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ABSTRACT Recently, Fleming's group observed direct evidence that the electro-
nic excitation energy (and population) transfers coherently rather than through
incoherent hopping motions in the Fenna-Mathews-Olson pigment-protein
complex. Ishizaki and Fleming further developed a hierarchy equation approach
to describe this excitation population transfer dynamics in amodel photosynthetic
system. Here, we treat this samemodel system via the linearized approximation to
the semiclassical (SC) initial value representation (IVR) for time correlation
functions, in combination with the Meyer-Miller-Stock-Thoss model for the
electronic degrees of freedom. Our approach is able to describe the long-lived
quantum coherent dynamics, in excellent agreement with Ishizaki-Fleming's
results. Moreover, the advantage of the linearlized SC-IVR approach is that it can
be applied to anymolecular model for which classical MD simulations are feasible,
all the way up to a full all-atomMD simulation, while at the same time treating the
electronic and nuclear dynamics in a consistent fashion.

SECTION Dynamics, Clusters, Excited States

B y capturing sunlight and converting solar energy into
chemical energy, photosynthesis is the greenest reso-
lution for energy consumption.1 Despite a long history

of extensive studies, themolecularmechanisms for the highly
efficient light-harvesting and excitation energy transfer (EET)
in photosynthesis are elusive. For example, electronic quan-
tum coherence is often assumed to decay rapidly, so that
the excitation energy transfer can be well-described by semi-
classical hopping models.2 Recently, however, Fleming's
group has observed long-lived electronic coherence3 in the
Fenna-Mathews-Olson (FMO) pigment-protein complex,4

suggesting that one needs to reconsider the significant role of
quantum coherence in photosynthetic systems. The Redfield
equation5 is perhaps the simplest theoretical approach avail-
able for describing quantum coherence in photosynthetic
EET; however, in Redfield theory, the reorganization energy
is assumed to be small in comparison with the electronic
couplings, and the electron environment is treated perturba-
tively. These assumptions are often not valid in typical photo-
synthetic EET systems; therefore, it may be problematic6

using it to describe quantum coherent dynamics in these
systems. In fact, Ishizaki and Fleming developed a reduced
hierarchy equation approach7,8 that predicted several times
longer-livedelectronic coherence thandoesRedfield theory in
a pigment dimer system.

The initial value representation (IVR) of semiclassical (SC)
theory,9-11 which successfully adds quantum effects to classi-
cal molecular dynamics (MD) simulations, is an alternative
choice for the study of quantum coherence in photosynthetic
EET. It has also been shown12-15 that the SC-IVR can describe

quantum coherence in electronically nonadiabatic dynamics
by using the Meyer-Miller-Stock-Thoss (MMST)16-18 clas-
sical analoguemodel forelectronic degrees of freedom. In this
work,we apply the linearized SC-IVRmethod19 (LSC-IVR) and
the MMST model to treat the specific photosynthetic model
system used by Ishizaki and Fleming.7,8 Ourmethods predict
much longer lived electronic coherence than does Redfield
theory, in excellent agreement with Ishizaki and Fleming's
approach. The advantage of our approach is that it is, in
principle, possible to apply it to a full molecular model of the
photosynthetic system of interest, that is, a complete mole-
cular dynamics simulation. In the meanwhile, we have many
opportunities of investigating molecular mechanisms in EET
in other simpler multichromophoric systems, such as con-
jugated polymers.20

In SC-IVR theory, the time propagator is approximated
by an f-dimensional phase space integral over classical tra-
jectories
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where qt(q0,p0) is the time-dependent classical trajectorywith
the initial condition of (q0,p0) and St(q0,p0) is the classical
action integral along this trajectory. The linearized approxi-
mation to the two time propagators involved in a typical time
correlation function19 leads to the Wigner form21

CABðtÞ ¼ tr½ ^Aei Ĥt=p^Be-i Ĥt=p�
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where Aw and Bw are theWigner functions of the correspond-
ing operators, defined by

Owðq0,p0Þ ¼
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We use the MMST theory to model discrete electronic

states, in which each electronic state is modeled by a harmo-
nic oscillator, so that both electronic and nuclear degrees of
freedom are treated consistently in the semiclassical descrip-
tion, eq 1. The MMST Hamiltonian for the case of n electronic
states (in the Cartesian representation) is

Hðx,p,Q,PÞ ¼
Xn
k¼1

1
2
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þ
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where Hkk(Q) is the electronic potential energy surface for
diabatic state k and Hkl(Q) is the electronic coupling between
state k and state l; (x,p) and (Q,P) are classical electronic and
nuclear coordinates andmomenta, respectively. If the system
is in the electronic state k, the action variable nk= (1/2)(xk

2þ
pk
2 - 1) equals 1 and all other action variables are 0, that is,

nl = 0 (l 6¼ k). The classical (i.e., Hamilton) equations of
motion are derived from eq 3 for all electronic and nuclear
degrees of freedom.14 Note the sum of all action variables,
that is, the total electronic population, is a constant of the
motion and equals 1. We use this conservation of the total
electronic population in our calculations.22

To study the excitation energy transfer dynamics, we use
the same photosyntheticmodel system as that in Ishizaki and
Fleming's work.7,8 The system Hamiltonian is a spin-boson-
type one, in which each Bacteriochlorophyll (Bchl) molecule
is modeled by a two-level site and is coupled with an
independent harmonic phonon bath, that is, the fluctuations
of electronic-phonon couplings for different Bchl mole-
cules are uncorrelated. We evaluate electronic popula-
tion functions for each site, which can be calculated by
using eq 2.
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TheWigner transformof the densitymatrix element Fiiw(xt,
pt) and of the Boltzmann operator FBw(Q0,P0) can be found in
ref 14. We assume the spectra density of phonon modes (for
all sites) to be of Debye form

JðωÞ ¼ 2λ
ωτ-1

c

ω2 þ τ-2
c

ð5Þ

where the reorganization energy λ represents the coupling
strength between the Bchl molecule and phonon bath and τc
is the characteristic time of the phonon bath. We discretize
the continuous phonon spectra density eq 5 as done in
ref 23; 200 phonon modes are used for each site. Typically
50000-500000 trajectories are necessary to obtain con-
verged results in the current applications.

We first consider the simplest model system which con-
tains only two sites plus uncorrelated phonon baths for each
site. The difference of the excited electronic energy between
two free sites is ε1

0 - ε2
0 = 100 cm-1, the site-site electronic

coupling is J12 = 100 cm-1, and the bath temperature is
300K.At time t=0, site 1 is in its excited electronic state, and
site 2 is in its ground electronic state, and the time-dependent
electronic population of site 1 is calculated for different
phonon bath conditions. Figure 1 shows the results for the
case in which the characteristic time of the phonon bath is
500 fs, with various reorganization energies. For small re-
organization energy, the excitation energy transfers back and
forth between two sites, and we observe long-lived electronic
coherence. Redfield theory, which is supposed to be valid for
small reorganization energies, still underestimates themagni-
tude of the electronic coherence. Our semiclassical treatment
predicts much longer lived quantum coherence than does
Redfield theory, in excellent agreement with Ishizaki and
Fleming's reduced hierarchy equation approach.7 Similar

Figure 1. Electronic population dynamics of site 1. The results are
calculated by the present semiclassical model for various reorga-
nization energies, in comparison with those by using Ishizaki and
Fleming's hierarchy equation approach and Redfield theory taken
from ref 7.
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trends can be found for a faster phonon bath with τc = 100 fs
(see Figure 2). In all coherent regimes, our results agree very
well with those of Ishizaki and Fleming's, though there
are some noticeable differences in the incoherent hopping
regime (Figure 2d).

We have also carried out preliminary calculations using our
approach for the larger system consisting of seven two-state
Bchl molecules, all parameters for this model system being
the sameas those in Figure 1 of ref 8. The initial excitation is at
site 1 and the time evolution of the electronic populations of
Bchl molecules are shown in Figure 3. (About 50000 trajec-
tories were sufficient to obtain converged results in this case.)
The preliminary results from the semiclassical approach are
seen to describe the electronic coherence in this multiple-
state system in qualitative agreement with the results in ref 8,
though there are some noticeable differences.We also note in
Figure 3a that the population of some electronic states takes

on negative values at the longest times; this is a typical
problem within the LSC-IVR and is an indication of the error
given by this approximate version of the SC theory. Further
investigation is underway to resolve the origin of these
remaining differences.

Quantum coherence appears to play a role in EET in
photosynthesis even at physiological temperature. Conven-
tional Redfield theory seems to be insufficient for describing
this long-lived coherent dynamics in EET (which is perhaps
not unexpected since the time scale of the bath is not faster
than that of the system). In this paper, we have demonstrated
the feasibility of the LSC-IVR and MMST models for treating
quantumcoherence inphotosyntheticEET. The attractiveness
of this approach is that it can be applied to any model for
which classicalMDsimulations are possible, all thewayup to a
full all-atomMD simulation of the molecular system, treating
the electronic and nuclear dynamics on an equivalent basis.
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