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We report the results of relative difference absorption measurements for the LH2 antenna of Rhodobacter
sphaeroides and the B820 subunit of Rhodospirillum rubrum at room temperature. It is shown that significant
differences between shapes and amplitudes of photoinduced, absorption changes reflect a different degree of
exciton delocalization in the intact antenna compared with the dimeric subunit. Using the exciton model in
the presence of static disorder, we have obtained a consistent and quantitative fit of the amplitudes and shapes
of the pump-probe spectra of the LH2 antenna and the B820 subunit. We estimate that the nearest-neighbors
interaction energy in the antenna is about 400 cm-1 and the diagonal disorder is about 450 cm-1. For these
values the coherence length (FWHM) of the steady-state exciton wavepacket corresponds to 5 BChl molecules
at room temperature. The amplitude of the difference absorption reflects a cooperative behavior within at
least 12 BChls of the B850 antenna. The calculations suggest that the dimeric subunit is characterized by a
decrease of the interaction energy to 300 cm-1 together with an increase of the disorder value to about 600
cm-1.

1. Introduction
The primary processes of photosynthesis include the absorption of light and excitation energy transfer in the light-harvesting
antenna complexes with subsequent excitation trapping by the
reaction center where a charge separation is initiated.1 The lightharvesting antenna of purple bacteria generally consists of a
peripheral antenna (LH2) and core antenna complexes (LH1),
the latter directly surround the reaction centers. The elementary
subunit of these complexes consists of a pair of transmembrane
polypeptides, R and β, binding two or three bacteriochlorophyll
(BChl) molecules.2
A high-resolution three-dimensional X-ray structure of the
peripheral LH2 antenna was obtained for the purple bacteria
Rhodopseudomonas (Rps.) acidophila3 and Rhodospirillum (Rs.)
molischianum.4 It was shown that these antenna complexes
consist of Rβ pigment-protein subunits arranged in a highsymmetry ringlike structure. For example, the LH2 antenna from
Rps. acidophila contains 9 Rβ subunits, with each subunit
binding two BChl850 molecules and one BChl800 molecule.
Analysis of the pigment arrangement has shown that the 18
BChl850 molecules form a C9-symmetry ring with a dimeric
unit cell, whereas the 9 BChl800 molecules form a C9-symmetry
ring with a monomeric unit cell in a plane that is vertically
displaced and parallel to the B850 ring. The Mg-Mg distance
between the BChl850 pigments bound to the same Rβpolypeptide unit is 0.87 nm, and that between BChl850 pigments
from neighboring dimeric units is 0.97 nm. The distances
between nearest BChl800 molecules and between nearest
BChl800 and BChl850 molecules are larger (2.1 nm and 1.8
nm, respectively). The structure of the LH2 antenna of Rs.
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molischianum is similar to that of Rps. acidophila, but this
antenna complex consists of 8 Rβ subunits and the pigmentprotein complex exhibits C8-symmetery.
No high-resolution structure is available for the LH1 antenna,
but analysis of 2D crystals of reconstituted LH1 from Rhodospirillum (Rs.) rubrum suggested that the core antenna is also
arranged in a ring that consists of 16 Rβ subunits with each
subunit binding two BChl875 molecules.5
These reports have stimulated new studies of the excitonic
structure of these light-harvesting complexes6-17 including
experimental studies and theoretical simulations of the nonlinear
optical response of the antenna.17-35 However, the dynamics
of electronic excitations in the antenna is still the subject of
intensive debates. It is clear that the BChl arrangement in the
form of a tightly-packed high-symmetry aggregate tends to
delocalize electronic wavefunctions, but the intrinsic static and
dynamic disorder of a pigment-protein complex may give rise
to more localized states. The estimations of the degree of exciton
delocalization gave values from 2 to 18 molecules for the B850
ring of the LH2 complex, i.e., from localization at one dimeric
subunit to complete delocalization over the whole antenna
(whole B850 ring). There are several reasons for such a large
discrepancy.
First, the values of exciton coupling and the parameters of
the disorder are not well-known. For example, the values of
intradimer interaction energy were taken from 200 to 800 cm-1,
and the site inhomogeneity values (FWHM), from 200 to 700
cm-1 in the papers listed above. It is easy to calculate that
different combinations of these two factors within such limits
will give the delocalization size (the thermally averaged inverse
participation ratio32) from 3 to 13 molecules for the B850 ring
of the LH2 complex (N ) 18) at room temperature.
Secondly, there are many different definitions of the delocalization degree that allow us to find different sizes of an
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exciton for the same system. One group of definitions is dealing
with individual exciton states. The delocalization of individual
states can be obtained by calculating the squared wavefunction
of the exciton states,9 or the participation ratio for different
eigenstates.6,8,36 In the latter case the delocalization length can
be defined as the inverse participation ratio. Typically, this value
is different for different exciton eigenstates and it is convenient
to introduce an effective delocalization length Neff defined as
the thermally averaged inverse participation ratio.32 Another
group of definitions deals with an exciton wavepacket, i.e., a
superposition of exciton states. Such a superposition may exist
due to coherent or noncoherent mixing of states under impulsive
excitation of the antenna. The evolution of the wavepacket is
described by the density matrix.25,30-33,37 The coherence length
(or delocalization length) of the wavepacket is characterized
by the decay of the density matrix in the antidiagonal
direction.30-33 The coherence length Ncoh can be defined as the
FWHM of this antidiagonal distribution.25 In the steady-state
limit (for time delays longer than exciton relaxation) the Ncoh
value is determined by a superposition of exciton states that
are populated at thermal equilibrium.
Using these definitions, we will obtain very different exciton
sizes even in the case of the homogeneous antenna. In this case
the wavefunctions are completely delocalized over the whole
B850 ring, i.e., over 18 molecules. The lowest exciton level
has a uniform wavefunction, the corresponding inverse participation ratio is equal to 18. For higher levels the wavefunctions
are oscillating, resulting in nonequal participation of different
molecules in these states, and giving rise to the inverse
participation ratio of 12. The thermally averaged inverse
participation ratio is Neff ) 13-14 at room temperature and for
interaction energies corresponding to the middle of the 200800 cm-1 range. For the same parameters the coherence length
of the steady-state wavepacket is Ncoh ) 6-7. It means that
even in the homogeneous (i.e., completely delocalized) case the
effective exciton sizes as revealed by widely accepted definitions
are significantly less than the size of a whole ring. If we switch
on the disorder, these values will be even smaller. Thus,
modeling of the LH1 and LH2 antennas with the presence of
static disorder gave the values Neff ) 5-116,8,17,21,30 and Ncoh
) 4-617,21,25 at room temperature. In all these models the
exciton-phonon coupling was supposed to be weak. In the weak
coupling limit the steady-state coherence length does not depend
on the nature of the phonons and the exciton-phonon coupling
strength, being determined by the static disorder only.32 The
situation changes in the case of strong exciton-phonon coupling. The strong coupling may give rise to further reduction
of the exciton size due to polaron formation.32-35 It can be
significant if the phonon-induced localization length (polaron
size) will be smaller than the disorder-induced localization
length.
Notice that both Neff and Ncoh values reflect a nonuniformity
of the shape of the exciton wavefunction, but not any physical
size. For example, if we cut off a fragment of the ring containing
a number of molecules equal to Neff or Ncoh, we, in general,
will not be able to reproduce all essential properties of the
antenna, such as its spectral properties. Generally, a spectral
response of a strongly coupled aggregate reflects a cooperative
behavior of some number of pigments that can be very different
from the effective localization sizes, Neff, Ncoh.11,30,38 This
number of molecules can also be different for different
spectroscopic techniques. For example, the shape of the pumpprobe spectra of the antenna is controlled by the so-called
exciton mean-free path, which is less than the localization size
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Ncoh.30 On the other hand, the shape of the CD spectra of the
B850 band of the LH2 antenna is determined by cooperativity
within at least 10-12 molecules.11,38 One could define the
spectroscopic subunit as the minimal fragment of the ring that
is big enough to reproduce all spectral features of the whole
antenna.38 Due to disorder, the size of such a subunit is less
than the aggregate size N, but more than both effective
localization sizes, Neff and Ncoh.
In this paper we study the exciton delocalization in the LH2
antenna of Rhodobacter (Rb.) sphaeroides using the relative
difference absorption (pump-probe) measurements of the LH2
antenna and the B820 subunit. This technique allows us to
quantitatively compare the spectral shapes and amplitudes of
the nonlinear response of the whole antenna with those of the
dimeric subunit. Generally, the spectrum of the dimeric subunit
has a different shape, amplitude and red shift as compared with
the whole antenna. These spectral differences were indeed
observed by us, and they reflect a different degree of exciton
delocalization in the antenna as compared with the dimeric
subunit. Using this data, we can precisely estimate the delocalization parameters Neff and Ncoh and the size of the spectroscopic subunit.
It is clear that this method is more informative and more
precise than the conventional pump-probe studies where so
far only the shape of the pump-probe spectra of the antenna is
detected and modeled. In fact, the fitting of such spectral shapes
using a model with excitonic interactions and spectral disorder
is not very sensitive to the choice of the interaction energies
and the disorder values. For example, in the previous paper17
we have obtained a simultaneous fit of the absorption and
pump-probe spectra of the LH1 antenna using the interaction
energy values from 260 to 600 cm-1 and the site inhomogeneity
values from 400 to 500 cm-1. The corresponding delocalization
length Neff was changing from 3.8 to 9.1 for these different fits.
This means that we are not able to estimate the delocalization
length from the shape of the pump-probe spectra only. On the
other hand, we have also calculated the amplitude of the
bleaching peak of the pump-probe spectra normalized to the
bleaching of the BChl monomer17 and we found that this relative
bleaching value was varying from 5.4 to 11.2 in close correlation
with the Neff value. So, the amplitude of the difference absorption
contains information that can be used for a more precise
estimation of the delocalization parameters. Unfortunately, these
bleaching amplitudes cannot be directly obtained from the
pump-probe spectra. The only possibility is to compare the
bleaching values of the antenna with those of some reference
system.
In the case of B800-850 (LH2) complexes, it is possible to
compare the bleaching values of the B850 ring to that of the
B800 monomer.19 Similarly, for the B808-866 complex from
the green bacterium Chloroflexus (Cf.) aurantiacus, the bleaching value of the B866 band can be compared with that of the
monomeric B808 band.20,21 In the case of the core (LH1)
antenna, it is possible to compare the amplitude of the difference
absorption in the antenna with the bleaching of the BChl dimer
(special pair) of the reaction center,39,40 although these experiments are very sensitive to annihilation processes occurring upon
multiphoton excitation of the antenna. In both cases the spectral
parameters of the reference system are different from the
parameters of the B850 (B866) ring or LH1 antenna. So, the
comparison of the spectral shapes of these reference systems
with those of the circular antenna aggregate yields no additional
information about the relevant spectroscopic parameters of the
antenna. Only the difference in the bleaching amplitudes is of

10542 J. Phys. Chem. B, Vol. 103, No. 47, 1999
interest, reflecting the delocalized character of the exciton
wavefunctions of the antenna.
In this paper we use the same idea of the relative difference
absorption measurements, but here we take as a reference the
building block of the antenna itself. This dimeric subunit should
exhibit all the essential properties of the antenna: the pigmentpigment interaction energy, the static and dynamic disorder (line
broadening) having the same origin, and most probably, the
same (or close) values as for the whole antenna. It means that
the only reason of any difference in amplitudes and shapes of
the corresponding pump-probe spectra is the different delocalization degree for the antenna and for its subunit. So, not
only a quantitative comparison of the amplitudes but also a
comparative analysis of spectral shapes of the two systems is
of great interest in this approach. The challenge is to explain
all features (amplitude and shape) of the pump-probe spectrum
of the dimeric subunit using the same physical model and the
same parameters as those used in the fit of the pump-probe
spectrum of the whole antenna.
2. Experimental Section
We have measured the difference absorption spectra of the
LH2 antenna of Rhodobacter (Rb.) sphaeroides using as a
calibration the difference absorption spectrum of the B820
subunit of Rs. rubrum. LH2 and B820 were prepared as
described in ref 41. The difference absorption measurements
were done using a laser system described in refs 41 and 42.
The pump wavelength was selected from the white light
continuum using a narrow bandpass filter at 830 nm. Pump and
probe pulse duration was 150 fs. We have used the same outside
diameter (o.d.) at the excitation wavelength for both samples
(about 0.3 per 2 mm). To correct for annihilation in the LH2
sample, we have measured the intensity dependence of the
difference absorption signals of this sample. Annihilation in the
LH2 complex was present for the range of excitation densities
used (5-57 nJ). To extrapolate the measured intensity dependence to the amplitude expected in the absence of annihilation,
we have used the intensity dependence in the Poisson saturation
limit.41 The extrapolated value was used to correct the amplitude
of the LH2 spectrum. This amplitude was then normalized to
the number of absorbed photons. The B820 spectrum was
measured using an excitation density of 30 nJ. Since no transfer
takes place, there is no annihilation and the spectrum can be
directly normalized to the number of absorbed photons. All
measurements were performed at room temperature.
3. Model of the Bacterial Light-Harvesting Antenna
In the model for LH2 we suppose that the pigment organization of the LH2 antenna of Rb. sphaeroides is analogous to that
of the LH2 antenna from Rps. acidophila. The B850 inner circle
consists of 18 BChl a, which form a ring with C9-symmetry
(the elementary unit cell contains two BChl850 molecules,
bound to the R and β polypeptides). The Qy transition dipole
moments of the two BChls in a dimeric unit cell have the angles
ψ1 and ψ2 with the plane of the circle and angles φ1 and φ2
with the tangent to the circle. The energies of the electronic
transition of these two BChls are E1 and E2. The difference
between these energies, ∆E ) E1 - E2, was varied from 0 to
500 cm-1. The ratio of transition dipoles for the S1-S2 and S0S1 transitions in the BChl monomer, χ, was varied from 0 to
1.5. The Mg-Mg distance between BChls in a dimeric unit is
r12 and between nearest BChls from neighboring units is r23‚
We supposed that ψ1 ) 10°, ψ2 ) 5°, φ1 ) 20°, φ ) 200°, r12
) 0.87 nm, and r23 ) 0.97 nm (these parameters are approximately the same as those for the B850 circle of the LH2
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antenna from Rps. acidophila).3 In our simulations of the B850
absorption band we have taken into account the interactions
between the Qy transitions of BChls, neglecting their mixing
with Qx, By, Bx transitions as well as with charge transfer states.8
We supposed that the interaction energies between the BChl
molecules are M12 ) 400 cm-1, M23 ) 290 cm-1, M13 ) -52
cm-1, and M14 ) 14 cm-1, where M12 corresponds to the
intradimer interactions, M23 to interdimer nearest-neighboring
interactions, M13 to second neighbors interactions, and M14 to
third neighbors interactions. We also performed calculations
using alternative choices for the interaction energies: M12 )
300 and 500 cm-1 instead of M12 ) 400 cm-1, with a
corresponding scaling of M23, M13, and M14. Note that microscopic calculations using the point charge approximation gave
M12 ) 806 cm-1, M23 ) 377 cm-1, and M13 ) -152 cm-1 for
the LH2 complex of Rs. molischianum10 and M12 ) 197-545
cm-1 and M23 ) 158-461 cm-1, with various treatment of the
dielectric screening, for the LH2 complex of Rps. acidophila.8
A recent ab initio calculation gave M12 ) 320 cm-1 and M23 )
255 cm-1 for the LH2 complex of Rps. acidophila.16 For the
LH2 complex of Rb. sphaeroides an analysis of the CD spectrum
yielded M12 ) 300 cm-1 and M23 ) 233 cm-1.12
The B820 subunit is the RβBChl2 building block of LH143-45
and has been shown to be best described as a “disordered dimer”
of BChls, for which the excitonic interaction was estimated to
be 230 cm-1.45-48 We have used two different models for the
B820 subunit. In the first model we suppose that the structure
of this subunit as well as other parameters (exciton coupling,
site inhomogeneity, homogeneous line widths) is the same as
for a dimeric unit within the LH2 antenna. This is not completely
true because this subunit is in fact extracted from the LH1
antenna, and the parameters of the RβBChl2 building block of
LH1 and LH2 may be different. Additional changes may arise
due to extraction of a dimeric subunit from the antenna. That
is why we also considered an alternative model of the B820
subunit for which the main parameters are slightly different from
those of the antenna.
The site inhomogeneity of the antenna was described by a
normal distribution of uncorrelated perturbations to the electronic
energies of the BChl pigments. The width (FWHM) of this
distribution, σ, was varied from 0 to 1000 cm-1. The MonteCarlo calculations of the pump-probe spectra include the
following.
(1) Direct numerical diagonalization of the one- and twoexciton Hamiltonian for 1000-4000 realizations of the diagonal
energies. We used the standard Hamiltonian for a Frenkel
exciton in the Heitler-London approximation.49 The corresponding explicit form of the one- and two-exciton Hamiltonian
for an aggregate of three-level molecules is given in ref 25.
The exciton-phonon interactions were not taken into account.
(2) Calculation of homogeneously broadened spectra from
stick spectra (for each set of diagonal energies). We assumed
Gaussian line shapes with homogeneous line widths (FWHM)
Γ1L, Γ1H, Γ2L, Γ2H, corresponding to transitions from the ground
state to the lowest one-exciton level (Γ1L), from the ground state
to higher one-exciton levels (Γ1H), from the lowest one-exciton
level to two-exciton levels (Γ2L), and from higher one-exciton
levels to two-exciton levels (Γ2H). The Stokes shift of the
stimulated emission is S. The parameters Γ1L, Γ1H, Γ2L, Γ2H,
and S are variables and should be determined from a fit of the
experimental data.
(3) Averaging of the homogeneously broadened spectra over
a random distribution of diagonal energies (convolution of
homogeneous and inhomogeneous line shapes).
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Figure 1. Simultaneous fit of experimental pump-probe spectra for
the B850 band of the LH2 antenna from Rb. sphaeroides (circles) and
for the B820 subunit from Rs. rubrum (pluses) at room temperature.
The delay between the pump and probe is 10 ps. The excitation
wavelength is 830 nm, and the excitation density is 30 nJ. Both spectra
are normalized to the number of absorbed photons. Calculated curves
for N ) 18 and N ) 2 are shown by solid lines. The interaction energies
are M12 ) 400 cm-1, M23 ) 290 cm-1, M13 ) -52 cm-1, and M14 )
14 cm-1. Line widths: Γ1L ) 280 cm-1, Γ1H ) 360 cm-1, Γ2L ) 430
cm-1, Γ2H ) 470 cm-1. The Stokes shift is S ) 130 cm-1, and the site
inhomogeneity is σ ) 450 cm-1.

We have calculated the pump-probe spectra for the whole
B850 ring as well as for an arbitrary part of the ring. In the
latter case we supposed that some fragment containing N
molecules (N < 18) was cut out and extracted from the antenna.
For example N ) 2 corresponds to the dimeric subunit (with
intermolecular distance r12 and interaction energy M12), the N
) 3 fragment contains three molecules (intermolecular distances
are r12 and r23, the interaction energies are M12 and M23). N )
4, 6, and 12 correspond to two, three, and six dimeric subunits,
and N ) 18 corresponds to the whole ring. We have assumed
that the parameters Γ1L, Γ1H, Γ2L, Γ2H, S, σ, χ, and ∆E are the
same for all the fragments, i.e., independent of N.
4. Results
Shape and Amplitude of Difference Absorption Spectrum.
The measured and calculated pump-probe spectra are shown
in Figure 1. Experimental spectra were obtained for the B850
band of the LH2 antenna from Rb. sphaeroides and for the B820
subunit from Rs. rubrum at room temperature. The delay
between pump and probe pulses was 10 ps corresponding to
the steady-state limit (with respect to excitonic and vibrational
relaxation). The LH2 spectrum was corrected for annihilation
effects as discussed in the experimental section and normalized
to the number of absorbed photons per one B850 antenna (N )
18). The B820 spectrum was annihilation free and normalized
to the number of absorbed photons per one subunit (N ) 2).
The calculated data correspond to the simultaneous fit for the
B850 antenna and the B820 subunit; i.e., all parameters of the
B820 subunit (M12, Γ1L, Γ1H, Γ2L, Γ2H, S, σ, χ, and ∆E) are the
same as for the B850 antenna. A best fit was obtained for Γ1L
) 280 cm-1, Γ1H ) 360 cm-1, Γ2L ) 430 cm-1, Γ2H ) 470
cm-1, S ) 130 cm-1, σ ) 450 cm-1, χ ) 0.3, and ∆E ) 0.
Variation of ∆E between 0 and 200 cm-1 does not influence
the shapes of both spectra, but when ∆E becomes comparable
with the interaction energy, M12, it increases the splitting
between the positive and negative peaks of the pump-probe
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Figure 2. Pump-probe spectra calculated for the whole B850 ring
(N ) 18) and for a fragment of the ring containing N molecules (N )
2, 3, 4, 6, 12). The interaction energies, site inhomogeneity, and line
widths for the fragment are the same as for the whole ring (the same
as in Figure 1).

spectrum of the dimeric subunit (without significant changes
in the spectrum of the B850 antenna). The shapes and amplitudes
of the experimental spectra are satisfactorily reproduced with χ
< 0.3, but for larger χ values, this becomes increasingly more
difficult (especially for the dimeric subunit). All other parameters
were determined from the fit with an accuracy of about 5%.
The monomeric transition energy was used as a free parameter
to obtain the true position of the bleaching peak of the LH2
antenna, but once its value was established it was not changed
(as well as the values of the other parameters) when the dimeric
subunit spectrum was calculated. It can be concluded from
Figure 1 that we have obtained a simultaneous and reasonable
fit of both experimental spectra, within the context of the model
outlined above. In this model all parameters are the same for
the two systems, the ringlike B850 antenna and the B820 dimeric
subunit. The only difference is in the boundary conditions. To
model the spectrum of the subunit, we just simply switched off
all the interactions outside one fixed dimer of the antenna. This
is enough to reproduce the changes in the shape of the pumpprobe spectrum and its blue shift together with the 3-fold
decrease in bleaching amplitude. Notice, however, that the
experimental spectra are more asymmetric than the calculated
ones. This asymmetry is most probably due to the presence of
vibrational and/or phonon sidebands, which contribute to the
red wings of the stimulated emission borrowing some part of
the dipole strength from shorter wavelengths.
To study in more detail the relation between the size of the
aggregate and its spectral features, such as the shape, amplitude,
and red shift of the difference absorption, we have calculated
pump-probe spectra for N ) 2, 3, 4, 6, 12, and 18 (Figure 2).
All parameters are the same as those in Figure 1.
In the small aggregate limit (N ) 2, 3, 4) the amplitude of
the bleaching peak increases proportional to N, but for larger N
the rate of this increase becomes much slower (compare the
bleaching values for N ) 6, 12, 18). This is explained by the
following simple argument. Within the framework of the exciton
model discussed above, the shape of the difference absorption
spectrum is determined by the negative component due to
photobleaching (PB) and stimulated emission (SE) of oneexciton states, and by the positive component due to excited
state absorption (ESA) from one-exciton to two-exciton states.
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The most intense ESA lines correspond to transitions from a
few of the lower one-exciton levels to the lowest two-exciton
states and are blue shifted with respect to the PB/SE lines. This
gives rise to the specific sigmoid shape of the spectrum, which
is typical for the circular aggregate and for the open quasi-linear
chain.50,51 In small aggregates the one-exciton and the twoexciton contributions (PB/SE and ESA) are well separated
spectrally; i.e., the splitting between the most intense PB/SE
and ESA lines is larger than the corresponding line widths. In
this case the third-order nonlinear susceptibility increases
proportionally to N2, so that the amplitude of the bleaching peak
normalized to the number of absorbed photons (per one
aggregate) increases proportional to N. An increase in aggregate
size, N, reduces the exciton splitting and increases the overlap
of the PB/SE and ESA components. The nonlinear susceptibility
has two contributions, both of order N2, but due to their overlap
the resulting susceptibility increases proportional to (c1N - c2),
where c1 and c2 are some constants. The normalized amplitude
of the bleaching peak is proportional to (c1 - c2/N). The
crossover size, NC, where the scaling of the nonlinear response
changes from N2 to N is equal to37

NC ) π(2M/Γ)1/2

(1)

where M is the interaction energy and Γ is the line width of the
excitonic transitions. Taking M ) 400 cm-1 and Γ ) 300-400
cm-1, we obtain NC ) 4.44-5.13, i.e., NC ) 5.
The red shift of the lowest exciton level of the quasilinear
aggregate is 2M cos(π/(N + 1)), varying from M to 1.73M in
the small aggregate limit (N e NC), and from 1.8M to 2M for
the larger aggregates (N > NC). This explains the result of Figure
2 where we obtained a linear increase of the difference
absorption amplitude together with increasing of the red shift
for N ) 2, 3, and 4 and a much slower increase of the amplitude
with approximately constant red shift for N ) 6, 12, and 18.
Alternative Choice of Interaction Energies. We also
performed calculations using alternative choices for the interaction energies: M12 ) 300 and 500 cm-1 instead of M12 ) 400
cm-1, used in Figure 1. For both these alterations of M12 we
performed a corresponding scaling of M23, M13, and M14. Taking
these interaction energies, it was possible to reproduce the ratio
of the bleaching amplitudes of the LH2 antenna and the B820
dimeric subunit using approximately the same σ/M12 value, i.e.,
taking σ ) 340 and 550 cm-1 for M12 ) 300 and 500 cm-1,
respectively. But in this case the position of the bleaching peak
of the B820 subunit cannot be explained if we use the same
monomeric energy for B820 as for the LH2 antenna. That is
why the monomeric transition for the dimeric subunit should
be shifted with respect to that of LH2 antenna by 7 nm to the
blue for M12 ) 300 cm-1 and by 10 nm to the red for M12 )
500 cm-1. Furthermore, for both cases the fit to the experimental
spectra is not as good as for σ ) 450 cm-1 and M12 ) 400
cm-1 (data not shown). Variation of the line width values does
not improve these results.
Independent Fit of the Two Difference Spectra. So far in
our fitting of the difference spectra, we supposed that the B820
dimeric subunit has exactly the same structural and spectroscopic
parameters as the BChl dimer in the LH2 antenna. This
assumption allowed us to obtain a reasonable fit of the
experimental data (see Figure 1). This fit may be improved if
we suppose that the parameters of the B820 subunit are
somewhat different from those of the B850 antenna (due to
structural differences of the LH1 and LH2 complexes and/or
due to the extraction procedure). For example, we can better
explain the splitting between the ESA and PB/SE components

Figure 3. Independent fit of pump-probe spectra of the LH2 antenna
and of the B820 subunit. Parameters for the antenna: M12 ) 400 cm-1,
σ ) 450 cm-1, Γ1L ) 240 cm-1, Γ1H ) 340 cm-1, Γ2L ) 400 cm-1,
Γ2H ) 440 cm-1, S ) 130 cm-1. Parameters for the B820 subunit:
M12 ) 300 cm-1, σ ) 600 cm-1, Γ1L ) 280 cm-1, Γ1H ) 360 cm-1,
Γ2L ) 460 cm-1, S ) 130 cm-1. The monomeric transition for the
dimeric subunit was 8 nm red shifted with respect to that of the antenna.
Experimental data: the same as in Figure 1.

of the B820 spectrum if we assume that in B820 the intradimer
interaction energy has decreased slightly. A better fit of the
shape of this spectrum can be obtained if we further suppose
that the site inhomogeneity value has increased.
The result of the independent fit of the pump-probe spectra
of the LH2 antenna and of the B820 subunit is shown in Figure
3. We have used the following parameters for the antenna: M12
) 400 cm-1, σ ) 450 cm-1, Γ1L ) 240 cm-1, Γ1H ) 340 cm-1,
Γ2L ) 400 cm-1, Γ2H ) 440 cm-1, S ) 130 cm-1. The
parameters for the B820 subunit are M12 ) 300 cm-1, σ ) 600
cm-1, Γ1L ) 280 cm-1, Γ1H ) 360 cm-1, Γ2L ) 460 cm-1, and
S ) 130 cm-1. The B820 subunit in this model is characterized
by a decrease in exciton coupling and an increase in the site
inhomogeneity and the homogeneous line widths. The monomeric transition for the dimeric subunit was 8 nm red shifted
with respect to that of the LH2 antenna. This independent fit
of the pump-probe spectra is clearly better than the simultaneous fit of the LH2 antenna and B820 subunit (compare Figures
3 and 1). Using the same parameters, we have also calculated
the linear absorption. The FWHM of the LH2 and B820
absorption spectra are 29.5 and 35.7 nm, respectively. If we
use the parameters from the simultaneous fit (the same as in
Figure 1) we obtain 30.6 and 28.7 nm, respectively. For
comparison, the experimental widths are 29 nm for the B850
band of LH2 of Rb. sphaeroides52 and 38 nm for the B820
subunit from Rs. rubrum at room temperature.53 These values
are closer to the results of our independent fit.
In conclusion, a better fit of the linear absorption and pumpprobe spectra can be obtained if we suppose that after the
extraction procedure the dimeric subunit exhibits some structural
rearrangement, leading to a slight decrease of the pigmentpigment interaction and an increase of the coupling with slow
and/or fast protein motions. The latter gives rise to an increase
in the amount of static and dynamic disorder (inhomogeneous
and homogeneous broadening). The proposed structural rearrangement is further corroborated by a recent Stark spectroscopy
study of the B820 subunit,54 which showed that in contrast to
LH1/2 the Stark signal of the B820 subunit is small, most likely
due to a loss of charge transfer interactions between the two
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BChls in the dimer as compared to the case of LH1/2 (for more
details see discussion in ref 55). Our fitting in fact suggests
that the intradimer interaction energy of B820, M12 ) 300 cm-1,
is approximately the same as the estimated interaction between
two BChls from adjacent dimers of the antenna, M23 ) 290
cm-1. Therefore, we may also suppose that B820 is not a
rearranged dimeric subunit, but just two BChls from neighboring
subunits that have a larger center-to-center distance and
significantly lower overlap of the electron densities.3 This could
then implicate that the large Stark spectrum of LH1 arises from
the “real” RβBChl2 dimer.
Notice that in the earlier studies of the B820 subunit by means
of CD, polarized fluorescence, and singlet minus triplet spectroscopies,45,46,53 the interaction energy within this subunit was
estimated as M ) 230 cm-1 and the site inhomogeneity as 2M
at 77 K and 3M at room temperature, i.e., 460 and 690 cm-1,
respectively, in very reasonable agreement with our results.
Exciton Delocalization Degree. Quantitative information
about the delocalization of the exciton wavefunctions can be
obtained using the participation ratio defined as36
N

Lk )

|ckn|4
∑
n)1

N

|ckn|2 ) 1
∑
n)1

(2)

where ckn is the amplitude of the kth eigenfunction corresponding to the nth site. The inverse participation ratio, (Lk)-1
determines the delocalization length of kth exciton state. The
thermally averaged inverse participation ratio is defined as32

Neff ) 〈Z-1

∑k (Lk)-1 exp(-Ek/kBT)〉
Z)

∑k exp(-Ek/kBT)

(3)

where Ek is the energy of the kth one-exciton state, kB is the
Boltzmann constant, T is temperature, and brackets indicate an
average over realizations of the disorder. The participation ratio
for the states at energy E is described by the function36

L(E) ) 〈

∑k Lkδ(E - Ek)〉/〈∑k δ(E - Ek)〉

(4)

The participation ratios L(λ), where λ is wavelength corresponding to the energy E, are shown in Figure 4 for the B820
subunit and for the B850 antenna. In this calculation we replaced
the δ-function in eq 4 by a Gaussian function with a FWHM
of 3 cm-1. All other parameters are the same as in Figure 1.
For the dimeric subunit the participation ratio is 0.52-0.55.
This is very close to the homogeneous limit, i.e., 0.5, corresponding to complete delocalization over two molecules. The
site inhomogeneity is less than the splitting between two exciton
levels (σ < 2M12) and cannot significantly destroy the zeroorder (homogeneous) exciton wavefunction. If we use the site
inhomogeneity and interaction energy for the dimeric subunit
as in Figure 3 (i.e., σ ) 2M12), the participation ratio will be
slightly higher: 0.56-0.61 (data not shown).
For the B850 antenna the participation ratio is 0.1 in the
middle of the band, is about 0.13 close to the absorption
maximum (850 nm), and increases to above 0.3 in the red wing.
This implies that individual exciton states are highly delocalized
in the middle of the band but are more localized in the red edge.
For the lowest levels (k ) 0, (1, (2) the inverse participation
ratio, (Lk)-1, averaged over disorder is equal to 5.8, 7.0, 8.9,
9.0, and 10.1 (in increasing order of energy). The thermally
averaged inverse participation ratio is Neff ) 7.87 at room

Figure 4. Participation ratio for the dimeric subunit (upper curve) and
for the whole antenna (lower curve) calculated for the same parameters
as in Figure 1.

temperature. This is different from the homogeneous limit when
the inverse participation ratio is 12 for the lowest level and 18
for the higher ones, and Neff ) 13.4 at room temperature. The
difference originates from a mixing of the zero-order wavefunctions induced by the site inhomogeneity. The degree of
mixing is higher than in the dimer because the splitting between
the exciton levels in the LH2 antenna is much less, decreasing
as ∼N-1 in the middle and ∼N-2 near the edges of the band.
We note that the inverse participation ratio corresponds to a
delocalization length for individual exciton states only. However,
in general we are always dealing with some kind of superposition of exciton levels. For zero time delay (immediately after
excitation) such a superposition may exist due to coherent or
noncoherent mixing of states under impulsive excitation of the
antenna. In the steady-state limit (for time delays longer than
exciton relaxation) we will have a superposition of exciton states
that are populated at thermal equilibrium. In the case of the
dimeric subunit, superposition of levels is negligible because
the splitting between the two exciton levels, 2M12, is much larger
than the spectral width of the pump pulse and also much larger
than kBT. In contrast, for the whole antenna we may expect an
exciton wavepacket that is a superposition of several exciton
levels.
Evolution of the initially formed exciton wavepacket in the
antenna (or selectively excited single exciton state) to the steadystate wavepacket can be described by the one-exciton density
matrix in the site representation, Fm,n(t), where n and m are
molecular numbers.25,30,31 The decay of the density matrix
elements in the antidiagonal direction is determined by delocalization length (or coherence length) of the exciton wavepacket.30-32 In the literature there are different definitions for
this length. Meier et al.30 defined the coherent size, NF, as the
participation ratio of the density matrix. Kühn and Sundström25
introduced the coherence function
N

C(n) )

∑ |〈Fm,m+n〉|

(5)

m)1

and defined the coherence length, Ncoh, as the FWHM of the
C(n) distribution. Typically, Ncoh is significantly less than NF,
as can be seen from the density matrix plot obtained by Meier
et al.30 For example, for the B850 band of the LH2 antenna
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interactions.38 Figure 2 shows that we need a fragment of more
than 12 molecules to explain the results of our relative difference
absorption measurements (the difference absorption shapes of
the antenna and the dimeric subunit as well as their relative
amplitudes). So, our technique of relative difference absorption
measurements reveals the spectroscopic subunit size of about
12 molecules. The same size was suggested by modeling of
the CD spectra of the B850 antenna of Rps. acidophila.11,38 In
contrary, a much smaller spectroscopic subunit size was obtained
by modeling the shape of the difference absorption of the B850
antenna of Rb. sphaeroides.18 Pullerits et al.18 demonstrated that
a fragment of the B850 ring containing four molecules
reproduced the experimental pump-probe profile. This is not
in contradiction with our simulation, because we are also able
to explain only the difference absorption shape using a subunit
size of four molecules. Indeed, in Figure 2 we show that the
shape of the difference absorption corresponding to N ) 4 is
not very different from those corresponding to N ) 12 and N
) 18. Some scaling and shifting of the N ) 4 curve allow us
to fit the experimental shape for the B850 antenna, i.e., to
reproduce the result of ref 18. But we also have shown that for
N ) 4 it is impossible to explain the amplitude of the difference
absorption for the antenna. We conclude that the difference
absorption shape gives us only fragmentary information about
exciton dynamics due to lack of information about the amplitude.
The method of relative difference absorption measurements
proposed here reveals a more complete picture, which allows
us to obtain with high precision a variety of delocalization sizes,
such as the effective sizes Neff, Ncoh, and the spectroscopic
subunit size.
5. Discussion

Figure 5. Steady-state coherence function for the LH2 antenna at room
temperature with M12 ) 300, 400, and 500 cm-1. The lower interaction
energy corresponds to a narrower coherence function; see the top frame.
The site inhomogeneity values are σ ) 340, 450, and 550 cm-1,
respectively. The effective coherence length (FWHM) is calculated to
be Ncoh ) 4.4, 5.0, and 5.7 for the three interaction energies,
respectively. Bottom frame: a three-dimensional view of the coherence
function for M12 ) 400 cm-1. The x- and y-coordinates correspond to
the positions of the BChl molecules in the plane of the ring.

Ncoh ) 8, NF ) 15 at 4.2 K and Ncoh ) 5, NF ) 7.9 at 300 K
(see Figures 5c and 7e in ref 30).
The steady-state coherence functions C(n) calculated for the
LH2 antenna with M12 ) 300, 400, and 500 cm-1 are shown in
Figure 5. The corresponding site inhomogeneity values are σ
) 340, 450, and 550 cm-1, respectively. The effective length
of the exciton wavepacket can be estimated as Ncoh ) 4.4, 5.0,
and 5.7. We recall that Kühn et al.25 obtained Ncoh ) 4 in the
steady-state limit for the same antenna complex at room
temperature assuming M12 ) 300 cm-1 and σ ) 700 cm-1
(FWHM).
It should be pointed out that the localization sizes for the
B850 antenna, Neff ) 7.87 and Ncoh ) 5.0, obtained here reflect
an effective size of the exciton wavefunctions and their steadystate superposition. But they do not correspond to any physical
size, i.e., the size of some fragment that can be removed from
the antenna without significant changes of its spectral properties.
For example, if we cut off the fragment containing five
molecules (i.e., corresponding to the coherence size), we will
destroy the coherence between molecules within and outside
this effective coherence area (see Figure 5). Some kind of
spectroscopic techniques may be very sensitive to these nonlocal

We have performed a comparative study of the nonlinear
spectral response of two different molecular aggregates: the
peripheral light-harvesting complex, LH2, of the purple photosynthetic bacterium Rb. sphaeroides containing 18 lightharvesting B850 BChl molecules arranged in a ringlike structure
and the elementary LH1 antenna subunit, B820, containing 2
BChls.
The B820 dimeric subunit is a good example of a small-size
aggregate. Such aggregates have only a few exciton levels (N
one-exciton and N(N - 1)/2 two-exciton levels, where N ) 2,
3, 4). The splitting between the levels is relatively large; i.e.,
larger than the line width, larger than the site inhomogeneity
width, and larger than the room temperature thermal energy,
kBT. As a result the ESA and PB/SE components in the
difference absorption spectrum do not overlap, and the amplitude
of the difference absorption per absorbed photon, ∆A, is
proportional to N. The exciton is almost completely delocalized
over the small aggregate. The inverse participation ratio is close
to the homogeneous limit for the quasi-linear aggregate: Neff
) (2/3)(N + l). This complete delocalization is not significantly
influenced by the site inhomogeneity and does not depend on
temperature (because even at room temperature only the lowest
level is populated). So, in the small aggregate limit we have
∆A ∼ N, Neff = (2/3)(N + 1), and Ncoh = (2/3)(N + 1). In the
case of a dimer (N ) 2) we have Neff = 2 and Ncoh = 2. A
complete delocalization implies that the spectral features of a
small aggregate are determined by the cooperative behavior of
all the molecules, so that the spectroscopic subunit size is also
the same as the physical size of the system, N.
On the other hand, the B850 antenna of the LH2 complex
corresponds to the large aggregate limit (N >> 5). For large
aggregates there are many exciton levels with a relatively small
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splitting between them. The splitting between the most intense
one- and two-exciton transitions is much less than the corresponding line widths. The splitting between the one-exciton
levels is several times smaller than the site inhomogeneity and
the room temperature thermal energy. In this case the ESA and
PB/SE components are strongly overlapping and their combined
contributions give rise to a very slow increase of ∆A with N.
The delocalization of the individual exciton states is significantly
reduced due to site inhomogeneity. Superposition of these states
at room temperature results in the formation of an exciton
wavepacket with a further reduction of the coherence length.
For the large aggregate limit we have ∆A ∼ c1 - c2/N, Neff <
2/ N, and N
3
coh < Neff. For example, for the B850 antenna we
have obtained Neff ≈ N/2 ÷ N/3 and Ncoh ≈ N/4. The size of
spectroscopic subunit is less than the physical size of the
aggregate due to disorder but more than the effective length of
the wavefunctions, Neff. We estimate this size as N/2 ÷ 2/3N.
Notice that the delocalization degree can be obtained from
other techniques that give information about the dipole strength
of the exciton levels. The superradiance measurements of the
LH2 complex of Rb. sphaeroides showed that the emitting
dipole strength of the lowest exciton level of the B850 band is
equal to 2.8 (in the units of the monomeric dipole strength).9
Nonlinear absorption measurements have revealed the giant
absorption cross-section in the B850 band of the same complex.22,23 The corresponding dipole strength was estimated as
16 ( 4 (in the units of the monomeric dipole strength).22
According to our model the B850 absorption band is determined
by 3-5 of the lowest exciton levels (the k ) 0, (1, and (2
levels). The dipole strengths of these levels are 2.41, 6.40, 6.52,
0.95, and 0.68 (in increasing order of energy). In the homogeneous limit we will have 0.03, 8.83, 8.83, 0.0, and 0.0. We
conclude that the calculated dipole strength of the lowest level,
i.e., 2.41, is in good agreement with the experimental value of
2.8 revealed by the superradiance data.9 But the dipole strength
of 16 suggested by Leupold and co-workers22 is difficult to
interpret, because the upper limit for a circular aggregate of 18
BChls (with the in-plane orientation of transition dipoles) is
equal to 9. For the disordered aggregate for our parameter set
this value is 6-7.
In summary, we have obtained a consistent and quantitative
fit of the pump-probe spectra of the dimeric subunit B820 and
the LH2 (B850) antenna of Rb. sphaeroides. We estimate that
the nearest-neighbors interaction energy in the antenna is about
400 cm-1 and the diagonal disorder is about 450 cm-1. These
values correspond to the effective delocalization length of the
wavefunctions Neff ) 7.87 and the coherence length of the roomtemperature wavepacket Ncoh ) 5.0. The amplitude of the
difference absorption reflects a cooperative behavior within at
least 12 BChls. We suggest that the dimeric subunit is
characterized by a decrease of the interaction energy to 300
cm-1 together with an increase of the disorder value to 600
cm-1.
The next step in understanding the origins of the nonlinear
response of photosynthetic antenna requires the consideration
of both static and dynamic disorder (strong exciton-phonon
coupling). Strong coupling may give rise to further reduction
of the disorder-induced localization length due to polaron
formation.32-35 In this case the amplitude of nonlinear response
will be determined by a combined action of the static and
dynamic disorder. To describe the experimental ratio of
amplitudes we most probably will need smaller values of the
static disorder together with non-zero values of the dynamic
disorder. At this moment we restrict ourselves to a more simple
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picture, where the combined action of all localization factors is
modeled by some effective value of the static diagonal disorder.
At this level of approximation we do not study the dynamic
aspects of localization and analyze only the steady-state values.
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