
The Role of the S1 State of Carotenoids in Photosynthetic Energy Transfer: The
Light-Harvesting Complex II of Purple Bacteria

Chao-Ping Hsu,† Peter J. Walla,† Martin Head-Gordon, †,‡ and Graham R. Fleming*,†,§

Department of Chemistry, UniVersity of California, Berkeley, California 94720-1460, and
Chemical Sciences DiVision and Physical Biosciences DiVision, Lawrence Berkeley National Laboratory,
Berkeley, California 94720

ReceiVed: May 22, 2001

Using time-dependent density functional theory (TDDFT), we obtained the excitation energy transfer coupling
(Coulombic coupling) between the S1 state of rhodopin glucoside (RG) and the Qy state of bacteriochlorophylls
(BChl) in the light-harvesting complex II (LH2) of purple photosynthetic bacteriumRhodopseudomonas (Rps.)
acidophila. Our results suggest that the small mixing of S2 character arising from symmetry-breaking of the
carotenoid plays an important role in the Coulombic coupling. As a result the carotenoid (car) S1 couplings
to chlorophylls are similar to a set of scaled down Car(S2)-BChl(Qy) couplings. We also report results for
6,10,15,19-tetramethyl-2-cis-4,6,8,10,12,14,16,18,20-all trans-22-cis-tetracosaundecaene, the polyene backbone
of RG with six methyl groups attached, in two different structures: an optimized planar structure and the
crystal structure of RG with hydrogen atoms replacing the two end groups, which is distorted from its planar
structure. The mixing of S2 configuration is strictly forbidden in the planar structure due to symmetry. In this
case the polyene still couples moderately strongly to the nearby BChls. In the distorted structure derived
from RG crystal structure, coupling strengths and the role of S2 character mixing are similar to those of the
full RG. Using an exciton model simulation, the calculated coupling strengths yield Car(S1)-to-BChl(Qy)
excitation energy transfer times that are in good agreement with recent experimental results.

I. Introduction

Ultrafast spectroscopy allows the excitation energy transfer
(EET) among photosynthetic antenna pigments to be monitored
in detail.1 The role of carotenoids (Car) in photosynthesis has
been the focus of much recent study. It has long been observed
that some carotenoids are able to transfer their excitation energy
to chlorophylls (Chl) to drive photochemistry.2-4 It is now
generally accepted that carotenoids extend the spectral coverage
of the antenna system and help collect solar energy with
chlorophylls or bacteriochlorophylls (BChl).5,6 In addition to
this light-harvesting function, carotenoids are also involved in
photoprotection via triplet quenching and direct reaction with
singlet oxygen (see, for example, ref 7 and references therein).
This article will focus solely on the light-harvesting function
of carotenoids and the mechanism of their interaction with the
BChl molecules of a light-harvesting antenna system, light-
harvesting complex II (LH2) of purple bacteria. This system
provides an ideal test bed for such studies since the crystal
structure of the complex has been determined to high resolution
for two species,8,9 and over the past several years many research
groups have attempted to address how energy transfer may occur
in the LH2 complex of purple bacteria, both experimentally and
theoretically.10-22

Carotenoids are generally described by analogy to polyenes:
their ground state (S0) and first excited state (S1) are both ofAg

symmetry. Thus the S0 f S1 transition is one-photon forbidden.
The second excited state (S2) is of Bu symmetry and carries a

large oscillator strength. It has been experimentally demonstrated
that carotenoids can transfer their excitation energy from the
S2 state, by an efficient EET coupling, to the Qx and Qy states
of BChls.10-12 Competing with this process is ultrafast internal
conversion from S2 to S1. It is then of interest to determine
whether the carotenoid S1 state can effectively transfer its
excitation energy to its neighboring BChls. Important early
observations of the role of the S1 state were made by Shreve et
al.14 via excitation of the strongly allowed S0-S2 transition.
Definitive evidence of S1 to BChl energy transfer was provided
by Krueger et al.15 In this work the S1 state was directly excited
by two photon absorption and the energy transfer monitored
by detecting fluorescence from the BChl molecules. In subse-
quent work the S1 lifetimes were measured in LH2 complexes
from two species of purple bacteria:Rhodobacter (Rb.)
sphaeroidesandRhodopseudomonas (Rps.) acidophila.16

The forbidden transition from the ground state to the S1 state
of carotenoids has a very small transition dipole moment. The
Förster dipole coupling scheme23 cannot be used to estimate
the coupling strength. Quadrupole-dipole coupling and the
Dexter exchange coupling24 have been suggested as candidates
for possible coupling mechanisms.17 In ref 18, the weak emission
from the S1 state, possibly arising from vibronic coupling, was
monitored for carotenoidsin solution. The transition dipole
moments of the S0 f S1 transition were estimated to be 4-6%
of those of the S0 f S2 transition. Assuming the Coulombic
coupling is proportional to the magnitude of transition dipole
moment and assuming that the spectral properties of carotenoids
in solution are similar to those in LH2 complexes, the authors
use this 4-6% factor to scale down a set of Car(S2)-BChl(Qy)
couplings, obtained from a semiempirical calculation,20 for an

† University of California.
‡ Chemical Sciences Division, Lawrence Berkeley National Laboratory.
§ Physical Biosciences Division, Lawrence Berkeley National Laboratory.

11016 J. Phys. Chem. B2001,105,11016-11025

10.1021/jp0119835 CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/17/2001



estimate of Car(S1)-BChl(Qy) Coulombic coupling. The result
is encouraging, but it does not reproduce the large differences
in EET rate among LH2 complexes from different species.

Before X-ray crystallographic data for LH2 were available,
Nagae et al.17 reported calculated rates for Carf BChl
excitation energy transfer and gave the relative magnitudes of
Coulombic coupling and the Dexter exchange coupling from a
semiempirical calculation, using a perfect, nondistorted geometry
of the conjugated portion of BChla and neurosporene. The
authors found that the exchange couplings are much smaller
than the corresponding Coulombic coupling strengths. Moreover,
the coupling to BChl from the S1 (2 1Ag) state of the carotenoid
was found to be 2 orders of magnitude smaller than that from
the S2 (1 1Bu) state. Shortly after the crystal structure of LH2
became available, Alden et al. performed a semiempirical
molecular orbital calculation for couplings between the two
groups of BChl aggregates (B800 and B850) in the LH2
complex of Rps. acidophila, in which a simple distance-
dependent dielectric screening was assumed.19 The main features
of the absorption and CD spectra for the BChls are reproduced
and a comprehensive description of the delocalization of
excitation over the B850 and B800 aggregates were reported,
but the role of the carotenoid in EET was not addressed.
Damjanovićet al. calculated the EET coupling between Car
and BChl for Rhodospirillum (Rs.) molischianum, using a
semiempirical Hamiltonian in a configuration-interaction (CI)
calculation.20 The authors reported a calculated EET rate from
the S2 state of carotenoids that is close to the experimental value,
while for the S1 state, the calculated rate was 2 orders of
magnitude smaller than the observed value. The first ab initio
level of quantum calculations for the couplings in LH2 are
perhaps those performed by Krueger et al.21 and Scholes et al.22

A simple excited-state method, configuration interaction with
single excitation (CIS), was used. The Coulombic coupling, the
most important contribution to the EET coupling, was computed
from the transition density cube (TDC), a full-space numerical
Rieman-summation method. This work reported the calculated
coupling between the allowed S2 state and BChls. The S1 state
of carotenoids has significant double excitation character, and
the CIS method does not offer a satisfactory description for such
a state.

Time-dependent density functional theory (TDDFT) has been
developed and formulated for a variety of purposes.25-28 For
calculating excitation energies,29-33 the computational cost and
complexity of TDDFT is roughly comparable to single excitation
theories based on a Hartree-Fock ground state, such as single
excitation CI (CIS) or the random phase approximation (RPA).
At the same time, excitation energies to valence excited states
are considerably improved,30-33 and there is even significant
improvement for excitation energies of excited states that, when
treated by wave function-based methods, have appreciable
double excitation character.34,35These attractive characteristics
have enabled TDDFT to be applied to a number of large systems
(for example, see refs 36 and 37). The Tamm-Dancoff
approximation to TDDFT (TDDFT/TDA)38 is also employed
in the present study. The TDA was proposed as a simple
approximation to TDDFT by realizing that, within TDDFT, most
of the excitation processes were simple transitions of an electron
from an occupied orbital to an unoccupied orbital. This is
generally true, as has already been demonstrated.38 Recently,
TDDFT and TDDFT/TDA have been tested for linear polyene
oligomers,39 which are thought to have excited-state character
similar to carotenoids. It was found that both TDDFT and
TDDFT/TDA are capable of describing the 21Ag state, giving

similar results for excitation energies close to the experimental
values. However, for the 21Bu state, the excitation energy is
underestimated by 0.5 eV with TDDFT, while TDDFT/TDA
consistently gives an excitation energy closer to the experimental
value. For a self-consistent calculation of the energy transfer
couplings, it is also necessary to calculate the electronic structure
of the acceptor (BChl) molecules via TDDFT. TDDFT has
recently been applied to calculate the excitation spectrum for
chlorophylla.36,37The author reported negligible effects of the
phytyl group on the lowest six excited states. Four states in the
region of the Q-bands, seven transitions in the B (Soret) band
region, and two weak transitions between the two bands were
also reported. The additional electronic states may be a result
of underestimating the energies of the Rydberg states higher in
excitation energy, since this is a known problem in TDDFT.40

However, it is perhaps the first ab initio calculation of
chlorophyll that does not involve a selection of active electron
and active space. It is possible, though not very likely, that
traditional theories restricted to excitation among theπ electrons
and π orbitals are not sufficient to fully describe all the
electronic states in the visible frequency region. More work is
needed to confirm the existence of those additional electronic
states.

In this paper we report the results of our TDDFT calculations
of the EET coupling between the Car(S1) and BChl(Qy) states
using the crystal structure of light-harvesting complex II (LH2)
of Rps. acidophilastrain 10500.8 The overall Car(S1) to
BChl(Qy) EET rate is also calculated for a comparison with
recent experimental results.

II. Theory and Calculation

A detailed derivation of EET coupling based on TDDFT was
given in ref 41. The result parallels (and is similar to) the
conventional configuration-interaction (CI) based expression.
The energy transfer coupling for a pair of donor (D) and acceptor
(A) molecules is

whereFT(r ) is the transition density of the donor or acceptor
molecule, defined as diagonal elements of the transition density
matrix F̃T(r ,r ′)

andgXC(r ,r ′,ω) is the Fourier transform ofgXC(r ,t;r ′,t′), which
is the exchange-correlation kernel:

AXC[F(r ,t)] is the exchange-correlation functional.27,29

The first term on the RHS of eq 1 consists of two contribu-
tions: The integration with 1/|r - r ′| is theCoulombinteraction,
while the term withgXC arises from theexchange-correlation
effect between the transition density of the donor (D) and
acceptor (A). The second term at the RHS of eq 1 is an overlap
effect, which is normally expected to be a small effect and is

UDA
0 ) ∫dr∫dr ′ FD

T*(r )( 1
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often ignored. Exchange effects have been shown to be much
smaller in refs 17 and 20, and we therefore focus our attention
on the Coulombic coupling, which is calculated with the
transition density cube (TDC) technique.21

The formalism and applications of TDDFT have been
reported previously (see ref 35, for example) and are not
repeated here. The transition densities are generated with a
development version of Q-Chem42 for each pigment, rhodopin
glucoside (RG) and bacteriochlorophylla (BChl). The structures
of RG and BChl are obtained as in our earlier work:21 positions
for heavy atoms are taken from the crystal structure,8 while
hydrogen atoms are added and optimized in the ground state
with a MNDO calculation. There is only a small change in our
results (less than 0.05 eV in excitation energy) when the position
of hydrogen atoms are optimized in a hybrid Becke3-Lee-
Yang-Parr (B3LYP) functional43 with the 6-31G** basis set.
According to our previous studies of polyene oligomers,39 we
choose to use the SVWN functional44,45 with the 6-31++G**
basis set for all of our excited-state calculations. For the BChl
calculations, the phytyl group is replaced by a hydrogen atom.
Such a replacement caused negligible change in the excitation
energies and oscillator strengths for the first six excited states
of chlorophyll a.36,37 We expect that this replacement would
also have a negligible effect for BChl.

To investigate the role of symmetry-breaking produced by
the distorted structure of the carotenoid in the protein matrix,
we have also calculated the transition density for the S0 to S1

transition of 6,10,15,19-tetramethyl-2-cis-4,6,8,10,12,14,16,
18,20-all trans-22-cis-tetracosaundecaene (I ). This molecule has
the polyene backbone of RG with 11 conjugated C-C double
bonds and six methyl groups attached (Scheme 1). We have
investigated two different geometries of the model moleculeI .
One is obtained directly from the crystal structure,8 with
hydrogen atoms replacing the two end groups. As stated above,
this structure is distorted from its ground-state minimum-energy
structure and has an out-of-plane bend. It will be referred to as
the “distorted” structure below. The other structure of molecule
I studied in the present work is a fully optimized planar ground-
state structure obtained from a density functional calculation
with 6-31G**/B3LYP.43 In Figure 1 the optimized structure of
moleculeI is shown. TheC2h symmetry is retained; therefore
there is no mixing of Bu character in the S1 (2 1Ag) state. This
symmetric structure will be referred to as the “planar” structure
below.

We have performed the calculation without considering the
effect of the surrounding medium. In Figure 2 we plotted the
transition density of S1 transition, calculated with TDDFT/TDA
with SVWN functional. It is seen to have alternating positive
and negative charges aligned along the polyene chain. Such
character may have induced a much smaller optical dielectric
response in the surrounding medium compared to that from a

simple transition dipole. In the future the effects of the medium
should be studied. Instead of employing a simple scaling factor
as done in the past,19,46 we propose to use a more complete
description derived recently,41 which depends on the nature of
the transition and the shape of the molecule.

To calculate the coupling between the Qy transition of BChls
and the planar polyene moleculeI , we need to replace the
carotenoid, RG, in the crystal structure with the model mol-
ecules. For the distorted structure of moleculeI this is trivial
since the positions of the heavy atoms are from the crystal
structure and there is no ambiguity in placing the model
molecule into the crystal structure. For the planar structure there
are a number of different choices for this transformation. In
the present work we performed the transformation as stated
below.

In making translations and rotations of an object in three-
dimensional space, one needs to define the position of an origin
for translation and two linearly independent axes for rotation.
The translations and rotations are performed to bring the origin

SCHEME 1: Chemical Structures for Carotenoid Rhodopin Glucoside (RG) and Its Analog, 6,10,15,19-Tetramethyl-2-
cis-4,6,8,10,12,14,16,18,20-all trans-22-cis-tetracosaundecaene (I)

Figure 1. Optimized (planar) geometry of moleculeI .

Figure 2. Transition density of S0 f S1 of RG, calculated from
TDDFT/TDA with SVWN functional. Light and dark shaded surfaces
are contour surfaces for transition density with opposite phases (signs).
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and the two axes of the model molecule to coincide with those
of the RG in the crystal structure. We have chosen the center-
of-mass of carbon atoms of the conjugated backbone plus the
six methyl carbons attached to the conjugated chain as the origin.
The first axis is defined along the conjugated carbons by
averaging the vectors going from any carbon atom to the next
nearest one in the conjugated part of the molecule. The second
axis used in defining the rotation is the averaged vector from
the carbon atom with a methyl group attached in the conjugated
chain to the methyl carbon. In this case there is some mismatch
between a model molecule withC2h symmetry and the distorted
carotenoid in the crystal structure. We choose to match the origin
by a translation, and the direction of the first axis is super-
imposed by a rotation. In 3-dimensional space, one can find a
plane containing the origin and the two linearly independent
vectors starting from the origin. Such planes from the model
molecule and the crystal structure are superimposed by a second
rotation. The final placement of the polyene in the LH2 complex
is plotted in Figure 3.

In an LH2 complex, two-thirds of the BChls form a tightly
coupled molecular aggregate, called B850, while the other one-
third of the BChls form a less strongly coupled ring aggregate
named B800. In such aggregates the transition dipole moments
cancel for most of the excitonic states, leaving the optical spectra
shifted, narrowed and deviating from the underlying density of
states distribution. In this case Fo¨rster theory, which uses the
optical spectra to account for the energy conservation factor, is
not valid. To calculate the EET rate we have employed a model
simulation to properly account for the coupling with the
excitonic states of BChls in B850. In this simulation, we have
calculated the density of the excitonic states formed by the
BChls in B850. The coupling between BChls in B850 and the
spectral line shape (homogeneous broadening, intramolecular
vibrational frequencies, and displacements) of each excitonic
state are all from ref 47. We have also included the effect of
disorder by performing an ensemble average. Following previous
work,47 which gives a good account of EET between B800 and
B850, we have included a Gaussian distribution for each BChl
site energy. We have used the values of 0.020 eV for BChls in
B850 and 0.009 eV for BChls in B800 for the standard deviation
in the distribution of site energy. The ensemble average is
performedafter taking the product of coupling strength and the

spectral overlap, which is the “EET rate” for each ensemble, as
outlined in ref 16 and described previously in ref 47. In this
work all the EET time constants reported are within 4%
statistical error due to random sampling.

In determining the EET rate from the calculated coupling
strengths, we need the position and spectral density of the Car
S1 state. We assumed that the S1 states of the carotenoids have
the same emission spectral line shape as that of spheroidene,
which was obtained from the mirror image of the two-photon
excitation spectrum.15

III. Results

The results of our TDDFT and TDDFT/TDA calculations for
RG are summarized in Table 1. When compared with experi-
mental results of similar carotenoids, the calculated excitation
energy for the S2 state is lower by almost 1 eV (TDDFT/TDA).
In a recent work,48 the excitation energies are calculated, with
the state-averaged complete active space SCF method, for a
carotenoid molecule in a charge field created by its surrounding
proteins and BChls. These results are close to the experimentally
observed values for the S2 state.

Figure 3. (a) Position of planar moleculeI placed in the LH2 crystal structure in order to best represent a situation where the mixing of the 1
1Bu-like configuration does not occur. In (b) the same structure as in part (a) is plotted from a different viewing angle to show the difference in the
geometry of planar moleculesI and RG. The BChls are excluded in this plot for clarity.

TABLE 1: First Four Singlet Excited States of Rhodopin
Glucoside (RG), Obtained from TDDFT/TDA and TDDFT
Calculations Using the SVWN Functionals and 6-31++G**
Basis Set

state Ea λb fc µd λ(exp)b µ(exp)d

TDDFT/TDA
S1 1.47 844.3 0.02 1.73
S2 1.94 639.7 1.84 15.8 418, 401e 13e

2.10 589.5 1.15 12.0
2.15 576.1 5.90 26.9

TDDFT
S1 1.46 848.6 0.25 6.66
S2 1.57 788.7 3.16 23.0

1.98 627.3 0.06 2.83
2.11 588.7 0.01 1.02

a Excitation energies in electronvolts.b Excitation wavelengths in
nanometers.c Oscillator strengths.d Transition dipole moments in
Debye.e Reference 58. The excitation wavelengths are absorption
maxima for carotenoids with the same number (11) of conjugated
double bonds as RG, namely, lycopene andâ-carotene, respectively.
Listed values are extrapolated to the gas-phase values.
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The S1 states in both calculations are of 21Ag character with
some mixing of the 11Bu state as a result of symmetry breaking
by the deviation from planarity. The excitation energy of the
S2 state, which is approximately assigned as a 11Bu state in
the C2h point group, is 0.37 eV lower for the full TDDFT
calculation than for the TDDFT/TDA calculation. Such a
disagreement of the excitation energy of the 11Bu state has
previously been systematically observed.39 The transition dipole
moment for S0 f S1 is also significantly higher for the TDDFT
result. This arises from a larger contribution of the 11Bu-like
configuration, which is due to the smaller energy gap between
the 21Ag-like and 11Bu-like configurations in TDDFT. In our
previous study,39 TDDFT systematically underestimated the
excitation energy of 11Bu state by 0.4-0.5 eV for polyene

oligomers when compared with the experimental values. For
RG we believe the same systematic error is causing the smaller
energy gap and thus unrealistically large mixing of 11Bu-like
configuration with the S1 (2 1Ag-like) state. In contrast, the
TDDFT/TDA approach gave reasonable estimates of the ener-
gies for both states in polyene oligomers. Based on these results
we believe that the transition properties of the first two excited
states of RG would be more likely to be close to reality if
calculated via TDDFT/TDA.

For consistency, the excited states of BChla in B800 and
B850 were calculated with the same level of TDDFT as used
for RG. In Table 2 we summarize the results. The assignment
of the Qx and Qy states is based on the magnitude and direction
of the transition dipole moments. The direction of transition
dipole moments for Qx and Qy states are known to point,
approximately, along the Mg-N directions.49 The calculated
transition densities of these states are very similar to a previous
CIS result.50

To gain insight into the mixing of S2 with S1, we also
calculated the excited states of model moleculeI resembling
the conjugated core of RG. In Table 3 we summarize the results
of our calculations on the two structures ofI . The corresponding
excitation energies of the first two states are about 0.3-0.4 eV
lower in the distorted geometry, except for the case of the 2
1Bu (S2) state in the TDDFT/TDA calculation. This result is
related to the properties of excited-state gradients with respect
to nuclear coordinates. While the problem of excited-state
gradients for polyenes is an active area of research, for our
current work there is not enough information for us to draw
any significant conclusions from this result.

The Coulombic coupling between Qy of BChls and the S1
state of RG or its conjugated analogue (moleculeI ) are
calculated using the transition density cube (TDC) method,21

in which the transition density is represented by an array of
charges on cubic grid points, and a direct summation of the
Coulombic interaction between the two groups of charges is
performed. The results are summarized in Table 4. To examine
the consequence of symmetry breaking for RG, we have also
included an analysis of coupling arising from Ag-like and Bu-
like configurations. The S1 wave function is composed of three
major components in the Kohn-Sham orbital representation:
HOMO f LUMO + 1, HOMO- 1 f LUMO and HOMOf
LUMO. The amplitudes of these three configurations in RG
are-0.6923,+0.7174, and-0.0672, respectively. The first two
components form a configuration that resembles Ag symmetry,
consisting of more than 99% of the population. The last

TABLE 2: Excited States of BChls from TDDFT/TDA and
TDDFT Calculations with SVWN/6-31++G**

B800

me

state Ea λ(calc)b fc µd mx my mz λ(exp)b µ(exp)d

TDDFT/TDA
1.83 676.1 0.00 0.30-0.09 0.08-0.01
1.93 642.9 0.04 2.30 0.37-0.83 0.01

Qy 2.04 606.9 0.50 8.01 0.22 3.15-0.04 773,f 772g 6.13h

Qx 2.16 573.4 0.03 1.76-0.69 0.06-0.05 577,f

605-608g
3.29h

TDDFT
Qy 1.73 718.4 0.30 6.73 0.04 2.65-0.04

1.83 676.3 0.00 0.74-0.12 -0.27 0.00
1.92 644.5 0.03 1.93 0.52 0.55 0.00

Qx 2.10 589.2 0.02 1.71-0.67 -0.06 -0.05

B850R

me

state Ea λb fc µd mx my mz

TDDFT/TDA
1.70 729.7 0.01 0.91 -0.35 -0.08 0.00

Qy 2.06 601.9 0.55 8.38 -0.27 -3.29 0.04
Qx 2.14 580.5 0.03 2.02 -0.76 0.22 -0.01

2.24 552.6 0.01 1.25 0.48 -0.09 -0.01

TDDFT
1.69 735.6 0.01 1.00 -0.39 0.06 -0.01

Qy 1.76 703.8 0.34 7.10 -0.21 -2.79 0.04
Qx 2.05 604.4 0.04 2.34 -0.92 -0.04 -0.01

2.22 559.2 0.00 0.59 0.23 -0.03 -0.01

B850â

me

state Ea λb fc µd mx my mz

TDDFT/TDA
1.68 737.3 0.00 0.34 -0.13 -0.03 0.00

Qy 2.06 602.6 0.55 8.40 0.20 3.30 -0.11
Qx 2.11 586.4 0.03 1.91 -0.74 0.11 0.00

2.21 560.6 0.03 1.71 0.67 0.01 -0.02

TDDFT
1.68 738.6 0.00 0.36 -0.14 -0.02 0.00

Qy 1.74 712.8 0.32 6.94 0.14 2.73 -0.10
Qx 2.03 609.6 0.05 2.48 -0.97 -0.11 0.01

2.18 569.9 0.00 0.76 0.30 0.00 -0.02

a Excitation energies in electronvolts.b Excitation wavelengths in
nanometers.c Oscillator strengths.d Transition dipole moments in
Debye.e Projection of transition dipole moments in atomic units. The
Cartesian coordinate is defined with thex-axis along the NA-Mg-NC

direction (averaged) and they-axis pependicular to thex-axis, roughly
along the ND-Mg-NB direction. NA, NB, NC, and ND are defined in
the crystal structure data.8 f Reference 59.g References 60 and 61.
h Reference 62.

TABLE 3: Excited States of Molecule I, the Polyene Part of
RG, from TDDFT/TDA and TDDFT Calculations Using
SVWN/6-31++G**, for the Two Different Geometries

I , distorteda I , planarf

state Eb λc fd µe state Eb λc fd µe

TDDFT/TDA
S1 1.51 820.9 0.01 1.20 21Ag 1.91 649.7 0 0
S2 2.12 585.7 1.53 13.8 11Bu 2.14 580.2 5.31 63.5

2.23 555.4 5.96 26.5 21Bu 2.57 481.9 0.74 8.68
2.41 513.8 3.73 20.2 31Bu 2.80 442.6 1.69 12.6

TDDFT
S1 1.50 824.5 0.11 4.36 11Bu 1.89 657.5 3.61 22.5
S2 1.64 757.8 3.70 24.4 21Ag 1.91 649.7 0 0

2.13 582.1 0.02 1.46 21Bu 2.54 488.8 0.24 5.00
2.32 533.4 0.02 1.51 31Bu 2.73 454.1 0.32 5.51

a Crystal structure of RG with H atoms replacing the two end groups.
b Excitation energies in electronvolts.c Excitation wavelengths in
nanometers.d Oscillator strengths.e Transition dipole moments in
Debye.f Optimized ground-state structure.
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component is a small mixing from the 11Bu state due to
symmetry breaking. Such a configuration has a large transition
dipole moment. Couplings from the Ag-like and the Bu-like
configurations to nearby BChl’s in the LH2 structure are also
included in Table 4. The distorted moleculeI behaves in a
similar manner. The coefficients of the three configurations
mentioned above, in the same order, are-0.6961,+0.7145,
and-0.0556. The couplings from the Ag-like and the Bu-like
components are calculated similarly, and the results are listed
in Table 4. For the planar moleculeI it is optimized in its ground
state, which is a planar structure withC2h symmetry. There-
fore the S1 state is rigorously assigned as the 21Ag state. There
is no symmetry breaking. In this case, there is no need to
separate the configuration of the 21Ag state into different
components.

In Figure 4 we plot the dependence of the ensemble-averaged
EET rate as a function of the S1 0-0 transition frequency,
keeping the coupling between Car(S1) and Bchl(Qy) fixed at

the TDDFT/TDA values reported in Table 4. For comparison,
several other results from experiments or theoretical calcula-
tions18,16 are also included in this plot.

IV. Discussion

A. Car(S1)-BChl(Qy) Coupling. From the results listed in
Table 4 we can see that, for rhodopin glucoside in the crystal
structure, the Bu-like configuration plays a larger role than the
Ag-like configuration in the coupling with nearby BChls,
although the Ag-like couplings are not negligible. The signs of
Coulombic couplings of the S1 state follow that of the Bu-like
configuration, indicating that the Coulombic coupling of the
Bu-like component is dominant. This result looks even more
remarkable when one realizes that the Bu-like configuration
considered here has an amplitude of only-0.0672, or 0.45%
in the population. To investigate this effect further, we note
that RG has different groups on the two ends, and more
importantly, in the crystal structure RG is distorted from a planar
geometry (Scheme 1 and Figure 3).

Deleting the two functional groups at both ends of the
conjugated part of RG leads to the distorted structure of
moleculeI . In Table 4 we see a similar trend comparing the
influence from the Ag-like component to that of the Bu-like one.
Generally, compared to the coupling of the entire RG molecule,
the overall coupling magnitudes are reduced by about 10% for
the B800 BChls and by about one-third for the B850 BChls.
This is accounted for by the close proximity of the B850 BChls
to the alkenyl group (4-methyl 3-pentenyl group) that has been
deleted in the model molecule. Coupling withRB850C is reduced
the most among the four B850 BChls studied, sinceRB850C is
the BChl that has the closest contact with the deleted alkenyl
group.

In the couplings with the two B800 BChls andRB850B, the
Ag-like configuration is opposite in sign to the overall Cou-
lombic coupling. The sign of Coulombic coupling reflects the
phase of transition density, which is a result of the combined
phases of the wave functions. Since the Bu-like component,
which dominates the Coulombic coupling of the S1 state is
dipolar in nature, while the Ag-like component has a high-order
transition moment (the transition density of this part closely
resembles that plotted in Figure 2), the electric potential created
by the two components have different signs (phases) in certain
regions of space, causing different signs for the Coulombic
interaction with the transition densities of BChls at some of
the sites.

For the planar polyene moleculeI there is no such mixing of
a Bu component. The results for the Coulombic coupling to the
neighboring BChls show that the coupling strengths are in
general slightly smaller than that of RG. However, the substan-
tial values of these Coulombic couplings from a molecule
without a transition dipole moment clearly show that a transition
moment isnota requirement for significant Coulombic coupling.
This result is contrary to the common practice of assuming that
orbital overlap (exchange) coupling must dominate when the
transition is weak or entirely forbidden.

Comparing the results from planar and distorted model
moleculeI , the displacements of atomic positions cause some
fluctuation in the coupling strengths. For example, theincrease
of coupling strength inâB850B and RB850C as the molecule
becomes more symmetric is likely due to the fact that the
terminal carbon atoms are actually moved closer to the two
BChls when the model moleculeI becomes planar. Therefore
it is not very meaningful to discuss in detail the changes of the
coupling in these cases.

TABLE 4: Coulombic Coupling (cm-1) of S1 Transitions of
RG1B and Molecule I with Its Neighboring BChl
QyTransitionsa

state RB850B
b âB850B RB850C âB850C B800A B800B

Rhodopin Glucoside (Full Columbic Coupling)c

S1 -4.8 9.1 32.2 -18.0 31.4 -9.8
Ag-like 6.8 5.0 16.6 0.2 -16.6 5.5
Bu-like -10.9 8.5 27.3 -22.7 43.6 -13.0

Rhodopin Glucoside (Dipole-Dipole Coupling)
S1 -16.7 -10.7 13.3 -9.8 48.7 -23.0
Ag-like 6.1 -1.0 -3.4 4.2 -26.0 0.2
Bu-like -23.4 -11.0 18.2 -15.4 73.1 -29.9

Rhodopin Glucoside (Multipole Approximation)d

S1 -4.3 -0.41 19.8 -10.9 45.7 43.0
Ag-like 10.4 -2.9 -16.9 9.3 -43.8 36.1
Bu-like -15.3 3.3 35.1 -21.3 81.9 2.6

Molecule I (Distorted)c

S1 -3.2 6.8 19.2 -13.7 27.6 -8.6
Ag-like 5.9 5.1 7.7 -0.1 -25.9 9.2
Bu-like -7.6 4.6 18.1 -17.8 44.3 -13.1

Molecule I (Planar)c

S1 (21Ag) 2.1 14.5 25.0 -9.6 15.8 -8.2

a Coupling arising from two major components of the S1 state are
listed. b The labeling scheme of BChls follows that in ref 21, which is
indicated in Figure 3.c Full Coulombic coupling calculated using TDC.
d The multipole coupling is a sum of dipole-dipole, quadrupole-dipole,
octapole-dipole, and quadrupole-quadrupole couplings.

Figure 4. EET rate vs the Car S1 0-0 transition energy. Our ensemble-
averaged result is plotted as the solid line, assuming that the couplings
with BChls, the excitation spectra of the S1 state of different carotenoids,
and the BChls Qy excitonic state distribution are all the same. Filled
squares connected by a dashed line are a result of an earlier estimate
reported in ref 18. Open circles with error bars are experimental results
reported in refs 16 and 18. The horizontal bar with an arrow at the left
is to indicate an experimental result for LH2 inRps. acidophila, where
a lower bound of 25 ps is reported for the EET time constant.16 The
spectral position of S1 of RG is not known. From our result we infer
an upper bound of 13 000 cm-1 for the 0-0 transition frequency.
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One curious observation, however, arises from the signs of
the couplings from the Ag-like component of the distorted
moleculeI and the 21Ag state of the planar molecule. In this
case they are both nondipolar in nature so the above discussion
of different signs (phases) of electric potential arising from
different multipolar character in transition density does not
apply. The transition densities of the Ag-like component of the
distorted molecule and the 21Ag state of the planar moleculeI
are very similar to that shown in Figure 2, representing a linear
array of alternating sign charge clouds, except that the location
and the arrangement of the charge clouds are different since
they follow the locations of the conjugated double bonds. Such
charge distribution is like a high-order multipole, creating a
roughly cylindrically symmetric potential with alternating signs
across the polar angle. In other words, the electric potential
created by such charge distribution has many curved “nodal
planes” where the electric potential changes its sign. Such nodal
planes would have been cone-shaped if the source were an ideal
point multipole. A distortion of the molecule leads to displace-
ment and distortion of such nodal planes and as a result, the
Coulombic interaction may change sign. We believe the origin
of the change in sign of the B800 coupling is the shifted nodal
plane(s) of potential at the region, which results from bending
the polyene molecule.

There is a particularly small coupling strength, 0.2 cm-1,
between the Ag-like configuration of the carotenoid and the BChl
at theâB850C position. The corresponding result for the model
moleculeI in the crystal structure configuration is essentially
the same. We believe that this is a mathematical result for a
Coulombic coupling arising from two transition densities that
have a large number of nodal planes. A shift of molecular
position by 2 Å would change the coupling to-1.2 cm-1. In a
realistic situation, this coupling is not likely to be so small at
such a moderate distance from the acceptor since a small
variation in the atomic position (e.g., via vibration) and in the
description of wave function would significantly increase such
small couplings.

From the results listed in Table 4 we can conclude that (1)
the Bu-like configuration couples strongly to its neighbors.
Therefore even with a very small (<0.5% in population) mixing
it still contributes significantly to the Coulombic coupling of
RG with BChl. (2) The strength of the Ag component may vary
depending on the nature of the molecule. Such a variation
produces different couplings for moleculeI and the Ag-like
component of RG. (3) A transition dipole moment isnot a
necessary condition for a transition to couple strongly with
(allowed) transitions of other molecules.

At this point it seems appropriate to discuss the accuracy of
our calculations. Uncertainties arise from errors in the positions
of the heavy atoms obtained from the experimental structure,
as well as errors intrinsic to the TDDFT approach. However
for RG an incorrect coefficient of the Bu-like configuration in
the S1 state leads to a large transition dipole moment, which
can be compared to experimental results. Our results for RG
with the full form of TDDFT fall into this category: they yield
a large transition dipole moment (6.6 D, oscillator strength of
0.25) for S1 that should have been easily observed in standard
absorption/emission spectra. As noted earlier, the large oscillator
strength is due to a large mixing coefficient of a Bu-like
component, which arises from an underestimation of the energy
of the S2 (1 1Bu) state. As a result the S2 state is unrealistically
close to the S1 state, leading to a larger perturbative mixing of
S2 (1 1Bu) character in the S1 (2 1Ag) transition. A simple test

showed that the Coulombic coupling is indeed several times
larger than the values obtained from TDDFT/TDA calculations.

On the other hand, it is less straightforward to determine the
accuracy of calculation for the Ag-like components or for the 2
1Ag state of totally symmetric polyenes. However we find that,
for a carotenoid in the LH2 structure, its coupling to nearby
BChls is not strongly sensitive to a change in the strength of
the Ag transition densities. The coupling with the BChls is
slightly larger for the planar moleculeI than for the Ag-like
component of RG. The detailed geometry of the molecule has
certainly an effect on the form of the transition density, as
discussed above. As can be seen from Table 4, such variation
is appreciable but the total coupling is smaller in magnitude
than that arising from the Bu-like component.

The Car(S1)-BChl(Qy) coupling strengths we obtained are
larger than the couplings suggested earlier by Zhang et al.,18 in
which the weak S1 emission of carotenoidsin solution, possibly
arising from vibronic coupling, is used to estimate the amount
of S1-Qy coupling. The coupling strengths for all the three
carotenoids found in the three LH2 complexes studied were
estimated to be 4-6% of the corresponding S2-Qy couplings,
about a factor of 3 smaller than the 15% estimated by the fitting
procedure described in ref 16, to which our calculated results
are very close. There is also a major difference in estimating
the energy conservation (i.e., spectral overlap) factor, which will
be discussed in the following section.

B. Excitation Energy Transfer Rate and the Position of
Car S1 State. To determine an EET rate from the individual
couplings, we need to determine the position of the spectral
density of the carotenoid S1 state, i.e., the 0-0 transition
frequency. In Figure 4 we show the dependence of the EET
rate on the S1 0-0 transition frequency, keeping the coupling
between pigments and the spectral profiles fixed. The figure
shows that the trends in the experimental results from different
LH2 complexes are reproduced by our calculations.

The 0-0 transition frequency has been determined to be
around 13 900 or 14 150 cm-1 for spheroidene in LH2 ofRb.
sphaeroides2.4.1.15,18From Figure 4 we can see that the overall
EET rate is quite insensitive to the 0-0 transition in this
frequency range, based on the assumption that the structure and
couplings in LH2 ofRb. sphaeroidesare the same as those of
Rps. acidophila. In this case the overall Car(S1) f BChl(Qy)
EET rate is determined to be 1.2 ps, which compares well to
the experimental results of 2.416 and 2.1 ps.18

For Rps. acidophilathe 0-0 transition of S1 of RG is
estimated to be about 13 000 cm-1, according to studies on other
carotenoids with the same number (11) of conjugated double
bonds.18 In this range, the energy transfer rate depends strongly
on the 0-0 transition frequency. (See Figure 4; also see the
inset of Figure 5 in ref 16.) The agreement of theoretical
calculation with experimental results forRps. acidophilacan
only be roughly assessed. From our recent experimental work,16

the EET time constant was determined to be greater than 25
ps, leading to an estimate of the S1 0-0 transition for RG in
LH2 as being about 13 000 cm-1 or lower.

For the LH2 complex fromRs. molischianum, we have
obtained an EET time constant of 9.0 ps by shifting the S1 0-0
transition frequency to 13 200 cm-1 (as suggested in ref 18),
which is very close to the experimental results of 12.3 ps.

For the LH2 fromRb. sphaeroidesG1C, which has neuro-
sporene as its carotenoid, we estimate the EET time constant
to be 3.0 ps, which compares well with the experimental value
of 1.4 ps.18 In this case the S1 0-0 transition frequency is set
to 15 300 cm-1, as suggested in ref 18.
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The B800-B850 LH2 complexes fromRps. acidophila, Rs.
molischianum, andRb. sphaeroidesare known to have similar
chemical and spectroscopic properties.51-53 The crystal structure
of LH2 in Rs. molischianumis not exactly the same as that of
Rps. acidophila.9 In addition to the different arrangements of
BChls in the B800 and B850 rings, the LH2 complexes from
these species contain carotenoids differing in the functional
groups at both ends and in the number of conjugated double
bonds. Clearly these differences will lead to variation in the
coupling between Cars and BChls. The success in describing
the EET rate in LH2 ofRb. sphaeroidesandRs. molischianum
in the present work can be interpreted as implying that the
Coulombic coupling between Car(S1) and BChl(Qy) are roughly
similar in their magnitudes. Therefore the following conditions
are also implied: (1) mixing of Bu-like character in the S1 state
of spheroidene, lycopene, and neurosporene do not vary much
from that in RG in these LH2 complexes. The extent of mixing
of the Bu-like character is dependent on the energy gap between
the S1 and S2 states and the extent of geometry distortion in the
protein matrix. At this point the detailed geometry for the LH2
complexes fromRb. sphaeroidesis unknown, while for the LH2
from Rs. molischianumthe crystal structure is available and can
be further investigated. (2) Coulombic coupling is mostly
determined by the main features of the transition density. The
detail of the excited-state wave function is not as important as
the main features of the wave function in determining the
coupling strength. The success of a simple ab initio calculation
performed with CIS and a small basis set for the S2 states of
the carotenoid supports this observation.21 We expect that the
transition density of spheroidene, lycopene, and neurosporene
should be roughly similar to RG locally despite the differences
in their chemical structures. The number of conjugated double
bonds is not the same for each carotenoid. Similarly, in ref 20,
model molecules of 10 conjugate double bonds were used in
the calculation to replace lycopene, which has 11 conjugated
double bonds, and the Coulombic couplings of Car(S2) and BChl
(both Qx and Qy) are reasonably described.

The interaction between each chromophore pair may not be
exactly the same in all the four different LH2 complexes that
we have compared our calculated EET rates with, but overall
the coupling may be quite similar to that of LH2 fromRps.
acidophila, which the present study is based on. We are currently
working on a similar calculation of LH2 inRs. molischianum.

These results should enable us to address the role of structual
variations in LH2 complexes.

C. Multipole Approximation. Our conclusion that the
dipole-allowed Bu-like component in the S0 to S1 transition
makes the major contribution to the Car(S1)-BChl(Qy) coupling
raises the question of whether such coupling can be simplified
to a Förster dipole coupling. In the literature, a quadrupole-
dipole coupling scheme has often been proposed and was
discussed for this particular system as an alternative to the
traditional dipole coupling scheme.17

In Table 4 we list the coupling strengths from dipole and
multipole approximations (in parentheses) for the Car-BChl
pairs. The multipole coupling is a summation of the lowest order
terms in multipole expansion which include dipole-dipole,
dipole-quadrupole, dipole-octapole, and quadrupole-quad-
rupole coupling. Comparing these values with the transition
density cube results, we conclude that dipole-dipole coupling
is not a good approximation in this case, even though the
configuration that contributes the most to coupling (the Bu-like
component) has a large transition dipole moment. In addition,
the multipole approximation doesnot offer any improvement
of the estimates (Figure 5).

As pointed out before,21 the multipole approximation breaks
down for most intermolecular distances studied in the present
work. The multipole expansion uses a set of spherical harmonic
functions to reproduce the electric potential of a charge
distribution. It is performed to reproduce the electric potential
outside a sphere of radiusR, while the source charges are
confinedwithin the sphere.54 In other words, to determine the
interaction between two groups of charges by multipole expan-
sion, the sphere enclosing each group of charges must not
overlap. The 11 conjugated double bonds of RG, which are
roughly 26 Å in length, makesRat least 13 Å. The neighboring
BChls have atoms much closer to the center of RG than this
(Figure 2). Therefore, the multipole expansion is not valid for
estimating the Coulombic interaction between RG and its
neighboring BChls since the fundamental assumption in per-
forming multipole expansion is violated in this case. Indeed,
the multipole results included in Table 4 and Figure 5 do not
offer any improvement in the quality of estimation over the
dipole approximation. This observation demonstrates that the
discrepancy between full Coulombic coupling and the dipole
approximation in this caseis notdue to a multipole interaction
term.

D. TDDFT on Bacteriochlorophylls: Additional States
Found in the Qy Region. In Table 2 we listed the first four
excited states obtained for each BChl. We have assigned Qx

and Qy states according to the direction and magnitude of
transition dipole moments, as listed in Table 2.49 Such an
assignment is supported by the high similarity of the transition
densities of these states and the ones from a previous CIS
calculation.50 In additional to the Qy state, there is at least one
additional state lower in energy than the Qx state.

A previous calculation with TDDFT showed that the phytyl
group has very little effect on excitation energies and oscillator
strengths of the lower excited states obtained for the chlorophyll
(Chl) a molecule near the region of the Q-band.37 Such
calculations also generate more than two electronic states within
the region of the Qx and Qy bands.36 TDDFT is likely the first
ab initio study on the excited states of chlorophylls or other
similar molecules that does not involve a selection of active
electrons and active space in configuration interaction. However,
it heavily relies on a few approximations that exist in the
currently available exchange-correlation functionals. More work

Figure 5. Comparison of full Coulombic coupling and dipole or
multipole approximation. “+” denotes the dipole-dipole approximation,
and the triangles denote the multipole approximation for a summation
of dipole-dipole, dipole-quadrupole, dipole-octapole, and quadrupole-
quadrupole interactions.
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is clearly needed to address the validity of new states obtained
by TDDFT calculations in the low-frequency region.

E. Dark State between S1 and S2? Recent experimental
studies on carotenoids have suggested the existence of a1Bu

(-)

state between 21Ag
(-) and 1 1Bu

(+) states.55 The alternacy
symmetry and point group symmetry assignment indicates this
additional state as one- and two-photon forbidden. However,
in our calculation, the lowest few excited states with Bu

symmetry always have a strong oscillator strength for their
transition from the ground state.

The alternacy symmetry is exact within the PPP semiempirical
Hamiltonian, where the coupling ofπ orbitals are limited to
the nearest neighbors. For a full SCF calculation with either
Hatree-Fock theory or density functional theory, the molecular
(Kohn-Sham) orbital energies do not form pairs ofε ( εn as
described in the literature.20,56,57Therefore the rules derived from
the alternacy symmetry are only approximately valid in our
results, even for the strictly symmetric polyenes. We would then
expect a mixing of strongly one-photon allowed 11Bu

+ charac-
ter in all the Bu

- states, adding a transition dipole moment to all
the Bu

- states.
On the other hand, it is possible that such a three-photon-

allowed state exists at higher energies in the TDDFT calculation.
In the present study the results listed in Table 1 do not provide
enough information to draw such a conclusion. It is possible
that the properties of the two higher excited states in our
calculations will change when the number of excited states
calculated is increased.

V. Conclusion

The EET coupling strengths between the S1 state of caro-
tenoids and the Qy state of nearby BChls in the LH2 complex
of Rps. acidophilaare obtained from TDDFT calculations. The
overall EET rates calculated on the basis of the Coulombic
couplings obtained in the present study and the excitonic model
employed in an earlier work47 are in excellent agreement with
experimental results from different LH2 complexes. The mixing
of a Bu-like component due to symmetry breaking is shown to
play an important role in determining the EET coupling strengths
of Car S1 with other pigments. Therefore, it is essential to
describe the amount of mixing of the Bu-like component in the
Car S1 state correctly in an electronic structure calculation.
However, it is also clear that reasonably strong Coulombic
coupling can arise simply from the spatial proximity inherent
in the asymmetric arrangement of donors and acceptors in LH2,
even when the transition moment is rigorously zero. The dipole
approximation for the Coulombic coupling is shown to be
invalid in the LH2 complex. The multipole approximation, with
a summation including up to the fourth-order expansion term,
shows no sign of convergence. Standard approaches for
calculating EET couplings with dipole or multipole approxima-
tions are not appropriate in the case of LH2.
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