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ABSTRACT: Photosynthetic light harvesting is a unique life process that occurs with amazing efficiency.
Since the discovery of the structure of the bacterial peripheral light-harvesting complex (LH2), this process
has been studied using a variety of advanced laser spectroscopic methods. We are now in a position to
discuss the physical origins of excitation energy transfer and trapping in the LH2 and LH1 antennae of
photosynthetic purple bacteria. We demonstrate that the time evolution of the state created by the light is
determined by the combined action of excitonic pigment-pitment interactions, energetic disorder, and
coupling to nuclear motion in a pigment-protein complex. A quantitative fit of experimental data using
Redfield theory allowed us to determine the pathways and time scales of exciton and vibrational relaxation
and analyze separately different contributions to the measured transient absorption dynamics. Furthermore,
these dynamics were observed to be strongly dependent on the excitation wavelength. A numerical fit of
this dependence turns out to be extremely critical to a variation of the structure and disorder parameters
and, therefore, can be used as a test for different antenna models (disordered ring, elliptical deformations,
correlated disorder, etc.). The calculated equilibration dynamics in the exciton basis allow a visualization
of the exciton motion using a density matrix picture in real space.

In photosynthesis, excitations created by light absorption
in the antenna pigments are efficiently transferred to a
reaction center where they are used to drive a charge
separation (1, 2). Since the early work of Duysens (3), it
has been known for instance that in the photosynthetic
bacteriumRhodobacter sphaeroidesphotons absorbed by

carotenoids are transferred efficiently to bacteriochlorophyll
and between the various bacteriochlorophyll forms from
those absorbing at higher energies (B800 and B850, where
the numbers refer to their near-infrared absorption maxima)
to the lowest-energy form, B875, and from thereon to the
reaction center (RC).1 During the 1970s and 1980s, the
photosynthetic light-harvesting complexes that perform this
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process were obtained in pure form (see ref4 for a review),
and this led to a large variety of spectroscopic studies and
attempts to obtain structural data (for a review, see ref5).
Only in 1995 was the structure of the peripheral light-
harvesting complex of the photosynthetic bacteriumRhodo-
pseudomonas acidophilaobtained to atomic resolution (6),
a year later followed by the structure of the LH2 antenna of
Rhodospirillum molischianum(7). Although so far no high-
resolution structure of the LH1-RC core is available,
accurate models have been proposed (8-14), for a very large
part based on the 8 Å density map published for LH1 of
Rhodospirillum rubrum(8). These structures have led to a
true explosion of spectroscopic studies of the energy transfer
dynamics and attempts to model the relevant phenomenology
on the basis of the essential physics (15-56). In this paper,
we will attempt to illustrate our own understanding of how
electronic excitations move through LH2 and LH1 on their
way to being trapped by the RC and we will develop an
intuitive view of excited state relaxation and energy migration
in these photosysnthetic systems, where pigment-pigment
coupling, energetic disorder, and temperature are all of
similar magnitude.

Structure of LH1 and LH2

LH2 of Rps. acidophilais an intrinsic membrane protein
that is composed of two concentric rings of nineR-polypep-
tides (inside) and nineâ-polypeptides (outside) sandwiched
around a ring of 18 strongly coupled bacteriochlorophylls
(BChls), which absorbs at∼850 nm (see Figure 1). The
major structural element in both theR- andâ-polypeptides
consists of a singleR-helical transmembrane region, with a
highly conserved histidine residue located about one-third
of the way across from the periplasmic side of the membrane.
These histidines function as the ligands for the 18 BChls,
which have their chlorin plane more or less parallel to the

C9 symmetry axis and their Qy almost in the plane of the
membrane (6, 7, 57-59). When the B850 ring is viewed as
a ring of BChl dimers, with each dimer associated with one
pair of Râ-polypeptides, the intradimer center-to-center
distance between the BChls is∼9 Å, which is in fact very
similar to the interdimer distance. The electronic coupling
between the neighboring BChls has been estimated from
calculations (30, 32, 33, 46, 55, 56) and experiments (19,
24, 44, 49, 60, 61) to be∼300 cm-1 for the intradimer pair
and slightly less for the interdimer pair. In LH2 ofRps.
acidophila, a second ring is present, absorbing at 800 nm
with the nine BChls positioned between the cytoplasmic end
of the â-helices at a nearest-neighbor distance of∼2 nm.
These BChls have their chlorin planes parallel to the
membrane plane (6, 7, 57-59), and they are only weakly
coupled both to their nearest neighbors (30 cm-1) and to
the BChls in the B850 ring (30, 54-56).

For LH1, only low-resolution structures are available.
These strongly suggest that the isolated complex is an
(Râ)16BChl32 aggregate in which the ring of 32 BChls is
structurally very similar to the ring of 18 strongly coupled
BChls in LH2. LH1 can be reversibly dissociated using
detergents into (Râ)BChl2 subunits, called B820, that display
a maximum absorption at 820 nm (60-62). The major reason
for this is that the major interactions that stabilize LH1 in
fact occur within such (Râ)BChl2 subunits; this is in contrast
to LH2 where H-bonds exist between amino acids and BChls
in adjacent subunits. In vivo, the LH1 ring is generally not
full and probably contains the nonpigmented pufX protein
that provides a gate for the reduced quinol to leave the RC
and find the cytochromebc1 complex (63, 64). It has been
demonstrated that in the absence of LH2 and in the presence
of PufX the LH1-RC complex occurs as a dimer (65), with
the dimers arranged in some highly regular fashion in the
membrane (13, 14).

FIGURE 1: Structure of the LH2 complex fromRps. acidophilastrain 10050. At the left is a top view of the complex looking down in a
direction normal to the presumed plane of the photosynthetic membrane: green,â-polypeptides; gold,R-polypeptides; cyan, B800
bacteriochlorophylls; purple, B850 bacteriochlorophylls; and blue, carotenoid rhodopin glucoside. At the right is a side view of a section
of the complex. The N- and C-termini of the polypeptides are labeled. This view clearly shows the organization of the light-absorbing
pigments. This figure was kindly produced by T. Howard (Glasgow University, Glasgow, Scotland).
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Steady State Spectroscopic Properties of LH1 and LH2

In the bacterial antenna complexes, significant excitonic
interactions occur between the pigments and these interac-
tions, in combination with exciton-vibration coupling and
energetic disorder, both static and dynamic, result in a
nonhomogeneous structure of the major near-infrared absorp-
tion band. This was for the first time established in
experiments where the fluorescence polarization was re-
corded as a function of the excitation wavelength (66, 67).
For LH1, it was observed that excitation in the blue or central
part of the band gave slightly positively polarized emission,
while the level of polarization increased sharply upon
excitation into the red edge. For LH2, the experimental data
were very similar with the exception that a minimum or even
negative polarization was observed upon excitation in the
middle of the band (68). For LH1, the shape of the curve
was originally explained by Van Mourik et al. (67) using a
model that assumed energy transfer among a cluster of
weakly coupled, energetically disordered pigments. The
model was later extended to include excitonic contributions
(51, 69). The difference between LH2 and LH1 could be
nicely explained by the fact that LH2 displays a much
narrower phonon wing due to which in LH2 in the middle
of the absorption band more selective excitation of the
exciton component that is orthogonal to the emission occurs
(51). These results were corroborated by spectral hole-
burning experiments performed by Small and co-workers (25,
70-72).

LH2s typically exhibit intense quasi-conservative CD
spectra in the 850 nm region combined with a weak negative
transition at∼780 nm that originates from the B850 excitonic
manifold. On top of these features, a CD signal due to the
B800 band that varies strongly among the different LH2
complexes can usually be observed (23, 24, 73). One
conspicuous feature is the shift of the zero crossing of the
conservative CD relative to the OD maximum. A detailed
modeling of these spectra (23, 24, 52) showed that under-
standing the observed CD spectrum required at least a large
part of the complete ring. The coupling strength was
estimated to be∼300 cm-1, while furthermore, to describe
the shape of the observed CD spectrum, an energy difference
between theR- and â-bound BChl of 300 cm-1 had to be
assumed, with theR-bound Bchl higher in energy. Thus,
excitonic effects are clearly present in the LH2 spectra, and
one might wonder about the extent to which the spectra are
truly excitonic. A straightforward calculation splits the
degenerate local excited states of theRps. acidophilaLH2
ring into eight pairs of doubly degenerate states, while the
states at the bottom and top of the excitonic band are single.
With the dipoles oriented almost in the plane of the ring,
the lowest state, labeledk ) 0, is optically forbidden, while
by far most of the oscillator strength is concentrated in the
next two degenerate and orthogonally polarized states,
labeledk ) (1. The hole-burning experiments by Small and
co-workers mentioned above (25, 26, 70-72) were inter-
preted in terms of such an excitonic manifold underlying
the broad absorption of LH2. Single-molecule fluorescence
excitation experiments by van Oijen et al. (48-50) were
interpreted in terms of the two allowed and orthogonally
polarizedk ) (1 states and an almost forbiddenk ) 0 state.

However, although all the molecules in the strongly
coupled ring are involved in excitonic interactions, the energy
transfer dynamics would generally be determined by an
effective delocalization size that can be much smaller than
the whole ring due to (i) superposition of several exciton
states at thermal equilibrium, (ii) spectral disorder giving rise
to nonuniform eigenfunctions, and (iii) dynamic disorder
giving rise to polaron formation. For example, even in the
case of a spectrally homogeneous LH1 or LH2 antenna
(when the exciton eigenfunctions are completely delocalized,
i.e., Neig ) 32 or 18/16), the coherence length of the
equilibrated wave packet (Ncoh) would be 7-9 due to
superposition of exciton states populated at room tempera-
ture, i.e., significantly smaller than the size of a whole ring.
In the presence of the spectral disorder (comparable with
the exciton bandwidth), bothNeig andNcoh values would be
significantly decreased.

There is experimental evidence for such a strong disorder
in the LH1 and LH2 antennae giving rise to localization on
a (small) subset of the total ring, in contrast to the fully
delocalized “excitonic” picture. In the perfect exciton view,
the lowest electronic state of the ring is almost forbidden
for symmetry reasons; consequently, at very low tempera-
tures, LH1 and LH2 would be dark, while at temperatures
that approximately match the energy difference between the
k ) 0 andk ) (1 states, the system would become strongly
radiative. However, in reality at 4 K both LH1 and LH2 are
rather fluorescent, and for instance, the radiative rate of LH2
is about that of two to three BChl monomers (34). Moreover,
this radiative rate is close to being independent of temper-
ature. A straightforward calculation shows that this is indeed
the case when the stochastic variation in transition frequen-
cies of the individual BChls in the ring (diagonal disorder)
is of the same order of magnitude or larger than the coupling.
This amount of disorder would significantly decrease the
length of the exciton eigenfunctions,Neig. A similar amount
of disorder was estimated for a variety of LH1s and LH2s
from the modeling of the equilibrated pump-probe spectra
of LH2 and LH1 (31, 37, 38, 43) or comparing the nonlinear
response of the LH2 antenna with that of the B820 subunit
(44). This latter experiment showed significant differences
in the shape and amplitude of the pump-probe spectra of
LH2 and B820, reflecting a different degree of exciton
delocalization for the whole antenna and the dimeric subunit.
Finally, changes in the linear spectra induced by dissociating
the LH1 ring into a set of fragments with an increasing
number of missing (Râ)BChl2 subunits (69) or gradually
substituting BChl for BPheo (51) also yielded disorder values
that exceeded the size of the coupling. Thus, modeling of
the LH1 and LH2 antennas with the presence of static
disorder together with a weak exciton-phonon coupling
yieldedNeig values such as 5-11 (16, 31, 32, 43, 44) and
Ncoh values such as 4-6 (37, 43, 44) at room temperature.

The presence of strong exciton-phonon coupling would
give rise to an even further reduction in the exciton size if
the phonon-induced length (polaron size) is smaller than the
disorder-induced length (75, 76).

In this paper, we will focus the discussion on our own
results obtained with the LH1 antenna ofRhodopseudomonas
Viridis (39, 43, 47, 77). The elementary subunit of the core
antenna ofRps. Viridis consists of three transmembrane
polypeptides,R, â, andγ (78). TheR- andâ-polypeptides,
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binding one BChl molecule each, are analogous to the LH1
proteins found in BChla-containing bacteria. Theγ-polypep-
tide probably does not bind BChl (78). At low temperatures,
this LH1 displays a spectrum that has a maximum at 1020
nm and exhibits pronounced fine structure (77). The details
of this fine structure originate from a combination of
excitonic interaction among the pigments, the coupling of
the excitonic manifold to two low-frequency vibrations, static
disorder, and relaxation processes taking place among the
excitonic states (see Fine Structure of the Absorption
Spectrum for a detailed discussion). Figure 2, which explains

this linear absorption spectrum assuming that LH1 is a ring,
shows how the various exciton-vibrational levels contribute
to the low-temperature absorption spectrum. One discerns
three prominent levels, among which is the lowest exciton
state. Furthermore, many higher levels have acquired some
oscillator strength, largely induced by the diagonal disorder.
Recently, it has been proposed that LH2 ofRps. acidophila
may be elliptically deformed (48-50). This was based on
the relatively large energetic separation (∼120 cm-1) between
the two strongest and orthogonally polarized transitions
observed in single-molecule fluorescence excitation experi-
ments. We note that in the simulation shown here this
separation is∼70-80 cm-1 for LH1. We will argue below
that such an elliptical deformation together with relatively
low disorder values cannot explain the spectral and dynamic
properties of LH1 ofRps.Viridis. Although in Rps.Viridis
some of these spectral effects (fine structure in the absorption
spectrum, oscillatory features in the pump-probe signals)
are remarkably strong, we do believe that our description is
generally applicable to all bacterial LHs.

Excited State Dynamics of the Bacterial Photosynthetic
Light-HarVesting Antenna

As discussed above, the combination of excitonic contri-
butions and disorder makes the linear absorption properties
of LH1 and LH2 heterogeneous. As a consequence, following
excitation with a short laser pulse, fast relaxation and/or
energy migration will occur that generates specific changes
in the absorption spectrum with time, which are characteristic
for ringlike aggregates such as LH1 and LH2, but that will
be absent in, for instance, the dimeric subunit B820 or in
monomeric BChl. This was demonstrated for the first time
by Visser et al. (79), who compared the isotropic transient
absorption dynamics observed for LH1 ofRs. rubrumwith
similar experiments on the B820 subunit. For LH1, they
observed pronounced dynamics in the transient absorption
difference spectrum, a 12 nm red shift of the zero crossing
and an 8 nm red shift of the bleaching peak, whereas no
such red shift dynamics were observed in the transient
absorption spectrum of the B820 subunit as well as for
monomeric BChl. Visser et al. explained their results in terms
of an ultrafast hopping of the excitation in an energetically
disordered antenna. A similar dynamic red shift of∼20 nm
was observed in LH1 ofRps. capsulatus(80) and in this
case ascribed to exciton relaxation. However, the time
resolution of both experiments (200-400 fs) was probably
not sufficient for a precise estimation of the relaxation and/
or hopping time constants.

A pump-probe study employing 35 fs pulses on LH2 of
Rb. sphaeroidesrevealed ultrafast relaxation components in
the 10-100 fs range (21). Similarly, using 40-50 fs pulses
in one-color pump-probe experiments on LH1 and LH2
gave a 50-60 fs isotropic decay component, whereas tuning
the laser to the blue side of the major absorption band
resulted in the appearance of very short-lived (<20 fs)
components (38, 81). It is, however, difficult to make any
specific assignment of these ultrafast relaxation events since
these short pulses essentially excite and probe the total band
and have little spectral selectivity. Obtaining transient
absorption dynamics that indeed reflect the exciton equilibra-
tion with selective excitation and probing would require two-
color experiments with longer pulses. Such experiments with

FIGURE 2: Linear absorption at 77 K (top) and the inverted second
derivative of the absorption spectrum (SDA) at 4 K (bottom) for
the LH1 antenna ofRps.Viridis. Experimental data are shown as
points and calculated data as solid lines. The calculated absorption
profile (see Fine Structure of the Absorption Spectrum) is shown
together with contributions of the individual exciton components
(top). The spectrum of the lowest exciton state without inhomo-
geneous and homogeneous broadening is also shown in the bottom
panel below the SDA spectrum. The 77 K spectrum was calculated
using the Redfield theory with the electronic relaxation parameters
ø ) 490 cm-1, Γ ) 70 cm-1, andωc ) 75 cm-1, the parameters of
two vibrational modesΩ1 ) 58 cm-1, Ω2 ) 110 cm-1, S1 ) 0.41,
S2 ) 0.23, γ1 ) 11 cm-1, and γ2 ) 11 cm-1, and the site
inhomogeneityσ ) 575 cm-1. At 4 K, we assumed Gaussian line
shapes with a fwhm of 4 cm-1 for the lowest and 45 cm-1 for the
higher exciton states. The vibrational parameters are as follows:
Ω1 ) 65 cm-1, Ω2 ) 101 cm-1, S1 ) 0.45, S2 ) 0.18, γ1 ) 7
cm-1, andγ2 ) 10 cm-1; the site inhomogeneityσ ) 380 cm-1.
The geometry of LH1 (circular aggregate with 32 molecules) and
intermolecular couplings (V12 ) 400 cm-1 andV23 ) 290 cm-1)
were taken to be the same at 77 and 4 K.
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longer pulses (65-70 fs) were performed on LH2 ofRb.
sphaeroidesat low temperatures by Vulto et al. (40) and at
room temperature by Nagarajan et al. (22). Both experiments
employed “blue” and “red” excitation of the B850 band.
Following the blue excitation, a small, 3-5 nm, red shift
with a time constant of∼100 fs was present in both
experiments, while this shift was virtually absent upon red
excitation. These spectral evolutions were ascribed to
relaxation dynamics from higher exciton states initially
excited by the short laser pulse.

Very similar two-color pump-probe experiments using
<100 fs laser pulses were performed by Monshouwer et al.
(39) on the LH1 antenna ofRps.Viridis. Blue side excitation
resulted in a dynamic red shift of∼130-150 fs (see Figure
3). The amplitude of this shift (15-20 nm) is several times
larger than that observed for LH2 and is similar to the
amplitudes of the red shifts observed in earlier experiments
on LH1 (79, 80). When the excitation was tuned to the center
of the band, the red shift became less pronounced. In addition
to these ultrafast relaxation phenomena, pronounced long-
lived oscillatory features (on a time scale of 1-2 ps) were
observed for LH1 ofRps.Viridis, which are ascribed to the
coupling of the electronic excitations to two vibrational
modes with frequencies of∼50-60 and 100-110 cm-1.

Apart from a multitude of pump-probe experiments, a
few other techniques were applied to study the excited state
dynamics in LH1 and LH2. Bradforth et al. (15) measured
the excited state dynamics in LH1 ofRb. sphaeroidesby
polarized fluorescence upconversion. Their anisotropy decays
reflecting exciton equilibration were multiphasic with 100
and 400 fs components being most prominent on the ultrafast
time scale. Similar fluorescence upconversion experiments
on LH2 gave a slightly faster decay (16). Long-lived
vibrational coherences in the LH1 and LH2 antennae were
studied by femtosecond pump-probe (82-84), fluorescence

upconversion (15), transient grating (17, 18), and three-pulse
photon-echo peak-shift (3PEPS) experiments (18, 85). The
3PEPS experiments also revealed the time scale of energy
transfer by comparison with the B820 subunit (86). The peak-
shift decay for LH1 and LH2 exhibited a distinct phase (100
fs for LH1 and 70 fs for LH2) that was absent in the B820
subunit and thus was interpreted as being due to energy
transfer and/or relaxation in the ring.

Relaxation in the Exciton Manifold

In a series of papers (43, 47, 87), we have shown that the
linear absorption and steady state pump-probe spectra for
LH1 of Rps.Viridis can be quantitatively explained using
an exciton approach with a large amount of spectral disorder
(“disordered exciton model”). Within the framework of this
model, the ultrafast equilibration observed in pump-probe
experiments should be ascribed to the relaxation among the
states in the one-exciton manifold. To obtain a quantitative
explanation of the data for LH1 ofRps.Viridis, we dressed
the exciton model with static disorder, added strong coupling
to two vibrational modes, and introduced a weak coupling
of the vibrational and electronic coordinates to a thermal bath.
To describe the coupled exciton-vibrational dynamics, the
Redfield relaxation theory was applied. In this approach, one
allows electronic and vibrational coherences in the density
matrix to be transferred or to decay via the following set of
events schematically summarized in Figure 4.

Generally, the pump pulse creates an excited state in
the one-exciton manifold and a hole in the ground state.
The excited state consists of exciton-vibrational populations
|k,b〉〈k,b| and coherences|k′,b′〉〈k,b|, where the indexb
corresponds to a vibronic sublevel of thekth exciton state.
In ref 87, the Redfield tensor was calculated for the case in
which all the exciton states have the same oscillator
displacement (as shown in Figure 4). In the secular ap-

FIGURE 3: Transient absorption spectra measured for the core antenna ofRps.Viridis at 77 K upon blue side excitation (1017 nm). The
pulse duration is 100 fs, and pump-probe delays from-100 to 400 fs are shown (data taken from ref39).
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proximation, the dynamics of populations and coherences
are decoupled, and the transfer of coherence only occurs
between pairs of states with the same energy difference. For
example, the coherence|k,bi〉〈k′,bj| can be coupled to the
coherence|k,bi+s〉〈k′,bj+s|, wheres ) (1 for one-phonon
processes due to linear (i.e., in the vibrational coordinate)
system-bath coupling,s ) (2 for two-phonon processes

due to quadratic coupling, etc. In the case of harmonic
potentials with equidistant vibrational states, such a coherence
transfer would be resonant. In contrast, the coherence
between different one-exciton states cannot be transferred
due to the “anharmonicity” of the exciton states (in combina-
tion with the disorder-induced shift). Typically, exciton
relaxation is much faster than the vibrational dynamics, and
does not destroy the vibrational coherence, as was demon-
strated for LH1 (39), the chlorosomal antenna (88), and the
special pair of the reaction center (89, 90). Figure 4 shows
the relaxation pathways in the secular approximation, i.e.
population relaxation (top left frame), vibrational coherence
transfer superimposed on exciton relaxation (top right), and
exciton coherence decay (bottom left). The dynamics of the
ground state include vibrational equilibration, i.e., relaxation
of populations and coherence transfer and decay processes
(Figure 4, bottom right). The nonsecular terms (responsible
for nonresonant coherence transfer, including the coupling
between populations and coherences) make relatively small
but non-zero contributions to the time evolution of the density
matrix. The Redfield theory has been used to study vibra-
tional relaxation in the bacterial reaction center (91, 92),
exciton relaxation in LH2 (37, 93) and molecular aggregates
(94, 95), coupled exciton-vibrational relaxation in Chla-Chl
b heterodimers of LHC-II (96, 97), and exciton-vibrational
relaxation in LH1 (47, 87).

As in previous studies, we assume that the pigment
arrangement in the core antenna ofRps.Viridis is analogous
to that of the BChla-containing bacteria. As a model of the
antenna, we consider a circular aggregate of 32 BChlb
molecules withC16 symmetry (the elementary unit cell
contains two BChlb molecules, bound to theR- and
â-polypeptides). The orientations of the two BChls in a
dimeric unit cell and the Mg-Mg distances between BChls
are essentially the same as those for the strongly coupled
B850 ring of BChl a’s in the LH2 antenna fromRps.
acidophila(6). The intra- and interdimer interaction energies
are as follows: V12 ) 400 cm-1 and V23 ) 290 cm-1,
respectively. The site inhomogeneity of the LH1 antenna was
modeled by uncorrelated diagonal disorder with a widthσ
of 575 cm-1 (fwhm). Alternative models with correlated
disorder, elliptic deformation of the ring, and/or breaking of
the closed ring by removal of a few dimeric subunits were
analyzed as well.

In LH1 of Rps. Viridis, strong oscillatory features are
observed in the pump-probe signals (39). To match these
data to the calculated spectra and dynamics, we have assumed
that the electronic transitions are coupled to two vibrational
modes with frequenciesΩ1 and Ω2 of 58 and 110 cm-1,
respectively, Huang-Rhys factorsS1 andS2 of 0.41 and 0.23,
respectively, and relaxation rate constants (i.e., the rates for
the 1f 0 vibronic transition)γ1 andγ2 of 11 cm-1 at 77 K
(47). In the Redfield approach, the important parameter that
governs the relaxation down the one-exciton manifold is the
spectral density of the system-bath coupling. This spectral
density determines the degree to which two levels are
connected. It turns out that with a characteristic frequency
ωc of 75 cm-1 we obtain the best fit to the experimental
data. This value implies that relaxation from a certain exciton
level occurs mainly to the next two or three levels below it.
The pure dephasing (Γ) that contributes (together with
population relaxation) to the homogeneous broadening of

FIGURE 4: Pathways of exciton-vibrational relaxation within the
one-exciton manifold in the secular approximation. The ground|g〉
and two different one-exciton states|k〉 and|k′〉 with their vibronic
sublevelsa ) 0, 1, 2, or 3 andb ) 0, 1, 2, or 3 are shown. Thin
arrows denote interaction with the pump, and thick white and black
arrows correspond to exciton and vibrational relaxation, respec-
tively. Circles symbolize a coherence between two exciton-
vibrational states, and zigzag arrows imply a decay of these
coherences. At the top left is shown fast relaxation of the exciton
population followed by a slower relaxation of vibrational popula-
tions (ladder-type one-phonon relaxation induced by linear coupling
of the vibrational coordinate with the bath). At the top right are
shown two interactions with the pump that create a coherence
between two vibronic sublevels (for example,b ) 2 andb ) 3) of
the higher exciton state. Fast|k′〉 f |k〉 relaxation does not destroy
this coherence. The subsequent vibrational dynamics includes the
transfer of coherence (for example,|b ) 2〉〈b ) 3| f |b ) 1〉〈b )
2| in the case of linear coupling) and coherence decay. At the bottom
left is shown the decay of coherence|k′,b ) 0〉〈k,b ) 3| between
two exciton states. In this case, the exciton coherence transfer is
nonsecular due to the anharmonicity of the exciton states. The
vibrational coherence transfer (for example, to|k′,b ) 1〉〈k,b ) 4|)
is slow on the time scale of the exciton coherence decay. At the
bottom right are shown two interactions with the pump that create
a coherence between thea ) 1 anda ) 2 sublevels of the ground
state. The subsequent dynamics are determined by coherence
transfer and decay (similarly, vibrational populations in the ground
state can be created with subsequent relaxation).

15062 Biochemistry, Vol. 40, No. 50, 2001 Current Topics



each of the exciton levels is equal to 70 cm-1. The dynamic
disorder valueø (amplitude of the site energy modulation)
required to explain the experimental relaxation dynamics is
equal to 350-500 cm-1. In the case of uncorrelated diagonal
coupling (i.e., the fluctuations of the different site energies
are uncorrelated), the coupling strength in the eigenstate
representationøeig would be related toø through the fourth
power of the wave function amplitude (95). The latter is equal
to the participation ratioNeig

-1 which is∼0.1 for the higher
exciton states in our model (43). Thus, the fluctuations that
induce relaxation from the higher states are relatively weak
in the eigenstate representation, and consequently, the
Redfield approximation is valid (at room temperature and
even lower temperatures up to 77 K).

This model allowed us to obtain a quantitative fit of the
experimental data, including absorption and pump-probe
transient absorption (TA) spectra for the core antenna ofRps.
Viridis at 77 K (39). Figure 5 shows a fit of the isotropic
TA spectra for two different excitation wavelengths, corre-
sponding to the blue side and the middle of the band (1017

and 1036 nm, respectively). The TA spectra are shown (both
measured and calculated) with a delay of 0 fs, corresponding
to maximal pump-probe overlap, and a delay of 400 fs when
the exciton relaxation is complete (the largest part of the
dynamic red shift occurs at delays between-100 and 250
fs). Upon blue side excitation, the experimental spectrum
exhibits an 11 nm shift of the ESA maximum, a 10 nm shift
of the isosbestic point, and a 15 nm shift of the bleaching
maximum. Upon middle-band excitation, there is no shift
of the ESA maximum or the isosbestic point, whereas the
bleaching peak shifts to the red by 7 nm. Note that these
values are reproduced by our model with an accuracy of∼2
nm (Figure 5).

More detailed calculations have shown that during delays
between-100 and 130 fs the TA dynamics are strongly
influenced by the superposition of a sequential (true pump-
probe) signal and what is typically called the coherent
artifact, resulting from a reversal in time of the pump and
probe fields during their overlap. For instance, for 1017 nm
excitation, the sequential signal is responsible for the
bleaching peak that is continuously shifting due to exciton
relaxation from 1044 to 1050 nm between-100 and 230 fs
delays. In contrast, the coherent artifact signal has a negative
peak at 1036 nm that reaches its maximal value near zero
delay and completely disappears after 130 fs. The combined
action of these sequential and coherent factors results in the
very large apparent Stokes shift of the total signal from 1036
to 1050 nm at delays between-100 and 230 fs.

For larger delays (from 400 fs to 2 ps), the calculated and
measured spectra show no more dynamics, such as a further
red shift or some changes in line shape. The vibrational
coherence persists up to 1.5-2 ps, giving rise to some
oscillations in the bleaching peak position (within 1-2 nm)
and in the bleaching amplitude (within(5% of this
amplitude). However, the vibrational population dynamics
contribute only weakly (less than 1 nm) to the dynamic red
shift. It thus is clear that the TA shifting during the first
100-200 fs is determined mostly by exciton relaxation.

Upon middle-band excitation, there is no pronounced red
shift dynamics of the sequential signal, and in that case, the
TA evolution is determined mostly by the coherent contribu-
tion. The latter has a negative peak at 1043 nm giving rise
to the TA shifting from 1043 to 1050 nm (as shown in Figure
5, bottom frame).

In our model, downhill transfer between pairs of one-
exciton levels occurs in the time range of 50-150 fs. The
lifetime of the kth level (determined by the sum of the
downhill transfer rates) decreases rapidly withk. For the six
lowest exciton states, these lifetimes are approximately (in
increasing order of energy level): 250, 75, 40, 25, 20, and
12 fs. Thus, the lifetimes of the higher states are significantly
shorter than the pulse duration (100 fs), but we cannot use
shorter pulses to obtain a direct visualization of this fast
relaxation because under broad-band excitation it would be
impossible to selectively excite higher levels. That is why
these true relaxation components are always hidden under
the more slow pulse envelope. Moreover, they are also
masked by the coherent artifact inducing an additional decay
component. The latter has a time constant that is ap-
proximatelyx2 times larger than the pulse duration, i.e.,
100-150 fs, that has often been interpreted as the “main
relaxation component”.

FIGURE 5: Experimental (points) and calculated (solid lines) pump-
probe spectra upon 1017 nm excitation (top) and 1036 nm excitation
(bottom) for the LH1 antenna ofRps.Viridis at 77 K. The spectra
are shown after delays of 0 and 400 fs (note that an increase in the
time delay corresponds to a red shift of the spectra). The calculated
spectra were obtained using the same parameters as those for the
linear absorption fit at 77 K (see Figure 2).
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Uncorrelated DisorderVersus Correlated Distortion of
the Ring

It is important to notice that the excitation wavelength-
dependent TA shift (shown in Figure 5) is extremely sensitive
to the exciton structure of the absorption band, and therefore
can be used as a test for different antenna models. For
example, in the disordered exciton model, we used a large
disorder value (σ/V12 ) 1.4) to obtain the splitting value
necessary to explain the experimentally observed absorption
profile. Satisfactory fits can also be obtained using alternative
sets of interaction energies with aV12 of 260-600 cm-1 and
a σ/V12 of 0.8-1.6 (43). This gave a delocalization sizeNcoh

of 5-10 at 77 K and 4-6 at room temperature.
In principle, the steady state spectra can be modeled using

an alternative parameter set with higherσ/V12 and lowerø
and Γ values. For example, Ku¨hn and Sundstro¨m (37)
explained the steady state pump-probe spectrum for LH2
supposingσ/V12 ) 2.3, ø ) 50-100 cm-1, andΓ ) 5-20
cm-1. The model gave a delocalization sizeNcoh of 4 for
both low temperatures and room temperature (37, 38). In
this case, the inhomogeneous width is much greater than the
homogeneous broadening due to slower exciton relaxation.
Consequently, this model predicted slow dynamics of the
transient absorption with a time constant of 0.5-1 ps (37),
whereas the real dynamics are 1 order of magnitude faster.
To explain such a fast equilibration, we need higher values
of ø andΓ together with smallerσ/V12 values.

Alternatively, the absorption line width can be explained
using a much smaller value for the disorder (σ/V12 , 1)
together with introduction of some amount of correlated
energy shift or ring deformation, both giving rise to additional
splitting betweenk ) (1 levels (48-50). In this case, one
should expect a higher degree of delocalization (as compared
with the disordered exciton model). Examining these models,
we found that they fail to explain the low-temperature
fluorescence polarization (51) giving a negative polarization
in the middle of the band due to the presence of weakly
overlappingk ) (1 levels with perpendicular transition
dipoles. These models also cannot explain the dynamics of
transient absorption. In the model discussed above, we found
that the measured TA dynamics upon blue side excitation
reflect a relaxation from the higherk ) (2 and(3 levels
down. We also have seen that upon middle-band excitation,
corresponding to excitation of thek ) (1 levels the red shift
dynamics are much less pronounced (Figure 5). In the models
with elliptical deformation, the absorption spectrum is
determined mostly by thek ) (1 states, whereas the higher
exciton states are almost forbidden. In this case, the resulting
red shift dynamics upon blue excitation will be very similar
to those for middle-band excitation, in disagreement with
the experiment. On the other hand, the model of the
disordered ring allows us to reproduce the experimental
dynamics for various excitation conditions.

Vibrational Coherence

The model discussed above also gives a quantitative
explanation for the oscillatory features observed in the TA
kinetics for time delays of up to 2 ps (Figure 6). We wish to
point out that the “fits” in Figure 6 are the result of a direct
calculation of the nonlinear optical response with the same
parameters as in Figures 2 and 5. The impulsive excitation

of electronic levels coupled to specific nuclear modes creates
a wave packet in nuclear space (both in the ground state
and in the one-exciton manifold). Coherent motion of the
ground state wave packet yields oscillations in the photo-
bleaching (PB), whereas the excited state wave packet
produces similar oscillations (but with different phase) in
the one-exciton stimulated emission (SE) and one- to two-
exciton absorption (ESA). Superposition of these three
components results in a complicated wavelength-dependent
pattern of oscillations in the total TA signal. Fitting these
calculated traces to the experimental kinetics yields precise
estimates of the frequencies, coupling parameters, and
damping constants of the nuclear modes that are involved.
We found two main modes with frequenciesΩ1 andΩ2 of
58 and 110 cm-1, respectively, Huang-Rhys factorsS1 and
S2 of 0.41 and 0.23, respectively, and relaxation constants
(rates for the 1f 0 vibronic transition)γ1 andγ2 of 11 cm-1

at 77 K. These parameters are slightly dependent on
temperature; for example, at 4 K,Ω1 ) 65 cm-1, Ω2 ) 101
cm-1, S1 ) 0.45,S2 ) 0.18,γ1 ) 7 cm-1, andγ2 ) 10 cm-1.

FIGURE 6: Experimental (points) and calculated (solid lines) pump-
probe kinetics at 77 K upon excitation at 1055 nm (top frame).
Detection wavelengths are as follows (from top to bottom): 1010,
1070, and 1050 nm. Parameters of two vibrational modes:Ω1 )
58 cm-1, Ω2 ) 110 cm-1, S1 ) 0.41,S2 ) 0.23, γ1 ) 11 cm-1,
andγ2 ) 11 cm-1. For the excited state nuclear wave packet, an
additional dephasing process was added with a characteristic time
constantτhop of 1.2 ps. The bottom panel shows the same data, but
curves are shifted in the vertical direction to make comparison easy.
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Moreover, it was found that the excited state wave packet
required an additional coherence decay with a time constant
of ∼1.2 ps. This decay can be ascribed to a migration of the
localized exciton (polaron) around the ringlike antenna,
thereby destroying the vibrational coherence.

Fine Structure of the Absorption Spectrum

In addition to the pronounced oscillations in the time-
resolved optical response of LH1 ofRps.Viridis, there is
another consequence of the electron-vibrational coupling; i.e.,
the linear absorpion spectrum displays fine structure due to
the presence of vibrational sublevels associated with the
electronic (excitonic) states. This fine structure of the exciton
levels together with the exciton splitting itself results in
complicated heterogeneous spectra. In Figure 2 (bottom
frame), we compare the inverted second-derivative spectrum
(SDA) measured forRps.Viridis at 4 K with the calculated
spectrum. The latter was obtained using the vibrational
parameters obtained from the experimental TA kinetics at 4
K: Ω1 ) 65 cm-1, Ω2 ) 101 cm-1, S1 ) 0.45,S2 ) 0.18,γ1

) 7 cm-1, and γ2 ) 10 cm-1. The homogeneous line
broadening due to electronic dephasing and relaxation cannot
be calculated using Redfield theory (which is not valid at
very low temperatures). We therefore used a more simple
model assuming Gaussian line shapes with widths (fwhm)
of 4 cm-1 for the lowest and 45 cm-1 for the higher exciton
states. The geometry of LH1 (circular aggregate with 32
molecules) and intermolecular couplings (V12 ) 400 cm-1

andV23 ) 290 cm-1) were taken to be the same at 77 and 4
K. The site inhomogeneity (σ) at 4 K was adjusted from the
SDA fit and was found to be 380 cm-1.

Note the quantitative agreement between model and
experiment. For comparison, the absorption profile of the
lowest exciton level (k ) 0) is shown in the same figure
(without inhomogeneous broadening). The most intense
peaks at 1049 and 1042 nm correspond to the zero-phonon
line {0,0}, and to the first vibronic sublevel of the 65 cm-1

mode{1,0}. The next five peaks at 1038, 1035, 1031, 1028/
1027.5, and 1024 nm correspond to the{0,1}, {2,0}, {1,1},
{3,0}/{0,2}, and{2,1} vibronic sublevels. The sharp features
of the SDA spectrum at 1049 and 1042 nm closely cor-
respond to the vibronic sublevels of the lowestk ) 0
component. In contrast, the higherk ) (1 and k ) (2
exciton levels are broadened due to relaxation, leading to a
broad structureless component in the absorption/SDA in the
1024-1036 nm region. The substructure of this broad band
is determined by the higher vibronic components of thek )
0 level.

Thus, the LH1 antenna ofRps.Viridis is characterized by
a strong coupling to two underdamped low-frequency modes
(48-65 and 101-110 cm-1). These modes (or at least the
101-110 cm-1 mode) are also present in LH1 of the BChl
a-containing species; however, for the latter, the coupling
to these modes is weaker, and moreover, their dephasing is
faster (giving rise to a close to structureless SDA spectrum
and weaker pump-probe oscillations). It is also important
that the homogeneous line shape forRps.Viridis determined
by intense vibrational sublevels is very broad and comparable
with the inhomogeneous width (which is approximately
σN-1/2, i.e., 75-80 cm-1 at 4 K). This is in contrast with
the LH1 of Rb. sphaeroideswhere the absorption of the

lowest level is largely determined by inhomogeneous broad-
ening (67). As a result, the site-selected emission spectra
are strongly dependent on excitation wavelength forRb.
sphaeroides(67), but almost wavelength-independent for
Rps.Viridis (77).

An IntuitiVe View of Energy Migration in the LH1 and
LH2 Rings

On the basis of our modeling of LH1 ofRps.Viridis, we
are in a position to present an intuitive view of energy
migration in the LH1 and LH2 rings of photosynthetic purple
bacteria.

Ultrafast Exciton Relaxation.Absorption of a light quan-
tum by the LH1 or LH2 antenna creates a superposition of
exciton-vibrational states, i.e., a vibrational wave packet in
nuclear space (represented by normal coordinates of the
relevant nuclear modes) and an exciton wave packet in real
space. The latter can be depicted by the density matrix in
the site representation (Figure 7), where the diagonal
distributionFnn corresponds to excitation density of thenth
site, while the decay in the antidiagonal direction,Fn,n+m,
reflects a coherence between different sites. The inverse
participation ratio of the density matrix (31) yields the time-
dependent degree of delocalization. The initially created wave
packet is delocalized over 10-13 molecules. Electronic
relaxation in the one-exciton manifold is accompanied by a
dynamic localization of the excitation on four to six pigment
molecules at room temperature (Figure 7). The steady state
excitation densityFnn is determined by the structure of the
lowest exciton levels (for any particular realization of the
disorder, as shown in Figure 7). Averaging this result over
many realizations would give a uniform diagonal distribution
Fnn(n) with a nonuniform antidiagonal shapeFn,n+m(m)
reflecting the steady state coherence length [for our model,
the fwhm ofFn,n+m(m) (Ncoh) is 8 at 77 K and 5 at 300 K].
This equilibration of the electronic coordinate is what is
observed by the (fluorescence) anisotropy decay and the
dynamic Stokes shift of the TA. It should be stressed that
these ultrafast phenomena can be quantitatively explained
in terms of pure exciton relaxation during the first 100-
200 fs after excitation driven by fast fluctuations in the
electronic energies and pigment-pigment couplings.

Migration of the Excitation in the Antenna.In the purely
excitonic picture, the exciton wave packet is created together
with a uniform (site-independent) displacement of the nuclear
oscillators. In this case, all one-exciton states have the same
oscillator displacement (as shown in Figure 4) and it is
reasonable to suppose that the exciton relaxation does not
influence the dynamics along the vibrational coordinate. The
quality of our modeling of the experimental data demon-
strates that this is a good approximation for the real antenna
(Figures 5 and 6). The position of the steady state exciton
wave packet within a single ring (i.e., for one realization of
the static disorder) is determined by the relative phases of
the participating exciton states. Any changes in these phases
(induced by a weak coupling to the bath) will result in a
motion of the wave packet, i.e., some wiggling around the
pattern shown in Figure 7. However, this motion cannot be
viewed in the density matrix picture (and, therefore, not in
any physically measurable quantity such as anisotropy,
Stokes shift, etc.), because even for a single realization of
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the disorder as shown in Figure 7 the result is averaged over
the system-bath interactions.

In this idealized model, we have neglected the effects due
to a possible nonuniform displacement of the nuclear
oscillators that can be created in the case of strong exciton-
vibrational coupling. On its turn, local deformations (in time)
may give rise to a more localized exciton (polaron) state.
An additional decay component that we detected in the decay
of the excited state vibrational coherences can be explained
by assuming an (incoherent) migration of the delocalized
polaron around the ringlike antenna with a characteristic time
constant of∼1.2 ps at 77 K. The time constant of this decay
τhop is connected with the effective time of migration over a
distance comparable with the delocalization length. We note
that the estimated hopping constantτhop of 1.2 ps corresponds
to a significant amount of delocalization (remember thatNcoh

) 8 at 77 K). For comparison, if one supposes a fully
localized excitation in LH1, then the estimated hopping
constant would be less than 100 fs (15).

Generally, the self-consistent dynamics of a polaron on a
picosecond time scale will be determined by some compli-
cated interplay between the electronic and vibrational
coordinates, a feature that is not present in our current model.
The relevant coordinates are essentially nonequilibrated on
the time scale of polaron migration, so the standard polaron
theory (that deals with the lowest polaron band) cannot be
used. Although a general physical approach to this problem
was developed (98), there has been no attempt so far to apply
it to the photosynthetic antenna.

Energy Transfer from the Antenna to the RC.Energy
trapping by bacterial RCs can be considered as almost single-
step hopping from the antenna with a time constant of∼50
ps (99-101) with a small probability of back transfer (10-
15%; see refs102-105). Such a transfer is slower than
electronic and vibrational equilibration in the antenna and,

therefore, can be described by conventional Fo¨rster theory.
The matrix element connecting thekth exciton level of the
antenna and the RC’s special pair is proportional to the dipole
strength of the exciton level,dk

2, if the special pair is located
in the center of the ring (106). In this respect, the enhance-
ment of the trapping rate has the same nature as the
superradiance of the lowest exciton levels. It is noteworthy
that the temperature dependencies of the antenna-RC
trapping rate and the antenna superradiance are similar; i.e.,
both are almost temperature-independent (34, 99). The
trapping length (i.e., the increase in trapping rate with respect
to a completely localized limit) should be close to the
thermally averaged superradiance length. In fact, it is slightly
larger (∼5-6) due to a better overlap of the special pair
lowest excitonic level with the higherk ) (1 states of the
antenna. Upon the mixture is cooled to ultralow temperatures,
the trapping becomes extremely heterogeneous and very
dependent on the particular realization of the disorder for
each RC-LH1 core (107).

From Förster to Redfield Theory

The key parameter that determines the energy transfer and
energy relaxation dynamics in these bacterial light-harvesting
antenna proteins is the ratio between the exciton coupling
V12 and energetic disorderσ. In the case of strong coupling
(σ/V12 , 1), the dynamics include the relaxation between
completely delocalized eigenstates that can be described by
the master equation for the exciton populations (108). In the
opposite limit of weak coupling (or strong disorder,σ/V12

. 1), excitations are localized on single pigment molecules.
The hopping of these localized excitations is given by the
master equation in the site representation (108). The hopping
constant can be obtained using standard Fo¨rster theory (109)
with a possible generalization to the case of “hot transfer”
due to slow vibrational relaxation (110, 111). Including the

FIGURE 7: Time evolution of the real-space density matrix for LH1 at room temperature calculated for one particular realization of the
static disorder. The density matrixFn,m is shown at-80, 0, 80, and 400 fs delays (the 400 fs delay corresponds to the steady state limit).
The N values correspond to a delocalization size calculated as the inverse participation ratio of the density matrix (31).
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phase information (coherence terms) in these master equa-
tions allows interpolation between the weak and strong
coupling limits. For example, the stochastic Liouville equa-
tions for the density matrix enabled a smooth transition
between these two limits (108, 112). The stochastic model
is the high-temperature limit of the more general Redfield
approach, i.e., Liouville equations with the Redfield relax-
ation superoperator added that incorporates the relaxation
dynamics between all the elements of the density matrix
(either in the site or in the exciton representation) (113). The
Redfield relaxation tensor can be expressed through the
system-bath couplings with arbitrary spectral density (94,
95). In such a model (used in the analysis presented here),
no assumptions were made a priori about the degree of
exciton delocalization. Instead of describing the system in
either the relaxation or hopping limit, we obtain the self-
consistent dynamics of the exciton wave packet, which can
be viewed as the density matrix evolution in the eigenstate
(relaxation) or site representation (hopping).
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