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ABSTRACT Energy transfer within the peripheral light-harvesting antenna of the purple bacteria Rhodobacter sphaeroides
and Rhodopseudomonas palustris was studied by one- and two-color pump—probe absorption spectroscopy with ~100-fs
tunable pulses at room temperature and at 77 K. The energy transfer from B800 to B850 occurs with a time constant of 0.7
+ 0.05 ps at room temperature and 1.8 *+ 0.2 ps at 77 K and is similar in both species. Anisotropy measurements suggest
a limited but fast B8B0O <> B800 transfer time (r ~ 0.3 ps). This is analyzed as incoherent hopping of the excitation in a system
of spectrally inhomogeneous antenna pigment-protein complexes, by a master equation approach. The simulations show
that the measured B800 dynamics is well described as energy transfer with a characteristic average nearest-neighbor
pairwise transfer time of 0.35 ps among ~10 Bchl molecules in a circular arrangement, in good agreement with the recent
high-resolution structure of LH2. The possible presence of fast intramolecular relaxation processes within the Bchl a molecule
was investigated by measurement of time-resolved difference absorption spectra and kinetics of Bchl a in solution and in
low-temperature glasses. From these measurements it is concluded that fast transients observed at room temperature are

due mainly to solvation processes, whereas at 77 K predominantly slower (>10-ps) relaxation occurs.

INTRODUCTION

We report the time-resolved study of two purple bacteria,
Rhodobacter (Rb.) sphaeroides and Rhodopseudomonas
(Rps.) palustris. These photosynthetic bacteria hold two
light-harvesting antenna systems, a peripheral antenna
(LH2) and a core antenna (LH1), which surround the reac-
tion center. The LH2 antenna has absorption maxima at 800
and 850 nm (usually designated B800O and B850), and the
absorption band of the LH1 antenna has a maximum at 875
nm. Several biochemical, spectroscopic, and electron mi-
croscopy studies have given insight into the polypeptide
organization in vivo (Kramer et al., 1984a,b; Hunter et al.,
1988; Braun and Scherz, 1991; Visschers et al., 1991;
Boonstra et al., 1993). Most spectral properties could be
explained with an (af), unit holding two Bchl 800, four
Bchl 850, and three carotenoid molecules. The different
absorption bands of these pigment—protein complexes orig-
inate from interactions between Bchl molecules and the
distinctive protein surrounding of the pigment molecules.
Very recently the three-dimensional structure of a LH2
complex from Rps. acidophila was solved to high resolution
(McDermott et al., 1995), showing a ninefold circular sym-
metry of af3 pairs. It will be interesting to analyze in the
future the detailed role of this highly symmetric unit in the
energy transfer of the LH2 antenna.

Energy transfer in photosynthetic purple bacteria has
been extensively investigated by picosecond (Borisov et al.,

Received for publication 25 April 1995 and in final form 21 July 1995.

Address reprint requests to Dr. Villy Sundstrom, Department of
Chemical Physics, University of Lund, P.O. Box 124, S$-22100
Lund, Sweden. Tel.: 46-46-222-4690; Fax: 46-46-222-4848; E-mail:
villy.sundstrom @chemphys.lu.se.

© 1995 by the Biophysical Society

0006-3495/95/12/2211/15  $2.00

1985; Sundstrom et al., 1986; Bergstroém et al., 1986; Van
Grondelle et al., 1987; Bergstrom et al., 1988; Freiberg
et al.,, 1989; Shimada et al., 1989; Timpmann et al., 1991;
Sundstrdm and van Grondelle, 1992; Zhang et al., 1992;
Visscher et al., 1993) and more recently by femtosecond
(Hess et al., 1993; Chachisvilis et al., 1994) time-resolved
spectroscopy. In particular, B80O to B850 energy transfer in
the light-harvesting antenna of Rb. sphaeroides has been
thoroughly studied (Shreve et al., 1991; Hess et al., 1994),

With picosecond pulses it was concluded that the
B800—850 energy transfer in Rb. sphaeroides occurs on a
picosecond time scale and is temperature dependent; at
room temperature it occurs with a characteristic time con-
stant of ~1 ps, and it becomes somewhat slower (~2 ps)
at 77 K (Sundstrom et al., 1986; Freiberg et al., 1989;
Bergstrom et al., 1986; van Grondelle et al., 1987). Shreve
et al. (1991) measured the rise time of the B850 bleaching
after excitation of B800 in a LH2 complex of Rb. sphae-
roides, but, because of the relatively high excitation density
used in their experiment, the rise-time kinetics were dis-
torted by singlet-singlet annihilation within the B850 an-
tenna, and they were able to obtain only an estimate of the
B800—B850 transfer time as >0.4 ps. Combining this
result with the 0.7-ps decay time that they measured for the
B800 excited state, these authors concluded that the energy
transfer from B800 to B850 occurs with a 0.7-ps time
constant at room temperature. In the measurements by
Shreve et al. (1991) the rise time of the B850 excited state
was probed at only one wavelength. However, in probing
this rise time following B80O excitation it is also necessary
to consider the internal dynamics of B850 to obtain a
complete picture of the B§0O—B850 transfer. This can be
done by probing the B850 dynamics over a wide range of
wavelengths. More recent time-resolved measurements with
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~100-fs resolution gave values of the B80O excited-state
(B800*) decay time of 0.6 * 0.1 ps at room temperature and
2.4 * 0.4 ps at 77 K (Sundstréom and van Grondelle, 1992;
Hess et al., 1993). Hole-burning experiments at ~4K
yielded B800* lifetimes similar to those obtained from
time-resolved experiments at 77 K; hole widths correspond-
dng to 2.3-2.5 ps were reported by Van der Laan et al.
(1990, 1993), Reddy et al. (1991), and de Caro et al. (1994).

The extent of B800 <> B800 energy transfer has been
much more difficult to resolve because of the short excited-
state lifetime of B800. Picosecond measurements at 77 K
suggested only little B800 <> B800 energy transfer (van
Grondelle et al., 1987), whereas steady-state fluorescence
polarization measurements with Q, excitation at 4 K indi-
cated extensive depolarization of the B800 excited state
(Kramer et al., 1984a). Measurements at room temperature
with ~100-fs resolution showed that depolarization within
B800 occurs with a time constant of 0.8—1.5 ps (Hess et al.,
1993). In these measurements a very fast ~0.3-ps decay
was also observed in the isotropic kinetics, which appeared
to have no counterpart in the anisotropy decay. It was
therefore suggested that this fast phase could correspond to
vibrational relaxation or energy transfer between close-to-
parallel B80O molecules, whereas additional B800 <> B80O
transfer occurs with the slower time constant 0.8—1.5 ps.
The nonexponential B800 excited-state decay kinetics (Hess
et al., 1993) and wavelength-dependent hole widths in the
hole-burning experiments (de Caro et al., 1994) make the
unambiguous assignment of the B800 excited-state decay
times to B800—BS850 energy transfer difficult. The addi-
tional faster decay component could, e.g., be due to a
heterogeneous B800— B850 and/or B800 <> B80O energy
transfer from a spectrally inhomogeneous B800 or to other
(non-energy-transfer-related) relaxation processes, e.g., vi-
brational relaxation, within B800. In addition, the funda-
mental difficulties in fitting of multiexponential decay
curves (James and Ware, 1985) make it problematic to
extract unambiguous lifetimes out of complex experimental
data.

To obtain a clear assignment of the energy-transfer pro-
cesses within LH2 from this kind of time-resolved experi-
ment it is therefore necessary to measure the kinetics over a
wide spectral range and at sufficiently low excitation energy
to avoid singlet—singlet (van Grondelle, 1985) and singlet—
triplet (Valkunas et al., 1991) annihilation. With the inten-
tion of unequivocally determining the pathways of energy
transfer within the LH2 complex and the characteristic time
constants for each process, we have performed femtosecond
transient absorption measurements probing the dynamics in
both the B80O and the B850 absorption bands, following
excitation of B800 at room temperature and at 77 K. Mea-
surements were also performed on Bchl a in solution and in
low-temperature glasses to examine the possible influence
of solvation dynamics and vibrational relaxation on the
measured kinetics. The present experiments combined with
computer simulations of the energy equilibration within
B800 allow us to characterize the B800—B850 transfer
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process, the energy equilibration within B800, and the con-
sequences of spectral inhomogeneity for the energy-transfer
dynamics.

This paper is structured as follows: The experimental
procedures are outlined, and then we describe and discuss
the results of measurements on Bchl a in solution and in
low-temperature glasses. The energy transfer from B800 to
B850 is thoroughly examined in one- and two-color exper-
iments. We describe various experimental results pertinent
to the dynamics within B800 and perform the computer
simulations of the same process. We conclude with a dis-
cussion of the results.

MATERIALS AND METHODS

Both one- and two-color femtosecond pump—probe measurements were
performed in four different experimental arrangements. One set of mea-
surements was based on the low-energy nanojoule and high-repetition-rate
tunable infrared pulses from a mode-locked Ti:sapphire laser, and another
measurement setup used the visible amplified microjoule 1-kHz pulses
from a dye laser system.

Low-energy transient absorption with
sub-100-fs resolution

To gain further knowledge concerning the energy transfer and relaxation
process within B800 we measured the B80O kinetics in two slightly
different absorption pump—probe experiments, using either spectrally inte-
grated or dispersed detection of the probe. For both measurements an
argon-ion laser delivering 11 W of power was used to pump a self-mode-
locked Ti:sapphire laser with tunability in the spectral region 720—850 nm.
With this system ~80-fs pulses at a 82-MHz repetition rate and 1-W output
power were generated. To reduce accumulation of long-lived photoprod-
ucts and heating of the sample, the pulse repetition rate was decreased to
800 kHz with an acousto-optic pulse selector; and to avoid damage to the
Bragg cell in the pulse selector the pulses were first stretched to ~300 fs.
After the pulse selector the pulses were recompressed with a home-built
compressor, which consists of a pair of SF-10 dispersion prisms. The
resulting pulses had an ~100-fs autocorrelation with a spectral bandwidth
of ~10 nm, corresponding to an ~70-fs Gaussian transform-limited pulse.
The spectrum was displayed by a grating polychromator connected to a
CCD camera, and the pulse width was measured by the second-harmonic-
generation autocorrelation technique.

For the integrated pump-probe measurements the laser beam was split
into two parts by a 90/10 beam splitter, and the more intense beam was
used to excite the sample while the weaker beam was used as an analyzing
light. The excitation and analyzing beams were focused to a common spot
of ~50-pum diameter; the probe beam had a slightly smaller size. A
maximum pulse energy of 0.8 nJ was used, corresponding to a photon
density of ~1 X 10" photons cm~2 pulse™'. Experiments were also
performed at tenfold-lower excitation energy, with no noticeable differ-
ences in measured kinetics. To record the kinetics, a step-motor-driven
delay line controlled by a PC changes the analyzing pulse’s path length.
The probe beam intensity was detected by a photodiode and a lock-in
amplifier, and as a preliminary characterization the resulting kinetic traces
were analyzed in terms of a sum of exponentials by a least-squares fitting
procedure including deconvolution with the measured pulse autocorrela-
tion function. A schematic representation of this experimental setup is
shown in Fig. 1. As is described below, a more detailed analysis of the
measured kinetics was performed by use of a master equation description
of the energy transfer in a spectrally inhomogeneous antenna.

To enhance the spectral resolution, two-color measurements were also
performed in a dispersed arrangement. For this purpose we used the same
experimental setup as in the integrated one-color measurements, but a
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FIGURE 1 Schematic diagram of lasers and optics for a one-color time-
resolved absorption experimental setup for the magic angle and anisotropy
experiments at room temperature and 77 K.

monochromator with a 1-nm detection bandwidth was placed after the
sample. Inasmuch as the spectral filtering is performed after the sample this
will not influence the temporal resolution of the experiments, but care has
to be exercised with spectral oscillations that may arise in the wings of the
pulse spectrum (Chachisvilis et al., 1995a) because of the free induction
decay of the polarization induced by the probe pulses.

Femtosecond two-color
pump—-probe experiments

Two different types of two-color pump-probe arrangement were used: an
amplified dye laser and a Ti:sapphire laser pumped optical parametric
oscillator (OPO).

Amplified femtosecond dye laser system

This transient absorption spectrometer has been described elsewhere
(Aberg et al., 1994), so only a brief account will be given here. We
examined the dynamics of Bchl a in solution by measuring both the
spectral evolution and the transient absorption kinetics at selected wave-
lengths. For both types of measurement we used a single-jet dye laser
synchronously pumped by the compressed and frequency-doubled pulses
from a cw Nd:YAG laser (82 MHz, 3 ps, 532 nm, 1.1 W). With an
appropriate dye and optics combination this dye laser delivers 250-350-fs
tunable pulses in the range 570—700 nm. For the present measurements,
R6G was used as the gain medium and the tuning element was a one-plate
birefringent filter. This yielded 300-fs pulses (FWHM) at 590 nm with an
average power of 250 mW at 82 MHz. The duration of the dye laser pulses
was further reduced to 75 fs (75 mW) by a fiber—prism compressor. These
pulses were then amplified 10,000-fold in a two-stage dye amplifier
pumped longitudinally by a regenerative YAG amplifier working at | kHz.
Kiton Red in methanol was used as the gain medium in both stages of the
amplifier. The amplifier output was ~20 uJ/pulse at 590 nm with 200-fs
pulses. The pulses from the amplifier were divided by a 50/50 beam splitter
into two parts, one for excitation of the sample and the other generating a
white-light continuum to serve as tunable analyzing light from 350 to 900
nm. The continuum light was divided by a 50/50 beam splitter to give an
analyzing beam probing the transmission changes of the sample and a
reference beam to allow for compensation of intensity fluctuations in the
probe light. All three beams, excitation, analyzing, and reference, were
focused into the sample with a lens of 100-mm focal length. Only the
excitation and analyzing beams were overlapped in space inside the sam-
ple, with the excitation beam ~25% larger than the analyzing beam. A
monochromator after the sample selected the analyzing (and reference)
wavelength, and the excitation beam was blocked. Two photodiodes after
the monochromator monitored the analyzing and reference light beams. A
chopper was placed in the excitation light so the signal recorded was
log(/l )y oex. — 108U ), ox- In this way each analyzing pulse was
individually detected and normalized. The excitation pulse energy was also
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measured, and only data obtained with pulses within a preset intensity
range were accepted.

Transient absorption kinetics at a particular probe wavelength were
measured by stepping the optical delay line in the excitation beam path, for
a fixed setting of the probe monochromator. In measuring time-resolved
difference absorption (AA) spectra care has to be taken to avoid errors from
the wavelength chirp that are due to group-velocity dispersion in the
continuum. This gives a wavelength dependence of time 0 when different
parts of the continuum arrive at the sample at different times. To correct for
the effect, the delay in the excitation beam was moved according to a preset
calibration while a spectrum was recorded. The calibration of the disper-
sion was made by measuring time O in different dye solutions and two-
photon absorption in diphenyl hexatriene at different wavelengths. The
result was fitted to an analytical expression that was used to move the delay
line. The accuracy of zero time is estimated to be within 100 fs over the
spectral range used in the present measurements, and the time resolution of
the kinetic measurements (analyzed by least-squares fitting a sum of
exponentials convoluted with the apparatus response function) is approx-
imately 200 fs.

Ti:sapphire optical parametric oscillator
femtosecond system

To examine directly the transfer of excitation energy from B80O to B850
in Rb. sphaeroides free from exciton annihilation, low-energy femtosecond
Ti:sapphire pulses were used. The excitation and independently tunable
probe pulses were generated with a synchronously pumped OPO. When
this OPO was pumped by the 82-MHz pulse train of the Ti: sapphire laser,
it generated two new output wavelengths, the signal (~300 mW) and the
slightly less powerful idler (— 200 mW). The total wavelength coverage of
the OPO is from 1.1 to 2.6 um, and with ~80-fs pump pulses cross-
correlation pulses with the pump of ~100 and ~ 130 fs were measured for
the signal and the idler pulses, respectively. The good synchronization
among the pump, signal, and idler pulses with this system permits the
measurement of femtosecond pump—probe absorption kinetics.

To measure the direct energy transfer from B80O to B850 we excited the
sample at ~807 nm by using the residual pump light reflected from the
front surface of the LBO crystal in the OPO (see Fig. 2). Probe pulses
tunable over the range 830-875 nm were generated by frequency doubling
the idler pulses in a BBO crystal. The 1-mm path length of the crystal
caused a broadening of the apparatus response function to ~190 fs.

Ti:Sa laser

Ar ion laser

Idler

OPO

—_
Signal

pulse selector

Experimental setup

FIGURE 2 Experimental arrangement used for direct observation of the
B800—B850 energy transfer in the LH2 antenna complex of Rb.spha-
eroides WT at room temperature, based on a femtosecond OPO pumped by
a mode-locked Ti:sapphire laser.
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Sample treatment

The energy-transfer properties were measured in intact chromatophores of
Rb. sphaeroides and Rps. palustris LL at room temperature and at 77 K.
Preparation of the chromatophores was described in detail previously
(Sundstrém et al., 1986; Bergstrom et al., 1986). Briefly, the chromato-
phores were prepared from cells by sonication and diluted in 50-mM TRIS
buffer solution at pH 8.0 to yield a solution of the desired optical density,
~0.6. Room-temperature measurements were performed with the sample
in a spinning cell, and for the 77-K measurements a liquid-nitrogen cryostat
(Oxford Instruments Ltd., Oxford, UK) was used, with the sample in a
stationary 1-mm cell. To obtain a glass of good optical quality we mixed
the membrane suspensions with glycerol (70% glycerol and 30% prepara-
tion). The excited-state dynamics of Bchl a were measured in alcohol
solutions; for these measurements a 1-mm flow cell was used at room
temperature to reduce photodegradation of the sample, and the measure-
ments at 77 K were performed in a 1-mm stationary cell cooled by an
Oxford Instruments liquid-nitrogen cryostat. Spectroscopic-grade solvents
were used in all measurements.

Bchl a IN SOLUTION AND IN
LOW-TEMPERATURE GLASSES

Earlier studies of energy transfer in B80O revealed a fast
subpicosecond decay component of the B800 excited state
(~300 fs at room temperature) that appeared to have no
corresponding lifetime in the anisotropy decays (Hess et al.,
1993). It was suggested that this fast component could be
due to some internal relaxation within Bchl g, such as
vibrational relaxation and cooling instead of energy transfer
within B800. From time-resolved measurements of dye
molecules it is known that processes such as solvation
(Maroncelli et al., 1989), vibrational relaxation (Elsaesser
and Kaiser, 1991), and conformational changes and dissi-
pation of excess vibrational energy (Aberg et al., 1994) may
give rise to subpicosecond and picosecond transients in
time-resolved fluorescence and ground-state absorption
measurements. In this study we are interested in determin-
ing whether such fast relaxation processes exist in the Bchl
a molecule and whether they could obscure the results from
studies of energy transfer in purple bacteria. To discriminate
the intramolecular relaxation processes from those associ-
ated with energy transfer we performed measurements on
Bchl a in solution, in the absence of energy transfer.

In this study the Q, band was excited with 590-nm ~200
fs pulses and difference absorption kinetics and spectra
were measured in the wavelength region of the Q, absorp-
tion and fluorescence bands of Bchl a. From the kinetic
measurements we can see that there exist relaxation pro-
cesses that are far faster than the decay of the excited state
on a nanosecond time scale. In Fig. 3, three kinetic traces of
Bchl a in methanol at different analyzing wavelengths are
presented. At the blue side of the Q, absorption maximum
(740 nm) we can see an initial bleach that is rapidly relaxing
to a constant level. This relaxation is best characterized by
two lifetimes, ~1 and ~10 ps. If the analyzing wavelength
is shifted toward the red within the Q, band, the amplitudes
of the fast decays are reduced, and kinetics with rise times
similar to the decay times at the shorter wavelengths are
observed at probe wavelengths longer than approximately
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FIGURE 3 Two-color transient absorption measurements of Bchl a in
methanol at room temperature. The experiments were performed by excit-
ing at 590 nm and probing at 740, 760, and 800 nm. The kinetics were
fitted to a sum of three exponentials, giving T, = 1.1 ps (A; = —1.35), T,
= 8.1ps (A, = —1.52),and T; = 100 ps (A; = —5.0) at 740 nm; T, =
12ps(A, =02),T,=172ps (A, =0.9),and T, = 100 ps (A; = ~1.20)
at 760 nm; and T, = 1.6 ps (A; = 0.2), T, = 18.1 ps (A, = 0.5), and T,
= 100 ps (A; = —1.23) at 800 nm.

the ground-state absorption maximum (kinetic traces at 760
and 800 nm of Fig. 3).

The origin of the kinetics becomes clearer from the
transient absorption difference spectra of Fig. 4. A spectral

-20 -
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FIGURE 4 Transient absorption spectra of Bchl a in a methanol/acetone
solution at room temperature after excitation at $90 nm.
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evolution occurs on a femtosecond—picosecond time scale,
implying a narrowing and a red shift of the spectrum. The
measured transient spectrum is a compound result of
ground-state bleaching (~770 nm), stimulated emission
(~780 nm), and excited-state absorption (<725 nm). Ob-
served spectral shifts and kinetic transients will conse-
quently be a measure of relaxation processes within both the
excited and the ground electronic states. Solvation of the
excited molecule is known to produce spectral shifts of the
fluorescence (stimulated emission) and excited-state ab-
sorption spectra, whereas vibrational relaxation/cooling is
expected to produce mainly a spectral narrowing (Elsaesser
and Kaiser, 1991; Savikhin and Struve, 1994) and fewer
spectral shifts owing to the weak electron—phonon coupling
in Bchl a (Reddy et al., 1991). When the maximum of the
bleached band is plotted versus time, (Fig. 5), a fast spectral
red shift on two time scales, ~0.7 ps (A = 64%) and
~10-20 ps (A = 36%), is observed for Bchl a in a meth-
anol/acetone mixture. For Bchl a in butanol the observa-
tions are similar, but the fast component is approximately a
factor of 2 slower (1.3 ps), and there is a higher amplitude
of the slower component (A = 57%).

One usually measures polar solvation times by using
various dye molecules. The solvation time is characteristic
of the polar solvent and ideally is independent of the probe
molecule. Solvation dynamics in alcohols is generally char-
acterized by nonexponential kinetics; for methanol two life-
times, T; ~ 1 ps and T, = 10 ps, have been obtained, and
for butanol the corresponding lifetimes are T, = 20 ps and

12900 -
Bchla in solution
300K
g 12800 J —e— Methanol-Acetone
g o —«— Butanol
£ {
g
§ L‘\'\-
0\.
12600 . . ; . T '
0 20 40 60 80 100
Time (ps)

FIGURE 5 Time dependence of the position of the maximum of the
bleached band of Bchl a in two different solvents, methanol/acetone and
butanol, at room temperature. The decays were fitted by a sum of two

exponentials, resulting the following lifetimes: T, = ~0.7 * 0.3 ps (A, =
65 * 5%) and T, = 10-20 ps (A, = 35 = 5%) for the methanol/acetone
mixture and 7y, = ~1.3 + 0.3 ps (A; = 45 * 5%) and T, = 10-20 ps

(A, = 55 £ 5%) for butanol.
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T, =~ 100 ps (Castner et al., 1987; Weaver et al., 1990). This
suggests that the ~1- and 10-20-ps relaxation processes
observed in our measurements of Bchl a in solution at room
temperature may originate from spectral changes that are
related to the solvation of the Bchl a excited state.

In our experiments we excite the Q, electronic transition
of Bchl a with 590-nm laser light. This produces a large
excess vibrational energy when the molecule relaxes to the
Q, state. The vibrational relaxation following the Q, — Q,
transition and cooling of the resulting nonequilibrium vi-
brational distribution may give rise to spectral shifts on time
scales of subpicoseconds to tens of picoseconds (Elsaesser
and Kaiser, 1991). In an attempt to distinguish between
solvation and vibrational relaxation/cooling we measured
the picosecond dynamics of Bchl a in a frozen solvent,
ethanol at 77 K. In principle, our kinetic measurements
should also contain a kinetic component corresponding to
the S, — §, internal conversion process. This relaxation is
fast, and from recent measurements of bacterial reaction
centers (Du et al, 1992; Jia et al., 1995) it appears likely that
it is characterized by an ~150-fs time constant. Considering
the present time resolution of ~200 fs and the already
complex kinetics that result from solvation and vibrational
relaxation/cooling, we did not attempt to resolve this relax-
ation process separately in our measured Kkinetics; it is
included in the fast 0.5-1-ps component that we observe. At
77 K ethanol forms a glass, so the contribution of solvent
relaxation to the spectral changes is minimized on the
picosecond time scale. Bchl a is sensitive to light and tends
to photodegrade, as mentioned earlier. Therefore, in the
low-temperature measurements care was taken to use as low
light intensities as possible, and the sample was translated
perpendicular to the beam while the measurement was
made. We performed measurements with different excita-
tion energies by placing neutral-density filters in the path of
the excitation beam. Because of the photosensitivity of the
sample it was not possible to measure the spectral evolution
directly, as measurements of transient spectra require very
stable absorption spectra (i.e., no slow changes resulting
from degradation) over quite a long measuring time. From
the room-temperature measurements we know that the ef-
fect of the spectral change is most pronounced on the blue
side of the bleaching maximum, so if spectral shifts or
narrowing is present at 77 K we expect it to be most easily
revealed in a kinetic measurement near 740—750 nm. As
can be seen from the kinetics in Fig. 6, there is some
relatively slow relaxation with a 10 * 3-ps time constant in
this wavelength region. These results suggest that there exist
vibrational relaxation and cooling processes on a time scale
similar to that of the slower parts of the solvation dynamics,
i.e., ~10 ps. But the faster ~1 ps component observed at
room temperature appears now to be absent. Relaxation
processes on a time scale of ~10 ps observed by spectral
hole burning at a very low temperature (Avarmaa and
Rebane, 1985) were interpreted in a similar way. We notice
that these processes are considerably slower than the ener-
gy-transfer processes of interest here. It has to be mentioned
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that the kinetics of Bchl a were measured with ~200-fs
pulses, which implies that processes substantially faster
than 0.5-1.0 ps may be difficult to detect. Thus, if very fast
(~100 fs or faster) relaxation processes exist in Bchl a they
may have escaped detection in the present experiments.

In Rb. sphaeroides and Rps. palustris the subpicosecond
component in the B800 excited-state decay shows very little
temperature dependence, increasing only from ~200 fs to
~300 fs when the temperature is decreased from room
temperature to 77 K and the relative amplitude increases
(see the following section). In addition, this component
measured at the magic angle is correlated to a similar decay
of anisotropy (see below). These characteristics of the B800
excited-state dynamics, when compared with the Bchl a/so-
Iution and Bchl a/low-temperature glass dynamics de-
scribed above, strongly suggest that the kinetics and tran-
sient spectral evolution of B800 on subpicosecond and
few-picosecond time scales are largely dominated by energy
transfer and that intramolecular relaxation processes play
only a minor role. Here it should also be pointed out that the
measurements of Bchl a4 in solution and in low-temperature
glasses were performed with Q, excitation, whereas the
measurements on LH2 were performed with 0, excitation.
Q, excitation will generate more excess vibrational energy,
which could cause some differences in the vibrational re-
laxation/cooling of the Bchl a molecule. However, the sim-
ilarity of the observed time constants in the present work
and in that of Savikhin and Struve (1994) (Q, excitation)
and Becker et al. (1990; 1991) (Q, excitation) suggests that
the relaxation dynamics with the two modes of excitation in
fact are quite similar, at least on the subpicosecond—pico-
second time scale.

Both Becker et al. (1990, 1991) and Savikhin and Struve
(1994) found a fast ~1-ps relaxation time in addition to

0.00
':’1 Bchla in ethanol
77K
0,01 kexc=590 nm
3 Xprb=740 nm
S
5
-0.02
-0.03
0 10 20 30
Time (ps)

FIGURE 6 Kinetics of Bchl g in ethanol at 77 K. The samples were
excited at 590 nm and probed at 740 nm. The best fit gave the following
lifetimes: T, = 11 = 4 ps (A, = 30 = 10%) and T, = 100 ps (A, = 70%).
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slower components on the ~10-~100-ps time scale in their
room-temperature kinetic measurements of Bchl a in solu-
tion. Becker et al. (1990, 1991) concluded that the slower
relaxation is due to solvent relaxation, whereas the origin of
the faster relaxation remained unclear. Savikhin and Struve
(1994) considered vibrational cooling/intermolecular vibra-
tional energy redistribution and dielectric relaxation as pos-
sible mechanisms for the observed relaxations, and they
discussed various dynamic ‘“‘scenarios” that could occur,
depending on the time scales on which the various processes
take place. From the comparison with the experimental
results they could conclude that vibrational equilibration/
intermolecular vibrational redistribution was a major con-
tributor to the observed femtosecond and picosecond kinet-
ics of Bchl a in 1—propanol at room temperature. Dielectric
relaxation was also considered to be present, but from their
data alone they could not assign a time scale to these
processes in Bchl a. However, from our measurements of
the Bchl a relaxation in alcohol solutions and low-temper-
ature glasses it is possible to conclude that solvation is
perhaps mainly responsible for the fastest processes
whereas cooling and excess energy dissipation in addition
contribute to the slower process on the tens-of-picoseconds
time scale.

B800 TO B850 ENERGY TRANSFER

Fig. 7 displays kinetics of LH2 in Rb. sphaeroides at room
temperature monitored in the B800 band (Fig. 7 A) and at
several wavelengths within the B850 band (Fig. 7 B) after
excitation of B800. Probing the kinetics at ~800 nm (Fig. 7
A) monitors the decay of the B80O excited state, and, in
agreement with earlier room-temperature measurements
(Hess et al., 1993), we found it to be characterized by a 0.7
* 0.05-ps time constant as well as a faster ~0.3-ps com-
ponent, with relative amplitudes similar to those reported
earlier; the bigger amplitude of the fast component obtained
here compared with that in the earlier work of Hess et al.
(1993) is most likely a result of the better time resolution of
the present measurements. The 0.7 * 0.05-ps decay phase
of B800* is matched by the corresponding rise time of the
B850 excited-state bleaching as monitored at 875 nm in
the red wing of B850. In combination with the results in the
previous section this demonstrates that the transfer of en-
ergy from B80O to B850 occurs with a time constant of
0.7 £ 0.05 ps at room temperature and that additional faster
decay components monitored in the 800-nm band are due to
energy transfer within B80O. In the kinetic trace of Fig. 7 B
measured at 840-nm probe wavelength there is an initial
very fast ~150-fs rise of the bleaching signal followed by a
decay characterized by the same ~0.7-ps time constant as
observed in the red wing of the 850-nm band. The ~150-fs
component is also observed as a rise time of the other probe
wavelengths (850-875 nm), with the maximum relative
amplitude in the kinetic curve measured at 850 nm, close to
the isoasbestic wavelength of the slower components. This
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FIGURE 7 A. Magic angle integrated one-color absorption recovery of
Rb. sphaeroides WT, measured at 800 nm at room temperature. The solid
curve represents the three-exponential fit with the following lifetimes and
amplitudes: T, = 200 = 50 fs (A, = 1.0), T, = 0.7 = 0.05 ps (A, = 0.6),
and T; = 30 ps (A; = —0.1). B. Transient absorption kinetics of LH2 Rb.
sphaeroides WT excited into the B800 band and probed at different
wavelengths within the B850 band at room temperature. The solid curves
are the best fits with the following lifetimes at different wavelengths: at
840 nm, T\ = 150 fs (A, = —0.3) and T, = 0.70 ps (A, = 1.41); at 850

nm, T, = 130 fs (A, = —0.3) and T, = 0.65 ps (A, = —0.28); at
855 nm, T, = 130 fs (A} = —0.3) and T, = 0.64 ps (A, = —0.35);
at 865 nm, T, = 150 fs (A; = —0.3) and 7, = 0.66 ps (A, = —0.51); and
at 875 nm, T, = 170 fs (A = —0.3) and T, = 0.69 ps (A, = —0.58).

behavior is a result of very fast 100-200-fs energy equili-
bration within B850 and could be due either to a Forster
type of incoherent energy transfer among spectrally non-
equivalent (spectral inhomogeneity) B850 molecules or to
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relaxation in the strongly coupled B850 pigments. At the
moment it is not clear which of these descriptions is more
relevant to B850. This effect is analyzed more thoroughly in
a subsequent paper (Hess et al., in press).

At 77 K we monitored the B800— B850 energy transfer
in Rb. sphaeroides and Rps. palustris by probing the decay
of the B80O excited state with spectrally integrated probing
at different wavelengths within the B80O band. Magic angle
kinetics of Rb. sphaeroides at three different wavelengths,
790, 800, and 810 nm, are shown in Fig. 8A. Lifetimes and
amplitudes obtained from both Rb. sphaeroides and Rps.
palustris are collected in Table 1. The decay of the bleach-
ing is, as at room temperature (see Fig. 7 A), clearly
nonexponential at all wavelengths but is slower than at
room temperature. The relaxation time corresponding to
B800—B850 energy transfer has increased from ~0.7
to ~1.8 ps, whereas the faster subpicosecond lifetime has
become only slightly longer, increased from 0.3 to ~0.4 ps.
The negative induced absorption signal is characterized by
a much slower decay time constant, >30 ps, which from
previous picosecond studies (Zhang et al., 1992) is known
to represent the energy equilibration between the different
antenna systems (LH2 and LH1) and quenching by the
closed reaction centers.

In a complementary set of measurements of the B800*
lifetime at 77 K we used a monochromator after the
sample to select a narrow spectral region of the signal.
Although spectrally broadband excitation is used also in
these experiments, the narrow detection bandwidth re-
sults in better spectral resolution of the dynamics. The
77-K results of the B80O excited-state decay probed with
integrated and dispersed probe light in the 800-nm band
are summarized in Tables 1 and 2, respectively. As can
be seen, both detection methods yield very similar life-
times and wavelength variation of the amplitudes, A,.
These results show that the energy transfer from B80O to
B850 at 77 K is similar in Rb. sphaeroides and Rps.
palustris (~1.8 £ 0.2 ps), which is reasonable in view of
the expected structural similarity of the two complexes
(Van Mourik et al., 1992). The lengthening of the transfer
time from ~0.7 ps at room temperature to ~1.8 ps at 77
K is a result of decreased spectral overlap at low tem-
perature and has been discussed previously (Bergstrém
et al., 1988). The time constant for B800— B850 energy
transfer at 77 K (1.8 = 0.2 ps) found here is somewhat
shorter than the 2.4 ps reported previously (Hess et al.,
1994). The main reason for this difference lies in the
basic difficulties of fitting multiexponential decay curves
(James and Ware, 1985). The present data cover several
wavelengths, including both one- and two-color measure-
ments. In that way various decay components could be
better resolved. Comparison of the present results and
hole-burning results obtained at ~4 K shows that the
B800— B850 transfer time slows down somewhat more
below 77 K, which is in agreement with recent simula-
tions of the energy-transfer process (Hess et al., 1994).
The simulation results verified and substantiated a pre-
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vious suggestion by Reddy et al. (1991) that, at low
temperature, overlap between the B800 fluorescence and
a vibrational feature of B850 is essential in accounting
for the observed energy-transfer rate.
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FIGURE 8 A. Magic angle absorption recovery kinetics of the B800
band of Rb. sphaeroides, measured at three different wavelengths (790,
800, and 810 nm) at 77K. The corresponding lifetimes and amplitudes are
presented in Table 1. B. Anisotropy decay obtained from parallel and
perpendicular kinetics of Rb. sphaeroides at 77K at two wavelengths (790
and 800 nm). The solid curves represent the best fits with the following
parameters: at 790 nm, 7; = 0.3 = 0.1 ps (A, = 0.12), T, =5 = 1.5 ps
(A; = 0.08), A(®) = 0.2; at 800 nm, T, = 0.3 * 0.1 ps (4, = 0.2), T, =
L5%.5 ps (A, = 0.1), () = 0.1.
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TABLE 1 B800* lifetimes at various wavelengths within the
B800 absorption band for Rb. sphaeroides and Rps. palustris
at77 K

A (nm) T, (ps) A, T, (ps) Ay T (ps) A,
Rb. sphaeroides*
790 0.33 1 1.67 0.60 >30 -0.25
800 0.46 1 1.80 0.62 >30 —-0.31
810 0.60 1 1.90 0.64 >30 ~0.48
Rps. palustris*
790 0.24 1 1.65 0.73 >30 —-0.28
800 0.32 1 1.76 0.82 >30 -0.39
810 0.44 1 1.98 0.86 >30 —0.50

The results were obtained with integrate absorption pump-probe detection
technique.

*The standard errors are 15% for T, 10% for T,, and 20% for T;.

*The variations of the lifetimes are 20%, 10%, and 30% for T\, T,,and T;,
respectively.

RELAXATION DYNAMICS WITHIN B800

Having established above that energy transfer from B80O to
B850 occurs with a time constant of ~0.7 ps at room
temperature and ~1.8 ps at 77 K, we now proceed with the
dynamics related to processes within B800. The relaxation
in B80O may be either intramolecular (vibronic relaxation,
e.g.) or intermolecular (excitation transfer). First we note
that the absence of subpicosecond processes in the excited-
state decay of Bchl a in solution at 77 K suggests that the
~0.5-ps decay component observed in Rb. sphaeroides and
Rps. palustris at 77 K originates mainly from energy trans-
fer within B800. As molecules in B800 are not identical
(different orientation of transition dipole moments, spectral
inhomogeneity), the energy transfer can be monitored in
two different ways. Excitation transfer between molecules
of different energy (spectral equilibration) is resolved in
isotropic measurements, and the energy transfer between
differently oriented chromophores can be monitored by
time-resolved anisotropy (Sundstrém et al., 1986) measure-
ments. The relationship between these two observables
yields complementary information about the dynamics and
can be used to deduce information about the degree of order
in the system. In the next section we show how a master
equation model is used to simulate these processes.

Earlier picosecond measurements at 77 K within the
B800 band of Rb. sphaeroides (Van Grondelle et al., 1987)
indicated that the anisotropy of the B800 excited state
remained quite high throughout its lifetime, suggesting only
limited energy transfer or energy transfer between close-to-
parallel B80O transition dipoles. However, with picosecond
resolution it was not possible to resolve any details of the
time dependence of the B800 anisotropy. More recent mea-
surements with ~100 fs-pulses on Rb. sphaeroides and Rps.
palustris (Hess et al., 1993) revealed that at room temper-
ature there is a 0.8-1.5-ps decay of the B80O anisotropy.
The fact that the anisotropy decay is slower than the isotro-
pic B80O excited-state decay explains the difficulties in
resolution of this decay in earlier experiments with lower
time resolution.
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The results of the present measurements of Rb. spha-
eroides at 77 K are illustrated by the polarized kinetics and
calculated anisotropy decays of Figs. 8 A and B, respec-
tively. Qualitatively similar results are obtained for both
species at all studied wavelengths within the B80O band.
The anisotropy starts very close to the theoretical maximum
value of 0.4 and decays with a time constant of 0.3 ps to a
lower value r() = ~0.15-0.30. Besides the fast compo-
nent there is also a slower (=1-ps) decay. The value of the
long-time anisotropy r() is wavelength dependent; in the
center of the absorption band at ~800 nm it assumes a
relatively low value (r() = ~0.1), whereas in the blue
wing of the B80O0 absorption band it is considerably higher,
r() = 0.2-0.25. This suggests that there is more efficient
excitation transfer among the B800 pigment molecules ab-
sorbing at the center of the absorption band than among
with those absorbing in the wings of the spectrum. In the
following section we show that this behavior is a result of
the inhomogeneous spectral broadening of B800 and rela-
tively narrow homogeneous spectral width at low tempera-
ture, which result in trapping of excitations in both wings of
the inhomogeneous distribution function (IDF).

To obtain the anisotropy decay from the measured traces
with parallel and perpendicular probe polarizations, it is
necessary to subtract the negative signal contribution from
the B850 excited-state absorption. This was done by simu-
lating the rise of this signal with the rate of B800— B850
energy transfer as obtained from the magic angle measure-
ments of the B800O* decay (Tables 1 and 2) (Hess et al.,
1993) and assuming that the B850 signal is depolarized after
the B800—B850 transfer. This appears as a reasonable
approximation considering the pigment organization of LH2
(McDermott et al., 1995) and the fact that B850 depolar-
ization (measured with direct B850 excitation (Chachisvilis
et al. 1995b) is much faster (=200 fs) than the B800
excited-state decay. The amplitude of the isotropic ~150-fs
component assigned to energy equilibration within B850 is
in addition very low at these wavelengths, far away from the
isosbestic wavelength of B850 bleaching.

We saw above that the isotropic decay of the B800O
excited state (Tables 1 and 2; Fig. 8 A) is characterized by
an ~0.4-ps time constant at 77 K (~0.3 ps at room tem-
perature) in addition to the ~1.8 * 0.2-ps time for
B800— B850 transfer (~0.7 ps at room temperature). The
similar anisotropy and magic angle decay times along with
the fact that the B80O spectrum is largely characterized by
inhomogeneous broadening strongly suggest that the
~0.4-ps isotropic decay time is a result of energy transfer
within B800 rather than of, e.g., vibrational relaxation/
cooling.

As can be seen from Fig. 8 A, we measured the isotropic
decay of B800 in the red wing of the absorption band at
~810 nm. To measure the anisotropy decay accurately at
the same wavelength turned out to be more difficult, and we
could not obtain a reliable decay with quality comparabie
with that obtained at 790 and 800 nm. The reason for this
problem is that at this wavelength there is very low absorp-
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tion from B800 and the amplitude of B850 excited-state
absorption is higher. This results in a very fast change of
sign of the parallel and perpendicular signals. We have
developed a way to correct our data for the negative signal
that is due to the excited-state absorption (Hess et al., 1993),
but it can result in quite a big error if the excited-state
absorption is too intense. Furthermore, at this wavelength
the B850 is already directly excited to some extent, which
makes the correction even more problematic. From the
experimental data in this part of the spectrum we can
therefore conclude only that the anisotropy is relatively high
at all times (=0.2), but no reliable value of an initial decay
phase can be ascertained. However, despite all these prob-
lems, what we see is qualitatively in agreement with simu-
lations (see the following section).

SIMULATIONS
Master equation and spectral overlap

We describe excitation transfer in B80O as incoherent hop-
ping in a two-dimensional spectrally inhomogeneous an-
tenna lattice. Adopting the model of Pullerits and Freiberg
(1992), we write down the Pauli master equation, which
describes the kinetics of this process, in matrix form as

P(r) = R = P(0). ey

The rate matrix R contains information about the pairwise
transfer rates and the loss channels. Here the dominating
loss channel is the transfer B800—B850. Corresponding
backtransfer at 77 K as well as other possible loss channels
(spontaneous emission, internal conversion, intersystem
crossing) may be considered insignificant in our case.

The Green function approach to the solution of the master
equation gives us relatively simple formulas to calculate
both isotropic and polarized experimental signals if the
necessary spectral (inhomogeneous distribution, homoge-
neous spectra) and orientational (orientation of the transi-
tion dipole moments of the molecules) information of the
system is provided. The formalism and derivations can be
found in Pullerits and Freiberg (1992) and Pullerits et al.
(1994c), and we will not repeat them here.

According to the Forster theory (Forster, 1965), the in-
coherent excitation transfer rate is proportional to the over-
lap integral of the emission spectrum of the donor f,(v) and

TABLE 2 B800* lifetimes for Rb. sphaeroides obtained with
the dispersed absorption pump-probe detection technique
and measured at 77 K

A (nm) T, (ps) A, T, (ps) A, T5 (ps) A,
790 0.33 1 2.0 0.4 >30 -0.6
800 0.36 1 1.86 0.6 >30 -04
810 0.39 1 1.63 0.7 >30 —-0.2

The given values are averages of five independent measurements with a
standard deviation of ~20%.
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the absorption spectrum of the acceptor €,(v):

ko = Cx? ij(V)eA(V) dv, ()

where C does not depend on the energy (strictly speaking C
is not independent of v, but we ignore this weak dependence
in our qualitative calculations) and k% is the factor that
depends on the mutual orientation of the two transition
dipole moments. Because of the short excited-state lifetime
of B80O the fluorescence spectrum fi(v) is not very accu-
rately measurable. Furthermore, it would not be correct to
use directly measured spectra because of the inhomoge-
neous broadening; in Eq. 2 the homogeneous spectra must
be used. Therefore we have carried out spectral simulations
of the B800 band of the B800-850 complex, using the
model developed by Pullerits et al.(1994b). This model uses
the linear harmonic Franck—Condon approximation and per-
mits the calculation of the spectrum of the electronic tran-
sition that is coupled to vibronic modes and lattice phonons.
We have made use of the vibronic frequencies and relative
transition intensities of Bchl a reported by Renge et al.
(1987). This work does not give values for the Franck—
Condon factors, and we have varied these parameters within
reasonable limits to get the fit to experimental spectra. To
compare the model spectra with experiment, the calculated
homogeneous spectra were convoluted with the IDF. The
width of the IDF of B80O is taken to be 170 cm ' (Reddy
et al., 1991). The experimental and calculated absorption
spectra of the B80O band at 150 K and at room temperature
are given in the upper panel of Fig. 9. In the calculations of
the overlap integral we have assumed that the homogeneous
absorption and fluorescence spectra are mirror symmetric
with respect to the 0—0 transition frequency.

It has been discussed by Kenkre (1982) that sharp peaks
in the homogeneous spectra correspond to slow decay of
memory functions in the generalized master equation de-
scription and thus indicate the presence of coherent transfer.
This is not surprising because in general the same mecha-
nism broadens zero-phonon lines (ZPLs) and randomizes
phase of excitations. At 0 K it is quite obvious that the
overlap of donor fluorescence with the ZPL of the acceptor
absorption does not correspond to incoherent Forster trans-
fer because one of the main assumptions of the Forster
theory is not satisfied in that case: there is no fast relaxation
from the initially created acceptor state because from the
zero-phonon level there is nowhere to relax at low temper-
ature. Thus we have left the ZPL of the acceptor spectrum
out of the spectral overlap calculation. Fig. 9 shows the
dependence of the spectral overlap on the energy difference
between donor and acceptor at 4, 77, and 300 K. IDF is also
presented in both panels. The curves of the spectral overlap
give the relative transfer rate from the molecule with ZPL at
energy v, + AE to the molecule with the ZPL at the center
of the IDF (vy). At 4 K the spectral overlap has a structure
corresponding to the vibronic bands of the homogeneous
spectra. The structure disappears at higher temperature. At
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FIGURE 9 Dependence of the calculated Forster spectral overlap on the
energy gap between the excitation donor and acceptor at three different
temperatures. The overlap of the donor fluorescence with the ZPL of the
acceptor is left out of the calculation (see text). Homogeneous absorption
and fluorescence spectra are assumed to be mirror symmetric with respect
to the ZPL position. The electronic transition is coupled to the protein
phonons of mean frequency 20 cm™!, S = 0.4, and to an intramolecular
vibrational mode of 165 cm™', § = 0.1. The upper panel shows a com-
parison of experimental and calculated absorption spectra of B800 at two
temperatures. For comparison the inhomogeneous distribution function
(IDF) of 170 cm™"' is also presented in both panels.

77 K and lower the overlap is relatively narrow compared
with the IDF, and it can be seen that the transfer rate from
the bluest side of IDF to the center of IDF is relatively
small.

Model calculations

As a first example we have performed calculations for a
two-dimensional hexagonal system of 19 molecules. The
transition dipole moments of the molecules are random in
the plane, and the energies of the 0—0 electronic transitions
are distributed according to the Gaussian IDF of 170 cm ™!
half-width. In the calculations we also take into account the
spectral width of the excitation pulse of 150 cm™'. We have
calculated the kinetics of the isotropic and anisotropic
pump-probe signals at three different wavelengths, 790,
800, and 810 nm, which correspond to the blue edge, the
center, and the red edge of the absorption band, respec-
tively. In Fig. 10 we present the calculated distributions of
the decay constants of isotropic kinetics of B80O at these



Hess et al.

Isotropic =~ —— 300K

Anisotropy

790 nm

§ 021 A
2 @&
5 g
= A O
(o)
e e, 800 nm
ON --------- DRl
(0]
0.2} |
n|
(0]
810 nm
0 1 ' 2 3

Tau (ps)

FIGURE 10 Summary of the results of simulations of excitation transfer
inside B80O (part of the decay that corresponds to the transfer to B850 is
omitted). We have used a hexagonal two-dimensional array of molecules
with transition dipole moments randomly oriented in the plane. Inhomo-
geneous broadening and the spectral width of the laser pulse are taken into
account. The lines correspond to distributions of isotropic decay time
constants at different recording wavelengths and temperatures. Symbols
correspond to the biexponential fits of the calculated anisotropy decays.
The leftmost symbols at 3 ps give the corresponding constant level of
anisotropy, H().

three wavelengths at three different temperatures (lines). To
visualize better the dynamics inside of the spectrally inho-
mogeneous B800 band, we have omitted from Fig. 10 the
decay component corresponding to the quenching by B850.
We cannot directly simulate the distributions of anisotropy
decay components, but we have fitted calculated anisotropy
decay curves with the sum of two exponentials and a con-
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stant background. These results are also presented in Fig. 10
(symbols). The rightmost symbols at 3 ps give the level of
the constant background of the anisotropy decays.

First we take a closer look at the isotropic decays. At the
blue side at all temperatures one can see fast decay compo-
nents (300 fs), which are due to the transfer from initially
excited high-energy molecules to other molecules that have
lower excited-state energy; the 4-K kinetics is the fastest. At
77 K the overall amplitude of the components that is due to
the dynamics inside of the IDF is almost the same as at 4 K
(in both cases the overall kinetics have an approximately
20% lifetime component, which corresponds to the transfer
from B80O to B850), but the lifetime distribution is situated
toward much longer times. At 300 K the shape of the
lifetime distribution resembles the one at 4 K very much,
but the amplitude of the distribution is much smaller (more
than 40% of the overall decay amplitude is due to the
transfer to B850). At the center of the band the transfer takes
place among nearly isoenergetic molecules, and therefore
the fast components have very little amplitude and the decay
is quite similar at different temperatures. At the red side of
the band the kinetics at different temperatures have quali-
tatively different behavior. At 4 K only a rising component
is present, which corresponds to the accumulation of the
excitation to the reddest pigments, which give a strong
bleaching signal. At 77 K the kinetics at the red edge are
almost indistinguishable from the kinetics at the center of
the band. At 300 K a remarkable effect appears: because of
the uphill energy transfer one can see an apparent fast decay
component that makes kinetics at the red edge faster than
the corresponding kinetics at the center of the band because
at 800 nm initially the full IDF is almost homogeneously
excited whereas at 810 nm the excitations are created only
at the reddest pigments.

In the anisotropy decay at all wavelengths we see a very
fast component of 200 fs, which corresponds to the first
jump away from the initially excited molecule. The time
constant of this fast component is almost independent of
temperature and wavelength. At the same time the ampli-
tude varies considerably with different cases. The amplitude
is largest at the center of the band, particularly at 77 and 4
K (note that the isotropic decay had negligible amplitude of
the fast component at this spectral region). At these tem-
peratures the homogeneous spectra are so narrow that at
both edges of the band it is much less probable that a
molecule there has a neighbor with good spectral overlap.
This implies not only that the uphill energy transfer is
slowed down but that the excitation can also be “trapped” at
the blue side of the band because almost all neighbors have
so much lower energy that the spectral overlap is relatively
small (see Fig. 9). At the center of the band the escape
probability is much higher, because there it is much more
likely that the initially excited molecule has a neighbor with
a good spectral overlap. This effect is a direct analog to the
well-known concept of Anderson localization. In our case
the localization at the blue edge of the band is not really
perfect; the transfer away from there is simply slower than
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at the center of the band. At the red edge of the band at 4 K
a considerable amount of initially created excitation is really
trapped, which is indicated by the high value (>0.2) of the
constant level of anisotropy. Here we would like to draw the
reader’s attention to the fact that even at room temperature
at the red edge of the band the constant component of the
anisotropy is not the theoretically predicted 0.1 for the
two-dimensional system. This effect is due to the finite size
of our system. We have 19 molecules, of which 18 provide
a constant anisotropy 0.1 and one (the initially excited)
provides 0.4. Anisotropy is additive, and one can easily
calculate that the constant anisotropy level for our system is
approximately 0.12. In our opinion, this effect on the an-
isotropy of the finite size of a random system is not fully
recognized in studies of pigment protein complexes and
could give valuable additional information about the struc-
tural properties of the studied system.

It has to be pointed out that in the above structural model,
if one approximates both anisotropic and isotropic decays
with two exponentials, then the fast component of anisotro-
pic decay is always considerably shorter than the corre-
sponding isotropic decay component. Qualitatively one
could perhaps expect to find the opposite result (faster
isotropic component) if there were some local order in the
orientations of transition dipole moments. To investigate
this point further we introduced a correlation of orientations
of transition dipole moments of molecules in the system and
looked for the possibility of finding the necessary level of
correlation where the fast component of the anisotropy
decay becomes similar to the corresponding isotropic decay
that was observed in the experiment.

We used the following algorithm for assigning the orien-
tations of dipole moments of molecules. For the first mol-
ecule we give a certain orientation of the dipole moment
given by the unit vector 31 For the following molecules we
use the equation

i-1 ¢
- - 47 -

i=1

where 0 = exp(—1/y). r;; is the distance between molecules
i and j; d, is a unit vector oriented randomly in the plane.
The superscript # indicates that after summation the vector
in brackets has to be normalized to unity. The correlation
parameter vy determines the amount of order in the system.
If v is large then 6 is close to 1, and the orientation is
determined mainly by the first term in Eq. 3; also, inside the
sum one can see that molecules that are far from j still make
a significant contribution. As a result the dipole moments of
molecules are nearly parallel. In the opposite case, if v is
small, then @ is also small, and the orientations of dipole
moments are rather random.

It turns out that the time constant of the fastest component
of the anisotropy decay does not depend strongly on the
correlation parameter y. However, the amplitudes of differ-
ent time constants and of the constant background are
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strongly dependent on . This outcome is of course not so
surprising because, even if two transition dipole moments
are close to parallel (not absolutely parallel), energy transfer
from one to another still causes the decrease of the level of
anisotropy of the signal with the time constant correspond-
ing to the rate of the transfer. At the same time the ampli-
tude of that decrease depends on the mutual orientation of
dipole moments. If molecules have totally random orienta-
tion in space, then one transfer step reduces the anisotropy
from the initial 0.4 to 0.016 (Agranovich and Galanin,
1982). If there is some correlation of orientations, then the
amount of the reduction is different but the time constant is
still the same. The subsequent transfer steps of course cause
a further reduction of the anisotropy, but it turns out that, if
the correlation is introduced as in Eq. 3, then the first step
creates a clearly distinctive fast decay component of the
anisotropy and the further time constants of the multiexpo-
nential fit are much longer (in fact the curve has a general
nonexponential behavior). The general expression for the
anisotopy after excitation transfer is r = (3 cos’a — 1)/5,
where « is the angle between the transition dipole moments
of the initially excited molecule and the currently excited
molecule.

Inspired by the recent finding that the LH2 antenna has a
ringlike structure (McDermott et al., 1995), we have also
performed simulations for the model in which all molecules
are located on a ring with the transition dipole moments
perpendicular to the radius vector and varied the number of
molecules in the system (N). If N is large, then neighboring
molecules have nearly parallel transition dipole moments,
and the first transfer step reduces the anisotropy by a very
little amount. It appears that because of the cyclic structure
the anisotropy decay is qualitatively different from the
previous case of correlated dipole moments. If we fit the
anisotropy decay by a single exponential plus a constant
background we can clearly see the slowdown of the initial
fast anisotropy decay (previously we had mainly a decrease
of the amplitude). Strictly speaking, it still has a fast com-
ponent that corresponds to the single jump and does not
depend on N, but the amplitude of this component is very
small and could not be distinguished from the decay caused
by the subsequent steps. We found that if N = 8 then the fast
component of anisotropy decay is nearly equal to the single
exponential time constant of the isotropic decay, which
corresponds to the transfer inside B800. If N is 12, 16, or 20
then the corresponding anisotropy decay times are 1.4, 2.1
or 3.2 times longer than the above-mentioned isotropic
decay time. If we compare these results with experimental
values for the fast decay components of isotropic and aniso-
tropic decays (0.4 and 0.3 ps, respectively, at 77 K) we can
find that the pairwise nearest-neighbor hopping time of
B800 molecules at 77 K, averaged over the IDF, is 350 fs.
Our measurements also suggest that, if B80O has a ringlike
structure, then N = 12. As can be seen from Fig. 11, LH2
contains nine B80O Bchl a molecules that form a ring and
have the Q, transition dipole moments parallel to the mem-
brane plane.
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FIGURE 11
together with B-helixes form an outer ring of the B800-850 complex,
whereas a-helixes are in the inner ring.

Arrangement of the Bchl @ molecules of B800. Pigments

DISCUSSION

Our interpretations of the experimental data are based on the
Forster incoherent excitation transfer theory. Alternatively,
exciton relaxation has been applied for describing the ultra-
fast transfer processes in purple bacteria (Pullerits et al.,
1994a; Novoderezhkin and Razjivin, 1994). We point out
that for the B80O band all spectroscopic evidence (CD, hole
burning) indicates the prevailing monomeric character of
that spectral band. Besides, the structural data show that the
center-to-center distance between nearest-neighbour B800
Bchl molecules (21 A) and from these to molecules that
belong to B850 (18 A) is much larger than the center-to-
center distance between B850 molecules (~9 A). Therefore
we are justified in treating B800<>B800 and B800— B350
transfer as Forster hopping, whereas for the transfer inside
B850 excitonic effects have to be considered seriously.
The pairwise transfer time within B800 seems to be faster
than the corresponding transfer from B800 to B850 (at 77 K,
0.35 and 1.8 ps, respectively) in spite of the fact that the
distance between B800 molecules is greater than the dis-
tance from B800 to B850. This is most likely due to the
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different spectral overlaps. Between B800 molecules the
overlap of donor spectra with phonon wings of acceptors is
quite good at 77 K, whereas in the case of B800—B850
transfer the major part of the overlap is coming from the
165-cm™! vibrational mode, which is not very strongly
coupled to the electronic transition (Reddy et al., 1991).
Consequently the overlap is much smaller for that transfer.

There is much recent evidence that vibrational relaxation
and dephasing in antenna complexes of the purple bacteria
are not completed on the few-hundred-femtosecond time
scale (Chachisvilis et al., 1994, 1995b). This means that the
B800<>B800 transfer occurs from a vibrationally hot state
(Tehver and Hizhnyakov, 1976). In that case transfer from
each optically prepared vibrational level of the donor has to
be considered independently, and the resulting kinetics
might be multiexponential. However, this is not likely to
change our conclusion about the slowdown of the B800«
B800 transfer at the blue wing of the absorption band.
Vibrational relaxation can be formally included in Eq. 2
through the time-dependent fluorescence spectrum f,(v). At
the initial stage, before the relaxation, emission is resonant
to the absorbed light, whereas during the vibrational relax-
ation it thermalizes to f(v). In the case of excitation to the
blue wing of the absorption band, emission shifts from blue
to red. This means that the localization phenomenon at the
blue side of the absorption band, which our simulations
predict and experiment supports, is even stronger if the hot
excitation transfer is properly considered.

Current work and a number of other studies show that
there are subpicosecond to picosecond relaxations in large
molecules in solution, related to several different processes:
solvation, vibrational relaxation, cooling. At low tempera-
ture in glass, a substantial part of these motions, which are
related to solvation, freezes out, and the relaxations slow
down. Whether this is also the case in proteins is not
possible to say definitely, because there are very few data on
solvation processes and their temperature dependence in
proteins. Experiments with Bchl a in a protein matrix are in
progress to resolve these problems. If other dynamic pro-
cesses such as vibrational relaxation and electronic dephas-
ing are also present, they are expected to be quite fast. The
present measurements show that there are no such relax-
ations of substantial amplitude in Bchl a in the low-temper-
ature glasses. It appears reasonably safe to assume that these
intramolecular processes would be present to a similar ex-
tent and have approximately the same temporal behavior in
glasses and proteins at low temperatures. For our results we
therefore presume that the contribution of non-energy-trans-
fer-related relaxation processes to the measured kinetics is
small enough not to influence appreciably our main conclu-
sions regarding nearest-neighbor excitation hopping time in
B800, excitation localization in the wings of the B80O band,
and correlation of B80O anisotropy decay with the LH2
structure. Moreover, all these conclusions are to a large
extent based on the anisotropy data, which are expected to
be affected very little by intramolecular processes such as
vibrational relaxation. Electronic dephasing in an excitonic
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system could actually lead to fast anisotropy decay compo-
nents (Knox and Giilen, 1993). However, in that case one
would also expect the initial anisotropy to be above the
conventional 0.4, which was not observed in the current
measurements. Besides, as we already pointed out, B800
has a basically monomeric character.

The concept of homogeneous and inhomogeneous broad-
ening originates on the basic level from the possibility of
separating the time scales of different dynamic processes in
the system. At low temperatures when the dynamic fluctu-
ations of the environment of a chromophore are frozen out,
the IDF can be seen as truly static. At higher temperatures
when the conformational changes in the glass/protein will
become faster (spectral diffusion), the picture of the static
IDF might not be true any more. We do not have a good
physical model to describe that kind of dynamic spectral
inhomogeneity, and, as the reference time here is rather
short, the excited-state lifetime of 1-2 ps, we consider the
IDF to be temperature independent.

B800<>B800 transfer was also observed in the recent
fluorescence line-narrowing and hole-burning study at 1.2
K by de Caro et al. (1994). They suggested a time constant
of ~900 fs for that process, which is considerably longer
than what our direct time-domain experiments yield at 77 K.
The difference might be due to the different temperature but
also to the complicated decay profile. The fastest compo-
nents with small amplitudes are not so easy to extract from
the frequency-domain experiments.

The value of ~1.8 ps for the B800~>B850 transfer time
at 77 K is also shorter than what hole-burning experiments
suggest at liquid-helium temperatures (Van der Laan et al.,
1990; Reddy et al., 1991). This difference is most likely due
to the change in the spectral overlap with temperature (Hess
et al., 1994). The spectra are narrower and the spectral
overlap consequently smaller at lower temperatures. How-
ever, the reduction of the energy-transfer rate below 77 K is
relatively small; a much bigger decrease occurs between
room temperature and 77 K, where the time constant
changes from 0.7 to 1.8 ps.

The data presented here reveal a new feature of excitation
transfer in spectrally inhomogeneous antenna systems: the
localization of excitation at the blue edge of the spectrum at
low temperature. This “localization” is not so perfect as it is
at the red edge, where excitation gets practically trapped.
But still the excitation transfer is slowed down significantly.
Our results are in a good agreement with available spectral
data and the basic features apparent from the structure of the
LH2 complex. It will be interesting to investigate the details
of pigment interactions and energy transfer within the com-
plex when the atomic coordinates become available.
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