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Key to efficient harvesting of sunlight in photosynthesis is the first energy conversion process in
which electronic excitation establishes a trans-membrane charge gradient. This conversion is ac-
complished by the photosynthetic reaction center (RC) that is, in case of the purple photosynthetic
bacterium Rhodobacter sphaeroides studied here, surrounded by light harvesting complex 1 (LH1).
The RC employs six pigment molecules to initiate the conversion: four bacteriochlorophylls and
two bacteriopheophytins. The excited states of these pigments interact very strongly and are simul-
taneously influenced by the surrounding thermal protein environment. Likewise, LH1 employs 32
bacteriochlorophylls influenced in their excited state dynamics by strong interaction between the
pigments and by interaction with the protein environment. Modeling the excited state dynamics in
the RC as well as in LH1 requires theoretical methods, which account for both pigment-pigment
interaction and pigment-environment interaction. In the present study we describe the excitation
dynamics within a RC and excitation transfer between light harvesting complex 1 (LH1) and RC,
employing the hierarchical equation of motion method. For this purpose a set of model parameters
that reproduce RC as well as LH1 spectra and observed oscillatory excitation dynamics in the RC is
suggested. We find that the environment has a significant effect on LH1-RC excitation transfer and
that excitation transfers incoherently between LH1 and RC. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4738953]

I. INTRODUCTION

Photosynthesis is the process by which life on earth is
sustained through the utilization of solar energy. Solar energy
absorbed by pigment molecules, such as bacteriochlorophyll
(BChl), in pigment-protein complexes is passed between pig-
ments until it arrives at a photosynthetic reaction center (RC),
where it is converted into a charge gradient. The RC, common
to all photosynthetic species, achieves the first critical energy
conversion needed for long term storage of solar energy in
living cells.1

The structure of the reaction center from the purple bac-
terium Rhodobacter (Rb.) sphaeroides was solved in 1987,2

revealing the atomic positions and conformation of the pig-
ment molecules (Fig. 1(a)). Noteworthy in the structure was
how two of the six primary pigment molecules, the special
pair BChls, were placed very close together (separated by
only 7.5 Å).3 Additionally, two further BChls and two bac-
teriopheophytin (BPheo) molecules were also identified and
placed. Altogether the six pigments can be classified into
three groups, special pair BChls (P), accessory BChls (B),
and BPheos (H), each of which has been assigned to one of
the the three peaks seen in the RC’s equilibrium absorption
spectrum4, 5 (Fig. 1(b)).

The reaction center in purple bacteria is surrounded by
an antenna complex known as light harvesting complex 1

a)Electronic mail: kschulte@ks.uiuc.edu.

(LH1),6 thus forming the LH1-RC core complex. In Rb.
sphaeroides the presence of an additional protein, known
as PufX, results in the dimerization of LH1-RC.7 The pre-
cise position of PufX is, however, still debated. In PufX-
mutants of Rb. sphaeroides the core complex is found only in
its monomeric form, which is shown in Fig. 1(c). To avoid the
confusion relating to PufX placement, the monomeric form
of LH1-RC, also found in Rhodospirillum photometricum, is
considered henceforth. It is expected that the results and con-
clusions extend also to the dimeric form of the core complex.

LH1 contains 32 additional BChls that result in a strong
absorption peak at 875 nm and, hence, are called the B875
BChls. By surrounding the RC with additional pigment
molecules the amount of sunlight that the cell can absorb is
greatly increased,8, 9 thus allowing the cell to exploit, through
rapid turn-over, electron transfer in the RC.10–18 An additional
antenna complex, light harvesting complex 2 (LH2), is also
present in purple bacteria. It has recently been shown that
LH2 and LH1 are sufficiently separated for excitation trans-
fer between them to be incoherent,19 thus allowing the calcu-
lation of excitation dynamics of LH1-RC without including
LH2.

A slight asymmetry in the structure of the RC leads to a
similar asymmetry in the energy levels of the pigments. This
results in a highly dominant path for charge separation, la-
belled the “L” side, whereas the non-dominant side is labelled
“M”.20–25 Accordingly, there are altogether six pigment ex-
citation energies to model with site energies EPL/M

, EBL/M
,
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FIG. 1. (a) Position of bacteriochlorophylls (PM, PL, BM, BL) and bac-
teriopheophytins (HM, HL) in the reaction center (RC) from Rhodobacter
sphaeroides. (b) RC equilibrium infrared absorption spectrum from Ref. 5.
(c) Light harvesting complex 1 surrounding the RC; shown is also the B875
ring of pigments. (d) Orientation of bacteriochlorophyll and bacteriopheo-
phytin transition dipole moments in the RC.

EHL/M
. The close proximity of the special pair BChls sug-

gests strong interaction between their excited states, leading
to strong, i.e., thermally robust, coherent sharing of excitation
between the two BChls.26 Recent experiments27 have also re-
vealed coherence effects between the B and H pigments. The
three-peaked RC absorption spectrum, therefore, is not sim-
ply the sum of the spectra of three separate pigment groups,
but results from their coherent mixing.

To account for the RC excited state dynamics, the verti-
cal excitation energies and pigment-pigment interaction ener-
gies need to be characterized. There have been many efforts
towards this goal,26, 28–39 but only parts of the system were
modeled at a time. In the present work we furnish an overall
description of RC excitation dynamics employing a method
that has become widely accepted,40–45 namely the hierarchy
equations of motion (HEOM) method. To apply the method
we suggest an effective Hamiltonian and coupling to the en-
vironment. We demonstrate that the suggested model repro-
duces well the observed RC absorption spectrum. We exam-
ine then the excited state dynamics of the RC pigments.

Similar to the RC, light harvesting complex 1 (LH1)
represents a fundamental, much studied photosynthetic sys-
tem that is also governed by strong pigment-pigment inter-
action and strong coupling to a finite temperature environ-
ment. LH1 and RC interact closely with each other and so
they are investigated jointly in the present study by the HEOM
approach. For LH1 we resort to a previously chosen effec-
tive Hamiltonian.46, 47 The close proximity of LH1 and RC
brings into question whether excitation transfer occurs inco-
herently between them, as has been previously assumed, but
to be expected only for transfer between distant groups of

pigments.48–50 By using the HEOM the assumption’s validity
can be tested.

For the application of the HEOM method we employ
the program PHI developed by the authors.19 The program,
made available to other researchers51 integrates the HEOM ef-
ficiently on single processor and multi-processor shared mem-
ory computers.

In Sec. II we briefly introduce the effective Hamiltonian
and model of the coupling to the thermal environment. Stating
then two possible choices of the associated model parameters,
we present the resulting excitation dynamics of the RC and the
LH1-RC excitation transfer.

II. METHODS

To determine how excitation transfers between LH1 and
RC a description of the quantum system comprising the ex-
cited LH1 and RC pigments and their interaction with the
surrounding protein environment is needed. Due to the com-
plexity of systems like those seen in light-harvesting an effec-
tive Hamiltonian description is often used to characterize such
systems.42, 43, 48, 52–54 The effective Hamiltonian involves only
the most relevant subset of states. In case of excitation dynam-
ics of light harvesting systems, the low-light photon level in
the habitat of the biological organisms permits one to confine
the effective Hamiltonian to the manifold of single pigment
excitations, yielding an effective Hamiltonian given by

H0 =
∑

n

En |n〉 〈n| +
∑
n,m

Vnm |n〉 〈m| , (1)

where |n〉 describes the state in which the nth pigment is ex-
cited and all the others are in the ground state. En are the verti-
cal excitation energies, Vn are the interaction matrix elements
between the excited states of pigments n and m. There exist
many parameterizations of the system Hamiltonian, some of
which are listed in Table S1 in the accompanying supplemen-
tary material.55

Interaction energies between the excited states of pig-
ments are typically determined using the point-dipole approx-
imation and are then

Vnm = C

[
d̂n · d̂m − 3(r̂nm · d̂m)(r̂nm · d̂m)

r3
nm

]
, (2)

where rnm is the vector connecting the center of pigment n to
the center of pigment m, dn and dm are the transition dipole
moments of pigments n and m (see Fig. 1(d)); the constant
C = 146 798 cm−1 is chosen to reproduce BChl Qy excited
state interactions in a protein environment.48 The point dipole
approximation has been shown to account well for interac-
tion energies of well separated pigments (>1.5 nm Mg-Mg
distance), but in case of neighboring pigments in the RC and
LH1 (<1 nm) the interaction energies need to be determined
case by case following, for example, the procedure suggested
in Ref. 26.

The pigments are embedded in protein-complexes, which
in turn are surrounded by lipids, other proteins, water, and
ions, all comprising the environment. In living bacteria, the
environment is at a temperature of 300 K and it is expected
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that thermal noise plays an important role. The thermal envi-
ronment is modeled as an infinite bath of harmonic oscillators,
such that the bath Hamiltonian HB is given by

HB =
∑

ξ

[
p2

ξ

2mξ

+ ω2
ξ q

2
ξ

2

]
. (3)

The thermal bath is coupled to each pigment independently
through the system-bath interaction term

HSB =
∑

n

|n〉 〈n|
∑

ξ

cnξ qξ , (4)

where cnξ is the coupling strength of vibrational mode ξ to
pigment n. This coupling introduces a shift in the minimum
energy positions of the bath coordinates, which is balanced by
the renormalization term

HREN =
∑

n

|n〉 〈n|
∑

ξ

c2
nξ

2mξω
2
ξ

=
∑

n

|n〉 〈n| λn, (5)

where λn is the so-called reorganization energy. The total
Hamiltonian is thus given by HT = HS + HB + HSB, where
HS = H0 + HREN is the renormalized system Hamiltonian.

The bath degrees of freedom are not of interest in the
final result and are traced out of the dynamics yielding the
bath-averaged density matrix, formally written

ρ(t) = trB

{∫
e−iLT t/¯ρ(0) ⊗ e−βHB dt

}
/trB{e−βHB }

= 〈U(t)〉B ρ(0), (6)

where β = 1/T. There have been many attempts to find meth-
ods to calculate the bath-averaged time evolution of the den-
sity matrix, few of which turned out computationally feasible
for all but model two-state systems.56–61 Typically, approx-
imations are made regarding the quantum nature of the dy-
namics or regarding the relative interaction strengths in the
Hamiltonian. By restricting oneself to simple spectral densi-
ties and higher temperatures, one can employ the hierarchy
equations of motion (HEOM) to avoid the previously men-
tioned approximations,60 though at a computational cost.43 By
developing an efficient parallel implementation of the HEOM
it becomes possible to describe large systems such that ρ(t)
can be calculated for the reaction center.43, 62 As stated in
the introduction our study employs for the integration of the
HEOM the program PHI.19

After performing the bath average, the influence of the
bath on excited state |n〉 is wholly determined by the spectral
density

Jn(ω) = π

2

∑
ξ

c2
nξ

mξωξ

δ(ω − ωξ ). (7)

A drawback of the HEOM is that, in practice, it is limited to
only the Drude spectral density, given by

Jn(ω) = 2λnγnω/
(
ω2 + γ 2

n

)
, (8)

where λn is the reorganization energy, and 1/γ n is the bath
response time. The reorganization energy parameter λn deter-
mines the coupling of thermal fluctuations to the excited state
|n〉. Higher values of λn lead to stronger damping of excited

state dynamics compared to lower values, thus λn is also re-
ferred to as the damping strength. The Drude spectral density
describes the influence of an over-damped harmonic oscilla-
tor with damping time τ = ¯/λ, ¯ being the reduced Planck’s
constant. This spectral density has been shown to reproduce
experimental absorption spectra and excitation dynamics in
the context of the HEOM.42, 43, 54, 62

The HEOM exploit the structure of the correlation func-
tion associated with the spectral density, Eq. (7), by introduc-
ing auxiliary density matrices (ADMs) that take into account
the non-Markovian dynamics induced by the environment.58

The number of ADMs, in principle, are infinite, but can be
truncated to a finite level L, depending on the highest oscil-
lation frequency in the system.60 Furthermore, the finite tem-
perature of 300 K introduces an additional set of ADMs that
can also be truncated to a level K. In the present study we
apply Markovian truncation (see Refs. 42 and 59 for detail)
to both sets of ADMs with L = 8 and K = 1 for the RC ab-
sorption spectra and excited state dynamics calculations, and
L = 5 and K = 0 for the LH1-RC transfer calculations. In
case of LH1 spectra and excitation dynamics the system size
(32 pigments), presently, precludes computations with static
disorder, even with the effective program PHI.19

In addition to the fluctuations introduced by the thermal
environment, one needs to account for long-time, structural
disorder that is not accounted for in the harmonic bath model.
In case of the RC calculations disorder is phenomenologically
included in the form of Gaussian disorder, often termed static
disorder, of the diagonal elements of the system Hamiltonian
with widths σ P, σ B, and σ H for the P, B, and H pigments. We
have assumed that static disorder is uncorrelated between pig-
ments, as suggested by Olbrich and Kleinekathöfer,63 though
recent evidence indicates that for the Fenna-Matthews-Olson
complex static disorder may indeed be correlated.64 An en-
semble average over 1000 realizations of static disorder was
done for the calculation of the RC absorption spectra. Pre-
viously reported bath parameters for the RC pigments in
our calculations are given in Table S2 of the supplementary
material.55

Equilibrium absorption spectra can be calculated using
the HEOM employing the dipole autocorrelation coefficient.
In the site-basis the equation for the equilibrium absorption
spectrum resulting from δ-shaped laser pulses reads65

I (ω) ∝ Re
∫ ∞

0
eiωt tr{μ− · ρ(t)}dt, (9)

where μ− = ∑
n dn ⊗ |0〉 〈n| is the transition dipole operator,

ρ(t) is defined through Eq. (6) and the initial state is given by
ρ(0) = ∑

n dn ⊗ |n〉 〈0|. Calculating the absorption spectrum
thus amounts to calculating, according to Eq. (6), three inde-
pendent density matrix evolutions with the initial states given
by the x, y, and z components of the |n〉 state transition dipole
moments dn.

III. RESULTS

To reproduce the equilibrium absorption spectrum of the
reaction center using non-Markovian excitation dynamics as
calculated by the HEOM, two sets of parameters, largely
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FIG. 2. Comparison of 300 K linear equilibrium absorption spectra calcu-
lated by the HEOM and observed experimentally as reported in Ref. 5.

based on previous choices, are suggested here. The two sets
are able to yield the observed RC absorption spectrum, pa-
rameter set 1 assuming strong damping (high dynamic disor-
der) and parameter set 2 assuming weak damping (low dy-
namic disorder). The RC absorption spectra resulting from
parameter sets 1 and 2 are shown in Fig. 2. The parameters
for the system Hamiltonian, listed in Table I, are very similar
for sets 1 and 2 and also show little deviation from what has
been reported in the literature.26, 29–31, 33 The calculated linear
absorption spectra exhibit greater sensitivity to the effective
Hamiltonian parameters than to the bath parameters. The low
sensitivity to the bath parameters is apparent from the good
fits to the experimental absorption spectrum obtained for both
parameter sets.

The excited state populations calculated using parameter
sets 1 and 2 are shown in Fig. 3. The populations shown are
not averaged over static disorder to provide a view for a single
RC, as opposed to a view for an ensemble average that may
hide detail.45 The damping times associated with parameter
set 1 are τP = 19 fs, τB = 48 fs, and τH = 33 fs; for parameter
set 2 they are τP = 66 fs, τB = 130 fs, and τH = 100 fs.

TABLE I. Parameters for the RC Hamiltonian, HS, and spectral densities
Jn, obtained from fits to experimental spectra (all in cm−1).

Parameter Parameter Parameter Parameter
set 1 set 2 set 1 set 2

EPM
a 12 190 12 180 λP 280 80

EPL
a 12 090 12 080 λB 110 40

EBM
a 12 510 12 500 λH 160 50

EBL
a 12 540 12 530 ¯γ P 52.9 52.9

EHM
a 13 280 13 200 ¯γ B 52.9 52.9

EHL
a 13 140 13 170 ¯γ H 52.9 52.9

VPP 500 500 σP 240 380
VPMBM

–60 –50 σB 90 190
VPLBL

–60 –50 σH 120 240
VPMBL

–70 –60
VPLBM

–70 –60
VBMHM

140 130
VBLHL

140 130

aParameters include the renormalization term HREN.
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Populations are shown for the pigments initially excited in each calculation.

Figure 3 clearly shows that coherent oscillations of the B and
H pigments, similar to those seen in Ref. 27 at 180 K, are
rapidly damped out for parameter set 1, but last longer for
parameter set 2.

As the diagonal entries in the effective Hamiltonians of
parameter set 1 and 2 differ little, the steady-state populations
of the pigments are very similar between the parameter sets,
as expected. The relaxation times, however, are very different:
in case of parameter set 1, the assumed high damping results
in the populations reaching their steady-state values in about
2 ps, compared to 10 ps in the case of parameter set 2 that
assumes weak damping.

To obtain insight into which pigments comprise the ab-
sorption peaks, the exciton states were also computed. The
exciton states were obtained by diagonalizing the steady state
density matrix ρe, i.e., by solving for 〈U(t)〉B ρe = ρe and di-
agonalizing the resulting ρe. A graphical representation of the
exciton states is given in Fig. 4, which shows how much a pig-
ment participates in an exciton state and illustrates the quan-
tum coherence between the pigments associated with each ex-
citon state.

There is little difference between the two parameter sets
of the most populated (lowest energy) exciton states. Indeed,
the primary difference is only that the exciton states in param-
eter set 2 exhibit a bit stronger coherence, which is expected
due to the localizing effect of the stronger damping for pa-
rameter set 1. The special pair BChls are seen to carry the
majority of the steady-state population, the accessory BChls
carrying only about 10% of the steady state population and the
BPheos almost none. The correspondence between pigments
and peaks in the absorption spectra can also be discerned from
Fig. 4. For both parameter sets the lowest energy peak, around
11 500 cm−1, is produced by only a single exciton state. The
middle peak, around 12 500 cm−1 is produced by a combi-
nation of three exciton states that are energetically nearly
degenerate. These states are coherently delocalized over the
P and B pigments due to the pigments’ strong interactions
and energetic proximity. The highest energy peak, around



065101-5 J. Strümpfer and K. Schulten J. Chem. Phys. 137, 065101 (2012)

(1) 87 %    11,626 cm-1 (2) 5.7%    12,444 cm-1

(3) 4.4 %   12,480 cm-1(4) 2.4 %    12,689 cm-1

(5) 0.3 %   13,195 cm-1(6) 0.2 %  13,223 cm-1

1

H
L

B
L P

L P
M

B
M

H
M

1 2
36

45

(b)

H
L

B
L P

L P
M

B
M

H
M

1 2
36

45

(1) 87 %    11,636 cm-1 (2) 7.4%    12,484 cm-1

(3) 2.6 %   12,568 cm-1(4) 2.3 %    12,583 cm-1

(5) 0.2 %   13,171 cm-1(6) 0.1 %  13,304 cm-1

(a)

1 2

36

45

1 2

36

45

FIG. 4. Reaction center exciton states. The exciton states, |̃ν〉, are defined
as eigenstates of the stationary state density matrix, namely, ρe |̃ν〉 = Pν |̃ν〉;
parameters were taken from Table I, where parameter set 1 (a) assumes high
dynamic disorder and parameter set 2 (b) assumes low dynamic disorder.
Orange circles (radius scales with diagonal elements of |̃ν〉〈̃ν|) indicate the
participation of each pigment in an exciton state, and blue lines (thickness
scales with absolute value of off-diagonal elements of |̃ν〉〈̃ν|) indicate inter-
pigment coherence. Listed are also the steady-state population Pν and energy
εν of each exciton state. The numbering of the states is in energetically as-
cending order.

13 300 cm−1, is made up of two exciton states that correspond
almost exactly to each H pigment.

The spectrum of LH1 and excitation transfer between
LH1 and RC were also examined using the HEOM. For these
calculations the parameters for the effective Hamiltonian de-
scribing the B875 pigments were adopted from Ref. 67 and
reorganization energy λ and frequency γ were set to 180 cm−1

and 10 ps−1, respectively, matching experimental values.47

The LH1 absorption spectrum calculated with these param-
eters is shown in Fig. 5(a). Static disorder has been excluded
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FIG. 5. (a) LH1 absorption spectrum. Shown is a comparison of spectra from
Ref. 66 and calculated here using the HEOM approach, but excluding static
disorder. (b) Excitation transfer from LH1 to RC. Excitation transfer was
determined both for parameter sets 1 and 2. Shown are close comparisons
between the HEOM results and descriptions in terms of the kinetic model
in Eq. (10) where tf is the LH1→RC transfer time and tb is the RC→LH1
transfer time.

from these calculations due to a prohibitive computational ex-
pense incurred otherwise. As a result the width of the calcu-
lated spectrum is significantly smaller, i.e., only 40%, of the
width of the measured spectrum. The difference is particu-
larly large as LH1 apparently is rather flexible; indeed a com-
parison of spectral width of the B875 ring of LH1 (FWHM
= 530 cm−1) and of the B850 ring of LH2 (FHWM = 400
cm−1) suggests that LH1 is significantly more flexible than
LH2.66, 68

The transfer of excitation from the B875 ring to RC
pigments is shown in Fig. 5(b). Although strong damping
results in fast equilibration within a complex (see Fig. 3),
it hinders inter-complex excitation transfer. To obtain inter-
complex transfer rates the dynamics were fitted to a simple
kinetic model, namely

dP

dt
= −kf P + kb(1 − P ), (10)

where P is the LH1 excited state population, kf is the
LH1→RC transfer rate and kb is the RC→LH1 transfer
rate. The transfer rates obtained for parameter set 1 are
kf = 1/(42.1 ps), kb = 1/(15.8 ps), and for parameter set 2 are
kf = 1/(33.8 ps), kb = 1/(5.6 ps). The transfer rates obtained
with parameter set 2 are closest to previously reported values
of kf = 1/(25 ps) and kb = 1/(8 ps).11, 12, 28, 67, 69, 70 Including
static disorder in the excitation transfer calculation should in-
crease the transfer times by 10%–20%.62
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IV. CONCLUSION

To investigate excitation transfer between the pigments
in the reaction center (RC) and light harvesting complex 1
(LH1), i.e., the complexes comprising the core particle in
purple photosynthetic bacteria, a consistent set of parameters
for the RC pigments is needed. We have determined an ef-
fective Hamiltonian and coupling to a heat bath for the RC
pigments from Rhodobacter sphaeroides that reproduce, in
the framework of non-Markovian dynamics as described by
the HEOM,43, 60, 62, 71 the 300 K linear absorption spectrum
and experimental results stemming from particularly sensitive
probes of RC excitation dynamics.27

Prior studies investigating excitation transfer in LH1-RC
postulated an incoherent hopping process even though the
pigments complexes of RC and LH1 are in relatively close
proximity. By employing the HEOM, excitation transfer be-
tween LH1 and RC could be investigated without making
such an assumption. It was shown that population relaxation
due to LH1-RC excitation transfer indeed follows a single ex-
ponential function, concluding that it is incoherent and is, as
shown in Fig. 5(b), well described by a simple kinetic model.
As LH1-RC excitation transfer is incoherent for the extreme
cases of weak and strong damping, we conclude that it is
likely incoherent for all parameter sets that reproduce the ab-
sorption spectrum. This result justifies the use of generalized
Förster theory67 in describing LH1-RC excitation transfer.

Our results reveal that the rate of LH1-RC excitation
transfer is strongly affected by the environmental coupling of
the RC pigments. We find that weak damping leads to slow
intra-complex relaxation, but results in fast inter-complex ex-
citation transfer. Although at first glance counter-intuitive,
RC→LH1 transfer is faster than LH1→RC transfer. The
fast back-transfer is still slower than photo-induced P→HL

electron transfer and allows captured photon energy, which
would otherwise be lost, to be funneled to a different RC
in case it reaches one that has recently undergone charge
separation;49 back-transfer also spreads superfluous excita-
tion energy across all pigments, avoiding radiation dam-
age to the RC. Our results show that the back-transfer rate
RC→LH1 is significantly faster with weak damping com-
pared to strong damping. Weak coupling between RC pig-
ments and environment, thus, promotes protection from ra-
diation damage and results in overall improvement of light
harvesting efficiency.
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6X. Hu, A. Damjanović, T. Ritz, and K. Schulten, “Architecture and function
of the light harvesting apparatus of purple bacteria,” Proc. Natl. Acad. Sci.
U.S.A. 95, 5935–5941 (1998).

7J. Hsin, L. LaPointe, A. Kazy, C. Chipot, A. Senes, and K. Schulten,
“Oligomerization state of photosynthetic core complexes is correlated with
the dimerization affinity of a transmembrane helix,” J. Am. Chem. Soc.
133, 14071–14081 (2011).

8M. Sener, J. Strümpfer, J. Hsin, D. Chandler, S. Scheuring, C. Neil Hunter,
and K. Schulten, “Förster energy transfer theory as reflected in the struc-
tures of photosynthetic light harvesting systems,” ChemPhysChem 12,
518–531 (2011).

9J. Strumpfer, M. Sener, and K. Schulten, “How quantum coherence assists
photosynthetic light harvesting,” J. Phys. Chem. Lett. 3, 536–542 (2012).

10Y. Won and R. A. Friesner, “Simulation of optical spectra from reac-
tion center of rhodopseudomonas viridis,” J. Phys. Chem. 92, 2208–2214
(1988).

11K. Timpmann, F. G. Zhang, A. Freiberg, and V. Sundström, “Detrapping
of excitation energy from the reaction centre in the photosynthetic purple
bacterium rhodospirillum rubrum,” Biochim. Biophys. Acta 1183(1), 185–
193 (1993).

12K. Timpmann, A. Freiberg, and V. Sundström, “Energy trapping
and detrapping in the photosynthetic bacterium rhodopseudomonas
viridis: Transfer-to-trap-limited dynamics,” Chem. Phys. 194, 275–283
(1995).

13N. P. Pawlowicz, R. Van Grondelle, I. H. M. Van Stokkum, J. Breton, M. R.
Jones, and M. L. Groot, “Identification of the first steps in charge separation
in bacterial photosynthetic reaction centers of rhodobacter sphaeroides by
ultrafast mid-infrared spectroscopy: electron transfer and protein dynam-
ics,” Biophys. J. 95(3), 1268–1284 (2008).

14Y. C. Cheng and G. R. Fleming, “Dynamics of light harvesting in photo-
synthesis,” Annu. Rev. Phys. Chem. 60, 241–262 (2009).

15S. Lin, P. R. Jaschke, H. Wang, M. Paddock, A. Tufts, J. P. Allen, F. I.
Rosell, A. G. Mauk, N. W. Woodbury, and J. T. Beatty, “Electron transfer
in the rhodobacter sphaeroides reaction center assembled with zinc bacte-
riochlorophyll,” Proc. Natl. Acad. Sci. U.S.A. 106(21), 8537 (2009).

16N. P. Pawlowicz, Ivo H. M. van Stokkum, J. Breton, R. van Grondelle, and
M. R. Jones, “Identification of the intermediate charge-separated state in a
leucine m214 to histidine mutant of the rhodobacter sphaeroides reaction
center using femtosecond midinfrared spectroscopy,” Biophys. J. 96(12),
4956–4965 (2009).

17A. M. Collins, C. Kirmaier, D. Holten, and R. E. Blankenship, “Kinetics
and energetics of electron transfer in reaction centers of the photosynthetic
bacterium roseiflexus castenholzii,” Biochim. Biophys. Acta 1807(3), 262–
269 (2011).

18Z. Guo, S. Lin, Y. Xin, H. Y. Wang, R. E. Blankenship, and N. Wood-
bury, “Comparing the temperature dependence of photosynthetic electron
transfer in chloroflexus aurantiacus and rhodobactor sphaeroides reaction
centers,” J. Phys. Chem. B 115(38), 11230–11238 (2011).

19J. Strümpfer and K. Schulten, “Open quantum dynamics calculations with
the hierarchy equations of motion on parallel computers,” J. Chem. Theor.
Comp. (in press).

20C. Kirmaier, D. Holten, and W. W. Parson, “Temperature and detection-
wavelength dependence of the picosecond electron-transfer kinetics mea-
sured in rhodopseudomonas sphaeroides reaction centers. resolution of new
spectral and kinetic components in the primary charge-separation process,”
Biochim. Biophys. Acta 810(1), 33–48 (1985).

21M. A. Steffen, K. Lao, and S. G. Boxer, “Dielectric asymmetry in the pho-
tosynthetic reaction center,” Science 264(5160), 810–816 (1994).

22M. E. van Brederode and R. van Grondelle, “New and unexpected routes for
ultrafast electron transfer in photosynthetic reaction centers,” FEBS Lett.
455, 1–7 (1999).

23M. E. van Brederode, F. van Mourik, I. H. M. van Stokkum, M. R. Jones,
and R. van Grondelle, “Multiple pathways for ultrafast transduction of light
energy in the photosynthetic reaction center of rhodobacter sphaeroides,”
Proc. Natl. Acad. Sci. U.S.A. 96, 2054–2059 (1999).

http://dx.doi.org/10.1073/pnas.84.17.6162
http://dx.doi.org/10.1073/pnas.84.16.5730
http://dx.doi.org/10.1073/pnas.84.16.5730
http://dx.doi.org/10.1021/jp960708t
http://dx.doi.org/10.1021/jp960708t
http://dx.doi.org/10.1021/bi970024r
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1021/ja204869h
http://dx.doi.org/10.1002/cphc.201000944
http://dx.doi.org/10.1021/jz201459c
http://dx.doi.org/10.1021/j100319a025
http://dx.doi.org/10.1016/0005-2728(93)90017-A
http://dx.doi.org/10.1016/0301-0104(95)00072-V
http://dx.doi.org/10.1529/biophysj.108.130880
http://dx.doi.org/10.1146/annurev.physchem.040808.090259
http://dx.doi.org/10.1073/pnas.0812719106
http://dx.doi.org/10.1016/j.bpj.2009.03.031
http://dx.doi.org/10.1016/j.bbabio.2010.11.011
http://dx.doi.org/10.1021/jp204239v
http://dx.doi.org/10.1016/0005-2728(85)90204-X
http://dx.doi.org/10.1126/science.264.5160.810
http://dx.doi.org/10.1016/S0014-5793(99)00810-8
http://dx.doi.org/10.1073/pnas.96.5.2054


065101-7 J. Strümpfer and K. Schulten J. Chem. Phys. 137, 065101 (2012)

24J. I. Chuang, S. G. Boxer, D. Holten, and C. Kirmaier, “Temperature depen-
dence of electron transfer to the M-side bacteriopheophytin in rhodobacter
capsulatus reaction centers,” J. Phys. Chem. B 112(17), 5487–5499 (2008).

25H. Wang, Y. Hao, Y. Jiang, S. Lin, and N. W. Woodbury, “Role of protein
dynamics in guiding electron-transfer pathways in reaction centers from
rhodobacter sphaeroides,” J. Phys. Chem. B 116(1), 711–717 (2012).
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52X. Hu, T. Ritz, A. Damjanović, F. Autenrieth, and K. Schulten, “Pho-

tosynthetic apparatus of purple bacteria,” Q. Rev. Biophys. 35, 1–62
(2002).
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