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ABSTRACT: The special pair, a bacteriochlorophyll a (BChl) dimer found at the core of bacterial
reaction centers, is known to play a key role in the functionality of photosystems as a precursor to
the photosynthesis process. In this paper, we analyze the inherent affinity of the special pair to
rectify the intrapair photo-induced charge transfer (CT). In particular, we show that the molecular
environment affects the nuclear geometry, resulting in symmetry breaking between the two
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possible intrapair CT processes. To this end, we study the relationships of the intrapair CT and the

molecular geometry with respect to the effective dielectric constant provided by the molecular environment. We identify the special
pair structural feature that breaks the symmetry between the two molecules, leading to CT rectification. Excited state energies,
oscillator strengths, and electronic coupling values are obtained via time-dependent density functional theory, employing a recently
developed framework based on a screened range-separated hybrid functional within a polarizable continuum model (SRSH-PCM).
We analyze the rectification capability of the special pair by calculating the CT rates using a first-principles-based Fermi’s golden rule

approach.

B INTRODUCTION

Significant advances in spectral and structural resolution of
photosystems (PSs) contributed to our understanding of the
photosynthesis process at the molecular level.'~* In particular,
the charge-separation mechanism in PSs has been widely
investigated using both experimental®™'* and computational
techniques." It is well established that only one of the two
branches in the pseudosymmetric PSs are directly involved in
the charge separation process.”'” The two branches originate
at the special pair, a dimer of pigments, whose central role in
the PS functionality is well established by numerous
spectroscopical studies'"'*™'° including those of relevant
dimer models."”

However, open questions regarding the energy and charge
transfer (CT) steps underlying the photosynthesis process
persist including the mechanism by which the special pair is
coupled to the nearby pigments of the PS. Here, we focus on
structure—function relationships of the special pair in bacterial
reaction centers (BRCs), which consist of two bacteriochlor-
ophyll a (BChl) units. In particular, we study the relationship
between the intrapair electron transfer and the conformational
asymmetry and the dielectric environment of the pair.

We have recently studied the photoinduced CT in a series of
BChl-derived dimers exploring the dependence on the
intrapair distance'®™*° and addressed the dielectric environ-
ment in BRC affecting the special-pair excitonic splitting.”’
Computational and experimental studies indicate that an
asymmetry in the special pair’s electronic structure is
associated with an intrapair CT process that follows its
excitonic states.”” > In particular, the orientation of the
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functional groups is suggested to affect a symmetry broken
charge density and therefore also the CT states.”*™* In this
study, we identify the roles of stereo asymmetry between the
two BChl units and of the dielectric environment in stabilizing
and discriminating between the CT processes. We use a state-
of-the-art first-principles approach to calculate the special pair
excited states where we follow the absorbing and the intrapair
CT states as affected by the effective scalar static dielectric
constant of the molecular environment. Our approach is based
on a novel polarization-consistent framework that reliably
addresses the dielectric environmental effects on electronic
excited states by combining a screened range-separated hybrid
(SRSH) functional with a polarizable continuum model
(PCM).29’30

Our starting point is the X-ray study of the BRC of R
sphaeroides." > Figure 1A shows the two branches, A and B,
originating at the special pair where we highlight the relative
orientation of the special pair units within the BRC system.
Figure 1B schematically shows the stacking arrangement of the
two units, where we refer to P, and Py by the branch the unit is
closer to. Key orientational differences between the two units
found in the X-ray resolved structure are also highlighted,
where in P,, the functional groups noted, FG1 and FG2, are
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Figure 1. (A) Orientational arrangement of the core pigments in BRCs of Rhodobacter sphaeroides. X-ray nuclear coordinates are taken from ref 2.
(B) Distinct orientation of the two longer chain functional groups, FG1 and FG2, between the two monomers of the special pair, where in P,, the
two groups are directed outward and in Py, FG2 is pointed inward toward P,. (C) Chemical structure of a BChl monomer. In our calculations, the

residues, R, (n = 1-3), are replaced by hydrogens.

oriented outward (away from Pg) and in Py, only FG2 is
oriented inward (towards P,). Figure 1C identifies the BChlI’s
chemical structure including the functional groups attached to
the conjugated porphyrinic system. These functional groups, a
keto ester functional group, phytyl ester with an ethylene
linkage, and acetyl group are indicated in the figure as FG1,
FG2, and FG3, respectively (the keto-ester is linked through
both the FG1 and FG4). Below we resolve the energetic effect
of these orientational differences on the intrapair CT
processes. In particular, we find that FG1 and FG2 with the
distinct noted orientations play a crucial role in the intrapair
CT states.

Theoretical Approach and Computational Details. We
investigate the effect of the molecular environment of the
special pair to induce symmetry breaking and therefore rectify
the photo-induced CT. The experimentally resolved structure
of the special pair is reoptimized at various dielectric constants.
We then calculate the electronic excited states employing a
novel framework that allows to reliably address the dielectric
environment at the electronic structure level” ™' combining a
SRSH functional’' ~** with a PCM.*>™** The SRSH-PCM
framework was recently used to address the condensed phase
effects on the electronically excited states of BRC core
pigments.n’39

RSH functionals®’™* provide an excellent approach for
addressing the notorious tendency of traditional density
functional theory (DFT)**™° to underestimate the funda-
mental orbital gap and therefore the CT state energies.”’ > In
the combined SRSH-PCM framework,””>" the environment
polarization of the electron density is addressed by screening
the long-range (LR) Coulombic interactions via the scalar
static dielectric constant € consistently through both the RSH
functional parameters and the self-consistent reaction field
iterations implementing the PCM. In this way, frontier orbitals
retain physical significance by OProperly accounting for
condensed phase polarization.””*® (The optical dielectric
constant that affects the time-dependent DFT (TDDFT)
calculations is set in all calculations to that of water, 1.78,
which is reasonable for representing the embedding molecular
environment of the special pair in the PS*"). Calculated SRSH-
PCM-based excited state energies were recently used
successfully to study the spectra of related pigments**’ and
in addressing a benchmark set of CT states.”” Our calculated
excited state energies reproduce well measured'® spectral
differences due to BRC pigment pairs and excitonic splitting in
the special pair.”’

Briefly, the SRSH framework is based on expressing
Coulombic interactions as
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where LR and short-range (SR) interactions are weighed using
the functional parameters. In this more general RSH scheme,
the LR interactions can be screened to represent the
condensed phase dielectric environment. The SRSH functional
setup follows the generalized exchange—correlation functional
formulation where the energy expression is

r

SRSH

ESSH = GBS 4 (1 — )ESE + (a + AER

+(1-a- ﬁ)ESEX + Epg, ()
Here, the subscripts “X” and “C” denote exchange and
correlation and the subscripts “F” and “DF” denote Fock
exchange and a semilocal density functional of the exchange or
correlation, respectively. In this SRSH exchange—correlation
expression, @ determines the fraction of Fock exchange in the
SR and a + f determines the fraction of Fock exchange in the
LR and is kept as €. In this study, we use the wPBE-h
functional®® as employed in earlier studies.””*”*"*** In this
way, dielectric screening is addressed consistently by the self-
consistent reaction field responding to the dielectric constant,
€, with the PCM and by damping the LR exchange by the same
constant in the SRSH functional. In our SRSH-PCM
framework, we use the tuned range-separation parameter y =
0.15 bohr™" obtained by optimal tuninsg the special pair in the
gas phase based on the J,(y) scheme,”’ followed by resetting
the § functional parameter such that a + f equals 1/€ with a
set to 0.2.”

The rates of photo-induced CT processes in the special pair
are calculated at a fully quantum mechanical Fermi’s golden-
rule (FGR)> picture following our well benchmarked
framework.®”"* The FGR rates are obtained by

v, 2
hz

kFGR = e Zas“(zn"-H) X / dt F:x(t)exp{—éAEt

+ Z [(Zna + 1)e—lw,,f + I’laeiw"t])}
) 3)

In eq 3, V, is the electronic coupling between the bright
state of a high oscillator strength (OS) and the CT state of
large charge separation and AE is the energy difference
between these two states each at their optimized geometries.
The electronic coupling is calculated via the fragment-charge
difference (FCD) approach.® @, and S, are the frequencies
and Huang-Rhys factors®*®> (HRFs) of the N normal modes
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Table 1. Excited States of the Special Pair Obtained with RSH-PCM and SRSH-PCM Based on ®B97X-D“

RSH-PCM SRSH-PCM
€ state excitation energy (eV) oS charge (e) state excitation energy (eV) oS charge (e)
S, 1.8545 0.80 0.02 S, 1.8709 0.72 0.02
1 S, 1.9086 0.02 0.02 S, 1.9225 0.02 0.02
(gas) CT, 2.6045 0.00 097 CT, 23459 0.00 0.46
CT, 2.6493 0.00 —-0.94 CT, 2.4091 0.00 —0.65
S, 1.8379 1.00 0.01 CT, 1.5247 0.12 0.89
3 S, 1.8860 0.05 0.02 CT, 1.5651 0.11 —-0.84
(protein) CT, 2.6880 0.00 0.52 S, 1.7794 0.74 —0.06
CT, 2.6988 0.00 -0.49 S, 1.8058 0.05 -0.02
S, 1.9226 1.01 0.01 CT, 1.3500 0.02 091
78 S, 1.9685 0.05 0.02 CT, 1.3697 0.05 —-0.90
(water) CT, 27637 0.00 0.90 s, 17637 0.74 —0.09
CT, 2.7879 0.00 —-0.94 S, 1.7945 0.02 -0.07

“Structures are reoptimized for each dielectric constant employing PCM. For each excited state, we indicate the calculated excitation energy, OS,

and the sum of the Mulliken charges of the atoms of the P, unit.

associated with the geometrical displacement between the two
minima. A diabatization of excited states into the ones of
constant electronic character, that is, absorbing and CT states,
is performed by means of a multi-state transformation,’® based
on diagonalization of the FCD matrix.

The structural displacement associated with a CT process is
obtained as the difference between the CT-optimized
geometry based on charge-constrained DFT (CDFT)-PCM*’
and the ground state geometry assumed to represent the
reactant geometry. All optimized structures are obtained by
employing the dispersion-corrected ®B97X-D functional®® and
the 6-31G™* basis set within PCM with the indicated dielectric
constant. In the calculation of the HRFs, we use a set of
normal modes calculated at the structural minimum of each
unit, where we consequently assume a negligible role of
intermolecular modes in the displacement. Within the
harmonic approximation, the intramolecular reorganization
energy is given by E, = Y NhAw,S, Lastly, n, and

ex ks TESt?
F(1) = exp| -
occupancies at room temperature T and outer sphere
solvation, respectively, where E{* is the external intermolecular
reorganization energy that is found to be only 0.01 eV*’ and
therefore of a negligible effect on the FGR rates. Excited states
are calculated using the novel SRSH-PCM TDDFT frame-
work® based on the wPBE-h functional®® with the 6-31G**
basis set. For comparison, we also provide excitation energies
obtained by the functional ®B97X-D with PCM representing
the RSH-PCM framework.

For completeness, we compare below the FGR rates
calculated using eq 3 to rates obtained at the semi-classical
level of Marcus theory, which essentially’””" corresponds to
the high-temperature and short-time limits

] are the normal modes thermal

v, /> 7 (AE — E)?
by = 2 tot SXP| T tot
n° \ kgTE; 4k TE, (4)
Here, E** = E, + E% includes the external intermolecular

contribution to the reorganization energy, which appears to
affect only negligibly the calculated rates.

The BChl molecules, as shown in Figure 1C, are simplified
in our calculations by replacing the indicated residues, R;—R;,
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by hydrogens. The phytyl tails were shown to have a negligible
effect on excitation energies.”” See also the figure for the
definition of the functional groups. The electronic structure
calculations are performed using the Q-Chem software

package.”

B RESULTS AND DISCUSSION

Recently, the SRSH-PCM approach was shown to reproduce
measured spectral peak differences associated to pairs of the
core pigments in BRC,” to resolve the 2D electronic spectra of
related pigments” and to reproduce well CT state energies of
a well-known solvated donor—acceptor benchmark set.*’ Here,
we begin by demonstrating the effectiveness of the SRSH-
PCM in addressing the effects of the dielectric environment on
the CT states within the pseudosymmetric special pair.

The low lying electronically excited states include two
absorbing intrapair excitonic states, S, and S,, and two intrapair
CT states, CT, and CT,, indexed by their order in excitation
energy. The excitation energies, OSs, and charge transferred
obtained using the RSH-PCM and SRSH-PCM levels are listed
in Table 1. The lower bright excitonic state, S;, is associated
with the larger OS,'””* while S, appears to be associated with a
significantly smaller OS representing a semi-dark excitonic
state.

As reported in earlier studies,’” the RSH-PCM CT energies
incorrectly are only marginally affected by the dielectric
continuum introduced by PCM and are found to be similar to
the gas phase values. CT states are expected to be strongly
affected by the polarization effects of the environment. The
SRSH-PCM values, on the other hand, are indeed significantly
stabilized by the dielectric environment. A more complete
listing of the calculated SRSH-PCM state energies at various €
values is provided in the Supporting Information Table S1. We
proceed with the analysis based on the SRSH-PCM frame-
work.

The frontier orbitals, highest occupied molecular orbital
(HOMO), HOMO - 1, and lowest unoccupied molecular
orbital (LUMO), LUMO + 1, that are involved in the four low
lying excited states, are illustrated in Figure 2 with their
energies at several dielectric constants. We illustrate the
orbitals as calculated at € = 2, where their shapes remain
similar at different dielectric constants. As expected these

https://dx.doi.org/10.1021/acs.jpcb.9b11431
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Figure 2. Special pair frontier orbital energies (eV) at different
dielectric constants. BChl monomer orbital energies are noted in
parentheses. The illustrated orbital densities of the special pair and a
BChl-a monomer are obtained at a dielectric constant of € = 2.0.
Their shape appears similar for all ¢ values considered.

orbitals delocalize across the two monomers, reflecting the
strong intermolecular coupling and the symmetric nature of
the system with a HOMO—-LUMO gap that decreases with the
increase of the dielectric constant.

For the pair of the dark intrapair CT states, we find that in
all cases the lower energy CT, state, P,"Py~, corresponds to
the Py unit serving as the acceptor, and the higher energy CT,
state, P, Pg", corresponds to the opposite CT with P, serving
as the charge acceptor. See Figure 3 for illustrations of the

e=1 €=2.0

J'Y’M* ‘YM» '}7""‘?')7‘“%“‘?3*

Figure 3. Detachment (red) and attachment (green) electronic
densities of the CT states at different dielectric constants. The CT,
and CT, correspond to P,*Py~ and P, Py respectively, where CT) is
found to be lower in energy in all calculations.

€=5.0

CT,

attachment—detachment electronic densities of the two CT
states at various dielectric constants. Excited state properties at
additional € values and the major involved orbital transitions
are listed in Table S1.

The excitation energies of the four low lying excited states at
various dielectric constants are illustrated in Figure 4A. The
calculated energies show stabilization of the CT states to below
the excitonic states at dielectric constants larger than 2.0. The
SRSH-PCM-calculated excited states find CT states of nearly
integral electron transfer at dielectric constants, €, that are
smaller than 1.6 and larger than 2.0. The higher mixing of the
unit densities results in smaller amounts of CT in the CT
states. This larger mixing is associated with stronger coupling
to the absorbing states, see the CT state attachment and
detachment densities illustrated in Figure 3. At this
intermediate dielectric constant region of 1.6—2.0, the CT
states are partially mixed with the excitonic states and are
associated with a smaller amount of CT, whereas at the other €
values, the CT densities are well-localized on the donor—
acceptor units. For example, at € = 1.6, the bright state shows
an OS of 0.56 and a significant CT of —0.42e. The two CT
states both have a significant OS of 0.2 and a CT of —0.42¢ and
0.62¢, respectively. Importantly, we note the recently reported
measured special pair excitonic splitting of 0.08 eV'" that is
reproduced by the calculated 0.07 eV splitting energy with
dielectric constants between 1.5 and 1.9, whereas at other
dielectric constants, the calculated splitting energy is
significantly smaller.”!

We investigate the symmetry breaking within the special pair
due to the orientational differences of the functional groups
between the two units. In particular, we find that the distinct
orientation of FG1 and FG2 in the two monomers as inferred
from reported X-ray structures breaks the degeneracy of the
CT states."”” See schematic illustration of these orientational
features introduced above in Figure 1B. These orientational
differences are highlighted by noting the distances between the
tails of FG1 and FG2. As shown in the left panel of Figure §,
this distance is relatively short with 3.9 A in P, and much
longer with 9.0 A in Py (left panel).

We next relate to the role of the steric functional groups,
FGI and FG2, in affecting symmetry breaking by following the
CT state energy difference. We find that the energy difference
of 0.021 eV is reduced to 0.015 eV when these groups are
removed and that it further decreases to 0.008 eV when the
two rings are parallelly stacked, see Figure SA—C (energies are
calculated at ¢ = 2). Additional details are provided in the
Supporting Information Table S2. We therefore find that the
stereoisomerism affected by the difference in the orientations
of FG1 and FG2 between the two units, which is illustrated
above in Figure 1B, affects the symmetry breaking between the
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Figure 4. (A) Electronic excitation energies at different dielectric constants. States of the same character as indicated by the symbol shapes and
colors are connected for clarity: excitonic bright (black square), excitonic dark (red circle), and CT states (blue and purple triangles, respectively).
(B) Diabatic states presenting absorbing and CT character as obtained by multi state-FCD transformation.*®
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Figure 5. CT state degeneracy and symmetry breaking due to the functional groups: (left panel) the distinct orientation of the two long chain
groups, FG1 and FG2, is highlighted by noting their distance of 3.9 and 9.0 A in P, and Py, respectively. See also addressed above in Figure 1B.
(Right panel) CT state energies are calculated at ¢ = 2.0, where (A) all functional groups are included (B) steric functional groups are removed
(only FG4 [keto] remains) (C) shifted to a fully stacked arrangement. The energy difference between the two CT states is therefore attributed

mainly to the distinct orientation of FG1 and FG2.

two CT states. We turn next to the calculated CT rates and
therefore the predicted CT rectification by the special pair. To
this end, we use states of constant electronic character
obtained using a diabatic representation.

For all dielectric constants considered, we find two excitonic
states, Sp; and Sp, (where the subscript notes the relative
energy), and two CT states, CT,z and CTg, (where the
subscript notes the donor to acceptor character). The
calculated diabatic excitation energies are shown above in
Figure 4B. The coupling energies of the diabatic bright Sp,
state to the CT states at the different dielectric constants are
shown in Figure 6. The coupling energy to the CT,p state
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Figure 6. Coupling energies of the Sp, state to the CT states at
various dielectric constants are presented. Inset: driving force
energies, AEp; a3 and AEp, 5, corresponding to the differences
between the excitonic state Sp,; to the CT states. See values listed in
Supporting Information Table S3.

(Vpi.ap) and the ratio with the second coupling value (Vp;_5,)
both maximize at the intermediate dielectric constant region
where the excitonic and CT states mix. The corresponding
energy biases, the energy differences between Sp, to CT,p and
CTp, noted as AEp;. s and AEp, s, obtained from the
diabatic states are illustrated in Figure 6 as an inset. A more
complete listing of AE, reorganization energy, E,, activation
energy, E,, and electronic coupling between Sp, and the CT
states (CT g and CTp,), V,, and of the FGR rates is provided
in Table S3. The HRF distribution associated with the highest
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(at € = 1.6) and lowest (at € = 78) rates of both CT processes
is provided in Supporting Information Figures S3 and S4. We
also confirm that the time-dependent exponential function in
the integrand of the FGR expression, eq 3, is short-lived and is
therefore hardly affected by the external reorganization energy
E that acts through the window function F*(t), see
Supporting Information Figure SS.

The rates calculated at different dielectric constants based on
the diabatic states are shown in Figure 7. Importantly,
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Figure 7. Calculated intrapair Sp, to CT 5 and CTy, rate constants at
the FGR level. See values listed in Supporting Information Table S3.
Rates constants including at the semiclassical level calculated at a
wider range of dielectric constants up to 78 are provided in
Supporting Information Figures S1 and S2.

following the trend of the electronic coupling energies, at the
intermediate region of the dielectric constants, 1.6—2.0, the
transition rate from Sy, to CTp appears to maximize while the
transition rate from Sp; to CTg, appears to minimize. As a
result, the rate ratio favoring the electron transfer from P, to Py
is most pronounced at this region of dielectric constants, where
it increases close to a factor of three.

Interestingly, at dielectric constants of 2.0 and higher, the
rate of the opposite Py to P, CT process while associated with
the higher energy CT state becomes relatively larger because
the photo-induced dynamics follows a (slightly) inverted

https://dx.doi.org/10.1021/acs.jpcb.9b11431
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regime. At the limit of the dielectric constant of water (e = 78),
the rates attain the lowest values, see Table S2 in the
Supporting Information. Note that transitions take place on
such short timescales, where nonequilibrium effects in the
nuclear dynamics may become significant’>’® but are not
considered in the present framework. Overall, the Marcus-
based ratio of the rates is in good agreement with the FGR
values, even at the larger dielectric constant values that fall in
the inverted regime. For completeness, we provide the rate in
the larger range of dielectric constants and the semi-classical
rates in the Supporting Information Figures S1—S2.

We note that the CT state associated with the transition to
P,*P;” remains the lower CT state in all considered dielectric
constants. Our finding that the CT to the Py unit is preferred
as noted by the larger rate constant than that of the opposite
transfer is in agreement with previous studies ﬁndin% of
asymmetric electronic density in the special pair.”*”***
Further studies are required to resolve the mechanism by
which the special pair initiates the photosynthetic process and
in particular the role of this intrapair asymmetric charge
distribution, where the orientation of the nearby pigments is
taken into consideration. Furthermore, also in agreement with
available experimental evidence, we find that the optimal
rectification of the CT within the special pair occurs at the
same region of dielectric constants that offers the strongest
agreement to the measured intrapair excitonic splitting.”'

We also comment on the expected time scale for the
intrapair CT as derived from available experimental observa-
tions, where 2.2 ps is indicated for the charge separation
producing P*B, — P*B,~.'° The intermolecular distance
within the special pair units is (plane to plane distance) ~ 3.5
A, whereas the distance to adjacent pigment B, is significantly
larger, with the distance of the Mg of Py to Mg of B, of ~13 A.
We therefore assume that the intrapair CT is not the rate-
determining step and therefore must occur at time scales that
are faster than 2.2 ps. Indeed, internal conversion within the
special pair and the calculated CT rates in this work are both
found to occur at a faster range of 2-100 fs.">”*

B CONCLUSIONS

We study the structure—function relationships of the special
pair that affect the intrapair CT processes. The molecular
environment of the special pair stabilizes the CT states and
affects the symmetry breaking through the distinct orientations
of the functional groups resulting with charge rectification
functionality by the special pair. We use state-of-the-art DFT
that combines SRSH with PCM to calculate the special pair
excited states and their coupling at varied dielectric constants
to obtain energy parameters that affect the CT rates. The
SRSH-PCM framework achieves polarization-consistent treat-
ment of the electrostatic environment.

In particular, the orientational features that break the
stereosymmetry within the special pair in BRC and lift the
degeneracy of the CT states are identified. The orientation of
the side groups as indicated in their X-ray resolved structures is
addressed in the calculation of the excited states. We find that
the different orientations of the long chain functional groups
phytyl ester (indicated above as FGl and FG2) affect
symmetry breaking between the two intrapair CT states. The
intrapair electron transfer rates are then calculated using a FGR
level of theory at various dielectric constants, where we find the
photoinduced generation of P,"Py™ rate to be both the largest
and with the highest favorable ratio over the opposite CT

1992

process at the dielectric constants of 1.6—1.8, that are within
the range of constants that reproduce the measured excitonic
splitting of the special pair states.'’ In this way, we provide a
molecular level understanding on the way that the special pair
structure initiates the charge separation process within the
BRC. We are following up by calculating the subsequent
transfer and transport steps that couple the special pair to the
branches in the photosynthesis process.
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