
Pigment Organization and Energy Level Structure in Light-Harvesting Complex 4: Insights
from Two-Dimensional Electronic Spectroscopy

Elizabeth L. Read,†,‡,§ Gabriela S. Schlau-Cohen,†,‡ Gregory S. Engel,†,‡,| Toni Georgiou,⊥

Miroslav Z. Papiz,⊥,# and Graham R. Fleming*,†,‡

Department of Chemistry, UniVersity of California, Berkeley, California 94720, Physical Biosciences DiVision,
Lawrence Berkeley National Laboratory, Berkeley, California 94720, Science and Technology Facilities
Council, Daresbury Laboratory, Daresbury Science and InnoVation Campus, Warrington,
WA4 4AD, United Kingdom, and School of Biological Sciences, Biosciences Building, Crown Street, UniVersity
of LiVerpool, LiVerpool, L69 7ZB, United Kingdom

ReceiVed: NoVember 3, 2008; ReVised Manuscript ReceiVed: January 30, 2009

Photosynthetic light-harvesting antennae direct energy collected from sunlight to reaction centers with
remarkable efficiency and rapidity. Despite their common function, the pigment-protein complexes that make
up antenna systems in different types of photosynthetic organisms exhibit a wide variety of structural forms.
Some individual organisms express different types of complexes depending on growth conditions. For example,
purple photosynthetic bacteria Rp. palustris preferentially synthesize light-harvesting complex 4 (LH4), a
structural variant of the more common and widely studied LH2, when grown under low-light conditions.
Here, we investigate the ultrafast dynamics and energy level structure of LH4 using two-dimensional (2D)
electronic spectroscopy in combination with theoretical simulations. The experimental data reveal dynamics
on two distinct time scales, consistent with coherent dephasing within approximately the first 100 fs, followed
by relaxation of population into lower-energy states on a picosecond time scale. We observe excited state
absorption (ESA) features marking the existence of high-energy dark states, which suggest that the strongest
dipole-dipole coupling in the complex occurs between bacteriochlorophyll transition dipole moments in an
in-line geometry. The results help to refine the current understanding of the pigment organization in the LH4
complex, for which a high-resolution crystal structure is not yet available.

Introduction

Photosynthesis begins with the harvesting of sunlight by an
antenna system of protein-bound pigments. The general prin-
ciples of light harvesting are shared by photosynthetic organisms
from bacterial species to higher plants: excitation energy from
absorbed photons traverses a network of pigment-protein
complexes (PPCs), funneled from higher to lower energetic
states, and trapped at reaction centers with near-perfect ef-
ficiency. In spite of this shared function, a wide variety of PPC
structural motifs and antenna architectures occur in nature.1,2

Contributing to this diversity is the fact that antenna systems
have evolved to operate in different environments and in
competition with other photosynthetic species for sunlight. Thus,
the multitude of antenna structures reflects nature’s fine-tuning
of antenna designs to promote efficient light-harvesting under
diverse conditions. The possibility of applying these design
principles in the development of artificial solar devices has
motivated a large body of research into the structure and function
of photosynthetic antenna complexes.

Purple photosynthetic bacteria represent a model system for
the study of the light reactions of photosynthesis, with a wealth
of spectroscopic data and crystal structures of the main

components of the light-harvesting apparatus now available.3-5

The antenna comprises a network of circular pigment-protein
complexes integrally associated with the photosynthetic mem-
brane. Excitonic coupling between closely spaced bacteriochlo-
rophyll (BChl) and carotenoid pigments bound in PPCs facili-
tates ultrafast energy transfer. In this quasi-2D architecture,
photons are absorbed primarily in the “peripheral” complexes,
most commonly light-harvesting complex II (LH2), and excita-
tion energy is funneled to the so-called “core” complexes,
consisting of light-harvesting complex I (LH1) encircling
reaction centers. The migration of energy from LH2 through
LH1 to the reaction center has been shown to occur within tens
of picoseconds.6

The LH2 complex in particular has been widely studied. High-
resolution structures of LH2 from Rhodospirillum (Rs.) molis-
chianum and Rhodopseudomonas (Rps.) acidophila have been
obtained,5-7 revealing similar organization of the pigments. Both
proteins are ring structures formed from multiple subunits, with
each subunit comprising two transmembrane R-helices binding
three BChl’s. However, Rs. molischianum contains eight
subunits and Rps. acidophila contains nine, for a total of 24
and 27 BChla, respectively. In both proteins, the BChl’s in the
structure as a whole form two parallel rings, giving rise to two
distinct bands in the Qy (near-IR) region of the spectrum. The
absorption band near 850 nm results from the so-called “B850”
ring with 18 closely spaced BChl’s, with center-to-center
nearest-neighbor distances of ∼9 Å. The band near 800 nm
arises from the more widely spaced (∼21 Å) “B800” ring of 9
BChl’s. It is now well understood that the two distinct bands
appear in the spectrum due to the substantial difference in
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magnitude of Coulombic coupling between neighboring BChl’s
in the B850 and B800 rings (∼250 and ∼30 cm-1, respectively).
The planar BChl pigments are arranged almost tangentially
around the ring, such that their transition dipole moments lie
head-to-head, nearly in-line with one another. This arrangement
leads to excitonic coupling that red-shifts the absorption
wavelength for the ring with respect to that of individual BChl
in solution, with the effect occurring more dramatically in the
B850 ring.3

Several purple bacteria have been shown to express different
types of peripheral light-harvesting complexes when grown
under stressed conditions, such as at low light intensities.8 For
example, a variant of LH2 known as LH3 is synthesized by
Rps. acidophila and Rps. cryptolactis, in which the “B850” band
is blue-shifted to 820 nm. From crystallographic data, it is
known that the structures of LH2 and LH3 (from Rps.
acidophila) are nearly identical, and that the blue-shift observed
for LH3 results from minor differences in the primary structure
of the apoprotein that affect hydrogen bonding to the pigments
and thus lead to higher Qy absorption energies of the “B850”
BChl’s.8 In other words, the interpigment electronic coupling
and resulting excitonic effects in LH3 and LH2 are similar, but
the transition energies of the individual BChl’s of the B850 ring
are shifted.

To date, the purple bacterium Rp. palustris is the only species
known to produce another type of low-light-adapted complex,
known as LH4, which has a strikingly different absorption
spectrum from LH2 and LH3.9 In contrast to the two strong Qy

absorption bands observed for the other complexes, LH4 has
only one strong band, at 800 nm. Scheuring and co-workers
reported that under high-light conditions (100 W m-2), the
photosynthetic membrane from R. palustris cells contained the
complexes LH1/RC:LH2:LH4 in ratios of approximately 1:0.5:
0.5, while in low-light (10 W m-2)-adapted cells, the ratios were
1:0.2:2 (LH1/RC refers to the LH1-reaction center core
complex).10 Therefore, similar to observations in other purple
bacterial species, the organism not only adjusts its levels of
different peripheral antenna complexes but also raises the overall
number of peripheral complexes relative to LH1/RC core
complexes in low-light conditions to maintain a steady flow of
energy to reaction centers.

A high-resolution structure of LH4 is not yet available;
however, Hartigan et al. published a 7.5 Å electron density map
of the complex.9 The map was found to be consistent with a
less continuous distribution of electron density around the
protein complex ring than is seen in LH2 (or LH3sdue to the
similarity of the two complexes at the level of the pigments,
all further structural comparisons made to LH2 apply to LH3
as well), and the circular dichroism of LH4 was found by
comparison to theoretical spectra to be inconsistent with a simple
spectral shift of the lower-energy Qy band, suggesting significant
structural differences between LH4 and previously studied low-
light complexes. The BChla/peptide ratio was determined to
be 4 rather than 3 as in LH2, indicating a higher density of
BChl’s, with 4 BChl’s per subunit and a total of 32 BChl’s in
the complex.11 The electron density map was not of sufficient
resolution to unambiguously identify the positions and orienta-
tions of the BChl’s in the complex, but it suggested a positioning
of the fourth BChl approximately centered in the membrane,
midway between the upper and lower pigment levels that appear
roughly comparable to the B850 and B800 BChl layers in LH2.
On the basis of their results, in combination with modeling of
absorption, linear and circular dichroism spectra, Hartigan et
al. proposed a structural model for the LH4 complex wherein

the “B850” or upper-level BChl’s are rotated so as to be
approximately radially oriented, as opposed to tangentially
oriented around the ring as in the other complexes.

The unique optical properties of LH4 compared to the better
understood varieties of peripheral complexes should impact the
intracomplex energy transfer dynamics significantly. On the
basis of a single-molecule spectroscopy study of LH4, de Ruijter
et al. concluded12 that the delocalization of excitation in the
complex is over at most a few subunits, and less delocalized
than in LH2 (however, estimates of the delocalization length
over B850 BChl’s in LH2 from various spectroscopic studies
have ranged from covering a single subunit to the whole ring).13

The authors measured single-molecular linewidths consistent
with an energy transfer time scale of 0.5 ps, intermediate
between the two distinct time scales (<100 fs, 1 ps) apparent in
single-molecule studies of LH2.14 This result is consistent with
the larger number of BChl’s in LH4, which are likely more
closely spaced. In contrast, in LH2, the relatively large (∼17
Å) gap between the B850 and B800 pigment layers and stronger
B850 interactions result in B850 energy transfer almost 10 times
faster than energy transfer among B800 BChl’s and between
the two rings.

In this work, we investigate the energy level structure and
energy transfer dynamics of LH4 using 2D electronic spectros-
copy. The technique is a uniquely incisive probe of excitonically
coupled systems and particularly of light-harvesting complexes,
as demonstrated previously in applications of the technique to
the FMO complex from green sulfur bacteria and to LH3.15-18

Two-dimensional electronic spectroscopy is based on the three-
pulse stimulated photon echo technique, analogous to spin echo
measurements in NMR. Three laser pulses impinge on the
sample with carefully controlled intervening time delays in order
to explore excited state and solvation dynamics in detail.
Extending the method to obtain a 2D spectrum is performed
by spectrally resolving the photon echo signal and plotting it
against the Fourier transform frequency axis corresponding to
one of the experimentally scanned time delays. A 2D spectrum
thus graphs transitions along two frequency axes, revealing
correlation between excitation and emission features.

The echo pulse sequence is designed to prepare the system
in a coherence state during the first time delay, labeled the
coherence time, τ, followed by transfer to a population state
during the second experimental time interval, the population or
waiting time, T, and finally to revert the system back to a
coherence state after interaction with the third pulse, with the
final interval known as the echo time, t. The 2D spectrum may
be measured in such a way as to obtain the so-called “rephasing”
or “nonrephasing” signal. In rephasing signals, the system
evolves in conjugate frequencies during τ and t, thus allowing
for the reversal of dephasing, giving rise to a photon echo signal.
For nonrephasing contributions, the phase factors governing
evolution of coherences during τ and t have the same sign,
resulting in free polarization decay during t. The resulting 2D
spectra show different patterns, particularly for inhomogeneously
broadened systems. The total signal or correlation 2D spectrum
is obtained from the sum of the two signals; however, previous
studies have shown that separating out the contributions to the
total signal can give more detailed insight into the energy level
structure and dynamics of the system under investigation.18,19

The relatively featureless Qy absorption spectrum of LH4 hides
underlying light-harvesting dynamics of interest, and thus, the
information gained by considering the different types of 2D
signals is of particular importance in this system.
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Evolution of peaks in 2D spectra with increasing experimental
waiting time enables elucidation of frequency-dependent energy
transfer dynamics. Because a 2D spectrum is frequency resolved
along “both” axes, it simultaneously maps multiple energy
transfer pathways; the energetic coordinates of energy transfer
cross peaks connect donor to acceptor states. In contrast, linear
techniques only show population migrating in or out of band.
The combined capabilities of unraveling the detailed energetic
level structure of a system and then monitoring energy transfer
between those levels make 2D electronic spectroscopy a
powerful probe of light-harvesting complex function. Under-
standing structure-function relationships, the underlying design
principles, of natural pigment-protein complexes may help
direct research in artificial solar energy converters or even in
genetic modification of potential biofuel sources. Furthermore,
LH4 and other low-light-adapted protein complexes offer a
unique opportunity to understand how structural changes
maximize light-harvesting efficiency in different environments.

An additional question addressed in this work is whether the
information obtained from 2D spectra is detailed enough to yield
molecular structure information, otherwise only accessible by
crystallography or molecular-scale imaging techniques. Structure
elucidation has been one of the primary uses of multidimensional
NMR, as spin-coupling is a direct reporter of molecular
distances. The connection between spectra and structure is
somewhat less accessible in 2D IR spectra, but there transitions
often map cleanly onto chemical bonds and thus the connection
is still clear. Electronic spectroscopy is, in contrast, generally
not considered a reliable tool for obtaining structural information
directly. However, here, we propose that the level of detail
contained in 2D spectra makes it possible to obtain coarse-
grained molecular structure information. This capability may
be particularly useful in photosynthesis research, where most
of the proteins occur in membranes, given the difficulty of
crystallizing membrane proteins. Only 100 membrane protein
structures have been solved to date, whereas 35 000 soluble
protein structures are known.20

Experimental Methods

LH4fromRp.palustriswas isolatedasdescribedpreviously.9-11

The sample was dissolved in a pH 8 buffer solution of 20 mM
Tris-HCl and mixed with glycerol (35:65 by volume) for
formation of a glass in a 200-µm-thick quartz cell for 2D
measurements at 77 K. The sample OD was 0.4 at 800 nm.

Two-dimensional electronic spectra were collected in a
diffractive optic-based passively phase-stabilized experimental
apparatus.21,22 Briefly, four variably delayed, 43 fs laser pulses
centered at 806 nm with 29 nm bandwidth (full width at half-
maximum) and 3.41 kHz repetition rate from a home-built
regenerative amplifier were focused on the sample in a box
geometry, with pulses 1-3 generating the third-order signal and
pulse 4 acting as the local oscillator (LO) for heterodyne
detection. The combined power of the beams on the sample
was 36.1 µW. The “coherence” time delay, τ (between pulses
1 and 2), was scanned with interferometric precision by passing
each beam through fused silica of variable thickness, ac-
complished by pairs of one-degree wedges controlled by a
computerized stepper motor. The “population” or waiting time
delay, T (between pulses 2 and 3), was implemented with a
retroreflector delay stage. The spectrally resolved signal in
amplitude and phase was measured while scanning τ from 0 to
(600 fs (where the minus sign denotes arrival of pulse 2 before
pulse 1) with a step-size of 4 fs. 2D spectra were measured for
17 T time points from 0 to 50 ps. The ordering of pulses 1 and

2 selected for rephasing (+τ) or nonrephasing (-τ) signals and
the total signal was obtained by Fourier transformation over all
collected τ points for each T. The signal was emitted in the
phase-matched direction, ks ) -k1 + k2 + k3, overlapping the
beam path of the LO. The LO passed through the sample,
delayed 800 fs with respect to the third pulse, and was attenuated
with neutral density of optical density four. The signal was sent
to a spectrometer and thermoelectrically cooled CCD camera
for spectral resolution. Scattering was minimized with a mask
selecting signal emitted in the direction of ks, and by scatter
subtraction as described in Brixner et al.22 Phasing was
performed according to the projection-slice theorem by separate
measurement of the spectrally resolved pump-probe (SRPP)
signal for each measured population time delay, T.23 The
projection of the 2D spectrum onto ωt is fit to the pump-probe
spectrum using a single phase rotation constant.

Theoretical 2D spectra were calculated as described previ-
ously,16-18 using nonlinear optical response theory.24 The
photosynthetic pigment-protein complex was modeled using
a Frenkel exciton Hamiltonian, in which each BChl was
described by a two-level system representing the Qy transition,
characterized by a site transition energy and dipole moment
(other BChl transitions and the carotenoids were not included
in the model, as they do not absorb within the laser pulse
bandwidth). The 1- and 2-exciton manifolds were built by
transformation of the site basis matrix of site energies and
coupling energies between neighboring BChl’s. The effect of
the surrounding protein was accounted for by considering
coupling of nuclear motions to electronic transitions in an
averaged manner. Fast nuclear motion giving rise to homoge-
neous broadening was included in the spectral lineshapes using
a single overdamped Brownian oscillator.24 Slow nuclear motion,
or inhomogeneous broadening, was described by averaging over
a Gaussian distribution of site energies. Energy transfer dynam-
ics were calculated according to modified Redfield theory, which
has been shown to be applicable in photosynthetic systems
where the magnitudes of electronic coupling within the system
(pigment to pigment) and system-bath coupling (pigment to
protein) are often comparable.25

Experimental Results

The linear absorption spectrum of LH4 measured at 77 K is
shown in Figure 1, along with the spectrum of LH3 measured
previously,16 to highlight the absence of the second, lower-
frequency band. Both spectra are normalized to unity. The high
purity of the LH4 sample is seen by the absence of signal near
850 nm in the LH4 spectrum, indicating negligible (<3%)
contamination by residual LH2. The single LH4 band exhibits
a slightly broader base on the red side: the width of the band at
15% maximum height on the blue side of the spectrum is 228
cm-1, while on the red side of the spectrum it is 253 cm-1.
These low-energy states were also observed by Papiz and co-
workers,9 and predicted to mark the presence of weakly
absorbing excitonic states. Small features to the blue of the peak
are characteristic of vibronic coupling, or may be attributable
to free chlorophyll.

The real part of the 2D spectra of LH4 from Rp. palustris at
77 K is presented in Figure 2 for three representative population
times, T ) 0 fs, 100 fs, and 5 ps. The rephasing, or photon
echo, and nonrephasing, or free polarization decay, spectra of
LH4 show characteristic diagonal and antidiagonal elongation,
respectively. The total spectrum is equivalent to the sum of the
rephasing and nonrephasing signals. The nonrephasing signal
at T ) 0 corroborates the existence of weakly absorbing red-
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edge states, with two features apparent along the diagonal below
the main band at 12 175 and 12 275 cm-1, highlighted in Figure
2 by black arrows. Ernst and co-workers pointed out that the
total signal must be used to locate the center frequencies of
spectral features, as interference effects in rephasing and
nonrephasing spectra can shift peaks off-center.26 However, the
total signal 2D spectrum at T ) 0 in Figure 2 shows only a
broad red-edge shoulder, similar to the linear absorption
spectrum, precluding the precise identification of excitonic
transition energies.

The peak shapes in the 2D spectra show dynamical evolution
on two time scales: sub-100 fs and ∼5 ps. The evolution within
100 fs, especially apparent in the nonrephasing spectra as
decreasing relative amplitude of the negative peak (arising from
excited state absorption (ESA), colored blue to black) and
shifting of the strongly positive peak (absorption and ground
state bleaching, colored green to red), suggests coherent
dynamics owing to the strong electronic BChl-BChl couplings
in the complex, the strongest of which are likely at least on the
same order as those in LH2 (∼250 cm-1), which binds fewer
BChl’s. The spectral features remain unchanged from 100 fs to
2 ps, and subsequently, the negative peak regains relative
strength and the positive peak in the rephasing spectrum widens
below the diagonal, as is characteristic of intraband energy
transfer.

The interference pattern along the diagonal in the T ) 0
nonrephasing spectrum results from the increased number of
ESA Liouville pathways that appear along the diagonal in
nonrephasing relative to rephasing signals. These diagonal ESA
features arise primarily from pathways through quantum coher-
ence states during T. However, at longer T, population transfer
also results in ESA features appearing along the diagonal,
whereas the corresponding relaxation processes in rephasing
signals are located off-diagonally. While it is difficult to
unambiguously assign originating pathways of spectral features
due to overlap, the interplay of these two diagonal nonrephasing
processes can explain the behavior of the large negative peak
in the third column of Figure 2: The initial decay relative to
the positive signal in the first 100 fs (and the concomitant
decrease in the rippled interference pattern on the diagonal) is
due to rapid coherent dephasing in the complex, while resur-

gence of the negative peak, apparent by 5 ps, results from
population transfer.

Pronounced ESA is viewed above the diagonal in the total
spectrum at all population times. The corresponding ESA
features in the nonrephasing spectra occur primarily on the
diagonal, at higher energy than the maximum positive signal.
The total signal 2D spectra of LH4 in Figure 2 show similarity
to the previously published 2D spectra of LH3,16 in that ESA
located above the positive peaks in the total signal is apparent
at all population times and grows more prominent at longer
times. Phasing of the 2D spectra, to determine what part of the
2D signal is negative and what part is positive in sign, is
demonstrated in Figure 3 for T ) 0. The SRPP spectra at all
population times show strong ESA at higher energies, resulting
in negative signal above the diagonal in corresponding 2D
spectra.

All spectra in Figure 2 are normalized to unity in order to
display peak shape evolution. The integrated absolute value
signal magnitude is plotted as a function of T in Figure 4. At
short times, the photon echo effect dominates, and thus, the
rephasing signal is larger than the nonrephasing signal. This is
also evident in Figure 2, where the T ) 0 rephasing signal
closely resembles the total signal, which superposes the two.
The rephasing:nonrephasing amplitude ratio decays from ∼2
at T ) 0 to ∼1 by 20 ps, and the overall signal decays to 6%
of the initial total signal amplitude on this time scale. The near
equivalence of rephasing and nonrephasing signal amplitudes
at long times is matched by increased similarity of the peak
shapes in corresponding 2D spectra, which begin to appear as
mirror images of each other. The increased symmetry of
rephasing and nonrephasing signals is the origin of the loss
of correlated lineshapes in total spectra, or the rounding out of
total signal peaks at long times. These temporal and spectral
changes are completely analogous to the photon echo peak shift
measurement,27 which has been shown to be an accurate probe
of the system’s energy gap correlation function, tracking the
system’s memory of initial transition frequencies.24-29 In the
same vein, monitoring the slope of the nodal line between
positive and negative peak lobes in total spectra as a function
of time has been adopted as a measure of the correlation
function.28-30

Theoretical simulations using the LH4 structure model and
Hamiltonian parameters proposed by Hartigan et al.9 are
presented in Figure 5. The orientations of the dipole moments
are shown in Figure 5a, while the calculated energy level
structure and the total, rephasing, and nonrephasing 2D spectra
at T ) 0 of the 4-BChl subunit are shown in parts b and c. The
model parameters for the bath were chosen to best reproduce
the diagonal and antidiagonal peak-widths in the 2D spectra:
the static disorder is 100 cm-1, and the bath reorganization
energy and correlation time are 35 cm-1 and 50 fs, respectively.
Spectra were calculated for the subunit as well as for the 32-
BChl octamer (not shown), and the two were generally similar
in appearance due to the dominance of intrasubunit dipole-dipole
coupling over intersubunit coupling in the model. The above-
diagonal ESA features observed in the 2D data total and
rephasing signals (and correspondingly, at higher energy along
the diagonal in the nonrephasing signal) are not reproduced in
the theoretical spectra, which instead display negative signal
below the diagonal.

Discussion

Insight into the discrepancy between the theoretical spectra
presented in Figure 5 and the experimental data for T ) 0 shown

Figure 1. Linear absorption spectrum of LH4 measured at 77 K (solid
line) showing one strong Qy absorption band. The spectrum of LH3
from Zigmantas et al. (dashed line) is shown for comparison. Both
spectra arbitrarily normalized to unity.
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in Figure 2 requires consideration of the following question:
What is the origin of below-diagonal versus above-diagonal
negative cross peaks? We address this first with a discussion
of cross peaks in general. A major advantage of 2D spectroscopy
indeed lies in the ability to observe cross peaks, marking the
presence of coupling in the system, whereas it is impossible to
unambiguously identify coupling-induced excitonic splitting
from the linear spectrum alone. Positive cross peaks indicate
stimulated emission or ground-state-bleach pathways involving
two 1-exciton states of different energies. Negative peaks arise
from pathways that involve absorption to 2-exciton states.
Coupling results in incomplete cancelation between these
Liouville pathways corresponding to positive and negative off-
diagonal signals as a result of the redistribution of dipole strength
among exciton states. Mathematically, this is achieved by

applying the unitary transformation matrix connecting the site
basis to the exciton basis (the matrix that diagonalizes the
Hamiltonian) to the site basis transition dipoles. Whether the
positively or negatively signed pathways dominate in a particular
off-diagonal region of the spectrum depends on the energy level
structure of the system, as demonstrated below for the case of
the excitonic dimer.

A model heterodimer illustrates the relationship between the
properties of an excitonic system and the general appearance
of its 2D spectrum. Figure 6 presents calculations for such a
model system, comprising two, two-level chromophores coupled
by an amount equal to half the difference between their site
energies. The individual transitions are assumed to have equal
site dipole strengths, but the coupling-induced redistribution of
transition amplitude leads to unequal exciton dipole strengths,
giving rise to one weak and one strong state. The excitonic dimer
comprises four states: the ground state (g), two 1-exciton states
(e1 and e2), and a 2-exciton state (f). As apparent from the
calculated 2D spectra (in Figure 6, only the total signal, or sum
of rephasing and nonrephasing parts, is shown), if the upper
state absorbs more strongly, ESA is observed below the
diagonal, whereas, if the lower state absorbs more strongly,
the opposite is true. For example, in the left panel of Figure 6,
the dominant negatively signed pathway occurs by preferential
absorption from the ground state to e2, observed at a higher
frequency along ωτ, followed by ESA from e2 to f, observed at
a lower frequency along ωt. Such a higher f lower sequence
necessarily results in negative signal below the diagonal. (It
should be emphasized that, in the absence of coupling, a system
with unequal site dipole strengths still does not exhibit cross

Figure 2. 2D spectra of LH4 measured at 77 K (real part). Three representative population times, T ) 0, 100, and 5000 fs, are shown top to
bottom, and total signal, rephasing, and nonrephasing signals are shown from left to right. All spectra are normalized to unity to show evolution
of peak shapes and relative intensities. The black arrows in the top right panel highlight the small diagonal features at 12 175 and 12 275 cm-1 (see
text).

Figure 3. Spectrally resolved pump-probe (SRPP) with 2D projection
for T ) 0. The projection of the total 2D spectrum onto the ωt axis is
fit to the separately measured SRPP spectrum for phasing. Excited state
absorption (negative signal) appears on the high-energy side of the
spectrum, corresponding to above the diagonal in the 2D spectrum.
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peaks. The dimer model applied here is reminiscent of photo-
synthetic complexes, where coupled, chemically identical pig-
ments have approximately equal dipole transition strengths but
non-negligible differences in site energies).

As 2D spectroscopy is a four-wave mixing technique, peak
amplitudes scale with the transition dipole moment to the fourth
power. For example, the diagonal peak associated with exciton
state e1 has an amplitude proportional to 〈µg,e1

4〉, where µg,e1

denotes the dipole moment associated with the ground to e1
transition, and the bracket stands for orientational averaging.
As discussed in Cho and Fleming,31 a positive cross peak can
serve to amplify a weak state in the 2D spectrum, if it connects
a weak peak to a strong peak. For example, the Liouville
pathway associated with a positive cross peak, like that in the
upper left quadrant of the left panel of Figure 6, carries a factor
of 〈µg,e1

2µg,e2
2〉, and as µg,e2 > µg,e1, it is easier to observe e1

through this cross peak rather than through its associated
diagonal peak. However, the negative peak in the lower right
quadrant is even stronger, because the ESA Liouville pathway
that contributes to this peak carries a factor of -〈µg,e2

2µe2,f
2〉,

which in this case is equivalent in amplitude to 〈µg,e2
4〉, due to

the nonzero mixing angle and equivalent site dipole ampli-
tudes.31 As a result, the existence of e1 and the coupling in the
system are most clearly observed by the negative cross peak
due to ESA. If µg,e1 f 0, the ESA peak will remain visible,

even as the e1 diagonal peak and positive cross both disappear.
Thus, ESA can mark the existence of coupling to completely
dark states, which are impossible to observe in linear spectra.

Figure 6 further demonstrates how the relative orientation of
pigment dipoles is manifest in the energy level structure and,
accordingly, the 2D spectrum. For dipole-dipole coupled
chromophores oriented in the sandwich geometry, as in the left
panel of Figure 6, the oscillator strength lands primarily in e2.
When sandwiched dipoles are parallel, the coupling is positive,
and the higher-energy state is the symmetric linear combination
of the monomer (site) wave functions. When the dipoles are
antiparallel, the coupling is negative, and the higher-energy state
is the antisymmetric combination.32 Both cases lead to similar
appearance of spectra. The in-line geometry of the center panel,
in contrast, results in e1 absorbing more strongly. These two
limiting cases are clearly differentiable in 2D spectra by the
location of the ESA. (The case of zero electronic coupling,
giving no cross peaks, is also shown for comparison.) Polariza-
tion techniques have been applied in infrared and electronic
spectroscopy to determine the relative orientation of excitonic
transition dipole moments, because the amplitude of a cross peak
depends on an orientationally averaged prefactor mapping the
laser pulse polarizations onto the exciton dipole moments.17,33

The dimer example of Figure 6 highlights the possibility of
obtaining information about the relative orientation of site basis

Figure 4. Integrated absolute value signal amplitude of 2D spectra as a function of population time, T. Measured data points are shown as dots.
The decay of the ratio of rephasing to nonrephasing signal amplitudes reflects the frequency gap correlation function.

Figure 5. Theoretical calculations performed using the proposed structure model of LH4.9 In part a, arrows represent the Qy transition dipole
moments of each BChl, with colors differentiating the four BChl’s of each subunit. (b) The exciton state dipole amplitudes to the fourth power
(peak amplitudes in 2D spectra scale with µ4) of the exciton states calculated for a subunit, showing that the higher-energy states are the bright
states. (c) 2D spectra calculated for the subunit.
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dipoles also, and thus the spatial structure of the system, from
the 2D spectrum. In other words, coarse-grained molecular
structure information may be observed by the positioning of
ESA cross peaks.

In the absence of a crystal structure with sufficient resolution
to unambiguously assign the positions of the BChl’s in the LH4
complex, we carried out several calculations using minimal
models. Figure 7 presents an example of these calculations for
a simple, octameric ring with either tangential or radial
orientation of the “pigment” transition dipoles. These models
are analogous to J-aggregate or H-aggregate conformations in
conjugated polymer systems, respectively. In both models, only

coupling between adjacent transitions is included, with a
magnitude of 50 cm-1 in both cases. All eight site energies were
assumed to be of the same average value for both models, and
were chosen in order for the peak position in the calculated
spectrum to match that in the experimental spectrum, at 12 460
cm-1. Accordingly, for the tangential case, the site energies of
the eight pigments were assumed to be 12 550 cm-1, while for
the radial case they were taken to be 12 394 cm-1. The
remaining model parameters were chosen to be the same as those
given in the Experimental Results section. As expected based
on the dimer example above, the tangential structure, with dipole
coupling closer to the in-line case, shows prominent ESA above

Figure 6. Schematic spectra of the excitonic heterodimer in the “sandwich” and “in-line” configuration. The position of ESA in the theoretical 2D
spectrum (total signal) at T ) 0 depends on the energy level structure, which in turn depends on the geometry of dipole-dipole coupling. On the
right-hand side, zero coupling results in no cross peaks.

Figure 7. Theoretical calculations performed for two octameric, circular Frenkel exciton models in tangential (a) and radial (b) geometries. The
inset curves show the corresponding linear absorption spectra, where the red line marks the center of the 1-exciton manifold. The site energies are
offset in order to match the peak center frequencies. The concentration of dipole strength in the lower (a) or upper (b) part of the manifold appears
in the T ) 0 2D spectrum through the positioning of the ESA features, in blue.
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the diagonal in the total spectrum. The corresponding strong
negative feature in the nonrephasing spectrum is located along
the diagonal in the higher-energy region of the spectrum. In
contrast, the radial structure model, which is reminiscent of the
sandwich case, shows dominant ESA below the diagonal in the
total 2D spectrum (and correspondingly at lower frequency along
the diagonal in the nonrephasing spectrum). Similarly, the
dominance of sandwich coupling between BChl’s in the
structure model of Figure 5 accounts for the below-diagonal
positioning of ESA in the simulated 2D spectra.

In order to understand the distribution of transition strengths
into the 1- and 2-exciton manifolds that lead to the different
positioning of ESA in the simulated 2D spectra, the calculated
dipole strengths for the octamers are displayed in Figure 8. For
the radial and tangential octamer models, the calculated dipole
strengths are binned according to their disordered energy level
positions and summed over 500 realizations for ground to
1-exciton transitions (of which there are 8 per realization) and
1- to 2-exciton transitions (of which there are 224, connecting
8 1-exciton states to 28 2-exciton states). The distributions
emphasize the fact that, for the tangential geometry, the 1- to
2-exciton transition strengths dominate relative to ground to
1-exciton transitions on the higher-energy side of the spectrum,
while the opposite is true for the radial model. The distributions
in Figure 8, akin to 1D spectra for each exciton manifold, are
normalized, as the Liouvillle pathway-specific orientational
prefactors are not included. Negative ESA signal (corresponding
to the black bars) dominates positive signal (corresponding to
red bars) either above or below the center of the spectral band,
leading to appearance of negative signals above or below the
diagonal in 2D spectra, respectively, for the tangential or radial
model.

The qualitative similarity between the simulated spectra of
the tangential octamer model and the experimental spectra for
LH4 suggests that the strongest interactions in the complex are
closer to the in-line limit and that the orientation of “B850”
BChl’s in the complex may be more tangential than radial with
respect to the ring. It should be emphasized that the octamer
ring structures presented here are minimal models, chosen for

the purpose of exploring the general features of the experimental
2D spectra, rather than to reproduce the precise arrangement of
BChl’s in the LH4 complex. The exact relative orientations
between the BChl’s in the complex cannot be unraveled from
2D electronic spectra, but the results emphasize the sensitivity
of the spectra to chromophore orientation, and the possibility
that coarse-grained molecular structure information may be
obtained using the technique. Intermediate orientations could
be consistent with the results to some extent. In the case of
LH2, the orientations of the B850 BChl dipoles are in actuality
106° (R-BChl) and 61° (�-BChl) relative to the ring radius;9

however, the arrangement is close enough to tangential that the
oscillator strength is overwhelmingly concentrated in the lower
part of the exciton manifold. Likewise, the tangential nature of
the LH4 structure as proposed here is an approximation.
However, LH4 represents an unusually constrained system, in
that only one strong band appears in the linear spectrum.
Because no excitonic splitting is evident in the LH4 spectrum
despite presumably strong coupling among the pigments (the
32 pigments must be closely packed in order to fit in the protein
complex), as discussed by Hartigan et al.,9 the dominant
interactions must approach either the in-line or sandwich limit.

It has been demonstrated for several other pigment-protein
complexes that the dipole-dipole approximation for Coulombic
coupling allows for satisfactory reproduction of spectral features,
despite the close proximity of nearest-neighbor pigments.2

However, if the dipole-dipole approximation fails in the case
of LH4, it could account for the discrepancy between the
experimental 2D spectra and those simulated in Figure 5 using
the proposed structure and Hamiltonian. Furthermore, theoretical
investigations of electronic coupling that take into account the
dielectric protein environment surrounding the chromophores
predict that sandwich coupling is more attenuated than in-line
coupling (relative to the case in vacuum),34 suggesting that the
strict dipole-dipole model overestimates sandwich coupling.
In order to explore this possibility, we carried out an extensive
search of the subunit Hamiltonian parameter space for the
current proposed structure model, varying both site energies and
couplings, and found no result that matched both the linear and
2D spectrum satisfactorily. That is, no Hamiltonian parameter
set applied to the proposed structure model, which features
nearest-neighbor pigments in sandwich configuration, can
simultaneously give rise to a single dominant spectral band and
ESA above the diagonal.

Another important consideration is whether structural clues
could be obscured in 2D data by energy transfer dynamics. For
example, if fast relaxation to low-energy states “fills in” the
lower-energy part of the 1-exciton manifold, it could result in
ESA above the diagonal despite a structure with predominant
sandwich character. However, it is unlikely that such an effect
could occur within the ∼40 fs pulse duration time, such that it
would be unapparent in the T ) 0 2D spectra. Theoretical
simulations of exciton models with dominant sandwich coupling
showed that, even at much later (∼5 ps) population times (not
shown), ESA persisted below the diagonal, in complete contrast
to the observed experimental spectra.

We conclude that in-line coupling is dominant in the LH4
complex, giving rise to an energy level structure that features
dark states on the high-energy side of the spectrum. However,
the sensitivity of the spectra to the precise relative orientations
of the BChl’s is limited, and while the 2D spectra show
dominant in-line coupling, various types of interpigment interac-
tions combine to give the overall pattern observed in the 2D
spectrum. The existence of weakly absorbing states on the red

Figure 8. Calculated dipole strengths of transitions between ground
and 1-exciton states (red) and 1- and 2-exciton states (black) for the
two octamer models of Figure 7. Bars represent summed dipole
strengths over 500 realizations of static disorder in bins 22 cm-1 in
width. The distributions for the tangential model show relative strength
of 1- to 2-exciton transitions dominant on the higher-energy side of
the spectrum, whereas the opposite is true for the radial model,
accounting for above- and below-diagonal appearance of negative signal
in 2D spectra, respectively.
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edge of the band, observed in the T ) 0 nonrephasing spectrum
and in previous work,9,12 lends support to the possibility of some
sandwich coupling in the complex. Furthermore, the T ) 0 total
spectrum exhibits some ESA below the diagonal, whereas the
purely tangential model of Figure 7 shows none. The spectra
suggest then that the dipole strength for the LH4 complex lies
near the center of the 1-exciton band, with weak states to the
red and dark or nearly dark states to the blue. A dipole
configuration with both sandwich and in-line coupling present
but in which the in-line coupling is dominant would give rise
to such an energy level structure.

We may speculate on the evolutionary advantage conferred
by an energy level structure in which oscillator strength is
concentrated in a narrow band around 800 nm, with weak or
dark states flanking the band on either side. Several studies have
pointed to the competition that water-dwelling phototrophic
organisms, such as purple bacteria, face from the near-infrared
absorption spectrum of water, which could account for spectral
blue-shift. A study by Stomp et al. further suggests that small
features in the water spectrum have exerted substantial evolu-
tionary pressure on these organisms, causing them to avoid
absorbing at those frequencies.35 In studies of the Rp. palustris
genome, bacteriophytochromes were found to control gene
expression according to the ratio of red/far-red light, enabling
the organism to preferentially synthesize LH4 in aquatic
environments, thereby taking advantage of a narrow recovery
in transmission of light through water at 800 nm.36 In addition,
the increased number of BChl’s in LH4 as compared to the
other peripheral complexes increases the absorption cross
section, which is clearly advantageous in low-light conditions.

However, perhaps there are deeper underlying differences in
the light-harvesting mechanism, as determined by the energy
level structure, of LH4 as compared to other peripheral
complexes, that could confer some advantage in low-light
conditions. In LH2 and LH3, dark states have been shown to
play an important role as acceptor states in energy transfer.16,37

The higher-energy dark states in LH4 may perform a similar
function, perhaps accepting energy from Qx states or carotenoids,
while the low-energy weak states can funnel energy to LH1/
RC complexes. Such a mechanism would suggest that photo-
synthetic organisms can tune their absorption wavelengths
according to the light environment, even restricting absorption
to a narrow spectral region, while maintaining diverse energy
transfer pathways through “invisible” states.

Conclusions and Outlook

Two-dimensional electronic spectroscopy is a sensitive probe
of energy level structure, and this utility is particularly apparent
in photosynthetic systems, where spectra are often broadened
by static disorder of a similar magnitude to the electronic
coupling. Several aspects of 2D spectroscopy make it advanta-
geous with regard to energy level structure determination: peaks
are resolved along two frequency axes, nonrephasing signals
give added resolving power in the case of closely spaced peaks,
and, as it is a four-wave mixing technique, ESA to higher-energy
levels may be observed, yielding valuable information about
system coupling and low-dipole-strength states.

It is not possible to identify the precise positions and
orientations of pigments in photosynthetic complexes with 2D
electronic spectroscopy; however, the sensitivity of the method
to the energy level structure of a system, which reports on the
dipole configuration, yields important coarse-grained structural
insights. On the basis of experimental and theoretical 2D spectra
of the LH4 complex, we determine that the energy level structure

of the complex features concentration of dipole strength near
the center of the 1-exciton manifold, with weakly visible, low-
dipole strength states to the red and invisible dark states to the
blue of the band. The predominance of above-diagonal ESA in
the experimental 2D spectra leads us to conclude that, as in
LH2 and other peripheral complexes, in-line coupling, consistent
with approximately tangenially oriented dipole moments, domi-
nates the excitonic interactions.

ESA features in 2D spectra may be valuable in providing
coarse-grained structural insights for other membrane PPCs that
elude crystallization. Moreover, in the pursuit of understanding
natural solar energy conversion, atomic level protein structures
are often a first step toward elucidating pigment-protein
complex function. Two-dimensional electronic spectroscopy is
in many ways a direct probe of function, because it accesses
the energy level structure and energy transfer dynamics that
determine light-harvesting mechanisms. The ability of 2D
spectra to reveal structural insights, in addition to function-
related information, through the positioning of negative cross
peaks is a novel and until now unexplored capability of the
technique, which is indeed still in its infancy.
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