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Photosynthetic Light-Harvesting: Reconciling Dynamics and Structure of Purple Bacterial
LH2 Reveals Function of Photosynthetic Unit
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Great progress in the study of structure and dynamics of photosynthetic light-harvesting pigment-protein
complexes has recently resulted in detailed understanding of the light-harvesting and light-conversion processes
of photosynthesis. We review and discuss recent results on the elementary excitation transfer dynamics of
the purple bacterial LH2 peripheral complex. When combining the information from the two LH2 structures
that are now available with the experimental results obtained from steady-state spectroscopy, a variety of
ultrafast techniques and computer simulations, a detailed understanding of the LH2 function is obtained.
Dynamics relevant to the complete photosynthetic unit (PSU ) LH2 + LH1 core + reaction center), as well
as models of the PSU obtained on the basis of the LH2 structure, allow us to suggest how the characteristic
structural features of LH2 and LH1 have been designed to optimize the overall light-harvesting and trapping
process in the PSU.

1. Introduction
The light-driven reactions of photosynthesis are the means
by which nature converts solar energy into a stable electrochemical potential, which eventually is stored as chemical
energy through a series of dark reactions. The light reactions
occur in two closely coupled pigment systems: light energy is
absorbed by a network of so-called antenna pigments bound to
proteins and the excitation energy is very efficiently transported
to the photochemical reaction center (RC) where the energy is
converted into a stable transmembrane charge separation through
a sequence of electron-transfer reactions.1-4 Time-resolved
picosecond measurements showed that this conversion process
is typically finished within ∼100 ps, explaining the high overall
quantum yield (95%) of the process, known already in the early
days of photosynthesis research.5 In the photosynthetic purple
bacteria to be discussed in this paper, the light-harvesting
antenna generally consists of a core antenna, LH1, which for
the bacteriochlorophyll (BChl) a containing species absorbs
around 870-880 nm, while BChl b containing species exhibit
major absorption around 1000 nm. An electron microscopy
visualization of the photosynthetic membrane of the BChl b
containing species Rhodopseudomonas (Rps.) Viridis by Miller6
showed for the first time how LH1 is arranged as a circle around
the RC; the diameter of this RC-LH1 core was about 10-11
†
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nm. In species with LH1 as the single antenna, the RC-LH1
network forms a continuous, sometimes quasi-crystalline domain, in which ultrafast energy transfer occurs. In many BChl
a containing species such as Rhodobacter (Rb.) sphaeroides,
Rhodopseudomonas (Rps.) acidophila, and Rhodospirillum (Rs.)
molischianum a second light-harvesting complex occurs, LH2,
in general with major absorption at 800 and 850 nm, although
LH2s with other absorption maxima occur (830 nm, 820 nm),
depending among others on the degree of hydrogen bonding
between the pigment and the protein.7,8 It is generally believed
that LH2 is organized peripheral to the RC-LH1 core, but its
precise arrangement is unknown and may be rather disordered.
Both LH1 and LH2 have been studied extensively with
biochemical techniques.9 The individual light-harvesting complexes were purified, their protein composition analyzed and,
for Rhodopseudomonas (Rps.) capsulatus and later Rb. sphaeroides, molecular genetics were developed (for a review, see ref
10). Following the large scale purification procedures, attempts
to crystallize LH1 and LH2 were very much stimulated by the
success of Michel and Deisenhofer with the bacterial reaction
center.11 Largely due to the work of Zuber and co-workers, it
has been established that the elementary building block of LH1
and LH2 is a pair of small polypeptides, called R and β, and
both contain a single transmembrane helix as the major structural
element. Both R and β bind a single BChl molecule at a
conserved histidine residue, positioned in the transmembrane
helix, while in the case of LH2 the β-polypeptide binds a second
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BChl. The Rβ-heterodimers arrange themselves in circular
structures that make up LH1 and LH2.9,12
Earlier spectroscopic research using polarized light resulted
in a detailed picture of how the BChl a molecules in LH2 and
LH1 were organized. For LH2, a model was proposed by
Kramer and co-workers13 that positioned the B850 BChls in a
square, determined by the conserved histidine residues and
parallel to the plane of the membrane. The B850s (like the
B870s in LH1) had their Qy transitions in the plane of the
membrane, while the Qx transitions were perpendicular to it.
The excitonic interactions between neighboring B850s were
sufficiently strong to generate part of the red shift from about
800 nm for protein-bound monomeric BChl to the in vivo
absorption around 850 nm. In contrast, the B800s were
organized with their macrocycles parallel to the plane of the
membrane and the distance between the B850 and B800 plane
was estimated to be about 1.5-1.9 nm.13,14 The model allowed
fast energy transfer to occur among the B850s and the B800s,
while the B800 f B850 energy transfer was estimated to be in
the few picosecond range, consistent with the measured B800
fluorescence quantum yield. The carotenoids were positioned
in such a way as to comply with the observed efficient energy
transfer to the B800 and B850 BChls (in fact the observed
energy transfer efficiency from carotenoid to BChl in LH2 of
Rb. sphaeroides is >95%; for other LH2s, smaller numbers were
reported (see below). From a variety of theoretical considerations, mainly exchange interactions between the carotenoids
and the BChls were held responsible, implying van der Waals
contacts between them.15
In the 1980s a variety of experiments were initiated applying
short (picosecond) laser pulses. To explain the very efficient
annihilation of excitations in LH1 and LH2, single-site excitedstate lifetimes of much less than a picosecond had to be
assumed.16 Low intensity, high repetition rate pulses were
applied later, and either the spontaneous emission17 or the timeresolved transmission18 was detected. Although the timeresolution of these experiments was not sufficient to resolve
the ultrafast kinetics, upper limits for many of the essential steps
became available, to be confirmed later by experiments with
shorter pulses (see below).
The B800 f 850 energy transfer time in LH2 of Rb.
sphaeroides was found to be about 1 ps using “long” ∼10 ps
pulses;18-21 later a time constant of about 0.7 ps at room
temperature was firmly established.22,23 The B800 f B850
energy transfer rate is weakly temperature dependent; at 77 K
the time constant was found to be about 1 ps24 and it slows
down further at 4 K.25-27 For other LH2s similar time constants
were obtained.28-35 The detailed discussion of this transfer step
is in section 6. The B800 f B800 energy transfer time (see
section 5) was more difficult to establish, a variety of studies
put it in the 0.3-1 ps range for LH2 of Rb. sphaeroides and
Rps. acidophila.23,36 For Rs. molischianum the intra-B800 energy
transfer rate is most likely slower.37 Energy transfer in the B850
ring must be very fast. From several recent studies employing
sub-100-fs Ti:Sapphire laser pulses, a general consensus has
emerged that the single site excited-state lifetime for B850 is
in the 100 fs range (see section 7).
The early time-resolved studies on carotenoid to BChl energy
transfer in LH2 also implicated the involvement of the forbidden
21Ag state mainly via an exchange process. More recent studies
using sub-100-fs laser pulses ascribe an essential part of the
energy transfer from carotenoid to BChl to the short-lived but
strongly dipole-allowed 1Bu state of the carotenoid (see section
4).
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A multitude of time constants was reported for the LH2fLH1
energy transfer, ranging between 3 and 40 ps.21,38 More recently
it was established that the dominant time constant for this step
is in the 3-5 ps range.39,40 Finally, the early experiments firmly
established the time required for the excitation to be trapped
from the LH1 core by the active reaction center to be about
50-60 ps for many species.17,18,41,42 In fact the rate-limiting
step in this reaction is not the intra-LH2, the intra-LH1, or the
LH2fLH1 energy transfer, but the transfer from any of the
LH1 sites to the special pair of the RC. It was concluded that
this step must occur over a relatively large distance of about
3-4 nm.43,44
A major breakthrough in our understanding of the organization of the bacterial light-harvesting antenna and consequently
of the process itself came with the discovery of the structure of
the LH2 complex of Rps. acidophila by Cogdell and co-workers
in 1995,45 followed by the structure of Rs. molischianum by
Michel and Schulten and co-workers in 1996.46 These structures
revealed the 9- and 8-fold symmetric rings of Rβ-heterodimers
for Rps. acidophila and Rs. molischianum, respectively. On the
basis of a low-resolution electron density map and the analogy
between LH2 and LH1, it is now generally believed that LH1
is a 16-fold symmetric ring of Rβ-heterodimers, with the RC
in its center.47 These structures have stimulated a large body of
experimental and theoretical work on photosynthetic light
harvesting. In this feature article we wish to discuss the
remarkable progress that has been made in our understanding
of the energy transfer dynamics and spectroscopy of LH2. We
will highlight shortly some relevant aspects of the LH2 structure,
discuss some aspects of the theory relevant for the spectroscopy
and energy transfer dynamics of circular aggregates, and
describe the various energy transfer events that occur in LH2:
carotenoid to B800 and B850, B800 to B800, B800 to B850
and finally the energy transfer dynamics within the B850 ring.
We will end the article by an overview of the dynamics of the
whole photosynthetic unit and some speculations.
2. Structure of LH2 of Rhodopseudomonas Acidophila and
Rhodospirillum Molischianum
Figure 1 shows a schematic representation of the 2.5 Å LH2
structure of Rps. acidophila as obtained by Cogdell and coworkers.45 The complex is a nonameric circular aggregate of
Rβ-heterodimers, with each subunit noncovalently binding three
BChls and most likely two carotenoids. The aggregate is formed
by two concentric rings of helical protein subunits with the
R-poplypeptides inside and the βs outside. The B850 ring is
formed by the nine pairs of BChls associated with the conserved
histidines and is sandwiched between the concentric rings of
R- and β-polypeptides. Note that the relative orientation of the
BChls alternates, within a subunit there is ring I overlap between
the macrocycles, such as in the RC special pair, while between
adjacent subunits the overlap is between rings III. The interand intrasubunit BChl-BChl center-to-center distances are very
similar, about 9 Å; however, due to the fact that the β-B850 is
strongly bent, there is more or less continuous electron density
within an Rβ-subunit, whereas the electron density between
BChls on adjacent subunits is discontinuous. The 9 B800s are
in a plane about 1.7 nm shifted toward the cytosolic side of the
membrane and positioned between the β-helices. The B800B800 center-to-center distance is about 21.2 Å. A summary of
all the relevant distances, dipole-dipole interactions is given
in Table 1. In the structure, only one carotenoid is well-resolved
and a schematic view of its position relative to the B800 and
B850 BChls is given in Figure 2. The rhodopin glucoside
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Figure 1. Structure of the LH2 antenna from Rps. acidophila. The upper parts are parallel and the lower panels perpendicular to the membrane.
In three parts, two-thirds of the LH2 protein is shown via space filled atoms of corresponding van der Waals’ radii. One Rβ polypeptide pair is
represented via orange ribons. For clarity we show only the porphyrin macrocycles of the Bchl a molecules. The B800 Bchl a molecules (blue
bonds) are parallel to the membrane plane, whereas B850 molecules (green bonds) are perpendicular to the membrane plane. The carotenoid
molecules are yellow. We point out that one of the carotenoid molecules is only partly resolved.

molecule transverses the membrane, its polar headgroup is
buried in a polar pocket at the cytosolic side of the membrane,
it then passes the B800 BChl of the same subunit at close to
van der Waals contact, and finally the end of the carotenoid
makes close nonbonding contacts with the C(20) and C(27)
carbon atoms of the R-B850 pigment in the next subunit.
Although the location of the second carotenoid could not be
determined from the crystal structure, a detailed analysis
suggests that it starts off from the periplasmic side, and then
passes the same R-B850 BChl as the first carotenoid, but this
time on the outside face of the BChl plane.
The structure of the LH2 complex of Rs. molischianum is
very closely related to that of LH2 of Rps. acidophila. The most
conspicious difference is of course that this LH2 is an Rβ-

octamer with 16 B850 BChls and 8 B800s. It is interesting to
note that the octameric structure of LH2 of Rs. molischianum
was correctly proposed already in an early biochemical study.48
All relevant distances and dipole-dipole couplings are presented
in Table 1. In the structure, one lycopene carotenoid molecule
per Rβ-subunit is resolved, whose position is very close to that
of the structurally resolved carotenoid in LH2 of Rps. acidophila
shown in Figure 2. One other major difference is that in LH2
of Rs. molischianum the plane of the B800s is rotated by about
90° compared to Rps. acidophila, resulting in a significantly
weaker coupling between the B800 BChls. Less obvious
differences include the fact that the central Mg-binding histidine
is also making an H-bond with the 9-keto group of the second
B850 BChl within the same subunit, very much analogous to
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TABLE 1. Comparison of the Structures of LH2s from Rs. molischianum and Rps. acidophila. For the Dipole-Dipole
Interaction Calculation µ2 ) 68 D2 and n2 ) 2 Was Used
Rs. molischianum
octamer

Rps. acidophila
nonamer

B850
nearest-neighbor distance in angstroms
intradimer
interdimer
dipole-dipole coupling according to (2) in cm-1
intradimer
interdimer

339
336

322
288

B800
nearest-neighbor distance in angstroms
dipole-dipole coupling according to (2) in cm-1

22.0
-14

21.3
-22

19.1

17.7

-22.7
15.7
3.8
2.9

25.7
-11.3
6.1
4.8

B800-B850
nearest-neighbor distance in angstroms
four strongest dipole-dipole couplings according to (2) in cm-1

Figure 2. Structure of one Rβ subunit of LH2 of Rps. acidophila as
seen from inside of the LH2 ring. The color coding of pigments as in
Figure 1. Orange and red ribons are R- and β-helices, respectively. To
demonstrate the very close approach between a B800 Bchl a and a
carotenoid molecule we have also shown a B800 molecule (right) of
the neighboring subunit.

the situation in LH1 (at least on the basis of Raman and
mutagenesis studies49,50), and furthermore that the B800 macrocycles are significantly tilted away by about 30° from the
membrane plane.
3. Theory for Energy Transfer and Spectroscopy
Excitation transfer in photosynthetic antenna systems has
usually been described as an incoherent Förster51 hopping in a
two-dimensional antenna array of pigment molecules.52-57 It is

9.4
8.7

9.5
8.9

hard to overestimate the physical insight obtained by this
approach. At the same time a number of experimental facts do
not fit into this picture, for example, coherent nuclear motions
in the antenna systems of photosynthetic purple bacteria58-60
or the highly structured spectra of so-called Fenna-MatthewsOlson complexes.61 Particularly the latter case calls for the
molecular exciton description62 where an excitation is coherently
delocalized over a number of pigment molecules and the
absorption spectrum exhibits a prominent exciton band structure.
Time evolution in the exciton picture occurs via phonon induced
relaxation between exciton levels. These two descriptions,
incoherent hopping and exciton relaxation, are the two qualitatively different limiting cases of the general process of
excitation dynamics. What description should be chosen for a
particular observation depends on the system properties and the
experimental conditions. It may happen that the real situation
is somewhere between these two limiting cases, in which case
the analyses is particularly challenging. The important factor
deciding which processes occurs, is the ratio of the coupling
between electronic transitions (V) and the disorder (∆). The
disorder may be either static (spectral inhomogeneity) or
dynamic (electron-phonon interaction). The dynamic disorder
involves an additional important characteristic: the inverse
correlation time of phonon bath.63 If V/∆ is much less than unity,
we are talking about very weak interactions and energy transfer
is in the incoherent hopping limit. In the opposite case, if V/∆
. 1, the interaction is very strong and the exciton picture is
used. In both cases, the transfer rate can be calculated using
first-order perturbation theory leading to the Fermi Golden rule.
In the hopping description, electronic coupling (V) acts as a
perturbation; in exciton picture, electron phonon coupling
(dynamic disorder) is the perturbation. The real experimental
situation determines which part of the Hamiltonian should be
taken as a perturbation and in which basis (excitonic or
molecular) to think and work. The two processes (hopping and
exciton relaxation) coexist and they are both accounted for in
a density matrix formulation of the dynamics.64,65
Incoherent Hopping Transfer. The starting point in this
approach is an electronic excitation at a single antenna site,
which can be a pigment molecule or sometimes an aggregate
of a number of molecules (a dimer, etc.). The excited states of
the molecules are rather well understood and the dynamics are
directly related to the spatial motion of the excitation, which
leads to an intuitive visual picture of the process. We do not
derive the Förster equation here and refer interested readers to
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Förster’s original work,51 or to a recent article by Laible et al.66
The resulting equation for the pairwise transfer rate can be
written as27

k ) 1.18V2Θ

{

thetic unit (PSU) consisting of the antenna and RC:

(1)

ps-1,

pi

N

p̆i )
p̆0 )

(

p1

(pjWji - piWij) - - δ1i
∑
τ
τ
j)1
p1

(

- p0

l

exp(-∆ERC/kBT)

+

RC

1

-

)

p0

)

τRC

(3)

where k is in
V is the electronic coupling matrix element
between initial and final states in cm-1, and Θ is the overlap
integral between the donor emission and acceptor absorption
spectra for which the intensity (area) has been normalized to 1
on the cm-1 scale. Despite the apparent simplicity, eq 1 has a
number of interesting properties. First of all, the dependence
of the transfer rate on temperature and energy gap between the
molecules is provided via the temperature dependence of the
electron vibrational spectra67 of the molecules involved in the
spectral overlap Θ. In direct analogy to the Marcus theory of
electron transfer,68 the excitation transfer rate has an inverted
region where the transfer rate decreases if the downhill energy
gap increases.27 Broadening of the spectra with increasing
temperature leads to a negative temperature dependence of the
transfer rate for moderate downhill energy gaps27 and warrants
the fulfillment of the detailed balance relation between the
forward/backward rates.57,66 Here we point out that, if the donor
and acceptor molecules are different, then the energy gap
between them is generally not equal to the energy gap between
their absorption maxima, but should be taken as the difference
in 0-0 transition energies.69 In Förster theory, V is the dipoledipole interaction between molecular electronic transition dipole
moments:

Here pi is the probability that an excitation is at antenna site i;
p0 denotes the radical pair P+I- and p1 is the excited RC special
pair. N-1 is the number of antenna sites in a PSU, τl is the
time of excitation decay due to all losses in the antenna except
quenching by the RC, δij is the Kronecker symbol, τRC is the
primary charge separation time in the RC and τQ is the electrontransfer time to the secondary acceptor Q, ∆ERC is the free
energy difference between P*I and P+I-, kB is the Boltzmann
constant, and T is the absolute temperature. Wij is the rate of
excitation transfer from site i to site j basically given by eq 1.
The master eq 3 can be solved by various methods. Usually it
is done numerically using the Green’s function method, which
gives the kinetics of the probability pi as a sum of N
exponentials.56,57,75 As a result, after performing the ensemble
averaging over possible different energetic configurations, one
can express the transient absorption and/or fluorescence spectra
as a function of excitation and recording wavelengths via
distribution of exponential decays F57

µ2
V ) 5.04 2 2(cosR - 3cosβ1cosβ2)
Rn

Excitons. If the interaction V is strong, then the exciton
picture is used. The electronic Hamiltonian of a molecular
aggregate is expressed as62

(2)

where V is in cm-1, µ is the dipole moment in a vacuum in
debye (µ2 ) 68 D2 for BChl a70), R is the dipole separation in
nm, and n is the refractive index of the medium (usually n2 )
2 is used for proteins), R is the angle between the dipoles, and
β1 and β2 are the angles between each dipole and the vector
connecting them. We have used eq 2 to evaluate the most
characteristic interactions in two LH2 structures (see Table 1).
Taking the interaction between B800 molecules of Rps. acidophila to be 22 cm-1 and Θ ) 0.003527 results in a pairwise
transfer time of 0.5 ps, in good agreement with experimental
results (see below). Besides the dipole-dipole interaction, the
incoherent transfer rate also involves contributions from exchange interaction and higher multipole interactions which were
incorporated into the theory by Dexter.71 Various refinements
for interaction calculations have been developed. Here we
mention the monopole method72 and the more recent ab initio
transition density cube method.73 It has been pointed out that
short-range excitation transfer rates may be influenced also by
interactions mediated by the second-order matrix elements
involving charge-transfer configurations of the molecular system.74 Also higher order superexchange-like terms via nearby
chromophores can give a contribution to V. One has to be careful
when adding up various terms since different contributions to
V may have different signs leading to cancelation. The important
point here is that for all these electronic coupling contributions,
the nuclear overlap and consequently the spectral overlap
integral Θ is the same. Finally we stress that the calculated
interactions should be taken as estimates even with the atomic
coordinates in hand, and the precise value must still be obtained
from experiment.
Having transfer rates, it is easy to write down the master
equation describing the excitation dynamics in the photosyn-

τRC

I(t,λexc,λrec) )

Hex )

τRC

τQ

∫0∞F(λexc,λrec,τ)exp(-t/τ)dτ

Vij|i〉〈j| ≡ ∑pHij|i〉〈j|
∑i (E + Di + ∆i)|i〉〈i| + ∑
i,j
i,j

(4)

(5)

where E is the electronic transition energy of the free monomer.
Di is the solvent shift caused by the dispersive interaction of
the ith molecule (site) with its specific environment, also the
spectral shifts caused by hydrogen bounding is included in this
term. Di is the origin of spectral heterogeneity. ∆i is a random
shift from the average energy E + Di caused by the stochastic
fluctuations in the environment of the ith molecule. ∆i is the
origin of inhomogeneous broadening. Vij is the (dipole-dipole)
interaction energy between the ith sites i and jth; |i〉 and 〈i| are
the Dirac ket and bra vectors in which only the ith molecule i
is excited.
The Hamiltonian (5) conserves the number of excitations and
the eigenstates separate into classes of linear combinations of
site states with a fixed number of molecules excited. Correspondingly, also eigenvalues Ω of the different manifolds form
bands. The separation between two consecutive bands is on the
order of a molecular transition energy E, whereas the width of
the n-exciton band is on the order of 4n times the typical
intermolecular interaction V. Optical transitions are allowed only
between consecutive bands. In the following, we only consider
one-exciton states.
The one-exciton manifold of the aggregate of N molecules
(two-level systems in this representation) consists of N states

|σ〉 )

∑i φσi|i〉

(6)

where φσi is the ith component of the σth eigenvector of the
matrix Hij. The corresponding eigenvalue Ωσ gives the transition
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frequency from ground state to |σ〉. To find the absorption
spectrum, we use the transition dipole operator

∑i µi(|i〉〈0| + |0〉〈i|)

be seen as a time dependence of ∆i. These two qualitatively
different electron-phonon coupling Hamiltonians read as

(7)

H1ex-ph )

Fqij pωqXq|i〉〈j|
∑
ijq

where µi is the transition dipole of the ith molecule. The
transition dipole from the ground state to the one-exciton state
|σ〉 is given by

H2ex-ph )

χqi pωqXq|i〉〈i|
∑
iq

P̂ )

µ0σ ) 〈0|P̂|σ〉 )

∑i

µiφσi

(8)

The intensity of the absorption at Ωσ is proportional to the
square of the transition dipole µ0σ. The resulting stick spectrum
is usually dressed with a Lorentzian or Gaussian in order to get
a smooth band. Analogously for the rotational strength at Ωσ
we have

r0σ )

π
2λσ

Rij‚(µi × µj)φσiφσj
∑
i,j

(9)

where λσ is the wavelength of the transition to state σ and Rij
is a vector from the ith molecule to the jth molecule. Due to
Rij, a major contribution to r may originate from molecules
which are far apart. At the same time, due to the disorder,
〈i|σ〉〈j|σ〉 is falling off rapidly as a function of separation Rij
(vide infra). Even so, 〈i|σ〉〈j|σ〉 usually has long low amplitude
wings. These wings may therefore provide a major contribution
to the circular dichroism spectra.
Due to the static disorder, the exciton states (6) are not
perfectly delocalized over the full aggregate. The random
distribution of ∆i values causes a localization of the wave
function to a limited region of the aggregate. There are a number
of ways to characterize the extent of delocalization in molecular
aggregates.76 Often the inverse of the participation number77 is
used

L(σ) )

∑i φσi4

(10)

For a localized state L ) 1 and for a totally delocalized state L
is of the order of 1/N.
Alternatively the width of the spatial autocorrelation function
Cσ(n) of the wave function |σ〉 has been proposed as the measure
of the extent of exciton delocalization in antenna systems:70,78

∑i φσiφσi+n〉

Cσ(n) ) 〈

(11)

where 〈...〉 denotes an average over the different realizations of
uncorrelated fluctuations ∆i.
It has been pointed out that the antidiagonal cross section of
the density matrix is the natural way to express the size of the
exciton.76 In a similar way Kühn and Sundström79 defined the
time-dependent exciton coherence length in terms of the density
matrix in the site representation via a width of the function Cn

Cn(t) )

∑i |〈Fi,i+n(t)〉|

Here the phonons consist of both lattice modes and intramolecular (local) vibrations. χiq and Fijq are the local and nonlocal
linear electron-phonon coupling factors; ωq and Xq are the
frequency and the normal coordinate of the nuclear mode q. It
turns out that these two types of electron phonon interaction
have qualitatively different effects on the exciton relaxation.
The local electron-phonon coupling only induces transitions
if the phonon frequency is resonant with the exciton level
separation, whereas in a modulation of the coupling term also
the higher harmonic frequencies of a vibrational mode can lead
to a resonance.80
Density Matrix Picture. Density matrix theory provides an
universal treatment of the different regimes of dynamics.65,79,81
In the approach called Redfield relaxation theory,82,83 the
dynamics of a few relevant degrees of freedom are handled
explicitly (system), while the remaining degrees of freedom
comprise a thermal bath (reservoir), which is weakly coupled
to the system. A second-order perturbative treatment of the
system-bath coupling together with tracing over the reservoir
degrees of freedom yields the following equation for the reduced
density matrix

F̆ij(t) ) -iωijFij -

Rij,klFkl(t)
∑
kl

(14)

The first term on the right-hand side describes the coherent
dynamics of the system due to its own Hamiltonian. The second
term corresponds to the dissipative effects due to the interaction
with the bath. Elements of the Redfield tensor Rij,kl connect all
density matrix elements. We can identify various different
dissipative terms. Rii,jj is the rate constant of the population
transfer from jth state to the ith state (T1 process in a Bloch
model); Rij,ij is the dephasing of the coherence between the ith
states and jth states (T2 process); Rij,kl are general coherence
transfer terms which do not have analogies in the optical Bloch
equations. These coherence transfer terms were found to be
important in understanding the survival of coherent nuclear
motions in product states of curve crossing reactions84 and also
in light-harvesting systems.85 The expressions for the Redfield
tensor elements involve Fourier transforms of correlation
functions of the system-bath interaction matrix elements. In
the delocalized exciton basis, the electron phonon coupling terms
of eq 13 lead to the following equations for the population
transfer (exciton relaxation):79,86

Jij(ωRβ)[|φR j|2|φβ i|2 + φ/R j φβ iφ/R i φβ j]
∑
i*j

Rββ,RR ) -2

(15)

∑i Jii(ωRβ)|φR i|2|φβ i|2

Rββ,RR ) -2

(12)

Besides the electronic Hamiltonian (5) with static disorder,
there are also terms describing the electron-phonon interaction
(dynamic disorder).62 These are the terms which actually cause
relaxation between exciton states. The electron-phonon interaction may be nonlocal, modulating the coupling term V, or it
can be local, modulating the molecular energy E. The latter can

(13)

(16)

where

Jij(ω) ) (1 + N(ω))(fij(ω) - fij(-ω))

(17)

N(ω) is the Bose-Einstein distribution function (thermal
occupation number), and the spectral density fij is related to the
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electron phonon coupling parameters Fijq and χiq in (13).
Equations 15 and 16 contain simple intuitive physics. In (16),
the local fluctuations of an ith molecule cause the relaxation
from exciton level R to β with a rate which is proportional to
the extent of the involvement of the ith molecule in both exciton
states and to the spectral density resonant with the exciton level
spacing. Equation 15 suggests that the exciton relaxation slows
down at the edges of the exciton band, since those states have
the most localized character and if a molecule is involved in a
nearly localized state then it is likely to have very little amplitude
in another state. In the same way, this term should be efficient
in the middle of the band, where delocalization is extensive.
Analogously, we can conclude that the nonlocal fluctuations
are very likely to induce transitions between two states which
are well localized at two neighboring molecules. Because of
(17) the back- and forward rates satisfy the detailed balance
relation.
Similarly, for the localized molecular basis we would obtain
the rate terms Rii,jj which describe the hopping of excitation
from the jth molecule to the ith molecule. However, in the
Redfield theory, we would not recover the Förster (1) exactly,
since the system-bath interaction is only treated to second order,
meaning that the multiphonon transitions are neglected. At the
same time, in the spectral overlap integral Θ of (1) in principle
all orders of the electron-phonon interaction are present and
multiphonon transitions, if they exist, are included.
Diagonal Disorder and the Dipole Strength of the Lowest
Exciton State of LH2. In the perfect exciton model the excitonic
states of the LH2 ring are calculated by diagonalization of the
Hamiltonian (5), where all the site energies have been chosen
to be identical. In such a model, the lowest excitonic state gains
very little dipole strength, since all the dipoles are almost in
the plane of the ring. By far the largest part of the dipole strength
is collected in the next degenerate pair of excitonic states, the
k ) (1 states, and all the other states contain no (or very little)
dipole strength. In such a scheme, the low-temperature radiative
rate from the lowest level would be negligible and the state
would not be fluorescent. Experiments with LH2 from Rb.
sphaeroides and Rps. capsulatus have shown that this is not
the case;70 in fact, at 4K, the dipole strength of the emitting
state of LH2 corresponds to about 2-3 monomeric BChls.
Moreover, the dipole strength of the emitting state is more or
less independent of temperature (see Figure 3). To explain this
discrepancy it was assumed that in LH2 the site energies of the
BChls are distributed in a Gaussian fashion, due to some small
fluctuations in the pigment protein structure that modulate the
transition frequency. If these fluctuations are “static”, i.e., they
vary on a time scale much slower than the fluorescence (which
of course is not really true, see below), then one can calculate
the linear optical properties of the LH2 ring by averaging the
outcome of the diagonalization procedure over all possible
realizations of the energetic disorder. The temperature effect is
modeled by assuming that the excited-state relaxation creates a
Boltzmann distribution over the various exciton states. The result
of such a calculation is also shown in Figure 3 for various values
of the ratio of the disorder σ vs the dipole-dipole coupling
strength V. For σ/V ) 0, one obtains at T ) 0 the “forbidden”
dipole of the lowest excitonic state. As T increases, the strongly
allowed k ) (1 states become more and more populated thereby
increasing the radiative rate of the complex; at about 60 K a
maximum radiative rate is reached. For higher temperatures,
the excitonic effect is gradually lost: for T f ∞ the radiative
strength would be 1 and the excitation would be fully localized
on monomers. For increasing values of σ/V, already at T ) 0
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Figure 3. Experimental (squares) and calculated (lines) temperature
dependence of the emitting dipole strength of LH2 ring relative to the
dipole strength of a BChl a monomer. Three different values of σ/V
were used in calculations: 0 (solid), 1 (dotted), 2 (dashed). σ is the
fwhm of Gaussian distribution of site energies. (Taken from ref 79.)

Figure 4. The one-exciton coherences created by Fourier transform
limited 90 fs laser pulse at 850 nm in LH2 ring according to eq 12.
(A) a homogeneous system without electron-phonon interaction. (B)
Homogeneous system with electron-phonon coupling 50 cm-1, the
spectral density has a maximum at 100 cm-1, T ) 280 K. (C) Electron
phonon coupling as in B and spectral inhomogeneity with fwhm ∼700
cm-1. (Taken from ref 79.)

the various exciton states are mixed, thereby adding dipole
strength to the lowest state of LH2. Furthermore, the effect of
increasing T is reduced. For σ/V ) 2 and at 0 K, the emitting
dipole strength is about 2-3 times the monomeric value and
this value hardly changes with temperature between 0 and 300
K, in agreement with experiment. The calculation demonstrates
that disorder in the site energies is an essential ingredient to
understand the spectroscopy of LH2, and its major effect is that
it destroys the “delocalized exciton” picture that was advanced
by some authors.45,87,92
Localization of the Exciton in the Presence of Static and
Dynamic Disorder. We saw how the static disorder destroys
the perfect delocalization of the exciton states. It is clear that
electron-phonon interaction (13) (dynamic disorder) in general
further localizes the states. To study the effect of weak electronphonon coupling on the initially created coherent superposition
of exciton states, the localization of the function Cn(t) of eq 12
for B850 molecules of LH2 was calculated for various parameter
sets (see the caption of Figure 4).79 Part A of Figure 4
corresponds to the ideal case without disorder. The symmetry
of the exciton states of a ring gives Cn(t) a sinusoidal form
reflecting a fully coherent excitation, which does not change
with time after the pump pulse is over. If we switch on the
electron-phonon coupling (part B in Figure 4), we see that the
initial coherence over the ring is not fully established since the
dephasing and relaxation are effective already during the pulse.
We observe how the system rapidly relaxes toward an equilibrium distribution which leads to an almost complete decay of
Cn(t) for larger n. We point out here that the equilibrium state
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reached in Figure 4 does not imply that we have nonzero offdiagonal elements of the density matrix in the delocalized
exciton basis. In fact we have an incoherent superposition of
thermalized excitonic eigenstates (6). Finally, if we include both
static and dynamic disorder we see that the long range coherence
initially created by the laser pulse is further suppressed (part C
of Figure 4). Comparison with the homogeneous case (middle
part) reveals that the final function is narrower if disorder is
taken into account. This suggests that disorder plays a stronger
localizing role than the electron-phonon interaction in B850
and already the initially created exciton has a rather localized
character. A similar conclusion was recently made in a theoretical work based on the comparison of the superradiance in
J-aggregates and in light-harvesting systems.88
The behavior of Cn(t) reflects the dynamic exciton delocalization. If we take the full width at half-maximum of Cn(t) as
the extent of exciton delocalization, we can estimate from the
part C of Figure 4, which corresponds to the parameters of the
B850 ring of LH2, that the excitation is coherent over about
four monomeric BChl molecules. A similar number has been
suggested based on various other methods: analyses of the
absorption difference line shapes,79,89 superradiance (see previous section),70 theoretical considerations,90 and the amount of
induced absorption per absorbed photon.91
Calculation of the LH2 CD-Spectrum Using Exciton
Theory. As a further application of exciton theory and examination of the consequences of disorder to spectral properties, we
discuss the CD spectrum of LH2. All LH2 complexes exhibit
strong CD signals in the region of their main absorption bands
and traditionally these CD signals have been correlated with
the presence of strong excitonic interactions. Given the highresolution structure and assuming that the physical model that
describes the spectroscopy of this system is correct, we should
be able to calculate the CD spectrum of this complex. The LH2
CD exhibits a number of features. First, there is a strong,
generally conservative spectrum in the 850 nm region (positive
rotational strength on the blue side, negative on the red side)
with a remarkable property, namely, that the zero crossing of
the CD spectrum does not coincide with the absorption
maximum but is at about 6-7 nm longer wavelength.92,93
Second, there is a complicated spectrum in the 800 nm region,
which not only varies from species to species, but also
dramatically depends on the chemical conditions of the complex
(e.g., the type of detergent used for the biochemical purification).
Recently, Koolhaas et al.94 identified a broad negative band
around 780 nm in the CD spectrum of a B800-less mutant as
originating from the upper exciton band edge of the B850 ring.
A calculation of this CD spectrum, including the redshifted zero
crossing, always required the full ring. The reason is simple:
for the perfect ring-like aggregate (no disorder) with the
transition dipoles more or less in the plane of the ring, the lowest
optical transition becomes (almost) optically forbidden, while
the absorption is concentrated in the next two degenerate exciton
states. However, the rotational strength of the lowest level and
the two allowed levels is similar, but with a sign change. As a
consequence, the CD zero crossing is to the red of the absorption
maximum. The inclusion of disorder in the calculation destroys
the forbidden character of the lowest excitonic state (see below),
but the position of the zero crossing carries the memory of the
original “perfect” ring.95 The experimental spectrum of the
B800-less LH2 of Rb. sphaeroides could be very well modeled
using the excitonic expressions for CD. A representative
example of the calculated CD spectrum of this mutant is shown
in Figure 5 together with the measured CD spectrum. The
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Figure 5. Experimental (dotted) and calculated (solid) absorption and
CD spectra of the B800-less mutant of Rb. sphaeroides at 77 K. In the
mutant the alpha polypeptide was shortened by two amino acids, thereby
destabilizing the B800 binding site. In calculations, the following
parameters were used: the fwhm of the inhomogeneous broadening
and homogeneous broadening is 500 and 200 cm-1, respectively; the
inhomogeneous distribution of site energies has a mean at 813 nm; the
mean nearest neighbor interaction energy is 300 cm-1. The beta bound
BChls are rotated away from the plane of the ring and the alpha bound
BChls are rotated toward the plane of the ring by 7°. (Based on ref
94.)

assumed dielectric constant was 1.2, the fwhm for the inhomogeneous broadening was 500 cm-1 and for the homogeneous
broadening 200 cm-1. Note that the precise positioning of the
upper edge of exciton band allowed an accurate estimate of the
magnitude of the nearest neighbor dipole-dipole coupling
matrix elements, which were found to be 300 and 230 cm-1
between R and β and β and R chromophores, respectively. We
finally note that an even better fit to the experimental CD
spectrum could be obtained by allowing one of the transition
dipoles to be tilted slightly toward (R-B850) or away (β-B850)
from the plane of the ring.
4. Interactions and Energy Transfer between Carotenoid
and Bacteriochlorophyll Molecules of LH2
Carotenoid molecules in photosynthetic pigment-protein
complexes in general have two major functions: photoprotection96 against triplet states and singlet oxygen, and light
harvesting.15,97,98,99,100,101 Frequently, as is also suggested by the
LH2 crystal structure, carotenoids have a structural function of
stabilizing the pigment-protein of which they are a part. Here
we will limit our discussion to the light-harvesting function,
with the aim of revealing the mechanisms of energy transfer
and pathways of energy flow between the carotenoid and BChl
molecules of the LH2 complex. Due to their conjugated
π-electron systems and electronic structure, carotenoid molecules are known to be very sensitive to electric fields.102-104
Electrochromic band shift measurements of carotenoid absorption spectra have therefore been extensively used to report on
electron transfer processes and membrane organization. It was
recently discovered that carotenoids also sense changes of local
electric fields associated with optical excitation of nearby
pigment molecules (BChls).105 We will briefly discuss how this
property of carotenoids may be used to monitor excitation
transfer dynamics in a LH complex. Several recent review
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articles have appeared on carotenoid light-harvesting,15,97-101
and we refer to them for an account of earlier work. Here we
will discuss the most recent progress and status of the topic.
From the crystal structure of LH2 (Figures 1 and 2), it is
immediately apparent that carotenoid molecules, being very well
integrated into the protein and coming within very short distance
of both the B800 and B850 BChl molecules, are ideally located
for performing their two major functions. The closest distance
from a carotenoid molecule (the fully resolved Crt in the
structure) to the central Mg atom of a BChl molecule is 9.3 Å
for B800, 5.44 Å for the Mg atom of the R-B850, and 8.04 Å
for the β-B850 Mg atom.106 Similar short distances were
hypothesized for the partially resolved Crt molecule in LH2.106
Several shorter, nonbonded contacts between Crt atoms and
atoms of the BChl macrocycles (∼3.5-5 Å), of potential
importance for exchange interactions, are also observed in the
structure.
An inspection of the crystal structure for Crt-BChl chromophore distances and orientations is quite informative as a
starting point for a discussion on the mechanisms and channels
of excitation transfer in LH2. Here we will limit our focus to
the fully resolved Crt molecule in the LH2 structure. In
considering dipole-dipole interactions, the relative orientations
of the transition dipole moments are important. From Figure 2
it is seen that the Crt backbone (and thus the S0 f S2 transition
dipole) is essentially parallel with the B850 BChl S0 f Qx
transition moment and perpendicular with all the other BChl
(both B800 and B850) Qy and Qx transition dipoles. This
suggests that Crt S2 f B850 Qx energy transfer could be quite
efficient and proceed via the Förster mechanism, while all the
other transfer channels from Crt S2 should be considerably less
efficient. The Crt S2 state is known to decay very quickly (∼200
fs)107 via internal conversion to the optically forbidden S1 (2Ag-)
state. So even with an efficient Crt S2 f BChl Qx transfer
channel it is likely that some fraction of the energy would end
up in the lowest excited Crt S1 state. The dipole forbidden nature
of this transition has triggered the suggestion that energy transfer
from this state to the BChls does not occur via the Förster
mechanism, but rather via electron exchange.15 However, as we
will see below, more recent calculations suggest that even at
these relative short distances, the Dexter exchange mechanism
is very inefficient and that higher order Coulombic (quadrupole-dipole) and polarization interactions may perhaps account
for a transfer channel from Crt S1 to BChl, still with a reasonable
rate (time constants on the time scale of tens of picoseconds).108,109 Already at the outset of this discussion we would
like to note that although several recent time-resolved spectroscopic measurements have shed new light on photosynthetic
light-harvesting involving carotenoids, there remains a considerable number of issues lacking a consensus understanding.
The overall efficiency of Crt to BChl energy transfer is highly
variable, ranging from close to 100% in LH2 of Rb. sphaeroides
and Rps. acidophila110-112 (and several similar complexes) to
as low as ∼30% in LH1 of Rs. rubrum.111 The very low
efficiencies appear (at least partially) to be the result of a
remarkable fission process of the Crt singlet states followed by
formation of triplets and ensuing quenching processes.113 We
will not consider this latter case here, but focus on the actual
light-harvesting processes.
From the structure of LH2 it appears that excitation energy
could be transferred from the Crt to both the B800 and B850
BChl molecules. Already quite early steady-state measurements
of excitation spectra of the intact LH2 complex of Rb.
sphaeroides and on the complex lacking B80013,114 showed that
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Figure 6. Scheme of the energy levels together with excitation transfer
and relaxation processes involved in LH2. Solid lines show the major
and dotted lines the minor transfer/relaxation channels. We point out
that the precise position of Crt S1 energy level is not known.

approximately 75% of the energy absorbed by the carotenoids
is transferred directly to B850, while the remaining 25% passes
via B800 before it ends up on B850 through the B800 f B850
channel discussed below (section 6). Similar values for the
relative distribution of energy going through the two B850/B800
channels has been observed for LH2 of Rps. acidophila.115
Time-resolved results available so far have not provided more
direct information on this issue, but they are not inconsistent
with the steady-state results.
The extremely low fluorescence yield (and consequently very
fast deactivation) of the Crt S2 (Bu+) state suggested initially
that most of the energy transfer from the Crt to the BChl occurs
from the Crt S1 (2Ag-) optically forbidden state (Figure 6). As
was mentioned above, this was taken to indicate that the Dexter
electron exchange mechanism is operative for this process.15
This belief appeared to be confirmed by the first time-resolved
measurements of the Crt f BChl energy transfer process, where
the Crt absorption at 480 nm in LH2 of Rps. acidophila was
seen to recover with a 5.6 ( 0.9 ps time constant following
excitation with a 4 ps pulse at 515 nm.116 Later transient
absorption measurements on LH2 of Rb. sphaeroides by
Trautman et al.117 and by Shreve et al.,22 with better time
resolution (200-300 fs pulses), showed that following Crt
excitation the B850 Qy state was populated within 200 fs. Similar
time-resolved measurements by the same group on β-carotene
showed that Crt S2 f S1 internal conversion occurs on the same
time scale (∼200 fs).107 These two results suggested that in LH2
the Crt S2 state may be deactivated by two competing channels,
Crt S2 f B850 and Crt S2 f Crt S1 f B850/B800 Qy (see
Figure 6). The relative contributions of the two channels would
be determined by the ratio of the rates of the processes Crt S2
f B850 and Crt S2 f Crt S1. Shreve et al.22 also addressed the
problem of Crt f B800 transfer in LH2, and showed that, by
exciting the Crt absorption band of Rb. sphaeroides LH2 with
a ∼200 fs 510 nm pulse and detecting the transient absorption
changes in the B800 absorption band, energy was efficiently
transferred to B800 from the Crt. To interpret the observed
kinetics a model was suggested involving energy transfer to
B800, both directly from the Crt S2 (τ ) 1.7 ps) and indirectly
via the Crt S1 state (τ ) 3.8 ps). Using a 9.1 ps lifetime of the
Crt 2Ag- state (as measured for spheroidene in cyclohexane
solution) this model predicts an overall efficiency of 75% for
the energy transfer Crt S2 f B800 f B850. When taking into
account that 3/4 of the carotenoids transfer their energy to B850
with probably close to unit efficiency (as suggested by steadystate mesurements13), these results are in good agreement with
the observed overall Crt to B850 transfer efficiency of ∼95%.
In a set of transient absorption measurements on LH2 and
whole chromatophores of Chr. purpuratum, Andersson et al.118
also addressed the question of pathways of energy transfer from
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Crt to BChl. Following excitation of the Crt (okenone in this
species) at 580-590 nm with a ∼200 fs pulse, kinetics and
transient absorption spectra were measured over the wavelength
range 400-900 nm, and characteristic features of both B800
and B830 (the B850 of Chr. purpuratum) excited-state populations were observed, suggesting direct energy transfer from Crt
to both B800 and B830. On the basis of their results, a model
was constructed in which one Crt molecule is coupled to B830
and transfers energy with a time constant of 50-100 fs directly
from Crt S2 to B830 Qx. According to the model, a minor
amount of the energy absorbed by this Crt is transferred to the
B830 Qy state via the Crt S1 state with a time constant of 3.8
ps. Another Crt molecule is assumed to be coupled to the B800
BChl molecule, and transfer occurs exclusively via the Crt S1
state to B800 Qy. These channels of Crt to B830/B800 energy
transfer would basically obey the “most favored” processes as
suggested by the alignment of Crt and BChl transition dipole
moments, as mentioned at the beginning of this section. No
information about the ratio between the B800/B830 channels
could be obtained from these measurements, but the results were
also consistent with the 25/75 B800/B850 ratio suggested by
steady-state measurements.13,114 For definite assignment of
energy transfer processes a correlation of donor decay and
acceptor rise times is necessary. Due to limited time resolution
and nonlinear excitation-excitation annihilation (giving rise to
additional kinetic components on the picosecond time scale)
this could not be done in these measurements. Until this has
been performed the assignments must be considered as tentative.
In a pigment system, such as LH2, containing several distinct
chromophores, transient absorption measurements often result
in quite complex mixture of different signals, which may be
difficult to interpret. Time-resolved fluorescence may provide
a somewhat simpler picture. Using the femtosecond fluorescence
upconversion technique, Fleming and co-workers addressed the
question of direct Crt S2 f BChl energy transfer. In a first
investigation119 on LH2 and LH1 of Rb. sphaeroides the Crt S2
fluorescence was observed to decay with a major (95%
amplitude) time constant of 80 fs for LH2 and 55 fs for LH1.
A minor 225-300 fs (5% amplitude) decay component was
assigned to inactive Crt molecules. Upon combining these results
with a measurement of the Crt S2 fluorescence decay in various
organic solvents (τ ) 150-225 fs, which measures the Crt S2
f Crt S1 decay), it was tentatively concluded that direct energy
transfer from Crt S2 to BChl Qx occurs with a time constant of
170 fs for LH2 and 90 fs for LH1, which would result in a
substantial fraction of the energy absorbed by the Crt molecules
to go along the direct channel from Crt S2 to BChl Qx (see Figure
6). However, it was also pointed out that the value used for the
Crt S2 f S1 internal conversion process is that obtained with
the Crt (spheroidene) in solution, and if the rate of this process
would be modified by the protein the energy transfer process
could have substantially different rates.
In more recent work from the Fleming group,120 this time on
the B800-B820 LH2 complex of Rps. acidophila, the Crt f
BChl energy transfer pathways and efficiencies were studied
in more detail and the measured energy transfer rates were
compared with calculations in order to obtain mechanistic
information. Again, femtosecond fluorescence upconversion
measurements were used to monitor the decay of the Crt
(rhodopin glucoside) S2 fluorescence and the corresponding rise
and decay of the B820 fluorescence. The Crt S2 fluorescence
detected at 550 nm was observed to decay with a 54 ( 8 fs
(amplitude 98%) time constant and the temporal evolution of
the B820 fluorescence could be described by a 90-150 fs rise
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time (wavelength dependent in the range 830-850 nm) and two
decay times 1-4 ps and 16 - >100 ps (also wavelength
dependent with the longer time constants observed at the redder
wavelengths). These results were taken as evidence for fast 65130 fs Crt S2 f B820 Qx energy transfer, using a value of 120150 fs for the Crt S2 f S1 internal conversion. From fits of the
B820 fluorescence kinetics an attempt was made to obtain some
information about the rate and contribution of the Crt S2 f S1
f B820 Qy channel. However, the complications added to the
kinetics by an unknown amount of excitation-excitation
annihilation in B820 (giving rise to picosecond decay components in addition to those associated with the energy transfer),
made this impossible. Using a value of 75% for the overall Crt
to BChl energy transfer efficiency121 it could nevertheless be
concluded that Crt S1 to BChl Qy energy transfer occurs with a
time constant of 3-15 ps in this complex, leading to the
efficiencies 48-70% of the Crt S2 f B820 Qx energy transfer
and 27-5% of the Crt S1 f B800/B820 Qy channel, and 25%
of the energy lost. The measured rates of Crt to BChl energy
transfer were compared with calculations of couplings and
spectral overlaps. For the couplings involving the strongly
optically allowed transitions both the conventional point dipole
description as well as a more realistic, so-called transition
density cube method were used.73 In the latter method, the vector
description of the transition dipole moments of the interacting
molecules is replaced by three-dimensional transition density
volumes, and interactions between these volumes are calculated.
This approach is expected to give a more accurate description
of the interaction between molecules at short distances and for
the Crt molecules where the transition dipole vector may not
coincide with the molecular framework. For calculations of the
Crt S1 - BChl Qy interactions, methods developed by Scholes
et al.109 were used. The calculations suggested short Crt S2 f
BChl Qx transfer times of similar magnitude (∼240 fs) as those
observed experimentally and much slower Crt S1 f BChl Qy
transfer (∼32 ps). The latter, nevertheless, of the same order of
magnitude as indicated by the experiments. The calculations of
the Crt S1 - BChl Qy interactions suggested that this coupling
is accounted for by a combination of Coulombic (quadrupoledipole) and polarization interactions and that electron exchange
interactions are much weaker. The latter result agrees with
calculations of Nagae et al.108
We conclude this section on carotenoids by briefly discussing
some recent results of ultrafast carotenoid band shifts. Following
excitation with a femtosecond pulse of the BChl Qy bands of
B800 and B850 of LH2 of Rb. sphaeroides, distinct changes in
the carotenoid S2 absorption spectrum between 430 and 530
nm were observed.105 Femtosecond transient absorption spectra
and kinetics were measured, revealing an ultrafast carotenoid
response to the excited BChl pigments. The observed Crt
response was interpreted as a Crt electrochromic response to
the induced local electric fields from the photoexcited BChl
B800 and B850 molecules. The change in dipole moment
(∆µB800 ∼1 D; ∆µB850 ∼3 D122) upon excitation creates an
electric field change of the order of 108 V/cm at a distance of
∼5 Å from the BChl molecule, according to a simple point
dipole approximation. Since the field strength falls off with a
r-3 distance dependence, even at 20 Å from the excited BChl
molecule the field strength is similar to the uniform transmembrane fields used in Stark and ion gradient experiments of
Crt electrochromic band shifts.123-125 The response of the Crt
to the local field is different when the excitation is located on
B800 and B850, respectively. The B800 to B850 energy transfer
was reflected as a decay of the amplitude of the Crt response,
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with a time constant exactly matching the B800 f B850 energy
transfer. The temporal evolution of the Crt-shift spectrum also
clearly demonstrated the different response of the two carotenoid molecules in LH2. These results are indicative of a new
property of carotenoids that is manifested as a unique ability to
detect and report changes in their immediate environment,
thereby serving as sensitive probes of local dynamics and
structure.
5. Energy Transfer among the B800 Bacteriochlorophylls
in LH2
Upon studying the structures of LH2 of Rps. acidophila and
Rs. molischianum, it is clear that the interaction between B800
pigments is sufficiently weak to avoid excitonic effects, while
at the same time sufficiently strong to allow fast energy transfer,
assuming a reasonable value for the overlap between B800
emission and B800 absorption.13,33,36,126 Experimentally, several
groups have reported the presence of an additional relaxation
processes in the B800 band of LH2 besides the main B800 to
B850 transfer. In general the evidence was most clear at low
temperatures and intraband excitation transfer and/or vibrational
relaxation were suggested as possible kinetic processes. The
earliest observation originates from the work of Kramer et al.,13
who reported that, upon Qx excitation of LH2 at 4 K, the
resulting fluorescence from B800 was largely depolarized. Given
that there is a ∼1.5-2 ps energy transfer from B800 to B850
at 4 K, this observation implied that within the ∼1.5 ps lifetime
at least a few energy transfer events between differently oriented
B800s had to take place to cause the depolarization, and as a
consequence the rate of B800fB800 energy transfer was
crudely estimated to be about 500 fs. It is worth mentioning
that in the original 1984 Kramer model this translated into a
B800-B800 distance of about 21 Å, very similar to the 1995
crystallographic value.45
Direct evidence for B800-B800 transfer in Rb. sphaeroides
and Rps. palustris was first obtained at room temperature by
Hess et al.23 who observed in femtosecond pump-probe
measurements a clear anisotropy decay with a time constant of
about 1 ps. This time constant appeared to be too slow to explain
the fluorescence depolarization by Kramer et al.13 At the end
of the chapter we provide a possible explanation to this
discrepancy. The authors also observed a fast ∼300 fs component in the isotropic decay of B800, which was assigned to
energy transfer between almost parallel B800 molecules and
possibly to vibrational relaxation.
Time-resolved experiments on a variety of LH2 systems
largely confirmed the presence of a fast relaxation process in
the B800 band at low temperatures.32,34,36,126 In LH2 of Rb.
sphaeroides, Hess et al. found a 300 fs relaxation channel in
both isotropic and anisotropic decays. The results were modeled
as a hopping in a ring with an average pairwise nearest neighbor
transfer time of 350 fs.126 In the same LH2, Monshouwer et al.
found that in the blue wing of the B800 absorption profile the
major isotropic decay occurred with a 400-500 fs lifetime
component, which perfectly matched a rise time in the red tail
(see Figure 7).24,36 A very similar 400 fs intraband relaxation
process was observed by Wu et al.32 for B800 in LH2 of Rps.
acidophila at 19 K and recently for the B800-820 LH2 from
Rps. acidophila by Ma et al.35 The latter authors also observed
a very similar phase in the low-temperature anisotropy decay,
measured at the same probing wavelength. Also, recent work
by Wendling et al.37 at 77 K on B800-850 LH2 of Rps.
acidophila is fully consistent with a ∼500 fs blue to red
relaxation and an anisotropy decay with a closely related time

Figure 7. (A) Two-color pump-probe measurement in the B800 band
of Rb. sphaeroides at 77 K. Excitation is at blue and detection at red
side of the band. The solid line is a fit with a rise of 440 fs, reflecting
downhill energy transfer among B800's, and a 1.3 ps decay, due to
B800 f B850 transfer. (Taken from ref 36.) (B) Anisotropy decay of
B800 of Rb. sphaeroides at 77 K. The solid curves represent the fit
with a two-exponential decay with time constants 0.3 and 1.5 ps with
amplitudes 0.12/0.2 and 0.08/0.1, respectively, and a constant level 0.2/
0.1 at 790/800 nm. (Taken from ref 126.)

constant. In the B800 band of LH2 of Rs. molischianum37
studied at 77 K, both the blue-to-red isotropic decay and the
absorption anisotropy decay occur in about 0.8-0.9 ps, a factor
of 2 slower than observed in LH2 of Rps. acidophila and Rb.
sphaeroides.
The existence of a fast relaxation process in the B800 band
at low temperature is supported also by hole-burning experiments.28,127 It was found that upon burning a hole in the red
tail of the B800 absorption band, a lifetime limited value of
2-2.5 ps for the holewidth was obtained. The 2-2.5 ps process
was ascribed to energy transfer from the low-energy B800s to
B850. Scanning the burning wavelength to the blue, for λ <
798 nm gradually broader holes were obtained, eventually
corresponding to a lifetime of 0.9 ps at λb ) 790 nm. A
deconvolution of the holewidth vs burning wavelength spectrum
demonstrated that about one-third of the B800 pigments were
responsible for the 2.0-2.5 ps lifetime; the remaining B800s
were relaxing faster. On the basis of the B800-emission
depolarization results, the faster decays in the blue part of the
B800 absorption band were interpreted as blue-to-red energy
transfer within the B800 band. In fact very similar results were
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obtained by Wu et al.,32 but they favored an explanation, partly
based on the observed pressure effect, in which the faster
relaxation of the blue B800s was a manifestation of their
coupling to the high exciton manifold of the B850 ring. We
would also like to comment on the fact that the hole burning
appears to yield longer time constants than the time-resolved
methods (see also section 6 on B800 to B850 transfer). The
hole-burning yield is proportional to the lifetime of the excited
state. In our systems, we are likely to have broad distributions
of the transfer rates instead of a single rate. This may imply
that in hole burning we preferably pick the molecules with
longer lifetimes and therefore observe systematically slower
transfer phases than the average transfer time.
As mentioned above, at room temperature the rate of energy
transfer among the B800's appears to slow.23 However, due to
the fact that the time window available for the observation of
the depolarization has significantly shortened at room temperature as a result of the faster B800 f B850 energy transfer
(see below), the results here are not as consistent as for low
temperature. Ma et al.34 report 300-400 fs anisotropy decays in
the B800 band of LH2 (B800-850) of Rps. acidophila at room
temperature, but the same group reports an anisotropy decay
of more than 1 ps in the closely related B800-820 of the same
purple bacterium.35 This latter value is close to the value by
Hess et al. for LH2 of Rb. sphaeroides23 and Kennis at al. for
LH2 (B800-850) of Rps. acidophila.128 Photon echo and
transient grating experiments on LH2 of Rb. sphaeroides by
Joo et al.129 have also been taken to reflect rather slow energy
transfer among the B800’s at room temperature.
In general, we believe that energy transfer within the B800
ring can be well understood on the basis of the Förster equation
for energy transfer in the weak coupling limit. For LH2 of Rps.
acidophila, the estimated nearest neighbor coupling is about
25 cm-1, which is 1 order of magnitude less than the site
inhomogeneity (about 150 cm-1) and the electron-phonon
coupling. Quantitative estimates of the rate of B800-B800
energy transfer systematically arrive at numbers in the range
of a few hundred femtoseconds27,73 up to 1 ps.32,36 Since for
the isotropic low-temperature experiments the observed decay
reflects the sum of all possible decay paths, i.e. for a blue B800
energy transfer to two neighbors plus downhill energy transfer
to B850, a neighbor-to-neighbor transfer rate of 0.5-1 ps would
be more than sufficient to account for the experimental
observations. Similarly, the anisotropy decay measurements at
77 K by Hess et al.126 yielded an average nearest neighbor
pairwise transfer time of 300-400 fs. The Förster equation
correctly predicts the difference in the B800fB800 energy
transfer rate between Rps. acidophila and Rs. molischianum,
the latter being about 2-fold slower due to the smaller dipoledipole coupling (see Table 1; note that the rate scales with the
square of the coupling matrix element). And perhaps most
importantly, the temperature dependence of the Förster overlap
integral can explain the decrease of the B800 to B800 transfer
rate at room temperature. Calculations predict that due to the
broadening of the homogeneous bands the transfer rate decreases
between 77 K and room temperature.27,126
6. B800 to B850 Energy Transfer
This transfer step is probably one of the best studied kinetic
processes in bacterial light harvesting. Early time-resolved
experiments found that excitation transfer from B800 to B850
in Rb. sphaeroides occurs on a picosecond or shorter time
scale.18,130 In subsequent work with subpicosecond resolution,
Shreve et al.22 estimated the transfer step to be 0.7 ps at room
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Figure 8. (A) Two-color transient absorption signals in chromatophores
of Rb. sphaeroides at three different temperatures. Pump and probe
wavelengths are 795 and 800 nm, respectively. The kinetics were fit
with a sum of three exponentials. The shortest time ∼0.3 ps is the
same in all curves and reflects the internal dynamics in B800. The
second time constant was 0.7 ps at 300 K, 1.2 ps at 77 K and 1.5 ps
at 4 K; it corresponds to B800 f B850 transfer. The third time constant
is long and corresponds to the decay of the excitation in B850. (B) 4
K transient absorption signal with pump and probe wavelengths at 800
and 840 nm. The kinetics have a rising component with time constant
1.3 ps. (Taken from ref 27.)

temperature. This time constant has been confirmed a number
of times with femtosecond time resolution.23,27,129,131 A very
similar rate for B800 to B850 transfer has also been found in
two different LH2 complexes from Rps. acidophila.34,35 For all
species studied it was reported that the transfer time increases
upon lowering the temperature, being 1.2 ps at 77 K24,27 and
1.5 ps at 4 K27 in Rb. sphaeroides (see Figure 8). Note that
somewhat longer transfer times were extracted from hole
burning measurements at 4 K.25,26
The B800-B850 coupling of ∼30 cm-1 suggests that the
transfer occurs via the incoherent Förster transfer mechanism.

Feature Article
It was realized that the spectral overlap where only 0-0
transitions of a donor and acceptor are involved is not large
enough to explain the fast B800 to B850 transfer because of a
relatively large energy gap and it was suggested that certain
BChl a vibrational modes are involved in this step.26 To examine
this process in some detail, the B800 f B850 transfer was
measured in a series of mutants with gradually blue-shifted
B85025,132 and B800133 absorption bands. A single or double
mutation of the tyrosine+13-tyrosine+14 motif of the
R-polypeptide of LH2 of Rb. sphaeroides results in a shift of
B850 to B839 and B826,7 respectively. In a similar way,
mutation of βArg-10 blue shifts the B800 band.133 The
experimentally observed variations of B800 f B850 transfer
times with the energy gap between the donor and acceptor
pigments of LH2 measured at 77 K was qualitatively reproduced
by spectral overlap calculations.132-134 Also, the measured
temperature dependence of the B800 f B850 transfer time could
be accounted for with these calculations using the Förster
transfer model. However, the above calculations did not provide
an absolute value of the transfer rate. A more recent and
quantitative Förster calculation of this energy transfer step22,73
using reasonable values for the Franck-Condon factors of the
vibrational modes of BChl a, which are essential to account
for the spectral overlap between the B800 fluorescence and the
B850 absorption, gave a B800 f B850 transfer time which is
considerably longer than the measured one, suggesting that some
additional channel may be operative in the B800 f B850
process. On the basis of hole-burning experiments at high
pressure32 and Redfield theory calculations86 it was suggested
that this additional channel could be the interaction of the B800
excited state with the upper exciton band edge of B850. Indeed,
several studies have suggested that the weakly allowed higher
edge of the B850 exciton band could be resonant with B800.
For example, Wu et al.32 found that the change of the cutoff
between narrow and wide spectral holes burned into the B800
band correlated with the pressure shift of the B850 band relative
to the B800 band, suggesting that an upper excitonic component
of B850 is shifting under the B800 band. Pullerits et al.27
analyzed the shape of the B800 absorption spectrum and
concluded that it cannot be reproduced by the known spectral
properties of BChl a suggesting that a considerable amount of
the blue wing absorption of B800 originates from the B850
upper exciton component. Recent CD measurements on LH2
antenna complexes from a B800-less mutant of Rb. sphaeroides
have provided direct evidence that a broad, relatively weak
feature of the CD spectrum around 780 nm belongs to the upper
exciton component of B850 BChls.94 We point out that strictly
speaking the “upper exciton component” is not really any
separate component but a high energy edge of the B850 exciton
band which has a considerable intensity (see Figure 5.).
Thus, it appears that there are two qualitatively different
contributions to the spectral overlap governing B800 to B850
transfer. First, there is a “normal” overlap mediated by phonons
and vibrations; second, there is a direct transfer to the upper
edge of B850 exciton band positioned somewhat to the blue of
B800. In this picture the temperature dependence of the transfer
in different species has different origin. In wild type Rb.
sphaeroides, the energy gap between the donor and acceptor is
substantially larger than kT, which implies that the vibronic part
of the spectral overlap does not change with lowering temperature. At the same time, the overlap with the 780 nm upper
excitonic component is reduced because of the narrowing of
the B800 spectrum. In addition, at low temperature fast transfer
among inhomogeneously distributed B800 molecules localizes
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the excitation on the red part of the B800 inhomogeneous
distribution (see previous section) which further slows down
the upper exciton component induced transfer. At 4 K this
transfer channel is probably blocked. If no other transfer channel
is present, then the 0.7 and 1.5 ps transfer times at 300 and 4
K in Rb. sphaeroides suggest that at room-temperature half of
the transfer occurs via the “normal” vibronic band Förster
overlap whereas the other half involves the upper exciton level
of the B850 band at 780 nm. On the other hand, in the B800820 of Rps. acidophila the upper exciton component should be
around 750 nm, which means that it no longer contributes to
the B800-B820 spectral overlap even at room temperature.
Since the energy gap between the bands is comparable to kT at
room temperature, the spectral overlap of the phonon sidebands
reduces if the temperature is lowered, explaining the observed
slow of the transfer from 0.75 ps at 300 K to 0.9 ps at 77 K.35
Finally, we note that also higher order super-exchange type
coupling mediated by nearby chromophores, particularly carotenoid molecules, has been suggested as an additional possible
transfer channel.27,109 From the crystal structure of LH2 of Rps.
acidophila it is evident that the carotenoid molecules are within
very short distance from both the B800 and B850 BChl a
molecules. Carotenoid S2 state mediated B800-B850 coupling
was recently assessed by Krueger et al.73 using ab initio
calculations. The authors found that the carotenoid S2 state can
only lead to a small additional coupling of 2-3 cm-1. At the
same time, the authors have found a substantial mixing of the
carotenoid and B850 orbitals, which could have a large influence
on the B800-B850 coupling. Whether these types of higher
order transfer processes are really functional in photosynthetic
light harvesting remains to be seen.
7. Energy Transfer within the Strongly Coupled B850
Ring
From the published LH2 structures it is immediately clear
that the BChl molecules in the B850 ring are strongly coupled
and in fact both calculations and experiments show that the
interaction between the BChls within a subunit and between BChls on adjacent subunits is of the order of 300
cm-1.36,73,78,92,94,131 We note that also much stronger interactions
up to 800 cm-1 have been suggested.135,136 It has generally been
concluded that not the full redshift can be attributed to excitonic
effects and furthermore that not only excitonic effects determine
the spectroscopy of LH2. In the following, we will attempt to
illustrate this. First, there is a variant of LH2 of Rps. acidophila
in which the B850 absorption is shifted to 820 nm, whose major
structural difference with the B800-850 variant is the Hbonding pattern of the R-BChl.137,138 The structure of this B800820 variant is most likely very similar to that of the B800-850
form, resulting in equal excitonic contributions in both complexes. Furthermore, by modulating this H-bonding pattern of
the R-BChl in LH2 of Rb. sphaeroides the absorption of LH2
could be gradually shifted from 850 to around 820 nm.7
Secondly, the B850 transition of LH2, similar to the B875
transition of LH1 and the lowest excitonic state of the special
pair of the RC, has been shown to exhibit a strong electrochromic response, mainly characterized by a spectacular change in
polarizability.122,139-141 The cause of this large Stark effect is
most likely the mixing of an intradimer R-BChl β-BChl charge
transfer state with the excited state of the dimer/ring.139,142,143
Similar to the special pair P,144 this mixing of CT states with
the excited states of the ring may induce a significant red shift
of the lowest excitonic states.142 It might be argued that this
effect underlies the further redshift of the LH1 ring to 875 nm,
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since for LH1 the observed change in polarizability is even more
dramatic than for LH2,122,140 but this remains to be proven.
Third, there is now extensive evidence that the absorption bands
of LH2 and LH1 are strongly inhomogeneously broadened,26,145-148 and nonlinear spectroscopic experiments have
shown that this is also true at room temperature.78,129,149-151
Estimates in these papers for the amount of disorder range
between 250 and 500 cm-1, and these values are generally larger
than the amount of excitonic coupling. Finally, electronphonon/vibration coupling, which would be responsible for a
dynamic localization of the excitation is estimated to be in the
few hundred cm-1 range.152,153
Since the mid 1980s, a multitude of time-resolved absorption,
fluorescence, and more recently, nonlinear, spectroscopic experiments were performed on LH2, LH1, and more intact
systems (see for reviews of the earlier work1-4). The general
conclusion was that, within a picosecond after excitation, the
energy transfer was more or less complete, requiring average
single site lifetimes of a few hundred femtoseconds at most. In
subsequent experiments aimed to time-resolve the B850 and
B875 intraband dynamics, fast isotropic kinetics were measured
within the B850/B875 band, exploiting the equilibration among
an inhomogeneous spectral distribution of pigments exhibiting
ultrafast energy transfer.78,153 Alternatively, the polarized spontaneous emission was measured by fluorescence upconversion131,150 or by polarized pump-probe experiments.60,78,153
Recently, three-pulse stimulated photon echoes were obtained
that measure the correlation function M(t) of the transition
frequency that was originally excited and thus directly reflect
all intraband spectral dynamics, including energy transfer.151,152
The dynamic red-shift experiments60,153 were interpreted in
terms of a fast (<50 fs) dynamic Stokes’ shift followed by a
100-400 fs phase, often bi- or more exponential, that reflected
the redistribution of excitation energy over the nonequivalent
energetic sites due to energy transfer. Modeling the process as
a sequence of hopping events of a localized excitation resulted
in single site lifetimes of less than 100 fs, or nearest neighbor
energy transfer rates of 100-200 fs.60,149 The fluorescence
depolarization experiments resulted in a major 50 fs component
plus a weak slower phase for LH2;131 for LH1 the depolarization
occurred with a major decay time of about 100 fs and a slower
phase of about 400 fs.150 Applying a model that assumed dimerto-dimer hopping resulted in single site lifetimes of 100 and 80
fs for LH2 and LH1, respectively (note that the faster anisotropy
decay in LH2 is mainly a result of the larger depolarization per
step in a nonamer, as compared to a 16-mer).
The room-temperature polarized pump-probe experiments
on LH1 and LH2 by Chachisvilis et al.78,154 resulted in similar
fast anisotropy decay times: for LH1, about 100 fs in the major
absorption band and about 200 fs in the stimulated emission
region and for LH2, 60 fs in the major absorption band and
about 200 fs in the stimulated emission region. In an attempt
to reconcile the isotropic and anisotropic decay times measured
in LH2, the same group concluded that a monomer-to-monomer
hopping process was not consistent with the results and on the
basis of this the authors suggested that the elementary excitation
in LH1 and LH2 had a more collective nature. A very similar
conclusion was drawn by Monshouwer et al. from isotropic and
anisotropic decay experiments on LH1 of Rps. Viridis.60 We
note that the dimer-to-dimer hopping model introduced by Visser
et al.149 and used later to explain the fluorescence depolarization
is consistent with this idea.
Upon lowering the temperature, the inhomogeneous nature
of the absorption band was strongly enhanced, resulting in
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multiexponential and wavelength-dependent kinetics with phases
ranging from the 100 fs region to the many picosecond time
domain,78,155 in qualitative agreement with theoretical predictions.156 The experiments by Chachisvilis et al.78 at cryogenic
temperatures showed that excitation in the blue wing of the
B850/B875 absorption still resulted in ultrafast downhill energy
transfer. A very similar fast downhill energy transfer at 4 K
was observed for Heliobacterium chlorum157 and Rps Viridis
LH1.60 The model developed for the spectral dynamics due to
hopping energy transfer to some extent predicted the observed
temperature dependence,155 assuming a model for the spectral
properties of a single site as a function of temperature.158
However, a close comparison of the isotropic and anisotropic
kinetics measured at 4K through the band resulted in a similar
discrepancy as mentioned above at room temperature78 and again
led to the conclusion that the elementary excitation in LH1 and
LH2 is not localized on a monomer.
At low temperature, a new dynamic feature was observed in
LH2 at longer delays by Chachisvilis et al.78 The stimulated
emission/bleaching band broadens and splits into two bands in
about 3 ps. The new band is located at about 870 nm and it
continues to move further to the red and broadens on the tens
of picoseconds time scale. Early 4.2 K steady-state fluorescence
measurements of a LH1-less mutant of Rb. sphaeroides showed
an unusually large Stokes’ shift,159 which was explained as an
emission from a minor long-wavelength component of B850.
On the other hand, recent time-resolved data were interpreted
as a stimulated emission from the lowest exciton component of
a disordered ring of B850,91,160 whereas the slower phases of
the dynamics were assigned to the transfer among inhomogeneously distributed rings.160 The zero phonon hole action spectra
have also been interpreted as indication that the lowest exciton
component of B850 lies at 870 nm.33 It is interesting to note
that recent Stark hole burning measurements141 have found a
very small dipole moment change for this low exciton band.
At the same time the polarizability change in B850 is rather
large,122 leaving open the possibility to explain the slowly
relaxing red emission as a polaron formation. The fact that the
effect is much less pronounced in LH1 suggests that it may be
related to the tendency of LH2 to form very large aggregates161,162 or to some LH2-specific impurity.
Recently, 3-pulse photon echo peak shift (3PPEPS) experiments were performed for LH1 and LH2152 and the LH1 subunit
B820.151 The conclusion form this work was that on a time scale
of less than 50 fs, due to fast fluctuations in the protein
environment, the excitation becomes localized on a small part
of the ring, possibly an Rβ-BChl2-heterodimer. A similar
conclusion was drawn from the ultrafast Stokes’ shift in a few
tens of femtoseconds (see above).153,163 In the peak shift decay,
which is a direct measure of the transition frequency correlation
function, this initial phase was followed both in LH1 and LH2
by an exponential phase that was interpreted as a loss of
rephasing capability of the system due to energy transfer. During
the energy transfer, the system samples all the possible
environments that contribute to the inhomogeneous broadening,
and as a consequence, the information about the original
environment is lost. The model that assumes hopping on an
inhomogeneously broadened ring of dimers gave a qualitative
fit to the results. For both light-harvesting complexes the
homogeneous broadening was estimated to be 200 cm-1, the
inhomogeneous broadening 500 cm-1, and the hopping time
about 100 fs. This interpretation was supported by a 3PPEPS
experiment on the LH1 subunit, B820, in which the 100 fs phase
in the decay of the peakshift ascribed to energy transfer was no
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longer present and replaced by a nondecaying component arising
from inhomogeneous broadening.151 The striking similarity
between the 3PPEPS of LH1 and B820, apart from the energy
transfer phase suggests that in LH1 the elementary excitations
are delocalized over small units, possibly dimers.
To quantitatively assess the size of the exciton one can use
a variety of experimental approaches. One possibility is is based
on the idea that the nonlinear optical properties of aggregates
are sensitive to the delocalization length of the electronically
excited states. For example, in a linear aggregate of two-level
molecules one can calculate the exciton delocalization length
from the approximate expression ∆ω ≈ 3π2V/(N + 1)2, where
∆ω is the difference between pump-pulse-induced bleach
(ground state to one-exciton transition) and pump-pulseinduced absorption (one-exciton to two-exciton transition)
maxima, V is the dipole-dipole interaction between nearest
neighbors, and N is the exciton delocalization length.164
However, monomeric BChl a has a strong excited-state absorption in the region of the Qy transition165 and therefore B850 is
much more realistically described as an aggregate of multilevel
(not two-level) molecules where the one- to two-exciton
transition has a significant intramolecular component where two
photons double excite a single molecule.
Simulations based on the model which includes monomeric
doubly excited states and also accounts for the circular
organization of the bacteriochlorophyll molecules of B850
suggested that the thermalized delocalization length (2 ps after
excitation of B800) of the B850 exciton is 4 ( 2 BChl
molecules,154 the relatively large error limits allowing for the
uncertainties in the dipole strength of the monomeric excitedstate absorption. In subsequent more detailed calculations, to
fit experimental data of LH2 in the temperature range 296-4
K, spectral inhomogeneity of the BChl molecules was also
included.78 It was found that the quantitative value for the
delocalization length depends significantly on the definition
used. In this work the exciton delocalization length was defined
as the fwhm of the ensemble averaged autocorrelation function
of the lowest exciton state. It was found that the exciton is
delocalized over four BChl a molecules of LH2 at ∼1 ps after
the excitation (see Figure 9).78 A recent calculation of the 1 ps
room temperature and 77K pump-probe spectra measured for
Rps. Viridis resulted in a very similar estimate.166
A second measure that has been considered is the amount of
photobleaching of the major transition167 or the amount of
induced absorption per absorbed photon and surprisingly high
numbers have been reported for the amplitude of the B850/
B875 bleaching following excitation168-170 or the amount of
induced absorption;187 these effects have generally been interpreted as arising from totally delocalized excitons. However,
due to a multitude of effects, singlet-singlet and singlet triplet
annihilation among them, these experiments have also been
shown to be very sensitive to badly defined experimental
conditions. Recently, Monshouwer and co-workers171 attempted
to measure quantitatively the amount of B850 bleaching per
absorbed photon relative to the amount of bleaching in the LH1
dimeric subunit B820 and from this experiment it was concluded
that the observed bleaching in LH2 corresponded with that
expected for an excitation delocalized over about 4 BChls, a
result very similar to the earlier B850 absorption difference line
shape analyses78,154 and to that obtained from simultaneously
fitting the shape of the pump-probe spectra of B820 and
B850.172
As was already discussed above, a third measure of the
delocalization length is given by the so-called superradiance,
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Figure 9. Experimental (circles) and calculated (lines) transient
absorption spectra of LH2 at three different temperatures. Experimental
spectra are recorded 1.5 ps after excitation at 800 nm. Calculations are
carried out with weak interaction (V ) 200 cm-1), fwhm of the
inhomogeneous distribution is 550 cm-1, and homogeneous widths are
25, 50, and 75 cm-1 for 4, 77, and 300 K, respectively. In the inset,
we present the autocorrelation function (eq 11) of the lowest state of
B850 corresponding to the fits in case of strong (V ) 450 cm-1, solid)
and weak (V ) 200 cm-1, dashed) interaction. (Taken from ref 78.)

or better the radiative rate of LH2. At room temperature, the
emitting dipole strength is about 2-3 times that of monomeric
BChl a, and for LH2 is almost independent of temperature down
to 4 K. It was demonstrated above that a calculation of the
superradiance as a function of temperature reproduces these
experimental observations if significant energetic disorder is
assumed.154 These experiments suggest a coherence length of
a few BChl a as measured by the fwhm of the averaged exciton
wave function and this corresponds nicely to the outcome of
the pump-probe results discussed above. For LH1 at room
temperature, the superradiance is very similar to that of B850,
but upon lowering the temperature the emitting dipole strength
increases suggesting that for LH1 disorder plays a somewhat
less dominant role than for LH2.
Finally, for several systems including LH2 of Rb. sphaeroides,58,152 LH1 of Rb. sphaeroides,58,150,152,153 LH1 of R. rubrum,59 LH1 of Rps. Viridis60 and B820151,153,163 low-frequency
oscillatory phenomena have been observed in transient spectroscopic experiments following excitation with short (<100
fs) pulses. In general these have been attributed to coherent
nuclear motion in the excited state, possibly in combination with
ground state wave packet motion. The most surprising observation is that these nuclear coherences survive for several
picoseconds, a time window in which many energy transfer steps
have taken place and the excitation has spectrally “equilibrated”.
So far there is not a good model to explain this. Nevertheless,
it may be clear that these observations are very difficult to
reconcile with the traditional Förster model for energy transfer.
8. PSU-Energy Transfer over the Antenna Network and
Trapping by the Reaction Center
As illustrated in Figure 10, the LH2 peripheral antenna
complex is just one part of the complete photosynthetic unit
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Figure 10. Model of the primary photosynthetic machinery of purple bacteria based on the known structural data. The BChl molecules of LH2
(B800 and B850), LH1 and RC are blue, green and red, respectively. Polypeptides are light blue. The highlighted five rings (four LH2s and one
LH1+RC) correspond to a PSU which in this ratio satisfies the approximate 1:2:1 ratio of B800:B850:B875 band intensities in Rb. sphaeroides.
The boarders of PSUs are tentative and excitation transfer occurs between different PSUs which all together form large domains. The time constants
correspond to the kinetics at 77 K. The diameter of the yellow background ring is about 230 Å.

(PSU), the minimal pigment-protein unit capable of performing
the primary photosynthetic processes. We will briefly describe
the function of LH2 within this unit and we will also show how
the different protein complexes cooperate to catch and transfer
energy to the reaction center. The first step in moving the energy
toward the reaction center, after it has been absorbed by the
LH2 complex, is a transfer to another LH2 (B850) or LH1 ring.
Experimentally it is difficult to directly study LH2 ring-to-ring
transfer (at least at ambient temperatures) since there are no
(or very small) spectral changes associated with this process
(all LH2 rings are virtually identical). Time-resolved absorption
and fluorescence anisotropy are not useful either, because the
excitations are already depolarized (within the plane) through

the rapid motion inside one ring and very little further
depolarization occurs as a result of the ring-to-ring migration.
However, LH2 f LH1 ring transfer is easily observable as a
result of the differing absorption and fluorescence spectra of
the two complexes. Since we do not expect the distances
between LH2 rings and between LH2 and LH1 rings to be much
different, and since the donor-acceptor spectral overlaps for
B850 f B850 and B850 f LH1 energy transfer are quite
similar (at least at room temperature when the spectra are broad),
we can approximate all ring-to-ring transfer processes with that
for LH2 (B850) f LH1.
The first results for this process appeared from absorption
and fluorescence measurements with picosecond time resolution
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on several different species.2,21,173-176 Due to the limited time
resolution of these experiments and complex kinetics in intact
pigment systems, the process was not clearly resolved in most
cases. Nevertheless, these early results suggested that the LH2
f LH1 transfer step occurs on the time scale of 5-40 ps. In a
femtosecond two-color absorption measurement39 direct information was obtained on the LH2 f LH1 transfer step. The
build-up of LH1 excitations in Rb. sphaeroides at room
temperature and 77 K was measured following excitation of
B800, and the B850 f LH1 transfer step was found to occur
with a time constant of ∼3 ps at room temperature and ∼5 ps
at 77 K. From femtosecond transient absorption experiments
similar to those of Hess et al.,39 Nagarajan and Parson40 also
concluded that LH2 f LH1 ring-to-ring transfer occurs with a
∼5 ps time constant, and in addition they observed a slower
phase (∼25 ps) in the LH2 f LH1 process, which they ascribed
to energy migration within the LH2 pool prior to transfer to
LH1. Employing an effective Hamiltonian approach to calculate
energy transfer rates between the light-harvesting complexes
of a PSU modeled on the basis of the Rs. molischianum LH2
structure, Hu et al.177 concluded that LH2 f LH2 and LH2 f
LH1 ring-to-ring transfer occurs with the times ∼7 and ∼3 ps,
respectively, in good agreement with the experimental results.
How the light-harvesting antenna makes contact with the
reaction center and how energy is transferred into the reaction
center (trapped) is an important aspect of the function of the
whole photosynthetic unit. The early efforts to study the trapping
process and work up to approximately 1993 was summarized
by Freiberg.178 Information about this can be obtained by
measuring the rate of energy transfer from LH1 to the special
pair (P) electron donor in the reaction center, and from it
estimating the distance between the LH1 molecules and the
special pair. The description of the LH1 excited state is of crucial
importance for the result; whether the excitation energy is
delocalized over the whole LH1 ring or localized to only a few
BChl molecules will obviously be important for interpreting the
measurements. A transfer time of ∼35 ps was obtained for this
process by measuring the decay of LH1 excitations in the
temperature range 77-177 K.43,179 A similar result was obtained
by Beekman et al.180 by measuring the overall trapping time
for a series of RC-mutants of Rb. sphaeroides, having modified
charge separation times. Freiberg et al.181 also studied the energy
trapping in a series of Rb. sphaeroides RC-mutants with slow
charge separation and similarly concluded that the LH1 f RC
energy transfer is slow compared to all other energy transfer
steps in the antenna. Their measurements yielded somewhat
longer antenna lifetimes than observed by Beekman et al.,180
but this did not change the overall conclusion that the LH1 f
RC energy transfer is the slowest process in the overall trapping.
From a measurement of core antenna fluorescence upon
selective RC-excitation, Otte et al.182 arrived at a similar
conclusion. All these results show that energy hopping from
one ring to another within the PSU is fast as compared to the
total ∼60 ps lifetime of the excitations in the antenna2,17,170 and
the LH1 f RC energy transfer step.43,170,179-182 This implies
that energy transfer from the LH1 antenna to the special pair is
the rate-limiting step of the overall energy trapping process.
The trapping of excitation energy by photosynthetic reaction
centers has often been discussed in terms of the “trap-limited”
or “diffusion-limited” model, and consequently, we have termed
this new situation “transfer-to-trap-limited” excitation dynamics.44,75,156,180,183,184
From the model of the PSU (Figure 10), it appears that this
slow rate of LH1 f RC energy transfer is a direct consequence
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of the size of the reaction center protein, which prevents a
shorter antenna special pair distance. It is interesting to speculate
about whether this long LH1-P distance is of any functional
importance. A trivial reason is that the distance is just
determined by the physical size of the RC proteins, i.e., by the
size of the RC required to fulfill its function. Another, more
interesting reason to have a large distance between the LH1
BChls and the special pair of the reaction center could be that
the oxidized primary donor (P+) is a very reactive species. With
a too small LH1-P distance, the antenna BChls could be
oxidized by P+, which would lead to very efficient quenching
of the excitation energy within the LH1 antenna. This idea has
previously been suggested for the RC of photosystem 2 of green
plants for which the oxidized primary donor P680+ has an
extremely oxidizing potential. Hence, whatever is the reason
for the long LH1-P distance, the organism is thus faced with
the problem of keeping the LH1-P distance large enough, but
at the same time maximize the LH1 f P energy transfer rate
in order to optimize trapping efficiency. The circular arrangement of the LH1-core antenna, where all the antenna pigments
can transfer energy to the special pair of the RC with
approximately the same rate is obviously one means to increase
LH1 f P transfer efficiency. If, for instance, there would only
be 4-6 entries into the RC from the LH1 antenna (as was often
suggested in the lattice models185 used before the advent of the
crystal structures of LH2 and LH1), the LH1 f P transfer would
be many times slower and the trapping efficiency markedly
lower than the observed ∼95%. In addition, we conjecture that
the exciton delocalization discussed in Sections 3 and 7 is
another part of this optimization. It can be estimated that for a
LH1 exciton of delocalization length of ∼4 BChl monomer
units, the coupling to the special pair will be approximately
4-fold the coupling between a monomeric BChl and P. A 4-fold
longer trapping time (i.e. 200-250 ps) would decrease the
overall trapping efficiency from the observed ∼95%-∼80%.
Interaction between the LH1 exciton states and the special pair
of the reaction center has also been discussed by other
authors.186,187 These two factors taken together may therefore
increase the trapping rate by as much as a factor of 10, as
compared with the situation of a core antenna consisting of
weakly coupled pigments having only a few entries into the
RC. Thus we propose that the ring-like organization of the LH1
core antenna and its strongly coupled BChl molecules, with the
centrally positioned reaction center, is essential for the high
trapping efficiency in these organisms.
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