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ABSTRACT Excitation energy transfer in the light-harvesting antenna of Rhodospirillum rubrum was studied at room
temperature using sub-picosecond transient absorption measurements. Upon excitation of Rs. rubrum membranes with a
200 fs, 600 nm laser flash in the Qx transition of the bacteriochlorophyll-a (BChI-a) absorption, the induced transient
absorption changes in the Qy region were monitored. In Rs. rubrum membranes the observed AOD spectrum exhibits ground
state bleaching, excited state absorption and stimulated emission. Fast Qx -+ Qy relaxation occurs in -100-200 fs as

reflected by the building up of stimulated emission. An important observation is that the zero-crossing of the transient
difference absorption (AOD) spectrum exhibits a dynamic redshift from 863 to 875 nm that can be described with by a single
exponential with 325 fs time constant. The shape of the transient difference spectrum observed in a purified subunit of the
core light-harvesting antenna, B820, consisting of only a single interacting pair of BChl-as, is similar to the spectrum observed
in Rs. nrbrum membranes and clearly different from the spectrum of BChl-a in a protein/detergent mixture. In the B820 and
monomeric BChl-a preparations the 100-200 fs Qx -> Qy relaxation is still observed, but the dynamic redshift of the AOD

spectrum is absent. The spectral kinetics observed in the Rs. rubrum membranes are interpreted in terms of the dynamics
of excitation equilibration among the antenna subunits that constitute the inhomogeneously broadened antenna. A simulation
of this process using a set of reasonable physical parameters is consistent with an average hopping time in the core light
harvesting of 220-270 fs, resulting in an average single-site excitation lifetime of 50-70 fs. The observed rate of this
equilibration process is in reasonable agreement with earlier estimations for the hopping time from more indirect measure-
ments. The implications of the findings for the process of excitation trapping by reaction centers will be discussed.

INTRODUCTION

In photosynthesis, solar energy is converted into chemical
free energy in the form of carbohydrates. In the last 15 years
remarkable progress has been made in the understanding of
the physical-chemical processes in photosynthesis. X-ray
crystallography and other techniques have revealed the
structure of several important pigment protein complexes,
such as the bacteriochlorophyll-a (BChl-a) light-harvesting
complex of the green sulphur bacterium Prostecochloris
aestuarii (Matthews, 1979), the reaction center (RC) of the
photosynthetic bacteria Rhodopseudomonas (Rps.) viridis
(Deisenhofer et al., 1984) and Rhodobacter (Rb.) spha-
eroides (Allen et al., 1987) and recently the major light-
harvesting complex (LHC) of plants, LHC-II (Kuhlbrandt et
al., 1994). Very recently, the structure of the peripheral
light-harvesting antenna (LH2) of Rps. acidophila was pub-
lished (McDermott et al., 1995). In all these systems, inter-
acting (bacterio-)chlorophyll molecules are positioned at
center-to-center distances of 0.8-2.0 nm, allowing for fast
excitation energy transfer and, in the case of RCs, fast
electron transfer.
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After the absorption of a photon by a pigment molecule
from an antenna complex, the energy is rapidly transferred
among the various pigments, either located within the same
pigment-protein complex or on neighboring complexes. The
rate at which the energy transfer process occurs depends on
the distance between the antenna pigments involved and
their relative orientation and spectral overlap (Forster,
1965). Earlier estimates based on the analysis of singlet-
singlet annihilation experiments at room temperature in the
light-harvesting antenna of photosynthetic purple bacteria
arrived at hopping times of 0.5-1.0 ps (Den Hollander et al.,
1983; Bakker et al., 1983; Deinum et al., 1989), resulting in
single-site excitation lifetimes of 125-250 fs. Similarly,
Owens et al. (1987) estimated single-step hopping times of
0.2 ps in the light-harvesting core-antenna of photosystem 1
(PS1) based on an analysis of the observed excitation trap-
ping time as a function of the core-antenna size. Later
results from picosecond absorption and fluorescence exper-
iments were consistent with the idea of sub-picosecond
hopping times (see for reviews Holzwarth, 1991; Sundstrom
and Van Grondelle, 1991; and Van Grondelle et al., 1994),
although in many cases slower phases in the equilibration
process were also observed (Sundstrom et al., 1986;
Freiberg et al., 1987; Holzwarth, 1991). Lowering the tem-
perature from ambient to cryogenic temperatures results in
increasingly unidirectional energy transfer from molecules
absorbing at higher energy to molecules absorbing at lower
energy and the appearance of wavelength dependent phases
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in the excitation equilibration kinetics characteristic for
energy transfer in spectrally inhomogeneous systems (e.g.,
Freiberg et al., 1987; Pullerits et al., 1994b; Pullerits and
Freiberg, 1992; Somsen et al., 1994).
The developments in ultrafast laser spectroscopy have

made it possible to study the molecular mechanisms of
photosynthetic excitation and electron transport in the early
time (>50 fs) domain. With laser pulses as short as 100 fs,
energy transfer times from -100 fs to several tens of ps
have been observed experimentally in plant and bacterial
antenna systems. For instance, in the LHC-II of green plants
a time constant of 0.5 ps for Chl-b to Chl-a transfer was
observed (Eads et al., 1989); from fluorescence depolariza-
tion studies a time of -0.2-0.3 ps was estimated for Chl-
a -- Chl-a transfer in LHC-II (Du et al., 1994) and PS1 (Du
et al., 1993), times of 0.3-0.7 ps for energy transfer from
B800 to B850 in the LH2 of a variety of photosynthetic
purple bacteria (Trautman et al., 1990; Hess et al., 1994). In
the latter case the B800 -- B850 energy transfer was found
to be weakly temperature dependent, the rate slowing down
to 2.2-2.4 ps at 4 K. The latter rate was consistent with
hole-burning results for the same system (Van der Laan et
al., 1990; Reddy et al., 1991).
From energy-selective spectroscopic experiments and

hole-burning data, it has been firmly established that the
absorption bands of photosynthetic pigments in a protein
environment are inhomogeneously broadened because of
small variations in the local protein environment (Freiberg
et al., 1987; Reddy et al., 1992a; V6lker, 1989; van Mourik
et al., 1993; Visschers, 1993b). The influence of inhomo-
geneous broadening on the process of excitation energy
transfer in bacterial light-harvesting systems is currently
under theoretical (Jean et al., 1989; Somsen et al., 1994;
Trinkunas and Holzwarth, 1994) and experimental investi-
gation, and for preparations at cryogenic temperatures a
variety of specific effects have been described and ex-
plained in these terms. Examples are the multiexponential
wavelength-dependent fluorescence and absorption decay
(Timpmann and Freiberg, 1991; Van Grondelle et al.,
1987), the increase in fluorescence polarization, and the
shift of the emission maximum upon scanning the excitation
wavelength to the low-energy part of the spectrum (Kramer
et al., 1984; Van Mourik et al., 1992b; Gobets et al., 1994).
The temperature dependence of the quantum yield of trap-
ping as observed by Rijgersberg et al. (1980) may also be
explained using inhomogeneous broadening. However, con-
cerning the effects of inhomogeneous broadening on the
kinetics of excitation energy transfer and trapping at room
temperature, very little is known.

Whereas the structure of the RC of several photosynthetic
purple bacteria has been resolved down to atomic resolution
by x-ray diffraction, the structure of the light-harvesting
antenna can only be deduced from spectroscopic data and
transmission electron microscopy. From these data, it is
indicated that the light-harvesting 1 antenna (LH1) has a
ringlike structure. From spectroscopic data it was concluded

to the membrane plane (Kramer et al., 1984). For Rps.
marina, a diameter of 102 A was found for a ringlike core
light-harvesting antenna (LH1) surrounding the RC (Meck-
enstock et al., 1992). For Rps. viridis, a similar structure was
reported earlier (e.g., Miller, 1982). In a recent study, a
ringlike structure of six a,f3-pairs for Rb. sphaeroides LH1
was suggested. The outer diameter would be 52 A (Boonstra
et al., 1993). It is often suggested that LH1 is structurally
similar to LH2, for which several model structures were
proposed (Pearlstein, 1991; Hunter et al., 1989). Simula-
tions of energy transfer are usually performed on square
lattices of connected subunits. We will discuss the conse-
quences of these assumptions for our simulations in the
Discussion section.

Over the past few years, we have intensively investigated
a purified subunit of the LH1 antenna of photosynthetic
bacteria, B820, consisting of an a,43-heterodimer and bind-
ing a single pair of BChl-a molecules (Miller et al., 1987;
Visschers et al., 1991). The spectral properties of B820
(absorption spectrum and fluorescence upon narrow-band
excitation at cryogenic temperatures) can be accounted for
in terms of a model including excitonic interactions between
the BChl-as and energetic disorder (Van Mourik, 1993;
Visschers et al., 1993b; Koolhaas et al., 1994; Pullerits et
al., 1994a). The 820 nm transition of B820 was shown to be
due to the allowed low-energy transition of the dimer. From
the high steady state emission anisotropy of 0.35 it was
concluded that dimer-to-dimer energy transfer was absent.
It was shown that the B820 BChl-a dimer was the building
block of the LH1 antenna of photosynthetic purple bacteria
(Van Mourik et al., 1992a).
We have studied the early-time excitation energy transfer

processes within the LH1 antenna of the photosynthetic
bacterium Rhodospirillum (Rs.) rubrum. This antenna is
characterized by a single absorption band at 880 nm. It has
been estimated that 24 antenna BChl-a molecules per RC
are present (Aagard and Sistrom, 1972). This size of the
LH1 (core) antenna is generally found to be independent of
growth (light) conditions. The antenna molecules function
as a kind of "lake": 10-20 RCs are connected by energy
transfer within a so-called domain (Den Hollander et al.,
1983). From ps pump-probe and fluorescence measure-
ments, it was found that antenna excitations decay in -50
ps if the RC is in the open state (PIQ) and 200 ps in the
closed state (P+IQ-) (e.g., Sundstr6m and van Grondelle,
1991). With closed RCs also a faster, 30-50 ps component
was found, which was ascribed to transfer processes from
higher to lower energy pigments (Van Grondelle et al.,
1987). From the low value of the observed initial polariza-
tion of the absorption changes it was concluded that a

sub-ps equilibration process preceeded the trapping and
slow equilibration phases (Sundstr6m et al. 1986; Van
Grondelle et al. 1987). Fast kinetics around the isosbestic
point also seem to indicate such fast energy transfer (e.g.,
Van Grondelle et al., 1987). From singlet-singlet (S-S)
annihilation measurements, hopping times of about 0.5-1 ps

that the Qy transition dipole moments are oriented parallel
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1983; Deinum et al., 1989). In contrast, from model simu-
lations (Pullerits and Freiberg, 1992) of the fluorescence
and absorption kinetics observed in Rs. rubrum for temper-
atures from 4 to 300 K, a much slower hopping time of
about -60 ps was estimated. From more recent modeling of
both fluorescence and transient absorption data taken at 77
K, a hopping time of --15 ps was estimated (Pullerits et al.,
1994b). In these models the transfer of excitation energy
from LH1 to the special pair P of the RC was assumed to be
slow. This was recently confirmed by direct time-resolved
measurements on RC-LH1 systems of Rb. sphaeroides in
which the rate of charge separation was selectively modified
(Beekman et al., 1994). Another time-resolved study (Timp-
mann et al., 1993), in which the back-transfer from the RC
to the antenna was measured, came to the same conclusion.

In this work, a comparison of the sub-ps time-resolved
spectra of membranes of Rs. rubrum with isolated dimeric
antenna subunits (B820) and monomeric BChl-a in a pro-
tein-detergent mixture is made. We conclude that the dom-
inant phase in spectral equilibration at room temperature
occurs in about 300 fs, and is due to energy transfer within
the inhomogeneously broadened LH1 antenna. Additional
slower components, as observed in a variety of other pho-
tosynthetic systems, cannot be detected. To analyze our
data, we employ a simple theoretical model, using Forster
energy transfer in an inhomogeneously broadened LH1
antenna. On the basis of this model, we argue that sub-100
fs phases in the equilibration, which are beyond the time
resolution of our experiment, are expected to be substan-
tially smaller than the 300 fs phase that was detected. We
will discuss the implications of our observations for exci-
tation energy transfer within the LH1 antenna and for trans-
fer from the antenna to the RC.

MATERIALS AND METHODS

Rs. rubrum cells were grown and chromatophores isolated from these as
described, e.g., in Visschers et al. (1993a). B820 particles were prepared
from the carotenoid-less mutant of Rs. rubrum G9 as described in Miller et
al. (1987). To obtain BChl-a in protein detergent, an additional amount of
n-octyl-f3-D-glucopyranoside (OG) was added to the B820, so that the total
amount of OG corresponds to 2% w/v. At these detergent concentrations,
one obtains an absorption band at 777 nm, corresponding to absorption of
monomeric BChl-a, as described in Visschers et al. (1991). In all cases, the
concentration of the sample was chosen so that in the spinning cell with
1.7 mm path length, the optical density (OD) was 1.2 at the peak of
the absorption in the Qy band corresponding to an OD of about 0.1 at the
excitation wavelength in the Q. absorption band. The low OD at the ex-
citation wavelength assures that front and back regions of the sample
receive almost the same excitation density.

Sub-ps spectral changes were measured by using a sub-ps spectropho-
tometer similar to the one described by, e.g., Taguchi et al. (1992). A
sync-pumped double dye-jet laser (model 774 from Coherent, Palo Alto,
CA) provides pulses of 320 fs full width at half maximum (FWHM)
autocorrelation, corresponding to a 200 fs pulse duration assuming a
squared hyperbolic secant auto correlation. These pulses were amplified in
a three-stage dye amplifier pumped at 30 Hz by a regenerative amplifier
(RGA from Continuum). Pulses could be tuned from 595 to 610 nm, using
rhodamine 6g (R6G) 3,3'-diethyloxacarbo cyanine iodide (DODCI) as gain
and absorber media, respectively, in the dye laser, and sulforhodamine

means of continuum generation, was split in a reference and a probe beam
that were imaged by means of an imaging monochromator on two separate
diode arrays (512 pixels each) that were read out single shot at 30 Hz. In
the probe beam, group velocity dispersion is compensated by means of two
SF10 prisms placed at 38 cm distance. Pump and probe were overlapped in
the sample. The pump beam was polarized at magic angle (57.40) with
respect to the probe beam in all measurements. Samples were contained in
a spinning cell (so that sample flow speed was 10 m/s) and placed slightly
before the focus of the pump beam. Here the diameter of the pump spot was
-2 mm, and the probe and reference spot had -1 mm diameters. The
energy of the pump pulse at the sample was maximally 7 ,uJ, and was
reduced by means of neutral density filters to 1 pJ typically. In some
experiments on the B820 preparation, 600 nm laser pulses for excitation of
the sample were obtained using a 5 nm FWHM, 1 mm thin interference
filter to select a part of a continuum. This light was subsequently amplified
to a few pJ energy. The instrument response for all detection wavelengths
simultaneously was obtained by measuring the induced birefringence in
CS2 (Greene and Farrow, 1983; see also Fleming, 1986). After proper
group velocity dispersion compensation, this signal rose from 10 to 90% in
400 fs typically at all wavelengths. The signal at the central detection
wavelength reached its maximum less than 100 fs earlier than the outer
wavelengths, 65 nm from the center wavelength. During data collection,
780 laser shots were averaged per time point. A scan of some 20 time
points was made, from early to late times. Typically, five of these scans
were taken and averaged. It was checked that the baseline (signal before
t = 0) had not changed after the scan, and that the signal in the next scan
had not changed within signal to noise. Absorption spectra of the sample
were taken before and after the measurement, and were found to be
identical.

RESULTS

In the experiments reported in this paper, membranes of Rs.
rubrum, B820-complexes and BChl-a in detergent were
excited in the Qx region and the induced absorption/stimu-
lated emission (AOD) of each sample was measured at
specified time intervals after excitation. Fig. 1 shows the
AOD spectra at various delay times in the wavelength
region from 820 to 945 nm, obtained after excitation of Rs.
rubrum membranes with a 1.2 ,J laser flash at 600 nm. The
inset shows the absorption spectrum of the sample with an
indication of the excitation and detection wavelengths. The
excitation corresponds to -1 excited dimeric subunit per 12
subunits if one assumes ground state bleaching and stimu-
lated emission to contribute to the signal to the same
amount. We define time t = 0 to coincide with the moment
of measurement of the AOD spectrum indicated as spectrum
1. From the time evolution shown in Fig. 1, it is clear that
the AOD grows in in about 400 fs (10 -* 90% signal). The
minimum in the AOD spectrum near 893 nm corresponds to
a bleaching of the major Qy transition of LH1. The observed
response time is in agreement with the rise time of the
transmission changes observed in CS2 due to induced bi-
refringence. Apart from the in-growth several important
aspects of the AOD spectra shown in Fig. 1 should be noted.
In the first place we point to the fact that in the very early
time the AOD spectrum (Fig. 1, spectrum 3, measured after
333 fs) shows induced absorption in the wavelength region
above A = 920 nm. At later times the sign of the signal in
this wavelength region has reversed and the AOD spectrum
is characteristic for stimulated emission. The width
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FIGURE 1 Observed difference spectra with different time delays be-
tween the 600 nm excitation and the probe pulse. (Spectra 1-4) 0, 166,
333, and 500 fs. (Spectrum 5) 1.0 ps. (Spectrum 6) 2.0 ps. The inset shows
the absorption spectrum of the sample from 550 to 950 nm; the horizontal
bar indicates the detection range of the measurements. Between 2 and 10
ps, the signal decayed because of S-S annihilation. In this time interval, the
observed difference spectra did not show any further changes in shape or
position (data not shown).

(FWHM) of the AOD spectrum increases from 20.7 nm in
number (no.) 2, 25.0 nm in no. 3, 30.0 nm in no. 4, to 30.2
nm in no. 5 and later spectra. This buildup of stimulated
emission reflects the Q. -> Qy relaxation, and we estimate
a time constant for this process of 100-200 fs, consistent
with estimates in other related systems (Du et al., 1992).
(We will come back to this point below). A second and
important feature of the set of spectra shown in Fig. 1 is that
the AOD spectrum shifts as a function of time; the isosbestic
point of spectrum 2 is at 863 nm and moves to 875 nm in
spectrum 6, taken 1.8 ps later. The total shift amounts to 12
nm or 150 cm-'. This shifting of the isosbestic point is a
direct manifestation of spectral equilibration in the light-
harvesting system, and below we will demonstrate that this
phenomenon is due to ultrafast excitation-energy transfer.
Finally, after the buildup of the bleaching, a distinct decay
of the AOD spectrum with increasing delay time is observed
which must be ascribed to bi-excitation annihilation, since it
showed an excitation-energy dependent decay rate, in agree-
ment with S-S annihilation theory (Den Hollander et al.,
1983; Paillotin et al., 1979).
The bimodal shape of the spectra deserves some com-

ments. Similar bimodal difference spectra have been re-
ported upon excitation of a variety of photosynthetic sys-
tems (Nuijs et al., 1985; Lin et al., 1992). These difference
spectra are very characteristic for aggregates of interacting
pigments (see also Van Mourik et al., 1993). The spectra
observed for t > 0.5 ps are in fact rather similar to those

reported in the earlier work of Nuijs et al. (1985) on the
same photosynthetic system. In this work, membranes were
excited at 532 nm (in the carotenoid absorption band) using
35 ps pulses. Because of energy transfer from carotenoid to
BChl-a with an estimated efficiency of 30%, the difference
spectra in the 760-950 nm region are similar to the differ-
ence spectra in Fig. 1. These authors find the isosbestic
point at 857 nm for a maximum bleaching (-AOD) of 0.25
and at 868 nm for a maximum bleaching of 0.05 in the "t =
0" spectra. The low-intensity result agrees reasonably well
with the results with higher time resolution reported here.
The spectra in Fig. 1 are part of a set extending from 0 to 10
ps. Spectra between 2 and 10 ps were found identical in
shape and position, but the strength decreased rapidly due to
S-S annihilation.

In Fig. 2, the shift of the zero-crossing of the spectra
presented in Fig. 1 is shown as a function of delay time (Fig.
2, open squares). Also a few points obtained from spectra
recorded with a 4X lower bleaching signal have been added
(Fig. 2, open circles). The data points are fitted to a single
exponential with 325 fs time constant, and we conclude that
these 325 fs kinetics describe the time dependence of the
isosbestic point reasonably well. In addition, the shift kinet-
ics are independent of the excitation density (within the
applied range of energies). The low excitation density data-
set (not shown) extended up to 30 ps; between 2 and 30 ps
the spectra did not exhibit any further shifting or changing
shape.
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FIGURE 2 The shift of the isosbestic point (in cm-') as a function of
time, fitted with a single exponential with 325 fs time constant. Datapoints
from a set including Fig. 1 (l) and from a set measured with 4 times lower
excitation density (0).
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Fig. 3 shows the results of a similar set of experiments on
the B820 complex, the isolated antenna subunit of LH1 of
Rs. rubrum. Again, the signal grows in with the instrument
response, which was -500 fs FWHM in this experiment
but, in contrast to the results shown in Fig. 1, no significant
shift of the zero-crossing point in the AOD spectra is ob-
served. From the complete dataset from which the spectra in
Fig. 3 are taken, we estimate that a maximal shift of 3 nm
could be hidden in the noise on the data. Two conclusions
can be drawn from these results. 1) The shift kinetics
observed in LH1 do not reflect relaxation of the excited
BChl-a dimer within the protein surroundings, since that
process should also occur in B820. 2) Since the 820 nm
band of B820 is due to the lower exciton component of a
dimer of BChl-a, and coupling between dimers is absent
(Visschers et. al, 1993b), the 325 fs zero-crossing shift
observed for Rs. rubrum membranes must reflect the exci-
tation energy transfer dynamics. In a separate experiment
(not shown) we checked that the amplitude of the B820
AOD spectrum did not change during the first 40 ps after
excitation, consistent with the 0.72 ns excited state lifetime
determined in a time-correlated single photon-counting ex-
periment (Chang et al., 1990), and confirming the absence
of energy transfer and bi-excitation annihilation in B820
(Van Mourik et al., 1991). It should be noted that the B820
excited state difference spectrum is again bimodal and very
similar in shape to the signal obtained from intact Rs.
rubrum membranes. Because of the absence of excitation
energy transfer and bi-excitation annihilation in B820, it is
likely that the observed broadening of the B820 difference
spectrum after 600 nm excitation arises from QX ' Qy
relaxation. We analyzed the B820 difference spectra during

FIGURE 3 Difference spectra obtained upon 600 nm Q.
excitation of B820 antenna subunits at 600 nm. Shown is the
in-growth of the signal. Spectra were taken at t = -300,
100, 233, 267, 500, 633, and 767 fs; and 7.4 ps (. ),
respectively. Compared with Fig. 1, it is striking that the
isosbestic point hardly shifts as a function of time. As in Fig.
1, the inset shows the absorption spectrum of the sample,
with indication of the Q. and Qy absorption bands, as well as
the region of the detection wavelengths (horizontal bar).
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the first ps after Q. excitation using global analysis (see,
e.g., Van Stokkum et al., 1994). For this analysis, a dataset
obtained using slightly shorter excitation pulses than in the
dataset of Fig. 3 was used. The data were fitted to a scheme
in which every excitation creates a difference spectrum due
to the Q. excited state, which decays with a time constant ic
into a difference spectrum due the Qy excited state. The
results of this scheme were convoluted with a Gaussian
instrument response with rinstr FWHM width. Free param-
eters here were Tic, the QX and Qy excited state difference
spectra and the width of the instrument response rinstr. The
best fit was found for Tic = 160 fs, QX and Qy excited state
difference spectra as shown by the solid lines in Fig. 4, a
and b, respectively, and rinstr = 230 fs. The root-mean-
square (rms) value of the residuals of this fit was equal to
1.6% of the maximum bleaching signal. The QX and Qy
excited state difference spectra were decomposed into
ground state bleaching, excited state absorption, and stim-
ulated emission as follows. Both spectra contain the same
amount of ground state bleaching, which was assumed to
have the shape of the ground state absorption spectrum,
since excitation was nonselective. The QX excited state was
not expected to have any stimulated emission in the wave-
length region of detection. The stimulated emission from
the Qy excited state was modeled by the room-temperature
emission spectrum of B820 measured with 600 nm broad-
band excitation. Assuming no further (sub-) ps dynamics,
we put the strength of the stimulated emission in the Qy
excited state difference spectrum equal to the ground state
bleaching contribution. The QX and Qy excited state absorp-
tion spectra were modeled as the sum of two skewed Gaus-
sians (see, e.g., Sevilla et al., 1989). This results in an
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Visser et al. 1 087



Volume 69 September 1995

a

b

C

-- 2 L IV V v v

_____,,- - -, '760 900

1~~ \$

760 795 830 865 900

a) M(nm)

t_QY,a2 cn Olrx/E~~~~~~~~~~~~~~~aAA AA J
,,, ' "\ t 0 IIVVVV

-' -s _ '760 900

760 795 830 865 900

b) M(nm)

FIGURE 4 Difference spectra obtained from a global analysis of the
B820 difference spectra during the first ps after Q. excitation. A
sequential model, in which the Qx excited state decays with time
constant Tic into the Qy excited state, was fitted to the data. For the Q.
excited state, this resulted in a difference spectrum as in a. This
spectrum is decomposed into ground state bleaching (fitted with the
ground state absorption spectrum) and excited state absorption as

shown. The Qy excited state gives rise to a difference spectrum with the
same amount of ground state bleaching. In addition, we put the strength
of the stimulated emission equal to the ground state bleaching. The
stimulated emission was modeled by the steady state fluorescence
spectrum, measured with broadband excitation at 600 nm. This then
results in a decomposition, as in b. The ground state bleaching contri-
bution is indicated by 1, the excited state absorption spectrum by 2, and
the stimulated emission by 3. From the fit, a time constant Tic of 160 fs
is found for the Q. -x Qy relaxation. (c) shows the populations of the

Q. and Qy excited states as a function of time in the fit of the sequential
scheme to the transient absorption data. The instrument response as

estimated from the fit is indicated with the dotted line. See text for
details.

optimal decomposition as shown. It is evident that the Qy
excited state absorption spectrum is significantly stronger
than the Qx excited state absorption spectrum. The strength
of the Qy excited state absorption spectrum is almost equal
to the ground state absorption, but peaks at a shorter wave-
length, 813 nm. Residuals for the Qx and Qy difference
spectra are shown in Fig. 4 (insets, a and b). These residuals
are the difference between the difference spectrum obtained
from the global analysis and the decomposition. For the Qx
spectrum, the rms value of these residuals is 8.6 X 10-3; for
the Qy spectrum it is 1.2 X 10-2. These can be compared
with the strength of the ground state contribution with a
minimum of -1 in both spectra.

Fig. 4 c shows the populations of the Qx and Qy excited
states as a function of time in the fit of the sequential
scheme to the transient absorption data.

Fig. 5, a-c, compares the AOD spectra measured at 0.8
ps (after the in-growth of the signal) of B777, (the dissoci-
ated B820 complex, Fig. 5 a), the purified B820 complex of
Rs. rubrum (Fig. 5 b) and of membranes of Rs. rubrum (Fig.
5 c). For comparison, the steady state absorption spectra of
the preparations in the same wavelength region are shown
as well. It is clear that the AOD spectrum of the B777
monomer, when decomposed in ground state bleaching and
stimulated emission, has a rather flat and weak excited state
absorption spectrum, unlike B820 and the intact mem-
branes. Such a flat and weak (compared with the SO S-
ground state absorption) excited state spectrum was ex-
tracted from sub-ps pump-probe spectroscopy data on
BChl-a in organic solvents (Becker et al., 1991) as well. The
AOD spectra of B820 and the membranes both exhibit
strong excited state absorption on the high energy side of
the original absorption band. This is characteristic for an
excited dimer (or larger aggregate) of interacting BChl-a
molecules, in which most of the ground state absorption is
concentrated in the lowest energy exciton state, because of
a "head-to-tail orientation" (dipole moments on one line) of
the Qy transition dipole moments (Van Mourik et al., 1991).
Note that the "777" monomeric BChl-a spectra are substan-
tially wider than the B820 and LH1 spectra, as is expected
from the excitonic nature of B820 of LH1. The widths
(FWHM) of the absorption spectra at room temperature are
1244, 565 and 516 cm-' for the 777, B820 and LH1
antenna preparations respectively. Part of this difference
could arise from exchange narrowing in B820 and LH1
(Knapp, 1984).

DISCUSSION

In this work we show that in membranes of Rs. rubrum a
dynamic process is observed, the shifting of the zero-cross-
ing point with a major kinetic component of 325 fs. This
phenomenon is characteristic for spectral equilibration due
to rapid excitation energy transfer in a spectrally inhomo-
geneous system. The major experimental reason for ascrib-
ing this phenomenon to excitation energy transfer is that it
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FIGURE 5 Difference spectra (-) shortly after the in-growth of the signal (t = 800 fs) for three preparations. (a) Monomeric BChl-a in protein
detergent obtained by dissociating B820 dimeric subunits by means of a 2% w/v OG concentration. (b) B820 dimeric subunits. (c) Rs. rubrum membranes.
In all cases, the absorption spectrum of the preparation in the same wavelength region is shown as well (- - -).

is not observed in the B820 subunit of LH1, which is a
protein-bound BChl-a dimer. Within the experimental lim-
its, the excitation equilibration dynamics, as reflected by the
shift kinetics, are independent of the excitation density and
are not affected by bi-excitonic annihilation kinetics. This
conclusion is further supported by experiments performed
by Xiao et al. (1994), who observed a similar dynamic shift
in the transient absorption spectrum in an LH1-RC mutant
of Rb. capsulatus with relatively low excitation density (a
maximum bleaching of 0.04). Below we will first discuss
the other dynamic process observed in this work, the Q. -*
QY relaxation and the spectral changes associated with this
process. Then we will summarize our conclusions concern-
ing the excitation equilibration dynamics, and show that a
simulation of the excitation energy transfer process based
on reasonable physical parameters is consistent with the
obtained results. Finally we will compare our results with
experiments in other photosynthetic systems.

Spectral changes due to Q0 -* QOy relaxation

The analysis in Fig. 4 indicates that Q. -* Qy relaxation is
visible in our data as a changing of shape of the difference
spectrum of B820 during the first ps after Qx excitation.
Upon comparing the difference spectra due to the Q. and Qy
excited state, it appears that the Qy spectrum is more in-
tense. This can reasonably well be attributed to stimulated
emission, as is obvious from the decomposition. Both states
appear to have a peak in the excited state absorption spec-
trum at the blue side of the B820 ground state absorption
spectrum, at 814 and 813 nm, respectively. The Qy excited
state absorption spectrum has almost the same strength
(amplitude of 0.99) as the ground state absorption and
agrees well with the spectrum expected for a BChl-a dimer
with .90% of the dipole strength in the low-energy exciton
band (calculation not shown). It should be mentioned that,
because of the small Stokes' shift, the decomposition of the
kinetic spectra into ground state bleaching, excited state

absorption, and stimulated emission is not unique, unless
the additional assumption is made that stimulated emission
and ground state bleaching contribute equally to the Qy
excited state difference spectrum. This assumption, how-
ever, does not influence the value of Tic, since the decom-
position was done after the sequential model was fitted to
the data. Since the value for the instrument response esti-
mated from the global analysis is somewhat short (230 fs),
we also performed a fit with larger (fixed) values for the
instrument response. Fixing Finstr at 286 fs resulted in a fit
with 3% larger rms error; however, the estimated time
constant Tic then was 87 fs. The difference spectra due to the
Qx and Qy excited state were influenced to a minor extent.
We therefore conclude that the difference spectra as in Fig.
4, a and b represent the difference spectra due the to Qx and
QY excited state reasonably well, but that we can only
approximate the time constant for Qx Q- relaxation to be
close to 100-200 fs. This approximated time constant is in
reasonable agreement with the number suggested for the
Qx -Qy relaxation within the special pair in isolated RCs
(Du et al., 1992). We note that this relaxation time between
electronic states is quite similar to that observed for other,
non-protein bound chromophores (Shreve et al., 1991). The
early-time spectral changes (specifically: the broadening of
the bleaching spectrum) observed in membranes of Rs.
rubrum show that the Qx -> Qy relaxation process is also
present. Although the fast shifting of the isosbestic point
does not allow an accurate estimate of the associated time
constant, we estimate it to be similar.

The dynamic redshift

We ascribe the rapid shifting toward lower energy of the
transient AOD spectra in membranes of Rs. rubrum to fast
energy transfer within the inhomogeneously broadened LH1,
during which the excitation density equilibrates over all the
spectral forms within the inhomogeneous distribution. The
similarity of the AOD spectra of B820 and those of the intact
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membrane of Rs. rubrum is striking (apart from the -63 nm
difference in position), and we consider this as one more
reason to view the Rs. rubrum LH1 antenna as an aggregate of
weakly interacting dimeric subunits. In this view, each dimer
within the LH1 antenna occurs at a somewhat different energy,
most likely because of small variations in the local protein
surroundings of the constituting dimers (Van Mourik et al.,
1993; Koolhaas et al., 1994; Pullerits et al., 1994a). The dis-
tribution of energies of the subunits is given by the so-called
"inhomogeneous distribution function" (IDF). The absorption
spectrum is given by a convolution of this IDF with the
homogeneous absorption spectrum, i.e., the absorption spec-
trum associated with a single subunit. Rapid excitation energy
transfer between subunits within the IDF, leading to a Boltz-
mann distribution over the subunits within the IDF ("thermal-
ization"), is expected upon excitation to a non-equilibrium
state of the LH1 antenna.
One can calculate the "excitation energy distribution,"

which gives the percentage of the excitations to be found at
each energy, as a function of time. Immediately after homo-
geneous (i.e., nonselective) excitation it is equal to the IDF.
After equilibration the population of the low-energy dimers has
increased at the expense of the high-energy subunits and the
product of the Bolzman factor e-EIT with the IDF gives the
new distribution, which is shifted to lower energy. If each
dimer would have an infinitely narrow absorption band, the
transient bleaching would simply be equal to the distribution of
the excited state energies, at all times. However, this is not the
case; the relation is complicated by the presence of stimulated
emission and excited state absorption. But, if we assume that
all dynamics except for the equilibration are independent of the
spectral shift of the dimer, each individual excited state will
give rise to a AOD spectrum with the same shape but shifted
depending on the energy the dimer occupies in the IDF. In that
case the observed AOD spectrum is simply a convolution of
this individual spectrum with the distribution of excited state
energies. Furthermore, if this spectrum is sufficiently linear
around the isosbestic point, the transient shift of the isosbestic
point is equal to the shift of the average of this distribution.
The 325 fs time constant for the shifting of the AOD

spectra in Fig. 1 is close to the instrument response. We
performed simulations in which a monoexponentially shift-
ing difference spectrum was convoluted with a Gaussian
instrument response. It was shown that because of a 300 fs
(FWHM) instrument response, 10-15% of a shift with 300
fs time constant can be washed out. For faster time con-
stants, this number is larger. The observed 12 nm shift is
therefore a lower limit, but it is accurate to 10-15% if no
<100 fs time constants are present in the equilibration.

Dynamical simulations of energy transfer in
inhomogeneous lattices to describe
energy equilibration

The main parameters governing the excitation transfer dy-
namics within the LH1 antenna are the number (N) of

connected subunits, the number of neighbors of each site
(= the coordination number z), and their relative orienta-
tions and distances. The other parameters are the amount of
energy disorder, reflected in the inhomogeneous bandwidth
]IDF, the absorption and emission of a single subunit, re-
flected in the width of a Gaussian absorption band, rhom, the
Stokes' shift S, and the temperature T. The magnitude of the
transient shift of the excitation energy distribution depends
only on three of the parameters mentioned above: N, rIDF,
and kBT. Therefore we investigate this first. In the following
we assume that the homogeneous spectra are time-indepen-
dent. This is justified by the B820 experiment, which shows
that any time dependence in the transient absorption spec-
trum is small.

If initially all subunits have an equal chance to be excited,
then, after several energy transfer steps, the low-energy
subunits will have a higher probability of being excited than
do high-energy subunits. This probability is given by the
Boltzmann distribution. The process of equilibration thus
gives rise to a shift toward lower energy of the observed
bleaching and stimulated emission spectra. We can quantify
these considerations using the following assumptions. 1)
The number of subunits in a domain is large in the sense that
the inhomogeneous distribution observed in the absorption
spectrum is also observed in every single domain. 2) Be-
cause of nonselective excitation, the initial spectrum con-
sists of a bleaching of the whole IDF band. 3) The final state
in every domain is described by a Boltzmann distribution
over the subunits within the IDF. 4) The IDF can be de-
scribed by a Gaussian. Then, the initial AOD spectrum is
given by a convolution of the IDF and the "homogeneous
AOD spectrum" (i.e., the difference spectrum associated
with a single subunit in the Qy excited state). The equili-
brated spectrum is obtained simply by multiplying the IDF
with the Boltzmann distribution factor e-EkBT, resulting in a
shifted IDF, which is again Gaussian with width FIDF, but
shifted toward lower energy by the amount in Eq. 1. Upon
convoluting this shifted IDF with the homogeneous AOD
spectrum, one obtains an equilibrated difference spectrum,
corresponding to the spectrum measured after a few ps,
which is shifted to lower energy by the same amount:

shift = IDF hFWF81n 2 kBT (1)

Here, h is the Plank constant and kB is the Boltzmann
constant. We will define F values as FWHMs and (for
Gaussians) o, values as rms widths. So F = 2 n o. In
Eq. 1, the unit for FIDF is cm 1, which we will convert to a
width in nm. To explain the observed 12 nm shift would
require a fIDF of 32 nm according to this formula. Recently,
the homogeneous line shape of the B820 antenna subunit
was investigated (Pullerits et al., 1994a). To explain energy-
selective fluorescence measurements, a wide (24 nm at 4 K,
27 nm FWHM at 295 K) homogeneous spectrum had to be
assumed. Applying this value to the antenna, one calculates
a width rIDF of 30 nm FWHM to match the 40 nm FWHM
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of the absorption spectrum. So our description yields rea-
sonable results when realistic linewidths are inserted at
room temperature. Note that Eq. 1 cannot be used for
cryogenic temperatures: for T ->0, the shift goes to infinity.

The reason for this is that at low temperatures, excitations
can be locally trapped, and a Boltzman equilibrium over a
large domain cannot be reached, which was the first as-

sumption in deriving Eq. 1.
If the number (N) of connected subunits is not so large,

the equilibration may not be complete, and as a consequence
the total shift of the distribution of the excitation energies
will be less than predicted by Eq. 1. An obvious example of
this is B820, where all subunits are disconnected (N = 1)
and no equilibration is possible. For larger domains, one can

take N subunits from an inhomogeneous distribution, im-
pose a Bolzman distribution over these subunits, and calcu-
late the average energy with respect to the center of the IDF.
Fig. 6 shows the results of such an approach as a function of
N for rIDF = 22, 33 and 40 nm. As expected, the shift is
larger for larger values of rIDF. It can be seen that the shift
converges to the value obtained in Eq. 1 for infinitely large
systems, and that this limit is almost reached when N = 25.
From previous experiments it was concluded that 500-

1000 antenna subunits are connected by means of excitation
energy transfer (Den Hollander et al., 1983; Bakker et al.,
1983; Deinum et al., 1989). To reach the lowest subunit in
such a large domain would therefore take >30 hops on the
average, and on first sight one would expect that the shift of
the difference spectrum would continue on longer time
scales. As mentioned, from t = 2 to t = 50 ps we do not
observe any further shift. However, as we can see from the
results of Fig. 6, thermal equilibration over only 25 subunits
already results in a distribution close to the thermal distri-

FIGURE 6 Equilibration shift of the average of the excitation energy

distribution for systems with a finite number of subunits (N) for rIDF = 22,
33, and 40 nm (K = 1.4, 0.7, and 0 respectively). Calculations were done
for T = 300 K, which corresponds to kBT = 16 nm in the LH1 absorption
band (at 880 nm). It is obvious that the thermal distribution over 25
subunits closely resembles the thermal distribution over an infinitely large
number of connected subunit (---- ) for fIDF = 33 nm. As expected: for
larger inhomogenous widths (larger FIDF), a larger number of subunits in
a system is needed to make the thermal distribution over the system similar
to the distribution in an infinite system.

bution in an infinite system for a reasonable value of ]IDF.
Therefore, even though maybe as many as 500-1000 sub-
units are connected by energy transfer the spectral equili-
bration can be nearly complete in less than 10 times the
average hoptime. The simulations in the next section will
support this consideration.

Finding a reasonable set of parameters

To investigate the kinetics of the observed shifting of the
transient spectra in the membranes and its dependence on
various parameters, we simulated the energy transfer pro-
cess between subunits placed in a two-dimensional (2D)
square lattice. A 2D structure best describes the photosyn-
thetic membrane of purple bacteria. We will discuss other
(than square) 2D lattices in the next section. As before, the
homogeneous absorption and fluorescence bands were sup-
posed to be Gaussian with identical width ]hom and a
relative shift S; the energies were normally distributed with
a width of FIDF. Thus, the absorption spectrum, being the
convolution of the homogenous absorption spectrum and
the IDF, is also Gaussian, with width Itot. It is easily seen

that r2om + r2DF = F2 t. As was mentioned, one mea-

sures FtOt = 40 nm for LH1 at room temperature. The rate
of energy transfer from a site with energy level E1 to a

neighboring site with energy level E2, W(E1 - E2), was

calculated from F6rster's overlap of the absorption band of
the accepting site with the fluorescence of the donor:

W(E1-E2) = 1 expj - 4'El IE2 ]
TO 4 0hom

(2)

Here, To is a time scaling factor equal to the transfer rate
with optimal spectral overlap. In the simulations, also trans-
fer between subunits more than a single lattice distance
apart was taken into account. Since Forster energy transfer
shows a 1IR?6 dependence, we found that for our simulations
on LH1 at room temperature, energy transfer between near-

est neighbors dominates the process. Eq. 2 has to obey
detailed balance:

W(E1- E2) (El-E2
W(E2- E1) exp kBT

for all values of E1 - E2. This is possible only if:

Ohom = SkBT

(3)

(4)
This means that one cannot choose all spectral parameters
independently. We use chom as an independent parameter
and use Eq. 4 to calculate S. This opens the possibility for
an independent check of our results. We use a 5 X 5 square
lattice with periodic boundary conditions, mainly because
we have seen from the above calculations that the size of the
equilibration shift hardly changes for larger systems (Fig.
6). The energy of each subunit is chosen randomly accord-
ing to the IDF. The transfer rates are calculated according to
Eq. 1, the subunits are excited homogeneously, and the
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development of the population of each subunit as a function
of time is calculated numerically. From this, the average of
the excitation energy distribution is evaluated as a function
of time, and this is then further averaged over a number of
systems (typically 104) until the standard deviation is <1%.
To obtain time constants, the shift was then fitted with a

one- or two-exponential decay:

1,2

(E)(t)-> Aie-vr- AO (5)
i=l1

Simulations were performed for several values of ]hom.
Since the total bandwidth is a constant, it is useful to define
K = Fhom/TIDF. Large values of K, e.g., K> 2, indicate that
the absorption spectrum is mainly determined by the homo-
geneous bandwidth. In this case the transfer time between
any two neighboring subunits is almost equal to To. On the
other hand, small values, e.g., K < 1/2, indicate that inho-
mogeneous broadening determines the observed absorption
profile. Since the energy transfer rate is very sensitive for
the energy gap between two neighboring subunits, a wide
range of subunit-subunit transfer rates occurs in that case.

This slows down the equilibration. However, the approxi-
mation of the homogeneous spectra with simple Gaussians
works only as long as a relevant part of the occurring
transfer rates is not too much slower than T. Otherwise,
other transfer mechanisms such as transfer through vibra-
tionally excited states may contribute significantly to the
energy transfer.

Table 1 lists the results of the simulations. The first
four columns give the spectral parameters used in each
simulation. Note that only one of these four parameters
is independent; FIDF and Fhom are related through 1,2m +

]F2F=Ft]2, S is related to Fhom as in Eq. 4, and K was

defined as ]hom/"IDF. The next column gives the shift after
the excitation density has reached thermal equilibrium in a

5 X 5 system. Then two sets of columns give the time
constants and amplitudes of the one- and two-exponential
fit. The rms residues for the one-exponential fit were typi-
cally 1-2% of the maximal shift; for the two-exponential fit

this was 0.1-0.3%. The final two columns give the average

of the distribution of transfer times between neighboring
subunits and the width of this distribution. These last two
numbers were calculated for an antenna directly after non-

selective excitation. Establishment of the equilibrium will
lead to slower transfer rates becoming more prominent as

will be shown below.
From the one-exponential fit we observe that the equili-

bration time converges to -0.5 T0 for K 2 1.5. If we
compare this with the average residence time Tav/Z = 1.3
T0/4 = 0.33 T, it appears that the time constant for the
equilibration corresponds to -1.5 hops in these cases of
little inhomogeneous broadening.

For smaller K the inhomogeneous energy distribution
results in lower rates and slower phases in the equilibration
process. Down to a ratio of 0.35 reasonable kinetics can be
obtained. For even lower values of K the kinetics slow down
dramatically. For example, for K

- 0.2, with our model
>55% of the transfer times are larger than 100 T and more

than 50% of the equilibration is described by time constants
larger than 100 T (data not shown). Under such circum-
stances other mechanisms can accelerate the transfer so that
the results from our model will not be correct. Therefore we
do not include these cases in our table.
As is observed in Table 1, the best fits to the magnitude

of the shift are obtained for K 0.6. Therefore, we assume

that this ratio will be between 0.5 and 0.7. In that case the
equilibration rate as found from the one-exponential fit is
3.1-1.8 T. If we compare this with the experimentally
observed 325 fs we find that To = 100-150 fs. Both cases

yield a distribution for the time of transfer between subunits
with an average (Tav) of 2.2-1.8 To = 220-270 fs and a

width of 170 fs. Therefore a range of transfer rates between
100 and 500 fs should be expected. Fig. 7 gives the distri-
bution of transfer rates for K = 0.7.
One should realize that the average time that an excitation

is at some subunit is TavIz, since every subunit is connected
to z neighbors. This time Tav/Z is called the average resi-
dence time. Since an excitation makes a transfer step on the
average every Tav/z 60 fs, a time constant of 325 fs for the

TABLE I One- and two-exponential fit to the average redshift in a 5 x 5 LHA at 300 K (kBT = 16 nm)

pigment-pigment
Parameters Two-exponential fit One-exponential fit transfer

rIDF rhom S Shift Ao A1 A2 Ao A1
K (nm) (nm) (nm) (nm) (nm) T1/To (nm) TJ2o (nm) (nm) T1/1o (nm) Tav/TO OlT.av

0.35 38 13 2 14.7 12.8 2.8 5.2 14 7.4 12.3 8.6 10.9 2.8 1.0
0.5 36 18 4 13.1 11.9 1.22 5.4 5.3 6.4 11.6 3.1 10.5 2.2 0.8
0.7 33 22 5.3 11.1 11.0 0.84 6.4 3.8 4.4 10.8 1.81 9.7 1.8 0.6
1 28 28 9 8.43 8.4 0.50 5.7 2.2 2.6 8.4 0.93 7.7 1.5 0.5
1.5 22 33 12 5.30 4.7 0.30 3.1 1.1 1.6 4.8 0.51 4.6 1.4 0.4
2.0 18 36 14 3.43 3.8 0.28 2.6 0.9 1.2 3.8 0.45 3.7 1.3 0.3

Parameters characterizing simulated energy transfer in the inhomogeneously broadened LH1 antenna. rh'om and rDF are the FWHM widths of the
(Gaussian-modeled) homogeneous absorption spectrum and the IDF, respectively. All time constants are in units of o, the optimal energy transfer time
between two subunits. T., is the average energy-transfer time constant for two neighboring subunits. It should be realized that an excitation resides only
Tav/Z on a single subunit on the average, with z the coordination number. For the employed square lattice in the simulation, z = 4. 'Tav/Z is called the average
residence time. The best agreement with the observed shift was obtained for K = 0.5-0.7.
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transfer time between two subui
by: To = Top(Fhom/FO)(r/Ro)6, w
Bakker et al., 1983) is the radial
Ro is the F6rster radius, and IF
which Ro was determined. From
90/(mM cm), Fo = 35 nm (H1
using n = 1 for the refractive ind
orientation factor (random org
obtain Ro = 13 nm (Forster, 196'
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parameters, the excitonic dipole-dipole interaction equals
rhom =22 nm S=5 nm 21-26 cm-1 (which corresponds to 1.6-2.0 nm around

r'IDF=33 nm (T = 300K) wavelengths of 880 nm). It is not a priori clear which valuefor the refractive index should be used. Using n = 2 results
in 40% smaller distances. The exciton splitting, however, is
not affected. The calculated excitonic dipole-dipole interac-

C' tion is considerably less than the inhomogeneous broaden-
ing (33-35 nm), which demonstrates that even though some
very fast transfer occurs in our model, the major part of the

-'R . .,jsubunits remains in the weak coupling limit, and the ap-
proach that we have used in this paper, to calculate the
transfer times from spectral overlap, remains justified. Fur-
thermore, the dimer-dimer exciton interaction is very small

nes in an inhomogeneously broad- compared with the values of rIDF, which justifies our treat-
xcitation (left) and after equilibra- ment of the energy transfer process in terms of Forster
the case K = 0.7 in Table 1. Each
n units of T. The height of the bar transfer between dimers The dimer-dimer distances ob-
ansfer time is in this range. It is tained from the calculation (using n = 1) agree with a model
ransfer times become more prom- in which 12 subunits are distributed equally over a ringlike
ansfer times is still faster than 4 To, structure with a radius of 4 nm. Such structures have been

observed by electron microscopy for light-harvesting anten-
na-RC core complexes of Rps. viridis (Miller, 1982) and
more recently for Rps. marina (Meckenstock et al., 1992)

hops on the average. After and Rs. molischianum (Boonstra et al., 1994). The structures
xcitation will be removed of RC-less LH1 complexes of Rb. sphaeroides as reported
lattice distances. This is of in Boonstra et al. (1993) are somewhat smaller with a
ttices we employed in the diameter of 52 A; however, these complexes may not be the
e will demonstrate that for aggregation form that occurs in vivo.
ire obtained. Here we can Between subunits of neighboring core complexes such
mogeneous broadening, the distances are only possible if these complexes are rather
ime and involves more sub- tightly packed, which was observed for Rps. viridis (Miller,
;ical intuition. An average 1982). Otherwise the transfer within core complexes will be
ponds to a (homogeneous) much faster than between them, giving rise to a one-dimen-
(Flifetimeg FWHM) at these sional equilibration process. However, strong conclusions
ian the total homogeneous about the connectivity between different core complexes
ble 1) in the simulations for cannot be made from our observations, as the observed

shifting of the difference spectra can already be explained
100-150 fs is faster than by an equilibration over only 25 subunits.
analyze it in terms of the Although a reasonable estimate of the equilibration could
e standard approach needs be obtained by a one-exponential fit, Table 1 also demon-
the different homogeneous strates that the kinetics of the equilibration is inherently

1 our estimates. This can be multiexponential. The two-exponential fit describes the ki-
ipole strength. The optimal netics considerably better than the one-exponential fit, as
nits at a distance r is given can be seen from the rms of the residues. This is demon-
here Top = 15 ns (see, e.g., strated in Fig. 8, which shows the simulated equilibration
tive lifetime of the subunit, kinetics for K = 0.7, with a one- and two-exponential fit. In
) the width of the band for addition we note from the amplitudes of the two-exponen-
monomeric BChl-a (8773 = tial fit to the simulated shift kinetics (in Table 1) that at K '
off and Amesz, 1991) and 0.5 > 10% of the shift occurs at a time scale slower than the
lex and the value 5/4 for the time window of our simulation (of 20 T0). One reason for
ranization in a plane), we this multiexponentiality is the distribution of transfer times
5). For K = 0.5-0.7 we find between the individual subunits. A second reason is the
.al correction is necessary spectral inhomogeneity itself, because of which some exci-
is a dimer. This correction tations need more steps to reach equilibrium than others.
twice larger value for the However, although our data (Fig. 2) show some signs of the
ialler value for TOp. In this presence of more than one decay time, the experimental
distance has to be increased uncertainties are too large to make a reasonable estimate of
= 2.5-2.7 nm. For these the amplitudes and decay times. Moreover, it is doubtful
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FIGURE 8 One- (a) and two-exponential (b) fit to the simulated shift of the energy distribution over the subunits after homogeneous excitation. Here,
K = 0.7. Lower plots; (-) data and fit. (-- - -) components of the fit. Upper plots: residue in percents of the maximal shift. A one-exponential fit yields
a residue of maximally 4% of the final shift. For the two-exponential fit this is 1%.

whether our simplified spectral model gives a good calcu-
lation of these variables.

our data with a hexagonal lattice will lead to a 50% higher
estimate for T, and leave the average residence time on a
single subunit almost unchanged.

Simulations on different lattices

It has been argued (Van Mourik, 1993, Pullerits, 1994b) that
in addition to the initial equilibration where the excitation
migrates to a nearby area of subunits at a relatively low
energy, a slower equilibration takes place between such
areas, especially at low temperatures. This process is partly
neglected when applying periodic boundary conditions as

was done in our simulations. To estimate the influence of
this effect on the kinetics of the equilibration, we carried out
simulations with square antenna lattices varying from 3 X 3
to 10 X 10 subunits (results not shown). Indeed, for K =

0.7, a decrease of the antenna size from 5 x 5 to 3 X 3 led
to a 20% increase of the equilibration rate. However, an

increase from 5 X 5 to 10 X 10 subunits gave a <5%
decrease. Therefore it turns out that in this case, little
equilibration takes place on a longer range than 5 X 5 sites
and thus our analysis remains valid, at least for LH1 at room
temperature.
A second factor that influences the equilibration rate is

the structure of the light-harvesting antenna (LHA). To
investigate this we carried out simulations in hexagonal
lattices of various sizes (data not shown). In all cases the
equilibration was -1.5 times faster than on the square

lattice. This agrees with the coordination number, which is
also 1.5 times larger (z = 6 instead of 4). In a lattice with 12
subunits per RC, the average coordination number is 4.5
(see, e.g., Somsen et al., 1994) and indeed, the equilibration
was only slightly faster than on a square lattice. It therefore
seems most proper to scale the equilibration rate with the
coordination number. This will only give problems in ex-

treme cases (e.g., z = 1 or very large z). So, an analysis of

Dimer pairs in LH1?

So far we have treated the LHA as a structurally homoge-
neous lattice of 12 pigment dimers per LHA-RC unit. How-
ever, a structurally inhomogeneous organization for the
LHA has been proposed (Scherz and Parson, 1986) suggest-
ing that the dimers are organized in six pairs. The dimers
within a pair could be relatively close allowing for faster
transfer between them than between dimers of different
pairs. Such an arrangement then could give rise to two time
scales of equilibration, first within and then between dimer
pairs.
The equilibration process we observed can be either of

the two processes or both. However, the size of the equili-
bration shift depends on the inhomogeneous bandwidth, the
temperature, and the number of connected subunits. Since
the inhomogeneous bandwidth is less than the total band-
width (FIDF < ]tot = 40 nm), an equilibrium shift of 12 nm
at room temperature can only be explained if five or more
subunits are connected, as can be seen from the lower curve
in Fig. 6. Therefore, the observed equilibration cannot be an
equilibration within dimer pairs only. Moreover, if this
would be the case, a slower equilibration phase between the
dimer pairs should be observed, which is not the case.
The second option is that the equilibration we observed is

only the equilibration between pairs and that it was pre-
ceded by a faster equilibration within dimer pairs that we
did not observe. In that case the equilibrium shift is larger
than the shift we observed, since we then observed only the
difference in equilibrium shift between dimer pairs and the
total system. With the same method as applied above, this

iM.or i.
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then leads us to estimate "IDF = 42 nm, resulting in a total
shift of 18 nm for the total system and a shift of 6 nm
between the dimer pairs. Since now fIDF> Ftot, we have a
problem with our analysis. This case would imply that the
homogeneous bands are extremely narrow and would lead
consequently to a slower simulated equilibration and there-
fore to an even smaller estimate for T0. As a consequence,
the distances between the pairs of dimers would become
unreasonably short, and we would thereby lose the concept
of closely associated dimer pairs. A possible way out is that
the second process, transfer between pairs of dimers, is
associated with a large coordination number (z ' 4), while
the transfer within pairs corresponds to a z = 1 process. In
that case, both processes are mixed in the equilibration.
However, the observed 300 fs fluorescence depolarization
(S. Bradforth, R. Jimenez, F. Van Mourik, R. Van Gron-
delle, and G. R. Fleming, submitted for publication) may
still predominantly arise within dimer pairs.
At this stage we want to emphasize that the decay of

the fluorescence anisotropy is a different process from the
equilibration of the excitation energy and could be both
faster or slower depending on the actual structure of the
antenna, and further analysis should wait for a more defin-
itive structural model.

Artifacts in the simulations and limitations of the
experimental data

We have tried to explain the observed equilibration using a
simplified model with a minimal set of parameters. How-
ever, our simplifications give rise to at least two possible
artifacts. First of all, the condition of detailed balance com-
bined with our choice of Gaussian band shapes results in a
relation between homogeneous bandwidth, temperature and
Stokes' shift Eq. 4. We have used the approach to vary the
homogeneous bandwidth and set the Stokes' shift to satisfy
this relation. However, the quadratic dependence has forced
us to vary the Stokes' shift over a rather broad range (see
Table 1). The resulting changes in the kinetics are only
partly due to the change in homogeneous bandwidth. They
are also effected by the Stokes' shift, which makes it more
difficult to understand what is really happening. A larger
"hom means a smaller ]IDF, and thus a smaller total shift. A
larger rhom also leads to a larger value of the Stokes' shift
S, and thus to a faster equilibration. This second effect could
be called an artifact. It arises from constraint (Eq. 4). The
fluorescence maximum of Rs. rubrum LH1 at room tem-
perature occurs at 900 nm. This is 17 nm toward the infrared
of the absorption maximum (883 nm) (Rijgersberg, 1980).
Of this difference, 12 nm can be explained by the transient
redshift of the spectrum due to equilibration of the excita-
tion density. The remaining 5 nm could be due to the
Stokes' shift of the individual subunits. In the case of
the isolated B820 complexes, which show no energy trans-
fer, the fluorescence maximum is at 825 nm, which is 5 nm

Thus, the value of 4-5.3 nm obtained for S from our

simulations (see Table 1) seems realistic and consistent with
the view that the difference between fluorescence and ab-
sorption maximum is made up of a shift due to equilibration
via energy transfer on the low energy subunits (12 nm) and
a Stokes' shift of every individual subunit (5 nm).
A second cause for artifacts is the choice of Gaussian

band shapes for both absorption and emission spectra,
which do not include both the presence of 0-0 transitions
and vibrational sub-bands. The former poses a problem if
the Stokes' shift is larger than both the homogeneous and
the inhomogeneous bandwidth. In such a case the transfer
rate between any pair of subunits is almost equally slow in
the simulations. In reality, a significant amount of transfer
could take place through the 0-0 transitions of subunits at
identical energy in the IDF. The absence of vibrational
sub-bands causes an artifact in the case when the homoge-
neous band is much narrower than the inhomogeneous
distribution. In that case transfer from blue-shifted subunits
to neighbors that are more than a Stokes' shift lower in
energy may take place for a relevant part through the
vibrational side-bands of the acceptor. An example of such
a case may be the B800 -* B850 transfer in LH2 (Van der

Laan et al., 1990; Reddy et al., 1991). Both these artifacts
underestimate the transfer rates. For LH1 at room temper-
ature, our estimates seem to be reasonably valid; the Stokes'
shift is substantially smaller than both "hom and FIDF, which
are on the same order of magnitude. Moreover, at room
temperature the 0-0 line is neglible with respect to the
phonon wing. However, estimates at cryogenic tempera-
tures (<< 100 K) should be done with great care. Inclusion
of additional bands would improve the validity of the mod-
el; however, we believe it would not improve our under-
standing of the equilibration process.

As mentioned, sub-100 fs phases in the shifting of the
AOD spectra are washed out for a significant part because
of the instrument response. However, in our model, a max-

imal shift of 17.5 nm is possible after "homogeneous exci-
tation." This is for the (unphysical) case of K = 0. For larger
K, as is seen from combining (Eq. 1) with the constraint

rn + FjD2 = 2t, the shift is smaller by a factor 1/(1 +
K.,). For physically reasonable values of K, e.g., K > 0.3, the
shift is <16 nm. We therefore expect that experiments with
higher time resolution will not yield much larger shifts than
the 12 nm we observed, unless selective excitation is done,
e.g., in the high energy side of the Qy absorption band. If
one would claim that some shift in the B820 data (Fig. 3) is
hidden in the noise, then the much larger observed shift in
the LH1 antenna is partly due to such interdimer shift. One
could still apply the analysis described above, but the shift
due to energy transfer would be the observed shift in LH1
minus the value found in B820. Since we estimate the
maximal shift possibly hidden by remaining noise in the
dataset from which Fig. 3 was taken to be 3 nm, the shift

to the infrared of the absorption maximum at 820 nm.
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Comparison with other experiments and other
light-harvesting systems

Our current estimate of the average hopping time Tav =
200-300 fs is in reasonable agreement with earlier esti-
mates based on bi-excitation annihilation kinetics (Bakker
et al., 1983, Valkunas et al., 1986). As mentioned before,
the inhomogeneity in the antenna absorption was not ac-
counted for in these papers. In a subsequent paper we will
accurately measure and analyze the time-resolved annihila-
tion kinetics. A preliminary analysis shows that these are
also consistent with the estimated value for To and Tav. The
obtained values for IIDF and rhom in LH1 are very similar
to the values (extrapolated from 77 K to room temperature)
from the analysis of the energy-selective fluorescence mea-
surements on the B820 subunit (Pullerits et al., 1994a), but
contrast strongly with the values suggested for LH1 at room
temperature (Pullerits et al., 1994b). However, the experi-
mental transient absorption data in the latter paper were
obtained with a -12 ps FWHM instrument response, so that
any sub-ps equilibration phenomenon is washed out.

Recently the time-resolved depolarization of the fluores-
cence on LH1-only membranes was measured. A 300 fs
depolarization process was observed, remarkably similar to
the time constant of the zero-crossing kinetics (S. Bradforth,
R. Jimenez, F. Van Mourik, R. Van Grondelle, and G. R.
Fleming, submitted for publication). Within the framework
of the model analysis above this implies that the time
constant for the polarization decay to the long-time value
(r(infinite) = 0.07) corresponds to four to five transfer steps
on the LH1 lattice on the average.

Very recently, a similar fast shifting of the transient
bleaching spectra in membranes of a LH1-only Rb. capsu-
latus mutant was reported (Xiao et al., 1994). The 0-tran-
sition shifts from -846 to 866 nm with a time constant of
250-400 fs after excitation in the high energy side of the
LH1 absorption at 800 nm. We note that in the model for Rs.
rubrum LH1 presented here, one expects a larger shift upon
high-energy-edge excitation than upon Qx excitation as was
done in our experiment reported here. Xiao et al. (1994)
tentatively explained their observation by a relaxation be-
tween delocalized electronic states. In view of the amount of
disorder relative to the excitonic coupling between dimer
pairs it seems unlikely that any delocalization beyond the
level of dimers takes place in these systems (Fidder et al.,
1991). In addition, so far low-temperature polarized light
spectroscopy and energy-selective spectroscopy have failed
to detect excitonic states within the LH1 absorption profile
(e.g., Van Mourik et al., 1992b), and in fact most of the
experimental evidence available supports the dimer-to-
dimer energy transfer model as used here.
The time-constant for spectral equilibration observed by

us is very similar to that obtained for spectral equilibration
within the Fenna-Matthews-Olson (FMO) trimer of Chlo-
robium tepidum (Savhikin et al., 1994). It is about a factor
of 6 faster than the value observed in the antenna of He-

the fact that in this species the spectral equilibration process
is in fact rather multiphasic, with both a sub-picosecond and
a picosecond phase, possibly due to the strong heteroge-
neous spectral composition of this antenna. Similar bi- or

multiphasic spectral equilibration processes have been ob-
served in PS1 with a sub-ps process in the major antenna
followed by excitation equilibration between the bulk an-
tenna components and some fraction of lower energy pig-
ments (Lin et al., 1992; Holzwarth et al., 1993). Also in an
LH-1-only mutant of Rb. sphaeroides, which contains LH1
as the only pigment-protein complex, we observed mul-
tiphasic equilibration kinetics with a strong -600 fs process
followed by a minor (<15%) phase of a few picoseconds
(H.M. Visser, 0. J. G. Somsen, F. Van Mourik, and R. Van
Grondelle, in preparation).

Trapping by the RC

The preferential localization of the excited state on low
energy states within LH1 may be of importance for the
functioning of photosynthetic organisms in vivo. It seems to
exclude a model in which the excitation energy is delocal-
ized over all antenna subunits to the same extent during the
trapping by the RC in Rs. rubrum. To investigate the con-

sequences of this idea, we calculated the distribution of
transfer times after equilibration. The probability that a

subunit at a specific energy is excited is now proportional to
the shifted IDF (product of Boltzman distribution and IDF).
The result is shown in Fig. 7, for the case of K = 0.7. Upon
comparison with the initial distribution, it is clear that
slower transfer times are more prominent after equilibra-
tion, but at room temperature the effect is weak, and >50%
of the transfer times is still less than 4 To, amounting to
400-600 fs in our description. Therefore, local trapping
effects are not strong at room temperature, and slow transfer
to the RC must arise from a different source. We believe
that the major reason for this slow transfer to P in compar-
ison with the fast transfer within LH1 is the distance be-
tween the LH1 pigments (or LH1 dimers) and P (see Som-
sen et al., 1994). However, in other photosynthetic systems,
e.g., PS1 of green plants (Trinkunas and Holzwarth, 1994),
or in Heliobacillus mobilis this situation may be totally
different. Also in Rs. rubrum and other light-harvesting
systems at low temperatures the local trapping of the exci-
tations on low energy pigments may limit the efficiency of
the trapping process.

SUMMARY

To summarize, the view that we obtain on the energy

transfer dynamics in the antenna system of Rs. rubrum is
drastically different from that of many previous studies, in
which the effect of the inhomogeneous energy distribution
was supposed to be negligible at room temperature. To
describe the experimental data, we find the ratio K of the

liobacillus mobilis (Lin et al., 1994), which might be due to

1 096 Biophysical Journal

homogenous bandwidth over the inhomogeneous bandwidth



Visser et al. Sub-Picosecond Equilibration of Excitation Energy 1097

to be to 0.6 ± 0.1. An average pairwise energy transfer time
of 200-300 fs is obtained, in reasonable agreement with
estimations from fast depolarization measurements (S.
Bradforth, R. Jimenez, F. Van Mourik, R. Van Grondelle,
and G. R. Fleming, submitted for publication) and annihi-
lation measurements (Bakker et al., 1983; Deinum et al.,
1989). Therefore, an average residence time of an excitation
on a subunit of 50-70 fs is found, and the 325 fs time
constant for the equilibration corresponds to -5 hops. Since
the observed equilibration could not be resolved in previous
experiments, models for LH1 describing those experimental
data resulted in very different parameters (Pullerits et al.,
1992, 1994b). It seems likely that equilibration phenomena
similar to the one described here can be observed in many
photosynthetic antenna systems that have similar inhomo-
geneously broadened absorption bands.
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