LA-UR-24-20860

Accepted Manuscript

Stabilization of Charge-Transfer Excited States in
Biological Systems: A Computational Focus on the Special
Pair in Photosystem Il Reaction Centers

Forde, Aaron Arthur

Maity, Sayan

Freixas, Victor M.
Fernandez-Alberti, Sebastian
Neukirch, Amanda J.
Kleinekathofer, Ulrich
Tretiak, Sergei

Provided by the author(s) and the Los Alamos National Laboratory (2024-04-15).
To be published in: The Journal of Physical Chemistry Letters
DOI to publisher's version: 10.1021/acs.jpclett.4c00362

Permalink to record:
https://permalink.lanl.gov/object/view?what=info:lanl-repo/lareport/LA-UR-24-20860

i Los Alamos NIYSH

NATIONAL LABORATORY National Nuclear Security Administration

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government purposes.
Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos
National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



Downloaded viaLOS ALAMOS NATL LABORATORY on April 11, 2024 at 16:34:35 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Stabilization of Charge-Transfer Excited States in Biological
Systems: A Computational Focus on the Special Pair in Photosystem
Il Reaction Centers

Aaron Forde,® Sayan Maity, Victor M. Freixas, Sebastian Fernandez-Alberti, Amanda J. Neukirch,
Ulrich Kleinekathofer, and Sergei Tretiak™

Cite This: J. Phys. Chem. Lett. 2024, 15, 4142-4150 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information
ABSTRACT: Charge-transfer (CT) excited states play an important role in many biological

processes. However, many computational approaches often inadequately address the PhOtOSYStem I
equilibration effects of nuclear and environmental degrees of freedom on these states. One Reaction Center

prominent example of systems in which CT states are of utmost importance is reaction centers
(RC) in photosystems. Here we use a multiscale approach combined with time-dependent
density functional theory to explore the lowest CT excited state of the special pair Pp;—Pp, in
the Photosystem II-RC of a cyanobacterium. We find that the nonequilibrium CT excited state
resides near the Soret band, making an exciton the lowest-energy excited state. However,
accounting for nuclear and state-specific dielectric equilibration along the CT potential energy
surface (PES), the CT state P, "—Pp," stabilizes energetically below the excitonic state. This
underscores the crucial role of state-specific solvation in mapping the PES of CT states, as
demonstrated in a simplified dimer model.

hotosynthesis is a naturally occurring process that modeling have provided the necessary tools for resolving

primarily takes place in plants, bacteria, and algae, wherein many dynamical photophysical and photochemical processes
solar energy is transformed into chemical energy. The initial that occur in such biological systems. For RCs in photo-
process of photosynthesis involves the photoexcitation of synthetic complexes, in particular, it is extremely challenging to
pigment molecules embedded in protein matrices known as experimentally identify spectral fingerprints associated with
light-harvesting (LH) complexes. In the process of photosyn- individual pigments due to significant overlap. One approach
thesis in plants and cyanobacteria, solar energy is initially to try and identify charge-transfer (CT) states in these systems
absorbed by chlorophyll (Chl) molecules, thereby forming is through Stark spectroscopy where an external electric field
excitons that are subsequently transferred to nearby pigments. modulates the signal of the CT state.’ Recently, nonlinear
The major antenna, LHCII, located at the periphery of pump—probe spectroscopy has been used as it allows for the
Photosystem II (PSII), takes on the crucial role of absorbing monitoring of dynamical processes on a picosecond time scale.
the solar energy and then transferring it to the minor antenna Specifically, 2D spectroscopy of a UV—Vis pump and an
complexes. Following these steps, the excitons move on to the infrared probe pulse can track infrared vibrational modes,
core antennas from which they are further transferred to the which become sensitized/perturbed due to the presence of
reaction center (RC) for charge separation.' ™ In the RC, the photoelectrons or holes.”” Crystallography and large-scale

exciton undergoes separation into free charges through a so-
called active branch, with plastoquinone Q, accepting the
electron. Finally, the electron moves to the mobile electron
acceptor plastoquinone Qg which in addition accepts two
protons undergoing reduction to produce QzH,. Subsequently,
the QzH, molecules move toward the quinone pool situated
within the photosynthetic membrane.” At the same time, the
special pair Py, —Pp,, a chlorophyll dimer in the RC, becomes
oxidized and is able to drive the oxidation of water at the
oxygen evolving complex (OEC). The mechanism of forming
the charge-transfer state in the reaction center is the focus of
this Letter.

Advances in nonlinear spectroscopy, quantum optics,5
crystallography,® and large-scale molecular computational

computational modeling using molecular mechanics force
fields have worked together in tandem as experimentally
determined structures, e.g., of the PSII complexes have allowed
computational chemistry methods to simulate photophysical
processes. At the same time, molecular dynamics (MD)
simulations have been able to refine crystallographic structures
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with, e.g., water distributions'® and electron density maps'" by
correcting known issues of the protein environments at
cryogenic temperatures.12 Model Hamiltonian approaches,
based on fitting parameters to experimental spectra, have been
also used to simulate chromophore sites in the RC which
contribute to the spectral signal’ and the nonradiative
dynamics involved in sensitization and charge-separation
processes.l‘ Moreover, atomistic first-principles and semi-
empirical electronic structure calculations have contributed to
identifyinég the nature of exciton transfer of LH complexes in
PSIL"*'¢ the emergence of nonconservative circular dichro-
ism in the RC by calculatingi{ model parameters of exciton and
charge-transfer coupling,'”’® stimulating nonradiative pro-
cesses after photoexcitation with nonadiabatic dynamics," >’
the origin of low-lying excitations in PSI*' and PSII,** and the
nature of charge-transfer states in the RC of PSIL*»**

The RC of the cyanobacterium Thermosynechococcus
vulcanus, on which we focus in the present study, contains
six pigments, i.e., two Chl molecules denoted as the special pair
Pp—Pp, as well as two Chl—pheophytin (Pheo) pairs termed
Chlp;—Pheop, and Chlp,—Pheop, adjacent to the special pair
as illustrated in Figure 1.° In the case of oxygenic photosyn-

(a)

Figure 1. (a) Ilustration of the pigments in the Photosystem II
reaction center from the cyanobacterium T. vulcanus resolved at 1.9
AS (b) Special pair Py —Pp, embedded in the protein environment
encompassing a 10 A radius around the pigments.

thesis, the actual mechanism of charge separation, ie., the
precise pigments involved in converting the exciton into
separated charges, is still a topic of debate. The final product is
known to be an oxidized special pair [Pp;—Pp,] * and a
reduced pheophytin Pheop,;~,”> but the kinetic processes for
their formation are yet to be well understood.'” One suspected
pathway involves sensitization of the special pair then thought
to involve the separation of charges between the dimer pair
f%;PDZ and Chlp, forming [Pp,,—Pp,]*— Chlp,~ through eq

[Py, —Bp, 1" + Chly, = [Py, =By, 1 + Chlp,

- [PDl_PD2]+ + Chlp, M
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An alternative pathway considers that the separation of charge
occurs at the Chlp;—Pheop,; dimer where the Pheop, accepts a
charge from Chlp, to form Chly,*Pheop,”, and the hole is then
transferred to the special pair™ through eq IL.

[Py, —Bp,] + Chlf, + Pheop,, — [Py,—Bp,] + [Chlpy,*~Pheop, ]
— [Py;=Py,]* + Chly, + Pheop,”

(1)

Recent multiscale electronic structure calculations have
identified that a low-energy CT state Chly,*—Pheop,” can
be found at the Chl,;—Pheop,; dimer due to modulation of site
energies by the protein environment,”* which has su%port from
recent experiments for the RC of cyanobacteria,”*” whereas
the CT state Py, —Pp," at the special pair was identified as a
higher energy excited state. In that study, ground-state
geometries of the pigment pairs were optimized in an all-
atom quantum mechanics/molecular mechanics (QM/MM)
framework followed by excited-state calculations in a QM/MM
setting within electrostatic embedding. Given that the energy
of the CT state in the special pair is much higher than that of
the lowest energy exciton, it is anticipated that the special pair
will not be available for CT excitation within the same time
scale as the Chly,—Pheop, pair. At the same time, it is
important to highlight that the mentioned computations only
calculate excitation energies at the nonequilibrium solvation
regime, including only linear-response contributions to the
solvent response, and do not consider the relaxation to
equilibrium solvation in response of the CT excited state as
discussed in the present study.

The RCs are embedded within a protein matrix, which
provides a dielectric environment that is able to screen the
Coulomb interactions. In this sense the protein environment
acts like a solvent, which has a dielectric response to excitations
of the “solute” chromophore pigments within the RC. One has
to consider “fast” and “slow” time scales of relaxation
corresponding to electronic polarization and nuclear reorgan-
ization, as elaborated further in the Methods section. This
environment has the potential to undergo significant changes
due to nuclear reorganization on the CT potential energy
surface (PES) and dielectric relaxation of the surrounding
solvation environment. These processes occur on time scales
related to nuclear motion, i.e., orders of magnitude longer than
electronic excitation. Moreover, it is reported that Pheop,; can
serve as the primary acceptor, while the primary donor can be
either Chlp, or Pp, depending on time scales, as evidenced by
a recent two-dimensional electronic vibrational spectroscopy
(2DEV) experiment conducted on the RC of the higher plant
spinach.” These findings prompted us to perform excited state
calculations linked with solvent relaxation for the RC of an
oxygenic photosystem. Our goal is to investigate whether the
CT excited state of Py, —Pp,*, which is a possible
intermediate state in the formation of [Pp,—Pp,] *, can be
stabilized to energies below that of the lowest excitonic state.

To this end, we use multiscale atomistic QM/MM modeling
combined with a polarizable continuum medium (PCM) to
account for the dielectric response of the protein matrix to the
CT states of the special pair in the RC. Nuclear reorganization
due to the CT state is computed using a QM/QM/MM
method where the Py, and Pp, pigments of the special pair are
treated as an anion and cation, respectively, giving P, —Pp,"
with the environment treated as MM. The contributions of the
dielectric relaxation to the CT stabilization are included using a
PCM approach with state-specific solvation. We find that the

https://doi.org/10.1021/acs.jpclett.4c00362
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nonequilibrium, i.e.,, nonrelaxed, CT state Py, —Pp," is higher
in energy than the S, exciton, indicating that it cannot be
populated via nonradiative relaxation. However, when
considering the equilibrium, i.e., relaxed, CT state obtained
by including nuclear reorganization and state-specific solvation,
the CT state Py, —Pp," becomes substantially stabilized to the
point of becoming lower in energy than the S, exciton state.

We start by building the QM/MM model for optimizing the
nuclear coordinates to obtain a structure for the ground state.
The Pp,—Pp, pair is treated at the QM level and the
surrounding protein environment at the MM level. For the
portion of the environment treated as molecular mechanics, we
isolate proteins and residues within a 10 A radius around the
Pp,—Pp, pair and allow entities within a 5 A radius to optimize
their structure around the Pp;—Pp, pair while the residues in
the shell between S and 10 A remain frozen. Figure 1b
illustrates the Pp;—Pp, pair embedded in the protein
environment. The QM portion of the model is optimized
using DFT with a B97X-D functional, which includes
dispersion interactions, and the MM portion is optimized
using the universal force field (UFF) with electrostatic
embedding such that the MM region can polarize the charge
density of the QM region (see the Methods section).

From the geometry-optimized ground state we then isolate
the special pair; i.e.,, we remove the protein environment and
compute the LR-TDDFT spectrum while including the
conductive PCM (C-PCM) dielectric environment. Because
of the sensitivity of the CT state to the choice of the functional,
we compute spectra using the global hybrid functional PBEO,
the standard range-separated hybrid functionals CAM-B3LYP
and wB97X-D functionals, and the optimally tuned range-
separated hybrids in PCM (RSH-PCM) along with screening
RSH-PCM (SRSH-PCM). Details of the RSH-PCM and the
SRSH-PCM approaches can be found in the Methods section,
and the values of the functional parameters are shown in Table
S1 of the Supporting Information. We note that with these
optimally tuned functionals, Koopmans’ theorem is satisfied
whereas the other functionals do not necessarily satisfy this
theorem. Moreover, we need to mention that the SRSH-PCM
procedure has been combined with state-specific solvation
routines to model donor—acceptor transition energies, and we
found them to be necessary for a quantitative agreement to
experiment.30

For the ground-state structure, we compare vertical
nonequilibrium excitations of the special pair embedded in
the protein matrix represented by QM/MM with electrostatic
embedding (EE) and in the continuum dielectric using C-
PCM using the wB97X-D functional. By comparing the
computed excitation values for the lowest energy exciton and
charge-transfer state, we find that the C-PCM model agrees
qualitatively with the QM/MM with EE model with values of
2.80 and 2.89 eV, respectively. This gives confidence that the
response of the chromophores is similar for the QM/MM and
PCM approaches. Table 1 compares the computed non-
equilibrium transition energy of the S, exciton and the CT
state for selected functionals in C-PCM dielectric considering
linear-response and state-specific solvation. The results for all
functionals are shown in Table S2. For the CAM-B3LYP,
®wB97X-D, and the RSH-PCM methods the energies of the
nonequilibrium CT states with linear response are 660, 860,
and 360 meV higher than that of the S, state. For the PBEO
and SRSH-PCM functionals we observe a contrasting behavior
where the CT states are 20 and 50 meV lower in energy than
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Table 1. Tabulated Values of the Lowest Energy Exciton S,
State, Nonequilibrium CT State, and Equilibrium CT State
Calculated Using the Structures Optimized on the Ground
State and on the CT PES for Various Functionals Using the
C-PCM Solvation Model

nonequilibrium solvation equilibrium solvation (CT-state

(ground—state structure) structure)
state- linear-
linear-response specific response state-specific
exciton, CT, CT, CT,
eV eV CT, eV exciton, eV eV eV
CAM-B3LYP
LR 1.98 2.64 - 1.87 245 -
cLR - 2.50 - - 222
EI - - 1.67 - - 1.32
wB97X-D
LR 1.96 2.80 - 1.84 2.67 -
cLR - 2.68 - - 243
EI - 2.19 - - 1.73
RSH-PCM
LR 2.01 237 - 1.90 222 -
cLR - - 2.26 - - 2.09
EI - 131 - - 0.97
SRSH-PCM
LR 1.98 1.93 - 1.92 1.77 -
cLR - - 1.89 - -- 1.57
EI - - 0.86 - - 0.55

the S, exciton state, as described further in the Supporting
Information. In order to examine the effect of the state-specific
relaxation of the solvent in response to the CT state, in the
ground-state optimized structure, we apply corrected linear-
response (cLR) and external interaction (EI). Here, cLR is a
perturbative method which only iterates the C-PCM charge
response once while EI does a self-consistent cycle until
convergence. Of notable interest is that when using the EI
approach, the CT state becomes stabilized below the S, exciton
for both CAM-B3LYP and RSH-PCM by 310 and 700 meV,
respectively, while for wB97X-D, it still remains 240 meV
above the S, exciton. Figure S1 shows the relative transition
energies of the states computed with the @®B97X-D functional
showing that the equilibrium CT state does not become
stabilized below the S, exciton. This result shows that the “fast”
dielectric response of the dielectric environment via state-
specific solvation provides substantial stabilization of the CT
state, but whether it becomes stabilized below the S, exciton is
ambiguous as the answer is functional dependent.

In the calculations described above, we applied state-specific
solvation of the CT state in the ground-state optimized
structure. In reality, the “slow” dielectric relaxation of the
protein matrix will occur over time scales corresponding to
nuclear reorganization (i.e., Debye relaxation) and will not
necessarily correspond to the ground-state nuclear coordinates
of the special-pair dimer. Thus, for a more representative
picture we next focus on the contribution of the nuclear
reorganization by optimizing the structure on the charge
transfer PES as illustrated in Figure 2a. We approximate the
effect of dielectric relaxation via nuclear reorganization of the
protein structure in response to the charge-transfer excited
state of the special pair. An approximation is made to the
charge-transfer PES where instead of optimizing the structure
on the LR-TDDFT surface, the following procedure is

https://doi.org/10.1021/acs.jpclett.4c00362
J. Phys. Chem. Lett. 2024, 15, 4142—4150
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Figure 2. (a) Schematic potential energy surface illustrating the
contribution of solute and solvent reorganization to the stabilization
of the CT state. (b) Stabilization of the special-pair Pp;”—Pp," CT
state was due to excited-state optimization and state-specific solvation.
The absorption spectrum is depicted together with black solid and
dashed sticks representing the energies of the nonequilibrium exciton
and CT states, respectively. The blue dash-dotted stick represents the
energy of the CT state after optimizing along the CT PES. The energy
of the state-specific solvation-corrected transition energy using the
external iteration is shown by the red line-dot-dot stick. Here all
calculations are performed by using the @B97X-D functional. (c)
Transition energies of the nonequilibrium S, exciton (black circles)
and the CT (green squares) states at the ground-state geometry along
with equilibrium CT state (red circles) at the optimized CT geometry
for each functional.

followed. A three-layer ONIOM model QM/QM/MM
approach is used where the P, and Pp, pigments are treated
at a QM level separately as an anion and cation (ie, Py, —
Pp,"), respectively, and with the protein environment treated
as MM at the UFF level with electrostatic embedding. In the
Methods section, we show that this approach gives similar
qualitative trends when optimizing the QM/MM structure on
the LR-TDDFT charge-transfer PES but with an order of
magnitude reduced computational cost.

After optimizing the special-pair structure on the charge-
transfer PES using the QM/QM/MM approach, we compute
the LR-TDDEFT spectrum using this structure in the C—CPM
dielectric environment. We first compare the changes in the
CT transition energies. We compute reorganization energies
by taking the difference of the computed excitation energies for
the structures optimized on the ground-state PES and the
charge-transfer PES, using either linear-response or corrected
linear-response. Calculated values are summarized in Table S3.
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For linear-response excitations and corrected linear-response,
the reorganization energies are in the ranges 0.13—0.19 and
0.25—0.32 eV, respectively. These values are lower by 0.10 eV
compared to recent computations using optimally tuned RSH
functionals in PCM dielectric.’ We note those calculations
were done on a single chlorophyll molecule in PCM, whereas
we optimize the special-pair dimer embedded in a protein
matrix where additional steric effects may be present. Overall,
our computed results highlight the expectation that structural
rearrangement of the P, and Pp, monomers as anionic and
cationic species, respectively, stabilized the CT state. We also
note that the principal consequence of including nuclear
reorganization is the dimer symmetry breaking of the special-
pair, giving place to a well-defined donor and acceptor state.
This can be observed by comparing the exciton and CT
excitations using the PBEO functional shown in Table S2,
which is known to trivially result in the difference of donor and
acceptor eigenvalues.”> In the ground state their energy
splitting is 0.02 eV, while in the charge-transfer optimized
structure their difference is 0.13 eV.

Next, we compare the equilibrium S, exciton and CT state.
For CAM-B3LYP, ®B97X-D, and RSH-PCM, the equilibrium
CT state computed with linear-response solvation is 580, 830,
and 320 meV higher in energy than the S, exciton, respectively.
Thus, the “slow” dielectric relaxation via nuclear reorganization
alone does not stabilize the CT state below the S; exciton. We
then include the “fast” state-specific response of the dielectric
environment to the CT state with the cLR and EI state-specific
routines. Then when using the self-consistent EI method, we
find that the equilibrium CT state gets 350, 110, and 930 meV
below the S; exciton for the CAM-B3LYP, wB97X-D, and
RSH-PCM functionals, respectively. We note that the PBEO
and SRSH-PCM functionals trivially give an equilibrium CT
state below the S, exciton. It is interesting to note that previous
investigations on the effect of exact Fock exchange on linear-
response and state-specific corrections, using PCM dielectric
for charge-transfer excitations, found that global hybrid models
provide qualitatively accurate estimates compared to experi-
ment which is attributed to the error compensation of
overstabilized charge-transfer states against the underestimated
polarization response of the solvent.”” In this work, the SRSH-
PCM showcases trends in computed excitation energies
comparable to PBEO, but with correct constraints giving
HOMO and LUMO energies corresponding to the ionization
potential and electron affinity, respectively. Overall, an
important point to highlight regarding the choice of DFT
functional is comparing the changes in the nonequilibrium and
equilibrium CT state transition energies. We find that it is
reduced by 1.23, 1.13, 0.94, 1.25, and 1.22 eV for PBE0, CAM-
B3LYP, ®B97X-D, RSH-PCM, and SRSH-PCM, respectively.
This finding indicates that the density of the CT state and
dielectric responses are very similar for all employed
functionals, while the linear-response transition energies vary
based on the implementation of the long-range Fock exchange,
as described in the Supporting Information.

The above details of including “fast” and “slow” contribu-
tions of dielectric relaxation of the protein matrix and their
impact on the nonequilibrium and equilibrium charge-transfer
excitations of the special pair are summarized in Figure 2b,c.
Figure 2b illustrates this trend for the wB97X-D functional
with the corresponding absorption spectrum of the special pair
along with the location of the S, exciton as well as the
nonequilibrium and equilibrium CT states as vertical sticks.

https://doi.org/10.1021/acs.jpclett.4c00362
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Figure 2c plots the relative energies of the S, exciton,
nonequilibrium, and equilibrium CT states for selected
functionals while the results for all functionals are shown in
Figure S2. The corresponding natural transition orbitals for the
specified excited states in Figure 2b are visualized in Figure 3.
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Figure 3. Corresponding natural transition orbitals computed using
the wB97X-D functional for Figure 2b. (a) S, exciton and (b)
nonequilibrium CT state Pp, —Pp," at the ground-state nuclear
coordinates. (c) Nonequilibrium CT state Py, —Pp," after optimizing
on the CT PES and (d) equilibrium CT state Py, —Pp,* with the
external iteration state-specific routine using the C-PCM solvation
model.

We observe that the S, exciton in Figure 3a contains
contributions from both monomer sites and that the CT
state in Figure 3b has hole and electron densities on different
monomer sites, clearly illustrating the CT nature of this state.
Similar patterns for the nonequilibrium and equilibrium CT
states computed with LR and EI approaches are shown in
Figure 3c,d.

In conclusion, we have used multiscale QM/MM
approaches in combination with time-dependent density
functional theory simulations to model the equilibrium CT
states in the Pp;—Pp, special pair found in the PSII-RC of the
cyanobacterium T. vulcanus. We include the “fast” electronic
response of the dielectric environment via state-specific
solvation. The “slow” contributions from the nuclear
reorganization of the special pair embedded in the protein
environment are accounted for by using QM/QM/MM
simulations, where the CT state is approximated by treating
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Pp, and Pp, at the QM level as anions and cations,
respectively, with the protein environment surrounding the
RC treated as MM using electrostatic embedding. The
principal consequence of including nuclear reorganization is
the dimer symmetry breaking of the special-pair, giving place
to a well-defined donor and acceptor state. When including
“fast” and “slow” relaxation of the dielectric environment, we
find that the equilibrium CT state Pp;"—Pp,* becomes lower
in energy than the S, exciton independent of the choice of
DEFT functional. This is in contrast to the nonequilibrium CT
state which is higher in energy than the S, exciton. These
calculations indicate that the special-pair within the RC can
provide a kinetic pathway for generating CT states on time
scales beyond the initial excitation of the pigments in RCs from
light-harvesting antenna complexes. In this direction, a parallel
interpretation has been recently derived through QM/MM
excited-state calculations with integral-exact direct reaction
field (IEDRF) polarizable embedding”* for bacterial RC. These
calculations reveal a stabilization of the CT excited state
between the special pair and Pheop, in the active branch,
amounting to over 1.0 ev.?

However, in the present context, it is crucial to note that
here the special pair has been examined as an isolated dimer,
leading to the conclusion that CT state Py, —Pp," possesses a
lower energy than the excitonic state. Yet, in the natural
scenario of the RC, the special pair can be coupled to
additional pigments providing pathways for the exciton to hop
to adjacent pigment sites before the surrounding environment
undergoes full relaxation to provide the CT pathway.
Consequently, care has to be taken not to overinterpret the
present results for the biological system under study. The main
contribution of this study is to clearly show that state-specific
potential energy surfaces, which are often approximated using
the linear-response solvent potentials, are crucial in the
question of where the charge separation takes part in RC of
light-harvesting complexes. These observations motivate future
modeling of larger systems using more accurate methodologies.

Methods. Theoretical Details. The theoretical details of
using state-specific solvation routines within the polarized
continuum medium have described previously,***” and we
present selected segments below. Within linear-response
TDDFT, excitation energies can be computed as eigenvalues
of the Casida equations

A B)\X b
=Q,

-B —-A)\y Y

where A and B are excitation and deexcitation operators,

respectively, €} are eigenvalues and are interpreted as
transition energies, and X and Y form eigenvectors of the

(1)

-

transition density & = ()_,(

). In a vacuum, €, are the

nonequilibrium transition energies for a given excited-state k.

The concept of equilibrium and nonequilibrium solvation
can be interpreted though the Franck—Condon principle,
where there is a “fast” and “slow” response of the environment
to excitations of the solute. Typically, in calculations of solvent
response using the PCM formalism, the notion of non-
equilibrium solvation corresponds to the “fast” response of the
electronic polarization of the environment with a fixed set of
“slow” nuclear coordinates. The “slow” nuclear coordinates are
then updated by geometry optimization of both the solute and
the environment degrees of freedom, which then provides an
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equilibrium solvation such that both the electronic and nuclear
degrees of freedom of the environment fully respond to the
electrostatics of the solute. For nonequilibrium solvation, it is
appropriate to apply linear-response or state-specific solvation
routines for computing excitation energies. Linear-response
excitation is interpreted to provide dynamical response of the
environment to charge density oscillating at the Bohr
frequency, while the state-specific contribution comes from
the rearrangement of electronic density in the excited state
relative to the ground state.”®*” Linear-response corrections
are computed from the transition density, which is routinely
performed in linear-response TDDFT while state-specific
approaches require the excited-state density. The unrelaxed
density can be obtained by rotation of the transition density,
while the relaxed density is obtained via the Z-vector
technique®’ or approximated though nonlinear response
functions.”'

When including solvation in the conductive polarizable
continuum medium (C-PCM), the solvent potential V,(x) is
used to provide corrections to the linear-response excitation
energies as

AQ, = Tr(§kTVs(§k)) (2)

It is well documented that linear-response does not provide
even qualitative solvation corrections to CT excited states.’”**
An alternative approach is to use state-specific solvation, where
the solvent electrostatically interacts with the appropriate
excited-state density. Here solvation corrections to the
transition energies are computed as the differences in solvent
potential energy between the specific excited-state charge
density P, and the ground-state density P.

Qs = Tr(BV,(R)) — Tr(PV{(P)) ©)

In reality, approximate approaches are used for state-specific
calculations which rely on an initial linear-response calculation
with either perturbative corrections, such as corrected linear-
response,43 or self-consistent methods, such as the vertical
excitation method"™ or external iteration,” applied to obtain
the transition energy Qg

For the nonequilibrium absorption, we finally compute an
absorption spectrum as

1.31 x 10°
€= ——

(2

1 8(hQ — 7,
n (4)

where € is the extinction coefficient, f,, the oscillator strength
for transition to excited-state n, 7€, is the respective
transition energy, and ¢ is the Gaussian broadening parameter.

Computational Details. The atomistic structures of the RC
pigments are extracted from the crystallographic file of the
Photosystem II in cyanobacteria T. vulcanus with a resolution
of 1.9 A.° From these structures we isolate the special pair and
the surrounding protein and residue using the software
Chimera.” Note that we keep proteins and residues within a
10 A radii around six pigments Pp;—Ppy,, Chly,—Pheop;, and
Chlp,—Pheop,. For all calculations the Gaussian 16 software
package is used,*® together with the 6-31g* basis set.*’
Ground-state QM/MM calculations are performed using the
ONIOM routine™ where the QM region is treated with the
B97-D functional*” and the MM portion is treated with UFF>°
using electrostatic embedding. For the QM/MM calculations
with electrostatic embedding, the charges of the MM species
are assigned based on the charge equilibration (QEq)
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method.”"*” The CT state is optimized using the QM/QM/
MM method as a three-layer ONIOM calculation, where the
Pp, and Pp, pigments are treated as separate QM regions. To
approximate the charge-transfer PES, an additional charge is
added and removed from the Pp, and Pp, pigments,
respectively. This is compared to the optimized linear-response
TDDFT potential energy surface through the analytical
gradient method* described in the following paragraph. We
stress that we investigate only a few selected configurations of
the Pp;—Pp, dimer. A thorough examination of the potential
energy surface would require exhaustive sampling along
molecular dynamics trajectories

For standard functionals the electronic excited states are
computed with either PBEO,”*** CAM-B3LYP,** or wB97X-
D*® density functionals. For the optimally tuned range-
separated hybrids with screening we follow the procedure
outlined in the following citations.””~® The SRSH is an
established procedure which insists on two constraints. First,
the generalized Kohn—Sham -eigenvalues correspond to
ionization potentials. Second, the long-range Fock exchange
is screened corresponding to the dielectric environment. This
can be done by tuning the range separation parameter y to
satisfy the ionization potential theorem®” and determining the
SR and LR parameters such that @ + = 1/¢, where in this
case 1/e corresponds to the effective dielectric® screening
representing the protein matrix. This procedure has been
found to provide eigenvalue renormalization, consistent with
GW calculations, in molecular solids.®® For these calculations,
the w-PBE functional is used with @ = 0.20 and $ = 0.80, and
the @ range separation parameter is optimally tuned to 0.10 in
a vacuum by minimizing the square error of the ionization
potential and electron affinity to the HOMO and LUMO. This
defines the RSH functional used in the paper. Then to
introduce screening of the Fock exchange for the SRSH
approach, we constrain a + § = €¢”', where €™ is the dielectric
constant of the solvent propanoic acid (¢! = 0.291). The
optical dielectric constant used corresponds to propanoic acid
(€s = 1.92).

We then compute linear response TDDFT electronic
transition energies in a dielectric environment using the
continuum polarizable continuum medium (C-PCM) meth-
0d.°> C-PCM is an approximation to the IEF-PCM formalism,
where the electric field normal to the cavity surface
corresponding to electric double layer of the solvent™ is
neglected. This is done by assuming that the cavity surface
corresponds to a perfect conductor and then providing a
scaling prefactor corresponding to the solvent dielectric
constant. Although this approximation is strictly valid for
solvents with large dielectric constant, it has been found to
provide similar impact on linear-response computed transition
energies as the IEF-PCM formulation.” The value of the
dielectric constant corresponding to propanoic acid is chosen
as it falls in the range suggested as the average value of protein
environments.®® The value of the dielectric constant
corresponding to propanoic acid was chosen as it falls in the
range suggested for the average value of protein environ-
ments” and, in particular, for the range of dielectric constants
corresponding to the embedding environment of chromo-
phores in PSII reaction centers.”> We note that to model the
state-specific interactions, we use the PCM model of the
dielectric as opposed to the atomistic MM description. A
previous study examined the differences between PCM and
MM solvation found that the effective dielectric constant
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screening Coulomb interactions for PCM and MM treatments
of the protein matrix was found to be similar on average, but
MM was able to capture heterogeneity with 4-fold variation in
the sampled effective dielectrics while the PCM was unable to
capture the variation.®® This is in agreement with the standard
view of PCM representing an averaging over solvent/
environmental degrees of freedom Note that for computational
efficiency when computing optical excited states, we modify
the structure by removing the unconjugated “tails” and
passivate with methyl groups as the tails do not contribute
to the spectrum. Once CT excited states are identified, we
calculate the state-specific solvent stabilization using the
corrected linear-response®’ or external iteration’® scheme.

Notably, we also test the optimization of the special pair on
the charge-transfer PES computed using LR-TDDFT through
the analytical gradient method. In Figure S3 we show a similar
qualitative trend in the progression from nonequilibrium
absorption to nuclear reorganization and dielectric response to
the CT state. This approach requires a LR-TDDFT calculation
at each CT step and needs over 120 compute hours, while the
(QM:QM)/MM approach can use ground-state DFT
optimization schemes which require less than 10 compute
hours to optimize on the charge-transfer PES. Overall, this
shows that when including nuclear reorganization of the special
pair on the charge-transfer PES and state-specific solvation, the
stabilization of the CT state below the S, exciton is consistent
regardless of the choice of the DFT functional.
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