special pair.
KEYWORDS: photosynthesis, light-harvesting antenna, exciton, charge transfer, quantum chemistry

1. INTRODUCTION
Photosynthetic reactions are fundamental photochemical
processes that transform solar energy into chemical energy,
and are the foundation of all biological activity.1 The initiation
of photosynthetic reactions is facilitated through an interplay
of light absorption by diverse pigments intricately bound to
light-harvesting antenna proteins.2 The absorbed solar energy
activates a cascading sequence of events leading to charge
separation at the photosystem reaction center, a multi-
component membrane-protein complex that is deeply
embedded in the photosynthetic membrane.3

The light-harvesting antenna system can be categorized into
two distinct subgroups: core antennas, which are directly
linked to the reaction center, and peripheral antennas, which
pass energy to the core antenna rather than directly to the
reaction center.4−6 Within this elaborate system, both core and
peripheral antennas contain several chromophores, including
bacteriochlorophyll (BChl) and carotenoids in the case of
phototrophic bacteria.7,8 The interplay between the core and
peripheral antennas enables the rapid transfer of absorbed solar
energy from the light-harvesting antenna to the reaction
center.9−11 The absorbed solar energy is then transported to
two reaction center BChl molecules called the special pair,

which functions as the driving force behind the charge
separation reaction.5

The effective gain of solar energy is a pivotal requirement for
photosynthetic reactions, enabling their fundamental role in
biology.12,13 To achieve this, it is essential that phototrophic
organisms absorb light across a broad spectrum of wavelengths
to ensure the passage of solar energy to the special pair with
minimal dissipation.8 Phototrophic organisms have accom-
plished this task by evolving a variety of unique light-harvesting
antenna structures best adapted to the available wavelengths of
light in their habitat.

Many purple bacteria possess two light-harvesting com-
plexes, light-harvesting 1 (LH1) and 2 (LH2), which work in
concert to transfer captured solar energy to the reaction center
(some species of purple bacteria contain only LH1).1,5

Structurally, both LH1 and LH2 typically form ring-shaped
protein assemblies with differing radii. Several open ring LH1
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structures have also been reported,14−18 but will not be
discussed in this study. In Rhodospirillum rubrum, a species that
contains only LH1, the LH1 complex comprises a single type
of ring assembly of 32 BChl a molecules (Figure 1).19 In
contrast, LH2 generally comprises two types of BChl a ring
assemblies, namely B800 and B850, with B800 containing 7−9
BChl a molecules and B850 containing 14−18 BChl a
molecules.20,21 The formation of these ring assemblies brings
about notable alterations in the optical properties of the
individual BChl a monomers, resulting in a redshift in the
absorption wavelength: in LH2, B800 and B850 exhibit
absorption maxima at 800 and 850 nm,1 respectively, and
the structure in LH1 exhibits an absorption maximum at 871
nm.22 In the photosynthetic reactions, this difference in
absorption maxima induces a stepwise energy transfer, first
from LH2 to LH1 and from LH1 to the reaction center.5

In recent years, numerous structures of LH1 complexes have
been determined by X-ray crystallography and cryo-electron
microscopy (cryo-EM).19,23−27 These findings have enabled us
to investigate the molecular mechanisms underlying the
photosynthetic antenna system and to gain deep insights at
the atomic level into the fundamental mechanisms and
quantum processes of photosynthetic reactions. Collectively,
these data provide a more detailed picture of energy transfer
from a computational chemistry perspective.

The change in optical properties associated with the
formation of cyclic molecular aggregates signifies the impact
of intermolecular interactions on the excited states of BChl a.5

Thus, to precisely characterize the excited states of light-
harvesting antennas, it is essential that we carry out
quantitative calculations for the entire antenna rather than
for individual BChl a units. However, light-harvesting antennas
such as LH1 and LH2 are extremely large protein complexes,
making it impractical to perform comprehensive excited-state
calculations based on general quantum chemistry method-
ologies.

By contrast, the exciton model presents a highly effective
approach for performing excited-state calculations on large-
scale systems,28 while taking into account both computational
accuracy and cost. This model reconstructs the electronic
states determined for individual fragments, as demonstrated in
previous studies.29,30 Notably, calculations conducted on
retinal proteins31 and molecular crystals30 by employing the
exciton model have yielded exceptional results in reproducing
experimental absorption spectra with remarkable precision.
Furthermore, we have successfully applied the exciton model
to the calculations of absorption spectra of B800 and B850
within an LH2 antenna, demonstrating its ability to accurately
reproduce the absorption spectra and examine the underlying
physicochemical factors governing the spectral tuning mech-
anism.32

The present study aimed to determine the physicochemical
origin of the spectral tuning mechanism in LH1. Many
research groups have dedicated significant effort to computa-
tional studies on the spectral tuning in LH2.5,33−40 As a result,
it has been established that the spectral redshift of B850 in
LH2 arises primarily from electronic contributions, namely,
excitonic coupling and charge transfer (CT) effects. The
pioneering works of Hu et al.5 and Alden et al.34 of applying
the exciton model to large-scale systems paved the way for
further advancements. Building on this foundation, Scholes et
al.35 emphasized the crucial role of excitonic coupling in the
LH2 spectrum, which they demonstrated through precise
calculations using the transition density cube method.41

Additionally, Li et al.,42 Cuppellini et al.,43 and Nottoli et
al.44 applied ab initio exciton models to LH2, thereby
elucidating the significant CT effects within its spectrum.
Furthermore, we successfully quantified the contributions of
excitonic coupling and CT effects to the total redshift observed
in LH2.32 In contrast to LH2, investigations into the
absorption spectrum of LH1 have remained scarce,45−47

leaving the intricate details of its spectral tuning mechanism

Figure 1. Structures of the LH1 protein complex and the BChl a chromophore. (A) Optimized structure of LH1. The BChl a structures are shown
in red. Top view (left), oblique view (center), and side view (right). (B) Schematic of the LH1 ring, which consists of 32 BChl a molecules. (C)
Chemical structures of BChl a.
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largely unexplored. This was partly due to computational
difficulties for the much larger LH1 complex and partly due to
the lack of a relatively high-resolution structure of a typical
LH1. The recent determination of several LH1 structures using
cryo-EM provides opportunities for further exploration.19

Our previous study on LH2 demonstrated that the
absorption spectrum of B850 cannot be replicated by the
conventional exciton model (referred to as the monomer
exciton model in this paper).32 To address this issue, we
developed a dimer exciton model, wherein the BChl a dimer
was treated as a unified fragment.32 This modification allowed
for the incorporation of the crucial CT effect in the BChl a
dimer, thereby enabling a more faithful representation of the
spectrum. The present study focuses on the absorption
spectrum of R. rubrum LH1,19 the most widely used
representative model of bacterial LH1 complexes. The R.
rubrum LH1 is characterized by a larger number of BChl a
units and a smaller interchromophoric distance than LH2,
which prompted us to use an extended version of the dimer
exciton model, referred to as the multimer exciton model, to
calculate the spectra. By employing this model and analyzing
the resulting absorption spectrum, we explored the phys-
icochemical factors associated with the spectral tuning
mechanism in LH1.

2. METHODS

2.1. Structural Optimization Using the ONIOM Method
The atomic coordinates of LH1 were obtained from the three-
dimensional structure determined by cryo-EM (PDB code: 7EQD19).
Structural optimization was performed using the ONIOM (short for
“our own n-layered integrated molecular orbital and molecular
mechanics”) method48 to refine the experimental structure, where the
entire protein system was partitioned into quantum mechanical (QM)
and molecular mechanical (MM) layers described by density
functional theory (DFT) at the B3LYP-GD3BJ/6-31G* level49 and
by the AMBER99 force field,50 respectively. To avoid the high
computational demand of treating all 32 BChl a molecules in an
antenna system as a single QM layer, the task was divided into several
monomer-based structural optimizations. All 32 BChl a molecules
were individually optimized using the ONIOM strategy, where one
BChl a molecule was optimized at the QM level while the remaining
BChl a molecules were treated at the MM level without relaxation.
These structural optimizations using the ONIOM method were
carried out using the Gaussian16 program package.51

2.2. Absorption Spectrum Calculation Using the Exciton
Model
The absorption spectra of the optimized structure were calculated
using the exciton model.28−31 In this model, we used the direct
product of the electronic states of the N molecules as a basis (eq 1).

= ··· ···a a N
e

1
g e g

(1)

where φa
k represents the k state (k = ground state (g) or excited state

(e)) of molecule a. To maintain clarity, here we focus on two
electronic states that involve only molecules a and b:
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For the actual calculations, 32 bases were used for LH1. Equation 2
allows for the Hamiltonian matrix to be expressed as
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where the diagonal element Ei represents the electronic excitation
energy of molecule i, while the off-diagonal element Vab represents the
excitonic coupling between molecules a and b. The excitation energies
of BChl a molecules were calculated using time-dependent DFT
(TDDFT) at the ωB97X/6-31G* level,52 and the excitonic couplings
between BChl a molecules were determined using the transition
charge from electrostatic potential (TrESP) method.53,54 Electrostatic
effects from the protein environment were incorporated into the
calculation by assigning point charges using the AMBER99 force
field.50 The numerical diagonalization of eq 3 results in the
determination of the excited states of the entire system, which are
the exciton states. These states are expressed as eigenstates of the
Hamiltonian matrix, with the K-th exciton state represented as a linear
combination of eq 2:

= CK
l

lK l
(4)

where ClK represents the expansion coefficient determined by the
diagonalization of eq 3. The eigenvalues associated with the excited
states of the system serve as exciton energies EK′ . The coefficient ClK is
used to convert the transition dipole moment of the noninteracting
subsystem μl to that of the interacting system μK′ as follows:

= CK
l

lK l
(5)

Equation 6 was used to obtain the oscillator strength for the K-th
exciton state, f K, with the transition dipole moment μK′ and exciton
energy EK′ .

=f E2
3K K K

2

(6)

Finally, the absorption spectrum ε(E) is obtained using eq 7.
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where σ is the standard deviation of the Gaussian distribution, which
was set to 0.0012 au (0.033 eV).

All the examined BChl a molecules exhibited π−π* excitations with
large oscillator strengths. The excitation energies, transition dipole
moments, and transition charges for each BChl a molecule were
calculated using the Gaussian16 program package.51 Using a Ryzen
threadripper pro 5995wx 64-core CPU, the TDDFT calculation for
the BChl a 16-mer required 5.97 × 107 s of CPU time.
2.3. Multimer Exciton Model
In this study, we introduced an extended exciton model, named the
multimer exciton model, that allows for the inclusion of CT-type
excitations in the description of exciton states. The conventional
exciton model, which is based on monomeric local excitations, is
labeled as the monomer exciton model to distinguish it from the
multimer exciton model.

The monomer exciton model straightforwardly uses eq 1 to
describe the exciton state as a combination of direct products of N
local electronic states associated with N monomeric units. As each
BChl a molecule in LH1 serves as a local unit, the 32 local excitations
that arise from the 32 BChl a molecules constitute the 32 basis states
for the modeling of LH1 assembly (N = 32). Using these bases, the
Hamiltonian matrix is written as

=

E V V

V E V

V V E

H

1 1,2 1,32

2,1 2 2,32

32,1 32,2 32

µ

µ

µ

i
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where the subscript of the matrix element indicates the index of the
BChl a monomers.
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The multimer exciton model replaces monomeric electronic states
with multimeric states as the basic building blocks. To simplify the
discussion, we consider the dimer exciton model,32 where the BChl a
dimer serves as a single unit. In this case, an N-monomer system is
considered an aggregate of N/2 dimers. If the first and second excited
states of each of the 16 BChl a dimers in LH1 are incorporated into
the basis, then the dimension of the Hamiltonian matrix of the dimer
exciton model is 32, equal to that of the monomer exciton model. The
Hamiltonian matrix of the dimer exciton model, using the redefined
elements, is as follows:
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where EX(i)denotes the i-th excited state of dimer X (X = 1, 2, ···, 16)
and VX,X′

(i,id′) represents the excitonic coupling between the i-th excited
state of dimer X and the i′-th excited state of dimer X′. Notably, the
off-diagonal elements associated with the identical BChl a dimer are
assigned a value of zero, i.e., VX,X(i,id′) = 0 (i ≠ i′).

The multimer exciton model is a simple extension of the dimer
exciton model: instead of dimer, the model is constructed with M-
mer. We suppose that all N molecules in the system are divided into p
M-mers (p = N/M) and the first to s-th states of each M-mer are
considered. Then, the Hamiltonian matrix of the multimer exciton
model is expressed as follows:
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As in the dimer exciton model, the off-diagonal elements associated
with the same BChl a multimer are assigned a value of zero.

3. RESULTS AND DISCUSSION

3.1. Dependence of Absorption Energy on the Number of
BChl a Molecules
Our previous studies revealed how incorporating the CT
characteristics of LH2 (B850) BChl a dimers into the exciton
model is vital in accurately reproducing the absorption
energies.32 Given that the intermolecular Mg−Mg distances
between BChl a molecules are smaller in LH1 (∼8.6 Å) than
in LH2 (B800: ∼22 Å, B850: ∼9.3 Å), it will be helpful to
consider CT involving a larger number of BChl a units in LH1
than the dimers used in LH2 in successfully reproducing the
experimental absorption spectra. We therefore explored how
varying the number of BChl a molecules in the 32-mer
influences the magnitude of the absorption energy, using
TDDFT at the ωB97X/6-31G* level.52 In our previous
work,32 we showed that TDDFT with the ωB97X functional
can accurately yield absorption energy predictions. This was
verified by comparing with the results obtained from the
complete active space second-order perturbation theory

(CASPT2)55 calculations using density matrix renormalization
group (DMRG)56 references. Arrangements of varying
truncated multimer were constructed by systematically
attaching LH1 BChl a molecules one by one in accordance
with the structure of LH1, and TDDFT calculations were
performed on each resulting arrangement. It should be noted
that no exciton model was involved in these calculations. As
shown in Figure 2, the absorption energies underwent a

remarkable transition from 1.741 eV (712 nm) for the
monomer to 1.431 eV (866 nm) for the 17-mer, indicating a
redshift as the number of BChl a units increased. Additionally,
the values of absorption energies of the 16- and 17-mers were
almost indistinguishable, suggesting that the redshift associated
with the increasing number of BChl a units reached a
saturation point by the 16-mer stage (1.431 eV). Such
progressive redshifts followed by saturation are in good
agreement with the results of simulation47 and experimental
observations.57,58

3.2. Absorption Spectra Calculated Using the Exciton
Model
Based on the findings from the TDDFT calculations (Figure
2), we conducted LH1 spectrum computations using a
multimer exciton model wherein a BChl a 16-mer was
incorporated into a single fragment (referred to as the 16-
mer exciton model). The total of 32 BChl a molecules in LH1
were thus considered as two 16-mer fragments. The calculated
absorption spectrum of LH1, as depicted in Figure 3, exhibits
an absorption peak at 858 nm (1.445 eV), successfully
reproducing the experimental value (871 nm, 1.423 eV)22 with
a deviation of only 0.022 eV. Furthermore, the shape of the
calculated spectrum closely resembled that of the experimental
spectrum. These findings strongly suggest that the 16-mer
exciton model can accurately compute the absorption
spectrum of LH1. The results computed using the 16-mer
exciton model therefore served as the foundation for the
analysis conducted in this study. It should be noted that Figure
2 illustrates the calculated absorption energy of a single excited
state of the BChl a multimer, whereas the absorption peak
observed in the calculated spectrum arises from the
convolution of the respective intensities from many exciton
states. In addition, because the spectrum in Figure 3 (purple
line) is calculated using the exciton model, it includes the

Figure 2. Calculated BChl a absorption energies as a function of the
number of BChl a molecules; TDDFT at the ωB97X/6-31G* level
was employed. The BChl a arrangement considered in the multimer
calculations was derived using the LH1 structure as a template. The
exciton model was not applied in these calculations.
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effects of interactions between the two 16-mer fragments,
which are not considered in Figure 2. For these reasons, there
is a slight discrepancy between the absorption energy at the 16-
mer in Figure 2 and the absorption peak obtained with the 16-
mer exciton model in Figure 3.

The absorption spectrum calculated with the 16-mer exciton
model was compared with the spectra obtained with the
monomer and dimer exciton models. This monomer exciton
model corresponds to the conventional exciton model, and
treats the BChl a monomer as a building block and accounts
for the environmental effects of BChl a aggregation, including
the excitonic Coulomb coupling59 between BChl a molecules.
The dimer exciton model, on the other hand, treats the BChl a
dimer as a building block, incorporating the CT effect within
the BChl a dimer as well as the excitonic Coulomb coupling.
However, the CT effect involving three or more BChl a
molecules is not considered in the dimer exciton model. For
the monomer and dimer exciton models, the exciton states
were calculated using 32 BChl a monomers and 16 BChl a
dimers, respectively. The absorption spectra calculated using
the monomer and dimer exciton models exhibited absorption
maxima at 777 nm (1.596 eV) and 827 nm (1.499 eV),
respectively, as shown in Figure 3. The absorption peak
obtained from the dimer exciton model was more red-shifted
than that of the monomer exciton model; however, it deviated
significantly from the experimental value (871 nm, 1.423 eV).
These findings demonstrate the inadequacy of the dimer
exciton model in accurately reproducing experimental spectra
and underscore the effectiveness of the multimer exciton
model.
3.3. Electronic Structure Analysis of Excited States of the
BChl a 16-mer
To further confirm the validity of using the BChl a 16-mer as a
building block in the exciton model, a detailed analysis was
carried out on the electronic structure derived from the
TDDFT calculations. It should be noted that this analysis
focuses on the excited states of the building blocks used in the
exciton model, rather than the exciton states obtained by
applying the exciton model.34,60 Here, the localized Kohn−
Sham orbitals, obtained through the unitary transformation of
the canonical orbitals, were employed for the analysis of the

singly excited configuration interaction (CI) coefficients CIA
from the localized occupied orbital I to the localized virtual
orbital A, as follows:

=C U U CIA
i a

iI aA ia
,

Occ Vir

(11)

where UiI
Occ and UaA

Vir denote the unitary matrices for canonical
occupied orbital i and virtual orbital a, respectively, and Cia
represents the CI coefficient offered by the TDDFT calculation
with the canonical orbitals. For simplicity, the excited states in
the localized orbital basis were constructed by superposing
only the transitions from the highest occupied molecular
orbital (HOMO) and HOMO−1 to the lowest unoccupied
molecular orbital (LUMO) and LUMO+1 within each BChl a
unit. Isosurface plots of the canonical and localized Kohn−
Sham orbitals considered are shown in Figures S1 and S2,
respectively. The unitary matrices were calculated using
Pipek−Mezey localization algorithm61 to maximize the sum
of the fragment-based partial charges. This approach revealed
the distinctive contributions of individual BChl a molecules,
enhancing our understanding of LH1 features. Figure 4A

depicts the square of the transformed CI coefficients CIA for
the excited state with the largest oscillator strength. The CI
coefficients of the canonical orbitals are shown in Figure S3.
Notably, the CI coefficients of the diagonal components, which
correspond to local excitations in each molecule, peaked at the
center of the 16-mer and gradually decayed toward the ends of

Figure 3. Theoretical absorption spectra of LH1 calculated with the
multimer (16-mer) exciton model (shown in purple). For
comparison, the absorption spectra calculated with the monomer
and dimer exciton models are shown in light blue and green,
respectively. The experimental spectrum taken from ref 19 is shown in
orange.

Figure 4. Plots of the CI coefficients of the excited state with the
largest oscillator strength for (A) BChl a 16-mer and (B) BChl a 4-
mer obtained using localized Kohn−Sham orbitals.
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the 16-mer. In contrast, for the BChl a tetramer, the CI
coefficient values remained substantial, even at one of the ends
of the tetramer (Figure 4B). These results suggest convergence
in the spreading of the electronic structure of the 16-mer,
resulting in the observed saturation of the absorption energy,
as illustrated in Figure 2. We believe that this finding serves as
important evidence supporting the validity of the 16-mer
exciton model used in this study.
3.4. Mechanism of Spectral Tuning

Our exciton model has proven to be reliable in reproducing the
absorption wavelengths observed in the experimental spectrum
of LH1 and in accurately capturing the redshift feature, which
means that our spectrum simulation provides a meaningful
approach for understanding the mechanisms behind spectral
tuning. We subsequently performed a comprehensive analysis
of the spectral redshift in LH1 to determine the contributions
of various factors, including electrostatic interaction, excitonic
coupling, and CT effects. To achieve this, we conducted
additional spectrum calculations using the no-coupling, point-
charge, and monomer exciton models, each applied separately
to the ONIOM-optimized structure of LH1. Figure 5A
illustrates the hierarchical relationships between the four
computational models.

The no-coupling model can be considered as a Hamiltonian
matrix comprising solely diagonal elements and employing the
absorption energies of the BChl a monomers in the gas phase.
The point-charge model introduces electrostatic effects from
the protein environment into diagonal elements, and is an
extension of the no-coupling model. Comparing the spectra
simulated using the no-coupling and point-charge models
allows us to evaluate the influence of electrostatic interactions
on the observed redshift. The monomer exciton model
accounts for the environmental effect of BChl a aggregation;
thus, the differences between the point-charge and monomer
exciton models sheds light on the effect of excitonic coupling.
By comparing the outcomes of the monomer exciton model
and of the multimer exciton model, we can observe the CT
effect.

Figure 5B depicts the spectra of LH1 simulated using the
four computational models, and Figure 5C shows the
absorption peaks for the four models and the corresponding
experimental values. The peaks calculated for LH1 under the
no-coupling, point-charge, monomer exciton, and multimer
exciton models were 1.678 eV (739 nm), 1.660 eV (747 nm),
1.596 eV (777 nm), and 1.445 eV (858 nm), respectively. As
the models became more sophisticated, the absorption maxima

Figure 5. Absorption spectrum analysis using four computational models (the no-coupling, point-charge, monomer exciton, and multimer (16-
mer) exciton models). (A) Hierarchy of the four computational models. (B) Theoretical absorption spectra of LH1 calculated with the
computational models. (C) Absorption maxima of the calculated spectra.

Figure 6. Analysis of spectral tuning. (A) Overall spectral redshift for LH1 and B850 (LH2) decomposed into the BChl a conformational
distortion, protein electrostatic interaction, excitonic coupling, and CT effects. (B) Percentage of contribution to the overall redshift by factor in
LH1 and B850. The absorption energy used as the reference is of the BChl a monomer with a fully relaxed molecular geometry in the gas phase.
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gradually approached the experimental value of 1.423 eV (871
nm). In particular, the absorption maxima exhibited a
remarkable shift in magnitude when the model was changed
from the monomer exciton model to the multimer exciton
model, highlighting the pronounced impact of the CT effect on
the significant redshift observed in LH1.

The initial reference point for the spectral shift in LH1 was
established by considering the absorption energy of the fully
relaxed geometry of the BChl a monomer in the gas phase
(1.693 eV, 732 nm). Accordingly, the redshift observed in the
absorption wavelengths of the no-coupling model relative to
this reference point can be ascribed to distortion of the
molecular structure of BChl a. As shown in Table S5, an
absorption energy of 1.630 eV (761 nm) was obtained from
the excited-state calculations of the BChl a monomer in
acetone, which closely matches the experimental value of 1.606
eV (772 nm).1 While the absorption energy in acetone could
be used as a reference point, we chose the absorption energy in

the gas phase as our reference point to directly assess the
impact of proteins on the spectral shift.

In order to further examine the redshift in LH1
quantitatively, we performed additional physical treatments
to simulate the absorption energies. By calculating the
differences between the simulated absorption energies, we
successfully decomposed the redshift into four factors:
structural distortion, electrostatic interactions, excitonic
coupling, and CT effects. A graphical representation of the
results is shown in Figure 6. We can see that the CT effect has
a dominant influence, corresponding to a redshift of 0.151 eV.
This effect accounted for approximately 61% of the total
redshift energy (0.248 eV). Similarly, the excitonic coupling
effect corresponds to a redshift of 0.064 eV, contributing
approximately 26% to the overall shift. The CT effect and the
excitonic coupling effect together accounted for more than
86% of the observed redshift, emphasizing the importance of
intermolecular electronic interactions, as elucidated through
quantum mechanical methods, in understanding the spectral

Figure 7. Analysis of intermolecular orbital interaction. (A) HOMO and (B) LUMO distribution of the BChl a dimer in LH1. At the boundary
between two BChl a molecules, the HOMO and LUMO exhibit different color overlap (antibonding character) and same color overlap (bonding
characters), respectively. The isovalue of the molecular orbital is set to 0.02. All hydrogen atoms are omitted for clarity. (C) Schematic illustration
of the inter-BChl orbital interaction. The HOMO−LUMO gap is large for large inter-BChl distances (left) and small for small inter-BChl distances
(right).
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redshift of LH1. In contrast, the BChl distortion played the
smallest role in the spectral tuning among the four factors
analyzed. This finding is consistent with previous reports on
water-soluble chlorophyll-binding proteins.62

For small intermolecular distances, the Dexter exchange
term may play a substantial role in the total excitonic
coupling.63 To explore the impact of this term, we employed
the transition-density-fragment interaction (TDFI)64,65 meth-
od. The calculations revealed that even for the most adjacent
pairs of BChl a comprising the ring, the magnitude of the
exchange term is relatively small, ranging from 1.07 to 6.77
cm−1 (1.33 × 10−4 to 8.39 × 10−4 eV). This suggests that
although the molecules are in close proximity, the exchange
term is not the primary factor responsible for the excitonic
coupling in this system.

The calculated percentages of contribution of the four
factors to the spectral shift observed in LH1 were compared
with the results for B850 in LH2. The right chart in Figure 6B
illustrates the percentages of contribution to the spectral shift
in B850 determined at the same DFT level; the hexamer
exciton model was employed for this B850 analysis because the
redshift associated with the increasing number of BChl a units
reached a saturation point by the hexamer stage (Figure S6). In
B850, the excitonic coupling is the dominant contributor to the
redshift, followed by the CT effect. This finding is consistent
with our previous results obtained using the dimer exciton
model,32 suggesting that most of the CT contribution in B850
can be effectively described by using the BChl a dimer as a
minimal building block. Notably, the current LH1 calculations
reveal a much more significant impact of the CT effect than
that observed in B850. It is evident that, despite having similar
ring-shaped BChl a assemblies, B850 and LH1 employ distinct
physicochemical factors in their spectral tunings (Figure 6B).
3.5. Intermolecular Orbital Interaction

To gain deeper insights into the CT effect in LH1, we analyzed
the Kohn−Sham orbitals and their corresponding energies. To
simplify our discussion, we specifically focused on the structure
of the BChl a dimer within LH1. As depicted in Figure 7A, the
HOMO of the BChl a dimer was observed to have an
antibonding character, with the distribution of π orbitals on
each molecular plane facing each other in opposite phases.
Conversely, the distribution of the LUMO demonstrated a
bonding character, as shown in Figure 7B, where the π orbitals
on each molecular plane faced each other in the same phases.
It is essential to note that molecular orbitals with antibonding
character undergo destabilization, whereas orbitals with
bonding character experience stabilization.66 By comparing
the orbital energies of the monomer and the dimer, we can
quantitatively evaluate the influence of these intermolecular
orbital interactions (Figure 7C). As summarized in Table S7,
the HOMO−LUMO gaps for the monomer and dimer of LH1
were ∼4.375 and 4.185 eV, respectively. Hence, the
intermolecular orbital interactions resulted in a reduction of
approximately 0.190 eV in the HOMO−LUMO gap of the
dimer.

A similar analysis was performed for B800 and B850 in LH2.
As listed in Table S7, the reductions in the HOMO−LUMO
gap due to intermolecular orbital interactions were ∼0.089 and
∼0.117 eV for B800 and B850, respectively. Notably, these
values are much smaller than those observed for LH1 (∼0.190
eV), indicating that the order of magnitude of the

intermolecular orbital interactions is as follows: LH1 > B850
> B800.

As mentioned earlier, the intermolecular Mg−Mg distances
between BChl a molecules in LH1 (∼8.6 Å) are smaller than
those in LH2 (B850: ∼9.3 Å, B800: ∼22 Å). The smaller
intermolecular distance led to more pronounced intermolec-
ular orbital interactions in LH1, which resulted in a smaller
HOMO−LUMO gap (Figure 7C). This notable property
contributes to the significant spectral redshift observed in LH1.
These findings suggest that the predominant contribution of
the CT effect, as shown in Figure 6, originates from large
intermolecular orbital interactions.

4. CONCLUSIONS
This study aimed to elucidate the spectral tuning mechanism
of the BChl a assembly in LH1 using an innovative expansion
of the exciton model, which builds on the 16-mer
fragmentation of the BChl a assembly. Through our
simulations, we successfully reproduced the experimental
absorption spectrum of LH1 in the Qy region, including the
redshift effect, with an impressive accuracy of 0.022 eV. To the
best of our knowledge, our simulated spectrum represents a
pioneering demonstration of the necessity of treating the BChl
a 16-mer as a single quantum mechanical fragment in
accurately reproducing the absorption spectrum of LH1.
Based on the calculated absorption maximum, we explored
the spectral tuning mechanism within LH1 and examined the
spectral shift in relation to the BChl a monomer absorption
energy. This analysis encompassed the influence of BChl a
structural distortion, electrostatic interactions, excitonic
coupling, and CT effects. Remarkably, our findings highlight
the indispensable role of the CT effects between BChl a
molecules in driving the spectral redshift observed in LH1.

Our previous investigation focused on elucidating the
spectral tuning mechanisms of B800 and B850 in LH2.32 We
discovered that the primary factor responsible for the redshift
in B800 was the electrostatic effect arising from the
surrounding protein environment, whereas in B850, it was
the result of excitonic coupling among BChl a molecules
(Figure 6B). Although the CT effect played a notable role in
B850, its influence was small compared with the profound
impact of excitonic coupling. In contrast, our current work
demonstrates that the spectral tuning observed in LH1 can be
predominantly attributed to the extent of CT rather than to
excitonic coupling.

Our calculations demonstrate a progressive redshift from
LH2 to LH1, facilitating the efficient transfer of absorbed solar
energy to the special pair. Although these antenna systems
consist of chemically identical chromophores (BChl a), our
analysis revealed that LH1 and LH2 achieve precise spectral
tuning by exploiting distinct physicochemical effects.
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