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The depolarization of the bacteriochlorophyll fluorescence from the core light-harvesting antenna (LH- 1) of 
Rhodobacter sphaeroides was time-resolved using fluorescence upconversion. Complexes isolated in the 
detergent octylglucoside and chromatophores of the LH-1-only mutant M2192 were studied. For both 
preparations, the anisotropy of the fluorescence drops from an initial value of -0.4 to 0.07 with a biphasic 
decay characterized by time constants of approximately 110 and 400 fs. The decay of the anisotropy is 
modeled as energy transfer between bacteriochlorophyll dimers in the antenna. The results are discussed in 
relation with current models for the structural organization of the core antenna. Numerical modeling of the 
observed annihilation processes indicates a domain size of approximately 16 pigments (eight dimers) for 
detergent-isolated LH-1 complexes. Simulations show that the depolarization data are consistent with either 
a symmetric ring structure and an inhomogeneous spectral distribution function for the pigments or a ring 
made up of pigment clusters. Oscillations in the isotropic fluorescence with a 105 cm-' frequency suggest 
wave-packet motion in the excited state chromophore in analogy with the reaction center special pair, for 
which a similar frequency is observed in time domain experiments. These oscillations are supporting evidence 
for the hypothesis that the LH-1 antenna is built of bacteriochlorophyll dimers. The dephasing of the oscillations 
is slower than the observed depolarization time scale. 

Introduction 
The primary processes in photosynthesis have been the subject 

of a large number of time-resolved spectroscopic studies. In 
particular, the photosynthetic purple bacteria are suitable for 
the study of biological energy- and electron-transfer processes' 
since their photosynthetic apparatus is significantly less complex 
than that of algae and higher plants. Moreover, for two pur- 
ple bacterial species, Rhodobacter (Rb.) sphaeroides and 
Rhodopseudomonas (Rps.) viridis, the structure of the photo- 
synthetic reaction center (RC) has been determined by X-ray 
diffraction of The core light-harvesting antenna 
(LH-1) of the photosynthetic purple bacteria is the simplest 
photosynthetic light-harvesting antenna system. X-ray structural 
data are just becoming available for these bacterial membrane 
bound antenna complexes: although no high-resolution structure 
is available yet for LH-1. The available structural evidence 
suggests that these antennae form highly symmetric ring 
structures and that energy is stored by extremely rapid energy 
migration within the ring. 

The challenge is now to understand how the excitation- 
transfer dynamics takes place within these complexes and how 
nature has designed a molecular architecture which achieves 
such high overall efficiency in harvesting sunlight. This means 
exploring fully the relationship between the structural arrange- 
ment of pigments and the mechanisms of energy transport under 
physiological conditions. Various time- and frequency-resolved 
spectroscopies allow us to observe directly energy migration 
time scales, investigate the nature of pigment-pigment cou- 
plings, and study the effects of structural and energetic disorder 

* Corresponding authors. 
+ University of Chicago. 

@Abstract published in Advance ACS Abstmcrs, October 1, 1995 
Free University, Amsterdam. 

0022-365419512099- 16179$09.00/0 

and the coupling to the environment on the appropriate physical 
description of this electronic energy migration. In this study 
we observe this excitation migration within the LH-1 antenna 
via ultrafast depolarization of fluorescence and by time-resolved 
excitation annihilation measurements. The rapidly growing 
amount of protein structure information for photosynthetic 
antennae helps enormously in making quantitative models to 
interpret the results of these dynamical studies. 

Models for the molecular organization of the core light- 
harvesting antenna have been proposed on the basis of numerous 
biochemical,6-*3l0 spectroscopic,' and structural studies.7,9,15-17 
The LH-1 antenna is built up from two small polypeptides, a 
and /3, each of which binds one bacteriochlorophyll a (BChl 
a). In the intact antenna, the lowest electronic transition of BChl 
a (known as the Q, band) peaks at 875 nm. With the detergent 
octylglucoside LH-1 can be reversibly dissociated into a minimal 
form, B820,18-20 which has the spectroscopic properties of a 
strongly coupled dimer of BChl a,14,21 Despite the fact that 
the absorption maximum of the B820 subunit is blue shifted 
by about 55 nm relative to the in vivo complex, the triplet- 
singlet (T-S)l4s2* and excited state difference23 spectra of B820 
and LH-1 are very similar. This is a strong indication that the 
dimeric nature of B820 is maintained in the fully assembled 
LH- 1. Radiation inactivation experiments support this notion: 
analysis of both the absorption spectrum of LH- 1 * and the EPR 
signal of oxidized LH-lI3 under these conditions indicates a 
single MBChl2 basic unit. Throughout this paper we will 
assume that the pigments of LH-1 can best be described as an 
assembly of BChl dimers. Rapid-mixing experiments have 
demonstrated that the association of two B820 complexes is 
enough to cause most of the absorption red-shift between B820 
and LH-l.24 This would seem to provide evidence that the 
spectroscopic minimal unit contains four pigments. Whether 
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this tetramer should be looked upon as one super molecule or 
as two dimers and whether even larger degrees of delocalization 
are important for the description of energy migration in the 
antenna25.26 are open questions that will be considered in the 
discussion. 

There appears to be some variability reported in the total 
number of pigments in a given bacterial antenna ring. This 
variation is most likely between different preparation methods 
and different bacterial strains rather than an in vivo distribution. 
The structure of the B800-850 complex of Rhodopseudomonas 
acidophila consists of rings of 18 B850 pigments with overall 
9-fold ~ymmetry.~ It is generally agreed that, in vivo, LH-1 
rings must be larger in diameter (with more pigments) to 
accommodate the reaction center. The LH-1 antenna from Rps. 
viridis forms a ringlike structure with 6-fold symmetry that 
surrounds the RC;I5 Stark et al. suggest that this corresponds 
to 24 BChl pigments in the ring. Two-dimensional crystals 
obtained by reassociating the fully dissociated LH-1 antenna 
(B820) of Rhodopseudomonas marina and Rhodospirillum 
rubrum gave rise to rings with 6-9 and 16-foldi7 symmetry, 
containing 24 and 32 BChl pigments per ring, respectively. In 
the latter study, Karrasch et a1.I7 also report smaller rings. 
However, Meckenstock et al. suggest that molecular weight 
evidence points toward subunits of two 0$BCh12>.~ and it is 
these that make up the constituent elements that are seen with 
6-fold symmetry in their 26 8, map. In contrast, Kmasch et 
al. 's 8.5 8, projection map shows no such subunit clustering;I7 
rather these authors suggest that the dimers are symmetrically 
arranged in a ring. Compared to membrane-bound or reassso- 
ciated LH- 1, isolated detergent-solubilized LH-1 complexes tend 
to be significantly smaller, as observed in electron micros- 
 cop^.'^,^^ The detergent-isolated LH- 1 complex was estimated 
to contain approximately 12 pigments.I6 Note that even with 
the bound detergent these complexes appear to be significantly 
smaller in diameter (8-9 nm)16*27 than the rings observed in 
the reassociated complexes (1 1.6 nm).I7 We have therefore 
included in our study two preparations of LH-1 antennae: an 
LH-l-only mutant (no reaction center) M2192,28 whose antennae 
are present in the native membrane, and detergent-isolated LH-1 
complexes. 

Energy-transfer processes within the bacterial light-harvesting 
antenna have been studied using low-intensity picosecond 
p ~ m p - p r o b e * ~ - ~ ~  and f l u o r e s ~ e n c e ~ ~ - ~ ~  techniques. In these 
studies the time resolution of the experiment was limited to a 
few picoseconds. The pump-probe measurements showed no 
time dependence in the anisotropy of the ~ i g n a l s , ~ ~ - ~ ~  and the 
initial anisotropy was low (r(0) -= 0.1) and close to the steady 
state value,] indicating that energy-transfer processes had 
already occurred on a sub-picosecond time scale. The hopping 
times derived from singlet-singlet annihilation experiments 
(0.5-1 ps)38-40 are certainly consistent with this. Therefore, 
to study the equilibratiodmigration processes in the antenna 
directly, sub-picosecond time resolution is mandatory. 

Although the core antenna consists of only one spectral form 
(B875), inhomogeneous broadening of the spectrum enables the 
observation of excitation energy transfer between pigments with 
different site energies in the inhomogeneous distribution. The 
migration may be observed as the excited state distribution 
produced by the spectral selection of the excitation pulse changes 
into a thermal distribution, i. e. spectral equilibration. Deter- 
mination of the extent of inhomogeneous broadening in bacterial 
antennae has been most successfully made at low temperature 
by hole-burning spectros~opies.~~ These and other low-tem- 
perature spectroscopic studies are in agreement that the absorp- 
tion spectra of the B820 subunit is predominantly (-300 cm-') 
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inhomogeneously b r ~ a d e n e d . ~ ~ , ~ ~  Hole burning on whole LH- 1 
membranes indicates only 80 cm-I inhomogeneity at low 
tem~era ture ,~~ whereas low-temperature fluorescence measure- 
ments on detergent complexes of LH-1 suggest predominant 
inhomogeneous broadening.44 Likewise, low-temperature pi- 
cosecond measurements for Rs. rubrum LH-1 have been 
simulated with an inhomogeneous model for the a11tenna.4~3~~ 
An analysis of the temperature dependence of the absorption 
and emission properties of the B820 subunit of LH-1 suggests 
that even at room temperature inhomogeneous broadening might 
~ r e v a i l . ~ ~ , ~ ~  Leupold et al. indicate that the B850 band in LH-2 
(analogous to LH- 1's B875) is mainly inhomogeneously broad- 
ened at room Since this corresponds with an 
inhomogeneous bandwidth of the antenna comparable to ~ B T ,  
the equilibration should cause large changes in the time-resolved 
absorption and emission spectra. Sub-picosecond pump-probe 
measurements on the LH-1 antenna have indeed demonstrated 
fast spectral evolution, reflecting the equilibration process both 
at room t e m ~ e r a t u r e ~ ~ ~ ~ ~  and at 4 K.49 The later pump-probe 
study of LH-1 complexes by Sundstrom and co-workers, which 
has attained the best resolution to date (-40 fs), suggests that 
energy transfer takes place on a -100 fs time ~ c a l e . ~ ~ * ~ O  The 
precise interpretation of the observed effects in terms of hopping 
processes depends on the model used for the structure and 
spectroscopy of the antenna. The most important factors 
involved are the connectivity of the antenna ( i e .  the number of 
neighboring sites to which an excited pigmenvdimer can transfer 
its energy), the homogeneous linewidth of the chromophores, 
and the distribution of site energies. 

In this work we have studied the energy-transfer process in 
the LH-1 antenna by measuring the rate of fluorescence 
depolarization, using the fluorescence upconversion technique. 
These measurements have a time resolution of -50 fs. Depo- 
larization is a rather more specific probe of energy-transfer 
dynamics than time-resolved spectral evolution. For example, 
energy randomization between identical chromophores in a plane 
will be manifested by a fluorescence anisotropy decay from r 
= 0.4 to r = 0.1; the depolarization time scale is related to the 
rate of energy transfer. Furthermore, this work also represents 
the first instance in which sub-picosecond singlet-singlet 
annihilation measurements have been combined with time- 
resolved polarized fluorescence to yield information about the 
energy-transfer hopping time and domain size. In Sundstrom 
and co-workers' experiment, strong oscillations in the transient 
absorption signal were observed.50 Likewise, in our experiments 
the isotropic fluorescence contains oscillations with the same 
dominant beat frequency. Moreover, these beats are similar in 
frequency to, but much stronger at room temperature than, those 
observed for the special pair of the bacterial reaction  enter.^'.^* 
It should be emphasized that since we monitor only the 
spontaneous emission, interpretation of the data is simpler in 
comparison with transient absorption  experiment^,^^ in which 
ground state bleaching, excited state absorption, and stimulated 
emission may all contribute to the signals. This enables 
assignment of oscillations, if vibrational in origin, to the excited 
state surface and considerable simplification in understanding 
the anisotropy of polarized measurements. 

Materials and Methods 

Two preparations of LH-1 antennae were studied. Mem- 
branes of the mutant strain M2192 (which is free of reaction 
centers and peripheral antennae) of Rb. sphaeroides were 
prepared as described in ref 28. Experiments were performed 
on a sample in 50 mM phosphate buffer, pH 7.8, with an OD875 
of 0.5/mm. In addition, detergent-solubilized LH- 1 complexes 
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isolated from Rb. sphaeroides strain PUC 705 BA in the 
detergent N-octyl-p-D-glucopyranoside (BOG, 0.8%) were used. 
This preparation is also free of other photosynthetic proteins 
and had an OD875 of -1.2/mm. Both preparations contain 
carotenoids. Absorption spectra were taken before and after 
data collection, and no degradation of either sample was 
observed. 

Fluorescence upconversion measurements were performed 
using two different laser sources based on a mode-locked Ti: 
sapphire. Most measurements were made with an oscillator 
(repetition rate 76 MHz) operating at wavelengths between 850 
and 870 nm. For the experiments presented here the bandwidth 
of the pulses was 10 nm fwhm and the pulsewidth was ca. 110 
fs, as determined from the measured autocorrelation assuming 
a Gaussian pulse form. The amplified laser source used for 
the annihilation measurements was a 250 kHz regenerative 
amplifier (Coherent RegA 9000) operating at 870 nm. The 
width of the amplified pulses was approximately 200 fs. The 
reflective fluorescence upconversion setup has been described 
in detail p r e v i o ~ s l y . ~ ~  The cell containing the sample is placed 
at one focus of an elliptical mirror, and a 0.5 mm BBO crystal 
(type I) is placed at the other focus. A 10 nm bandwidth of 
fluorescence is upconverted by mixing the laser wavelength with 
the fluorescence in a noncollinear geometry and tuning the 
crystal angle. The upconverted fluorescence is collimated with 
a lens, passed through a 10 nm bandpass filter to improve 
rejection of one- and two-beam signals at the laser second- 
harmonic frequency, and then directed into a 0.22 m double 
monochromator. The signal is detected by a PMT and ac- 
cumulated with a photon counter for 1 s at each delay position. 
By variably delaying the gate pulse with respect to the excitation 
pulse, the fluorescence intensity is measured as a function of 
time. The step size used for the experiment corresponds to a 
6.67 fs delay. Two arrangements were used to flow the sample. 
Sufficient chromatophore preparation was available to continu- 
ously flow this sample in a closed loop, whereas the detergent 
preparation was held in a quartz static cell and continuously 
stirred by a platinum wire connected to an electric toothbrush. 
Both the static and flowing cells had optical path lengths of 1 

The instrument response function (IRF) was measured by 
tuning the crystal to mix the gate beam with the excitation beam. 
The IRF is well fit by a Gaussian with a width of -160 fs fwhm. 
Both excitation and gate beams passed through 1 cm calcite 
polarizers, and the polarization of the excitation beam was 
changed by rotating a zero-order waveplate placed after the 
polarizer. To verify that accurate polarization measurements 
can be made in the upconversion apparatus, the fluorescence 
anisotropy of the dye IR 132 was measured and found to be 
0.39 f 0.02. It was noted however that great care must be 
taken to avoid saturation to achieve high values for the initial 
anisotropy. Experiments at 870 nm with shorter (-70 fs) pulses 
were also performed; however, it became necessary to use an 
890 nm cutoff filter (Oriel 58899) to remove the long- 
wavelength tail in the laser pulse spectrum to avoid contamina- 
tion of the fluorescence signals around time zero with (upcon- 
verted) pump light. The early time anisotropy is extremely 
sensitive to this effect, and it was found that markedly improved 
results (with much higher signal-to-noise) arose using the smaller 
bandwidth laser pulses. 

mm. 
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Results 

Figure 1 shows the isotropic decay of the LH-1 fluorescence 
from the detergent-isolated preparation. The complex is excited 
at 860 nm, and the detected fluorescence is centered at 952 nm. 
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Figure 1. Time-resolved isotropic fluorescence from detergent-isolated 
LH-1 complexes excited at 860 nm and detected at 952 nm (dots) and 
fits (without cosine term, dashed; with cosine term, solid). Inset shows 
oscillations in more detail. (Top) Residuals to fit: upper panel shows 
residual to fit without cosinusoidal function and a line showing the 
cosine term that is added into the second fit form; the lower panel 
shows the residuals to full fit including cosine function. 

The decay of the isotropic fluorescence has been measured, with 
variable excitation energies, over three scan ranges (up to 100 
ps) and shows that the lifetime not only is intensity dependent 
but has three distinct decay components. The ratio of these 
components changes as a function of the pulse energy and 
repetition rate. As discussed below, we ascribe the two faster 
decay time constants to singlet-singlet ( S - S )  and singlet- 
triplet (S-T) a n n i h i l a t i ~ n . ~ * - ~ ~ ~ ~ - ~ ~  In addition, the short time 
range scan shows (i) a rise time of -90 fs and (ii) marked 
oscillations in the fluorescence intensity. Fitting all three scan 
ranges self-consistently yields the exponential parameters 
detailed in Table 1. All fits assume convolution with the cross- 
correlation function as an estimate of the IRF. A fit using just 
the four pure exponential components (three decays and a rise) 
in Table 1 is shown in Figure 1 (dashed line); the residuals 
from the fit are shown at the top of the plot. A Fourier transform 
of the residuals indicates a dominant oscillatory frequency of 
105 cm-'. This oscillation can be fit with a single cosinusoidal 
component damped by an exponential (solid line through 
residuals at top of plot); the solid line through the original data 
includes this cosine term. The oscillation period, phase, and 
damping time constants are 312 fs, 1.0 radians, and 450 fs, 
respectively. Figure 2 shows the isotropic fluorescence and the 
oscillation fit for the M2192 membranes. Here the sample is 
again excited at 860 nm; however, the fluorescence detected is 
centered at 943 nm. The membrane-bound preparation appears 
to have evidence for a second oscillatory component at -20 
cm-I; the dominant fitted cosine term once again has a period 
of 312 fs, with a phase and damping time of 1.1 radians and 
550 fs, respectively. Details of the pure exponential fitting 
parameters for both preparations as a function of excitation 
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TABLE 1: Isotropic Fits 
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sample LeJLdeP t r ise (fs) 51 (PS) A I  (%I 52 (PSI A2 (%I 53 (PS) A3 (%I 
detergent-isolated LH- 1 860/952 nm 90 0.55 27 5.6 40 -500 33 

850/956 nm 95 0.47 21 6.6 47 -500 32 
M2192 membrane 860/943 nm 75 0.95 38 6.9 38 92 31 

870/955 nm 50 0.96 36 7.5 36 84 25 

A,, is the excitation wavelength; Adet is the center wavelength of fluorescence detected by frequency upconversion. Fit parameters defined in 
equation given in text. 
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Figure 2. Time-resolved isotropic fluorescence from M2192 mem- 
branes excited at 860 nm and detected at 943 nm (dots) and fits (without 
cosine term, dashed; with cosine term, solid). Inset shows oscillations 
in more detail. (Top) Residuals to fit: upper panel shows residual to 
fit without cosinusoidal function and a line showing the cosine term 
that is added into the second fit form; the lower panel shows the 
residuals to full fit including cosine function. 

wavelength are shown in Table 1. The excitation intensity is 
the same for all data sets, 0.4 nllpulse. 

Figures 3 and 4 show the parallel and perpendicular signals 
(Ipu and IF,.& for the detergent-isolated LH-1 and M2192 
membrane preparations, respectively. Once again we show only 
the 860 nm excitation data. Both curves are simultaneously fit 
accounting for convolution with the IRF. The global fitting 
routine fits the coefficients of the following kinetic scheme 
describing the isotropic, K(t),  and anisotropic, r(t), p a r d 7  

j J 

Typically K(t)  is determined by fitting the isotropic data 
independently (above) and fixing these coefficients for the 
simultaneous fit of I,, and Iperp. K(t)  includes the oscillatory 

0'40 1 

Ji 
i I 1  

-1000 0 1000 2000 

time (fs) 
Figure 3. Fluorescence from M2192 membrane preparation LH-1 when 
excited at 860 nm and detected at 943 nm. Lower plot shows 
fluorescence parallel (upper curve) and perpendicular (lower curve) to 
the excitation pulse polarization; the data are shown in dots, and the 
respective fits, as solid lines. Data shown are sums of 10 scans of each 
polarization. The upper plot shows the raw experimental anisotropy 
function R( t )  (dots) and the same function derived from the fitted 
convoluted parallel and perpendicular curves (solid). 

term(s) fit in Figures 1 and 2. We have chosen a simple model 
form for the anisotropy law r(t): a sum of exponentials. The 
fits for r(t) indicate a biphasic decay with a fast (-100 fs) and 
a slower (-400 fs) decay from an initial value of  0.38 (0.32 
for detergent preparation) to a final value of about 0.07 (see 
Table 2) .  At the top of Figures 3 and 4 is shown the raw 
anisotropy, R(t) = (I,,, - IF,.&/ (Ip, + 2ZFV) from the 
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TABLE 2: Anisotropy Model from Simultaneous Fits to I.., and I,, 
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sample Aexlldet rl 
detergent-isolated LH- 1 8601952 nm 0.14 

8501956 nm 0.17 
M2192 membranes 8601943 nm 0.22 

8701955 nm 0.26 

a Fit parameters defined in equation given in text. 
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Figure 4. Fluorescence from detergent-isolated LH-1 complexes when 
excited at 860 nm and detected at 952 nm. Fluorescence parallel (upper) 
and perpendicular (lower) to the excitation pulse polarization (dots) 
and their respective fits (solid lines). The upper plot shows the raw 
experimental anisotropy function R(r) (dots) and the same function 
derived from the fitted convoluted parallel and perpendicular curves 
(solid). 

experimental data and this same quantity calculated from the 
convoluted fits to the parallel and perpendicular signal; this 
differs slightly from the real anisotropy function r(t)  extracted 
from the data.57 The final anisotropy is consistent with earlier 
picosecond time resolved experiments3* and the steady state 
fluorescence an i s~ t ropy . "~~~  The value for the initial anisotropy 
extracted from the data depends on the model form chosen for 
r(t): the deviation between the fit and the data at earliest times 

TI (fs) r2 t 2  (fs) r- 

110 0.11 370 0.07 
110 0.07 5 20 0.06 
110 0.08 420 0.08 
110 0.08 440 0.06 

indicates that even a two exponential component decay does 
not fit the data completely. 

Experiments were performed with different excitation wave- 
lengths on both preparations, In the case of M2192, we do not 
see evidence for significant wavelength variation of the depo- 
larization process. In contrast, the detergent-isolated complexes 
show a more pronounced excitation wavelength dependence of 
the slower depolarization time constant. Limitations caused by 
the time resolution, signal-to-noise, and number of parameters 
in our fits discourage attempts to identify trends in the faster 
depolarization component. As regards the isotropic emission 
data, it can be said with reasonable confidence that the detergent 
preparation shows a longer rise time than the M2192. These 
two observations indicate that the detergent-isolated LH-1 may 
be spectrally more heterogeneous than the membrane prepara- 
tion. It has been noted that the absorption spectrum of isolated 
LH-1 is wider than that of LH-1/RC chromatophores or the 
M2192.28 Notice that the fluorescence rise time varies with 
excitation wavelength: the further to the red the antenna is 
excited, the faster the rise. 

Annihilation Processes. The signal-to-noise requirements 
for the anisotropy measurements make it difficult to conduct 
experiments in the annihilation-free regime. Kinetic contribu- 
tions due to both singlet-singlet and singlet-triplet annihilation 
will be present in the traces. We measured the kinetics of the 
singlet-singlet annihilation process separately by performing 
magic-angle measurements with a reduced repetition rate (250 
kHz) to avoid accumulation of triplet states. These experiments 
were carried out on the detergent-isolated preparation only. The 
small size of the complexes allows the data to be interpreted 
within the simple puddle model for excitation energy transfer.55 
Figure 5 shows the results of the singlet-singlet annihilation 
experiments performed with the 250 kHz amplified laser system 
using four different excitation densities, together with numerical 
simulations of the data (described below). The traces have been 
normalized to the pulse energy to demonstrate the dramatic 
dependence of the lifetime on the pulse energy; for the highest 
pulse energy (6 nJ/pulse), >70% of the signal decays within 
the first picosecond. The -6 ps component recorded in Figure 
1 and Table 1 is absent in these scans and therefore is assigned 
to singlet-triplet annihilation. The experimental data show two 
effects: a fairly constant 1 ps fast decay and a varying ratio of 
this decay component to a long-lifetime component. The 1 ps 
component is still present at the lowest excitation density; we 
take this to be the lifetime for annihilation of two singlet 
excitations leading to one singlet excitation on the complex. 

Since no analytical expressions are available for the nonlinear 
effects, we complemented the experiments with numerical 
simulations to check whether the absolute pulse energy depen- 
dence was consistent with singlet-singlet annihilation. Because 
the absorption of the sample was rather high, the variation of 
the intensity over the optical path had to be taken into account. 
The distribution of the absorbed energy per unit volume over 
the measuring volume was initially calculated using the 
measured optical density, path length, laser beam profile, pulse 
energy, and the BChl u extinction coefficient as input param- 
eters. We assume the incident focused laser spot has a Gaussian 
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Figure 5. Energy dependence of the isotropic fluorescence with 
amplified laser experiment. The repetition rate for this measurement 
was 250 kHz with 200 fs pulses. The different traces correspond to 
pulse energies of (from top to bottom) 0.15 nJ (x) ,  0.6 nJ (O), 1.5 nJ 
(0), and 6 nJ (+,A). The curves are the result of numerical simulations 
of singlet-singlet annihilation as described in the text. The experimental 
curves were normalized to the pulse energy; the 0.15 nJ curve was 
scaled arbitrarily since it was recorded at a different detection 
wavelength. 

time (ps) 

mode with a fwhm of 35 pm. The annihilation processes were 
then simulated for the calculated distribution of average energy 
density values (the kinetic scheme assumed for the annihilation 
process can be found in the Discussion section). The differential 
equations for the population of n-fold excited c ~ m p l e x e s ~ * ~ ~ ~ ~ ~  
were integrated numerically assuming a Gaussian pump pulse 
of width 200 fs.59 The lifetime of the decay process from double 
to single excited complex was taken to be 1 ps, as suggested 
by the experimental traces. The rates of the higher order 
annihilation processes were taken to be proportional to the 
square of the number of excitations involved. The size of the 
isolated complexes was assumed to be 16 pigments, slightly 
larger than what was deduced from electron microscopy 
pictures,I6 however, smaller than the size of the crystallized 
LH-2 complex5 and half the size of the complexes shown in 
the projection maps of Karrasch et a1." The effect of ground 
state depletion during the pulse was included in the simulation 
of the dynamics by scaling the absorption cross sections of the 
complexes on the basis of the number of excited states. Here 
it was presumed that the excited state results in a bleaching 
corresponding to that of two pigments (see below), as suggested 
by the excited difference spectra measured for LH-1 and the 
isolated subunit (B820) of this The weighted sum 
of traces was finally convolved with the gate laser pulse. 

Figure 5 shows the results of the simulations superimposed 
on the experimental data points. The energy dependence is 
predicted rather well except at the highest energy density, where 
the simulation deviates from the data points. This is to be 
expected, however, as excited state absorption was ignored in 
the calculation. This is likely to be important at these pulse 
energies particularly as the excited state difference s p e ~ t r u m ~ ~ ~ ~ ~  
at the pump wavelength is dominated by excited state absorption. 
Therefore, at very high excited state densities significant direct 
formation of double excited states will occur, resulting in very 
fast "annihilation" since no migration is involved in this loss 
process. Given the reasonable agreement between the remaining 
experimental data and the simulations and as the amplitudes of 
the annihilation decay component and the "natural" long lifetime 

depend mainly on the size of the complex, we conclude that 
the estimate of eight dimers per detergent-isolated complex is 
approximately correct. We can conclude with more certainty 
that the predominant fast annihilation process at the excitation 
energies used in the anisotropy measurements (0.4 nllpulse) is 
indeed 2 - 1 singlet-singlet annihilation. We note that there 
is a variation in the fitted time constant of this decay component 
between the low and high repetition rate experiments; we take 
the time constant from the low repetition rate experiment of 
-1 ps as more representative due to inherent problems of 
extracting multiple exponential decay components in the high 
repetition rate data. We interpret the meaning of the 1 ps 
annihilation time in the Discussion section. 

The high repetition rate experiments show an additional decay 
component due to S-T annihilation. The accumulation of 
triplets is presumably on the carotenoid molecules present in 
the LH-1 antenna.60 The interpretation of the -6 ps lifetime 
in the isolated complexes is rather straightforward. Given the 
1 ps S-S annihilation time, we can conclude that the 6 ps S-T 
annihilation process in these small complexes is not migration 
limited and can be described by the trapping-limited "puddle" 

This implies that the decay process is dominated by 
a decay time equal to the number of dimers times the S-T decay 
time that would be observed for a single dimer (with an 
associated triplet carotenoid), 

'S-T N'decay 

Direct comparison with other experiments is not possible, as 
this is the first instance that this process has been time-resolved. 
However, Monger et al. measured the fluorescence quantum 
yield in membranes of Rs. rubrum (at room temperature) as a 
function of the triplet concentration and concluded that caro- 
tenoid triplet states are approximately 2 times more effective 
as singlet quenchers than open R C S . ~ ~  However, the S-T 
annihilation experiments of Monger et al. were not performed 
with homogeneous illumination, and the annihilation efficiency 
was probably underestimated. Measurements performed at 77 
K (under homogeneous illumination conditions) indicated that 
the carotenoid triplets were approximately 4 times more efficient 
quenchers than open reaction centers2* or a S-T decay time of 
12 ps (since the trapping time in Rs. rubrum is -50 ps33-34). 
After taking the differences in size into account, this last value 
comes closest to the lifetime found here. The values of van 
Mourik et al? correspond to a lifetime of -12 ps for an 
antenna size of 12 dimers, or 'decay = 1 ps (ignoring the 
migration time); the data presented here correspond with 'decay 

= 0.75 ps (assuming a complex size of eight dimers). Due to 
the difference in temperature, the two experiments are not 
directly comparable; however, the comparison does support our 
assignment of the 6 ps lifetime to S-T annihilation. 

For the isolated complexes we can also check the amplitude 
of the S-T annihilation lifetime. Since annihilation is very 
efficient in these small domains, we only have to consider 
complexes with zero or one triplet excitation. If we ignore S - S  
annihilation for the moment, then due to the high repetition rate, 
a steady state triplet concentration will form according to 

- dnT = $~Fx(l - nT) - nTKT = 0 
dt 

Here nT is the fraction of complexes with a triplet carotenoid, 
F is the repetition rate of the laser (8 x lo7 s-l), 4 is the yield 
of triplet formation, x is the fraction of excited complexes per 
pulse (about 20% in the 0.4 nJ experiments), and 1% is the decay 
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rate of the triplet states. In the experiments the amplitude of 
the 6 ps lifetime is 40-50%, suggesting that nT = 0.45 and 
that fl/# = 2 x lo7. For a triplet lifetime of 3 ms,60 this would 
correspond with a triplet yield of - 1.5%. This is about a factor 
of 3 less than expected on the basis of the average singlet 
lifetime and triplet yield observed in other BChl a antennae.14 
This yield is not unreasonable however since we have ignored 
singlet-singlet annihilation both in consideration of this average 
singlet lifetime and in ignoring the competition between both 
S-S and S-T annihilation in some complexes. It therefore 
appears that the amplitude and time constant of the intermediate 
decay in the isolated complex data are consistent with singlet- 
triplet annihilation. Notice that the estimate of nT - 0.45 
indicates that there is a higher probability of finding a triplet 
excitation than a singlet on a given complex under the conditions 
of high repetition rate pumping. 

In the chromatophore measurement the annihilation kinetics 
are much more complicated. The M2192 membranes are large 
pools of hundreds of pigments61*62 probably containing circular 
domains; however, these domains are not isolated from each 
other as is the case in the detergent preparation. There is also 
likely to be heterogeneity in the sizes of the overall pools. 
Therefore, annihilation processes will occur within circular 
domains and between domains. The prominent contribution of 
a 1 ps lifetime (30-40%), and the clear difference with the 
“next” lifetime, indicates that the excitation migration is fast 
within small domains (of size similar to our isolated complexes) 
and that hopping between domains is about 1 order of magnitude 
slower. Note that it is not correct to compare the intermediate 
lifetimes of isolated complexes and membranes in Table 1. Due 
to the much shorter average lifetimes in the membranes, the 
yield, and therefore accumulation, of triplet states is much 
smaller than in the isolated complexes. Therefore, the 7 ps 
lifetime in the membranes is probably predominantly due to 
S-S annihilation. 

Discussion 

In this work the femtosecond depolarization of the spontane- 
ous emission in the light-harvesting core antenna of a photo- 
synthetic purple bacteria has been observed for the first time. 
The depolarization occurs nonexponentially, with characteristic 
times of -100 and -400 fs (from a biexponential fit), and this 
depolarization is ascribed to excitation energy transfer among 
differently oriented BChl a molecules within the core antenna. 
In the following we will discuss (1) the anisotropy decay and 
(2) the fluorescence lifetime in these experiments and (3) the 
origin of the oscillations in the isotropic fluorescence. We will 
discuss the connection between the anisotropy decay and 
annihilation kinetics in terms of two classes of structural models 
involving circular arrangements of BChl a dimers. Finally we 
will evaluate the use of the incoherent hopping model for the 
description of energy transfer in the antenna and discuss the 
relationship between this and previously proposed exciton 
models. 

The Anisotropy Decay. The anisotropy decay obtained from 
the experiment cannot be directly interpreted in terms of a rate 
of energy transfer since this relationship is model dependent. 
In the following we will interpret our data in terms of two types 
of model, outlined schematically in Figure 6 and strongly related 
to the competing structural predictions for LH- 1 .*s9.I7 Common 
to both models is that the transition dipoles of the pigments are 
oriented within the plane/membrane, as is well established by 
polarized light spectro~copy.~ Clearly the choice of ring 
models is motivated by the observation that the BChl pigments 
are arranged in circles in the crystal structures of LH-117 and 
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Model A Model B 
Figure 6. Models for the pigment organization for the discussion of 
the annihilation and depolarization data (see text). Each solid arrow 
represents the major transition dipole of a bacteriochlorophyll dimer. 
Model A has transition dipoles arranged symmetrically in a ring. Model 
B has two structural domains with clusters of two dimers arranged 
symmetrically on a circle. 

LH-2.5 The orientation of the dipoles must be uniformly 
distributed within the plane, otherwise residual anisotropies 
larger than 0.1 are predicted. In addition to considering two 
structural models, the uncertainty in the number of sites (overall 
ring size) must be addressed. For both models each site is 
assumed to be a BChl dimer. 

In the first model (A in Figure 6), the dimers are organized 
on a circle and all spacings and angles are equal. (a is the 
angle between nearest neighbor dimer transition dipoles.) This 
model yields a single-exponential decay of the anisotropy, from 
0.4 to 0.1, with a characteristic decay time of 

4(1 - cos2 a) 

where a = 360”” if all N sites are equivalent and only nearest 
neighbor hopping is considered (see Table 3). Thop is defined 
as the inverse of the nearest neighbor pairwise transfer rate. 
Nonexponential anisotropy decay is introduced by incorporating 
a distribution of hopping rates due to the inhomogeneous nature 
of the antenna. Simulations of this effect (below) show that a 
modest inhomogeneous distribution of the site energy is 
sufficient to account for the observed nonexponential decay. In 
the second model, pigment clustering occurs (model B in Figure 
6); this gives rise immediately to two anisotropy decay time 
scales in the absence of any spectral inhomogeneity. In this 
model, equilibration between the two sites within a cluster gives 
rise to an initial drop in anisotropy of 

Ar = 0.2 + 0.1 (1 - 3 cos2 a,) 

The remainder of the depolarization takes place due to inter- 
cluster excitation transfer. In the most extreme case of a1 = 
90°, the final anisotropy of 0.1 is already reached by equilibra- 
tion within the subcluster. This model can alternatively be 
thought of as a tetramer model: the important aspect is that 
depolarization occurs on two time scales. The precise nature 
of the processes within the clusters is not important: it can be 
hopping between dimers or dephasing between tetrameric 
exciton Ie~eIs.4~ 

Model A: Symmetric Rings. The effect of inhomogeneity 
in the first model has been tested by simulations assuming 
Forster energy transfer between dimers. We will comment on 
whether incoherent transfer between dimers is justified later in 
the discussion. Two ring sizes are considered: N = 16 for direct 
comparison with the reassociated LH- 1 structure inferred from 
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TABLE 3: Relation between Depolarization and Migration-Limited Annihilation Times 
number of sites (N), depolarization time migration time for maximal hopping time calculated depolarization 

angle a (model A) S-S annihilation from annihilation (ps) time (0s) 

3, 120° 
4,90° 
6,60° 
8,45" 
10,36" 
12,30" 
14, 25.7' 
16, 22.5" 
18,20° 

the data of Karrasch et al. and N = 8 for the smaller detergent- 
isolated LH-1 complexes. The number of sites is chosen to be 
eight in the latter case on the basis of size estimates for isolated 
complexes'6*44 and the singlet-singlet annihilation simulations 
in the previous section. Each dimer site energy is selected by 
a Monte Carlo scheme from a Gaussian inhomogeneous 
distribution function. The pairwise energy transfer rate is 
calculated between all sites assuming Gaussian63 homogeneous 
lineshapes for the spectral overlap term,@ with distances and 
orientation factors, K ~ ,  appropriate for the N site ring structure. 
In the LH-2 structure the BChl u molecules (and thus the 
transition dipoles) are seen to be tilted with respect to the ring 
tangent;5 as the degree of ring tilt is not known for LH-1, we 
have assumed the dimer transition dipoles to be oriented 
tangential to the ring as shown in Figure 6; this affects only 
the ,v2 values used to calculate the Forster rate. Ad hoc detailed 
balance and symmetrization is applied to the Forster formulation, 
as in ref 65. Solution of the Pauli master equation for the 
population on each of the N dimer sites is achieved numerically. 
The overall fluorescence follows the total population dynamics; 
this is constant (except for the long natural decay: annihilation 
effects are not included), as the calculation assumes that the 
probability of excitation and detection of a given dimer is 
independent of wavelength. The depolarization dynamics are 
calculated numerically by angle averaging using the methodol- 
ogy suggested by Magde.66 Averaging over 5000 Monte Carlo 
iterations yields a converged depolarization decay. 

In all the simulations that follow we have assumed a fixed 
homogeneous linewidth (250 cm-I fwhm) and a 66 cm-' Stokes 
shift for each dimer.23 This estimate of the homogeneous 
linewidth is consistent with room temperature photon echo 
results on the B800 band of LH-2 from our 1aborato1-y.~~ The 
integrated transition dipole strength of the dimer transition is 
taken to be 77 D2.67 Van Mourik assumed the inhomogeneous 
broadening of the LH-1 band in detergent complexes at 4 K to 
be -250 cm-' fwhm,44 whereas hole-burning studies of LH-1 
chromatophores by Reddy et al. found a much smaller effective 
inhomogeneity (80 Hole burning in the isolated B820 
subunit indicated -320 cm-' inh~mogenei ty .~~ We have thus 
considered inhomogeneous distribution function widths of 0, 
250, and 500 cm-' fwhm and fixed the homogeneous linewidth 
to illustrate the effect on the anisotropy decay of varying just 
one parameter. The overall linewidth is therefore not consistent 
with the experimental absorption spectrum at 300 K for every 
simulation. 

Figure 7 shows the result of a 300 K simulation for the 16 
dimer ring structure as seen in the electron diffraction projection 
map of Karrasch et ul." A 12-16 dimer ring is currently 
proposed as the best model of the in vivo LH-1 antenna 
surrounding the reaction center and is probably a good 
representation of M2 192 chromatophores (as suggested in ref 
43). The dimer center-to-center distance is estimated at 18.6 
8, directly from the projection map, which shows the chro- 
mophores arranged on a circle of radius 48 For compari- 
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Figure 7. Effect of inhomogeneous distribution function on the 
depolarization of a 16-dimer ring. Forster hopping between BChl a 
dimers assuming 96 8, ring diameter (consistent with ref 17) in 
arrangement shown in Figure 6 (model A). Homogeneous decay (solid 
line) single exponential with 126 fs time constant; inhomogeneous 
distribution function with fwhm 250 and 500 cm-I simulations fit to 
biexponential 150 fs (71%). 500 fs (29%) and 165 fs (43%), 1.4 ps 
(57%), respectively. 

son, the LH-2 structure of McDennot et ale5 would give an 
interdimer spacing of 17.8 A. Forster theory predicts a nearest 
neighbor dimer-to-dimer hopping time of 80 fs for a homoge- 
neous antenna with the Karrasch et al. structure. This gives 
rise to a depolarization time scale that is in fairly close 
agreement with experiment, as seen in Figure 7; this is 
significant, as no Forster parameters have been adjusted and 
all geometric factors come from ref 17. The results of the Monte 
Carlo simulation show that with just 250 cm-I inhomogeneity, 
30% of the anisotropy decay becomes slow (500 fs). In addition 
the initial rate of depolarization is somewhat slower (150 fs) 
than for the homogeneous antenna. When a 500 cm-' inho- 
mogeneity is considered, the slow component now has a larger 
amplitude than the fast. If these simulations are compared with 
the M2192 biexponential experimental decay data, clearly an 
inhomogeneity -250 cm-I gives the best agreement. We note 
that neither the higher overall connectivity of M2192 chro- 
matophores nor the possibility for variation in ring size within 
the M2192 membrane has been included in this simulation. 
However, very recent upconversion experiments in our labora- 
tory with LH-l/RC chromatophores68 indicate very similar 
depolarization dynamics compared to M2 192, indicating that 
these issues may not be that significant. The value found here 
for the M2192 site inhomogeneity need not be inconsistent with 
the 80 cm-I inhomogeneous linewidth from 4 K hole burning 
(see below). 

Figure 8 shows the results of a similar simulation for an eight 
dimer ring. This simulation is relevant to the smaller detergent- 
isolated complexes. However in this calculation we have not 
simply scaled the N = 16 ring geometry indicated in the electron 
diffraction map to eight dimers; if this is done, the depolarization 
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is sensitive to the overall connectivity and complex size assumed 
for the membrane antenna. 

Model B: Clustered Dimers. Turning our attention to the 
second pigment arrangement shown in Figure 6, interpreting 
the biexponential decay in this model is fairly simple. The data 
fits indicate an angle between the transition dipoles within a 
cluster of aI = -30-60” (depending on the amplitude of the 
fast component) and an intracluster equilibration time of -100 
fs. The interpretation of the second lifetime then depends on 
the angle a 2  and N (now the number of clusters in the ring). 
For a 2  = 90’ and N = 4, the observed 400 fs lifetime 
corresponds to a cluster-to-cluster hopping time of 1.6 ps. These 
values extracted for the hopping time are quite markedly 
different than those consistent with model A. In the following 
section we examine whether the hopping times emerging from 
either of the two models are consistent with the observed 
annihilation rates for the isolated LH-1 complexes. 

The Excited State Lifetime: Annihilation Processes. We 
have seen that the fluorescence lifetimes in the experiments 
display fast decay components as a result of singlet-singlet 
and singlet-triplet annihilation. Although this is a complication 
for the analysis of the anisotropy decay, additional information 
about the energy migration can be obtained from these short 
components. Moreover, the time-resolved annihilation in the 
antenna measured here allows for comparison with older 
annihilation experiments where time-integrated fluorescence 
yields were used as a measure for annihilation p r o c e ~ s e s . ~ ~ , ~ ~ , ~ ~ , ~ ~  
Singlet-singlet annihilation studies have so far assumed rather 
slow hopping (0.5-1 ps) within a d ~ m a i n ~ ~ , ~ ~  and very efficient 
decay; that is, the annihilation process was presumed to be 
migration limited. The recent finding of hopping times on the 
order of 100 fs in this work and elsewhere23 changes this picture 
somewhat. These very fast hopping times might make it rather 
unrealistic to presume migration limited annih i la t i~n .~~ 

Earlier we assigned the 1 ps component as the 2 L. 1 
“annihilation lifetime”; let us consider what this time constant 
means. We assume the following kinetic s ~ h e m e : ~ ~ , ~ ~  

0.4 

-.-. 250 cm“ 
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Figure 8. Effect of inhomogeneous distribution function on the 
depolarization of an ei ht-dimer ring. Forster hopping between BChl 

6 (model A). Homogeneous decay (solid line) single exponential with 
129 fs time constant; inhomogeneous distribution function with fwhm 
250 and 500 cm-l simulations fit to biexponential 160 fs (84%), 600 
fs (16%) and 190 fs (60%), 1.4 ps (40%), respectively. 

time scale is much too fast (consider Table 3). For the 
calculation shown in Figure 8, the interdimer separation was 
chosen to be 22.3 A, to yield a homogeneous depolarization 
characterized by a 130 fs time constant. The nearest neighbor 
hopping time is now 265 fs. In comparison to the 16-fold ring, 
the same magnitude inhomogeneity here introduces a less 
significant slower phase: for 250 cm-’ inhomogeneity only 16% 
of the anisotropy decay is slow (605 fs). To reproduce the ratio 
of slow to fast depolarization amplitudes experimentally ob- 
served for the detergent complexes (Table 2) requires an 
inhomogeneity closer to 500 cm-I. In this case the overall 
absorption linewidth comes into agreement with the experi- 
mental width (580 cm-’), and the inhomogeneity is consistent 
with the conclusions of Visser et al.’s simulations of time- 
resolved spectral equilibration for Rs. rubrum LH- 1 .23 A more 
thorough “fit” to the data of the simulation time scales and 
amplitudes, for either the M2192 or the isolated complexes, is 
not warranted because the inclusion of the spectral selection 
imposed by both excitation and detection is necessary to fully 
mimic the experiment. This will be treated in a future paper.69 

The consideration of inhomogeneity in the antenna allows 
an explanation of several other aspects of the experimental data. 
The initial values for the fitted anisotropy functions (Table 2) 
are close to but slightly smaller than the expected 0.4. To avoid 
contamination of the parallel signal with upconverted scattered 
light in the experiment, we have to detect the fluorescence in 
the red wing of the emission spectrum. A consequence of this 
detection wavelength is that we put a bias on detection toward 
fluorescence events which occur after an energy-transfer event, 
since for an inhomogeneous antenna energy transfer gives a 
red-shift in the emission spectrum. This red shifting is partly 
observed in the -70 fs rise time of the isotropic fluorescence. 
Consistent with this explanation is the observation in the data 
that the deviation from r(0) = 0.4 is greater the bluer the 
excitation wavelength. Further, we notice that the final values 
of the anisotropy are lower than 0.1, the value expected for 
equilibration amongst dipoles in a plane. The effect of spectral 
selecting pigments excited in the blue end of the band and 
detecting the reddest pigments also gives rise to final anisotro- 
pies below 0.1.69 Finally, as we noted earlier, differences in 
the degree of inhomogeneous broadening in the antenna between 
membranes and detergent-isolated complexes are likely respon- 
sible for the slower isotropic rise times and more dispersive 
depolarization for the detergent preparation. This interpretation 

a dimers assuming 58 R ring diameter in arrangement shown in Figure 

ThcQ-l 
BChlp* + BChlp - BChlp + BChlp’ 
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The overall 2 - 1 exciton annihilation process can be 
approximated as an exponential decay with a lifetime that is 
proportional to the sum of the migration time of excitations in 
the domain and the effective trapping time70 

For the circular model the migration term can be written as7’ 

N2 - 1 Z .  =- 
mlg 24 ‘hop 

Here N is the number of sites (dimers), and thop  is the hopping 
time (we are so far assuming all sites are identical). ts is the 
effective trapping time:40*70 z,l, is the equilibrated relaxation 
time of the doubly excited state, where W2 is the rate of decay 
of this state back to two singly excited dimers, WI is the rate of 
the reverse process, and Tdecay is the radiationless decay time of 
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the dimer from the doubly to singly excited state. For example, 
for a symmetric ring with eight sites, rmig = 2.63 rhop. If we 
assume Wl = W2 and choose a reasonable intemal conversion 
time, rdecay = 75 fs, the observed 1 ps annihilation time 
corresponds to an average hopping time of 153 fs. If, on the 
other hand, we consider the limiting case of rs = 0, this yields 
the slowest hopping time that is allowed by the 1 ps annihilation 
time, thop = 382 fs. 

The above expressions neglect the inhomogeneous nature of 
the antenna. Inhomogeneity probably has little effect on the 
room temperature migration time,72 but it does have a pro- 
nounced effect on the effective trapping time. For an inhomo- 
geneous system rs will shorten due to an effective concentration 
of the excitations on the lower energy pigments. A rough 
estimate of this effect yields a factor of -2 for the values of 
the inhomogeneous distribution used in the anisotropy simula- 
tions above. Overall the impact of inhomogeneity in the antenna 
would appear to be that the trapping speeds up while the 
migration is somewhat slowed down. It is therefore reasonable 
that for a moderately fast rdecay within an inhomogeneous 
antenna that the annihilation time is after all dominated by 
exciton migration. Table 3 is therefore constructed to show 
the longest possible hopping times consistent with the 1 ps 
annihilation decay, i.e. assuming rs = 0, as a function of ring 
size. It can be seen that interpretation of the annihilation decay 
for circular complexes of different sizes yields strongly varying 
hopping times; the simulations to the S-S annihilation data 
shown in Figure 5 are fairly sensitive to the assumed N ,  but 
values of N between 6 and 12 are possible. 

Recall that for a ring of dimers with N = 8 the annihilation 
time of 1 ps limits the hopping time to rhop  382 fs. In the 
absence of spectral inhomogeneity this implies a depolarization 
time faster than 190 fs. The dominant experimental depolar- 
ization time scale is indeed consistent with this, and the assumed 
homogeneous hopping time in the inhomogeneous anisotropy 
simulation, Figure 8, is also consistent with this inequality. Table 
3 shows that all circular arrangements of the transition dipole 
moments with N > 6 allow agreement between the depolariza- 
tion and annihilation data. 

Let us briefly consider the spatially clustered pigment 
arrangement, model B, in this regard. The annihilation process 
and the slow phase of the anisotropy decay will be dominated 
by hopping between clusters. If we thus treat the complex as 
four “super molecules”, in the sense that annihilation within a 
cluster is much faster than the intercluster hopping time, the 
annihilation parameters reduce to N = 4, rmtg = 0.625 rhop. The 
1 ps annihilation decay time implies a 1.6 ps cluster-cluster 
hopping time if zs = 0 for the tetramer (Table 3). This upper 
limit on the hopping time is in agreement with the number 
deduced from the slow phase of the anisotropy decay (400 fs) 
assuming a2 = 90”. Table 3 indicates that for model B only 
complexes with three or four tetramers are consistent with both 
sets of data. 

So far we have considered the effects of depolarization and 
annihilation in the antenna separately. One might consider how, 
if at all, the annihilation kinetics and the steady state triplet 
population affect the photoselection and anisotropy decay. 
Fortunately, the effects of annihilation on the fluorescence 
anisotropy are small for transition dipoles equally distributed 
in orientation within a plane.73 The theoretical effect of 
annihilation on the residual anisotropy is about 5-10% for the 
excitation densities at hand (0.4 Therefore, the amplitude 
of the kinetic contribution to the depolarization is probably 
small. Moreover, the annihilation process is about 10 times 
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slower than the fastest depolarization component and therefore 
cannot have a strong influence on the early anisotropy dynamics. 

Oscillations in the Isotropic Fluorescence: Beats in the 
Excited State. The observation that the oscillations observed 
in the isotropic decays are not present in the anisotropy would 
seem to suggest that the beats arise from vibrational motion. 
The bandwidth of the laser is sufficient to impulsively excite a 
mode with a 105 cm-’ frequency. The beat frequency recovered 
in all four experiments with both sample preparations is 105 
cm-I. This frequency is in agreement with the dominant room 
temperature beat (110 cm-I) in the pump-probe data of 
Chachisvilis et aLso However, the observations of beats in the 
fluorescence shows that the nuclear wave packets probed are 
in the chromophore’s excited state. Various time and frequency 
domain measurements reveal similar frequencies for BChl a 
dimers but not for monomers. Savikhin and Struve detect no 
oscillations in bacteriochlorophyll monomer in dilute solution 
via the femtosecond pump-probe technique.74 In contrast, for 
the special pair in the reaction center of Rb. sphaeroides the 
dominant beat frequencies recovered by Vos et al. from 
oscillations in pump-probe data are 92, 122, and 153 cm-1,51 
Stanley and Boxer report similar oscillation frequencies in 
fluorescence upconversion experiments on the special pair,52 
confirming Vos et al.’s claim that a large part of the vibrational 
motion impulsively excited in the reaction center is, like that 
observed here, in the excited state. In the frequency domain, 
Small and co-workers find evidence for a single “marker mode” 
with frequency of 115 cm-’ in low temperature hole burning 
of the special pair band of the reaction center.75 Likewise, in 
the resonance Raman spectra, no strong vibrational bands below 
177 cm-’ are found in the (monomeric) accessory bacterio- 
chlorophyll in reaction centers whereas for the special pair, 
bands observed at 128, 95, 71, and 34 cm-’ are attributed to 
BChl a dimer formation.76 These Raman frequencies cor- 
respond, of course, to ground state vibrations but indicate that 
these modes are strongly coupled to the electronic transition. 

The observed LH-1 beat frequency in this and the work of 
Sundstrom’ s group seems strong corroborating evidence that 
the chromophore in LH-1 is indeed a bacteriochlorophyll dimer. 
It should be noted however that Reddy and Small do not resolve 
a signature for this excited state vibration in hole-burning spectra 
of LH-l,25 in contrast to their group’s measurements on the 
reaction center.75 A further contrast is found for Rb. sphaeroides 
LH-2. Contrary to expectations from the X-ray ~tructure,~ which 
shows the B800 BChl a to be monomeric, the B800 band shows 
weak beats in the time-resolved transient grating at room 
tempera t~re .~~ The B850 band of LH-2 appears to show much 
weaker beats than the B875 band in LH-1; in the room 
temperature time-resolved fluorescence none are observed,77 and 
the beats are far less pronounced at low temperature in pump- 
probe data as compared to LH-l.50 This last observation seems 
consistent with the structural observation that the B850 excited 
state is more likely to be delocalized over more than one Bchl 
a dimer. We conclude that the 105 cm-l mode probably 
corresponds to a dimer intramolecular vibration in the excited 
state. 

The dephasing time of the 105 cm-’ oscillation is found to 
be -300-500 fs (Figures 1 and 2). The exact value is hard to 
recover from the fits, as the rise time and the oscillation 
parameters are strongly correlated in the fit. A -300 fs 
dephasing time is comparable to that reported by Chachisvilis 
et al. from linewidths in the Fourier transform of pump-probe 
fit residuals.50 However, the process of transforming the 
residuals cannot be regarded as a quantitative procedure to 
determine the oscillation dephasing, as the least squares 
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exponential fitting algorithm will distort any real damped 
oscillation to improve the fit in the absence of oscillatory 
functions. Both Vos et u1.51,7a379 and Chachisvilis et aL50 have 
found the oscillation damping rate is temperature independent 
over a range of -10-295 K. Vos et al. observed that the 
oscillations are more pronounced (and the dephasing somewhat 
slower) in membrane than in detergent-isolated RC complexes.7a 
They interpreted these two results as indicating that the pure 
vibrational dephasing rate is very slow and that the damping 
time of the observed oscillation is in fact govemed by site 
inhomogeneity in the vibrational frequency. Our experiments 
also indicate a slower oscillation damping time for antennae in 
the native membrane environment (which we know to be 
electronically more homogeneous than the detergent-isolated 
antenna). 

In our analysis of the depolarization and annihilation kinetics, 
average hopping times on the order of 260 fs (N = 8) or 80 fs 
( N  = 16) are consistent with the data when the model of a 
symmetric circular arrangement of dimers is used. This implies 
that the residence time on a single pigment is -= 130 fs (rho42 
for two nearest neighbors). The observation that the excited 
state nuclear wave-packet dephasing time (> 300 fs) in LH- 1 
appears to be longer than this residence time, in the context of 
model A, raises the interesting possibility of vibrational coher- 
ence t r a n ~ f e r . ~ ~ - ~ ~  Jean and Fleming have shown that coherence 
transfer can give rise to nuclear coherence dephasing on a time 
scale much longer than suggested by naive application of the 
Bloch equations,a3 Le. that slow dephasing of the vibrational 
coherence is possible in the case where the electronic population 
relaxation time is very short. The fact that no oscillations in 
the anisotropy are observed in our data is consistent with the 
electronic coherence of the antenna excited state being lost very 

In contrast, applying the model B structure, one could 
simplistically associate the vibrational coherence damping with 
the longer cluster residence time (cluster-cluster hopping time 
-1.6 ps; residence time -800 fs) and need not invoke coherence 
transfer. However, a more detailed description of the electronic 
coupling within the tetramer cluster would be required to 
evaluate whether other vibrational dephasing time scales should 
be detected in the signal. 

The 20 cm-’ oscillatory component in the M2192 data 
included in our fit, although recovered in Chachisvilis et d ’ s  
LH-1 data may be an artifact due to the fitting of a 
correspondingly short time range dataset (less than one full 
oscillation period). Likewise the rise times recovered (Table 
1) are extremely difficult to analyze due to the multiple effects 
taking place in the early time signals. Spectral equilibration 
will certainly lead to some rise in the red edge of the 
fluorescence spectrum; however, simulations suggest that the 
amplitude of the rise will not be greater than 50%. The 
magnitude of the effect of equilibration on the kinetics depends 
on the derivative of the emission spectrum at the wavelength 
of observation, since the equilibration corresponds with a red- 
shift of the emission spectrum. Similar measurements per- 
formed in the red tail of the chlorophyll emission spectrum of 
algal LHC-I1 see minimal (or confusing) effects from the 
equilibration on the rise component of the isotropic fluores- 
~ e n c e . ~ ~  Wave-packet motion, as witnessed by the oscillations, 
will also lead to a delay in the peak fluorescence, and high-- 
order singlet-singlet annihilation events (that are nonlinear with 
the pulse temporal profile) also contribute to the shape of the 
rising edge. 

Localized vs Delocalized Models. Thus far we have 
discussed our experimental results in terms of electronic states 
localized on individual dimers, with weak coupling between 
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adjacent dimers. This interpretation may be oversimplified. 
Structural and spectroscopic information on LH-1 may be 
interpreted so as to yield a model in which the coupling strength 
between dimers may be comparable to the intradimer coupling 
strength. In this section we will examine the structural and 
spectroscopic arguments. 

The recently determined crystal structure of LH-2 shows the 
B850 chromophores to be arranged in an almost perfect circle 
of 18 BChl a  molecule^.^ The closest distance between BChl 
rings bound to the same O$ is 3.4-3.5 A, whereas between 
BChl rings on neighboring O$ units the distance is 3.8-3.9 
A.aa The overlapping molecular orbitals facilitate strong 
exchange interactionsag between pigments within an O$ pair, 
resulting in some charge-transfer character of the excited state, 
similar to that observed for the special pair of the RC.”39’ 
Indeed, the B850 band was shown to have a very intense and 
anomalous Stark spectrum, similar to that of the special pair.91 
Nevertheless, there are two main reasons why these structural 
characteristics may result in localized states. (1) At these very 
short distances, in which the chlorin ring planes are in van der 
Waals contact, the majority of the interaction energy may result 
from non-Coulombic interactions with a very strong dependence 
on ~epa ra t ion .~~  Therefore, the interaction energy within the 
g0 dimer can greatly exceed the interdimer interaction energy. 
Using an exponential falloff and parameters from ref 92 we 
calculate the interdimer interaction energy to be -2 times 
smaller assuming the distance of closest approach of the two 
rings. With an intradimer coupling, [VI -230 cm-1,21 this 
means interdimer coupling is 110 cm-’ or less. This effect will 
be more pronounced for LH-1, where it is suspected that the 
intradimer and interdimer separations are more distinguishable.’ 
In an exciton model, this will give rise to two discrete sub- 
bands which correspond to dimer upper and lower exciton 
eigenstates (two Davydov  component^).^^ In the absence of 
site inhomogeneity the states in the lower sub-band, for example, 
will be delocalized combinations of the lower dimer component. 
(2) There appears to be significant inhomogeneous broadening 
(>250 cm-I), however, in the isolated B820 subunit at low 
 temperature^.^^.^^ If we conservatively assume an energetic 
disorder amongst the chromophores making up the intact 
antenna comparable to the interdimer coupling strength, i.e. 
100-200 cm-’ fwhm, the excitonic eigenstates become much 
more localized, although the upper and lower bands rem ai^^.^^.^^ 
We note here that in our experiments we excite only into the 
lower dimer band. 

The results of hole-burning experiments performed by Reddy 
et al. on LH-1 have been, in contrast, interpreted as evidence 
for excitations delocalized over a large number of  pigment^.^^,^^ 
Narrow holes could only be bumt in the red wing of the LH-1 
absorption band. This was ascribed to the presence of the lowest 
energy exciton ( k  = 0) state in this spectral region. Reddy et 
al. argue that this state has oscillator strength as a result of the 
pigment spectral inhom~geneity.~~ The broad feature in the 
center of the B875 band is attributed to higher exciton states, 
which undergo rapid relaxation. They report an inhomogeneous 
width of only 80 cm-’. These experiments are performed at 
low temperatures (4 K) in order to minimize the effect of pure 
dephasing. In this limit, inhomogeneity leads to reduced exciton 
delocalization and the absorption spectrum will exhibit a reduced 
linewidth (“the effective inhomogeneous linewidth”) as com- 
pared to the site inhomogeneous distribution width:93 this is often 
referred to as motional narrowing. Following Fidder et aLg3 
we calculate that a monomer site inhomogeneous distribution 
of 200 cm-’ fwhm, with intra- and interdimer couplings of 230 
and 110 cm-’, respectively, will lead to an effective inhomo- 
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geneous linewidth, in the k = 0 state for example, of -70 cm-I. 
Hence, our earlier estimate for the inhomogeneous distribution 
width may not be inconsistent with the hole-burning results. In 
addition, we note that Loppnow et al. have observed an almost 
3-fold increase in the inhomogeneous broadening in rhodopsin 
and bacteriorhodopsin from 1.5 K to room tem~era ture .~~ 
Having stated that the exciton may be still somewhat delocalized 
at low temperatures, we believe that the situation at room 
temperature is likely to be quite different. Phonons due to the 
protein environment, which are quiescent at low temperatures, 
are likely to cause dephasing between the excited state levels 
of the chromophores. In this case we would expect that the 
excitation will move incoherently between dimers at room 
temperature, recovering the hopping model. The question of 
localization of excitons including phonons in the theoretical 
description has been addressed in dimers by Friesner and 
Silbeyg6 and in aggregates by Spano et ~ 1 . ~ ’  Clearly a detailed 
consideration of this problem in bacterial antennae will be 
required. 

Recently, Xiao et al. have performed pump-probe experi- 
ments on membranes of Rhodobacter capsulatus, in which they 
find an anomalously large bleaching.26 This result could be 
interpreted as a strong indication of exciton coupling over 
several pigments. Complications may arise from annihilation 
processes, and we feel that it is premature to conclude that 
excitation is delocalized from this result. Although the authors 
find that a doubling of the excitation energy does not lead to 
appreciable changes in the trapping kinetics, excitation densities 
must sometimes be varied over factors of 10 in order to discern 
the effects of annihilation (see Figure 5). 

As a final comment, although we interpret our results on LH-1 
within the framework of localized excitations, care should be 
taken when comparing to other systems. Minor changes in the 
energetics can change the picture drastically. In contrast with 
the LH-1 of Rb. sphaeroides studied here, in Rps. viridis the 
low-temperature LH-1 absorption and emission bands, as well 
as their polarization spectra, show structureg8 that may be hard 
to explain within the incoherent hopping model. 

Summary 

This work has directly revealed the extremely short time scale 
of excitation hopping within the LH-1 antenna complex of Rb. 
sphaeroides. We observe the process of fluorescence depolar- 
ization to occur on a time scale of -100 fs (dominant) and 
-400-500 fs. Using a ring structure derived from a recent 
electron diffraction map of LH- 1 two-dimensional crystals,” 
we find that a Forster transfer model of incoherent hopping 
between BChl dimers can satisfactorily reproduce the depolar- 
ization time scale. The site-to-site hopping time is 80 fs. To 
account for the nonexponential anisotropy decay, we performed 
simulations which take into account the inhomogeneous distri- 
bution of donor and acceptor sites within the absorption band. 
We find that a model with an inhomogeneous distribution of 
width about equivalent to the homogeneous linewidth will 
reproduce the two-component depolarization for the M2 192 
membranes, whereas an inhomogeneity about twice the homo- 
geneous linewidth is required for the much smaller isolated 
complexes ( N  = 8). Further, for the isolated complexes the 
separation between dimers and the hopping time appear to be 
much larger. Although structural evidence currently favors a 
symmetric ring structure, and there is certainly considerable 
evidence for an inhomogeneous antenna, our data cannot rule 
out an alternative model in which a clustering of pigments occurs 
(model B). This model can also account for the nonexponential 
depolarization behavior without requiring spectral inhomoge- 

neity. Both models are consistent with the observed singlet- 
singlet annihilation time scale. We also have evidence for the 
persistence of vibrational wave packets in a 105 cm-’ mode of 
the excited state chromophore, for a time scale longer than the 
dominant phase of the hopping process. The frequency of these 
oscillations, which are absent in monomeric BChl a, supports 
the hypothesis that dimers comprise the LH-1 antenna. The 
persistence of the oscillations may result from coherence transfer 
in the energy-transfer process. However, once again, we cannot 
rule out the alternative explanation that the slow vibrational 
dephasing results from confinement produced by clusters of 
bacteriochlorophyll molecules. 
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