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A practical method for accurate evaluation of the Coulombic contribution to the electronic coupling for energy
transfer at any donor-acceptor separation is reported. The method involves the exact interaction between
transition densities of each chromophore which are calculated ab initio and may include electron correlation.
The method is used to calculate coupling strengths between the pigments of the bacterial light-harvesting
complex, LH2, and to compare with results using the ideal dipole approximation (IDA). The results suggest
that the relatively symmetric transitions of bacteriochlorophylla (Bchla) pigments are reasonably well described
by the IDA for separations>15 Å, although deviations are significant at smaller separations. The less
symmetric transition of the twisted carotenoid pigment is rather poorly described by the IDA and shows
significant deviation even at separations of well over 20 Å. The calculated coupling strengths are combined
with estimates of the spectral overlap integral to estimate energy-transfer rates and time scales. The total
depopulation time scale of the carotenoid S2 state is estimated to be 85 fs, in reasonable agreement with
experiment. The B800-B850 transfer time is estimated to be 1.3 ps (a factor of 2 slower than experiment).
Rapid (<400 fs) B800-B800 energy transfer is also predicted. Moreover, the calculations suggest that energy
flows both from the carotenoid and the B800 Bchla into pigments of several different protomer units, indicating
that interaction between protomer units is important in the LH2 function.

1. Introduction

All photosynthetic systems share a structure in which a
reaction center (RC) is surrounded by a network of antenna
pigments.1-4 This construction allows the organism to expand
both the spatial and spectral cross-sections of the RC. However,
this also means that excitation energy absorbed by antenna
pigments must visit many molecules before reaching the RC.
The transfer efficiency of each of these steps is critical to the
efficient functioning of the photosystem.

Recent elucidation of the crystal structure of bacterial light-
harvesting antenna5,6 has allowed detailed examination of the
coupling strengths and, therefore, EET rates between various
pigments present in the antenna. For example, combining
Förster theory and known structural parameters (separation and
orientation) with time-resolved data can result in a microscopic
picture of biological function.7,8

A key parameter in such examinations is the electronic
coupling (between donor and acceptor) which promotes the
energy transfer.9-15 At donor-acceptor separations beyond their
van der Waals radii, the coupling is described primarily by a
Coulombic interaction between the transition densities of the
chromophores.9,15 For electronically allowed emission and
absorption transitions, an interaction between dipole transition
moments is generally applied.16 This is the ideal dipole
approximation(IDA), in which the dipole transition moment
of each molecule is assumed to be very small compared to the
molecular separation. For the absorption or emission of light,
the IDA is an excellent approximation because the wavelength
of light is much larger (several hundred times) than the size of
the molecule, meaning that light is insensitive to any variations
in the vector potential which may be present over the spatial

extent of the transition density. However, when calculating the
interaction between two molecules that are close together and
exchange a virtual rather than real photon, the asymmetric shape
and/or large spatial extent of the transition densities may make
the IDA invalid. Likewise, if the transition is forbidden or only
weakly allowed by dipole selection rules, the IDA will be
invalid. In these situations the IDA is not viable because the
transition dipole is a poor representation of the transition density.

In photosynthetic systems, deviation from the IDA has been
under scrutiny as the sizes of the chromophores involved,l ∼
9 Å for bacteriochlorophylla (Bchla) and l ∼ 25 Å for
rhodopin-glucoside (RG), are not small compared to their
separation (R ∼ 15 Å). (The IDA is valid only whenR . l.)
Some researchers have examined this deviation by reducing the
transition density to transition “monopoles” distributed on
atomic centers. These monopoles provide a molecular picture
of the transition density thatapproximatelyaccounts for its shape
and size.17,18 However, as with Mulliken population analysis,
for example, the reduction scheme is not unique. Reduction of
the transition density to atomic monopoles represents a signifi-
cant loss of information. For example, the transition densities
used here for Bchla have∼500 000 data points throughout the
three-dimensional space within and around the chromophore;
in contrast, the monopole representation of Bchla has∼80 data
points, restricted to the approximately two-dimensional space
of the molecule. In this work, we present a new method for
calculating the Coulombic coupling that accounts for the shape
of the transition density and is valid at all separations. The
method utilizes transition density cubes (TDCs), represented in
Figure 1, which can, in principle, accountexactlyfor the shape
and size of the transition density. We apply the method to
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estimate coupling between Bchla and RG pigments in the
peripheral light-harvesting antenna (LH2) of photosynthetic
bacteria.

2. Coulombic Couplings and Transition Densities

In the present work, we investigate the general coupling
between donor and acceptor transition densities which mediates
EET at separations where there is no appreciable orbital overlap.
We refer to this interaction as a Coulombic interaction in the
sense that, in the following model involving four electrons and
four orbitals, it has the form12,15

whered represents donor orbitals,a acceptor orbitals, a prime
designates an orbital that is unoccupied in the electronic ground
state, and 1/r12 represents the Coulombic repulsion between
electrons 1 and 2. In other words, the two-electron integral of
eq 1 is an electrostatic interaction between the transition densities
of the donor and acceptor. The transition density of molecule
N is given by

whereΨNg andΨNe denote the electronic ground and excited
states of moleculeN, respectively, and the integral is over only
spin. The electrostatic term of eq 1 is the primary contributor
to the Coulombic interaction. (Throughout this work we use
the term Coulombic to refer to the interaction given above
because in the usual form (see eq 3) it bears close resemblance
to the classical, Coulombic interaction of two electrostatic
dipoles. More strictly, this could be termed a resonance-
Coulombic interaction to separate it from other interactions, such
as exchange, which are Coulombic in nature but which do not
share the Fo¨rster resonance energy-transfer form.)

Typically, the IDA is utilized in the evaluation of this
Coulombic interaction. At this level of approximation, the
transition density is represented in terms of a basis set of
multipolar transition moments of which only the leading, dipole
term is used. The dipole transition moment (or transition dipole)
has the formµN

eq ) 〈ΨNe|r |ΨNg〉 wherer is the dipole moment

operator. The Coulombic interaction between donor and
acceptor transition dipoles is given by the dipole-dipole
interaction:

in which the magnitudes of the transition dipoles are contained
in |µD| and |µA| and the orientational information is contained
in the center-to-center separation,R, and the orientation factor
κ t r̂D‚r̂A - 3(r̂D‚R̂)(r̂A‚R̂) whereR̂ is a unit vector connecting
the centers of the transition moments and ther̂N are unit vectors
in the directions of the transition dipoles.

A more accurate description of the Coulombic interaction
between transition densities would involve the use of more, or
all, of the terms from the multipolar basis set. The multipole
expansion is derived from a “two-center” expansion of the 1/r
interaction term of eq 1 in terms of spherical harmonics.19-21

Provided the transition densities of the donor and acceptor do
not overlap, the Coulombic coupling of eq 1 may be expressed
in terms of the multipole transition interaction between the
transition densities of the molecules,22 VCoul ) Vmult ) Vd-d +
Vd-q + Vq-d + Vd-o + Vo-d + Vq-q + ... whereVd-d, Vd-q, ...
denote dipole-dipole, dipole-quadrupole, etc., coupling con-
tributions to theexactcoupling VCoul. The higher multipole
transition moments may be determined in an analogous manner
to the dipole transition moment23,24 (for example, for electric
quadrupole transitions,ΘRâ

eg ) 〈Ψe|rRrâ|Ψg〉, or for magnetic
dipole transitions,mR

eg ) 〈Ψe|(r × p)R|Ψg〉). Use of the full
multipole interaction accounts for the shape and spatial extent
of the transition density of the donor and acceptor but is valid
only when the donor and acceptor transition densities are
nonoverlapping.

In this work, we demonstrate a practical method for accurately
calculating the Coulombic coupling between donor and acceptor
transitions. In this method, we define a TDC which is
constructed analogously to the continuous transition density of
eq 2 by integrating the product of electronic ground and excited
states into a three-dimensional grid of finite-sized volume
elements (cells) which make up the cube,

in which s represents the spin variables, theδR define the grid
size of the density cube, andVδ is the element volume (Vδ )
δxδyδz) needed as a practical means of converting charge density
per unit volume into charge density per element. For the TDCs
used here, the elements are defined in terms of Cartesian
coordinates in which theδx, δy, and δz are nondivisible step
sizes along the respective coordinate axes. Note that any
coordinate system could be chosen to define the TDC and that
neither the individual elements nor the total TDC need be
actually cube-shaped.

The Coulombic coupling is expressed in transition density
formalism by McWeeny (eq 14.6.8)25 which we adapt to our
TDCs.

whereMD
eg(i) andMA

eq(j) are TDC elementsi andj for the donor
and acceptor andrij is their separation as shown in Figure 1.
The only approximations involved here are in the graining of

Figure 1. Depiction of two cells in the arbitrary donor (D) and acceptor
(A) transition densities. The positions of TDC elementsMD

eq(i) and
MA

eq(j) are defined by vectorsr i and r j, respectively, relative to the
centers of D and A.R gives the center-to-center separation and rij the
separation between cells.

VCoul ) 2∫ d′(1) a(2)r12
-1d(1) a′(2) dτ

t 2(d′d|aa′) (1)

MN
eq(r ) ) ∫s

ΨNgΨ*Ne ds dr (2)

Vd-d ) 1
4πε0

κ
|µD||µA|

R3
(3)

MN
eq(x,y,z) ) Vδ ∫z

z+δz∫y

y+δy∫x

x+δx∫s
ΨNgΨ*Ne ds dx dy dz

(4)

VCoul = ∑
i,j

MD
eg(i) MA

eq(j)

4πε0rij

(5)
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space over which the summation is carried out (i.e., the finite
size of the density cube elements) and the level of accuracy of
the wave functions from which the TDCs are constructed. Also,
as opposed to the multipole expansion, the TDC method is valid
at all molecular separations. There is no need to define a
molecular separation (center to center or otherwise) as all
orientational effects are accounted for in eq 5.

The transition dipoles (and higher order moments) may be
recovered from the TDC by defining an origin (which will
become the center of the transition dipole) and applying the
dipole moment operator

whererR is the vector pointing from the origin to(x,y,z)sthe
location of the TDC elementi. This form of the dipole transition
moment is equivalent to that given earlier except for the graining
of space in the TDC. The dipole-dipole coupling, along with
the orientation factor, may then be calculated as usual or,
alternatively, by rewriting eq 5 in terms of the IDA (or rewriting
eq 3 in terms of TDCs)

whereVDA is the dipole coupling tensor,16 containing distance
and orientation dependence throughR andκ. This is most easily
demonstrated by considering the interaction between two
classical (static) dipoles.19-21,26,27 Inspection of Figure 1 reveals
that, although the separationrij is not included explicitly in eq
7, it is accounted for indirectly via the vectorsr i, r j, and R.
Use of eq 7 is equivalent to use of the standard dipole-dipole
coupling formula (eq 3) with transition dipoles taken from eq
6.

3. Computational Methods

TDCs were obtained via ab initio molecular orbital calcula-
tions for individual molecules, carried out with the Gaussian
94 program.28 Excited-state wave functions were obtained using
configuration interaction with single excitations from a spin-
restricted Hartree-Fock (RHF) reference determinant (CI-
singles, CIS method29). The 3-21G* basis set30 was employed.
The geometry of the Bchla and RG were taken from the crystal
structure data from the bacterial light-harvesting complex LH2
of Rhodopseudomonas(Rps.) acidophila,5 with hydrogen atoms
added using MNDO optimization (heavy atoms fixed in the
crystal structure coordinates).

The transition densities between ground and excited states
were generated using the CI-singles wave functions, providing
three-dimensional matrices which were used to evaluate eq 5
for the molecules of interest. The integral over space of the
TDCs generated by Gaussian 94 was not exactly zero. This
residual charge, albeit small (typically 10-2 e), can affect the
calculated couplings. (It adds a first-order electrostatic term,
going asR-1, as well as influencing the even multipole transition
moments.) To compensate for this, prior to each calculation
we add an equal (very small) amount of charge to each element
in a given cube to make the integrated charge zero within the
accuracy of the computer (typically 10-14 e).

CIS calculations overestimate the excitation energies and the
magnitudes of the transition moments, mainly owing to the
neglect ofσ-π dynamic correlation.31,32 The CIS TDCs provide
a reasonable representation of the shape of the transition density,
but not the magnitude of its moments. It is impractical to

include account of sufficient electron correlation in calculations
of the size we have undertaken in the present work; therefore,
to obtain quantitative estimations of Coulombic couplings which
have relevance to experiment, the CIS transition densities must
be scaled. The most salient experimental observables are the
multipole transition moments for each electronic transition, of
which the dipole transition moment has the dominant magnitude
for allowed transitions. Hence, we use a general scaling factor
for the TDC elements based on the ratio of the experimental to
calculated dipole transition moments:µexp/µcalc. This scaling
factor acts as a correction to the amount of density in each cell
of the TDC and could be multiplied through every element of
the TDC or simply once to the final value of the coupling. We
correct our calculations in LH2 by usingµexp values of 3.29 D
for the Bchla Qx transition,33 6.13 D for the Bchla Qy transition,33

and 13.0 D for the RG S2 transition.34

The grid size of the density cube may be chosen arbitrarily,
thus balancing the computational cost of the coupling calculation
with the errors introduced by the graining of space within the
density cube. We find the Gaussian 94 default grid size to be
quite conservative and the resulting coupling calculations
lengthy. For the work here, we employ a coarser graining in
which each cube element contains a volume of∼0.23 bohr3,
which is roughly twice the volume of the Gaussian 94 default
for RG. We have extensively examined the dependence of
calculated coupling strengths on cube element volume (data not
shown) and find this coarser size to be well within the bounds
of accurate results (<2% error compared to the Gaussian 94
default grid size). However, we have found that calculations
performed with very coarse graining (large element volumes)
can be misleading, especially at small separations, leading to
unpredictable errors of 50% or more in the magnitude of the
coupling. Therefore, coarse grid sizes (and hence “monopole”
schemes) should be used with caution. To ensure there are no
spurious results, we recalculated the coupling of relatively
strongly coupled chromophores (VCoul > 50 cm-1) using the
Gaussian 94 default density cubes and found no significant
discrepancy between the default and the coarser grid size.

4. Results: Couplings in LH2

We have employed the TDC method to determine the
Coulombic coupling between various pigments in the LH2 of
Rps. acidophila, the structure of which has been recently
elucidated.5,35,36 The crystal structure reveals a ring of nine
repeat units, or protomers, each of which consists of anR,â-
polypeptide pair and its closely associated pigments: two B850
Bchla, one B800 Bchla, and one fully resolved RG molecule.
(An additional, partially resolved RG molecule may also be
present.) Despite this detailed structural information, the precise
energy-transfer mechanism within this antenna system has
proven to be enigmatic.2,8,37-39

We have calculated Coulombic couplings between RG S2,
B850 Qy, and B800 Qy donors and various acceptor states (cf.
Table 1). The RG S2 donor transition is associated with two
groups of acceptor transitions: RG S2, which includes neighbor-
ing and next-nearest-neighbor RG molecules, and Bchla, which
includes both Qx and Qy transitions of all B800 and B850
pigments within∼30 Å of the RG. Thus, the RG-Bchla group
includes all EET processes which depopulate the RG S2 state.
The B850 Qy donor transition comprises only one donor-
acceptor group in which the acceptors are the Qy transitions of
all B850 molecules within∼35 Å of the donor. The last two
donor-acceptor groups have B800 Qy as the donor transition
and represent B800 to B850 EET, which includes all B850 Qy

µR
eq = ∑

i

rRMeq(i) (6)

Vd-d ) ∑
i,j

MD
eq(i) MA

eg(j)rirjVDA (7)
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transitions within 50 Å of the B800, and B800 to B800 EET,
which includes nearest-neighbor and next-to-nearest-neighbor
B800 Qy transitions. Because of rapid Qx-Qy internal conver-
sion in Bchla (∼200 fs40,41), we have not considered Bchla Qx

transitions as donors. Results of the calculations including
center-to-center separations and coupling strengths calculated
using both the IDA (eq 7,Vd-d) and the density cube method
(eq 5, VCoul) are given in Table 1 along with values of the
orientation factor,κ, taken from TDC-derived transition dipoles
(eq 6). (For Bchla donor types, we have not reported those
donor-acceptor pairs with bothVCoul andVd-d values less than
10% of the largestVCoul value in the group. For the RG donor
type we have withheld those pairs less than 5% of the largest
VCoul value.) All chromophore positions utilized for this work
come from three adjoiningR,â-polypeptide pairs, labeled A,
B, and C. Thus,RB850A, âB850A, B800A, and RG1A are all
from the same protomer (A) andâB850A adjoinsRB850B as
shown in Figure 2.

Both the orientation and separation change as different
chromophores around the LH2 ring are considered; it is therefore
difficult to characterize coupling differences between the TDC
and IDA estimates for various donor and acceptor pairs. In

Figure 3, the ratio|Vd-d/VCoul | is plotted versus the separation
of donor and acceptor. Although there is no marked trend in
these data, it is clear that the discrepancy in coupling can reach
values on the order of the coupling itself (Vd-d/ VCoul ∼ 0 or J
2) even at separations greater than 20 Å. Moreover, much larger
deviations are common for separations less than 20 Å. It is
also noteworthy that in some instances the two methods can
have remarkable (perhaps fortuitous) agreement at separations
as small as 13 Å.

The coupling strengths shown in Table 1 allow determination
of EET pathways within donor-acceptor groups (where weak
coupling is assumed). Estimating a rate of EET in the weak
coupling limit requires only knowledge of the electronic
coupling, V, and the spectral overlap,J, between donor and

TABLE 1: Values of the Separation, TDC-Derived
Orientation Factor (K, from µ of Eq 6) and Calculated
Couplings (VCoul from Eq 5 and Vd-d from Eq 7) between
the Various Transitions Present in LH2a

donor transition
acceptor
transition

separation
(Å) κ

VCoul

(cm-1)
Vd-d

(cm-1)

RG1A S2 RG1B S2 17.1 0.02 38 37
RG1A S2 RG1C S2 32.1 0.14 6 4

RG1B S2 RB850A Qx 28.2 0.70 6 7
RG1B S2 âB850A Qx 21.7 0.48 9 10
RG1B S2 âB850A Qy 21.7 0.24 5 10
RG1B S2 RB850B Qx 15.9 -0.18 11 -9
RG1B S2 RB850B Qy 15.9 -0.81 -32 -80
RG1B S2 âB850B Qx 14.2 -1.60 -46 -121
RG1B S2 âB850B Qy 14.2 -0.11 45 -15
RG1B S2 RB850C Qx 17.1 -1.73 -101 -74
RG1B S2 RB850C Qy 17.1 0.90 104 72
RG1B S2 âB850C Qx 23.7 -0.77 -16 -12
RG1B S2 âB850C Qy 23.7 -1.81 -80 -54
RG1A S2 RB850C Qy 29.9 1.71 31 26
RG1C S2 B800A Qy 30.2 1.17 14 17
RG1B S2 B800A Qx 13.3 0.39 35 36
RG1B S2 B800A Qy 13.3 1.64 173 280
RG1B S2 B800B Qx 10.2 -0.35 -19 -71
RG1B S2 B800B Qy 10.2 -0.31 -44 -118
RG1B S2 B800C Qx 27.0 -0.98 -8 -11
RG1B S2 B800C Qy 27.0 0.50 8 10

RB850B Qy RB850A Qy 17.8 -1.43 -46 -48
RB850B Qy âB850A Qy 9.1 1.11 213 284
RB850B Qy âB850B Qy 9.5 1.68 238 367
âB850B Qy âB850A Qy 18.6 -1.26 -37 -37

B800B Qy RB850A Qy 38.2 -1.18 -4 -4
B800B Qy âB850A Qy 31.0 1.05 7 7
B800A Qy RB850A Qy 23.9 -0.87 -13 -12
B800A Qy âB850A Qy 18.3 0.13 5 4
B800A Qy RB850B Qy 17.6 0.79 27 27
B800A Qy âB850B Qy 21.8 0.17 23 31
B800A Qy RB850C Qy 28.3 -0.55 -4 -5
B800A Qy âB850C Qy 36.3 1.30 5 5

B800B Qy B800C Qy 21.2 -1.33 -27 -26
B800A Qy B800C Qy 39.9 -1.04 -3 -3

a The labeling scheme of the pigments is depicted in Figure 2. For
clarity, transitions in which bothVCoul and Vd-d are < 10% (5% for
RG to Bchla) of the largestVCoul value for each donor-acceptor
transition group (e.g., B800-B850 is one donor-acceptor group) are
not shown.

Figure 2. Depiction of the labeling scheme used for the pigments in
LH2. One-third of the full ring is shown with the phytyl chains of the
Bchla removed for clarity. The carotenoids are shaded black; the B850
Bchla of protomers A and C are gray while those of protomer B are
nearly white. The B800 Bchla of protomers A and C are dark gray and
the B800 Bchla of protomer B is light gray. The pigments are as seen
in the crystal structure ofRps. acidophila.5

Figure 3. Deviation between the actual Coulombic coupling,VCoul,
determined from eq 5 and the ideal dipole approximation to it,Vd-d,
of eq 7 plotted as the ratio| Vd-d/VCoul| versus the center-to-center
separation for various pigments in LH2 (values are given in Table 1).
Couplings involving two RG pigments are given by pluses (+), while
those involving one RG pigment and one Bchla (B850 or B800) pigment
are denoted by solid circles (b). Couplings between two B850 Bchla
pigments are given by open squares (0), and those involving one B800
Bchla pigment and one Bchla (B850 or B800) pigment are denoted by
open triangles (4).
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acceptor transitions.

Values of the spectral overlap for most pigments under
consideration were estimated previously in a study of the B800-
B820 LH2 complex ofRps. acidophila42 from which spectral
parameters for the RG S2 and various Bchla transitions can be
taken (after shifting the B820 Qy band to 850 nm). Because
the carotenoid emission extends over the entire range of Bchla
absorption and because the vibronic features constitute only a
small fraction of the total area of the Bchla absorption, for the
RG-Bchla spectral overlap the Bchla absorption spectrum can
be well-approximated by a single Gaussian. However, spectral
overlap between Bchla pigments is quite dependent on the exact
shape of the Bchla spectrum. Recently, Pullerits et al. have
examined the temperature dependence of the vibronic structure
of Bchla transitions and have made upper-limit estimates of the
B800-B800 and B800-B850 spectral overlaps (0.0032 and
0.0004, respectively) which we shall use here.43 Application
of the coupling strengths from Table 1 along with the spectral
overlaps leads to the EET rate estimates given in Table 2.

By comparing the rates of all processes by which energy
leaves a particular donor, we can estimate the relative probability
of a particular acceptor to receive EET from that donor. The
probability of transfer to acceptori is the rate of EET toi divided
by the total of all rateskj which depopulate the donor.

The kj include EET from the donor to all acceptors in the
donor-acceptor group as well as other nonradiative and
radiative processes. As we are primarily concerned with the
relative probabilities of each of the acceptors within a donor-
acceptor group to receive EET from the donor and most other
processes present in the system have comparatively small rates,
we will include only the EET rates calculated here in thekj of
eq 9. One important exception is the S2-S1 internal conversion
of RG. (See papers by Koyama et al. and Frank and Cogdell
for descriptions of the singlet states in carotenoids.3,44) Because
this rapid process (estimated to be 135 fs42) dominates the

dynamics of the RG S2 state, it has been included in thekj.
Two donor-acceptor groups are represented in Table 2: RG-
Bchla (top) and B800-B850 (bottom), including only those
acceptors which have a significant probability (>1%) of
receiving excitation.

5. Discussion

We have reported here estimates of the Coulombic contribu-
tion to the total electronic couplings between various chro-
mophores present in the LH2 complex ofRps. acidophila.
Specifically, we have considered the three types of pigments
present in LH2: B850 Bchla, B800 Bchla, and the carotenoid,
RG. Coulombic couplings were calculated between various
pigment transitions over a wide range of center-to-center
separations using the TDC method. Provided a sensible spatial
cube is chosen (small cells and large boundaries), the accuracy
of these calculations is limited only by the quality of ground-
and excited-state wave functions. Ideally, these would be
calculated using a large basis set and a CAS-SCF method
together with a perturbative correction for core-active space
dynamic correlation. In this case, the transition density should
be well-reproduced, and no correction to the couplings would
be required. However, such a calculation is not practical at
this time for such large systems. We have instead used the ab
initio CI-singles method with a 3-21G* basis set, making a post
hoc correction for the electron correlation using a scaling factor.
(This is important in order to obtain physically relevant results,
as discussed in Section 3.) We believe these results represent
the best estimates of the Coulombic couplings reported to date.
Short-range couplings (i.e., contributions that depend explicitly
on orbital overlap) are not calculated here. We have determined
these using more complex calculations, as they are significant
for the interactions within the B850 ring. However, they have
no significant bearing on the results discussed in the present
work and are presented in detail elsewhere.45

In addition to calculating reliable estimates of the couplings,
we investigated the usefulness of the dipole approximation.
Comparison of results from the TDC method to the IDA method
(Figure 3) suggests that for many of the interactions within LH2,
the IDA gives poor values for the coupling strengths. The
largest discrepancies betweenVd-d and VCoul involve the RG
molecule, while couplings involving the B800 Bchla molecules
give consistently similar results. The structure of RG provided
by the crystallographic data is far from symmetric; the backbone
of the carotenoid winds around the polypeptides and Bchla
molecules.36 Thus, the associated electronic transition density,
shown in Figure 4, cannot realistically be represented by a dipole
transition moment. Furthermore, the spatial extent of the
transition is quite large (roughly 25 Å end to end). Both of
these factors increase the significance of higher order terms of
the multipole expansion of the coupling compared to the dipole-
dipole term. This slow convergence of the multipole expansion
most likely arises because there is no point about which to
expand the spherical harmonics of the multipole expansion for
the RG transition density (e.g., there is no center of symmetry
within the RG transition density). As demonstrated by the
calculations and shown in Figure 3, this effect can be significant
at separations (R > 20 Å) where the IDA might be considered
to be reasonable. As separations become smaller (R < 20 Å),
deviations from the IDA become much larger than the value of
the coupling itself.

The B800 Bchla couplings are found to be well described
by the IDA even though nearest-neighbor separations are quite
small (less than 2l). The B800 structure and hence the transition

TABLE 2: Values of the Spectral Overlap Used in Eq 8 and
Resulting EET Times (Inverse Rates) between Some of the
Donor-Acceptor Pairs Given in Table 1a

donor transition
acceptor
transition

overlap
(10-6cm)

rate-1

(ps)
probability

(%)

RG1B S2 âB850B Qx 210 1.9 4.4
RG1B S2 RB850C Qx 210 0.4 21
RG1B S2 B800A Qx 210 3.3 2.6
RG1B S2 B800A Qy 16 1.7 4.9

B800B Qy âB850A Qy 400 45 2.9
B800A Qy RB850A Qy 400 13 10
B800A Qy âB850A Qy 400 72 1.8
B800A Qy RB850B Qy 400 2.8 46
B800A Qy âB850B Qy 400 3.9 33
B800A Qy RB850C Qy 400 107 1.2
B800A Qy âB850C Qy 400 78 1.7

a Probability is the probability of the given acceptor to receive EET
from the given type of donor (i.e., B800A Qy and B800B Qy are
equivalent donor types) relative to all other possible acceptors within
the donor-acceptor group (as in eq 9). Two donor-acceptor groups
are given: RG-Bchla (top) and B800 Qy-B850 Qy (bottom). An S2

f S1 internal conversion time of 135 fs is also assumed in the RG-
Bchla group.

k ) 4π2

h2c
|V|2J (8)

Pi ) ki / ∑
j

kj (9)
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density are quite symmetric, as shown in Figure 5. Therefore,
we expect that a multipole expansion should be quickly
convergent despite the fact that the B800 transition density is
spatially quite large (∼9 Å in diameter).

Of particular interest within LH2 are the EET rates within a
donor-acceptor group, as they relate to experiment. The sum
of all the RG to Bchla EET rates, along with the S2-S1 internal
conversion rate gives the depopulation rate of the RG S2 state
(assuming that other nonradiative and radiative rates are
negligible). We estimate that depopulation of the RG S2 state
occurs on a time scale of 85fs by using the EET rates calculated
here and a “transfer time” of 135 fs42 for the S2-S1 internal
conversion. This agrees well with the 50-100 fs depopulation
times reported by several groups42,46,47on similar complexes.
However, because the rapid internal conversion dominates the
S2 depopulation, a wide range of calculated RG-Bchla rates
lie within the range of experiment.

In these calculations, we have rather naively treated the B850
pigments as individual chromophores, which is not an accurate
depiction of the true electronic nature of the B850 ring. The
extent of delocalization in this ring is not known, but recent
work indicates that, on time scales relevant to energy transfer,
the electronic states of the B850 ring are delocalized over 2-4
monomers, suggesting that a ring of 9 dimers (or fewer
multimers) would be a better representation than a ring of 18
monomers.48-51 An analysis accounting for the excitonic nature
of the B850 ring is outside of the scope of this paper; however,

details of the RG to B850 couplings given in the present work
form a basis for such a treatment. (The rates, on the other
hand, should be used only as a guide.)

A summary of the interaction between the RG1B S2 transition
and neighboring Bchla transitions is given in Figure 6A. The
Coulombic couplings given here suggest that the RG1B S2

transition couples most strongly to both the Qx and Qy transitions
of the neighboringRB850C, although because of larger spectral
overlap the Qx transition is by far the “preferred” energy
acceptor. This RG1B S2-RB850C Qx energy transfer is the only
process that is competitive with S2-S1 internal conversion
representing 21% of the total while internal conversion claims
63%. However, theâB850B Qx transition and both the Qx and
Qy transitions of the B800A each receive noticeable amounts of
the excitation energy and, together, receive 12% of the RG S2

excitation energy. The coupling of RG1B S2 to the B800A Qy

transition is actually the strongest of the group (173 cm-1)
though it yields only 5% of the total EET because of a meager
spectral overlap.42

Note also, from Table 1, that the calculation of RG1B S2-
B800A Qy coupling and RG1B S2-RB850C Qx coupling are two
cases for which use of the IDA would be especially in errors
resulting in a 5-fold change in the relative rates (proportional
to the square of the coupling) of these two acceptors compared
to the TDC results. Moreover, it is interesting that these two
Bchla pigments which couple most strongly to the RG are in
fact not the closest pigments measured center-to-center. B800A

is 13.3 Å from RG1B, while B800B is 10.2 Å;RB850C is 17.1
Å away, whileRB850B is 15.9 Å andâB850B is 14.2 Å. The
large size of the RG transition means that center-to-center
separation is not a good indicator of the distance between
transitions. Orientation factors are generally small for the
B800B, RB850B, and âB850B transitions resulting in poor
coupling to RG, except for theâB850B Qx which hasκ ) -1.60.
The correspondingVd-d value of-121 cm-1 (RG1B S2-âB850B

Qx) is the largest RG-B850 interaction; however, higher
multipole effects reduceVCoul to -46 cm-1. Such an effect is
not unique; as mentioned earlier, many of the calculated

Figure 4. Transition density for the carotenoid, RG, used in the LH2
coupling calculations. The shape of the carotenoid is from the crystal
structure5 as described in the text. The transition density is determined
using Gaussian 9428 as described in the text.

Figure 5. Transition density for the B800 Bchla used in the LH2
coupling calculations. The shape of the Bchla is from the crystal
structure5 as described in the text. The transition density is determined
using Gaussian 9428 as described in the text.
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couplings involving RG show large discrepancies between the
TDC and IDA methods.

Because our simple treatment of the B850 pigments lacks
orbital overlap effects which must be considered when examin-
ing thetotal couplingbetween these pigments, we will not give
an extended discussion of coupling strengths between them in
the present work. However, the results reported here are
relevant within a discussion ofCoulombic coupling. The TDC
method yields coupling strengths of 238 cm-1 within the
intraprotomerR-â pair and 213 cm-1 within the interprotomer
â-R pair. These values are significantly smaller in magnitude
than the IDA results, indicating a strong influence from higher
multipole moments. We find dipole-dipole coupling strengths
(Vd-d) of 367 cm-1 within the intraprotomerR-â pair and 284
cm-1 within the interprotomerâ-R pair which are similar to
those given by Pullerits et al., who find 410 cm-1 within the
intraprotomerR-â pair and 310 cm-1 within the interprotomer
â-R pair.43 It is not surprising that the dipole-dipole results
given here and those of ref 43 yield slightly different results
because transition dipoles derived from the calculated transition
densities are slightly different than those of Pullerits et al., which
were established from structural parameters (pointing from N
to N). As may be expected, monopole calculations by Sauer
et al., which are intermediate to the TDC and IDA methods in
accounting for the shape of the transition density, give an
intermediate coupling strength of 273 cm-1 within the intra-
protomerR-â pair.52

Examination of the B800 to B850 energy-transfer times
(summarized in Figure 6B) suggests a total B800-B850 transfer
of 1.3 ps, substantially slower than the 650-700 fs seen
experimentally8,43,53 in the LH2 of Rhodobacter sphaeroides.
In the recent work by Pullerits et al. they calculated an even
slower 1.9 ps for the transfer from a single B800 to the nearest
four B850 pigments.43 Here we find coupling strengths which,

after squaring and summing, are slightly larger in magnitude
(27, -23, -13, and 5 cm-1 compared to 29, 13, 7, and 6 cm-1

from Pullerits et al.), in addition to significant coupling to several
other B850 molecules (7, 5,-4, -4, -3, and-3 cm-1). Thus,
our total B800-B850 EET rate is 30% larger than that found
by Pullerits et al., although it is still a factor of 2 slower than
experiment.

It was suggested by Pullerits et al. that carotenoid-mediated
superexchange from B800 to B850 may account for the bulk
of the difference in rates. In other words, the transition densities
of the donor and acceptor are coupled via the carotenoid S2 r
S0 transition density. We have performed preliminary calcula-
tions using second-order perturbation theory [VSE )
-VB800-RGVRG-B850/(ERG - EB800) ] to estimate the superex-
change contribution to the B800A-B850 coupling via the RG1B
S2 transition. The 0-0 energy gap is taken to be that reported
by Krueger et al. for RG, 6400 cm-1.42 These results suggest
that the carotenoid mediates a minimal additional coupling of
2-3 cm-1 between B800A Qy and both theR andâ B850C Qy.
The small magnitudes of the superexchange-mediated couplings
compared to the Coulombic couplings suggest that the caro-
tenoid plays only a minor role in the B800-B850 Coulombic
energy transfer. However, it is possible that short-range
interactions (orbital overlap dependent) could significantly
enhance the RG-B850 coupling strengths and thus affect the
superexchange rate. In other words, mixing of the RG and B850
orbitals could have a large influence on the B800-B850
coupling.12,54-57 We are currently conducting a detailed
investigation of these effects and have preliminary results which
indicate that some B850 electron density extends down the
conjugated chain of the carotenoid.58 In any event, it is
interesting that the RG appears to be most capable of promoting
EET from B800 to the B850 of anext-to-nearest-neighbor
protomer (B800A to RB850C).

Figure 6. Coupling strengths and energy transfer times from the RG1B S2 (A) and B800A Qy (B) transitions to nearby Bchla transitions. Shading
of the chromophores is as in Figure 2. Near each acceptor pigment is given the label, center-to-center separation, coupling strengthVCoul, and
transfer time. For transfer from RG S2, the interaction with both the Qx and Qy transitions of the acceptor is given (Qx, Qy), whereas for B800 Qy
only interaction with the acceptor Qy transition is given.
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The transfer of energy across protomer boundaries is well
represented in Table 2. The RG transfers mainly to three
different pigments, each of which resides in a different protomer.
The B800 Bchla transfers mainly to four different pigments
(including other B800s) in three different protomers. This
reveals that energy transfer efficiency is maximized by having
several viable acceptors for every donor pigment. While recent
photon echo peak shift measurements on LH1 suggest that the
R-â dimer provides a reasonable description of theelectronic
structureof the (B850) ring on time scales relevant to energy
transfer,48 the presence of significant interprotomer energy-
transfer pathways found in this work suggests that these
pathways must be considered when describinglight-harVesting
function.

The rapid (<400 fs) B800-B800 energy transfer resulting
from our calculation is similar to estimates by Pullerits et al.43

There have been conflicting reports on the rate of B800-B800
transfer in LH2.8,43,59-63 The calculations in this work suggest
that, at least in complexes that share theRps. acidophila
structure, rapid B800-B800 transfer does occur. Note that the
coupling between the B800 pigments is moderate (<30 cm-1);
it is the large spectral overlap that provides the impetus for rapid
EET.

6. Conclusions

A general approach for calculating the Coulombic coupling
between closely interacting or weakly allowed transition densi-
ties of donor and acceptor has been described and employed to
investigate the Coulombic coupling within bacterial light-
harvesting antenna. Transition densities of donor and acceptor
were generated from ab initio CI-singles wave functions as three-
dimensional grids. It was demonstrated that the multipolar
expansion relevant to the Coulombic interaction may be
determined to infinite order using the Coulombic coupling (eq
5) between transition density cubes (TDCs), as described in the
present work. In addition, the TDC method is applicable at all
interchromophore separations while the multipole expansion (as
well as the dipole-dipole limit) is only valid at separations
beyond the van der Waals radii of donor and acceptor.

EET rates within LH2, estimated using coupling strengths
from the TDC method, suggested that both RG and B800 Bchla
transfer energy within and acrossR,â-polypeptide pair bound-
aries. Estimation of the RG S2 depopulation time scale of 85
fs agrees well with experimental results, while estimation of
the total B800-B850 transfer time of 1.3 ps (2 times slower
than experiment) implies that the excitonic character of the B850
ring along with orbital overlap effects and perhaps superex-
change should be considered for these chromophores. Signifi-
cant coupling and a large spectral overlap43 between B800
Bchlas also suggest that rapid B800-B800 transfer may occur.
(We have not considered the carotenoid S1 transition in this
work.) The present work has indicated that both RG and B800
Bchla pigments transfer energy across protomer unit boundaries,
suggesting that energy-transfer pathways between protomer units
are important in LH2 function.
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