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We use time-dependent density functional theory-based approaches, TD-DFT and TD-DFTB,
to investigate the optical absorption of B800 part of Rhodoblastus acidophilus light-harvesting
complex 2 (LH2). Both methods are shown to give qualitative agreement with experimental spectra
for a single BChl a molecule and for the optimized structure of B800 complex containing nine of such
molecules. We proved the absence of any sizable effects originating from the interaction between
adjacent molecules, thus optical features of B800 LH2 part shouldn’t be attributed to the structural
organization of pigments. In addition, time-dependent procedure itself was found to be crucial for
the correct description of BChl a absorption spectrum.
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I. INTRODUCTION

Photosynthetic processes keep the interest of re-
searchers worldwide for decades. The shortest but still
the most crucial step providing the energy for further bio-
chemical reactions is the light absorption [1] by structures
called light-harvesting (LH) complexes. These structures
consist of pigments bound by protein chains [2]. LH2
complex of Rhodoblastus acidophilus, also known as pur-
ple nonsulfur bacteria, is a well-known model object for
study of LH absorption spectra [3–9] due to its rather
simple structure: 9 rhodopin β-D-glucoside and 27 bac-
teriochlorophyll a (BChl a) molecules put together by 18
altering protein chains [10]. BChl a molecules are pre-
sented as two discrete structures: a closely packed ring
of eighteen BChl a with their CH-planes lined up along
the C9 symmetry axis and a loosely packed ring of nine
BChl a with CH-planes oriented perpendicular to the C9

axis. Such rings are responsible for characteristic spec-
tral features of LH2 giving near infrared absorption peaks
rising from Qy absorption peaks of BChl a pigments at
850 (B850) and 800 nm (B800), respectively. In our work
we attempt to develop a simplified model as an alterna-
tive to the widely used QM/MM approach in order to
reproduce optical properties of LH2 complex while being
computationally effective. We start from the description
of B800 ring separately as it is less complicated and may
be useful for creating a model for further studies of other
parts of LH complexes.

Light-harvesting complexes are known to be tricky
to describe, especially due to the pigment molecules
as the interaction between them usually leads to the
emergence of excitons characteristic for the system as a
whole [2, 11–18]. This effect was previously shown for
B850 ring of LH2 [9, 11, 17, 18]. In our recent work [19]
we ignored possible excitonic effects since the distance be-
tween two BChl a molecules in B800 ring is too large to
give any collective excitations in agreement with [11, 20]

so the change in Q y peak position of B800 with respect
to that of BChl a molecule [21] should be attributed to
the Mg-porphyrin plane distortion caused by the interac-
tion with protein residues. Here we use time-dependent
(TD) calculations within the density functional theory
(DFT) framework to prove the conjecture.

II. COMPUTATIONAL METHODS AND MODELS

We used 2FKW PDB structure [22] from the study of
Cherezov et al. [10] as the starting point for our calcula-
tions and took nine BChl a molecules forming B800 ring
without any protein residues so the impact of protein sur-
roundings could be eliminated during the optimization
procedure. Thus, we were able to examine the effect of
interaction between BChl a itself. Both B800 and single
BChl a molecule taken as the reference were fully opti-
mized until the forces acting on atoms became less than
2 ∗ 10−4 Hartree/bohr. We used third-order version of
DFTB along with 3OB parameters [23–25] and Grimme
D3 correction for van-der-Waals interactions [26, 27], as
implemented in DFTB+ package.
Since the Hartree-Fock (HF) exchange was shown to

have a prominent impact on the BChl a optical proper-
ties [19], here we chose HSE06 hybrid functional [28] for
further TD-DFT calculations. These calculations were
performed in VASP package [29] using GGA-PBE [30]
fully optimized geometry in periodic boundary condi-
tions (PBC) with lattice vector b set to match the ex-
perimentally known distance of 21.1 Å between adjacent
molecules [31] and large vacuum intervals set in other di-
rections in order to eliminate any artificial interactions.
Plane wave basis set and PAW method [32] were used
with plane wave cutoff energy of 400 eV. Keeping in
mind large size of the PBC unit cell, Γ-point calculations
were considered to be computationally effective yet suffi-
cient for correct description of our model. Three different
methods of absorption coefficient calculation were used
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according to the software used. Only TD-DFTB (time-
dependent density functional functional-based tight bind-
ing) method was suitable for the whole B800 ring due to
its size while isolated BChl a molecule was studied by
both DFTB and hybrid DFT methods. Optical proper-
ties calculation in VASP implies the calculation of the
frequency-dependent dielectric matrix [33]. Absorption
coefficient is then calculated as

σ(ω) =

√
2ω

c

√√
ε′2(ω) + ε′′2(ω)− ε′(ω), (1)

where ε′(ω) and ε′′(ω) are real and imaginary parts of
the dielectric function, ω is the frequency. The ap-
proach described above is based on the ground state
calculation with no excited states included. To over-
come this drawback, time-dependent (TD) procedure is
required. Linear-response TD method is based on solving
the Casida equation,

ΩFI = ω2FI , (2)

where Ω is the response matrix that depends on the oc-
cupied and virtual Kohn-Sham orbitals and energy dif-
ference between them (ω), FI is the eigenvector found
by solving Eq.(2) and used for calculating the oscillator
strength.

In DFTB+ package both Casida method [34] and the
real time propagation of electron dynamics (ED) [35] are
implemented. Time-dependent dipole moment µ depen-
dence on the electric field E,

µ(ω) = αE(ω), (3)

gives the polarizability tensor α, and imaginary part
of its trace is proportional to the absorption coefficient
that we are looking for:

σ(ω) =
4πω

c
Im

[
1

3
Tr(α)

]
. (4)

Hereafter we denote optical calculations via the Casida
equation as TD, no matter based on hybrid DFT or
DFTB electronic structure, while real-time propagation
of electron dynamics is denoted as ED. HSE06 notation
corresponds to the absorption coefficient obtained from
dielectric matrix.

III. RESULTS AND DISCUSSION

Our previous calculations of BChl a spectrum [19]
showed hybrid DFT and parametrized DFTB3 method

to give reasonable results for its optical absorption spec-
trum: Soret low-wavelength band around 350 nm and
characteristic Q region peaks are both present. How-
ever, the DFTB3 method is preferrable for large com-
plexes of molecules in terms of future investigation of
more complicated LH2 models due to its computational
efficiency. Absorption spectrum of B800 ring made of
nine BChl a molecules without any amino acids involved
is virtually identical to that of an isolated molecule and
demonstrates Qy peak to be at about 700 nm compared
to experimentally known position of 800 nm [36], see
Figure 1.
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FIG. 1. Absorption spectra for BChl a molecule and B800
ring from ED-DFTB calculations

This confirms our suggestion of the absence of any siz-
able interaction between molecules in B800 ring due to
the large distance between them. To prove this, we then
used the Casida equation to obtain the energies and in-
tensities of optical transitions from DFTB and HSE06
calculations, see Figure 2. Optical absorption spectra
obtained from TD-DFTB calculations reproduce data
from electron dynamics calculations and available litera-
ture [37, 38]. This result should be mainly attributed
to the well-tested interatomic parameters designed to
represent the properties of biological Mg-porphyrin com-
pounds like chlorophyll. Only the lowest energy transi-
tion possible was calculated for B800 due to the compu-
tational expenses as there are a lot of forbidden transi-
tions with zero intensity. The transition corresponds to
Qy peak in absorption spectrum and matches other data
well. Bathochromic shift of BChl a Qy peak in the ab-
sorption spectrum of B800 part of LH2 complex should
then be fully attributed to the structural distortions ris-
ing from van-der-Waals interaction with protein chains.
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FIG. 2. Absorption spectra for BChl a molecule calculated using either DFTB (a) or HSE06 (b) method for electronic structure
calculation

TD-HSE06 calculation, however, demonstrates hyp-
sochromic shift of Qx and Qy peaks with respect to
ones from the frequency-dependent dielectric matrix so
we can’t avoid using time-dependent procedure while in-
vestigating optical properties of pigments like BChl a.
Figure 3 demonstrates absorption spectra calculated with
both methods for BChl a molecule as well as DFTB re-
sults for B800 ring. Position of Qy peak is of particu-
lar interest as it’s responsible for the characteristic fea-
tures of LH2 spectrum as a whole. Qy peak is located
at ∼660-680 nm in all time-dependent calculations while
TD-HSE06 gives higher energy for Qx peak, see Table I.
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FIG. 3. Absorption spectra for BChl a molecule and B800
ring obtained from DFTB3 and HSE06 calculations by solving
the Casida equation

TABLE I. Absorption maxima in Q region for BChl a
molecule (in brackets, for the B800 ring) calculated via
different methods

Level of Location of Qx Location of Qy

theory maximum, nm maximum, nm

ED-DFTB 590 (589) 683 (686)

TD-DFTB 596 677 (681)

HSE06 581 831

TD-HSE06 543 661

IV. CONCLUSION

We calculated the absorption spectra of BChl a
molecule as the part of B800 ring of the LH2 complex
of Rhodoblastus acidophilus within time-dependent
DFT-based methods: DFTB3 and HSE06. Time-
dependent calculations confirm that (i) even though
there are no collective excitations in B800 ring,
the absence of any sizable effects originating from
the interaction between adjacent molecules con-
firms the suggestion that optical features of B800
LH2 part are induced by the protein surround-
ings, not by the structural organization of pigments.
(ii) Time-dependent procedures, however, are crucial
for the correct description of BChl a molecule itself as
ground state calculations underestimate the position of
BChl a Qy peak by 170 nm. (iii) DFTB method proved
to give reasonable results comparable to hybrid DFT
so one can safely use it for larger models containing
Mg-porphyrin compounds.
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