
Dynamics in Isolated Bacterial Light Harvesting Antenna (LH2) of Rhodobacter sphaeroides
at Room Temperature

Taiha Joo, Yiwei Jia, Jae-Young Yu, David M. Jonas, and Graham R. Fleming*
Department of Chemistry and James Franck Research Institute, UniVersity of Chicago, Chicago, Illinois 60637

ReceiVed: June 12, 1995; In Final Form: October 27, 1995X

The underlying dynamics of the B800 absorption band in isolated LH2 ofRb. sphaeroidesat room temperature
is studied by transient absorption, transient grating, and photon echoes using 30 fs pulses. The energy transfer
time from B800 to B850 is determined to be 800 fs, similar to the value reported previously. The three pulse
stimulated photon echo identifies several important contributions to the B800 absorption line shape and thereby
the dynamics of the system involved: several low frequency intramolecular vibrations, ultrafast bath (solvent
and protein) responses, and static inhomogeneity longer than the time scale of B800 to B850 energy transfer
make significant contributions. Transient absorption decay is nonexponential as found previously. It is argued
that the fast component in the two-exponential analysis of the transient absorption signal originates from
vibrational relaxation within the B800 absorption band. Calculations of the nonlinear signals based on the
optical transition frequency correlation function,M(t), including all three contributions (intramolecular
vibrations, ultrafast bath (solvent and protein) responses, and static inhomogeneity) are presented, and a form
for M(t) is obtained by fitting the three pulse photon echo experimental data.

1. Introduction

In photosynthesis, light is first captured by light harvesting
(LH) antenna complexes. The energy is subsequently trans-
ferred to the reaction center with over 90% quantum yield where
a series of electron transfer reactions occur.1,2 The different
chromophore types in bacterial photosynthetic systems are
generally better resolved spectrally than those in higher plants,
providing a somewhat simpler system for study.2,3 In the
photosynthetic purple bacteriaRhodobacter sphaeroides, there
are two different types of antenna complexes: a core antenna
(LH1) thought to surround the reaction center and a peripheral
antenna (LH2). LH2 has two major bacteriochlorophyll (Bchl)
Qy absorption bands at around 800 nm (B800) and 850 nm
(B850). B800 is believed to be monomeric Bchl whereas B850
has been assumed to be dimeric Bchl.4,5 Recently, the crystal
structure of the LH2 fromRhodopseudomonas acidophillahas
been determined to a resolution of 2.5 Å.6 The basic unit has
overall 9-fold symmetry with nine identical transmembraneRâ
polypeptide units forming a wheel with inner and outer radii of
18 and 34 Å, respectively. EachRâ polypeptide binds two B850
Bchls and one B800 Bchl. The 18 B850 Bchls form a
continuous ring inside the wheel, closely interacting with each
other. The Mg-Mg (in bacteriochlorins) distance within an
Râ unit is 8.7 Å, while it is 9.7 Å between adjacent units. The
remaining nine Bchls (B800) are located between theâ-apo-
proteins. The Mg-Mg distance between B800 Bchls is 21 Å,
suggesting that B800 may be regarded as monomeric Bchls.
The energy transfer processes in LH2 have been studied

extensively by many authors.7-22 Once B800 is excited either
by direct light absorption or by an energy transfer process from
other spectral species, excitation is transferred to B850 within
1 ps at room temperature.10,12,13,16 At low temperature, the
energy transfer slows down to 2.4 ps.12,13,17-22 Energy transfer
within the inhomogeneous distribution of B800 molecules has
been discussed in the context of hole burning19,22and transient
absorption studies.12,13 Energy transfer (delocalization) within
B850 and LH1 has also been studied by fluorescence,23,24

transient absorption,10,24and time-resolved fluorescence aniso-

tropy.25,26 The possibility of energy transfer between excitonic
states in B850 was discussed to account for the ultrafast∼20
fs dynamics seen in the transient absorption.27 Time-resolved
fluorescence anisotropy measurements yield a single step energy
transfer time scale of∼100 fs among B850 Bchls.26

The availability of a high-resolution crystal structure6 makes
LH2 an important testing ground for ideas about electronic
coupling between chromophores and about the coupling of the
electronic states to the protein in light harvesting systems. In
this paper we focus on the latter aspect of the dynamics. The
nature of the line broadening in these chromophores, which is
a direct manifestation of coupling between chromophore
electronic states and the surroundings (protein and solvent
molecules), plays a crucial role in determining the energy
transfer and electron transfer mechanisms. For example, in
Förster energy transfer theory the energy transfer rate is
proportional to the spectral overlap between the homogeneous
fluorescence spectrum of a donor and the homogeneous absorp-
tion spectrum of an acceptor.28 Fluorescence,23,29time-resolved
fluorescence,24,25,30 transient absorption,10,24 and hole-burning
experiments17-22 have established that at low temperature (<70
K) the absorption spectra of LH1 and LH2 are inhomogeneously
broadened. This inhomogeneity is consistent with a glasslike
environment for the Bchls in protein at low temperature.
At room temperature the solvent and protein environment

fluctuate with characteristic time scales ranging from femto-
seconds to nanoseconds or even longer.31,32 The dynamical
aspects of the system are reflected in the line shapes of electronic
and vibrational transitions. To fully characterize the line shape
of a transition and thereby the dynamics of the system, one needs
to know not only the fluctuation amplitude (coupling strength)
but also the time scale (spectrum) of each process involved.
The simplest approach is to factor the line profile into
homogeneous and inhomogeneous contributions (Bloch picture)
and thus the dynamics into infinitely fast (homogeneous) and
static (inhomogeneous) contributions. In more sophisticated
models, such as the Kubo stochastic line shape theory33 and
the Brownian oscillator model,34 each process is defined with
its characteristic time scale as well as a coupling strength.
Recent time-resolved experiments31,35-38 and calculations39-45X Abstract published inAdVance ACS Abstracts,January 15, 1996.
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have shown that the Bloch model is an inadequate description
of dynamics in liquids at room temperature.
Hole-burning spectroscopy has been used extensively at low

temperature for these antenna complexes.17-22 The width of a
zero phonon hole line yields the homogeneous dephasing time.
At room temperature, however, frequency domain hole burning
studies cannot be used, since the time scales of the dynamics
which causes spectral diffusion are much faster than the
measurement time. This issue has been discussed in detail by
Kang et al.46 Transient hole burningsa pump/probe transient
absorption measurement with the probe pulse spectrally
resolvedshas been used for cresyl violet in a liquid at room
temperature.47 A spectral hole was observed for pump/probe
delay times less than a few hundred femtoseconds. The width
of the hole, however, does not represent the true homogeneous
time scale of the system. Rather, the rapid evolution of the
probe spectrum as a whole represents the complicated nature
of the dynamics involved.48 Also, information on the dynamics
near time zero are obscured by the coherent interaction of the
pump and probe pulses.46

The photon echo technique has frequently been used for the
study of dynamics in solids. With the advent of femtosecond
lasers, especially Kerr lens mode-locked Ti:sapphire lasers
capable of generating∼10 fs pulses, the photon echo technique
has been extended to the study of the dynamics at room
temperature liquids, where the optical dephasing time is just a
few tens of femtoseconds.31,35-37,49,50 The three-pulse stimulated
photon echo (3PE) has proven to be very useful in determining
the time scales of system-bath interaction over a wide dynamic
range, from a few femtoseconds to several nanoseconds.31,50A
novel six-wave mixing (fifth-order three pulse echo) technique
has been used to reveal the inertial nature of the early (<100
fs) solvation dynamics.31,51 A gated photon echo technique,
where the echo signal for a fixedτ delay is time-resolved to
determine the “bare echo” signal as a function oft′ (see Figure
1), has also been used.36b,52

In this work, we studied the B800 absorption band of isolated
LH2 from Rb. sphaeroidesat room temperature. A few time-
domain nonlinear spectroscopic techniques including transient
absorption, transient grating, and photon echoes are employed
using 30 fs pulses. We discuss the energy transfer from B800
to B850, energy transfer within the B800 absorption band, and
the nature of the B800 absorption line shape. Specifically, we
attempt to address the following issues: What is the real energy
transfer rate from B800 to B850? Does the energy transfer
within B800 compete with this process? What are the time
scales and fluctuation amplitudes of the protein response that
are responsible for the line shape? What is the contribution of
intramolecular vibrations to the electronic absorption line shape?
Our analysis is based on the following model for the optical
transition frequency of chromophorei:

where 〈ω〉 is the average transition frequency of a two-level
(ground,|g〉, and excited,|e〉, electronic states) system for all
the chromophores andεi is the offset from the average, assumed
static.53 Fluctuations of the transition frequency are described
by ∆ωi(t). The dynamics (both intra- and intermolecular) is
characterized by the transition frequency correlation function,
M(t):

Our goal is to find a consistent set of parameters forM(t) and

the coupling strengths that reproduce all our measurements,
including the absorption spectrum.M(t) then provides a detailed
picture of the dynamical time scales at work in B800 of LH2.

2. Experimental Section

A. Laser System. The cavity-dumped Kerr lens mode-
locked Ti:sapphire laser54,55 used in the experiments has been
described previously.56 The laser generates 15-20 fs Gaussian
transform-limited pulses with an energy of∼50 nJ at repetition
rates up to 1 MHz (stability,(0.2%). The center wavelength
of the laser spectrum can be tuned from 760 to 820 nm. The
frequency spectrum of the pulses is nearly Gaussian with a
bandwidth of∼50 nm (fwhm), becoming slightly narrower at
longer wavelengths. For this work, the output was tuned to
798 nm to excite the B800 absorption band directly. A pair of
LaKL21 prisms were used outside of the cavity to compensate
for the group velocity dispersion (GVD) from optical compo-
nents. To avoid excitation of the nearby B850 absorption band,
a razor blade is inserted at the dispersed region of the LaKL21
prism pair. The razor blade cuts off the red wing of the pulse
spectrum nicely without affecting the width (45 nm) signifi-
cantly. This procedure, however, lengthens the pulse duration
significantly from 20 fs (without the razor blade) to 30 fs,
assuming a Gaussian pulse envelope.
B. Experimental Setup. The experimental setup is a general

three beam optical delay line setup configured in a “box”
geometry. The three beams form an equilateral triangle when
viewed from the beam propagation direction (see Figure 1).
Two- and three-pulse photon echoes, transient absorption,
transient grating, and other time-resolved wave-mixing experi-

ωi(t) ) 〈ω〉 + ∆ωi(t) + εi (1)

M(t) )
〈∆ω(0)∆ω(t)〉

〈∆ω2〉
(2)

Figure 1. (top) Two-level (excited,|e〉, and ground,|g〉, electronic
states) system double-sided Feynman diagrams for transient absorption
(TA), transient grating (TG), two-pulse photon echo (2PE), and three-
pulse stimulated echo (3PE) in the rotating-wave approximation. The
left and right vertical lines represent the ket and bra of the density
matrix, respectively. Time increases from bottom to top.k represents
the wave vector of the ingoing/outgoing field. The arrows on the left
and right vertical lines represent the field-matter interactions on the
ket and bra states, respectively. Only the diagrams essential for the
discussions are shown. For a complete description of the Feynman
diagram, refer to ref 84. The numbers 1, 2, and 3 are input pulses, and
S denotes signal polarization. (bottom) Schematic of the experimental
setup together with the signal phase matching directions: BS1 and BS2,
40% and 50% beam splitters, respectively; lens, 10 cm focal length
lens; A (2k1 - k2) and A′ (-k1 + 2k2), 2PE signals generated from
pulses 1 and 2; B (k1 - k2 + k3) and B′ (-k1 + k2 + k3), 3PE and TG
signals generated from pulses 1, 2, and 3. TG and 3PE are different
only in the delays between the pulses.
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ments can be performed with minimum modification. For the
echo measurements the pulses are split into three equal energy
pulses using 40% and 50% beam splitters and focused by a 10
cm focal length lens. For the transient absorption measurements,
the 50% beam splitter was replaced by a BK7 window. Two
of the beams are delayed by stepper motor driven translation
stages (Klinger) with minimum step sizes of 0.1 and 0.02µm.
The two stepper motors are computer-controlled with a stepper
motor controller (MC4, Klinger). A data acquisition program
was developed to allow the fully independent motions of the
two motor-driven stages which are required in the 3PE measure-
ments.
To minimize the effects of thermal grating, higher order

phenomena, and excitation annihilation, the pulse energy is
attenuated to∼1.0 nJ before the first beam splitter, and a
repetition rate of 152 kHz was used. The pulse energy in each
beam at the sample is∼200 pJ. In the echo measurements stray
light (scattering from cell windows, fluorescence, etc.) causes
difficulty in obtaining good signal-to-noise ratio data, since the
low absorbance of the sample and low pulse energy combine
to produce very weak echo signals. Stray light was eliminated
by polarization control of the input beams and by using a lock-
in detection technique. The polarizations of pulses 1 and 2 are
perpendicular to the table while those of pulse 3 and the signal
are parallel to the table. A chopper was then inserted in the
beam path of pulse 1, and the signal was detected with a lock-
in amplifier referenced to the chopper frequency. The polarizer
in front of a detector removes stray light from pulses 1 and 2
while the lock-in detection subtracts the background signal from
pulse 3.
C. Materials. LH2 of Rb. sphaeroideswild type was

isolated and purified according to the literature procedures.9,57

The absorbance of the sample at 800 nm is 0.1 in a 100µm
optical path length cell. The stability of the laser system makes
measurements at such a low optical density possible. The
sample was circulated by a peristaltic pump at a speed of∼6
cm/s in a 100µm quartz flow cell. The total volume of 1.8
mL was cooled by ice-water.

3. Results

A. Transient Absorption (TA). The absorption spectrum
of the isolated LH2 ofRb. sphaeroidesand the spectrum of the
laser pulses are shown in Figure 2. The femtosecond pulses
excite the entire B800 band more or less uniformly. Overlap
of the laser spectrum with the B850 absorption band, however,
is minimal. A one-color transient absorption signal at 798 nm
center wavelength is shown in Figure 3. The polarizations of

the pump and probe pulses are parallel to each other. The signal
is similar to those reported previously with somewhat lower
time resolution.12,13 In the figure a positive signal indicates an
increase of the probe pulse intensity induced by the pump pulse
due to the ground state bleaching and/or stimulated emission.
The negative signal at long time delays (τ > 1 ps) indicates an
increase in probe absorption induced by the pump pulse. This
induced absorption has been assigned to the absorption of the
B850 excited state after energy transfer from B800.12 The TA
signal also has a small dip centered aroundτ ) -40 fs. We
believe this negative signal is part of a detuning beat induced
by the small off-resonant excitation of the B850 absorption band.
One complication that might affect the signal decay is the

excitation annihilation process. It has been reported that the
singlet-singlet (and triplet-singlet) annihilation process de-
pends on the sample preparation procedure.58 From intensity-
dependent time-resolved fluorescence measurements on the same
LH2 sample but for B850 excitation,25,26it has been determined
that the intensity of the pulse in the current measurement is a
few times lower than the threshold intensity for observing the
singlet-singlet annihilation process. The triplet-singlet an-
nihilation process may be negligible at this repetition rate.
Transient absorption measurements usually contain a promi-

nent “coherence spike” around zero delay. In Figure 3, the
coherence spike is quite weak and does not, in fact, peak at
zero delay. Detailed discussion on the coherent spike can be
found elsewhere;49b,59in this work we use only data away from
the pulse overlap region (τ > 80 fs). A fit using a single-
exponential decay (plus a negative base line) beginning at 80
fs yields a time constant of∼540 fs withø2 = 1.3. (A two-
exponential fit gives infinity for the longer time constant.) The
TA signal can be fitted well to three exponentials with time
constants of 330 fs (43%), 800 fs (40%), and∼40 ps (-17%)
(ø2 = 1.0). The time constant of the long component is not
well determined in this measurement due to the limited time
window and does not affect the short time constants signifi-
cantly. Even though the three-exponential fit describes the
signal very well, the two short time constants are somewhat
correlated. For example, time constants of 300 and 720 fs fit

Figure 2. Absorption spectrum of isolated LH2 ofRb. sphaeroides
together with the laser pulse spectrum (dotted line).

Figure 3. TA signal of LH2 at room temperature using 30 fs pulses
centered at 798 nm. The solid line is a three exponential fit with time
constants of 330 fs (43%), 800 fs (40%), and 40 ps (-17%). The
residuals for the fit are shown in (a). Fits are performed using only
data from delays>80 fs, although the line is extrapolated through zero
by convoluting with a Gaussian excitation pulse of 30 fs duration. The
residuals for a single-exponential fit with a negative constant term are
shown in (b). In a two-exponential fit, the long time constant becomes
infinity.
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the signal well with only∼1% increase inø2. Below, we assign
the 800 fs component to the energy transfer time from B800 to
B850 whereas the shorter 330 fs component is assigned to
vibrational population relaxation within the B800 electronic
excited state. Close inspection reveals some very small oscil-
lations in the signal as observed previously.60 The fact that
our pulse spectrum covers the entire absorption band makes
the experiment relatively insensitive to vibrational wave packet
motion.59 Oscillations are more prominent in the transient
grating signal and especially in three-pulse photon echo (3PE)
peak shift measurement, where they make an important con-
tribution to the signal.
B. Transient Grating (TG). In a TG measurement, the

signal in the phase matching direction-k1 + k2 + k3 is recorded
as a function of delay,τ, between pulses 2 and pulse 3 while
pulses 1 and 2 overlap in time (see Figure 1). The first two
pump pulses (pulses 1 and 2) create a spatial modulation of the
excited/ground state population in the samplesa transient
grating is formed. The third probe pulse is diffracted off this
transient grating into the background-free phase matching
direction, -k1 + k2 + k3. The diffracted beam intensity
decreases as the transient grating decays. Since the polarizations
of the two pump pulses (pulses 1 and 2) are parallel to each
other, only an intensity grating (population grating) is present
in the sample.61 Any physical process that destroys the grating
imprinted on the sample will cause the signal to decay. This
implies that the decay in TG (population grating) cannot be
slower than the decay of the TA signal, since there are additional
processes, such as spatial diffusion of excitation, that destroy
only the grating as well as the processes that cause both TA
and TG signals to decay, such as population relaxation and
solvation dynamics. For two pump pulses with a wavelength
λ and a crossing angleθ, the grating fringe spacing isλ/2 sin-
(θ/2). The grating fringe spacing in the current experiment (θ
= 0.1) is greater than 800 nm, making it unrealistic to consider
grating decay via diffusion or energy migration on a time scale
of less than 1 ps, the time window of the experiment. Therefore,
the TG and TA signal decays should be identical other than the
differences arising from the modulus squared nature of the TG
signal.59 The TA signal can be viewed as a third-order
polarization (same as the TG) heterodyned against the probe
pulse. This leads to a factor of 2 difference in the decay times
of TA and TG signal. For example, for a excited state lifetime
of τ, TA and TG signal will decay by time constants ofτ and
τ/2, respectively.
A one-color (798 nm) transient grating signal of B800 in LH2

is shown in Figure 4. The “coherence spike” in the TG signal
is somewhat more prominent than that in the TA measurement
and can be seen readily in the signal. In both TG and TA,
most of the coherence spike reflects ultrafast bath dynamics
(TA and TG have the same response function; see Figure 1).59

As with the TA signal, we use the portion of the TG signal free
of coherence spike; i.e.,τ > 80 fs for fitting. Clearly apparent
are oscillations in the signal due to vibrational wave packets.
These wave packets could arise from either the electronic ground
or excited states of B800. The classical Franck principle applied
to electronic transitions62,63 implies that an abruptly excited
intramolecular vibration will modulate the transition frequency
correlation function,M(t), in a damped cosinusoidal fashion with
a damping time given by the vibrational dephasing time. Thus,
intramolecular vibrations can play an important role in the
calculation of the TG and photon echo signals (see below).
The TG signal can be fitted surprisingly well to a single

exponential with a decay time constant of 390 fs. In fact, a
two-exponential fit does not improve theø2 of the fit. Con-

sidering the factor of 2 arising from the modulus squared nature
of the TG signal, a decay time constant of 780 fs compares
well with the 800 fs component in the TA data. Since there is
a significant excited state absorption from B850 (S1), the
possibility of a grating after energy transfer must also be
considered. Its existence can be seen clearly from the nonzero
background in the TG signal after the energy transfer from B800
to B850 is complete (τ . 400 fs). In the most simple picture,
neglecting deviations from perfect resonance, the grating formed
by excited state absorption of B850 would be expected to be
spatially shifted byπ from the original grating, since now a
bleached region absorbs more strongly. In the case of imperfect
resonance, an additional phase shift arises because the phase of
the polarization (here B850 polarization due to the excited state
absorption) differs from the applied field. Theπ phase shift is
illustrated in Figure 5. In general, the grating created by the
pump pulses can arise from ground state bleaching and/or
excited state stimulated emission. In case of intramolecular

Figure 4. TG signal of LH2 at room temperature using 30 fs pulses
centered at 798 nm. The solid line is a fit using eq 3 wheref(τ) is a
single exponential with a time constant of 790 fs,θ is 1.5, andC )
0.13. Only the data forτ > 80 fs have been used for the fitting. Inset
shows the Fourier transform of the residual (b). Residuals are shown
with (a) and without (b) the oscillation components listed in Table 1.
Extrapolation toτ ) 0 indicates that a significant coherent spike is
present unlike in the TA signal.

Figure 5. Phase of the transient grating created in B850 resulting from
B800 to B850 energy transfer is shifted byπ from that in B800
originally created by the two (pulses 1 and 2) input pulses. This phase
shift is illustrated schematically. The figure shows the population change
in LH2 in a spatial region where the two pump pulses (1 and 2 in TG)
interfere constructively (high-intensity region). Before the pump pulses
reach the sample (τ < 0), no grating is present (left). The pump pulses
create a grating due to stimulated emission from B800 (and also the
bleaching of B800) to decrease the optical density in this region (center).
As a result of energy transfer, the B800 returns to the ground state and
B850 is excited (right). The excited B850 absorbs more strongly at
800 nm light and thus increases the optical density of this region. Thus,
the B850 grating after the energy transfer is 180° out of phase with
the initial B800 grating.
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radiationless decay such as an intersystem crossing from S1 to
T1, the grating is not totally destroyed, since the grating due to
ground state bleaching still survives. This ground state grating
will decay as a ground state recovery time. In contrast, the
B800 to B850 energy transfer process destroys both the ground
and the excited state gratings in B800, since B800 returns to
the ground state as excitation is transferred to B850. In addition,
the distance between the B800 and the B850 is far less than
the wavelength of the excitation pulses, i.e., less than the grating
fringe spacing that was created by the pump pulses. Conse-
quently, a B850 transient grating due to B850 excited state
absorption is created by the B800 to B850 energy transfer. This
B850 transient grating intensity (Figure 5,τ > τET) will be
affected (a small decrease) by the ultrafast B850-B850 energy
transfer occurring on a 100 fs time scale.26 The B850 transient
grating should rise with the same time constants as the decay
of the B800 grating. As a flexible fitting function for the TG
signal, we use

where the constantC includes the energy transfer efficiency as
well as the absorption coefficient of B850 relative to that of
B800, f(τ) is the normalized decay function of the B800 TG,
and the phaseφ is left as a fitting parameter. A satisfactory fit
is obtained with a single exponentialf(τ) with time constant
790 fs (C ) 0.13), which matches with the long time constant
of the TA data. A two-exponential fit does not improve the fit
and converges to two exponentials with the same time constant.
The phase,φ, obtained from the best fit is 1.5 rad rather than
π. A phase ofπ/2 would correspond to a refractive index
grating which is expected to scatter more weakly than an
absorption grating. The value of the phase is not well
determined in the fit, and we have not pursued this point further.
To obtain the oscillation frequencies, the nonoscillating part

of the signal was subtracted from the signal according to eq 3,
and the linear prediction singular value decomposition (LP-SVD)
method was applied.64,65 The LP-SVD results are listed in Table
1. The frequencies match closely with those found in the
resonance Raman spectrum of B800.66 The Fourier transform
of the oscillation component (Figure 4b) is also shown in Figure
4 (inset) for comparison. The frequencies and relative ampli-
tudes found in the Fourier transform matches well with those
from the LP-SVD fit, except the 430 cm-1 is not evident in the
Fourier transform. The Fourier transform is started at 80 fs,
and this may well limit the ability to detect high-frequency
modes with short dephasing times. Also, the 98 cm-1 mode
found in the LP-SVD appears at∼107 cm-1 in the Fourier
transform. It is hard to determine which technique is more
reliable, although LP-SVD gives somewhat better results in a
simulation study.65 Interestingly, there are several low-
frequency vibrations below 170 cm-1, where no vibrational
modes were found for monomeric Bchls (accessory Bchls) in a
resonance Raman spectrum of the bacterial reaction center.67

Several low frequency (<170 cm-1) vibrations found in a

resonance Raman spectrum of special pair (P) Bchls in the
reaction center were assigned to the dimer-associated vibra-
tions.67 Considering B800 as monomeric in nature, there are
several possibilities for the origin of these low frequency
vibrations in LH2: (1) Since time-resolved measurements tend
to emphasize the low-frequency modes, they may be vibrational
modes of the Bchl monomer, undetected in the resonance Raman
spectrum. (2) They may be related to the Bchl-protein
coordination. (3) They may be vibrations in the excited
electronic state. The vibrations in Table 1 may be divided into
two groups: one with dephasing times (T2) of ∼300 fs and the
other with dephasing times>1 ps (see the note in Table 1).
Since the B800 excited state lifetime is 800 fs, the dephasing
times for the vibrations in the excited state cannot be longer
than 800 fs. We therefore assign the 27 and 185 cm-1

frequencies to ground state vibrations. It seems likely that the
98, 162, and 432 cm-1 frequencies, which have very short
vibrational dephasing times, are excited state modes. If we
assign the 330 fs component in the TA signal to the vibrational
population relaxation time (see section 5B), the maximal
vibrational dephasing time (lifetime-limited dephasing) will
range from 330 to∼460 fs,68 in reasonable agreement with the
dephasing times for these three vibrations.
C. Photon Echoes.The B800 to B850 energy transfer time

is much shorter than the normal lifetime of the S1 excited
electronic state and significantly limits the experimentally
available time window. In other words, the B800 to B850
energy transfer decreases the echo intensity. This makes
measurements difficult for largeT. Figure 6 shows two-pulse
photon echo (2PE) signals of LH2 measured at 2k1 - k2 (dashed
line) and-k1 + 2k2 (solid line) phase-matching directions,
which are mirror images of each other.50,69 The zero time delay,
which is important for the echo analysis, can be determined
precisely by measuring the two signals simultaneously.50 The
peak position of each signal is shifted as much as 35 fs fromτ
) 0 with some asymmetry in the signal. The tail of the echo
signal (see the semilog plot, Figure 6b) gives a decay time of

TABLE 1: Oscillations in the Transient Grating Signal of
LH2: Linear Prediction Fit

amplitude freq, cm-1 T2, fs phase, rad

0.21 432 310 -2.6
0.2 185 1000a 1.7
1 162 320 0.7
0.36 98 390 -0.2
0.06 27 7000a 1.3

a The TG signal has visible oscillations for onlyτ < 1500 fs, and
thus the longT2’s are not well defined.

Figure 6. 2PE signals of B800 in linear (a) and log scales (b). Signals
in the two different phase matching directions,-k1 + 2k2 (solid line)
and 2k1 - k2 (dashed line), which are mirror images of each other
with respect toτ ) 0 are shown in (a). Only the-k1 + 2k2 signal is
shown in (b). An approximate decay time of 20 fs is obtained by fitting
the tail (100-140 fs portion) of the semilog plot (b).

I(t) ) |f(τ) + C exp(iφ)(1- f(τ))|2 (3)
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∼20 fs. The 20 fs decay is real and is not a decay limited by
the pulse duration.59 This decay time for the 2PE, however,
does not represent a true homogeneous dephasing time even in
the Bloch limit. The electronic dephasing time,T2, in the Bloch
model can range from 40 to 80 fs, depending on the ratio of
the homogeneous to inhomogeneous line widths.70 This decay
time in the 2PE is somewhat slower than those for dyes in polar
liquids.31,35,36,50,52,71-73

3PE signals for several different values of the population
period,T, (see Figure 1), are shown in Figure 7. AtT ) 0, the
3PE signal is shifted by∼30 fs with some asymmetry in each
signal. Note that the 3PE signal forT ) 0 is not the same as
the 2PE signal. The pulse sequences and hence the response
functions of the 2PE and the 3PE forτ < 0 are different although
they are identical forτ > 0. The response function of the 2PE
for τ < 0 is zero, irrespective of the line broadening mechanism,
but for the 3PE it is a free induction decay in the Bloch limit
(see eq 5). When the pulse duration is comparable to the time
scales in the response function, as in the present experiment,
the signal forτ > 0 will also be affected by theτ < 0 part of
the response function through the convolution with the field
envelope (eq 6).
The large shift forT ) 0 results from the finite time scales

in M(t). At short times, memory of the transition frequency is
largely retained, and rephasing can occur. That is, the system
can be considered static (inhomogeneous), and complete rephas-
ing is possible during the time thatM(t) remains close to unity.
As T increases, the system loses memory of its initial transition
frequency and the rephasing capability is diminished, resulting
in a decrease of the shift in the 3PE. This decrease of the peak
shift vs T in the 3PE can be seen in Figure 7. The data in
Figure 7 are in striking contrast to the prediction of the optical
Bloch model, where the peak shift in the 3PE would decrease
instantaneously for a homogeneous process. For largeT (>1
ps) the two-phase matched signals almost overlap, indicating
that the signal is nearly symmetric. In this limit, the signal
reflects a free induction decay inferred from the absorption
spectrum and does not contain any information on dynamics.

The origin of a small∼3 fs peak shift even at very largeT is
not clear. Since the signal for largeT arises mostly from the
B850 excited state grating, the 3PE shift for largeT cannot be
due to the static inhomogeneity on B800. We believe this small
shift arises from the noncollinear geometry of the three input
pulses. Noncollinear crossing of the input pulses causes
wavefront distortion and a loss of time resolution, which both
depend on the crossing angle. When the crossing angle is
decreased by using a 20 cm focal length lens (an achromat),
the 3 fs offset becomes zero within(0.5 fs.
The peak shift of the 3PE is plotted againstT in Figure 8. A

three-exponential fit to the data is also shown (solid line). The
3PE peak shift as a function ofT has been found to represent
the time scale of the dynamics occurring inM(t).59 Simulations
including finite pulse duration show that this is true even for
moderately long pulses.59 When the peak shift is fitted to three
exponentials, time constants of 30 fs (57%), 530 fs (33%), and
∞ (10%) are obtained. The time constants are approximate
because a significant oscillatory contribution to the data is
evident in Figure 8. The decay time of the long component is
also not determined well because of the relatively short
population period (T) window. The 530 fs component has not
been observed in 3PE peak shift measurement for dyes (HITCI,
IR144) in polar liquids, where ultrafast (∼100 fs), a few
picoseconds, and few tens of picoseconds components have been
found.31,50,59 The oscillations in the 3PE peak shift are
remarkably similar to those in the TG signal (see Figure 4b),
implying that they both have the same origin, i.e., intramolecular
vibrations of Bchl in LH2. These oscillations are critical for
understanding the B800 line shape and modeling the dynamics
of B800 in LH2.

4. Model Calculations

In this section we attempt to obtain a set of parameters that
describes the system dynamics. When properly determined, this
set of parameters should reproduce the various experimental
results presented in the previous section, i.e., TA, TG, 2PE,
individual 3PE signal, 3PE peak shift vsT curve, and finally
the B800 absorption spectrum. To proceed, it is essential to
understand precisely what the 3PE peak shift and TG measure
and the basic properties of these signals. The basic theory on
which our analysis is based, along with calculations on various
model systems, will appear elsewhere59 and will not be repeated
here. In the following we restrict ourselves to a brief discussion

Figure 7. 3PE signals of B800 for the two different phase matching
directions,-k1 + k2 + k3 (solid line) andk1 - k2 + k3 (dashed line)
for three values of the population periodT: (a) T ) 0 fs, (b)T ) 40
fs, and (c)T ) 1.3 ps.

Figure 8. 3PE peak shift vs population periodT. The peak shift is
determined by fitting each signal to a Gaussian. The solid line is a
three-exponential fit with time constants of 30 fs (57%), 530 fs (33%),
and∞ (10%). The peak shift forT ) 0 fs may differ by as much as 3
fs in a different data set. When the peak shift atT ) 0 is scaled to 30
fs, however, the peak shifts at otherT values are reproducible within
(0.3 fs. That is, the oscillations in a peak shift vsT curve are highly
reproducible.
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of the key features of the 3PE peak shift and TG measurement.
The peak shift in the 3PE signal (for a fixedT) reflects the
asymmetry of the signal. To be more precise, it is a measure
of the difference between the echo signal in the rephasing side
(τ > 0) and that on nonrephasing side (τ < 0). Thus, the shift
in 3PE is a measure of the system’s ability to rephase (to cause
an echo). Unlike the 2PE, the rephasing Bohr frequency
information is stored in diagonal elements (both ground and
excited electronic state) of the density matrix during the time
T. In this sense, the peak shift measurement as a function ofT
is an indirect way of measuringM(t), and it should followM(t)
at least qualitatively. From a wide variety of simulations we
have found that the 3PE peak shift indeed followsM(t) closely.59

TG measurements can also provide useful information on the
dynamics and have been used recently to measure solvation
dynamics32 and diffusion dynamics.74 When the population
decay contribution to the TG signal is carefully removed, the
remainder of the signal represents the decay of the grating from
spectral (solvation) and spatial diffusion processes.32 Interest-
ingly, the TG signal decays in time because of the decrease in
the rephasing capability of the system as in 3PE, although in
TG the rephasing can only occur within the pulse envelope.59

Thus, the sensitivity of the TG signal to solvation dynamics
depends on the pulse durationsas the pulse duration becomes
longer, it will be more sensitive to the solvation process.
In photon echo measurements in room temperature liquids,

the pulse duration is likely to be comparable to the typical
vibrational periods. In other words, the broad frequency
spectrum of the pulse can excite vibrational wave packets. In
the present experiment, the pulse has a spectral width of∼700
cm-1. The pulse can create not only excited state population
but also intramolecular vibrational coherences (wave packets)
in both the ground and excited electronic states of Bchl. In
this case,M(t) contains contributions from intramolecular wave
packet motions as well as from chromophore-bath dissipation
processes. This separation into intramolecular (chromophore)
and intermolecular (chromophore-bath) modes may not be
clear-cut. Any nuclear motion which is coupled to the electronic
transition will modulate the transition frequency. In many cases
it may be possible to distinguish between intramolecular modes
and (intermolecular) solvent modes by their relative widths and
frequencies. The solvent modes will generally have a continu-
ous spectrum peaked at relatively low frequencies and lead to
apparently irreversible relaxation, whereas the higher frequency
intramolecular modes with narrow widths (slow dephasing)
produce oscillatory shifts in the transition frequency. If the
molecule itself contains many strongly coupled low-frequency
modes, it may not be possible to make a distinction between
system and bath (i.e., the molecule acts as its own bath). In
addition, we do not rule out the possibility that discrete and
weakly damped protein motions also modulate the transition
frequency.
To calculate various nonlinear signals, we start from a model

for the transition frequency correlation function,M(t). The
relaxation function,g(t), can be calculated fromM(t):34

whereλ is the optical reorganization energy (Stokes shift) and
〈∆ω2〉 is an ensemble average of the square of the transition
frequency relative to the center frequency. The absorption
spectrum of the system is given by the real part of the Fourier
transform of exp{-g(t)}.34 Thus, the imaginary part ofg(t)
reflects a change of the center transition frequency over time
while the real part ofg(t) is related to the width of the transition.

The nonlinear third-order signals can be calculated via the
response functions:34 For 3PE (also for TA and TG), they are
given by

The response functions above represent the third order polariza-
tion in the sample induced by the three field-chromophore
interactions for a time ordering as shown in Figure 1 (top, 3PE).
The third-order nonlinear polarization is given by the convolu-
tion of the response functions with the field envelopes with
proper time ordering:

where theEi are the electric fields with wave vectorski. Three
interactions occurring att1, t2, and t3 create a third order
polarization att′. Π1,2,3 is the permutator over all possible time
orderings of the three fields. Detailed calculation procedures
including the effect of finite pulse duration for the present pulse
sequence can be found elsewhere.59 To reproduce the photon
echo measurements, it is essential to include both intramolecular
vibrations and solvent modes. In addition, the B800 to B850
energy transfer process must also be included.
The population relaxation (T1 process) does not, in general,

appear in the 3PE peak shift measurement even though the echo
signal intensity decreases via population decay. This can be
easily understood by considering theM(t). The population
relaxation is a true homogeneous (T2 ) 2T1) process, and thus
M(t) ) δ(t). In this case the 3PE peak shift is zero for allT (or
constant if there is an additional inhomogeneous broadening).
As mentioned earlier, population relaxation in B800 due to the
energy transfer to B850 is a special case in that the product
(B850 excited state) absorbs at the same frequency. In other
words, the energy transfer can be viewed as a stochastic process
in which the frequency jumps from one value to another. The
transient grating will not be destroyed by this process if B800
and B850 are spatially closer than the grating fringe spacing.
Therefore, the transient grating will still diffract the probe (the
third) beam, but the energy transfer may destroy the frequency
memory and disable the rephasing. The 3PE peak shift will
decrease on the energy transfer time scale in addition to the
usual dephasing processes, and we assign the 530 fs component
in the 3PE peak shift (Figure 8) to this energy transfer process.
We use an exponentialM(t) with a 600 fs time constant to
account for the energy transfer. In the absence of the energy
transfer process, the 530 fs decay time constant will become
infinite and the shift will stay constant.
The vibrational frequencies, their relative coupling strengths,

and dephasing times required to fit the echo data were obtained
from TG data. The frequencies and phases were used directly
as a contribution toM(t), except that each damped sinusoid was
shifted by+20 fs. This shift arises because the echo does not
peak atτ ) 0 but peaks at positiveτ so that vibrations have
extra time to propagate. Model calculations demonstrate this
effect clearly.59 The amount of shift (+20 fs) can only be
determined from fits to the data including finite duration pulses.
The phase of the wave packet motion (the phases in Table 1)
is, in general, not zero and is quite intricate to calculate. Also,
the 20 fs shift in time mentioned above will give different phase

g(t) ) iλ∫0t dτ1M(τ1) + 〈∆ω2〉∫0t dτ1∫0τ1 dτ2M(τ2) (4)

R3PE(τ>0)) exp{-g*(τ) - g*( t′) + g(T) - g*(τ+T) -
g(T+t′) + g*(τ+T+t′)} (5a)

R3PE(τ<0)) exp{-g(τ) - g*( t′) - g*(T) + g(τ+T) +
g*(T+t′) - g(τ+T+t′)} (5b)

P(3)(t′) ∝∫-∞

t′
dt3∫-∞

t3 dt2∫-∞

t2 dt1 Π1,2,3R(t1,t2,t3,t′) ×
E*1(k1,t1) E2(k2,t2) E3(k3,t3) (6)
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shifts (in radians) for oscillations with different vibrational
frequencies.59 We were not able to reproduce the oscillations
in the TG and 3PE peak shift when the phases of the vibrations
were set to zero. The initial ultrafast solvent/protein relaxation
is treated as a GaussianM(t) following recent studies in polar
liquids, where the initial dynamics is found to be largely inertial
and can be well described by a GaussianM(t).31,37 A slightly
underdamped Brownian oscillator gives an equally good de-
scription. Thus, the modelM(t) is a sum of three terms:

whereA’s are relative coupling strengths. Results from LP-
SVD fit (Table 1) are used for the parameters in the oscillation
term.
We found that the 3PE peak shift is very sensitive to changes

in the parameters and provides the best way to define them.
The coupling strength of each process determines the relative
amplitude in a peak shift while the time constant inM(t)
determines the time constant in the peak shift vsT curve. By
fitting the 3PE peak shift measurement with the calculated 3PE
peak shift using the modelM(t) in eq 7, we foundtg ) 90 fs
and te ) 600 fs. The coupling strengths for the Gaussian,
exponential, and damped cosinusoid are determined to be 100,
90, and 67 cm-1, respectively. Figure 9b shows the calculation
of the 3PE peak shift as a function ofT using a 30 fs pulse
duration. TheM(t) used in this calculation along with its FT
(inset) is shown in Figure 9a. In this calculation we added a
small inhomogeneous width of 50 cm-1 to account for the 3 fs
offset for largeT in the 3PE peak shift measurement. However,
this static inhomogeneity should not be considered as part of
the B800 absorption band for the reasons discussed above (see
section 3B). The oscillatory contribution dominates the 3PE
peak shift (the shift becomes negative for certain values ofT),
if only the vibrational modes are included in the calculated
signal, demonstrating the need for an ultrafast bath mode (the

Gaussian contribution inM(t)). The calculation shows that
model M(t) reproduces the 3PE peak shift very well. In
particular, it reproduces the initial ultrafast 30 fs decay as well
as the oscillations in the 3PE peak shift. The initial ultrafast
decay results from the action of both intramolecular vibrational
modes and the bath responses.
Figure 10 shows the calculated TG signal with the same

model M(t) used in the 3PE peak shift calculation, also
employing 30 fs pulses. The calculated TG signal matches
closely the measured signal, including the initial “coherence
spike” and the oscillatory features. The calculation shows that
the initial spike, peaking around∼35 fs, results from both
intramolecular vibrations and ultrafast bath relaxation. The
coherence spike thus reflects the processes that give the initial
ultrafast decrease inM(t). Note that the oscillations inM(t)
are shifted by+20 fs from the oscillations in the measured TG
signal. When the TG signal is calculated with theM(t) used
above, the oscillations are shifted by ca.-20 fs, resulting in a
good agreement with the measured TG signal.
The oscillations in the 3PE peak shift can also be qualitatively

reproduced with one underdamped Brownian oscillator with∆,
ω, and γ of 120 cm-1, 180 cm-1, and 120 cm-1, respec-
tively,34,75 Here ∆ is the coupling strength,ω and γ are a
frequency and damping constant of the harmonic oscillator,
respectively. TheM(t) used in this calculation is a sum of a
Brownian oscillatorM(t) and an exponential. In this case,
however, there is a small but significant discrepancy between
the calculated and experimentally measured peak shift in 3PE,
especially for the regionT> 300 fs. Close agreement between
the frequencies from the Raman spectrum and the TG oscilla-
tions also supports the argument that oscillations in the TG and
3PE peak shift measurements arise from intramolecular vibra-
tions.

5. Discussion

A. Implications of the Three-Pulse Photon Echo Peak
Shift Results. The peak of the 3PE signal is shifted by as much
as 30 fs fromτ ) 0 at T ) 0. The peak shift, however,
decreases rapidly from 30 fs atT ) 0 to about 15 fs atT ) 50
fs. According to the model calculations presented in the
previous section, this ultrafast peak shift decrease is due to both
the intramolecular vibrations and the ultrafast solvent mode.
The 3PE peak shift further decreases to near zero with a time
constant of∼530 fs, which was modeled as an exponentialM(t)
with 600 fs time constant. It was found in a simulation study59

that the time constants in the measurements of 3PE peak shifts
do not match exactly with those inM(t). (Time constants in

Figure 9. (a)M(t) used for the calculation. Inset: Fourier transform
ofM(t) excluding the exponentialM(t) component. (b) Calculated 3PE
peak shift vsT (solid line) using 30 fs Gaussian pulse intensity envelope
function. Circles represent experimental data.

M(t) ∝ Ag exp[-(t/tg)
2] + Ae exp(-t/te) +

∑
i

Ai exp(-t/T2,i) cos(ωit + θi) (7)

Figure 10. Calculated TG signal using 30 fs pulses without including
the 800 fs lifetime component. The parameters used are the same as in
Figure 9 (sameM(t) is used). Inset shows the calculated TG with the
lifetime contribution.
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the calculated 3PE peak shift are slightly smaller than those in
M(t).) The width of the absorption spectrum calculated from
theM(t) including all three contributions (Gaussian, exponential,
and intramolecular vibrations) is∼320 cm-1 and matches
closely with the B800 absorption spectrum which has a width
of ∼300 cm-1. The ultrafast solvent mode which was modeled
as a GaussianM(t) with 90 fs correlation time can be loosely
called “homogeneous broadening”.76 It has to be emphasized
that this is physically rather different from the conventional
homogeneous broadening in the Bloch model where the
correlation time inM(t) is zero (M(t) ) δ(t)). The absorption
spectrum for this GaussianM(t) is also close to a Gaussian in
contrast to a Lorentzian line shape for a homogeneous process
in the Bloch model.
The fact that the 3PE peak shift does not drop to zero after

the initial ultrafast decay indicates that there is an inhomogeneity
in the system persisting on a time scale longer than the energy
transfer time (800 fs) as discussed in section 4. If the
oscillations and the ultrafast solvation process are the only
processes responsible for the absorption line shape, the 3PE peak
shift would drop to near zero once the ultrafast solvation process
is over. In the absence of energy transfer from B800 to B850,
the 3PE peak shift will remain at∼15 fs. That is, this 15 fs
shift, which is determined by the amplitude (coupling strength)
of the exponentialM(t), is due to the inhomogeneity of B800.
The presence of energy transfer makes it a little harder to see
this inhomogeneity in the system directly. The time scale of
the inhomogeneity (spectral diffusion process over the inho-
mogeneous width), however, cannot be measured with the
current experiment because of the short time window set by
the energy transfer process. The “homogeneous” and inhomo-
geneous processes correspond to widths (fwhm) of 200 and
∼210 cm-1, respectively, in the frequency spectrum. The
inhomogeneous width of 210 cm-1 is close to the B800
absorption line width of∼200 cm-1 at 4 K where the line shape
can be regarded as inhomogeneously broadened.17,19

There has been a controversy about the degree of vibronic
contribution to the electronic line broadening in a room
temperature liquid. This is critical in terms of the applicability
of the two-level system model on which most of the analyses
are based.36,50,52,71,72Also, results on electronic “homogeneous”
dynamics should critically depend on the level structure of the
transition. In this work, the vibrational contribution is resolved
in the 3PE peak shift, and its contribution is found to be
significant. Its contribution, however, is still smaller than that
from the bath fluctuations at room temperature. The present
3PE peak shift measurement should provide a more accurate
measure of the vibrational contribution than transient absorption,
since it is based on the rephasing process. In transient
absorption measurements, the vibrational contribution may be
underestimated, particularly when the pulse duration is short
(large spectral width) because of lack of sensitivity to the
vibrational coordinate.
B. The Fast (330 fs) Component in TA Signal.Nonex-

ponential behavior has been observed previously in∼800 nm
one-color transient absorption measurements on LH2 by Hess
et al.12,13 They also fit their data to double exponentials (in
addition to a much longer time constant) to find time constants
of ∼300 and ∼600 fs. The amplitude of the∼300 fs
component, however, was much smaller (∼15%) than that found
here. Vibrational relaxation and/or energy transfer within the
B800 band was proposed to account for the fast component
while the∼600 fs component was assigned to the B800 to B850
energy transfer.12 For the vibrational relaxation model, it was
assumed that the energy transfer rates from B800 to B850 for

different vibrational excitations are equal. For the energy
transfer model within the B800 band (from “blue B800” to “red
B800”), the energy transfer rates from B800 to B850 for all
B800 molecules are assumed to be the same, although the
spectral overlap between B800 and B850 band is found to be
important for the energy transfer process.13

It has been frequently assumed that B800 absorption consists
of several spectrally distinct Bchls, and those Bchls absorbing
at the high-energy side of the absorption band transfer the energy
to the low-energy side Bchls before the energy transfer to B850
occurs. This argument was used to explain the increasing zero
phonon hole width as the burn frequency increases in the hole
burning spectra at low temperature.22 The fact that the solvent
modes, which are modeled as a sum of a Gaussian and an
exponential component inM(t), together with the vibronic
transitions can adequately account for the observed 3PE, TG,
and TA signals indicates that rapid energy transfer (faster than
the B800f B850 energy transfer) from blue to red pigments
within B800 band may not exist. The 3PE peak shift vs T curve
is also not consistent with fast B800-B800 energy transfer.
When there is fast energy transfer within an absorption band,
the process acts as a spectral diffusion (spectral crossrelaxation)
and causesM(t) to decay. TheM(t) in this case can be modeled
as an exponential. Thus, if the 330 fs component in the TA
measurement is assigned to the B800-B800 energy transfer,
the peak shift (e.g., Figure 8) should decrease to near zero
according to the B800-B800 intraband energy transfer time
scale (330 fs). In TA and TG measurements with the pulse
spectrum stretching over the entire absorption band as in the
present experiment, however, the signals will not be sensitive
to the intraband energy transfer, and they will primarily measure
the population decay from the excited state.77

The large separation between B800 Bchls in the crystal
structure6 also suggests that ultrafast energy transfer within the
B800 band is not likely. Fo¨rster energy transfer theory yields
1.2 ps for the B800-B800 energy transfer, using the homoge-
neous line width of 200 cm-1 as found here, 5 nm Stokes shift,
and the crystal structure of LH2 in ref 6. Unfortunately, B800
to B850 energy transfer limits the time window available to
3PE peak shift measurement, and 3PE alone cannot tell how
fast B800-B800 energy transfer occurs. The 3PE peak shift,
however, clearly shows that B800-B800 energy transfer does
not occur on the∼300 fs time scale.
There are several possibilities for the nonexponential decay

in the TA data. (1) The energy transfer rates from B800 to
B850 may depend on vibrational level. Since the spectral
overlaps of the B800 and B850 bands are different for different
vibrational levels, each vibrational level may have its own
energy transfer rate. (2) The energy transfer rates from B800
to B850 are different over the inhomogeneous distribution. (3)
The energy transfer from B800 to B850 is reversible. (4) The
fast component may represent vibrational relaxation within the
B800 absorption band. Of these, we believe the most plausible
is vibrational relaxation within B800 and that this process is
responsible for the 330 fs component in the TA measurement.
It has been established from the current echo (and TG)
measurements that excitation will place significant excess
vibrational energy in several vibrational modes. The vibrational
dephasing times of∼300 fs found in the TG data set a lower
bound for the vibrational population relaxation of∼300 fs. That
is, according to this assignment, the vibrational dephasing is
lifetime limited. A recent time-resolved fluorescence up-
conversion study on isolated LH2 also supports that ultrafast
B800-B800 energy transfer may not exist in LH2.26 They
observed the rise of B850 fluorescence at 900 nm after excitation
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of B800. A clean single-exponential rise of 655 fs was
observed, which matches closely the energy transfer time
measured here. The fluorescence result suggests that the 330
fs component is not related to the energy transfer process. The
other three possibilities listed above imply a nonexponential rise
of the B850 fluorescence in contrast to the time-resolved
fluorescence result.
It is interesting to note that a 300-400 fs decay component

has also been observed in TA measurements on bacterial
reaction centers56,78 as well as light harvesting antenna.12,13

Recently, Savikhin and Struve reported a TA measurement on
Bchl monomers in propanol.79 Similar time scales in the decay
of the TA signal were also observed. They suggested that the
300-400 fs time constant, ubiquitous in bacterial photosynthetic
pigments, is due to vibrational relaxation and intramolecular
vibrational redistribution in Bchl molecules, in line with the
present suggestion.

6. Concluding Remarks

We employed several time domain nonlinear spectroscopic
techniques to study the dynamics of the B800 Qy absorption
band in isolated LH2 ofRb. sphaeroidesat room temperature.
From transient absorption and transient grating measurements,
the B800 to B850 energy transfer time is determined to be 800
fs, similar to the value reported previously. However, B800 to
B800 downhill energy transfer prior to the B800 to B850 energy
transfer is not supported by our three-pulse photon echo (3PE)
measurements. The∼300 fs component in the transient
absorption found in the present and previous reports is assigned
to the vibrational relaxation within the B800 absorption band.
The B800 Qy absorption band is composed of several low-

frequency intramolecular vibrations, ultrafast bath (solvent and
protein) responses, and static inhomogeneity lasting longer than
∼1 ps, the time window available in the current measurements.
Intramolecular vibrational contributions can be readily identified
as oscillations in the 3PE peak shift (vsT, the population period)
and in TG even though it is mostly obscured in transient
absorption signal due to the wide probe pulse spectrum used in
the current experiment. Inhomogeneity can also be readily
identified in the 3PE peak shift measurement. Analysis of the
TG and 3PE peak shift measurements is somewhat complicated
by the presence of excited state absorption in B850 after the
energy transfer. This is due to the fact that the transient grating
originally created in B800 is transferred to the B850 excited
state absorption grating and contributes to the signal. By fitting
these data, we have extracted a form forM(t) (or equivalently
its spectrum) which we hope may prove useful in modeling the
quantum dissipative dynamics in photosynthetic systems.80-83
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