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The rate of energy transfer from B800 to B850 in the peripheral light harvesting complex LH2 is modeled
in detail. A method for determining ensemble average energy transfer rates in complex, coupled
multichromophoric systems is reported and is employed to investigate the interplay of electron-phonon
coupling (fast fluctuations of the protein) and site energy disorder (slow fluctuations) on the spectral overlap
between donor and acceptor, and therefore the energy transfer rate. A series of model calculations forRb.
sphaeroidesis reported. The disorder is found to have a marked influence on the calculated rate of energy
transfer and is responsible for a faster energy transfer time than would occur in its absence and furthermore
accounts for the weak temperature dependence observed in experiment. The excitonic nature of the acceptor
(albeit dynamically localized) also has impact in terms of how B850 functions as an energy acceptor. These
conclusions are further elucidated by calculations ofRps. acidophilaB800-B850 and a series of reconstituted
complexes containing a systematically blue-shifted B800 absorption band. The role of dielectric effects is
considered. It is reported that interaction of the B800 and B850 transition densities with the carotenoids has
an effect on the B800-B850 electronic couplings.

I. Introduction

Recently, structures of the peripheral antenna (LH2) pig-
ment-protein complex for two species of purple nonsulfur
photosynthetic bacteria have been resolved.1-3 These data reveal
that the structure is comprised of units consisting of two
transmembrane polypeptides (R andâ) and associated pigments,
arranged in a highly symmetric ring motif (C9 symmetry in
Rhodopseudomonas acidophilastrains 10050 and 7050). The
antenna consists of two rings of BChla pigments, B800 and
B850, and at least one carotenoid, which makes close contact
with chromophores from each of these rings, Figure 1. A similar
picture of the peripheral antenna is derived from electron
microscopy studies of other species.4,5 This detailed structural
information has motivated intensive study into the relationship
between the arrangement of chromophores and the mechanism
of light harvesting.6-39

Light absorbed by the B800 ring is transferred rapidly to
the B850 ring on a time scale of 800 fs inRps. acidophilaand
650 fs in Rb. sphaeroidesat room temperature, increasing to
just 1.2 ps at 77 K for bothRps. acidophila and Rb.
sphaeroides.11,18,40-47 Förster theory, however, provides an
unsatisfactory estimate of this time scale, and in particular, fails
to elucidate the reasons for the remarkable insensitivity to
temperature.37,48-50 Progress toward construction of a fully
realistic description of the light harvesting processes has been
hampered by lack of knowledge of electronic couplings,
electron-phonon coupling, and site energy distributions in
antenna complexes. The high-resolution structure of LH2 from
Rps. acidophilaandRs. molischianum, combined with advances
in nonlinear spectroscopy and electronic structure calculations
allow us to bring together all the relevant data for the LH2
system, and to examine quantitatively the dynamics of light-
harvesting. Of particular importance from an experimental

perspective has been the development of the three-pulse echo
peak shift (3PEPS) technique,51-54 along with the associated
theory.29,30,55,56This experiment enables determination of line
shape functions (electron-phonon coupling) in complex baths,
the inhomogeneous width of the site energy distribution, as well
as the energy transfer time scale(s) in a single experiment. This
information is particularly salient because, owing to the disparate
time scales characteristic of protein fluctuations, long time
disorder (inhomogeneity) in the electronic transition frequencies
of antenna pigments underlies any ensemble-average measure-
ment. This disorder, in turn, plays a crucial role in dynamic
processes.

In the present report, we address the basis of energy transfer
from the B800 ring to the B850 ring in the LH2 complex. We
ask the following questions: How can we think about the B850
ring as an energy acceptor? What is the role of disorder,

Figure 1. Structure of the LH2 antenna complex (Rps. acidophilastrain
10050) showing the ring of nine B800 BChls, the 18 B850 BChls, and
the nine rhodopin glucoside carotenoids.
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particularly since this characteristic of pigment-protein com-
plexes is fundamentally different to many synthetic light-
harvesting systems? We describe a method for incorporating
these important details, that is, multichromophoric donor and/
or acceptors and static energetic disorder, into a Fo¨rster-type
energy transfer model. In other words, weak coupling between
donor and acceptor is assumed, but no such approximation need
be made for couplings withing the donor or acceptor aggregate.
In essence, we describe here a more careful, and more
illuminating, way of employing Fo¨rster theory to calculate rates
of energy transfer in complex systems. In this way, we are able
to learn quantitatively about themechanismof light harvesting
by combining theory and experiment.

We begin by describing our strategy for calculating each
constituent of the electronic energy transfer (EET) problem and
how we propose to bring these ingredients together, along with
experimental input, to calculate ensemble average donor-
acceptor spectral overlaps and energy transfer rates. We then
report detailed calculations of B800-B850 energy transfer
dynamics inRb. sphaeroidesfrom which we draw our primary
conclusions regarding the mechanism of EET, and especially
the role of disorder. We also examine the impact of the
carotenoids that bridge the B800-B850 rings. Finally, the scope
of this investigation is extended in section IX, where we report
calculations ofRps. acidophilastrain 10050 wild-type as well
as reconstituted complexes that contain various different BChl
and Chl molecules in the B800 binding sites. This allows us to
delineate further the significance of the B850 band stucture
insofar as its role as acceptor density of states in the spectral
overlap is concerned.

II. Mechanism of Energy Transfer

The theory of Fo¨rster,57,58inspired by concentration quenching
studies in solution, predicts rates of EET based on the overlap
of donor emission and acceptor absorption spectra. This work
has been of widespread interest and application; being cited
approximately 200 times per year over the past 10 years. Lin
later examined this EET process in the context of radiationless
transition theory59 and showed that the electronic coupling
factors,V, that control the mechanism, may be separated from
the nuclear factors that impart information concerning the
temperature dependence, isotope, and energy conservation
effects. These nuclear factors are contained in the Fo¨rster
spectral overlap integral,J ) ∫0

∞ dε fD(ε) aA(ε). This leads to a
flexible formulation for the rate of EET,w, from donor D to
acceptor A in terms of area-normalized fluorescence and
absorption line shapes,fD(ε) andaA(ε) respectively,

When significant contributions to the excited electronic states
of donor and/or acceptor that are indicative of double excitations
from a Hartree-Fock reference determinant in the molecular
orbital configuration interaction model can be neglected (i.e.,
excluding energy transfer involving the polyene or carotenoid
21Ag state60-62), the electronic coupling that promotes singlet-
singlet EET together with dielectric screening effects,D,
assumes the form given in eq 2,63,64

whereVCoul is the Coulombic interaction between the D*f D
and Af A* electronic transition densities,65,66 which in order
to obviate errors arising from the dipole approximation we write

as36-37

where theP(KL|r1) are the single particle transition densi-
ties36,37,65 for donor and acceptor molecules. HOMO orbitals
are denoted d and a, while LUMO orbitals are primed. In such
a description of EET, consideration of the different electron
correlation effects in ground and excited states is crucial.67 Often
a CI-singles wave function provides a good description of the
excited state, but overestimation of the transition moments
results unless CI-doubles contributions are included in the
ground state wave function.68 Thus, we admit explicitly to eq 3
account of double substitutions from the Hartree-Fock reference
determinants to the ground state donor and acceptor wave
functions via the CI coefficients,c, indicated. In this sense, eq
3 is a generalization of eq 15 in ref 67, to which the reader is
referred for a more detailed discussion. In section IIA of that
work,67 it was found that the scaling factor derived from the
bracketed terms in eq 3 is approximately 0.65 for the small
model dimer examined therein. We conclude that the signifi-
cance of the CI-doubles contributions of the type suggested by
eq 3 are the main reason that the scaling factor needed to be
introduced in the “transition density cube" (TDC) method based
on CIS transition densities.37

TheVshortcontribution to eq 2 encompasses those interactions
that are promoted by orbital overlap. Historically one associates
such a mechanism with the Dexter exchange integral;69,70

however, it has been suggested by several authors71-77 that
configuration interaction between locally excited (D*A, DA*)
and charge transfer (D+A-, D-A+) configurations is of con-
siderable importance in mediating this coupling. Indeed, there
is strong evidence to suggest that the overwhelming contribution
to Vshort arises from orbital penetration terms that can be
interpreted as successive virtual one-electron transfers between
donor and acceptor, mediated by the interchromophore ionic
configurations.64,77

We have determined the B800-B850 electronic couplings
using the TDC method, eq 3, as reported previously.37 We note
that, because of the relatively large separations between the
B800 and B850 chromophores, these couplings could also be
obtained to a reasonable approximation by the dipole ap-
proximation,VCoul ≈ Vd-d ) (4πε0)-1[µbD‚µbA - 3(µbD‚R̂)(µbA‚
R̂)]/R3, with R ) |r1 - r2|. However, in the present work, we
are particularly interested in elucidating the nature of the B850
acceptor, and hence we need to know details of the couplings
within the B850 ring. These couplings must be determined with
care because of the close interactions between these molecules
(9 Å center-to-center separations and an overlapping pyrrole
ring with a face-to-face separation of 3.5 Å). Both Coulombic
and overlap dependent contributions should be considered.
Calculations of these couplings using a scheme based on ab
initio CI-singles/6-31G* wave functions were reported by the
present authors recently.36 To test the integrity of these
couplings, we have simulated the absorption and circular
dichroism spectra for the B850 ring using these results. We find
that the essential features, Figure 2, compare well with experi-
ment.14,15,19,20Since these spectra are highly sensitive to the
magnitude of the electronic couplings, we conclude that our
electronic couplings are reasonably accurate. Note, however,

w ) 2π
p

|V|2 ∫0

∞
dε fD(ε) aA(ε) (1)

V ) (VCoul + Vshort)D (2)

VCoul )
e2

4πε0

∫dr1 dr2

PD(dd′|r1)PA(a′a|r2)

|r1 - r2|
( ∑
singles

1 -

∑
doubles

cddfd′d′ - ∑
doubles

caafa′a′) (3)
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that in comparison with the experimental data for the B800-
deficient mutant reported by Koolhaas et al.19 the negative peak
of the calculated CD signal in the upper exciton region (ca.
780 nm) is too intense relative to the main feature. We return
to this point in section VII. The absorption spectrum was
calculated using eq 10, described below. The CD spectrum was
calculated using an analogous equation, but replacing the
transition dipole strength (i.e.,|µR|2) with the rotational strength
for each exciton levelR with excitation energyεR and corre-
sponding wavelengthλR (see, e.g., ref 78) determined using eq
4,

whereRij is the center-to-center separation vector of molecules
i and j, which have transition moment vectorsµbi and µbj. The
line shapes and disorder used here are those described in section
V.

III. Dielectric Screening Effects

The factorD in eq 2 denotes the dielectric screening effects
due to the medium in which donor and acceptor are embedded.
Typical BChl separations between B800 and B850 areg18 Å,
and the protein environment constitutes a complex dielectric
medium with something of the order of 60 amino acid residues
comprising the interveningR andâ apoprotein helices,79 as well
as a proximate carotenoid. We consider the effect of the
carotenoid in section VII. This environment is depicted in Figure
3.

A case for examining further the possible dielectric screening
of the coupling owing to interaction with this environment can
be established by considering the Fo¨rster equation,57,58wherein
the coupling is assumed to be modulated by a factorD ) n-2,
wheren ) εr

1/2 is the refractive index of the medium at optical
frequencies. Typically it is assumed that the refractive index of
a protein isn ≈ 1.5, such that the rate of EET is attenuated by
a factor ofn-4 ≈ 0.2 relative to that in vacuo! This result is
obtained if one assumes the dipole approximation forV, that D
and A are well separated in a nondispersive, isotropic host
medium, and that local field corrections are negligible.80

Consideration of these approximations and inspection of the
complex environment about D and A in Figure 3 leads one to
question whetherD ) n-2 is a particularly good assumption.
Resolution of this matter is especially vital considering thatD
can have such a substantive impact on the calculated rate of
EET. We note that in some previous studies of energy transfer
between rigidly constrained naphthalene and anthracene chro-
mophores, held at a separation of 12 Å by a norbornalogue
bridge,81 and a series of similar bisnaphthalene molecules82 no
significant modulation of the electronic couplings as a function
of solvent could be detected. IfD ) n-2 then variations in the
bisnaphthalene exciton splittings (of about 5%) betweenn-
hexane and acetonitrile solvents should have been observable.

To avoid the first two approximations listed above, one can
incorporate screening effects directly into the TDC calculation
via eq 5,80

Figure 2. Absorption and CD spectra calculated for the B850 band of
Rb. sphaeroidesat 77 K using the parameters described in the text.
Peak positions and the CD zero crossing are indicated.

R(εR) )
π

2λR
∑
i,j

Rij‚〈R|µbi × µbj|0〉 (4)

Figure 3. Illustration of the protein environment surrounding the
B800-B850 repeat unit. The proteinR-helices are highlighted as
ribbons.
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where the longitudinal dielectric constant can be approximated
as εL

-1(r ,E) ) ε-1(E) δ(r) and the electron correlation terms
have been omitted for clarity. This equation accounts for the
“volume” in the dielectric medium occupied by D and A, and
hence their transition densities, but ignores local field effects.

Craig and Thirunamachandran reported a microscopic theory
based on the molecular quantum electrodynamics framework
for the influence of the medium on the rate of EET, including
each possible interaction from D to A via the medium
explicitly.83 This is reminiscent of a superexchange formalism,84

and analogously the rate of EET may be either increased or
decreased at close D-A separations. However, owing to the
substantial excitation energy difference between BChl and amino
acid residues, we conclude that this microscopic mechanism is
not very significant in the present case. Recently, Juzeliunas
and Andrews have reported a detailed many-body description
of EET based on the QED formalism85-87 (explicitly based on
the dipole approximation). By considering the energy transfer
to be mediated by bath polaritons (medium-dressed photons),
this theory accounts for the modification of the bare coupling
tensor by screening effects of the medium as well as local field
effects. Note that this modification of the coupling is different,
in essence, from the refractive index dependence of real photon
absorption or emission processes. They obtain the result

for large D-A separations (i.e., several molecular diameters).
Assumingn ≈ 1.5 for a membrane protein, then from this
equation we estimateD ≈ 0.9, in other words the rate of EET
is attenuated by a factor of approximately 0.8 relative to vacuum.

IV. Ensemble Average Rate of Energy Transfer

To model energy transfer in the LH2 complex, indeed, in
pigment-protein complexes in general, we invoke a separation
of time scales of the (protein) bath fluctuations such that
those motions that induce line-broadening on a more rapid time
scale than that for EET (often referred to as the “homogeneous”
line-broadening) contribute directly to the calculation of the
spectral overlap part of the Fo¨rster equation. On the other hand,
the fluctuations that are slow compared to the time scale of
EET are seen as static disorder (“inhomogeneous” line-broaden-
ing) and are accounted for by ensemble averaging. It is the
interplay of these two line-broadening mechanisms (time
scales) that characterize spectroscopy in pigment-protein
complexes,11,13,30,53,88-97 and as we find in the present work is
largely responsible for making natural light-harvesting antennae
unique in their function, since such an environment is not
characteristic of synthetic antenna systems.We can think about
the way that each of these limits of line broadening phenomena
affects the energy transfer rate in a simple donor-acceptor
systems as follows. The fast fluctuations broaden homoge-
neously the donor emission and acceptor absorption spectra of
each member of the ensemble. Looking inside the ensemble
average, static disorder affects the spectral overlap by shifting
each donor emission and acceptor absorption maximum with
respect to each other. This looks indistinguishable from the
homogeneous line broadening in an ensemble average absorption
or emission spectrum but leads to a distribution of energy
transfer rates for the ensemble of donor-acceptor pairs. We

can summarize this by noting that the donor emission spectrum
is written 〈fD

hom(ε)〉, the acceptor absorption as〈aA
hom(ε)〉, where

the angular brackets denote ensemble average over the slow
bath variables. Then we furthermore note that the Fo¨rster
spectral overlap is also an ensemble average quantity, and in
generalJ(ε) ) 〈fD

hom(ε)‚aA
hom(ε)〉 * 〈fD

hom(ε)〉‚〈aA
hom(ε)〉. A simple

analytical equation for such a separation of homogeneous and
inhomogeneous line broadening contributions to the Fo¨rster
spectral overlap integral can be derived for the case of a simple
donor-acceptor pair, as has been described by Jean and co-
workers.98 However, as we shall show in section VI, when the
energy acceptor (and/or donor) is intrinsically multichro-
mophoric, the effect of disorder is nonintuitive and such an
approach fails.

The spectral inhomogeneity of antenna pigments in LH2
and implications for light harvesting have been considered
previously.11,99-103 These studies, however, are based on the
Pauli master equation, that is, a Markovian random walk among
the heterogeneous distribution of localized excitations. This is
qualitatively different from the procedure we describe in the
present work. To accommodate the strong coupling among the
B850 chromophores, we have devised the scheme summarized
in Figure 4 and described in detail below. We employ a weak
coupling (Förster; Fermi Golden Rule) rate expression for the
B800-B850 energy transfer. However, to account for the
strongly coupled B850 chromophores and to elucidate the
impications of this coupling- for example, the role of the upper
exciton band of the B850 absorption- we need to be careful
to implement the theory correctly, particularly because of the
effects of disorder. The way that we go about this is to ensemble
average over many LH2 rings using a Monte Carlo procedure.
For each ring we add site disorder to the 18 B850 BChls then
solve the eigenvalue problem to obtain the B850 exciton states
(labeledR in Figure 4). We then calculate the electronic coupling
between B800 and each exciton state and determine each energy
transfer rate. It is easily shown that when the coupling between
the acceptor molecules is small relative to the electron-phonon
coupling (and we neglect disorder and assume a dipole-dipole
coupling mechanism) the expression reduces to the Fo¨rster
equation.

In the present study, we use the line shape functiong(t),
defined in terms of the correlation function for the fluctuating

Figure 4. Schematic depiction of the model for calculating B800-
B850 energy transfer described in section IV. Static disorder is
introduced to the B850 BChl excitation energies in the site representa-
tion. The eigenvalue problem for each B850 ring is then solved prior
to the introduction of electron-phonon coupling and intramolecular
vibrational information. B800-B850 energy transfer rates are deter-
mined in the exciton representation. Ensemble averaging is undertaken
over many LH2 rings.

VCoul ) e2

4πε0
∫dr dr1 dr2

ReεL
-1(r ,E) PD(dd′|r1) PA(a′a|r2)

|r + r1 - r2|
(5)

D ) εr
-1[(εr + 2)/3]2 (6)
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contribution to the electronic energy gap,104,105M(t) ) 〈δεi(0)
δεi(t)〉/〈δεi

2〉, as described elsewhere.54,104 This provides the
“homogeneous” contribution to the line-shape that is important
for (i) providing the primary contribution to the spectral overlap
and (ii) dynamic localization of the excitation in the B850
acceptor absorption.29,106 Accurate account of intramolecular
vibrations coupled to electronic transitions is important because
of the minimal four-level model required to treat the energy
transfer problem. Thus, vibronic transitions are crucial for energy
conservation, especially in “downhill” energy migration. The
energetic disorder represents fluctuations that are slow compared
to the time scale for energy transfer and contributes an offset
to the mean electronic energy gap of each BChl molecule, i.e.,
(in the site representation)ε0 such thatεi ) ε0 + δi. The offset
frequencies are assumed to have a Gaussian distribution with
standard deviationσ, i.e.,P(δi) ) exp(-δi

2/2σ2)/(σx2π). With
this in mind, we introduce here the concept of an ensemble
average spectral overlap and EET hopping time.

The ensemble average spectral overlap is written as

and the ensemble average rate of energy transfer from D to A
is given by

whereVDA(R) is the electronic coupling between the donor and
eigenstateR of the acceptor, andNa andNf are area-normaliza-
tion factors relating to the donor emission and acceptor
absorption density of states (DOS) line shapes,fD

hom and aA
hom

(see below). Note that these line shapes together determine the
density of states responsible for energy conservation via their
overlap and are therefore independent of the “allowedness” of
the transitions. The information dealing with the weighted
contribution of eachJR is accounted for in the electronic
coupling factors by virtue of the explicit separation of electronic
and nuclear factors in eq 1. For instance, if a transition is dipole
forbidden, thenVCoul will be very small since it would contain
only higher multipole contributions. The same is of course true
of triplet-triplet energy transfer.69 Thus, solely a largeJR is
not enough to guarrantee a significant contribution to the energy
transfer rate because eachJR is associated with an electronic
coupling factor|VR|2. Hence, in the present work it turns out to
be more revealing to consider the origin of the B800-B850
spectral overlap in terms of B800 emission and the B850
absorption band density of states weighted by the associated
electronic coupling factor:∑R|VR|2JR(ε). This has also been
recognized in the work of Sumi.107,108

The acceptor (B850) eigenstates are given in terms of the
monomer wave functionsψm asΨR ) ∑mæm(R)ψm by solving
them× meigenvalue problem for the acceptor aggregate, with
energetic disorder in the site energiesεm. The coupling is thus
written in terms of the eigenvector coefficientsæm(R) and
electronic couplings which are given in a site representation,
VDA(m): VDA(R) ) ∑mæm(R)VDA(m). Recently Sumi and co-
workers107,108have shown independently that when the excited
states of the donor and/or acceptor are excitonic, and if donors
and acceptors are closely separated, then it can be important to
calculate donor-acceptor interactions in a monomer basis, as
we have done in the present work. This is, in a sense, an
extension of the monopole approximation; expressing the
reduced information contained in the transition moment of a

delocalized eigenstate in terms of the transition moments on
each molecule that comprises the aggregate (i.e., each bacte-
riochlorophyll in the B850 ring).

The area-normalized B800 donor fluorescence line shape for
the donor D is defined by

where it is assumed that vibrational relaxation and thermalization
have occurred prior to emission (and therefore prior to energy
transfer).λ is the reorganization energy associated with the
Stokes shift. The situation where a time-dependent Stokes shift
of the donor emission occurs on a time scale comparable to
that for energy transfer has been addressed previously by
Mukamel and Rupasov.109 We also assume here that excitation
is localized on a single BChl chromophore in the B800 (donor)
ring, which is reasonable given the small B800-B800 coupling
of 30 cm-1. However, by making this assumption, we neglect
any effects of spectral diffusion within the inhomogeneously
broadened B800 band.7,11,25 ,110-113Nf is a normalization constant
such that 1/Nf ) ∫0

∞ dεfD
hom(ε), where the superscript “hom”

specifies the line shape in the absence of disorder; in other
words, eq 9 could be writtenfD(ε) ) 〈Nf|µD|2fDhom(ε)〉ε3. µD is
the donor transition moment,k labels the vibrational modes,
and〈k|k(t)〉 represents the time-dependent overlap of the initial
vibrationk with its evolution in the excited electronic state, as
described in detail elsewhere,114-118 which is a time-domain
representation of the Franck-Condon factors.εjD

k is the elec-
tronic energy gap of the donor molecule, adjusted for thermal
population of modek in the excited electronic state. It
contributes with Boltzmann weightingP(k). The angular
brackets denote an ensemble average over the static disorder in
the site energies. In practice, this is achieved by a Monte Carlo
procedure as described by Fidder et al.119

The B850 acceptor, A, absorption spectrum is defined by the
ensemble average of the sum over eigenstatesR,

wherel denotes the vibrational modes of the ground state,n is
the number of acceptor molecules in the aggregate (18 in the
present case), and the area normalization is given by 1/Na )
∫0

∞ dεaA,R
hom(ε) for eigenstateR. Once again, we can writeaA(ε)

) 〈∑RNa|µR|2aA
hom(ε)〉ε/n. Notice that the indexR, specifying

the eigenstate, is implicit in bothNa andaA
hom(ε). It is assumed

that bath fluctuations at each site are uncorrelated and have the
same spectral density, as suggested by other workers.29,55,120-122

V. Summary of Input Parameters

In the present work, we report calculations modeling energy
transfer within the peripheral light harvesting complex LH2,
focusing on the purple nonsulfur bacteriumRhodobacter
sphaeroides. We have attempted to use the most realistic
parameters possible; therefore, all were obtained by modeling
experiment or from sophisticated quantum chemical calculations
(e.g., we never employ the dipole approximation or phemono-
logical line shape models). None of the paramers are adjusted.
We label the BChl-a bound to theR transmembraneR-helix as
R and that bound to theâ R-helix as â. We associate these
BChls with site energiesER ) 12 600 cm-1 (794 nm) andEâ

J(ε) ) 〈∑
R

NaaA
hom(ε) Nf f D

hom(ε)〉 (7)

w )
2π

p
〈∫0

∞
dε∑

R
|VDA(R)|2NaaA

hom(ε) Nf f D
hom(ε)〉 (8)

fD(ε) ) 〈Nf|µD|2∑
k

P(k)Re∫0

∞
dt〈k|k(t)〉 exp[i(ε - εjD

k +

λ)t/p] exp[-g*( t)]〉ε3 (9)

aA(ε) ) 〈∑
R

Na|µR|2∑
l

P(l) Re∫0

∞
dt〈l|l(t)〉 exp[i(ε - εR

l -

λ)t/p] exp[-g(t)]〉ε/n (10)
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) 12 070 cm-1 (828 nm) by modeling the 77 K absorption
and circular dichroism (CD) spectra. The electronic couplings
have been determined using ab initio quantum chemical
methods based on the X-ray crystal structure data ofRhodo-
pseudomonas acidophilastrain 10050,1,2 and are reported in refs
36 and 37. The electronic couplings within the B850 ring are
VR-â-intrapolypeptide) 320 cm-1, VR-â-interpolypeptide) 255 cm-1,
VR-R ) -48 cm-1, and Vâ-â ) -37 cm-1. The principal
assumption that we have made for theRb. sphaeroidescalcula-
tions is that the electronic couplings and transition moment
orientations in this bacterium are the same as those for
Rhodopseudomonas acidophilastrain 10050. We have ascer-
tained that this assumption is reasonable by calculating the
absorption and CD spectra for the B850 band (Figure 2) and
finding a satisfactory correspondence to these data for the B800-
deficient mutants reported by Koolhaas et al.19 and the calcula-
tions reported by those workers.20

B800-B850 couplings are those reported in ref 37. The B800
donor is assumed to be monomeric, absorbing at 800 nm, with
a Stokes shift of 130 cm-1. Transition moment directions and
molecular centers were taken from theRps. acidophilastrain
10050 crystal structure data.1,2 We assume that the LH2 rings
are circular, as suggested by the X-ray structure data, although
a recent single molecule study indicates the possibility that some
rings could be elliptical.123 The line shape functions were
determined from analysis of three pulse stimulated echo peak
shift (3PEPS) data88,89and are defined by the electronic energy
gap correlation functionM(t) ) λ1 exp[-(t/τ1)2] + λ2 exp(-t/
τ2) with λ1 ) 32 cm-1, τ1 ) 40 fs,λ2 ) 21 cm-1, andτ2 ) 15
ps.124 Hereλi andτi are the coupling strengths and time scales
characteristic of the bath. Intramolecular vibrational frequencies
and dimensionless displacements were taken from the literature
and implemented into our line-shape functions using the time-
dependent formalism of Lee and Heller.114-118 We used, for
both B800 and B850 BChls (frequency, cm-1; dimensionless
displacement): (110; 0.0), (166; 0.14), (194; 0.2), (342; 0.14),
(564; 0.2), (650; 0.14), (750; 0.3), and (920; 0.3) as used by
Pullerits et al.18 which were derived from previous work.97,125

Each calculation employed 1000 to 2000 iterations over the site
energy disorder (inER, Eâ, andEB800), which was taken to have
a Gaussian distribution with a standard deviation ofσ ) 160
cm-1 for ER and Eâ, and σ ) 93 cm-1 for EB800 determined
from analysis of 3PEPS data.126

VI. Ensemble Averaging and B800-B850 Energy
Transfer Dynamics

It is evident from the single molecule fluorescence excitation
spectra reported by van Oijen et al.123 that site inhomogeneity
makes the B850 absorption band of each LH2 ring look quite
distinct. To account for effects such as this inhomogeneous
distribution of acceptor states, we have employed the scheme
shown in Figure 4 and described above. This procedure is
illustrated further in Figure 5, which displays the result of our
calculations for just one LH2 ring. For this ring, Fo¨rster theory
would dictate that the overlap integral be determined by the
B800 emission and B850 absorption. We have described above
the reasons that this is not so when the donor and/or acceptor
is multichromophoric, and in fact we therefore derive a spectral
overlap, summed over all acceptor eigenstates,∑RJR(ε) from
the B850 density of states. We then find the rate of energy
transfer in this individual LH2 complex to be determined by
the coupling-weighted spectral overlap:∑R|VR|2JR(ε). We repeat
this procedure 1000-2000 times to ensemble average over many
LH2 rings.

In Figure 6, the results of calculations of B800 emission
spectra, B850 absorption spectra, and spectral overlaps for B800
donor-B850 acceptor (at 100 K) are shown. These have been
calculated using eqs 9, 10, and 7, respectively. We have chosen
to report the 100 K calculations because the results illustrate
most clearly the effect of disorder (because the “homogeneous”
line width is narrower than at 300 K). However, the 300 K
calculations reveal the same features. We compare the case
where coupling between the B850 BChls is ignored (parts a
and b of Figure 6) and that with coupling in the B850 ring (parts
c and d of Figure 6). Note that the B850 BChl site energies are
artificially red-shifted to obtain the spectra with no coupling.
This is simply to try to compare the “with” and “without”
coupling calculations on equal footing. Absorption spectra of
B850 calculated for 20 K and with no disorder are also shown
for both no electronic coupling between the B850 BChls (Figure
6a) and coupled B850 BChls (Figure 6c), which show the
positions of the vibronic bands (cf. 6a) and the upper exciton
band at approximately 777 nm (6c) which is evident when
coupling is considered. Notice also that the B850 main absorp-
tion band is narrower when the BChls are coupled (Figure 6c)
compared to the uncoupled case (Figure 6a). This is character-
istic of exchange narrowing.127 That is, coupling delocalizes
the excitation over many molecules in an aggregate, which in
turn causes the excitation to average over the local inhomoge-
neities of these sites. This leads to a reduction of the inhomo-
geneous width of the absorption line.

The spectral overlapsJ(ε) for each case are shown in parts b
and d of Figure 6. The dashed-dotted line in Figure 6b
illustrates a calculation ofJ(ε) for the situation where the B850
BChls are uncoupled and disorder is ignored; this is considered
to be the “normal” Fo¨rster overlap calculation (cf. eq 1). It is
compared to the corresponding ensemble average calculation
(i.e., by adding account of the disorder), clearly showing the
differences. The overlap integrals,J ) ∫0

∞ dε J(ε), were
calculated to beJ ) 1.19× 10-4 cm (no disorder, no couplings
in the B850 ring) and〈J〉 ) 3.03× 10-4 cm (ensemble average
over site energy disorder, no couplings in the B850 ring). The
marked difference inJ(ε) when the couplings between B850
BChls are considered is seen in Figure 6d. The ensemble average
spectral overlap here is determined to be〈J〉 ) 2.83× 10-4 cm
(ensemble average over site energy disorder, couplings in the

Figure 5. A detailed depiction of quantities calculated for a single
LH2 ring to illustrate the model shown in Figure 4 and described in
the text.
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B850 ring), which again is approximately twice that calculated
in the absence of disorder,J ) 1.49× 10-4 cm (no disorder,
couplings in the B850 ring). Hence, we see here that the disorder
of the site energies (of both B850 and B800 BChls) has a crucial
influence on the B800 to B850 energy transfer rate via the
spectral overlap.

The primary conclusion we draw from these investigations
is that thespectral oVerlap is an ensemble aVerage quantity
and has a profound effect on the energy transfer time when
disorder contributes to the absorption/emission line shapes. The
effect of varying the magnitude of the disorder is shown in
Figure 7. Furthermore, we emphasize that theJR(ε) for eigenstate
R of B850 is weighted by the electronic coupling between B800
andR. This weighted spectral overlap is plotted in Figure 7c.
With all other quantities being equal, increasing the disorder
increases the energy transfer rate through its influence on the
spectral overlap integral. As suggested in Figure 5, this is
promoted by increasing the B850 oscillator strength in the upper
exciton region (ca. 780 nm) of the spectrum (particularly around
800 nm), thus increasing theJ(ε) under the B800 emission. The
way that this works can be understood by looking at contribu-
tions to the ensemble average, for example the “single molecule”
spectra shown in Figure 8 (all calculated for 100 K). These are
three random contributions to the ensemble average B850
absorption spectrum and the corresponding B800-B850 coupling-
weighted spectral overlap. It is evident that disorder in the B850
site energies tends to shift the B850 density of states to give
better overlap with the B800 band (and the same holds for

disorder in the B800 transition energy), which in turn enhances
the J(ε) and∑R|VR|2JR(ε) at around 800 nm compared to that
in the 850 nm region. As an aside, it has not escaped our
attention that the aborption spectra of the B850 rings in Figure
8a looks very similar to some of the “unusual” single molecule
LH2 fluorescence excitation spectra reported by van Oijen et
al.123 We return to this point is section IX.

The disorder-induced broadening of the density of acceptor
states in the B850 band is depicted in Figure 9, where we
compare the ensemble average B850 density of states with that
calculated in the absence of disorder. It is evident that the “hole”
in the density of states at about 800 nm is filled in by the
disorder, thus increasing the spectral overlap with B800. We
also show in Figure 9 the B850 density of states calculated for
the case of no couplings between the BChls in the B850 ring
(as in parts a and b of Figure 6). Comparison of parts a and c
of Figure 9 shows immediately why the spectral overlaps
calculated “with” and “without” couplings, parts b and c of
Figure 6, respectively, have such different shapes. Hence, a key
role played by the electronic couplings in the B850 ring is to
increase spectral coverage of the B850 energy acceptor density
of states. Comparing parts a and c of Figure 9 suggests that the
couplings act to spread the significant density of states from
830-870 nm to 760-870 nm. It would be very difficult to
achieve this with disorder only.

The results of our calculations of the ensemble average
spectral overlap integrals, as well as energy transfer times for
these different model cases are summarized in Table 1 (for both

Figure 6. Results of the calculations forRb. sphaeroidesLH2 at 100 K. The two upper panels are the results of calculations based on a Hamiltonian
which contains zero couplings between the B850 BChls, and with the BChl site energies red-shifted so that the absorption band is centered at 857
nm. (a) B800, donor, emission spectrum (dashed line) and B850, acceptor, absorption spectrum (broad solid line). The narrow solid line is the B850
absorption calculated at 20 Kwithout disorder. (b) The solid line is the corresponding ensemble average spectral overlap. The dashed-dotted line
is the spectral overlap with no disorder (i.e., this is the “Fo¨rster” result). The two lower panels are the results of calculations based on the Hamiltonian
described in the text which contains couplings between the B850 BChls. (c) Analogous to (a). The position of the upper exciton band is indicated.
(d) Analogous to (b).
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T ) 100 and 300 K). We can now compare the changes in rate
of B800 to B850 energy transfer with changes in spectral overlap
integral, with and without coupling within the B850 BChls. The
Förster equation, eq 1, naturally suggests that if the electronic
coupling between donor and acceptor,V, is constant, then the
rate of energy transfer must vary proportionally to the spectral
overlap integral,J (i.e., w1/w2 ) J1/J2 if V1 ) V2). This is
confirmed by comparing (for the uncoupled B850 acceptor ring)
the ratio of rates with and without disorder (columns A and B
in Table 1),w(B)/w(A) with the corresponding ratio of spectral
overlap integrals,J(B)/J(A); w(B)/w(A) ) 2.53 versusJ(B)/
J(A) ) 2.55 for our calculations at 100 K.

We can highlight the influence of taking proper account of
electronic couplings within the B850 acceptor ring for the case
where there is no disorder,w(C)/w(A) ) 0.682 versusJ(C)/
J(A) ) 1.25 at 100 K. Here, a significant deviation from the
expectation of the Fo¨rster equation is evident. When disorder
is included in the calculation, we obtainw(E)/w(B) ) 0.882
versusJ(E)/J(B) ) 0.934 for 100 K. Now we notice that the
ratios are more similar than they are in the absence of disorder.
This is simply because the effect of disorder is to enhance
localization of the excitation, thus making the B850 acceptor

more “monomer-like”.11,22,26,31,38,128-132 In Figure 10, we plot
both the rate of EET and the spectral overlap integral versus
temperature, thus showing clearly the different temperature
dependences ofw and J which arise owing to the excitonic
structure of the acceptor transitions.

Considering these results, we conclude that the B850 ring is
a fairly complex energy acceptor. To model the B800-B850

Figure 7. (a) The B850 absorption spectrum, (b) B800-B850 spectral
overlap, and (c) the coupling-weighted spectral overlap calculated at
100 K for different amounts of disorder in the B850 BChl site energies.
That for the B800 chromophore was fixed atσ ) 93 cm-1.

Figure 8. Three “single molecule” calculations (Rb. sphaeroides, 100
K) taken at random from the ensemble average. (a) The B850 “single
molecule” absorption spectra and (b) the B800-B850 coupling-
weighted spectral overlaps. Note the marked effect that disorder has
on both these quantities.

Figure 9. Calculated B850 band density of states (Rb. sphaeroides,
100 K) for (a) ensemble average with disorder, but no couplings
between the B850 BChls; (b) no disorder, but with couplings in the
B850 ring; (c) ensemble average with disorder, and with couplings in
the B850 ring. The disorder evidently “fills in” the gap in the acceptor
density of states in the 800 nm region. The couplings lead to a broad
spectrum of acceptor states.
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energy transfer, we needed to include every B850 BChl
chromophore in the simulation; however, previous work has
suggested that the excitation is localized on the time scale of
the energy transfer transition to approximately three chromo-
phores.11,22,26,31,38,128-132 This is not an oxymoronic statement
but shows that the electronic wave function is sensitive to the
structure of the aggregate, but the spectroscopic properties,
which relate to the density matrix, are localized relative to the
bare electronic states by electron-phonon coupling and disorder.
The reasoning behind this is suggested by the work of Sauer et
al.14 where it is shown that the full B850 ring must form the
basis for calculation of the absorption or CD spectra. This is
simply because we need the full structural basis set in order to
calculate the electronic wave functions. We attribute the
temperature dependence of the EET rate, particularly in the
absence of disorder, principally to changes in the delocalization
length of the B850 acceptor band.

In Figure 11, we compare the temperature dependence ofJ(ε)
for the case of (a) no disorder with that (b) where we have
included disorder (i.e., the ensemble average calculation). It is
seen clearly that it is the disorder that is responsible for the
weak temperature dependence of the B800 to B850 energy

transfer time, via the ensemble average spectral overlap. This
is illustrated in Figure 12, where the corresponding energy
transfer times are plotted as a function of temperature. Evidently
it is the influence of disorder that dictates the weak temperature
dependence of the energy transfer time.

The calculated B800-B850 energy transfer times, though
significantly closer than previous estimates to those measured
experimentally,11,18,40-47 are still too slow by a factor of about
two both at 300 K and 77 K. (Note also that dielectric screening,
eq 6, has not yet been included in these results.) We address
one reason for this in the following section, then describe the
limitations of our model in section VIII. In section IX, we report
calculations onRps. acidophilaand a series of reconstituted
complexes, which suggest that we could have obtained close
agreement with the actual energy transfer rates, in addition to

TABLE 1: Results of the B800-B850 Energy Transfer
Calculations for LH2a

calculation A B C D Eb F
B850 couplings? no no yes yes yes yes
σ, cm-1 c 0 160 0 80 160 240

100 K
J, µmd 1.19 3.03 1.49 2.13 2.83 3.59
w, ps-1 e 0.220 0.557 0.150 0.316 0.491 0.656
τ, psf 4.55 1.80 6.68 3.17 2.04 1.53

300 K
J, µm 3.31 2.90 2.61 3.69
w, ps-1 0.609 0.534 0.426 0.673
τ, ps 1.64 1.87 2.35 1.48

a Calculations forRb. sphaeroides. b Column E relates to experiment.
c The standard deviation of the site energy disorder refers to B850.
When this is nonzero, the B800 disorder is always 93 cm-1 (unless
σB850 ) 0, thenσB800 ) 0). d Spectral overlap integralsJ ) ∫0

∞dε J(ε),
cf. eq 7. The units are more familiar as 10-4 × cm t 1 µm. e Energy
transfer rate, eq 8.f Energy transfer time,τ ) 1/w. These energy transfer
times have not been scaled according to the dielectric screening of the
protein, which would increase them (i.e., slow the rate) by ap-
proximately 25%.

Figure 10. Calculated temperature dependences of both the EET rate,
w, and the spectral overlap,J, for B800-B850 energy transfer (a) with
no disorder, solid lines, and (b) with disorder, dash-dot lines. Note
that the simple relationship betweenw andJ that is suggested by the
Förster equation does not hold.

Figure 11. Temperature dependences of the B800-B850 spectral
overlaps for (a) no disorder and (b) with disorder. It is clearly seen
that the effect of disorder is to temper the temperature dependence.

Figure 12. Comparison of the temperature dependence of the B800-
B850 energy transfer time for calculations (i) with no disorder; (ii)
with disorder, but with no account of the carotenoids; and (iii) the
experimental results forRb. sphaeroides.
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the temperature dependence, forRb. sphaeroidesby making
small adjustments to the B850 site energies.

VII. Role of the Carotenoids

It has been postulated previously that the discrepancy between
measured and calculated B800 to B850 energy transfer times
could be in part resolved by accounting for superexchange-
mediated coupling via the carotenoids.18,60 In other words, the
through-space electronic couplings from B800 to B850 may be
augmented by a coupling through theπ/π* system of the
bridging carotenoids. Such superexchange-mediated triplet-
triplet energy transfer has been observed previously, for example
in isotopically doped mixed crystals84 and in bichromo-
phores.133,134More recently, there have been reports of singlet-
singlet energy transfer rates being increased by through-bond
contributions to the coupling.82,135,136In particular, the recent
work of Kilså et al.136 highlights the expected137-139 increase
in EET rate as the electronic energy gap between the donor
and the bridge decreases. Superexchange-mediated through-
bridge triplet-triplet EET is promoted primarily by charge
transfer resonance interactions67 (that depend explicitly on orbital
overlap between donor-bridge and bridge-acceptor). Such a
mechanism contributes also to superexchange-mediated through-
bridge singlet-singlet EET, especially for the all-trans polynor-
bornane bridges.82,135 In addition, a contribution from a Cou-
lombic coupling is expected,82,83,137particularly when the bridge
has a low-lying and strongly allowed transition that couples to
the donor and acceptor transitions. We examine these two
possibilities here for the B800-carotenoid-B850 coupling.

We describe the interactions between the electronic transitions
of the BChl and the carotenoid in the manner suggested by
Robinson,140 see Appendix, where it is shown that the transition
moment of the BChl may be perturbed by the presence of the
carotenoid. Calculations of the excited states of strongly
interacting dimers, moreover, have shown that mixing of the
CT configurations into the locally excited configurations also
perturbs the dimer transition moment when interchromophore
orbital overlap is large.141 (Note that in these strongly coupled
dimer systems we cannot setN ≈ 1.) This has been observed
experimentally in the enhancement of superradiant radiative rates
of model bisnaphthalene molecules which were correlated with
enhanced polarizabilities determined using time-resolved mi-
crowave conductivity.142Considering all these effects, we obtain
eq 11.

where the mixing coefficientsλ and µ have been given
previously76 and theηp are given by Robinson (terms X and
XI of eq 8 of that paper140). Approximate expressions are
provided in the appendix.

We have undertaken an analysis of the B800-B850 energy
transfer time, absorption spectrum and CD spectrum using an
extended Hamiltonian based on eq A2 (withλ ) µ ) 0 andη
given by the leading term in eq A6) that included the nine
carotenoids in LH2 and their Coulombic couplings to the B850
and B800 BChls (taken from ref 37). However, the results were
found to be quite similar to those described in section VI; that
is, the calculated B800-B850 energy transfer time was not
significantly increased.

More detailed, ab initio quantum chemical, calculations of
carotenoid-mediated B800-B850 electronic coupling in LH2
have been reported recently.39 These calculations reveal that

the transition densities of both the B800 and B850 BChls are
significantly perturbed by interaction with the carotenoid. The
transition density is both shifted and tilted with respect to that
of an unperturbed BChla, for example as shown in Figure 13.
The origin of this interaction is unknown, but presumably the
Coulombic coupling between BChl and carotenoid is important.
If this were so, then the analysis described above, which is based
on eq 11 withλ ) µ ) 0 andη given by the leading term in eq
A6, would reveal a significant effect on the rate of B800-B850
EET owing to superexchange-mediated contributions to the
electronic coupling. In fact, the calculations reported by Krueger
et al.39 suggest that the B800-B850 couplings are increased
by over 50% in the presence of the bridging carotenoid, owing
to changes in the separations and orientation factors of the
B800-B850 transitions. It is likely that a more detailed
description of the carotenoid polarizability and its contribution
to eq 11 is required. However, just as the CI-singles transition
densities need to be scaled owing to the neglect of electron
correlation at this level of theory, the BChl-carotenoid mixing
should also be scaled. Using eq A6 and the dipole approximation
for V0p;m0, we can determine the approximate scaling relation
based on second-order perturbation theory:ηp

CIS/ηp
exp ≈ (9.7×

24.1 Debye/3710 cm-1)/(6.13× 13.0 Debye/5680 cm-1). This
suggests that the CI-singles supermolecule calculation overes-
timates the perturbation of the BChl transition moments and,
in turn, the B800-B850 couplings owing to overestimation of
the monomer transition moments (which has already been
accounted for by the scaling procedure used by Krueger et al.39)
and underestimation of the BChl Qy to carotenoid S2 energy
gap.

We conclude that the B800-B850 couplings are increased
by approximately 20-30% via mixing of the BChl and
carotenoid transition moments. The results of these calculations
may offer an explanation as to why the CD spectrum in Figure
2 differs from experiment in the region of the upper exciton
transition. Koolhaas et al.19 suggested that this could be resolved
by tilting the transition moment of one of the B850 BChls. The
transition density calculations offer a possible origin of this tilt
as arising from mixing of the BChl electronic transitions with
those of the carotenoids.

This result suggests another of the several roles played by
the carotenoids in the LH2 complex. Without being directly
involved in the B800-B850 energy transfer process, the
carotenoids appear to be capable of enhancing the energy
transfer rate through their involvement as bridging polarizable
media. In light of these quantum chemical results, a further
calculation of the B800-B850 energy transfer time for a
temperature of 300 K was undertaken using B800-B850
couplings 30% larger in order to simulate the effect of the
carotenoid. The results can be compared directly to the 300 K
results given in column E of Table 1; all parameters in these
calculations are identical except for the magnitudes of the
B800-B850 electronic couplings. Thus, the spectral overlaps
are the same. The calculated energy transfer rate is significantly
faster, corresponding to the larger electronic couplings between
donor and acceptor.

In summary, quantum chemical calculations designed to
investigate possible superexchange-mediated coupling between
B800 and B850 revealed that the transition densities of both
the B800 and B850 BChls are perturbed by interaction with
the carotenoid. They are tilted and shifted, which could be the
physical basis for the postulate of Koolhaas et al.19 that the
discrepancy between calculated and measured CD spectra can
be resolved by tilting the BChl transition dipole moments. A

µbm0;00 ≈ µbm0
M + λµb+-;00 + µµb-+;00 + ∑

p

ηpµbp0
P (11)

Mechanism of Light Harvesting J. Phys. Chem. B, Vol. 104, No. 8, 20001863



consquence of this BChl-carotenoid interaction is that the
carotenoids appear to be capable of enhancing the energy
transfer rate (by ca. 50-70%) through their involvement as
bridging polarizable media.

VIII. Limitations of the Model

We believe that the ensemble average energy transfer model
described in this work contains the principal ingredients required
to address quantitatively the B800-B850 energy transfer
dynamics and mechanism. However, we list briefly here several
limitations and omissions that may be addressed in future work.
(i) We do not know precisely how well we have modeled the
B800 emission line shape and emission maximum. (ii) Recent
analysis of photon echo data in our laboratory126 suggests that
B800-B800 energy transfer occurs on a time scale as fast as
400 fs, implying that spectral diffusion among the B800 sites
can occur on a time scale competitive with B800-B850 energy
transfer. This is not considered in our model. (iii) It seems that
the B800-B850 spectral overlap is sensitive to the relative
positions of the upper exciton component of the B850 absorption
band and the B800 emission band. However, it can be seen in
Figure 6c that the upper exciton region overlaps very little with
the B800 emission, which could be very species-dependent (e.g.,
comparison ofRps. acidophilaB800-B850 with B800-B820).
We have investigated this, and the results are reported in section
IX. (iv) Although we have used experimentally determined line
shape functions, we have employed a quite simple model for
relating site spectral densities to the eigenstates. More detailed
models introduce a great deal of complexity into the calcula-
tions.120 We have also assumed that the spectral density is
temperature independent. (v) We have not considered the
possibility of disorder in the transition moment directions and

positions. This would influence the distribution of oscillator
strength in the B850 eigenstates, and hence the spectral overlap.

IX. Rps. Acidophilaand Reconstituted Complexes

In this section, we simulate the B800-B850 energy transfer
for the LH2 of Rps. acidophilastrain 10050 as well as for a
series of complexes which have been reconstituted with modified
BChls replacing those removed from the B800 sites.143-145 In
these complexes, the absorption band associated with the B800
ring is shifted to different spectral regions according to the
exchanged BChls. Recent work has reported the dependence
of the B800-B850 energy transfer time on the position of the
“B800” absorption band maximum.146 To gain deeper insight
into the calculations reported in the present work, and hence
the mechanism of the B800-B850 energy transfer, we have
simulated the energy transfer dynamics in the wild typeRps.
acidophilaB800-B850 complex, as well as in four reconstituted
complexes in which the B800 band lies at 765, 753, 694, and
670 nm (which we refer to as B765, B753, etc.). Presumably,
a good test of our energy transfer model is to be able to make
predictions for different species, strains, mutants, etc.

To simulate theRps. acidophilaB850 band we use the same
parameters as described above forRb. sphaeroides, except for
the BChl site energies. We set these toER ) 12 460 cm-1 (803
nm) andEâ ) 12 070 cm-1 (828 nm) in order to reproduce the
absorption and CD spectra. Typical single complex absorption
spectra are shown in Figure 14 and are seen to compare well
with the fluorescence excitation spectra reported by van Oijen
et al.123 We furthermore note that we could reproduce these
single-molecule spectra without having to distort the structure
of the LH2 ring (such as introducing ellipticity123), nor are we

Figure 13. CIS/3-21G* transition densities for the Qy transition of (a) an isolated B800 BChl and (b) a B800 BChl in the presence of the closest
carotenoid. The corresponding Qy dipole transition moments are shown schematically to highlight the shift of the B800 transition density owing to
mixing with the carotenoid transitions.
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led to suggest that the excitation on a single LH2 ring is
completely delocalized.123

The ensemble average spectral overlaps calculated for three
of the Rps. acidophilacomplexes are shown in Figure 15 the
other two (B694 and B670) are not shown because they are so
small. In Table 2, we summarize the results of these calculations
for both 77 and 300 K. Note that here it is assumed that each
of the substituted chlorophylls has the same transition moment
magnitude and orientation, and therefore coupling to the B850
BChls, as the wild-type B800s. We see from the results collected
in Table 2 that (i) the calculated energy transfer times for B800-
B850 and B753-B850 correspond closely to the experimental
values reported by Herek et al.;146 (ii) the calculated B694-

B850 and B670-B850 energy transfer times are much slower
than experiment suggests; (iii) while the “B800”-type donor has
appreciable overlap with the B850 density of states, which spans
720-870 nm, the “B800”-B850 energy transfer time is rapid
and is sensitive (i.e., can be tuned by a factor of 2 in magnitude)
to the exact location of the donor emission spectrum (see also
the spectral overlaps in Figure 15).

To understand these observations it is useful to examine the
calculated density of states for the B850 band. We show this in
Figure 16, together with the absorption spectrum, for both the
Qy and the Qx B850 bands. Couplings between Qx BChls were
calculated using the TDC method as described in ref 37. We
found the intrapolypetide dimer coupling to be 117 cm-1 and
the interpolypeptide dimer coupling to be 108 cm-1. Next-to-
nearest neighbor couplings are 7 cm-1 (R-R) and 3 cm-1 (â-
â). We have then generated the B850 Qx spectrum by shifting
both ER andEâ by 4340 cm-1 to the blue. This is comparable
to the Qx-Qy energy difference for BChl in solution of 3740
cm-1.147 The BChl Qx transition moments are all aligned,
pointing from the cytoplasmic side of the membrane to the
periplasmic side (i.e., away from the B800 ring). Owing to this
orientation of the BChls, the Qx ring oscillator strength is
concentrated in the middle of the density of states, rather than
near the red edge as it is for the Qy band. Figure 16 reveals a
particularly interesting picture of the energy funnel in LH2. The
carotenoid S2 r S0 transition lies at 550 nm, then we have the
Qx B850 density of states, then spanning the “hole” between
this region and the B800/B850 Qy region is the optically
forbidden carotenoid S1 r S0 transition.148,149Experiments on
the B850-only LH2 complex suggest that there is B850
absorption in this 650-720 nm window, which probably
accounts for the B670-B850 and B694-B850 energy transfer
rates. This contribution to the spectral overlap, presumably
arising from various intensity borrowing effects,150-153 was not
accounted for in our model. A final observation concerning the
spectral funnel in LH2, is the somewhat striking observation
that the only real “hole” in the B850 density of states lies at
800 nm (see also Figure 9); does this suggest another reason
for having the B800 ring?

We conclude that investigation of the “B800”-B850 energy
transfer time as a function of “B800”-B850 energy gap145,146

or for example of position of the B850 band which may be
shifted by site-directed mutagenesis,49,154 provides many im-

Figure 14. Five “single molecule” calculations of absorption spectra
(Rps. acidophila, 50 K) taken at random from the ensemble average.

Figure 15. Spectral overlaps calculated for the wild typeRps.
acidophilaand two of the reconstituted complexes (77 K).

TABLE 2: Results of the B800-B850 Energy Transfer
Calculations for LH2 and Reconstituted Complexesa

no disorder disorder

LH2 J, µm τ, psc J, µm τ, psc exptlb τ, ps

77 K
B800 2.33 2.23 4.36 0.96
B765 3.60 1.27 5.40 0.76
B753 1.30 3.42 2.22 1.90
B694 0.20 17.5 0.22 17.3
B670 0.06 63.9 0.08 49.6

300 K
B800 5.16 0.76 4.92 0.91 0.9
B765 4.01 1.06 5.39 0.75 1.4
B753 1.89 2.17 3.04 1.34 1.8
B694 0.22 16.9 0.27 13.8 4.4
B670 0.06 62.3 0.009 43.7 8.3

a Calculations ofRps. acidophilastrain 10050 and reconstituted
complexes (see text).b From ref 130.c These energy transfer times have
not been scaled according to the dielectric screening of the protein,
which would increase them by approximately 25%.

Figure 16. Calculated B850 Qy and Qx density of states (DOS) for
Rps. acidophilawhich highlights the broad spectral window achieved
by the arrangement of the B850 pigments in the LH2 complex. To put
this in perspective, the absorption spectrum of the reconstitutedRps.
acidophila B670-B850 LH2 complex (recorded at 77 K) is shown
(dashed line). This spectrum shows the carotenoid (rhodopin glucoside)
S2 r S0 absorption in the spectral window to the blue side of the B850
Qx and the 650-710 nm region, where there are no electric dipole
allowed absorption bands.
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portant insights into the energy transfer dynamics in LH2. How-
ever, owing to the broad and complex density of states of the
B850 band, which in turn determines the B800-B850 spectral
overlap, such studies, although systematic in conception, need
careful analysis if quantitative information is to be obtained.

X. Concluding Remarks
Progress toward construction of a fully realistic description

of the light harvesting processes has been hampered in the past
by inaccurate knowledge of electronic couplings, electron-
phonon coupling, and site energy distributions in antenna
complexes. Recently, this information has become available,
and we have been able to incorporate it into a detailed model
for determining the ensemble average rate of energy transfer.
Thus, we have been able to distinguish the roles played by line-
broadening mechanisms that are due to fast fluctuations of the
bath (electron-phonon coupling) from those that arise from the
essentially static distribution of site energies (disorder). These
line-broadening mechanisms both contribute to the ensemble
average spectral overlap between donor emission and acceptor
absorption, eq 7, as shown in Figure 6. The disorder has a
significant effect on the calculated spectral overlap and energy
transfer time, and our calculations have found it to influence
profoundly the way we must model the B800 to B850 energy
transfer dynamics (Table 1). Furthermore, the disorder is directly
responsible for the moderate temperature dependence of the
B800-B850 energy transfer rate (Figure 12). By examining
“single molecule” calculations from within the ensemble average
(Figure 5), the mechanism by which disorder broadens the B850
density of states (Figure 9) was elucidated. This spectral
broadening of the density of acceptor states, in turn, affects the
B800-B850 spectral overlap to a signifcant extent.

The theory, eq 8, can extrapolate smoothly between the
extreme limits of localized acceptor through to delocalized
acceptor states. It was found in the present study that the line-
broadening mechanisms act in concert to define the “nature”
of the B850 acceptor state, which is quasilocalized. Thus, the
electronic scattering in the B850 band plays a role in promoting
the energy transfer from B800 by increasing significantly the
spectral cross section of the energy acceptor, as highlighted in
Figures 9 and 10 and the associated discussion. This point was
explored further in the calculations of theRps. acidophila
B800-B850 LH2 and reconstituted complexes; see section IX.
These calculations of the B800-B850 energy transfer times
were in close accord with trends in various experimental results,
and the complex relationship between these energy transfer times
and the precise overlap of the B800 emission band with the
B850 density of states was revealed. In Figure 16, we depicted
the large spectral window for the B850 energy acceptor,
including both the Qy and Qx bands. It appears that the
combination of fairly strongly coupled BChls together with the
circular arrangement of the B850 BChls is advantageous to these
organisms. The result is two broad spectral windows through
which the B850 band can trap excitation directly and indirectly
throughout an expanded spectral cross section.

It was reported that interaction of the B800 and B850
transition densities with the carotenoids has an effect on the
B800-B850 electronic couplings (increasing them by ap-
proximately up to 30%), which in turn, leads to a faster
calculated energy transfer time. This result suggests an indirect
role played by the carotenoids in light-harvesting in LH2;
through their involvement as bridging polarizable media.

In summary, we believe that the calculations reported in this
work capture the essential details and principles of the light
harvesting mechanism in LH2. The calculations of the energy

transfer times reported in Tables 1 and 2 also reinforce the
quantitative success of this model. In conclusion, we needed to
include in our model detailed structural parameters, account of
all the chromophores in the complex, accurate electronic
couplings, electron-phonon couplings, disorder, and vibronic
information. The B800-B850 spectral overlap and energy
transfer rates had to be calculated as ensemble average quantities
owing to the disorder in the BChl site energies. The picture of
LH2 that emerges is of a complex system whose function cannot
be readily predicted by examining its components individually.
Instead, the true behavior emerges only after the whole system
is included in the model. The interplay of electronic coupling
and disorder allows construction of a robust system based on
only two chemical species as chromophores to harvest radiation
from most of the visible spectrum with near unit efficiency.
Such a principle is likely to be a general aspect of photosynthetic
energy transfer. For example, the mechanism and striking
absence of temperature dependence of the accessory BChl (B)
to special pair (P) energy transfer in the purple bacterial reaction
center,155-158 along with the remarkably rapid B to oxidized P
energy transfer159 very likely can be explained by a combination
of electronic coupling over distances smaller than molecular
sizes and its interplay with disorder.
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Appendix

A general framework for describing superexchange coupling
for energy transfer has been reported previously.67 It is based
on generating effective donor and acceptor wave functions that
include mixing with bridge configurations. Thus, the Hamilto-
nian for each of the donor and acceptor (denoted M) is written
as H ) HM + HP + H′ where the bridge (or “perturber”) is
labeled P, andH′ is the interaction term which includes
Coulombic interactions, spin-orbit terms, and charge transfer
(CT) configurations (i.e., the possibility of significant overlap
between the M and P wave functions). Hence, following
Harcourt et al.76 we write our molecule-perturber pair ground
and excited-state wave functions as

whereΦmp denotes statem of the molecule and statep of the
perturber, theλ, µ, andη are mixing coefficients described in
the appendix, andN is the normalization constant that ensures
〈Φm0|Φm0〉 ) 1 (N ≈ 1 for weak perturbations).

The orbital overlap-mediated superexchange interactions are
thus promoted by interactions that, in a perturbation representa-
tion, would look like D*PAf D-P+A f DP*A f DP+A- f
DPA*, etc.67 We have reported some molecular orbital calcula-
tions recently that suggest these type of interactions are
particularly significant between the carotenoid and the B850
BChls in LH2.61

Owing to the intensity of the S2 r S0 carotenoid transition
and its energetic proximity to the BChl Qy transition, it is likely

Φ00 ) φM
0

φP
0 (A1)

Φm0 ) N(φM
m
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- + µφM
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+ + ∑
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that Coulombic interactions play an important role, for example
as described by Robinson,140 who considered the intensity
enhancement of electronic transitions by a proximate “perturber”
molecule. It can be shown that the perturbations which we are
interested in do not significantly affect the energy of theΦm0

r Φ00 transition. However, the electronic transition density can
be significantly perturbed, which in turn perturbs the matrix
element for energy transfer from D to A. This is signaled by a
perturbation of the dipole transition moment for them0 r 00
transition of the MP pair, eq 13.

Monomer transition moments are indicated by superscripts
M or P in eq 11. Approximate expression for these coefficients
are given in eqs A4-A6:

whereâET is the electron transfer matrix element between M
and P,âHT is the corresponding hole transfer matrix element,
and AET and AHT are the energy gaps between the charge-
separated and locally excited configurations. TheV0p;m0, etc.
are couplings between electronic excited states of the molecule
and perturber, that are usually dominated by the Coulombic
interaction (i.e.,V0p;m0 ≈ VCoul).
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