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Chapter 3

Efficient Evolution of Excitons
into Charge Transfer States

3.0.1 ABSTRACT

Using first-principles molecular dynamics, we predict the reaction coordi-
nate and mechanism of the first charge-transfer step in the reaction center of
photosynthetic bacteria in a model including the special pair (P ) and closest
relevant residues. In the ground state, a dynamic localization of the highest
occupied orbital is found to be a defining characteristic of P . This feature
is linked to the tuning of the orbital energy levels by the coupling with two
collective low-frequency vibrational modes. After electronic excitation, one
specific mode coherently couples to P ∗, representing the reaction coordi-
nate along which the excited state develops. This characteristic vibrational
coordinate represents the rotation of an axial histidine (HisM202), which
selectively lowers the energy of one (PM ) of the two bacteriochlorophylls
in P . This leads to an efficient and coherent evolution of P+

L P
−
M charge-

transfer character, as the precursor of the full charge separated state P+B−A .

Parts of this chapter were published in:
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Reaction Centers", Journal of Physical Chemistry Letters, 2012, 3, pp 694-697.
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CHAPTER 3. EFFICIENT EVOLUTION OF EXCITONS INTO CHARGE TRANSFER STATES

3.1 Introduction

In the pseudo-symmetric architecture of photosynthetic reaction centers
(RCs), charge separation occurs preferentially along one (A) of two
cofactor branches. Numerous experiments find vibrational modes in the
region 100-150 cm−1 that coherently couple to the initial photo-excited
state of the special pair (P ∗) [1-4].

Figure 3.1: Model of the special pair and direct surroundings, including the
axially coordinated histidines HisL173, HisM202, the water molecules in their
vicinity, and the residues HisL168 and PheM197. The protein environment
mechanical constraints are ensured by fixing the tails of the histidines, the
phenylene, and the truncated phytyl chains. Left top: hydrogen bond between
HisL168 and the acetyl oxygen of the PL dimer half. Right bottom: dihedral
angle of the histidine ring of HisM202 with respect to the Mg-Nτ coordination
axis.

On a 3 ps time scale the primary electron donor is oxidized and an
accessory bacteriochlorophyll (BA) is reduced [5]. Stark experiments find
an internal charge transfer (CT) character state P+

L P
−
M to have strong

influence on P ∗ [6]. The ground-state electron density distribution of
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3.1. INTRODUCTION

P and of the radical cation P •+ is influenced by the immediate protein
environment as indicated by solid-state NMR, ENDOR/EPR and density
functional calculations [7,8]. The axial histidines are known to donate elec-
tron charge to bacteriochlorophyll chromophores both in reaction centers
and light-harvesting complexes, and the acetyl groups conformation tunes
the energy of the π-conjugated bacteriochlorophyll planes [9,10]. Ab-initio
molecular dynamics (AIMD) simulations [11,12] have been performed at
room temperature of a model including the special pair and the relevant
closest protein environment (Figure 3.1). Long range interactions are not
included in the model, but the chosen residues are thought to be sufficient
to capture the most important effects for the local dynamics. Within
this approach the dynamics of the nuclear coordinates is coupled to the
corresponding electronic structure rearrangement calculated with density
functional theory (DFT). This allows us to predict the reaction coordinate
of coherent charge separation and the mechanism leading to the first
charge transfer (CT) intermediate.

The AIMD simulations have been performed using the Car-Parrinello
method [11,12] as implemented in the CPMD code [13]. The BLYP func-
tional is used for the exchange-correlation energy [14]. The Kohn-Sham
orbitals are expanded in a plane-wave basis set with a kinetic energy cutoff
of 70 Ry and dispersion corrected atom-centered (DCACP) pseudopoten-
tials [15] are used. For the excited state dynamics the restricted open-shell
Kohn-Sham (ROKS) formalism [12] is applied. For the normal mode analy-
sis and for single point calculations at selected snapshots along the AIMD
trajectories I used the ADF code [16]. Also time dependent DFT (TDDFT)
calculations have been performed using the ADF code for a selected set
of configurations along the dynamical trajectories to evaluate the first ex-
citation energies. Although TDDFT with standard GGA functionals suffers
from the well known poor description of charge transfer character excita-
tions, this analysis shows that the first excitation has a dominant HOMO
to LUMO transition character. This finding justifies the use of the ROKS
approach where only the HOMO to LUMO transition is taken into account
to evaluate the excited state dynamics. Two AIMD ground state simulations
have been performed of about 1 ps each starting from two sets of initial co-
ordinates for our model taken from the X-ray crystallographic data of wild
type [17] and R-26 mutant [18] Rhodobacter Sphaeroides reaction centers,
respectively. The results presented in Figure 3.2 and 3.3 are obtained from
the first trajectory using the wild type initial conditions. I verified that the
trajectory generated from the R-26 mutant initial coordinates shows a pic-
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CHAPTER 3. EFFICIENT EVOLUTION OF EXCITONS INTO CHARGE TRANSFER STATES

ture consistent with the first trajectory. The ground state and excited state
ROKS dynamics presented in Figure 3.4 are based on the R-26 initial con-
ditions, while the inset of Figure 3.4 comes from the wild type model. The
effect of long-range electrostatic interactions has been tested on a few snap-
shots along the trajectories by including a conductor like screening model
(COSMO) using the ADF code with the same BLYP functional used in the
AIMD simulations and a triple zeta with polarization basis set (TZP). A
dielectric constant of 5 (a typical value in a protein environment) has been
considered for this test. The relative energies of different configurations
treated with and without the solvent model are well within 1 kcal/mol, thus
confirming that the shape of the potential energy surface and therefore the
force acting on the nuclei is not significantly modified by long range effects
of the environment.

3.2 The Ground State

The ground state trajectories show that frontier orbital (HOMO-LUMO)
localization is a dynamic characteristic of the special pair at room temper-
ature (Figure 3.2).

Figure 3.2: Frontier orbital localization for different snapshots along the tra-
jectory. The HOMO fluctuates from localization on PL (left) to a delocalized
state (middle) to localization on PM (right). Note that the LUMO shows the
exact opposite behaviour, which leads to the CT character.

On a 1 ps timescale the HOMO fluctuates from complete localization on
one dimer half to a delocalized state to complete localization on the other
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3.2. THE GROUND STATE

dimer half. The LUMO shows the same dynamical behaviour with opposite
phase; when the HOMO is localized on PM the LUMO is localized on
PL and vice versa. This result can be interpreted by thermally induced
orbital energy fluctuations of the two monomers: When the HOMO energy
of PL is lower than the HOMO energy of PM , the HOMO of P shows
an essentially monomeric character being localized entirely on PL; when
the orbital energies of the monomers are very similar, the HOMO is
delocalized. HOMO-LUMO photoexcitation of P at specific geometries
will thus yield an excited state with strong CT character. We find both
P+
L P

−
M and P−L P

+
M CT characters to be present at room temperature

as well as a delocalized pure exciton state P ∗. Comparing the relative
HOMO-LUMO gap of P+

L P
−
M and P−L P

+
M transitions it is shown, in

agreement with Stark experiments [6], that P+
L P

−
M is the lowest energy

CT transition of the P absorption band. The dynamic picture (Figure 3.2)
and the occurrence of excitations with different character (P ∗, P+

L P
−
M and

P−L P
+
M ) gives insight into the homogeneous broadening of the P absorption

band and provides an explanation for its red shift at low temperatures.
Going to low temperature the structural fluctuations are quenched as the
system freezes gradually. This will eliminate the higher energy transitions
in the absorption spectrum of P and leave the pure exciton transition with
some P+

L P
−
M charge transfer character to dominate the band and red-shift

the absorption maximum at low temperature. The HOMO is preferentially
localized on PL. Upon photo-oxidation of P the unpaired electron is
assumed to be removed from the HOMO leading to a net spin density.
Both NMR and ENDOR techniques measure a spin density distribution on
bacterial RCs in the charge-separated radical cation P •+ state delocalized
over the dimer with a 2:1 ration between PL and PM [19-20].

The thermal rearrangement of electron density over P opens the possibility
to correlate electronic structure with distinct conformational dynamics, i.e.
to find the normal modes of P that couple to orbital localization. Fourier
transformation of the velocity autocorrelation function of the trajectories
gives a vibrational density of states that shows two distinct maxima at low
frequencies, ∼ 50 cm−1 and ∼ 100 cm−1 (Figure 3.3, grey shading in top
graphs). To assign the peaks and resolve the appropriate conformational
dynamics additional Fourier transforms of the autocorrelation function of
different components of the model and of individual structural parameters
(e.g. dihedral angles and bond distances) were performed. The lowest
frequency peak at ∼ 50 cm−1 is well resolved in terms of the out-of-plane
acetyl motion that couples strongly to the HisL168 imidazole ring dynamics
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CHAPTER 3. EFFICIENT EVOLUTION OF EXCITONS INTO CHARGE TRANSFER STATES

through hydrogen bonding interaction (see Figure 3.1, left top and Figure
3.3, blue lines). This is the characteristic vibrational coordinate of the mode,
which is biased towards the PL dimer half also absorbing at this frequency
(see Figure 3.3, middle top inset, where the contribution of the two dimer
halves is considered separately). To correlate the vibrational coordinate
with the electronic structure, the energies of the HOMO and HOMO-1
along the trajectory are associated to either the PL or PM dimer half de-
pending on their localization. The left bottom graph of Figure 3.3 shows
the correlation between the PL-HOMO energy (bars) and the hydrogen
bond distance from the PL-acetyl to the HisL168 with a computed Pearson
correlation coefficient ρc = 0.64; at minimum distance, the hydrogen bond
is strongest and stabilizes the PL-HOMO energy.

Figure 3.3: Total vibrational density of states (VDOS) obtained from the dy-
namical trajectory (grey shading top graphs). Blue lines in the top left represent
conformational dynamics of the ∼ 50 cm−1 mode obtained from the time evo-
lution of the hydrogen bond with HisL168 and of the PL-acetyl group. The
inset gives the VDOS for PL in blue. The bottom left graph gives the hydrogen
bond distance (blue line) with the PL-HOMO energy (bars) in the time domain.
Red lines represent conformational dynamics of the ∼ 100 cm−1 mode, top right
graph gives the VDOS obtained from the axial histidine dihedrals and the inset
the VDOS for PM . The bottom right graph gives the HisM202 dihedral (red
line) with the PM -HOMO energy (bars) in the time domain.
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In a separate calculation the Hessian matrix is diagonalized for the same
model to analyze the normal modes. This calculation is performed using
the Becke-Perdew functional. In agreement with the dynamical data the
normal modes around ∼ 50 cm−1 are asymmetrically delocalized over
P with an emphasis on PL and with most of the amplitude along the
characteristic vibrational coordinate represented by the concerted motion of
the PL-acetyl and the HisL168. In- and out-of-plane rotation of the acetyl
group with respect to the bacteriochlorophyll macrocycle is well known to
modulate the conjugated π-system [10]. The underlying structural cause
for the ∼ 50 cm−1 mode to be dominated by the PL-half acetyl group is
that its symmetry-related counterpart on PM acts as a sixth ligand to the
Mg of PL, inhibiting its free rotation. The average Mg-Oacetyl distances
confirm this; the PM acetyl group is ∼ 1 Å closer to the Mg on PL ’locking’
it into coordination.

Equally pronounced in the total vibrational density of states is a peak at
∼ 100 cm−1 that is mostly localized on the PM half of the dimer (Fig-
ure 3.3; inset, red line). Analysis of the structural dynamics showed an
intriguing anti-correlated rotation of the two axial histidines with respect
to the coordination Mg-Nτ axis (illustrated by the inset in Figure 3.4;
left top) expressed in terms of dihedral angles (see Figure 3.1 inset; right
bottom). Calculations of covariance between the L- and M-side axial his-
tidines (ρc = −0.81) confirm this behaviour yielding values a factor of 2 to
4 larger then the negative covariance between the L and M bacteriochlor-
phyll planes. From the Fourier analysis both dihedral angles are found
to contribute to the ∼ 100 cm−1 mode, with the M-side dihedral showing
larger amplitude (see Figure 3.3, top right, red lines). The normal mode
analysis clearly confirms this picture; the modes around ∼ 100 cm−1 con-
tain an anti-correlated rotation of the axial histidines with respect to the
Mg−Nτ axis, the amplitude being larger on the M-side. In conclusion, the
characteristic vibrational coordinate of the∼ 100 cm−1 mode involves mostly
the PM dimer half and the axial rotation of the HisM202. The bottom right
graph of figure 3.3 shows the dihedral angle of HisM202 (red line) with the
energy of the PM -HOMO (bars) along the trajectory. Minima at 0, 350 and
700 fs in the energy of the PM -HOMO correspond to maxima in the dihe-
dral angle revealing that these quantities are anti-correlated (ρc = −0.50).
The ground state multidimensional configurational space along which the
relative energies of PL and PM are modulated is thus essentially given by
two collective coordinates with well defined frequencies (∼ 50 cm−1 and ∼
100 cm−1). Displacements along these coordinates changes the localization
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of the frontier orbitals.

3.3 The Excited State
To explore the dynamics in the excited state (P ∗) a molecular dynamics
simulation based on the restricted open-shell Kohn-Sham (ROKS) ap-
proach [12] has been performed starting from the previously equilibrated
ground state trajectory. The use of ROKS is justified given the dominant
HOMO-LUMO character of the excitation. By comparing the ground state
and the ROKS trajectories a distinct conformational change induced by the
photo-excitation is apparent. This is illustrated in figure 3.4, showing the
dihedral angles of the rotation of the axial histidines around the Mg-Nτ

axis. In the ground state a striking negative covariance between the
rotations of the two histidines was found (see also the inset in Figure 3.4).

Figure 3.4: HisM202 (red line) and symmetry related HisL173 (blue line)
dihedral angles representing the rotation of the histidine rings around the coor-
dination Mg−Nτ axis as a function of time (see also Figure 3.1, right bottom).
The arrow indicates the time step of the switch from ground state to excited state
(ROKS) dynamics. In the inset for comparison the same structural parameters
along a different ground state trajectory. The right figure shows the positive
values of the difference between the P ∗ and P electron density (ρP

∗ − ρP ) at
the end of the ROKS dynamics.

After photo-excitation the dihedral angle of HisM202 (red line), that was
found to be characteristic of the vibrational coordinate of the ± 100 cm−1)
mode, increases from an average of ∼ 25◦ in the ground state to ∼ 80◦ in
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P ∗ and the negative covariance is lost. The vibrational coordinate of the
± 50 cm−1 mode is not affected upon photo-excitation. In conclusion, upon
photo-excitation P couples selectively to the ± 100 cm−1 mode which I
propose is the same mode seen in resonance Raman studies (96 cm−1),
[22] in femtosecond absorption spectroscopy (94 cm−1) [3], and possibly
hole-burning studies (∼ 150 cm−1) [4]. To check the effect of the dynamics
on the evolution in the excited state and the electron density distribution
the difference between the excited state and ground state electron density
for selected snapshots along the ROKS dynamics is considered. In
Figure 3.4 (right) the positive values of ρP ∗ − ρP are plotted. Electron
density moves from PL to PM and onto the HisM202 in agreement with
experimental findings that P ∗ is dominated by a P+

L P
−
M CT character [6,23].

Figure 3.5: LUMO redistribution as a function of a displacement along the
100 cm−1 normal mode resulting in a rotation of the HisM202 around the co-
ordination Mg-Nτ axis from 5◦ (left) to 50◦ (right).

To confirm that the excited state electron density redistribution is due to
the coupling of the excited state with the discussed 100 cm−1 mode, I show
in Figure 3.5 how the LUMO is redistributed by a displacement along this
normal mode. The amplitude of the displacement is chosen such that the
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HisM202 dihedral angle - representative of the rotation of the histidine
around the coordination Mg-Nτ axis - increases from 5◦ to 50◦. This con-
firms that the reaction coordinate, even starting from a P−L P

+
M CT configura-

tion, leads to a P+
L P

−
M intermediate state through the coupling of P ∗ to the

100 cm−1 mode resulting in an increase of the dihedral angle and initiating
a directional displacement of electron density. From the Moser-Dutton sim-
plification, the donor-acceptor distance is the rate-defining variable in most
biological electron-transfer reactions [24,25]. In the bacterial RC, where
competing electron-transfer pathways have similar distances, the reaction
coordinate - as identified in this work - displaces electron density asym-
metrically, possibly increasing the electronic coupling with one (BA) of the
two accessory bacteriochlorophylls. Additional investigations with an ex-
tended model including the electron acceptor are needed to support this
suggestion (see Chapter 4).

3.4 Conclusions

In conclusion, the ground state electron density is continuously redistributed
by thermally excited low frequency collective modes (∼ 50 cm−1 and ∼ 100
cm−1) that tune the respective dimer halves energies and induce the thermal
broadening of P . Upon photo-excitation the excited state P ∗ specifically
couples to the ∼ 100 cm−1 mode that lowers the PM dimer half energy and
effectively modulates the barrier for charge separation allowing a coherent
displacement of electron density towards a P+

L P
−
M charge transfer inter-

mediate. Thus, I have structurally characterized the nuclear motion that
drives the efficient charge separation in bacterial reaction centers. Further
nonadiabatic, excited state dynamics would be needed to directly observe
the oscillatory evolution of charge transfer character in combination with,
for example, two-dimensional electronic spectroscopy.
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