
 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/30117 holds various files of this Leiden University 
dissertation 
 
Author: Eisenmayer, Thomas J. 
Title: Coherent dynamics in solar energy transduction 
Issue Date: 2014-12-15 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/30117


Chapter 4

Stable Charge Separation
through Proton Displacements

4.0.1 ABSTRACT

As we have shown in the previous chapter, resolving the dynamic nu-
clear motion accompanying charge separation in bacterial reaction cen-
ters is crucial to understand how photosynthesis has optimized so-
lar energy transduction. In this chapter we identify the pathway
of primary electron transfer from the special pair excited state (P ∗)
to the accessory bacteriochlorophyll (BA) using first-principles molec-
ular dynamics and constrained density functional theory. We con-
firm that the oscillatory motion of a histidine at the interface be-
tween donor and acceptor initiates exciton dissociation and demonstrate
how proton displacements are coupled to stable photoproduct formation.

Parts of this chapter were published in:
T. J. Eisenmayer, J. A. Lasave, A. Monti, H. J. M. de Groot, F. Buda, "Proton Dis-
placements Coupled to Primary Electron Transfer in the Rhodobacter Sphaeroides
Reaction Center", Journal of Physical Chemistry B, 2013, 38, pp 11162-11168.
DOI: 10.1021/jp401195t



CHAPTER 4. STABLE CHARGE SEPARATION THROUGH PROTON DISPLACEMENTS

4.1 Introduction

In bacterial photosynthesis, sunlight is absorbed by antenna complexes that
transfer the excitation energy to reaction centers where the photoinduced
charge separation takes place [1]. The transition state of the primary photo-
chemical reaction in the Rhodobacter Sphaeroides reaction center (bRC) is
not reached through random thermal motion but through specific vibrational
coherences that effectively modulate the barrier for charge separation [1,2]
(see previous Chapter). This mechanism is of interest for artificial devices
aiming for high-yield photon-to-charge conversion.

Figure 4.1: bRC (right top): Two-fold symmetric reaction center of Rhodobac-
ter sphaeroides extracted from the latest 2.55 Å resolution X-ray structure (PDB
entry 1M3X). The direction of electron transfer and corresponding time scales
are denoted in green. Model 1 (left top): Including the special pair (P ), axial
histidines (HisL173 and HisM202), water A and B, and the diagonal symmetry-
breaking residues PheM197 and HisL168. Model 2 (right bottom): Water A,
the donor PM , the primary acceptor BA, the axial histidines (HisM202 and
HisL153), and GlyM203. Inset (left bottom): Bacteriochlorophyll numbering.
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4.1. INTRODUCTION

The frequencies of these promoting vibrations are well-known from time-
resolved spectroscopy [3-9]. In parallel, atomistic simulations are impor-
tant because they can provide access to structural information that is in-
accessible to spectroscopic methods. From the phenomenological study of
Novoderezhkin and coworkers based on Redfield theory [2] we know that
the formation of the first photoproduct is conveniently described by two
vibrational coherences: a fast component of 100-150 cm−1 and a slower
component of 30-35 cm−1. The time scale of the primary photoinduced
process in bRC is 3 ps, [10] and it occurs selectively along one of two pseu-
dosymmetric cofactor branches (Figure 4.1) through a charge transfer (CT)
intermediate [11,12] on the special pair (P ). BA is the accessory bacteri-
ohlorophyll acting as primary acceptor. Subsequent electron transfer (ET)
to form the secondary photoproduct along the A-branch, a reduced bac-
teriopheophytin (H−A), is very fast (1 ps). In this context, it is our aim to
accurately characterize the reaction coordinate of the primary photoinduced
charge separation from first principles. In previous work on the special pair,
excited-state dynamics combined with a frequency analysis showed that a
∼100 cm−1 vibrational mode is coupled to the electronic excitation, lead-
ing to a CT intermediate (P+

L P
−
M ) [13]. Structurally, this ∼100 cm−1 mode

involves a collective motion of P with most of the amplitude on PM and the
rotation of HisM202 as the characteristic coordinate. This is predicted to
be the first/fast vibrational component that coherently modulates the charge
transfer dynamics [2]. HisM202 is hydrogen bonded to an interstitial water
(water A), which is held in place by a hydrogen-bond network connecting
PM and BA. The loss of water A through site-directed mutation is accom-
panied by a slowing of the rate of ET by approximately a factor of 8 [14].
The second/slower vibrational component coupled to full charge separation
is thus thought to involve the motion of water A with a frequency of ∼30-35
cm−1 [15]. The breaking of symmetry between cofactor chains is intimately
related with the forward CT reactions. Although the special pair itself is al-
ready surrounded by the protein environment in a quasi-symmetric fashion
(see Figure 4.1), on the L-side, HisL168 forms a hydrogen bond with the
31-acetyl of PL, whereas on the M-side PheM197 does not. It is therefore
plausible that even before excitation of P the ground-state electron density
is asymmetrically distributed [16,17]. The vibrational mode corresponding
to the hydrogen bond between PL and HisL168 has been calculated to have
a frequency of ∼50 cm−1, and it is found to affect the stability of the cation
(P •+) [13,18]. Here we employ atomistic simulations and single-point calcu-
lations to address (i) the role of the interstitial water A and (ii) the coupling
of the ET process to configurational changes following the excitation and
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CHAPTER 4. STABLE CHARGE SEPARATION THROUGH PROTON DISPLACEMENTS

(iii) upon oxidation of P .

4.2 Model and Methods
We extract the special pair (Model 1) and the donor-acceptor model (Model
2) from the latest X-ray crystallographic data of wild-type Rhodobacter
sphaeroides at 2.55 Å resolution [19]. The special pair Model 1 includes
the two Bacteriochlorophylls PM and PL, the five closest amino acids
(GlyM203, PheM197, HisM202, HisL173, HisL168), and two interstitial
waters (Figure 4.1). The donor-acceptor Model 2 includes PM and its axi-
ally coordinated HisM202, taken as the donor of charge. BA and its axially
coordinated histidine HisL153 are taken as the charge acceptor (Figure 4.1).
We also include PheM197 and GlyM203 to keep the whole protein pocket
environment for the water A. For the entire system - Model 1 combined with
Model 2 - we find that the HOMO and LUMO are localized on PM and
BA, respectively, consistently with Model 2. Moreover, the HOMO-LUMO
gap is not significantly altered (∼ 0.04 eV) and this justifies the exclusion
of PL from Model 2 to keep the system size minimal. The mechanical con-
straints induced by the protein environment are ensured by fixing the tails
of the histidines, the phenylene, and the glycine. Because of their length
the phytyl side chains are sterically hindered within the protein and are
known not to affect the electronic structure of the bacteriochlorophylls [17].
Hence they are reduced to a methyl group that is fixed. The AIMD sim-
ulations have been performed using the Car-Parrinello method [20,21] as
implemented in the CPMD code [22] with a time step of 0.1 fs. A Nosé
thermostat is used in all simulations to keep the temperature around an
average of 300 K. The time scales of the simulation runs for Model 1 were
kept ∼ 1 ps for ground, excited, and radical cation states. For Model 2 a
ground-state simulation is performed for ∼ 2 ps. It should be stressed that
this simulation is not aimed at the explicit description of the nonadiabatic
ET from P ∗ to B−A in real-time, which would require modeling the evolution
of the excited electronic state (see Chapter 6) on a time scale of ∼ 3 ps.
The main goal of this AIMD simulation is to investigate the stability of
the interstitial water and the thermal fluctuations in the hydrogen-bonding
network established between the donor and acceptor. Both models are sta-
ble along the dynamics with a root-mean-square displacement (RMSD) that
fluctuates around an average value of 0.8 Å for Model 2, slightly larger than
the RMSD of Model 1 (0.6 Å). The BLYP functional [24,25] is used for the
exchange-correlation energy, which is known to yield hydrogen bonds that
are in good agreement with experiment. The Kohn-Sham orbitals are ex-
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panded in a plane-wave basis set with an energy cutoff of 70 Ry. We employ
dispersion-corrected atom-centered (DCACP) pseudopotentials [26,27]. To
study the frequency domain, we perform Fourier transforms of the velocity
autocorrelation function of the AIMD trajectory. We can in this way ob-
tain specific characteristic frequencies of individual structural parameters
(i.e., bond distances, bond angles). The recently developed computational
method of Constrained Density Functional Theory (CDFT) is used to ver-
ify the predicted reaction coordinate of primary charge separation. This
method was specifically developed by Wu and van Voorhis [21] to address
long-range CT states. It has been shown that CDFT can accurately describe
the excitation energy and its dependence on the donor-acceptor distance
[28]. The CDFT calculations are performed with the same functional, basis
set, and pseudopotentials used for the AIMD simulations. In the CDFT
method applied to bRC, the charge-localized states (or diabatic states) A
and B are obtained from two DFT calculations. The first represents the
initial state where no ET between donor and acceptor has occurred yet
(state A), while the second (state B) describes the charge-separated state
obtained by constraining a positive charge on the donor and a negative
charge on the acceptor. The resulting ground-state density ρ(r) on each
diabatic state will satisfy the constraint∫

V
W (r)ρ(r)dr = Nc (4.1)

where W (r) is the operator that defines the electronic population and the
integral runs over the entire volume of the system. Nc is the value of the
constraint defined as the charge difference between the net charge on the
donor and acceptor group: Nc = Ndon−Nacc. Therefore, we choose Nc = 0
for state A and Nc = 2 for state B. For the population operator we use the
Hirshfeld partitioning scheme [29] as implemented in the CPMD code [30].

4.3 Results

AIMD Simulations

Previous AIMD simulations on the special pair (Model 1) ground and excited
state found two important degrees of freedom coupled to electronic structure
rearrangements of P : (1) the rotation of HisM202 with respect to the Mg-
Nτ coordination axis and (2) the hydrogen bond between PL and HisL168
[13]. Here we extend these simulations to analyze the oxidized radical
cation state. The first degree of freedom and characteristic coordinate of the
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vibrational mode coupled to the formation of the CT intermediate involves
the rotation of the axial histidine M202. From Figure 4.2(a), which shows
the compiled trajectories for ground state, excited state, and radical cation,
it can be seen that HisM202 rotates upon excitation to an average dihedral
angle of 80◦ with respect to the Mg-Nτ coordination axis. Upon oxidation
this conformational rearrangement is reversed and the dihedral angle rotates
back to the ground-state values.

Figure 4.2: AIMD simulations in P , P ∗ and P •+.

(a) AIMD simulations of Model 1 showing the time evolution of the HisM202
dihedral angle with respect to the Mg-Nτ coordination axis along the ground (0
to 1.0 ps), excited (1.0 to 2.1 ps), and oxidized state (2.1 to 2.8 ps) trajectories.

(b) N· · ·O hydrogen-bond distance between HisL168 and the 31-acetyl of PL for
ground state (0 to 1.0 ps), excited state (1.0 to 2.1 ps), and radical cation (2.1
to 2.8 ps) AIMD trajectories. Upon excitation no changes in the amplitude of the
fluctuations are observed, whereas in the radical cation state the hydrogen bond
is weakened, representing a proton displacement.
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4.3. RESULTS

Inversely, the second important degree of freedom involving the hydrogen
bond between the 31-acetyl of PL and HisL168 (see Figure 4.1) shows
no significant changes going from ground to excited state. However, upon
oxidation the oscillations become larger and the hydrogen bond is on
average weakened (Figure 4.2(b)).

For the donor-acceptor model (Model 2) a room-temperature AIMD simu-
lation is performed extending over 2 ps. DFT single-point calculations per-
formed at several snapshots along the trajectory show consistently that the
HOMO is localized on PM and the LUMO is localized on BA. The LUMO
electron density extends over the interstitial water A, whereas the HOMO
shows no electron density in this region, although it does extend over the
axial histidine M202. To understand the structural cause of HOMO-LUMO
localization we investigated the planarity of both chromophores taking into
account the C3-C7-C12-C17 dihedral angle (see inset, Figure 4.1). PM is
found to be the more distorted chromophore, whereas BA is almost per-
fectly planar. Another factor influencing the HOMO-LUMO localization is
the orientation of the axial histidines relative to the Mg-Nτ axis. For PM
the dihedral angle of the axially coordinated histidine, averaged over the
dynamics, is 21◦, whereas for BA this angle is -108◦. The position of water
A in its hydrogen-bond network is stable throughout the dynamics. The
average position of water A is halfway between the HisM202-nitrogen and
the 131-keto-carbonyl of BA.

Figure 4.3: Distribution of distances centered around the interstitial water A
oxygen atom sampled during the AIMD simulations of Model 2 in the ground
state. Left graph (red) distribution of N-H···O distances representing the hydro-
gen bond with HisM202. Right graph (blue) distribution of O-H· · ·O distances
representing the hydrogen bond with the keto carbonyl of BA.
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Figure 4.3 shows the distribution of N-H· · ·O and O-H· · ·O distances. The
most frequently occurring separation is ∼2.8 Å for both degrees of freedom.
The N-H· · ·O distances additionally have a tail at larger separations
with peaks at 3.4 and 3.7 Å. Dynamically, both protons of water A form
and break hydrogen bonds with the keto carbonyl of BA in a "switching"
motion (Figure 4.4(a,b)). A Fourier analysis of this motion, in terms of
hydrogen-bond angles and distances, gives a frequency of 30-35 cm−1 for
the breaking and forming of the keto carbonyl hydrogen bonds (Figure
4.4(c)). The weakest hydrogen bond of water A is with GlyM203, which is
rarely formed during the 2 ps ground-state trajectory.

Figure 4.4: Hydrogen bond H· · ·O distance (a) and O-H· · ·O angle (b) along
the dynamical trajectory. The full and dotted line show the two protons of water
A that break and form hydrogen bonds in a "switching" motion with the keto 131

carbonyl group of BA. The bottom graph (c) shows the Fourier transform of this
molecular motion between water A and the keto carbonyl group of BA with a
first peak at 30-35 cm−1 in agreement with the experimental result of Yakovlev
et al. [15].
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Constrained DFT

To explore the reaction coordinate of excited-state relaxation and ET we
performed CDFT calculations constraining a positive charge on the donor
(PM ) and a negative charge on the acceptor (BA). Following the HOMO-
LUMO analysis, we include the axial histidine HisM202 in the donor and
the axial histidine HisL153 in the acceptor. Energies are calculated as
a function of the dihedral angle corresponding to the HisM202 rotation
(see Figure 4.2(a)). For each value of the dihedral angle we optimize the
other degrees of freedom including the position of water A. The energy
difference between the ground state and the vertical charge separated state
- calculated with CDFT at the ground state geometry - decreases along the
suggested reaction coordinate, as shown in Figure 4.5.

Figure 4.5: Top: Vertical electron transfer (ET) energy dependence on the
dihedral angle of HisM202 with respect to the Mg-Nτ coordination axis. Bot-
tom: N-H· · ·O (circles) and O-H· · ·O (squares) hydrogen-bond distances as a
function of the same dihedral angle.

The results in Figure 4.5 show that the vertical ET energy decreases
along the collective reaction coordinate approximated by the rotation of
HisM202. We also observe that along this coordinate proton displacement
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accompany the charge separation: The rotation of HisM202 displaces
water A in its hydrogen-bond pocket toward the carbonyl of BA and
GlyM203 (Figure 4.5). After ET the N-H· · ·O distance increases to 3.6 Å,
representing a considerable weakening of the hydrogen bond between the
water and HisM202 (Figure 4.5). Interestingly, it is apparent that already
in the ground state this conformation of the hydrogen-bond network is
occasionally sampled (see Figure 4.3). Thus, while our results show
no direct evidence for full proton coupled electron transfer (PCET) they
indicate proton displacements coupled to the reaction coordinate.

Finally, within the entire model it is possible to verify that the unoccupied
Kohn-Sham states on the special pair are higher in energy than the unoc-
cupied Kohn-Sham state on BA. Indeed, the lowest LUMO on P ∗ is 0.14
eV higher in energy than the LUMO on BA (Figure 4.6). This represents a
small overestimation with respect to experiment, where the negative energy
gradient (∆G) is estimated to be ∼ -0.06 eV [34].

Figure 4.6: Left: Spatial distribution and energies of the LUMO on PL and
on BA. Right: Spatial distribution and energies of the LUMO on PM and on
BA. As detailed in Chapter 3, the frontier orbitals on the special pair exhibit
dynamic localization and the initial excitonic state can thus involve a population
of either PL ·LUMO or PM ·LUMO. The orbitals calculated at the B3LYP/TZP
level of theory and their associated dynamics (Chapter 3) reveal that there is a
reaction coordinate for photoinduced charge separation to the BA · LUMO.
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4.4 Discussion and Conclusions

In this chapter, we elucidate the conformational rearrangements that couple
to the full ET from the special pair excited state of bRC to the primary
acceptor BA. The charge separation is highly optimized and known to
occur at an optimal rate [33]. Recently, this rate was found to be governed
by a single (Goldilocks) parameter Λ that at the point of optimum transfer
is equal to 1/

√
2 [35].

Λopt =
λT

γc∆G
=

1√
2

(4.2)

If we consider the ambient conditions at which bRC operates
(300K ∼ 26meV ), the experimental value for the reorganization en-
ergy (λ ∼ 28meV [36]) and for the energy gradient (∆G ∼ 65meV [34]),
the only unknown parameter remains the bath correlation time γc. As this
parameter describes the correlation between the electronic states (P ∗B
and PB−) and the (protein) environment, we provide the value of the first
low frequency mode that couples to ET (100cm−1 ∼ 12.5meV ). Then,
indeed the Goldilocks parameter is ∼ 1/

√
2.

In Chapter 3, the coordinate of this low frequency mode was found to involve
the rotation of HisM202, which from Figure 4.2a is seen to be reversible
upon oxidation. This rotation displaces the protons of water A toward
GlyM203 and the 131-carbonyl of BA in a collinear fashion with respect
to the direction of ET (Figure 4.7). The proton displacement is found to
have a frequency of 30-35 cm−1 in good agreement with experiment and
thus gives a structural interpretation to the second coordinate of charge
separation suggested in the phenomenological study by Novoderezhkin
and coworkers [2]. In contrast with Ivashin and Larsson, who propose
a double proton-transfer mechanism within the hydrogen-bond network
surrounding water A [37], we observe proton displacements following ET
(Figures 4.5 and 4.7). In the ground state, these conformations are already
occasionally sampled (Figure 4.3), although the average distance of water
A from HisM202 is 2.9 Å. In the charge-separated state we find a new
equilibrium value of 3.6 Å at the same approximate values where the
ground-state histogram exhibits a long tail (Figure 4.3). The second proton
displacement found to couple to oxidation of P involves the weakening
of the hydrogen bond between HisL168 and the 31-acetyl of PL. The
weakening of this interaction destabilizes the HOMO of PL [13], the site
on which most of the positive charge is localized in P •+ [38], and therefore
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reduces the driving force for charge recombination. Experimental evidence
for such a mechanism is possibly given by Deshmukh and coworkers [39],
who find a light-induced hypsochromic shift in Rhodobacter capsulatus and
suggest this to be caused by the 31-acetyl group.

In conclusion, the reaction coordinate of initial charge separation in the
Rhodobacter sphaeroides reaction center is a multidimensional landscape.
First, upon excitation a reversible conformational rearrangement stabilizes
the charge transfer from PL to PM , mostly involving the rotation of HisM202
with a characteristic frequency of ∼ 100 cm−1. Second, through this rota-
tion a proton is displaced in the hydrogen network surrounding water A with
a frequency of 30-35 cm−1. Finally, on a longer time scale, another proton
is displaced from the 31-acetyl of PL toward HisL168, which destabilizes
the cation P •+ by mixing in the P • neutral radical state. This effectively
reduces the driving force for charge recombination. Together these rear-
rangements present a structural framework for understanding the highly
efficient and coherent CT process from the special pair excited state to the
primary charge-separated state.

Figure 4.7: Schematic representation of the nuclear motion (green and red ar-
rows) accompanying the charge and electron transfer processes (orange arrows).
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"I must Create a System, or be enslav’d by another Man’s.
I will not Reason and Compare;

my business is to Create."

— William Blake —

Jerusalem (1804)




