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Photosynthesis includes capturing sunlight by an assembly of molecules, called chlorophylls, and directing
the harvested energy in the form of electronic excitations to the reaction center. Here we report, using real-
space density functional theory and time-dependent density functional theory together with GW
calculations, the optical and electronic properties of the two main chlorophylls in green plants, namely,

chlorophylls a and b. Furthermore, we estimate the dipole and primitive quadrupole electric moments of
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Accepted 24th October 2016 these molecules. We employ Casida’s assignment ansatz to study the absorption spectra of the
chlorophylls in the two main red and blue regions at various environments with different exchange—
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. Introduction

Recently there has been a surge of interest in research on
renewable (clean) energy sources to replace environment-
unfriendly sources. For millions of years, green plants have
obtained their required energy from the Sun through a complex
network of chemical and physical reactions in their leaves,
within cellular compartments known as chloroplasts. In this
process, the incident photons are absorbed by two complex
molecular systems, namely, photosystem I (PSI) and photo-
system 1II (PSII), both associated with thylakoid membranes of
chloroplasts. The absorbed energy is transported over a large
distance from the light-harvesting parts to the reaction center,
where energy is stored in the form of chemical energy. Inspired
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remarkable agreement with experimental observations.

by photosynthesis in plants, many researchers have tried to
engineer solar fuel generators that use sunlight, water, and
carbon dioxide to work—see, e.g., ref. 1-4 and the references
therein.

PSI and PSII are complex supermolecular structures
composed of various proteins and molecules, such as chloro-
phylls a and b (Chl a and Chl b) and carotenoids, which have
various roles and interactions. These interactions have signifi-
cant effects on the conformation, electronic structures, and
vibrational dynamics of each component.*® Recent progress in
two-dimensional molecular imaging by coherent Raman spec-
troscopy and structural biology has enabled imaging the
structure and functioning of photosystems with an unprece-
dented sub-nanometer resolution.”*® Yet, there remain
numerous relevant questions in quantum level to address."

It has been known that chlorophylls in photosystems harvest
incident photons with special wavelengths and transfer their
energy—as “excitons”—to the reaction centers with ultrafast
quantum coherent and incoherent energy transfer mecha-
nisms.*> Each chlorophyll has a porphyrin ring (head group)
and a hydrophobic tail, which retains it in the thylakoid wall.
This ring, with a magnesium atom in its center and four
nitrogen atoms surrounding it, is responsible for harvesting
photons and transferring the energy. Diversity of chlorophylls
in the nature is limited and depends on the side chains attached
to the porphyrin ring. Chl a and Chl b with chemical formulas
CssH,,MgN,O5 and CssH,oMgN,Og consist of 137 and 136
atoms, respectively. Note that the only difference between Chl
a and Chl b is that the methyl group on the side chains of Chl
a is replaced with an aldehyde group in Chl b. Spectral and

This journal is © The Royal Society of Chemistry 2016
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kinetic properties of these molecules have been addressed in
various experimental*** and theoretical studies." >

Since the reduction of the system size causes a decrease of
the screening and enhancement of the Coulomb interaction
between charge carriers, the excited states are no longer negli-
gible in nanostructures, and thus the single particle Kohn-
Sham (KS) density functional theory (DFT) is not reliable to
study the electronic and optical properties of these systems.
Accordingly, we need to incorporate many-body interactions in
our treatment to go beyond the standard DFT and bear the cost
of heavier calculations. In addition, owing to the inherent
complexity of large systems and the associated computational
costs, conducting full quantum mechanical simulations on the
whole system may be infeasible. This complexity is even more
problematic for polyatomic molecules because of the difficulty
of explaining the dissociation mechanism and controlling
molecular processes. First-principles simulations based on the
DFT, time-dependent density functional theory (TD-DFT) and
single-shot GW method*?* calculations, which provide the
electron density profile and electronic and optical properties,
are the most commonly used computational approach to study
large molecular systems. This approach offers in silico descrip-
tion of molecular processes in a quantitatively reliable manner
at reasonable computational cost (sufficiently low to be able) to
treat realistic systems.” It has been known that the deviation of
m/m, ratio from 1 is a reasonable criterion for relativistic effect,
and that the elements of the first three periods of the periodic
table show the ratio changes of less than 1%.** Noting that all
consisting atoms of the chlorophyll(s), especially the central
metal Mg, belong to these three periods, negligible relativistic
effects for these molecules are expectable.

Recently several groups have employed DFT and TD-DFT
simulations to extract ground-state and excited-state proper-
ties of the chlorophylls.">?* Some properties such as bond
lengths, vertical excitations, energies, molecular orbitals, and
fluorescence lifetimes, as well as absorption spectra have been
investigated and compare with experimental results. Since the
chlorophyll tail has little impact on the electronic properties, it
was removed in some studies to reduce computational costs.'”**

Here, we employ DFT and TD-DFT, together with GW
calculations (including many-body effects), to investigate the
molecular structure, optical properties, charge density profile,
electronic excitations, electric dipole and quadrupole moments,
and electrochemical properties of Chl a and Chl b, and compare
our findings with known experimental and theoretical results.
For a proper analysis of the ground-state electronic properties,
the exchange-correlation (XC) potential and KS potential are
presented. Furthermore, the calculations of quasiparticle
energies and band gap are obtained with high accuracy by using
GW calculations. We have also studied the absorption spectra in
the two main red and blue absorption regions at various envi-
ronments, based on Casida's assignment ansatz, using B3LYP,
CAM-B3LYP, and PBEO hybrid functionals.***® We show that in
the case of isolated molecules, transitions with higher oscillator
strengths have small charge-transfer character owing to the
non-negligible role of the pigment-pigment interactions for
a realistic description of the photosystems.

This journal is © The Royal Society of Chemistry 2016
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This paper is organized as follows. In Section II, we provide
the details of the computational techniques for DFT, TD-DFT,
and GW calculations. Section III is devoted to the results and
discussions. The paper is summarized in Section IV.

[I. Computational techniques

We carry out first-principles simulations based on DFT. The
ground-state and excited-state electronic properties of Chl a and
Chl b are explored by solving the KS equations using different
basis sets and configuration approaches. Initial coordinates of
the molecules are obtained from the protein data bank (“PDB”)
archive.?” At first we use the SIESTA package, which is based on
the locality of Wannier-like wave functions for electrons.***
Using this package enables investigating electronic properties
of large systems, such as phospholipids and graphene, whose
results have exhibited fair agreement with experimental
measurements.*™*

In order to achieve the ground-state or minimum energy by
using the SIESTA package, we allow the structure to relax by
using the conjugate gradient algorithm, until the maximum
force applied on any atom attain the threshold of 0.01 eV A™*. A
unit cell with adequately larger dimensions of 47 x 27 x 47 A is
considered. To calculate the electron density in the space of the
cellular, the mesh cutoff is set to 500 Ry, which is equivalent to
640 x 384 x 640 points in the real-space mesh. The size of the
unit cell and the mesh cutoff are chosen such that the energy or
the dipole moment converge to a relatively constant value. The
“projector augmented wave” method along with the Perdew-
Burke-Ernzerhof (PBE)*® form of the XC functional are adopted
for the calculation of the XC energy. The geometrical optimi-
zation is performed according to the force and stress (see ESI,
Appendix A}), and it is satisfied when all components of all
forces are less than 10 7% eV A,

In order to clearly keep track of the accuracy of the methods
and analysis of the electronic and optical properties, we
consider the isolated configuration approach with real-space
grids and atomic orbitals by using the Octopus and GAMESS
packages.**** In the Octopus code, a numerical grid in the three-
dimensional real space is introduced by spheres with the radius
of 6 a.u. and Ar = 0.1 a.u., generated around each atom. The XC
potential with the B3LYP functional is employed to investigate
the electronic structure of Chl a and Chl b with high accuracy.
We consider around 50 excited electronic states in our analysis.

For the representation of the band gap by solving the Dyson
equation, we use the Octopus package in conjunction with
BerkeleyGW.* In the GW calculations, to initiate the mean-field
calculation, we carry out DFT by using the Octopus package. The
dielectric response functions are obtained within the “random
phase approximation”, and the matrix elements of the self-
energy operator are evaluated by using a 24 Ry cutoff and 90
unoccupied orbitals with the BerkeleyGW code. These condi-
tions result in the quasiparticle energy gaps converged within
~0.1 eV. We also perform the linear response TD-DFT calcu-
lations with the 6-31G* level of the theory using the hybrid
B3LYP, PBEO, and CAM-B3LYP XC functionals with the GAMESS
(US) package. The nonequilibrium version of the polarizable

RSC Adv., 2016, 6, 109778-109785 | 109779
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conductor calculation model (C-PCM)*” is employed to include
solvent polarization effects. Note that in this version of the
calculation of the vertical excitation energies, only the elec-
tronic response of the solvent is considered, in which the
solvent atoms are assumed to be frozen.*® We have repeated our
UV-Vis spectra calculations by employing bigger basis sets
(including polarization and diffusion, 6-31+G** and 6-31++G**)
for both chlorophylls. Considering negligible variations in the
calculated positions of the peaks and for a fair balance between
accuracy and computational cost, we have used 6-31+G* in our
calculations.

To stimulate the adsorption spectra, the resulting oscillator
strengths in each case are convoluted by Gaussian functions
with an appropriate full width at half maximum 4,,,, as*

() = 2174 x 10/ 4)@ O s
I

where f; and w; are the Ith oscillator strength and excitation
frequency, respectively.

[1l. Results and discussion

The structures of Chl a and Chl b have been geometrically
optimized at the PBE/DPZ—PBE together with a double-{ plus
polarization function (DZP) basis set—level, and the bond
lengths in the relaxed molecules appeared to be in good
agreement with results of crystallographic analyses.”®> The
electronic properties of the relaxed chlorophylls have been
computed for two configurations, and the numerical results are
summarized in Table 1.

The KS band gap has been obtained 1.55 eV and 1.66 eV with
the PBE/DPZ level, 1.66 eV and 1.84 eV with real-space grid, 2.31
and 2.50 eV with B3LYP/6-31G* level for Chl a and Chl b,
respectively. We note that the hybrid XC functionals such as
B3LYP and PBEO overestimate the band gap.** Moreover, within
the GW calculations the band gap is obtained to be 1.86 eV and
1.90 eV, respectively, for Chl a and Chl b, which are in
remarkable agreement with experimental results; this is one of
the main results of our paper. In fact, the experimental value of
the band gap is in the range of 1.87-1.92 eV for Chl a and 1.90-
1.92 eV for Chl b.'***%7 For Chl a and Chl b, the ionization
potentials are determined to be 4.19 eV and 4.45 eV in the PBE/
DPZ level; however, it is obtained 4.96 and 5.22 by using the
Octopus code, as well as 4.79 and 5.17 by applying the B3LYP/6-
31G* hybrid functionals.

Furthermore, we also calculate the electric dipole and
quadrupole moments—two important factors in the inter-
molecular interactions and energy transfer. Our obtained
dipole moment of Chl a (4.79 D) is larger than that of Chl b (1.36
D). For the B3LYP/6-31G* level and grid basis set, the dipole
moment is obtained to be 6.49 D, 2.73 D and 4.92 D, 1.14 D,
respectively, for Chl a and Chl b. Note that the dipole moment
of a water molecule is about 1.85-2.6 D,*® whereas the reported
value using the cavity model for the dipole moment of Chl a is
about 4.6 D.***° The orientation of the electric dipole moment of
Chl a and Chl b and partial charge distributions are shown in
Fig. 1.

109780 | RSC Adv., 2016, 6, 109778-109785

Table 1 Electronic properties of the ground states of the Chl a and Chl b molecules. lonization potential, electron affinity, KS band gap energy, dipole moment, trace of the primitive

quadrupole moment, and electronegativity are compared for different approaches and with existing experimental measurements

Chl b

Chl a

Chl b

Chl b Chl a

Chl a

Chl b (GW)

(real-space grid) (B3-LYP/6-31G*) (B3-LYP/6-31G*) Chla (GW)

(real-space grid)

(PBE/DPZ)

(PBE/DPZ)
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-0.005 a.u. [ 0.005 a.u.

Fig. 1 Dipole moment vector and mapping of the molecular elec-
trostatic potential (MEP) on the 0.005 a.u. isodensity surface of Chla [a]
and Chl b [b]. The color range from red to blue identifies the most
negative to most positive partial charge distributions of the atoms,
respectively.

The calculated primitive quadrupole tensor for the chlorophylls
with respect to their center of mass is presented in ESI,
Appendix B.} In agreement with the results of ref. 61, the ob-
tained magnetic dipole moments of these molecules are negli-
gible because of the symmetry between the charge densities of
the spin-up and spin-down sub-bands.

Fig. 2 shows the charge density profile along the long axis,
the z direction of Chl a and Chl b. The charge density is aver-
aged over a disc with the slight thickness of 0.073 A and the
obtained charge density in the ring is about 2-3 times greater
than its value in the tail of the chlorophylls. The calculated
charge density is in remarkable agreement with the result ob-
tained in ref. 19, where DFT with the B3LYP/TZVP basis sets has
been employed for calculations.

Each excitation of a system could be described as a combi-
nation of transitions between the occupied and unoccupied
single-particle KS orbitals. Because of this, we only calculate the
frontier molecular orbitals (and the results are depicted in ESI
Fig. 11). Similar results are obtained also for Chl b. The frontier
orbitals (HOMOs and LUMOs) in the chlorophylls are mainly
distributed over the chlorine ring, whereas the hydrocarbon tail
has no significant contribution to these orbitals. Consequently,
as expected the hydrocarbon chain part of the molecule has no
considerable optical activity.

As shown in Fig. 1, the direction of the arrow shows the
electric dipole-moment orientation of the chlorophylls. This
should give a good insight into the optimized molecular align-
ment by an external field. The oxygen and nitrogen atoms with
higher electronegativity have higher net charge and thus the
area around them have more negative potential. More inter-
estingly, the red and blue parts specify, respectively, electron-
rich and electron-deficient regions of the molecules. This can
help predict the possible electrostatic interaction of different
parts of the molecule with the charged or polarized species in
the chlorophyll environment. The transition dipole-moment
orientations upon photo-excitation can display the energy
transfer in the absorption process. The Forster resonance
energy transfer mechanism can explain the energy transfer

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Charge density profile (in units of e nm™) calculated within DFT
simulations along the tail axis, z direction (in units of nm) from the farthest
carbon in the tail (center of the molecule) to the magnesium atom in the
center of the ring (see panels a and b). In these calculations, the charge
density is averaged over a thin disc with ~0.073 A thickness (see panel b).
The colors in (a) [pink, red, blue, cyan, grayl denote the magnesium,
nitrogen, oxygen, carbon, and hydrogen atoms.

between pigments.®> This mechanism is based on electric
dipole-dipole interactions between chromophores. Orientation
of two chlorophylls and their center-to-center distance are the
other main parameters in the rate of energy transfer. We have
visualized the transition dipole moment for the excitations with
a dominant contribution in the absorption spectra in Fig. 3.
In general, a molecular electrostatic potential map yields
useful, intuitive information about the charge distribution,
charge related properties, and active sites of a molecule. Total
potential and the contribution of the XC are calculated and
projected onto a plane passing through the molecule as

Fig. 3 Dark blue arrows represent the orientation of transition dipole
moments corresponding to So — S; excitations for Chl a [right] and
Chl b [left].

RSC Adv., 2016, 6, 109778-109785 | 109781
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Fig. 4 Contour plots of (a) the normalised total potential [right] and
the XC potential [left] of Chl a. (b) A comparison between the averaged
total (solid line) and XC-excluded potential (dashed) along the z
direction (in atomic units). The direction of the z axis is similar to Fig. 2,
where the tail starts from z = 0. Inspecting these two plots indicates
that the Vxc/ V5 ratio increases with distance from atomic centers.

depicted in Fig. 4. Comparing the two contour plots indicates
that the XC potential has a dominant contribution far from the
nuclei. In the vicinity of the atomic centers, the Vxc/Vr ratio is
about 0.25, where V- denotes the total potential. On the other
hand, Vr is averaged and plotted over the xy plane before and
after excluding the XC contribution. Comparing the two aver-
aged potentials indicates that a significant contribution of the
XC in the averaged potential belongs again to the head. We find
also similar potential profile for Chl b as shown for Chl a in
Fig. 4.

Now let us summarize our findings about the absorption
spectra of the chlorophylls in the two main red and blue regions
at various environments with different XC functionals. We
calculate the strengths within the TD-DFT framework according
to Casida's assignment ansatz®’ and by using the lowest 40
excitation energies and their corresponding oscillator. By
convoluting them at 4 = 0.37 eV, the absorption spectra of the
chlorophylls can be obtained in a vacuum and a solvent envi-
ronment. According to ref. 27 and 63, the extraction of

109782 | RSC Adv., 2016, 6, 109778-109785
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Fig. 5 The absorption spectra of Chl a (top) and Chl b (bottom) have
been calculated by using TDDFT in vacuum (black dashed line) and
solvent (red solid line). Considering the solvent polarization effect
introduced by PCM model leads to the red shift for both pigments.

chlorophyll is usually achieved by 95% ethanol or 80% acetone
solvents. Thus we employ the PCM solvent model® to compare
our results with experiment. It should be mentioned that on the
PCM solvent model, polarization effects mainly depend on
macroscopic dielectric constant (and not on the molecular
structure of the solvent). Comparing results obtained from
vacuum with ethanol (¢ = 24.55) yields a reliable prospect about
environment polarization effects on the absorption spectra,
which can be generalized to other solvents with similar dielec-
tric constants. The obtained absorption spectra are shown in
Fig. 5.

The calculated position of the first peak is about 1.85
(1.91) eV for Chl a (Chl b), which agrees well with existing
experimental data.** The first and seventh singlet excitations
(S1) and (S,) have a dominant contribution to these peaks and
determination of the character of the excitation in the red and
blue regions. According to our numerical results, for these two
excitations, the HOMO — LUMO transition has dominant
contribution (84%) in the first excitation S;, where the 7th
excitation mainly (72%) originated from HOMO—1 — LUMO+1
molecular orbitals. As shown in Fig. 5, including the solvent
(ethanol) in the PCM framework leads to the red shift for both
peaks of the absorption spectra. The media polarization effects
on the absorption spectra (solvatochromic effect) are studied by

This journal is © The Royal Society of Chemistry 2016
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introducing a nonequilibrium C-PCM model in the TD-DFT
calculations."*® Taking into account the solvent polarization
in our TD-DFT calculations yields a small red shift in both
calculated Chl a and Chl b spectra. Considering direct relation
between the solvent reaction field and solute dipole moment,
these relatively small solvatochromic shifts may be interpreted
as a result of small electric dipole moments for these chloro-
phylls. Additionally, our calculations show similar absorption
spectra for both chlorophylls with a small blue shift in the
position of the first peak for Chl b with respect to that of Chl a,
which is necessary for the effective energy transfer from Chl b to
Chl a.

We remark that all TD-DFT calculations have been per-
formed by using the standard B3LYP hybrid functional, range-
separated CAM-B3LYP, and PBEO. As shown in Fig. 6, there is
a relatively good agreement between the adsorption spectra
obtained from these functionals, which can be explained by the
localized character of the lowest excitations in Chl a and Chl b.
We note that ref. 65 has explained a close relation between the
charge transfer character of the excitations and excitation
energy errors obtained from different functionals, and the
diagnostic parameter A has been introduced there to quantify
the charge transfer character of the excitations: the values 0 < A <
1, where 0 indicates complete charge transfer and 1 indicates
the localized character of the excitation. In addition, a better
prediction of the charge transfer excitation (with small 1) has

3
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Fig. 6 Absorption spectra for Chl a [top] and Chl b [down] calculated

by using TDDFT and three different XC functionals. Red, black, and

blue solid lines correspond to B3LYP, CAM-B3LYP, and PBEQ,

respectively.
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been reported in this reference by using range-separated func-
tionals. Bearing this understanding in mind, similar adsorption
spectra in our work may be concluded as a direct result of the
local excitation of these molecules because here A = 0.77, which
can be obtained from the isodensity plot of the frontier orbitals
and the charge transfer isodensity.

Finally, to gain more accurate insight into the charge-
separation (electron-hole) formation through the above excita-
tions, we have characterized the electron density difference map
(EDDMs) in ESI Fig. 1.} This figure shows the addition (red) and
depletion (gray) regions of the electron charge density in the S1
(left side) and S7 excitations (right side) for Chl a. A negligible
charge transfer character of these excitations is evident from the
significant overlap between the above regions. It is seen that in
the case of isolated molecules, transitions with higher oscillator
strengths have small charge-transfer character. This result is in
contrast with our knowledge about the photosynthesis mecha-
nism. This finding emphasizes the non-negligible role of
pigment-pigment interactions for a realistic description of the
photosystems. Similar localized excited states are observed for
Chl b too through charge difference calculations.

IV. Summary

We have aimed at obtaining the electronic structure and elec-
tronic excitations of chlorophylls (Chl) a and b by using exten-
sive first-principles density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations. We have determined
that there is no significant charge transfer for the excitation in
the visible region of the absorption spectrum, which implies
a small electron-hole separation radius in the isolated chloro-
phylls. The calculations of the first excitation energy and the
band gap optimized and augmented by the GW approximation
have shown good agreement with the available experimental
data. We have also analyzed the role of different environments
and the effect of different exchange-correlation functionals of
B3LYP, CAM-B3LYP, and PBEO in the excitation energy transfer
and the absorption spectra. The calculated position of the first
peak by using TD-DFT—1.85 eV (1.91 eV) for Chl a (Chl b)—also
agree remarkably with the existing experimental data. Addi-
tionally, we have concluded that the XC energy has a significant
contribution to the total potential around the head of the
chlorophylls.
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