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ABSTRACT: Oxygenic photosynthesis begins in the reaction
center (RC) of the protein complex photosystem II (PSII). PSII
has an intriguing, nearly symmetrical arrangement of cofactors
within its RC. Despite this symmetry, evolution has favored only one
of the two branches of PSII for efficient electron transfer. Current
spectroscopic experiments explore the electronic dynamics during
the picoseconds after energy has entered the RC and until the
electron transfers to the pheophytin of the first branch. We present
state-of-the-art multiconfigurational multireference calculations of
the excitation energies or site energies of the four chlorophyll
pigments of the RC without protein environment considerations. We
see a significant variation that breaks the apparent symmetry of the
RC. The inner chlorophyll of the productive RC branch possessed
the lowest excitation energy of the four central chlorophylls. Our computational method used here is expensive; thus, geometry
optimization of the crystal structure is currently not possible. In future work, charge and energy dynamics within the RC will be
included as well as a dynamic description of the protein environment and its coupling to the RC. Other state-of-the-art studies of the
RC, at lower levels of electronic structure, include a static treatment of the protein environment. These almost unanimously report
that the outer chlorophyll of the active branch had the lowest excitation energy. Future work is needed to reconcile this discrepancy.

Phot9§y§tem 1]

-

SA-RASSCF/MS-RASPT2

1. INTRODUCTION oxygenic photosynthesis.” The pigments of the RC (Figure 1b)
are bound by protein chains D1 and D2, which are arranged in

Photosynthesis, the transfer of energy from sunlight to
two nearly symmetrical branches. Each branch has a central

molecules, forms the basis of life on Earth. Solar excitation

energy is captured by light-harvesting complexes in photo- chlorophyll @ molecule called Pp, and Pp,, respectively, a
synthetic organisms and transferred to the reaction center second chlorophyll molecule, Chlp, and Chlp,, and a
(RC) within the energy-converting complex. In the RC, the pheophytin molecule, Pheop, and Pheop, which together
excitation energy is converted into chemical energy with high comprise the six core pigments of the PSII RC. Beyond these, a
quantum efficiency in the form of a charge-separated state. plastoquinone, Q, and Qg, and a further peripheral
From here, electron-transfer chains channel an electron out chlorophyll, ChlZy,, and ChlZy,, are found on each chain.

through the complex to other protein complexes, ultimately The process of photosynthesis starts with the absorption of a
producing fuel molecules for the cell. Despite our knowledge of photon by a light-absorbing pigment, which could be either in
the pathways and time scales of the initial charge separation,” a the inner light-harvesting complexes of PSII, CP43, and CP47
detailed understanding of the mechanism responsible for the (Figure 1a) or in more peripheral light-harvesting complexes.

high efficiency of the process is missing.

The study of photosynthesis is motivated by the prospect of
understanding its design principles. This knowledge can be
used to design biomimetics which can be utilized in
technologies such as solar fuel production and Power-to-X.”
The fundamental question of this field is how the initializing Received: July 23, 2023
excited states and the charge-transfer states lead to productive Revised: ~ November 6, 2023
charge separation.4’5 Accepted: December 5, 2023

Photosystem II (PSII) is the protein complex (Figure 1a) Published: January 8, 2024
responsible for the light-driven oxidation of water into
molecular oxygen and the supply of reducing agents in

The excitation energy hops from pigment to pigment and ends
up at the RC. Here, a significant charge separation process
takes place. Within 0.3—3.0 ps after the initial charge
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Figure 1. Elements of photosystem II (PSII). (a) Representation of one monomer of the PSII complex from Thermostichus vulcanus (PDB ID:
3WU2). The chlorophylls of the CP43 and CP47 subunits, as well as of the RC, are displayed. All chromophores are held in place by the protein
matrix, which is mostly comprised of a-helices (cylinders). (b) Zoom-in of the RC where important structural components are shown. The dashed

line illustrates the axis of pseudo-C2 symmetry.

separation, a radical pair species is formed with an estimated
redox potential of 1.1—1.3 eV.°™"?

A distinctive feature of PSII is the exclusive utilization of the
D1 branch for electron transfer, following charge separation.
The radical anion is localized on Pheop,''™"° and the
accompanying hole is mainly localized on Pp;.'”"” The
powerfully oxidizing cation of the radical pair, known as
P680*, proceeds to abstract an electron from a water molecule,
which is bound at the oxygen-evolving complex via a tyrosine
residue, Tyr,. After four successive excitations and electron-
transfer cycles, two water molecules are oxidized to form one
oxygen molecule as a byproduct. Meanwhile, Pheop, ™ transfers
an electron to plastoquinone Q,, which in turn reduces the
loosely bound plastoquinone Qg. After a second successive
excitation and electron-transfer cycle, Qg™ is further reduced to
Qp*>” and becomes protonated to plastoquinol, QzH,.
Plastoquinol then leaves the binding site to carry its reducing
equivalents to another protein complex, photosystem I, and is
replaced by a new plastoquinone.'*"”

Many groups have modeled this system. Most models of
exciton dynamics in the literature build on fits to a series of
spectroscopic experiments.”’~>* However, experimental ex-
citation energies for individual chlorophyll monomers in the
PSII complex are unavailable. Therefore, accurate calculation
of the excited states and associated absorption spectrum of
chlorophyll a molecules has long been a goal of quantum
chemistry.”* ™ The site energies determine the trapping site of
the excitation energy and the nature and directionality of the
charge separation. Accurate site energies are, therefore, a
critical requirement in order to understand the mechanism
behind photosynthesis.

Time-dependent density functional theory (TD-DFT) has
been used in several different Va1'iations,26_34 as well as DFT/
multireference configuration interaction (MRCI)35 and various
wave function methods, such as the symmetry adapted cluster/
configuration interaction (SAC—CI),*>*° second-order ap-
proximate coupled cluster singles and doubles model (CC2),””
and the algebraic diagrammatic construction of second order
[ADC(2)]°® to obtain excitation energies for chlorophyll a.
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These studies preceded calculations based on PSII crystal
structure coordinates.

Excitation energies of the RC sites, where the protein
environment is included in the calculations, are available in the
literature, and exciton dynamics studies based on these
energetics exist.”” "’ The two most recent studies performed
quantum mechanics/molecular mechanics (QM/MM) geom-
etry optimizations on the crystal structure.””** In QM/MM,
the environment is included in the form of electrostatics. The
choice of method, the assignment of the QM and MM regions,
and the treatment of the atoms at the boundary between the
regions must be considered when performing QM/MM. The
two research groups that performed TD-DFT QM/MM on the
system both found that Chlp, had the lowest excitation energy
of the four central chlorophylls.*"** They had differences in
the order of the calculated chlorophyll excitation energies as
well as in the absolute numbers, which can be attributed to
differences in the methods of their calculations.

Tamura et al. used the CAM-B3LYP functional using the
range-separation parameters, y of 0.14, o of 0.19, and j3 of 0.46,
whereas Sirohiwal et al. used the wB97X-D3(BJ]) functional
along with the Def2-TZVP basis set. Sirohiwal et al. tested
their TD-DFT method against a domain-based local pair
natural orbital (DLPNO) implementation of the similarity
transformed equation of motion coupled cluster theory with
single and double excitations (STEOM-CCSD), which they
had previously shown to be accurate in calculating the
absorption spectrum of chlorophyll g, except a red shift in
the values.** For geometry optimization, Tamura et al. used
B3LYP and Sirohiwal et al. used PBE. Later, Sirohiwal et al.
performed a study showing that the range-separated func-
tionals, including the wB97 functional, but outperformed by
@wB2PLYP, correctly reproduced the energy shifts of the RC
from PSII, whereas CAM-B3LYP underestimated the shifts.*”

Recently, Cignoni et al. published a study using machine
learning to predict excitonic couplings for light-harvesting
complexes,” which they later extended to estimate site
energies.”” They tested their method against the M062X/6-
31G(d) level of theory TD-DFT QM/MM data and showed
good agreement with data outside their training set. However,
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they did not test it against higher-level methods. Using
machine learning to obtain parameters for strongly conjugated
systems could provide a quick way to acquire numbers
comparable to those of TD-DFT QM/MM methods.

In the current study, we apply a multiconfigurational
multireference method that we previously applied to
bacteriochlorophyll units in LH2 and LH3*** to calculate
the excitation energies of the four central chlorophylls of the
PSII RC. We present the site energies and transition dipole
moments (TDMs) obtained from state-average restricted
active space self-consistent field (SA-RASSCF)/multistate
second-order perturbation theory (MS-RASPT2) calculations.
These values provide a detailed view into the vacuum
energetics of the RC of PSII and can be used in future
dynamics simulations of ultrafast spectroscopy of PSIL

The geometries used to calculate the excitation energies are
taken directly from the 1.9 A crystal structure.”® No geometry
optimization is performed, as this is out of reach for the
electronic structure used.

Our calculations do not involve the protein environment in
any way other than the spatial positioning of the heavy atoms.
We provide vacuum numbers for the site energies for use in
quantum dynamical simulations. Excluding the protein
environment in the site energies ensures that no double-
counting effects occur when a model for the environment is
explicitly applied in the simulations. These highly accurate
vacuum excitation energies are the first step in obtaining new
insights into the mechanism behind photosynthesis.

2. RESULTS AND DISCUSSION

2.1. Wave Function Analysis. SA-RASSCF/MS-RASPT2
calculations require high costs in terms of computational
resources. To justify the need for multiconfigurational
calculations, we provide here an analysis of the wave function
obtained for chlorophyll a. Table 1 reports the wave function
components for the ground and first excited state of Pp, with
CI coefhicients larger than 0.05. Raw data are reported in Table
SS in the Supporting Information.

The ground-state wave function is constituted by around
65% of the SCF ground-state configuration, by single excitation
configurations for at least 0.4% and by double excitation
configurations for at least 4.9%. The remaining 30% is
attributed to configurations with CI coefficients of less than
0.0S. The first excited-state wave function is constituted of
single excitations for at least 61%, double excitations for at least
4.8%, and triple excitation configurations for at least 0.7%.
Again, the remaining 34% is due to configurations with CI
coeflicients smaller than 0.0S.

The wave function composition of chlorophyll a follows the
trend from our study on bacteriochlorophyll a** and is in
agreement with previous findings for chlorophyll a from a
DFT/MRCI investigation.”> However, the percentages of the
single excitations in the DFT/MRCI calculations were higher
than what we found in this study, and no contribution from
triple excitations for the first excited state was reported in the
other study. The SCF weight of the ground-state configuration,
C < 0.90, together with the partial electronic occupation of the
AS orbitals (Table SS in the Supporting Information) arbitrate
the need for a multiconfigurational treatment. Figure 2
solidifies that the nature of the excitation involves all four
orbitals in RAS2.

2.2. Ground-State Energies. Table 2 presents the
computed ground-state energies relative to the lowest
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Table 1. Wave Function Components for Py, of the Ground
and First Excited State after MS-RASPT2 Single-Point
Energy Evaluation”

type configuration percentage (%)
ground state
G SCF ground state 64.9
D Trasy> = Trasy 34
D Tras2 rasz’ = Mrasz Tras:' 25
D Trast Tras2' = Tras: Trass' 1.0
S Trast) = Trasy’ 0.4
D Trasi” = Trass Trass' 0.3
first excited state
S Trasy) = Trasy: 60.8
D Tast Tras2' = Mrase rase LS
D Trasy” = 77RA5217TRAS3l 11
D Tras' Trasa' = Tras: Frass' 0.8
T Tras: rasy” = Mrasy Tras:' 0.7
G SCF ground state 0.5
S Trast: = Trasy 0.4
D Trasi” = Tras2 Trass' 0.4
S Trast) = Trass’ 0.4
D Trast Tras2' = Trass 0.7
D Tras2 Tras2' = Tras2 Tiras: 0.3

“Ground state (G), single (S), double (D), and triple (T) excitation.
In the SCF ground state, all of the RAS1 orbitals are fully occupied as
well as two of the four RAS2 orbitals. The notation, e.g., Zpas; Trasz'
— mpasy’3 indicates a configuration where one electron from a 7-
orbital in RAS1 and one electron from a 7-orbital in RAS2 were both
excited to a 7-orbital in RAS2 (empty in the SCF ground state). Only
configurations with a CI coefficient larger than 0.05 are included.

a) b)

Occ. root 1: 1.852
Occ. root 2: 1.713
Average occ.: 1.778

Occ. root 1: 1.824
Occ. root 2: 1.169
Average occ.: 1.504

c) d)

Occ. root 1: 0.202
Occ. root 2: 0.850
Average occ.: 0.529

Occ. root 1: 0.148
Occ. root 2: 0.297
Average occ.: 0.223

Figure 2. Representation of the orbitals included in the RAS2 space
for the chlorophyll a unit. For each orbital, the electron occupation is
given for the ground (root 1) and excited (root 2) states as well as
their average. (a, b) are the highest-lying orbitals where excitation can
occur. (c, d) are the lowest-lying orbitals to which excitation can
occur. It is possible to see that the electronic excitation involves
mainly (b, ¢), although it is not only limited to these two orbitals.
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Table 2. MS-RASPT2 Ground-State Relative Energies of
PSII RC Sites”

site relative energy
(kcal/mol) (eV)
Pp, 0.48 0.02
Pp, 10.64 0.46
Chlp, 0.00 0.00
Chlp, 033 0.01

“The values are relative to the lowest ground-state energy, Chlp,.
Absolute energies are given in Table S6 in the Supporting
Information.

ground-state energy of the four chlorophyll units, while
absolute energies are given in Table S6 in the Supporting
Information. The two outer chlorophylls have ground-state
energies lower than those of the inner chlorophylls. Chlp, has
the lowest ground-state energy. Pp, stands out with a relative
energy of 0.46 eV compared to Chly,. This means that
energetically, the symmetry is slightly broken. The relative
difference between the most extreme values, P, and Chlp,,
equals almost 18 times the room temperature thermal energy,
hence it is expected to be significant even after thermal
averaging.51

Scrutinizing the geometries of the four chlorophylls, a
twisting of the side double bond adjacent to the ring is
observed for Pp,, which can explain the higher ground-state
energy of this unit compared with the others. In Figure 3, a
marks the single bond around which the double bond can
twist. When the double bond is in a conformation out of the 7-
system plane, it overlaps less with the rest of the z-system and

a)

b)

Figure 3. Structure of the chlorophyll units. (a) Line-drawing
structure of chlorophyll a. (b) One of the chlorophyll a units
extracted from the crystal structure. Hydrogen atoms were added to
the heavy-atom crystal coordinates, and the phytyl tail (lines) was
removed and substituted with a methyl group.
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therefore gives a smaller degree of z-conjugation to the unit
(destabilization), which, in turn, increases the ground-state
energy.

2.3. Excited-State Energies. Table 3 reports the
computed excitation energies of the four central chlorophylls

Table 3. Excitation Energies and Oscillator Strengths of RC
Sites in PSII Computed with MS-RASPT2“

chlorophyll excitation energy oscillator strength
(eV) (cm™)
Pp, 2.059 16,605 0.2082
Pp, 2.085 16,818 02511
Chlp, 2.101 16,945 02282
Chlp, 2.160 17,421 0.1494

“Absolute energies are reported in Table S6 in the Supporting
Information.

along with the respective oscillator strengths. Pp; has the
lowest excitation energy followed by Pp,. Chlp, has the highest
excitation energy of the four sites. The oscillator strength is
highest for Pp, followed by Chlp,, and then Pp,; comes before
Chlp,, which has a significantly smaller oscillator strength
compared to those of the other chlorophylls. The twisting of
the double bond attached via @ in Figure 3 appears to not
affect the excited state in the same way as the ground state. Pp,
has a lower excitation energy compared to the two outer
chlorophylls, even though its ground-state energy was elevated.
The excitation energies of the D1 side chlorophylls are both
lower than their D2 counterparts, which further supports the
idea of asymmetry in the RC.

Lots of values for the site energies in the PSII RC are
available in the literature, see Table 4. Before 2014, all
literature excitation energy values for the four chlorophylls of
the PSII RC came from experimental parameter fits. In the
experimental studies, a fitting procedure is performed on
spectroscopic data of reduced versions of the protein complex.
When spectroscopic measurements are performed, the
surrounding protein and possibly solvent can affect the
measurements and, thereby, the obtained excitation energies.

In the first model from 1995, the chlorophylls had equal
excitation energies.61 In 2000, Prokhorenko and Holzwarth
suggested that Chlp, had a slightly higher excitation energy
than the other chlorophylls in the RC.®” Two papers from
2002 went back to the multimer model where all four
chlorophylls have the same excitation energy.””>” From 2005
onward, only models with differences in excitation energies
were presented,'*?%#0#92757.6263 The only partial exception
is represented by model C of the 2005 Novoderezhkin et al.
paper, where the outer chlorophylls have the same excitation
energy.”” Chlp, is reported to have the smallest excitation
energy in all studies, except for the 2011 paper by
Novoderezhkin et al, where Chly, is reported to have the
lowest excitation energy.

In 2014, the first computational study of the excitation
energies of the RC of PSII was published. Zhang et al
employed a combination of extensive molecular dynamics
(MD) simulations with ZINDO/S QM/MM calculations
based on the crystal structure of PSII to compute site
energies.”” This study found excitation energies lower than
those previously reported. They saw a higher variation when
they increased the temperature during the MD simulation.
They did not see variation among site energies when they
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Table 4. Transition Energies of the Four Central Chlorophylls Compared to the Literature Values in Chronological Order”

excitation energy (ev)

relative variation (eV)”

dataset Pp, Py,
Current study 2.085
Sirohiwal et al. 2020* 1.927
Sirohiwal et al. 2020* 1.904
Tamura et al. 2020" 2.088

Miih et al. 2017*

Zhang et al. 2014 77K*°

Zhang et al. 2014 300K

Shibata et al. 2013°*

Gelzinis et al. 2013°*

Novoderezhkin et al. 2011°*
Raszewski and Renger 2008 >170K**
Novoderezhkin et al. 2007°°
Raszewski and Renger 2005°°
Novoderezhkin et al. 2005 A%’

_ e e e e e e e e
0 0 W W W W W |\ &\ [
® W W QA WL W »n N (= [N
S L = O N n W o W n

2.059
1.925
1.907
2.064
1.855
1605
1.593
1.866
1.893
1.891
1.860
1.882
1.885
1.874
1.872
1.886
1.894
1.852
1.841
1.841
1.841

Novoderezhkin et al. 2005 B*’

Novoderezhkin et al. 2005 C*’ 1.886
Novoderezhkin et al. 2005 D’ 1.872
Renger and Marcus 2002°° 1.852
Jankowiak et al. 2002°° 1.841
Prokhorenko and Holzwarth 2000%° 1.841
Durrant et al. 1995° 1.841

Chlp, Chlp, Pp, Pp, Chlp, Chlp,
2.101 2.160 0.000 0.026 0.042 0.101
1.920 1.943 0.005 0.007 0.000 0.023
1.856 1916 0.051 0.048 0.000 0.060
2012 2.041 0.052 0.076 0.000 0.029
1.827 1.849 0.028 0.028 0.000 0.022
1.586 L625 0.019 0.027 0.000 0.039
1.566 1.590 0.027 0.032 0.000 0.024
1.827 1.858 0.039 0.026 0.000 0.031
1.861 1.873 0.032 0.024 0.000 0.012
1.871 1.862 0.029 0.020 0.009 0.000
1.817 1.858 0.043 0.043 0.000 0.041
1.859 1.875 0.023 0.022 0.000 0.016
1.852 1.882 0.033 0.033 0.000 0.030
1.872 1.872 0.002 0.008 0.000 0.000
1.869 1.900 0.003 0.043 0.000 0.031
1.860 1.889 0.026 0.026 0.000 0.029
1.863 1.874 0.031 0.009 0.000 0.011
1.852 1.852 0.000 0.000 0.000 0.000
1.841 1.841 0.000 0.000 0.000 0.000
1.846 1.841 0.000 0.000 0.005 0.000
1.841 1.841 0.000 0.000 0.000 0.000

“Computational studies are marked with an underline. The bold entries are computational studies performed in vacuum. Italicized entries are
multimer models with identical excitation energies. bRelative variation compared to the lowest excitation energy for each study.

performed the ZINDO/S calculation in a vacuum on
geometries from the crystal structure. A relaxation of the
crystal structure by extensive MD simulations was necessary to
see the site energy variations.

In 2017, Miih et al. applied a quantum-chemical computa-
tional method based on a numerical solution of the linearized
Poisson—Boltzmann equation, denoted PBQC, on the RC of
PSIL* They performed the PBQC method directly on the
crystal structure coordinates and found site energy variations
comparable to Zhang et al’s MD results.

The two research groups that performed TD-DFT QM/MM
studies of the system in 2020 both found larger variations
among the sites than the previous studies.*”** Both groups
found that the inclusion of the protein environment in the
QM/MM calculation decreased the excitation energy for Chlp,
to a larger extent than the other site energies. Sirohiwal et al.
performed an MD simulation where the protein was
represented prior to QM/MM calculations. They performed
vacuum QM/MM calculations and saw a much smaller
variation between the sites.

Our variations between the site energies are in the same
order as or higher than the thermal energy. Our highest
variation is for Chlp,, where the excitation energy relative to
Pp, is 101 meV, which is equivalent to about 4 times the room
temperature thermal energy (kT = 26 meV).%

The absence of geometry optimization in the presence of the
protein environment explains the differences in our results
compared with QM/MM studies in the literature. In the
current study, we wished to separate the environmental effects
from the excitation energies to provide parameters for a system
Hamiltonian, where the environment can be applied
subsequently in the quantum dynamics simulation. Our site
energies indicate that the directionality of the charge
separation process is finely tuned by the environment.
Therefore, we need to treat it carefully.
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We have chosen not to perform MD simulations or QM/
MM optimizations prior to property calculation. Geometries
from the same crystal structure give site energy differences that
are on the same order of magnitude with or without geometry
optimization. This has been shown in a study of LH2 by
Cardoso Ramos et al,” see Table S9 in the Supporting
Information. A QM/MM geometry optimization prior to a SA-
RASSCF/MS-RASPT? single-point energy evaluation is in the
works of our group, but we expect that our differences in site
energies will be qualitatively maintained according to the
results by Cardoso Ramos et al.

All previous studies report significantly lower excitation
energies than the current study, except for the study by
Tamura et al. where some of the site energies are higher than
ours. "' Performing geometry optimizations in the presence of a
protein environment, in general, lowers excitation energies, so
we expected to obtain higher excitation energies.

Another contribution to the high excitation energies could
be that the MS-RASPT?2 calculations include a zeroth-order
Hamiltonian correction called the IPEA shift, which was
designed to eliminate an underestimation in the energies of
open-shell states that was observed in the calculation of
dissociation energies in CASPT2 excitation energies. The
correction has previously been shown to overestimate
excitation energies with 0.1—0.5 eVv.5om%

We performed the MS-RASPT2 calculations without IPEA
shifts. The results can be seen in Table S10 in the Supporting
Information. The differences to our calculations, including
IPEA shifts, are between 0.27 and 0.30 eV and give excitation
energies that are slightly lower than previously reported in the
literature. The order of the site energies follows the trend we
see when the IPEA shift is included in the calculations. We do
not believe there is advocacy for using MS-RASPT2 values
without IPEA shifts, and we, therefore, present our results with
the standard IPEA shift.
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2.4. TDM Vectors. Figure 4 shows the four central
chlorophyll units together with their computed TDM vectors.
The TDM vector components are given in Table S7 in the
Supporting Information.

Chly;

Figure 4. Representation of the computed TDM vectors of the four
central chlorophylls. The vectors were drawn centered on the
magnesium atom of each chlorophyll unit. The vector sizes were
adjusted for clarity.

The TDM:s follow the spatial disposition of the chlorophyll
units. The direction of TDMs is opposite for the units that
overlap in space. Hence, Py, has a TDM going in the opposite
direction of that of Py, and Chlp;, but Chlp, has a TDM in the
same direction as Pp,;. Furthermore, there is a difference in the
angles between the vectors of the two antiparallel TDMs.

Table 5 shows the angles between the various TDM vectors
obtained as dot products. Even though it is a crude

Table 5. Angles between the Computed TDM Vectors
Obtained from the Vector Dot Products”

site Pp, Pp, Chlp, Chlp,
Pp, 145.1 150.7 9.1
Pos 5.7 137.6
Chlp, 143.3
Chlp,

“The lower triangle is the mirror image of the upper and is omitted
for clarity.

approximation, the angles between the TDMs can be
interpreted as an indication that the coupling between Pp,
and Chlp, and between Pp, and Chly, is lower than all other
combinations of couplings.

Additionally, the asymmetry of the angles in Table 5 gives
further support to the hypothesis of asymmetry in the RC of
PSII. However, the couplings between the chlorophyll units
should be evaluated with higher precision methods for use in
quantum dynamical simulations of the RC, which we are
currently working on.

3. CONCLUSIONS

In the presented study, we used the multiconfigurational
multireference SA-RASSCF/MS-RASPT2 method to compute
excitation energies and corresponding TDMs of the four
central chlorophylls of PSIL To the best of our knowledge, this
is the first multireference report for chlorophyll a that, due to
its highly conjugated nature, necessitates such a computation-
ally costly treatment.
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In the current study, we find that Py, has the lowest
excitation energy, followed by Pp, and Chlp;. This is in
opposition to the consensus in the literature that Chly, has the
lowest excitation energy and that Pp; and Pp, have the highest
energies. Our vacuum excitation energies are larger than the
previous values in the literature because we exclude the protein
environment in our calculations. The only exception in the
literature is a TD-DFT QM/MM study by Tamura et al,
where similar absolute values are obtained.*'

We did not perform geometry optimization prior to the site
energy calculation in this study. The goal of our study was to
produce raw site energies without including the protein
environment in the calculations. Based on the findings of
Cardoso Ramos et al,** where geometry optimization did not
impact the trend nor the size of the site variation in LH2, we
do not expect geometry optimizations to affect our
observations.

Our results can be used for simulations of the quantum
dynamics of the system. This could be simulations of ultrafast
spectroscopies, which in conjunction with existing experimen-
tal data could illuminate the mechanism behind the charge
separation process. Experimental data for the system are
already available, and the urge to move forward in the field is
here. Simulations of the system would require precise
couplings in addition to the excitation energies, as these can
substantially change the system dynamics. Because we present
the raw numbers for the excitation energies, it is possible to
treat the environment separately in quantum dynamics
simulations.

We are currently working on computing the energetics of
surrounding cofactors in the RC of PSII. Application of the SA-
RASSCF/MS-RASPT2 method to other photoactive mole-
cules and systems is a possibility in the future.

4. COMPUTATIONAL DETAILS

4.1. Structure Preparation. In this study, we employed
coordinates of the four central chlorophylls from the 1.9 A
resolution dimeric crystal structure of PSII from Thermostichus
vulcanus, PDB entry3WU2,DO as input for our calculations. The
protein structure consists of two monomers each having an
RC. We extracted the Cartesian coordinates of the four central
chlorophyll a molecules from the first monomer in the PDB
file. The saturated phytyl tails of the chlorophyll units were
replaced by a methyl group, and hydrogen atoms were added
to obtain the employed structure of the molecule; see Figure 3
and Tables S1—S4 in the Supporting Information. Because the
coordinates from the crystal structure include the protein
matrix-induced average geometrical distortion, we consider
them to be a good representation of the RC structure. The
protein environment around the four central chlorophylls was
completely excluded from our calculations in order to provide
raw numbers for the site energies.

4.2. Energy Evaluation. We performed single-point
energy calculations at the SA-RASSCF/MS-RASPT?2 level of
theory. All calculations were performed on neutral molecules
in vacuum.

For each chlorophyll unit, we computed two-root SA-
RASSCE single-point energies. The RASSCF method is a more
general extension of the complete active space self-consistent
field (CASSCF)”° method. They are both multiconfigurational
methods, where the wave function is constructed as a linear
combination of configuration state functions (CSFs). The
number and type of available functions are determined by the
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active space (AS) and the overall spin. In the case of
chlorophyll 4, the spin is a singlet state. In RASSCF, the AS
orbitals are divided into three parts, namely, RAS1—3. The
CSFs are built by distributing the active electrons into the
active orbitals, following the rules of each RAS while
maintaining the overall spin. The orbitals included in RAS2
can have any occupation. The orbitals in RASI1 are fully
occupied in all CSFs, except for a specified number of possible
vacancies, and likewise, the orbitals in RAS3 are empty, except
for the same number of excitations.

In the study presented here, all 7-orbitals of the conjugated
system are included in the AS because the electronic
excitations of chlorophyll a are dominated by 7—z* transitions.
Including the carbonyl z-orbitals in the AS allows for the
evaluation of the different torsions of the moiety and the
corresponding participation to the overall chlorophyll z-
system. The AS choice is based on our previous investigation
of the AS of bacteriochlorophylls,*® which included four
orbitals in RAS2 and had single, double, and triple excitations.
However, because chlorophyll a has a slightly larger conjugated
system than bacteriochlorophyll, 12 orbitals are included in
RAS1 and 11 orbitals in RAS3, corresponding to the number
of m-orbitals seen in Table S8 in the Supporting Information.
This exceeds the AS from our previous study*® which was one
orbital smaller in both RAS1 and RAS3, with the current total
number of active orbitals being 27 with 28 active electrons,
compared to 25 orbitals with 26 electrons. This AS requires
over 17 million CSFs which we evaluate to be at the top limit
of the method, given the current hardware and a reasonable
computational time (<3 weeks). All calculations employed an
ANO-RCC basis set’' with a double-{ quality. The
convergence thresholds for the SA-RASSCF calculations were
set to 0.0001 for the energy, 0.1 for the orbital rotation matrix,
and 0.0005 for the energy gradient. After a preliminary SCF
calculation, the 1s orbitals of all non-hydrogen atoms, as well as
the 2s and 2p orbitals of magnesium, were frozen in all
following calculations.

The computed SA-RASSCF wave functions were used as
reference configurations for subsequent MS-RASPT2 calcu-
lations. RASPT2 is an extension of the second-order
perturbation theory method CASPT2 applied to a RASSCEF-
type reference wave function.”> MS-RASPT2 is the corre-
sponding multistate treatment similar to MS-CASPT2. MS-
RASPT2 has been shown to output excitation energies
equivalently good as MS-CASPT2 for different organic
compounds.”” To reduce the computational costs of the MS-
RASPT?2 calculations, 300 virtual orbitals were deleted. All
MS-RASPT? calculations employed an imaginary shift value of
0.17* and a standard IPEA shift,”> except for the values in
Table S10 in the Supporting Information where the IPEA shift
was omitted.

All SA-RASSCF/MS-RASPT?2 calculations were performed
using OpenMolcas version 23.02.° The MS-RASPT2
calculations were split into two separate jobs running on
different CPUs to accelerate the process. Preliminary hydrogen
optimization was performed at the PM6”” level of theory using
the Gaussian16 suite.”®

The calculations were performed on a dual processor (Intel
Xeon Gold 6334 3.6G Dual CPU 1.6TB NVMe) and
employed 200 GB of memory. Using the split and farming
technique,”” each MS-RASPT2 state energy calculation
required, on average, 19 days.
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