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We employ a simple model for the electronic excitations and the exciton-vibration coupling characterizing
the B850 ring of the light-harvesting complex in photosynthetic bacteria to investigate the possibility of
coherence in the energy transfer within the system. The structure of the equilibrium density matrix is studied
using the path integral formulation of quantum statistical mechanics. The calculated mean coherence length
is computed from the average root-mean-square deviation of closed imaginary time paths that are sampled
via a Monte Carlo procedure. This procedure allows simultaneous examination of the effects of thermal
averaging and dynamic and static disorder in a single calculation. The mean coherence length is found to be
about two to three chlorophyll monomers at room temperature. The principal factor responsible for this
localization is thermal averaging, although static and dynamic disorder further destabilize extended states. At
low temperatures the circular arrangement of the pigments favors coherence with respect to the situation in
a linear aggregate. Visual inspection of typical paths offers an intuitive picture of the extent of coherent
energy delocalization in biological antenna systems.

I. Introduction

The process of energy transduction in the membranes of
photosynthetic bacteria begins with the absorption of visible
light by light-harvesting antennas which then funnel the energy
into the reaction center.1-6 The light-harvesting complexes are
molecular aggregates composed of several units that contain
peptides, chlorophyll molecules, and carotenoids. These building
blocks are organized in symmetric structures that assume the
shape of a ring. The light-harvesting complex I (LH-I) im-
mediately surrounds the reaction center, while a second type
of light-harvesting complex (LH-II) channels energy to the
reaction center through LH-I.

The structure and electronic arrangement ofRps. acidophila
andRs. molischianumwere determined in recent experimental
and theoretical studies.7,8 The basic unit of LH-II is a het-
erodimer consisting of two small protein subunits referred to
as theR- and â-apoproteins. TheR heterodimers bind three
bacteriochlorophyll (BChl) molecules, two of which are in close
contact. These dimers form a ring (see Figure 1) that absorbs
around 850 nm. The third BChl of the structural unit is located
about 19 Å away on an outer ring whose absorption maximum
lies at 800 nm. Carotenoid molecules in proximity to the outer
BChl ring harvest light in a different spectral range and also
prevent photooxidation of the chlorophylls. The LH-II of the
above species is composed of eight or nine such units.

This article is concerned with the energy-transfer process
within the inner ring of these LH-II systems. In the absence of
static disorder, the eigenstates of the 16 singly excited BChl

molecules ofRs. molischianumform two exciton bands. Only
the degenerate second and third excited states carry oscillator
strength, and thus, initial excitation at zero temperature should
produce a delocalized linear combination of these. Femtosecond
pumb-probe experiments have monitored the subsequent energy
flow and found that intraband relaxation occurs within less than
50 fs at room temperature.9-13 Whether the energy deposited
in the ring remains delocalized under biological conditions is a
matter of considerable debate. Static disorder, caused by
structural inhomogeneity,14-18 and also exciton-vibration cou-
pling and temperature are factors expected to favor localization.
The energy-transfer process within the LH-II system has been
studied by fluorescence, transient absoprtion, and time-resolved
fluorescence anisotropy techniques.15,19,18,20,21Because of the
complexity of these systems, the interpretation of the measured
superradiance and emission anisotropy has been elusive and the
reported estimates of the coherence lengths vary from one to
two subunits to a substantial portion of the ring. Some groups
have reported evidence of delocalized states at all tempera-
tures,22-24 while the findings of others indicate incoherent energy
transfer between monomers or dimers even under cryogenic
conditions.15,25 These apparent discrepancies have been at-
tributed26 to a strong temperature dependence of the super-
radiance enhancement factor not accounted for in the interpreta-
tion of these experiments. Theoretical investigations have
assessed the effect of static disorder on the coherence of the
exciton eigenstates in an isolated ring and found it to be small.27

The effects of static and dynamic disorder on the resulting
superradiance have been examined using adiabatic and polaron
models.28 Other recent work has employed a multilevel Redfield
description to follow the dynamics of the photoexcited state in
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the presence of coupling to vibrations modeled in terms of a
dissipative bath and estimated the exciton coherence domain.29-31

In the present paper we adopt the imaginary time path integral
formulation of quantum statistical mechanics32 to investigate
the equilibrium properties of the excited LH-II complex. The
Monte Carlo path integral description of light-harvesting systems
is appealing for several reasons: it can take into account the
effects of ensemble averaging at a given temperature, exciton-
vibration coupling, and static disorder automatically in a single
calculation; in addition, it leads to simple pictures that allow
easy visualization of the pertinent coherence length.

In section II we use a simple two-level-system paradigm to
motivate the path integral analysis of the coherence length in
LH-II. Section III describes the model and the discretized path
integral representation of the quantum partition function, which
we adopt. The results of our calculations are presented in section
IV. That section reports the mean coherence length that we
obtain as a function of temperature and dynamic disorder.
Further, graphical representation of typical paths provides an
intuitive picture of the coherence in the energy transfer. Finally,
some concluding remarks are given in section V.

II. Theoretical Analysis

To motivate the calculation and facilitate the analysis of the
results presented in the next section, it is instructive to consider
the equilibrium distribution of an isolated two-level system
(TLS). In the site representation the Hamiltonian reads

where |L〉 and |R〉 are left- and right-localized states and the

tunneling splitting is 2pΩ. Coherences are associated with the
off-diagonal elements of the density matrix in the site basis.
To obtain a quantitative measure for the significance of these
off-diagonal elements, we examine their contribution to the
canonical partition function. The latter is given by the expression

where the last step follows from the symmetry of the Hamil-
tonian. By use of the path integral representation of the
imaginary time propagator, this element takes the form

whereσk ) L, R andN is the number of imaginary time steps.
As is well-known, each realizationL, σk1, σk2, ..., σkN-1, L of
localized states defines a closed path. Coherence prevails if the
paths that contribute most to the partition function alternate
between the two sites. On the other hand, if most statistically
significant paths are localized for the most part, the equilibrium
distribution is characterized by lack of coherence.

To obtain a feel for the nature of the coherent and incoherent
contributions, we examine the terms that enter the path sum
for N ) 2. We choose this particular value ofN because it is
the smallest value that allows paths to visit both accessible sites.
A straightforward calculation leads to the following result for
the contributions of localized vs delocalized paths:

Figure 1. Top view of the B850 ring of the LH-II inRs. molischianum. The 16 bacteriochlorophyll monomers are shown in red, while theR and
â heterodimers are depicted in green.

H ) -pΩ(|L〉〈R| + |R〉〈L|) (2.1)

Z ) Tr e-âH ) 〈L|e-âH|L〉 + 〈R|e-âH|R〉 ) 2〈L|e-âH|L〉
(2.2)

〈L|e-âH|L〉 ) ∑
k1)L,R

... ∑
kN-1) L,R

〈L|e-âH/N|σk1
〉〈σk1

|e-âH/N|σk2
〉...〈σkN-1

|e-âH/N|L〉 (2.3)
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From these expressions it follows that localized and delocalized
paths make equal contributions to the partition function at zero
temperature. In the opposite limit of infinite temperature the
weight of the delocalized path vanishes and the partition function
is dominated by paths that remain on one site.

We define the coherence length of a path as twice the root-
mean-square deviation of the path from its centroid. Restricting
attention to the above two types of paths, the mean coherence
length (MCL) at a given temperature becomes

wherewloc, wdelocare the weights of the localized and delocalized
paths andλloc, λdeloc are the corresponding lengths. In the TLS
example one finds

whered is the distance between left and right sites and

Applying eq 2.6, one concludes thatl ) 0 at infinite temperature,
while the zero temperature coherence length is found to bel )
d/x2. Note that even at zero temperature the MCL is smaller
than the site-to-site separation with the present definition. Other
workers have adopted different measures where the MCL is
defined as the inverse participation ratio or the autocorrelation
function of the exciton wave function. Finally, at a temperature
â-1 ) 2pΩ the TLS coherence length isl ≈ 0.24d. Given that
the population of the excited state is only 0.37 at this
temperature, one might expect a higher degree of coherence.
The reason for the short delocalization length predicted by eq
2.6 is the cyclic nature of equilibrium paths; as a consequence,
the actual distance traversed by such a path is double the site-
to-site distance.

III. Model and Computational Procedure

We model the photosynthetic antenna system by ann-state
model in the basis of localized single excitations. This Hamil-
tonian is coupled diagonally to a dissipative heat bath comprising
the vibrational and torsional modes of the pigments and their
protein-water environment. In the absence of static or dynamic
disorder the system is completely symmetric and takes the form

wheren ) 16 for the B850 ring of LH-II inRs. molischianum.
Here,|ui〉 denote single excitations of individual chlorophylls,
ε is the corresponding excitation energy, and∆ij are the
couplings that are due primarily to dipolar interactions. Sym-
metry implies that∆2k+i,2k+j ) ∆ij. Hu et al.27 have parametrized
this Hamiltonian by fitting the corresponding eigenvalues to
results of ZINDO electronic structure calculations.33 The result-
ing parameters are given in Table 1.

A qualitative description of the effects of exciton-vibration
coupling on the dynamics of energy transfer is obtained by

modeling the nuclear motion of the complex in terms of a
dissipative bath of effective harmonic modes whose coordinates
xj are denoted collectively by the vectorx. The harmonic bath
picture is justified by virtue of the linear response approxima-
tion34 as in the case of electron transfer.35,36 The total Hamil-
tonian takes the form

As is well-known, only the collective characteristics of the bath,
rather than the individual mode frequenciesωj and coupling
constantscj, affect the ring dynamics with this Hamiltonian.
These collective features are contained in the spectral density

which can be obtained from the force-force autocorrelation
function of the medium.34,37,38 Since molecular dynamics
calculations of the LH-II correlation function have not been
reported, we employ a simple model of a generic Ohmic bath
whose spectral density takes the form

This function has a maximum atωc ) 100 cm-1.39,30 The
reorganization energy between two adjacent chlorophyll mono-
mers is related to the exciton-vibration coupling characterized
by ê through the expression

Given the unequal separations of neighboring chlorophyll
monomers that belong to a single or to adjacent dimers, we
expect the intra- and interdimer reorganization energies to have
somewhat different values. Knowledge of these reorganization
energies would uniquely determine the parametersê andσk that
are needed to complete the model. A rough estimate of the
reorganization energy can be obtained from the dynamic Stokes
shift, which has been found40,10 to be about 80 cm-1. Ultrafast
experiments10 also revealed that the electronic excitations are
coupled to nuclear motions with frequencies ranging from 20
to 1000 cm-1. We thus chooseωc ) 100 cm-1. In the absence
of more detailed information, we setσk equal to the chlorophyll
monomer indexk with periodic boundary conditions, i.e.,σn+1

) σ1. We have verified that the coherence length reported in
section IV remains essentially unchanged if a slightly nonuni-
form choice ofσk is made. Finally, we present results for the
valuesê ) 0.1 and 0.25, which describe exciton-vibration
coupling corresponding to reorganization energies equal to 20
and 50 cm-1, respectively.

The off-diagonal coupling elements obtained by Hu et al. are
likely to be too large.41-43 For this reason we also report results

〈L|e-âH/2|L〉〈L|e-âH/2|L〉 ) {1
2
e-âEg/2(1 + e-pâΩ)}2

(2.4a)

〈L|e-âH/2|R〉〈R|e-âH/2|L〉 ) {1
2
e-âEg/2(1 - e-pâΩ)}2

(2.4b)

l ) wlocλloc + wdelocλdeloc (2.5)

l ) d

x1 + γ2
(2.6a)

γ ) coth(pΩâ/2) (2.6b)

H0 ) ε∑
i)1

n

|ui〉〈ui| + ∑
i*j

n

∆ij|ui〉〈uj| (3.1)

TABLE 1: Parameterization of Eq 3.1 As Obtained by Hu
et al.a

ε 13059
∆12 806
∆23 377
∆13 -152
∆24 -102

a All Parameters are in cm-1

H ) H0 + ∑
j)1

n pj
2

2mj

+
1

2
mjωj

2(xj -
cj

mjωj
2
∑
k)1

n

σk|uk〉〈uk|)2

(3.2)

J(ω) )
π

2
∑

j

cj
2

mjωj

δ(ω-ωj) (3.3)

J(ω) ) 2πpêω e-ω/ωc (3.4)

Er ) 1
π

(σk - σk-1)
2∫0

∞J(ω)
ω

dω ) 2pêωc(σk - σk-1)
2 (3.5)
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for couplings that have been scaled down compared to those
given in Table 1 by a factor of 2.

The calculation is performed in the site basisuk. The partition
function is given by the expression

which is written in the discretized path integral representation:

The imaginary time propagator is split symmetrically using the
isolated exciton Hamiltonian as the reference:44

In turn, the isolated exciton propagator is calculated in terms
of the eigenstatesΦk and eigenvaluesEk of eq 3.1:

With the present harmonic model for the nuclear vibrations,
the integrals in eq 3.5 are of the Gaussian form and can be
performed analytically. The result is45

where F is the influence functional and is given by the
expression

The coefficientsηkk′ are given through integrals of the spectral
density.

Because paths entering the path integral expression of the
partition function are closed, these paths can be thought of as
a necklace whose beads correspond to the auxiliary variables
of eq 3.8.46 In the present case each bead can occupy one of
then lattice sites of the LH-II ring. This correspondence allows
straightforward visual examination of the system’s coherence.

Paths contributing to eq 3.10 are sampled via a Metropolis
procedure using the entire integrand as the sampling function.
The coherence length of a path is obtained from the expression
i.e.,

whereσc is the centroid of the closed path{σ1,σ2,...,σN}.

The effects of static diagonal disorder can be evaluated by
replacing the parameterε in eq 3.1 by the individual site energies
εi, which are chosen from a Gaussian distribution with variance
D. The MCL is then obtained from the ensemble average ofl
with respect to the fluctuation of the site energy. Interestingly,
the integration associated with the inhomogeneous broadening
of the ensemble can be combined with the Monte Carlo search
for cyclic paths such that the effects of static disorder can be
assessed withina single random walk. In this case the
Boltzmann matrix elements of the reference Hamiltonian must
be reevaluated for each choice of site energies.

In the next section we report the mean coherence length of
the random walk and sketch typical paths for various parameters.

IV. Results

In this section we present the results of the path integral
simulations described in section III. Figure 2 shows the
coherence length in a 16-unit model of LH-II as a function of
temperature for the isolated ring and also in the presence of
small dissipation corresponding toê ) 0.1 andê ) 0.25. These
calculations are performed without including disorder, using the
coupling parameters of Table 1 forN ) 32 path integral slices
and 50 000 Monte Carlo points per integration variable after
an equilibration step of equal length. At absolute zero the
eigenstates are entirely delocalized. Dominant paths reflecting
this delocalized structure exhibit coherence. The centroid of a
completely delocalized path (σk ) int(kn/N), k ) 1,...,n) is equal
to

and (takingN ) n for simplicity), the coherence length is

which for n ) 16 equals 9.22. At low temperatures and in the
absence of any disorder the system exhibits moderate coherence,
reflecting the delocalized nature of the eigenstates. This is
illustrated in Figure 3, which shows typical paths having
coherence length within one unit of the calculated MCL atT )
50 K. Clearly, the delocalized exciton picture is relevant at or
below this temperature. However, even in the case of an isolated,

Z ) Tr e-âH ) ∑
i)1

n ∫-∞

∞
dx 〈uix|e-âH|xui〉 (3.6)

Z ) ∑
k1)1

n

∑
k2)1

n

...∑
kN)1

n ∫-∞

∞
dx1 ∫-∞

∞
dx2 ...∫-∞

∞
dxN

〈uNxN|e-âH/N|xN-1uN-1〉...〈u2x2|e-âH/N|x1u1〉

〈u1x1|e-âH/N|xNuN〉 (3.7)

〈uixi|e-âH|xjuj〉 ) 〈xi|e-[â/(2N)][H(σi)-H0]

e-[â/(2N)][H(σj)-H0]|xj〉〈ui|e-âH0/N|uj〉 (3.8)

〈ui|e-âH0/N|uj〉 ) ∑
k)1

n

〈ui|Φk〉 e-âEk/N〈Φk|uj〉 (3.9)

Z ) ∑
k1)1

n

∑
k2)1

n

...∑
kN)1

n

〈uN|e-âH0/N|uN-1〉...〈u2|e-âH0/N|u1〉

〈u1|e-âH0/N|uN〉 F(σ1,σ2,...,σN) (3.10)

F(σ1,σ2,...,σN) ) exp(-∑
k)1

N

∑
k′)1

N

ηkk′σkσk′) (3.11)

l ) 2∑
k1)1

n

∑
k2)1

n

...∑
kN)1

n

〈uN|e-âH0/N|uN-1〉...〈u2|e-âH0/N|u1〉

〈u1|e-âH0/N|uN〉 F(σ1,σ2,...,σN)[(σ1 - σc)
2 + (σ2 - σc)

2 +

... + (σN - σc)
2]1/2 (3.12)

Figure 2. Coherence length as a function of temperature for the LH-
II model with couplings from Table 1: (solid circles) isolated ring
(ê ) 0); (hollow triangles) very weak exciton-vibration coupling
(ê ) 0.1); (hollow squares) weak exciton-vibration coupling
(ê ) 0.25). The lines are guides to the eye.

σc ) n + 1
2

(4.1)

l ) 2x1

n
∑
k)1

n

(k - σc)
2 ) x1

3
(n2 - 1) (4.2)
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perfectly symmetric ring, only at very low temperatures does
the path integral necklace begin to extend over the entire domain
of the ring. As seen in Figure 2, thermal averaging has a
dramatic effect on energy localization. At room temperature the
coherence length is only 2.3 in the absence of any disorder.
Typical paths atT ) 300 K are shown in Figure 4. These paths
now extend over only a few chlorophyll units. Note that these
paths appear more delocalized than they actually are, since
significant portions of the path integral necklace have collapsed
on a single chlorophyll unit, an effect that cannot be discerned
in the graphs. Coupling the ring to a weakly dissipative
environment induces further localization, leading tol ) 2.1 with
ê ) 0.1 andl ) 2.0 if ê ) 0.25 at 300 K. Still, coherence
spans one to two dimers at room temperature, so hopping
between individual monomers does not provide a faithful
representation of energy transfer. At low temperatures where
the perfect ring exhibits a high degree of coherence the effects
of dissipation are more dramatic, as can be seen from Figure 2.
Finally, inclusion of static disorder further enhances localization,
although this effect is rather small, since the standard deviation
of the site energies is small compared to the off-diagonal
elements of the ring Hamiltonian.27,47

As alluded to in the previous section, the coupling parameters
obtained by Hu et al. are deemed too large. For this reason we
repeat the calculation of the MCL using coupling parameters
that are scaled by a factor of1/2 with respect to those presented
in Table 1. The resulting MCL is shown in Figure 5. Even

though the MCL at zero temperature (where the ensemble is
dominated by the ground state) is still given by eq 4.2, the MCL
now decreases faster with increasing temperature and is equal
to l ) 1.5 at 300 K. The effects of dynamic disorder are again
significant at low temperature, but given the very small extent
of the paths atT g 250 K, this effect is negligible at room
temperature.

From the results of these calculations it is evident that the
coherence characterizing the exciton eigenstates of a perfect
light-harvesting ring prevails only at very low temperatures. The
calculated low-temperature MCL is in agreement with the
estimate of Fleming and co-workers.48 The major contributor
to the localization observed at room temperature is thermal
averaging, which destroys the coherent nature of individual
eigenstates. Although static and dynamic disorder induce further
localization, they are not crucial for disruption of coherence at
biological temperatures. For this reason the conclusions reached
on the basis of the simple model employing a harmonic
dissipative bath appear robust and rather general.

In contrast to the localizing effects of the environment
(temperature and static and dynamic disorder), the geometry of
light-harvesting rings favors coherent energy transfer at low
temperatures. Compared to a linear aggregate, the circular
arrangement of the chlorophyll molecules eliminates the penalty
in the Boltzmann factor associated with closing the path integral
necklace for a path extending over at least half of the ring units.
Choosing, for example,N ) n, a completely delocalized path
with σk ) k, k ) 1, ...,n enters the partition function with exactly
the same weight as the path

This would not be the case if the pigments were arranged in an
open shape. Since the coherence length of the first of these paths
is larger, the overall MCL is increased. The geometric enhance-
ment of coherence is modest under conditions that already favor
delocalized paths, i.e., at low temperatures and weak disorder,
but does not have an observable effect under biological
conditions where coherence appears to span a small portion of
the ring.

V. Concluding Remarks

In the absence of static disorder, the energy absorbed by the
B850 ring of the LH-II system is used to excite a pair of
degenerate exciton states that are delocalized over the entire

Figure 3. Typical paths for the isolated LH-II system (ê ) 0, no static
disorder) atT ) 50 K with the parameters shown in Table 1. The
markers represent the chlorophyll monomers.

Figure 4. Typical paths for the isolated LH-II system (ê ) 0, no static
disorder) atT ) 300 K with the parameters shown in Table 1. The
markers represent the chlorophyll monomers.

Figure 5. Coherence length as a function of temperature for the LH-
II model with couplings from Table 1 scaled by 0.5: (solid circles)
isolated ring (ê ) 0); (hollow triangles) very weak exciton-vibration
coupling (ê ) 0.1); (hollow squares) weak exciton-vibration coupling
(ê ) 0.25). The lines are guides to the eye.

σk ) k, k ) 1, ...,n/2

) n + 1 - k, k ) n/2 + 1, ...,n
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ring. However, coherence does not survive thermalization. At
room temperature, the onset of thermal equilibrium is character-
ized by an incoherent ensemble of excitations that extend over
two to three chlorophyll units. At very low temperatures
coherence spans a significant portion of the ring and is enhanced
by the circular arrangement of the pigments.

Although these conclusions were reached on the basis of a
very simple model, they appear quite robust and insensitive to
the details of the calculation. We employed the Hamiltonian of
Hu et al. and a simple model for the effects of exciton-vibration
coupling to describe the equilibrium properties of the LH-II ring.
Despite the strong couplings in this parametrization, which
certainly favor delocalization, we find thatat room temperature
the coherence length is reduced by a factor of 4 with regard to
the zero temperature case. Our estimate of the room-temperature
MCL is in reasonable agreement with the conclusions reached
by the groups of van Grondelle15,25and Sundstro¨m,2,28,30,31who
report a coherence domain of three to four monomers. If the
couplings of the model are scaled down to more likely values,
localization is even more pronounced. Addition of exciton-
vibration coupling enhances localization. In the present work
this coupling was modeled in terms of a dissipative harmonic
bath. Although anharmonicity of the vibrational degrees of
freedom may weaken the localizing effects of dynamic disorder,
such motion should nevertheless destabilize extended states. It
is thus hard to imagine the more intricate motion of the pigments
and protein atoms resulting in a different outcome. Finally, if
static disorder is also taken into consideration, the resulting MCL
becomes even shorter. Thus, energy delocalization over the
entire ring appears extremely improbable under biological
conditions, although within a dimer and probably across two
dimers coherence appears to prevail.
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