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We report the results of three-pulse photon echo peak shift (3PEPS) measurements on the light-harvesting
complex II (LHC-II) of the green algaeChlamydomonas reinhardtii. Experiments were performed at two
different excitation wavelengths, 670 and 650 nm, corresponding to Chl-a and Chl-b excitation, respectively.
The 3PEPS data are analyzed using a new theory that incorporates the effect of energy transfer on third-order
response functions. Our theoretical model separates energy transfer dynamics from the solvation dynamics
arising from coupling of the electronic transitions to the protein environment. We suggest that the protein
fluctuations can be described by an ultrafast solvation on a sub-100 fs time scale and a long time correlation
(static disorder). Decay of the 670 nm peak shift reveals spectral equilibration time scales for Chl-a molecules
that range from 300 fs to 6 ps and agree well with other experiments. 3PEPS data at 650 nm (Chl-b excitation)
reveal rapid Chl-b to Chl-b energy transfer (<1 ps), which suggests excitation hopping between a pair of
Chls-b, and slow energy transfer from these Chls-b to Chls-a. Also, a 60 cm-1 oscillatory mode is observed
for Chl-b which we attribute to the first observation of coherent nuclear dynamics in LHC-II. Calculating the
energy transfer dynamics based on recently proposed assignments of chromophores by solving the master
equation reveals Chl-b intra- and interband energy transfer dynamics that are in qualitative agreement with
the simulation model of the peak shift data.

1. Introduction

The initial steps of photosynthesis are accomplished with
remarkable efficiency. They involve the capture of sunlight (light
harvesting) by the pigment-protein antenna complexes, fol-
lowed by transfer of this energy to the reaction centers. There,
a series of fast, vectorial electron transfer reactions generate a
membrane potential and, in turn, a pH gradient across the
membrane.1-7

The antenna complexes of photosynthetic organisms play a
central role in optimizing the efficacy of the conversion of
incident radiation to usable energy. The arrangement of several
antenna complexes, each consisting of a dozen or more pigments
in close mutual proximity, in connection with a single reaction
center is typical, thereby providing a high spatial and spectral
absorption cross section for the associated reaction center.
Approximately half the chlorophyll present in the chloroplasts
of green plants and green algae is bound in LHC-II.8 This
complex absorbs light and transfers energy with high efficiency
to the photosystem II reaction center. According to the 3.4 Å
resolution atomic model of Ku¨hlbrandt et al.,9 LHC-II contains
two carotenoid, seven Chl-a (chlorophyll-a), and five Chl-b
molecules. Biochemical assays suggest that at least one caro-
tenoid and one or two chlorophylls are missing from the crystal
structure.4,10 Neither the exact orientation nor the identities of
Chl-a and Chl-b cofactors are resolved in the crystal structure.
Assignments of these chlorophylls must still be determined

before detailed structure-function studies, such as those reported
for bacterial antenna complexes,2,3,11-13 can be undertaken for
LHC-II.

In light of their inability to differentiate between Chl-a and
Chl-b in the structural data, Ku¨hlbrandt et al.9 made the
reasonable assumption that Chls-b and Chls-a must be close
together to facilitate rapid Chl-b to Chl-a energy transfer (EET).
Furthermore, they supposed that the lower energy Chl-a
pigments (where excitation energy persists for long times) must
be closest to the carotenoids, which protect the complex by
quenching excited triplet states. These assumptions led to the
assignment wherein the seven Chls-a are in close proximity to
the central luteins and the five Chls-b are located on the
periphery of the complex.

Recent modeling of time-resolved and polarized absorption
data, as well as comparison to the almost-homologous core
antenna CP29, has led to tentative assignments of orientations
of the chlorophyll transition moments.14-16 It was suggested
that, although the current body of data is reasonably consistent
with the Kühlbrandt assignments, interchanging the positions
of one or two Chls-b and Chls-a may provide a better structural
basis for modeling the data.14-16 Recently, Kuhlbrandt and
co-workers17 have reported a site directed mutation study of
LHC-II complexes in which they knock out specific chlorophyll
binding sites. They confirmed that Chls-a1, -a2, -a3, and -b5,
-b6 are indeed Chls-a or -b respectively and suggested that
Chl-b3 is actually Chl-a. Their results suggest incomplete
specificity in some of these sites. Using similar methodology,
Bassi et al.18 have analyzed the highly homologous CP29 protein
and reported that four porphyrin-binding sites (Chls-a1, -a2,
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-a4, and -a5) are selective for Chls-a, whereas four other sites
(Chls-a3, -b3, -b5,and -b6) have mixed Chl-a/Chl-b specificity.
This implies that these complexes could have either a Chl-a or
Chl-b at some sites.

The steady state absorption spectrum of LHC-II at room
temperature has a maximum centered around 676 nm attributed
to the Qy transition of Chl-a pigments, and a shoulder around
650 nm assigned to Chl-b transitions. The structure of the Qy

band of LHC-II at low temperatures was investigated with linear
and circular dichroism spectroscopy, which revealed at least
six or possibly nine chlorophyll transitions.19 Further spectro-
scopic characterization of LHC-II trimers revealed that the Chl-b
region is composed of at least five bands near 640, 647, 649,
652, and 656 nm.20 The Chl-a absorption was found to be
composed of subbands near 661, 668, 671, 673, and 676 nm.
These results also suggested the existence of possible excitonic
coupling between the pigments.19,20 It is not known if the
subbands observed in the CD spectra of LHC-II correspond to
individual Chl site absorption or to delocalized excitations shared
between the Chls (excitonic interactions).

The current body of time-resolved data has been useful for
the identification of Chl-b to Chl-a and Chl-a to Chl-a energy
transfer with time scales ranging from∼150 fs to∼10 ps.21-29

The mechanism of energy migration is determined by an
interplay between disorder, homogeneous broadening dynamics
and electronic factors. Thus, in order to understand in detail
the dynamics of energy transfer within a multichromophoric
antenna, one needs information on the electronic coupling
between molecules,30,31the site-to-site disorder of the zero-order
excitation energies (and perhaps of the couplings),32,33 the
coupling to the protein (i.e., electron-phonon coupling),34 and
the time scales of protein relaxation and of energy transfer. All
except the electronic couplings can be obtained from femto-
second nonlinear spectroscopy.35,36

Three-pulse photon echo peak shift (3PEPS) data obtained
for excitation wavelengths resonant with the Chl-a (670 nm)
and Chl-b (650 nm) absorption bands of trimeric LHC-II are
reported in the present work. The utility of 3PEPS measurements
for probing the details of ultrafast energy transfer (described in
section 3) in purple bacterial LHCs has been demonstrated
recently.37-39 To apply the 3PEPS technique to a system as
complex as LHC-II requires extension of the theory40 and a clear
distinction between energy transfer that maintains the excitation
within the laser spectrum (“intraband”) or removes it from that
spectral region (“interband”). For the LHC-II system, the
experiment is designed such that energy transfer between either
the Chls-a or Chls-b molecules corresponds to intraband energy
transfer, while energy transfer from Chl-b to Chl-a corresponds
to interband energy transfer. Identification of energy transfer
between Chl-b pigments or between similar spectral types of
Chl-a (which we refer to as intraband if it occurs within our
laser pulse spectrum) is difficult using standard time-resolved
methods such as transient absorption or time-resolved fluores-
cence. In contrast, the 3PEPS technique is primarily sensitive
to intraband energy transfer processes as illustrated recently by
Yang and Fleming who elucidated the effect of energy transfer
on the nonlinear response functions.40 The effect of interband
energy transfer on the peak shiftsthat is, when the excitation
energy moves out of the laser windowsis more subtle, but must
also be considered in the present work to account for Chl-b to
Chl-a energy transfer. In this respect, transient grating spec-
troscopy provides a complementary tool because it is sensitive
to population dynamics; therefore, energy migration to a “dark

state”, i.e., a state which does not absorb within the bandwidth
of the pulse, should show up as a decay contribution to the
signal.

In this paper we focus on elucidating the dynamics of energy
redistribution within the Chl-b absorption band prior to energy
transfer to the Chl-a pigments. We identify evidence for rapid
energy hopping between a Chl-b pair and relate this to dynamic
models for the antenna. We also discuss this observation in the
context of Chl-a band energy redistribution.

2. Experimental Section

Thylakoid membranes were prepared from theChlamydomo-
nas reinhardtiiPS I-PSII double-deficiency strain C2. The C2
strain contains peripheral antenna LHC proteins, but lacks both
the chloroplast PsbA gene and the chloroplast tscA gene.41 Thus,
the strain is missing all of the proteins of the PSI and PSII
reaction centers and core antenna.42,43 The strain retains the
peripheral antenna LHC proteins, primarily LHC-II, but possibly
including LHC-I as well.41-43 LHC-containing thylakoids were
isolated and suspended in a sorbitol buffer for 1 min and then
microcentrifuged (8000 rpm, 10 min). These samples were
stored at-70 °C. In order to minimize scattering, each thawed
LHC-II sample was sonicated and centrifuged immediately prior
to measurement. The sample was flowed through a 200µm path
length cell using a peristaltic pump (ca. 2.5 mL sample reservoir;
chilled with recirculating water bath at 4°C).

The experiments were performed using a mode-locked Ti:
sapphire laser (Coherent Mira seed) pumped with a Coherent
INNOVA 425 Ar+ laser. The resulting pulses, centered at 800
nm at a repetition rate of∼76 MHz, were then stretched by a
grating expander before being amplified by a regenerative
amplifier (Coherent RegA 9050). The amplified pulses were
compressed and fed to an optical parametric amplifier (Coherent
OPA 9450) to generate pulses centered at 650 and 670 nm with
a fwhm of 40 fs and a repetition rate of 250 kHz. The average
pulse energy at the sample was approximately 4 nJ per pulse,
per beam. Experiments using lower pulse energies (50%) did
not reveal any unusual power dependence of the data.

The three-pulse photon echo peak shift and transient grating
measurements were carried out as previously described.44 In
short, three laser beams (parallel-polarized) are arranged in an
equilateral triangle geometry and focused into the sample. The
first pulse interacts with the sample to create an optical
coherence, the second pulse creates a population, in either the
ground or excited state, and the third pulse creates a second
coherence. If the phase of the second coherence period is
opposite to that of the first, an echo signal is produced. The
time-integrated echo profiles are simultaneously measured in
two phase-matched directions,k ) k3 ( (k1 - k2), as a function
of coherence period. The echo peak shifts obtained from the
echo profiles are recorded as a function of population period.
If the first two pulses are temporally overlapped, the pulse
creates a spatial population grating. In the transient grating
measurements, the third pulse is diffracted from such grating,
and the intensity of the diffracted pulse in thek ) k3 ( (k1 -
k2) direction is measured as a function of the delay time. The
grating is destroyed by population decay, that is, transient grating
gives the excited state lifetime.

3. Simulation Model for the 3PEPS Data

The electronic energy gaps of chromophores in the condensed
phase can be described as a two-level system with a fluctuating
optical transition frequencyωeg

i (t) of the ith chromophore.
These fluctuations can be modeled as
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where〈ωeg〉 is the average transition frequency between ground,
g, and excited, e, states and∆i is the static (slow) offset from
the mean which depends on the local environment of that
chromophore.δωeg(t) denotes the dynamic (fast) contributions
to the transition frequency and is characterized by the correlation
function of eq 2

M(t) is often modeled as a sum of a Gaussian, exponentials,
and damped cosines, as in eq 345

where〈∆ω2〉 is the coupling strength for each term,τk are time
constants,ωj are the frequencies of coherently excited vibrations,
and φj are the corresponding phase factors, and∆in is the
inhomogeneous width, i.e., the standard deviation of the
distribution of ∆i values (from eq 1). The index,k, in the
denominator includes allg, n, and j. The line-broadening
function, g(t), which characterizes the spectral distribution of
the fluctuations, is calculated fromM(t) and is used to calculate
the nonlinear optical response functions.46

In an aggregate system, where there are interactionsbetween
chromophores, interchromophore energy transfer modifies the
nonlinear response functions.37 Recently, Yang and Fleming
have developed a theory for multichromophoric systems coupled
to a harmonic bath.40 This theory is formally exact for weak
coupling between the chromophores. The system is modeled
as a collection of dimers (donor and acceptor associated with
the intraband energy transfer) that can each also undergo
interband energy transfer processes. The fluctuations induced
by the bath are assumed to be completely uncorrelated in the
donor and acceptor. Third-order response functions are obtained
by the three interactions of the dimer with the electric fields of
the excitation pulses. Energy transfer within (intraband) and
outside (interband) the laser spectrum is incorporated by
introducing new pathways that contribute to the third order
nonlinear polarization. A simplified picture (shown in Figure
1), in terms of double-sided Feynman diagrams, gives an
intuitive understanding of the peak shift for an intraband energy
transfer system coupled to interband energy transfer processes.
The first term (describing the dynamics of the density matrix
exciton-hole pair on the donor) arises when the three pulses
interact only with the donor; i.e., there is no contribution from
energy transfer dynamics. This pathway has rephasing capability
and hence can produce an echo signal. The second term
describes the dynamics of the density matrix exciton-hole pair
after it has migrated to the acceptor: it comes from the third-
order process due to interaction of the first two pulses with the
donor and the third with the acceptor. This pathway has no
rephasing capability for uncorrelated baths and hence gives a
free induction decay (FID) signal. The total third-order nonlinear
polarization is given by the sum of the two terms. The peak
shift, measuring the rephasing capability of the nonlinear
polarization, decreases as the relative contribution of the FID
to the echo signal increases.PD(T) and PA(T) are the prob-
abilities of finding the exciton on the donor and acceptor

molecules, which control the relative contribution of echo and
FID signals, respectively. These probabilities can decay owing
to interband energy transfer occurring on each site and also can
be transferred from donor to acceptor by intraband energy
transfer. As a result, the intra- and interband energy transfer
rates affect the peak shift behavior by controlling the relative
intensities of the echo and FID signals. We emphasize that the
FID signal resulting in decay of the peak shift is only generated
by theintrabandenergy transfer process, though the interband
energy transfer controls the population of the donor and acceptor
associated with intraband energy transfer and, thus, does affect
the peak shift indirectly.

Model calculations in the absence of interband energy transfer
are shown in Figure 2a using anM(t) that consists of a Gaussian
component and finite inhomogeneity (M(t) ) 〈∆ωg

2〉e-(t/τg)2 +
∆in

2, where〈∆ω2〉1/2 ) 120 cm-1, τg ) 70 fs, and∆in ) 200

ωeg
i (t) ) 〈ωeg〉 + δωeg(t) + ∆i (1)

M(t) )
〈δωeg(0) δωeg(t)〉

〈δωeg
2 〉

(2)

M(t) ) (〈∆ωg
2〉e-(t/τg)2

+ ∑
n

〈∆ωn
2〉e-t/τn +

∑
j

〈∆ωj
2〉e-t/τj cos(ωjt + φj))/∑

k

〈∆ωk
2〉 + ∆in

2 (3)

Figure 1. A simplified picture of the model used to simulate the peak
shift in the case of intra- and interband energy transfer. Feynman
diagrams are shown for self-polarization (first diagram) and cross
polarization (second diagram) terms.40 The arrows indicate the interac-
tion of the dimer with the incoming fields. The terms g,e stand for
ground, and excited state, respectively, while D,A stand for donor and
acceptor. For more details, refer to section 3 of the text.

Figure 2. (a) Illustrative calculations of peak shifts vs population
periods for different intraband energy transfer rates for a model system.
The intraband transfer rates are given with each curve. TheM(t) consists
of a Gaussian decay and an inhomogeneous term. The peak shift decays
rapidly with increasing intraband energy transfer rates. Note the
logarithmic scale for population period times. (b) Illustrative peak shift
calculations for different interband transfer rates with the intra band
transfer rate fixed at 4 ps in all cases. The interband transfer rates are
100, 200, 500, and 20 000 fs from bottom to top. Clearly evident is
the fact that the peak shift does not decay to zero with fast interband
transfer rates. Note the logarithmic scale for population period times.
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cm-1) to describe the bath dynamics. Intraband energy transfer
rates are varied from (100 fs)-1 to (1 ps)-1, and the peak shift
decay reflects these time scales.

For the case of intraband energy transfer, an approximate
relationship was derived in ref 40

whereτ0*(T) is the peak shift in the absence of energy transfer,
i.e., for noninteracting chromophores. This peak shift,τ0*(T),
results from the solvation dynamics of the excited chromophores
owing to their interaction with the protein environment (e.g.,
the simpleM(t) given above). This equation shows that, for
energy transfer to a chromophore absorbing within the laser
bandwidth, solvation dynamics can be separated from energy
transfer dynamics. Numerical simulations confirmed the validity
of eq 4 for a homogeneous distribution of energy transfer rates
(i.e., single energy transfer rate).40

The interband energy transfer process (energy transfer out
of the laser spectrum window) has a more subtle effect on the
peak shift.40 As a consequence of migration of the density matrix
exciton-hole pair out of the laser window, the pair cannot
interact with the third pulse, thus no FID (or echo) signal is
generated, and the grating intensity that generates an echo signal
decreases. In this case ofonly interband energy transfer, the
rephasing capability of the system does not change, nor does
the peak shift. Model calculations are shown in Figure 2b for
the above-mentionedM(t), a fixed (slow) intraband transfer rate
of (4 ps)-1, and various interband transfer rates, which are the
same for both the donor and acceptor. Figure 2b clearly shows
that the peak shift does not decay to zero (as it did for the case
of intraband energy transfer) when there is only an interband
energy transfer process (or very slow intraband energy transfer
as in this case). The slightly faster decay for the case of fast
interband transfer is due to energy transfer processes occurring
within the duration of the laser pulse. This effect is relatively
minor compared to that arising from generation of FID in the
intraband energy transfer case.

In a system which undergoes both (fast) intra- and interband
energy transfer, the situation is more complex. For example,
consider a simplified system

wherea andb represent Chl-a and Chl-b, respectively. When
b5 is initially excited, the Chl-b population kinetics are given
by

where [b5]0 is the initial population ofb5, and [b5] and [b6] are
the populations ofb5 andb6 at timeT. Decay of the peak shift
associated with intraband energy transfer arises from therelatiVe
amplitude of the FID (proportional to [b6]) to the echo signal
(proportional to [b5]), which increases as the intraband energy
transfer proceeds. Whenkinter ) k′inter, we obtain [b6]/[b5] )
(1 - exp(-kintraT)/exp(-kintraT), which suggests that the peak
shift is insensitive to the interband energy transfer. Whenkinter

* k′inter, the ratio [b6]/[b5] has a dependence on the interband
energy transfer rates as does the peak shift. The simple
illustration of these two cases shows that interband energy

transfercombined withintraband energy transfer appears in the
peak shift in a complicated way; the time scales of the peak
shift decay associated with energy transfer may not have any
direct correspondence to either the population kinetics or to any
pairwise transfer rate, and must be calculated from a kinetic
model and the appropriate response functions.

The theory developed by Yang and Fleming can also
incorporate multiexponential energy transfer rates.40 In the
present paper, we use their approach to analyze the 3PEPS data.
In all the simulations we take into account the finite duration
of the laser pulses, and use exact expressions for the peak shift
(rather than the approximate expressions given here for clarity).

4. Results and Discussion

Transient grating and three-pulse echo experiments were
performed on LHC-II at two different excitation wavelengths:
670 and 650 nm, which correspond to absorption maxima of
Chl-a and Chl-b, respectively. The absorption spectrum of this
LHC-II preparation is given in Figure 3 along with the laser
pulse spectra for both the excitation wavelengths.

4A. Transient Grating . In transient grating measurements,
the first two pulses interact with the sample simultaneously,
creating a spatial population grating. The third pulse, which
undergoes a Bragg diffraction from this grating, measures the
lifetime of the grating. The induced grating is destroyed by
population decay; hence the transient grating data contains
information primarily about interband energy transfer dynamics.

The transient grating signal at 670 nm is found to decay
biexponentially with time constants of 160 fs (∼60%) and 2ps
(∼30%) along with a∼10% nondecaying (or very slow)
component as shown (open circles) in Figure 4. Owing to the
E-field squared nature of the signal, the decay is proportional
to exp(-2t/Tpop) and, therefore, corresponds to population decay

τ*(T) ) τ0*(T) exp(-kEETT) (4)

a 79
kinter

b598
kintra

b698
k′inter

a (5)

[b5] ) [b5]0e
-(kinter+kintra)T

[b6] ) [b5]0

kintra

kintra + kinter - k′inter
[e-k′interT - e-(kinter+kintra)T] (6)

Figure 3. Absorption spectrum of LHC-II at room temperature (solid
line) along with the spectra of the laser pulses (dashed lines) centered
at 670 and 650 nm.

Figure 4. Transient grating data for LHC-II. Filled squares are for
Chl-b (650 nm) excitation, open circles for Chl-a (670 nm) excitation.
The solid lines through the data points are double-exponential fits to
the transient grating data. See section 4A for fit parameters.
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times of 320 fs and 4 ps. Because energy transfer within the
laser spectrum (intraband) does not change the excited state
population, it should not influence the TG decay. However, the
TG data reported here does decay with time scales that reflect
Chl-a to Chl-a energy transfer. A similar observation was
reported for the core (LH1) and peripheral (LH2) antenna
complexes of purple bacteria, i.e., the transient grating signal
decayed with a time scale indicative of intraband energy
transfer.37 Transient grating can be sensitive to intraband energy
transfer in two ways. First, note from Figure 3 that the 670 nm
laser pulse does not completely span the Chl-a region of the
absorption spectrum. Thus, energy transfer to pigments at the
red edge of the Chl-a band does correspond to the removal of
excited state population from the laser window. In addition,
Fayer and co-workers, using the Green’s function solution of
the master equation, have shown that energy transfer to a dipole
of random orientation leads to a decay of grating intensity.47

Therefore, the TG experiment is sensitive to the depolarization
of the population grating, which is induced by transfer of
excitation from chromophore to chromophore within the laser
window. The 320 fs decay observed in the transient grating
signal at 670 nm is similar to the fastest Chl-a to Chl-a energy
transfer times observed in pump-probe experiments16,24and is
assigned to energy transfer within the Chls-a. The 4 ps decay
observed in transient grating, which is also assigned to Chl-a-
Chl-a energy transfer, probably reflects an average of the 3 and
6 ps components observed in the peak shift data (vide infra)
and similar time scales observed in pump-probe experi-
ments.16,24

The transient grating signal at 650 nm (Figure 4, solid
squares) also decays biexponentially with time constants of 90
fs (∼75%) and 750 fs (∼15%) and therefore corresponds to
population decay times of 180 fs and 1.5 ps. The 180 fs is similar
to rapid Chl-b to Chl-a energy transfer observed in pump-
probe and fluorescence upconversion experiments,21-29 while
the 1.5 ps component may represent an average of moderate
(600 fs) and slower (∼5 ps) components also identified by other
experiments.21-29 The signal exhibits a slow or nondecaying
component (∼10% amplitude) that may represent a subset of
long-lived Chl-b as observed in transient absorption measure-
ments.14,24 In neither the 670 or 650 nm data could we detect
any oscillatory features.

4B. 3PEPS Data at 670 nm. The initial value of the 670
nm peak shift (shown in Figure 5, open circles) is∼25 fs, which
is comparable to the initial peak shift values reported previously
for purple bacterial light-harvesting complexes37 and theRb.
sphaeroidesreaction center.48 This large value is indicative of
weak electron-phonon coupling in the protein environment. The

peak shift decays to a value of∼15 fs in 120 fs, then decays
slowly over a range of time scales. The peak shift at 10 ps is
∼2 fs but it is difficult to see if the peak shift continues to
decay for longer times owing to a marked deterioration in signal-
to-noise ratio. The 670 nm peak shift data do not reveal any
obvious oscillations.

4C. 3PEPS Data at 650 nm. The absorption spectrum of
LHC-II has a shoulder at∼650 nm, which is attributed to Chl-b
absorption (∼80%) and the vibronic band of Chl-a (∼20%);
thus peak shift data (Figure 5, solid squares) obtained at 650
nm should represent primarily Chl-b dynamics (see further
discussion below). An unusual dip is observed in the peak shift
around 60 fs that we are not able to elucidate further at this
stage. (The dip could not be simulated by including different
vibrational modes in ourM(t).) The peak shift at 650 nm decays
notably faster than the 670 nm peak shift. There is a concomitant
decay in signal intensity, so we could collect the data only until
2.0 ps, where the peak shift appears to be nearly zero. The faster
decay of the peak shift is shown clearly in the normalized and
logarithmic comparisons of the two data sets in Figure 6. The
oscillations observed in the peak are consistent with a 60 cm-1

mode and we believe this to be the first observation of coherent
nuclear motion in the LHC-II pigment-protein complex.

4D. Simulation of the Peak Shift Data. The simulation of
3PEPS data for such a complex system is a formidable problem.
It is necessary to disentangle the energy transfer dynamics from
the electronic energy gap fluctuations described byM(t), which
we refer to as solvation dynamics. Equation 4 suggests a
reasonable strategy provided the solvation dynamics can be
described by a model consistent with earlier studies of bacte-
riochlorophyll-protein complexes not exhibiting energy trans-
fer,38 and similar data obtained for dilute chromophores in
polymer glass samples.39,49,50 In addition, eq 4 needs to be
extended to multiexponential energy transfer kinetics, for
example:

Note that this is only an approximate expression presented here
for simplicity. For all simulations, we employed the exact
expressions from the model of Yang and Fleming40 which is
appropriate for weakly coupled two-level chromophores, i.e.,
for incoherent excitation hopping. Accounting for the influence
of excitonic interactions is thus precluded.

Figure 5. Experimental peak shift data for LHC-II. Filled squares are
for Chl-b (650 nm) excitation, open circles for Chl-a (670 nm)
excitation. The inset shows the same data for long time scales.

Figure 6. Normalized peak shift of Chl-b band (filled squares) and
Chl-a band (open circles). (The asymptotic peak shift is subtracted from
each data set prior to normalization.) Comparison of the normalized
data sets clearly reveals faster decay components in Chl-b data. The
inset shows the peak shift data (logarithmic scale) vs population time
(linear scale) and it also reveals difference in the time scales of the
decays of the peak shift data.

τ*(T) ) τ0*(T){a1 exp(-kEET1T) +
a2 exp(-kEET2T) + a3 exp(-kEET3T)} (7)
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The peak shift data obtained by Yu et al. on the B820 subunit
of LH1sa system in which there is no energy transfer38sreveals
that protein solvation dynamics is composed of an ultrafast
solvation component followed by long time scale inhomoge-
neity. Similarly, peak shift data from polymer glasses doped
with dilute chromophores have shown that the solvation
dynamics in moderately disordered hosts consists of an ultrafast
response and a long time inhomogeneity.39,49,50The diffusive
processes in these systems are so slow that they can be regarded
as static on the time scale of our experiments and thus
correspond to inhomogeneous broadening.

Since we do not have any a priori information of the solvation
dynamics of the LHC-II protein, our strategy is to initially model
the bathM(t) (i.e., M(t) of a two-level system coupled only to
a bath) with the B820 subunit peak shift parameters: a 60 fs
Gaussian with 100 cm-1 coupling strength and an inhomoge-
neous width of 175 cm-1 (standard deviation,σ). We also
included intramolecular vibrational frequencies of 1146, 986,
and 746 cm-1, which were obtained from high-resolution
fluorescence spectroscopy and Raman spectra.51,52 Thus, we
begin with a reasonable description of the protein bath and
vibrational dynamics inM(t), which yields theτ0*( t) of eq 7.
These parameters are adjusted slightly to improve comparison
with the data, and energy transfer dynamics are included as
described below.

Simulation of the 670 nm Peak Shift. To model the energy
transfer kinetics, results reported by other workers24,26,29were
incorporated into the model. In short,∼350 fs (∼50% ampli-
tude),∼3 ps (∼25% amplitude), and∼6ps (25% amplitude)
rate constants were used to simulate the decay in the peak shift
data due to energy transfer. All the parameters were then
adjusted slightly to give the best fit. We find that the peak shift
is most sensitive to the time scale of the Gaussian component,
its coupling strength, and the energy transfer parameters. The
high-frequency vibrational modes improve the agreement of the
peak shift in the first 100 fs, but are not well determined, as
they are not sensitive fitting parameters.

The final parameters of the modelM(t) along with energy
transfer rate constants and amplitudes that best simulate the peak
shift data at 670 nm are given in Table 1, and the simulated
peak shift is shown in Figure 7 as a solid line. The 50 fs
Gaussian component is attributed to the rapid fluctuations of
the protein environment and is predominantly responsible for

the homogeneous broadening of the absorption spectrum. In
general, proteins have been shown to mediate ultrafast solvation
owing to the wide phonon band which spreads from 0 to 200
cm-1.53-58 Fluorescence studies at 4 K on LHC-II revealed a
phonon sideband with a maximum at 80 cm-1 and followed by
an exponential tail with a decay width of 200 cm-1.58,59 The
Stokes shift, calculated by adding the reorganization energies
of the Gaussian and low-frequency (pω < kT) damped cosine
components used for simulation of the 3PEPS data is∼100
cm-1. As a consequence of the large initial peak shift, the
coupling strengths used to simulate the LHC-II data are smaller
than that characteristic of typical dilute chromophores dissolved
in liquid solutions. This reflects the fact that the electron-
phonon coupling in photosynthetic pigment-protein complexes
in general is weak, promoting efficient energy transfer by
limiting the dissipation of the excitation energy to the environ-
ment.

The agreement between the experimental data and the
simulation is not good for the first 60 fs due to at least two
deficiencies: we do not include contributions from two-exciton
states to the response function,60,61 and the effect of energy
transfer during the coherence periods is neglected. Either effect
may lead to interfering echo terms which temporarily reduce
the echo signal (increasing the ratio of FID to echo).62 Thus,
these factors may be responsible for a poor fitting of the peak
shift in the first 60 fs.

Using only theM(t) parameters, we calculatedτ0*(T), i.e.,
the peak shift in the absence of energy transfer (shown as dashed
line in Figure 7). Using the values of the rate constants and
their respective amplitudes from our simulations, we then
calculatedτ*(T) via eq 7. Theτ*(T) obtained by this procedure
(data not shown) closely matches the peak shift obtained through
the formal expressions for the response functions used in all
our simulations. This illustrates that eq 7 is a useful expression
for describing the peak shift of systems with (intraband)
multiexponential energy transfer kinetics.

The Chl-a Qy absorption band of LHC-II is believed to
comprise absorption from a number (at least six) of spectral
“types” of Chl-a.18-20 The spectral equilibration among these
Chls-a (that absorb within the laser window) is probed by the
3PEPS measurement. In agreement with previous work,24,63the
peak shift data at 670 nm provides firm evidence that spectral
equilibration among the Chls-a takes place over a wide range
of time scales, which we approximate with time constants of
350 fs, 3ps, and 6 ps. Modeling the energy transfer kinetics by
solving the master equation for the recently proposed structural

TABLE 1: Simulation Parameters for the M(t) Used for 670
nm and 650 nm Peak Shift Dataa

coupling strength
〈∆ω2〉1/2, cm-1 τ, fs V, cm-1 τdamping, fs

Gaussian 125 50
vibration 85 1146 100
vibration 85 986 100
vibration 60 746 100
inhomogeneity 175

a The parameters for the solvation correlation function, orM(t) in
the absence of energy transfer, are given. The phases of all the vibrations
are set to zero. For 670 nm data: Chl-a to Chl-a energy transfer (within
the pulse spectrum) was modeled according to the amplitudes and
energy transfer times:A1 ) 40%,τ1 ) 350 fs;A2 ) 25%,τ2 ) 3 ps;
A3 ) 35%,τ3 ) 6 ps. For 650 nm data: Chl-b to Chl-a energy transfer
(to outside of the pulse spectrum) was modeled using the following
amplitudes and energy transfer times:A1 ) 40%, τ1 ) 150 fs;A2 )
40%,τ2 ) 600 fs;A3 ) 20%,τ3 ) 4 ps. Chl-bi to Chl-bj energy transfer
was modeled as a biexponential with time constants of 300 and 800 fs
with equal amplitudes (see Figure 8a for the model used). To account
for the oscillations in the 650 nm data we have added a damped cosine
with a coupling strength,〈∆ω2〉1/2 ) 40 cm-1, frequency,V ) 60 cm-1,
and damping time,τdamping ) 1600 fs.

Figure 7. Simulated peak shift for 670 nm (Chl-a) using the parameters
given in Table 1 (solid line). The dots represent the experimental peak
shift data. Note the logarithmic scale for the population period. The
dashed line is the peak shift for a noninteracting two-level system
obtained via only theM(t) given in Table 1 (i.e., no energy transfer).
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assignments also reveals similar time scales of spectral equili-
bration between Chls-a molecules (discussed further in section
4E).

Simulation of the 650 nm Peak Shift. In order to simulate the
650 nm data (shown in Figure 8b), the bathM(t) obtained from
peak shift data at 670 nm was retained (i.e., we assume this
provides a general representation of the coupling of the pigment
to the protein environment). To account for the 60 cm-1

oscillation revealed by a simple fit to the peak shift data, a
damped cosine was added to thisM(t) with a small coupling
strength. Modeling of the energy transfer is more complex than
for 670 nm excitation as we have to account for the energy
transfer from Chl-b to Chl-a, i.e., transfer of excitation out of
the laser spectrum. As discussed in section 3, energy transfer
outside the laser spectrum (interband transfer) by itself does
not lead to decay of the peak shift, but simply a reduction in
signal intensity, since no signal (FID or echo) is generated by

the acceptor. Why then, does the experimental peak shift at 650
nm decay to a near zero value in around 2 ps? While this may
represent Chl-b to Chl-b (intraband) energy transfer, we must
be aware of the possible presence of signal from Chls-a.

The peak shift could be affected by excited state absorption
(ESA) of the Chl-a band at 650 nm. However, pump-probe
data24,27 and our transient grating data suggest that the excited
state contribution comprises only 10%-15% of the total signal.
Moreover, simulations including the effect of ESA of the
acceptor chromophore did not give rise to decay of the peak
shift; rather, ESA can lead to a slight increase of the peak shift.64

We must also consider overlap of the 650 nm pulse with blue
“spectral types” of Chl-a (molecules in binding sites with shifted
spectra).19,20 Indeed, a Chl-a absorption at 661 nm has been
suggested,19,20which would (weakly) overlap with the 650 nm
excitation pulse (see Figure 3). If there is fast Chl-b to Chl-a
(661 nm) energy transfer, then this would show up in the 3PEPS
data as a fast exponential component. While this cannot be ruled
out entirely, we note that previous studies24,26,29have suggested
that Chl-b to Chl-a transfer populates only Chls-a absorbing
around 675 and 680 nm, which lie well outside our pulse
spectrum. A simple Fo¨rster rate calculation based on structural
assignments proposed by Gradinaru et al.16 and Trinkunas et
al.14 also did not reveal ultrafast energy transfer from any Chl-b
(or Chl-a) to the Chls-a absorbing around 661 nm.

The most likely contribution of Chl-a signal to the 650 nm
3PEPS data arises from direct excitation of the vibronic
band of Chl-a. Eads et al.21 estimated the ratio of excitation of
Chl-b:Chl-a at 650 nm to be approximately 5:1. Therefore, the
contribution from the direct excitation of the vibronic band of
Chl-a is expected to be∼20% of the total signal. Simulating
this signal is difficult as the effects of off-resonant (∼450 cm-1

in this case) excitation on the peak shift are poorly understood.
Recent results from our laboratory on the B800 band of the
peripheral LH2 complex ofRps. acidophila65 suggest that peak
shift data taken at wavelengths shifted toward the blue side of
the absorption maximum show smaller initial peak shifts
(population period) 0) than data taken at the absorption
maximum. For a detuning of∼300 cm-1 from the absorption
maximum, the initial peak was observed to drop from∼26 fs
to ∼18 fs though the time scales of the of peak shift decay
were not affected by detuning. Thus, if we were observing
primarily Chl-a signal in the 650 nm data, the initial peak shift
should be 14-16 fs (for a detuning of 450 cm-1) and the long
time decays should match the 670 nm data. As the 650 nm data
have an initial peak shift of 20 fs and clearly decay faster (in
the energy transfer regime) than the 670 nm data (see Figure
6), we suggest that the 650 nm peak shift data primarily reflect
Chl-b dynamics.

To describe the 650 nm data, we incorporate both intra- (Chl-
b-Chl-b) and inter-(Chl-b-Chl-a) band energy transfer into
the model. Time-resolved studies of LHC-II have shown that
energy transfer from Chl-b to Chl-a (interband) takes place on
a wide range of time scales: 40% in less than 300 fs, 40% in
∼600 fs, and 20% in 4-9 ps.14,22,24A simulation with the above-
mentioned Chl-b to Chl-a transfer rates but with no Chl-b to
Chl-b energy transfer (shown in Figure 8, curve (i)) fails to
reproduce the experimental data. Even adding a very fast Chl-b
to Chl-a transfer rate (50 fs, 75% amplitude), which seems
highly unlikely, could not reproduce the peak shift decay. This
is not surprising as it was shown in section 3 that interband
energy transfer alone has little effect on the peak shift. Therefore,
we propose that the decay in the 650 nm peak shift is due to
intraband (Chl-b-Chl-b) energy transfer dynamics. There has

Figure 8. (a) A proposed model for energy transfer dynamics in LHC-
II. The numbers indicate the energy transfer time scales. The double
arrow between the intraband Chl-b pair is meant to indicate that either
can act as a donor, not that we incorporate reversible energy transfer
as described in section 4D. We model intra Chl-b pair dynamics with
a biexponential kinetic scheme to mimics a reversible, disordered
system. (b) Simulation of Chl-b data (see Table 1 for parameters) for
different models: The experimental peak shift data are shown as dots.
(i) Simulated peak shift for no Chl-b to Chl-b transfer (only Chl-b to
Chl-a transfer). (ii) Simulation for the model given in part a but with
Chl-bi and Chl-bj connected to Chls-a with an energy transfer time
scales of 150 and 600 fs, respectively. The other Chl-b to Chl-a time
scales are 150 fs, 600 fs, and 4 ps. The energy transfer time scales for
Chl-bi to Chl-bj are as shown in part a. This model fails to simulate
the experimental peak shift even forbi to bj energy transfer time set at
40 fs (100% amplitude). (iii) Simulation for the model given in part a
but with Chl-bi and Chl-bj connected to Chls-a with an energy transfer
time scales of 150 fs and 4 ps, respectively. The other Chl-b to Chl-a
time scales are 150 and 600 fs (×2). The energy transfer time scales
for Chl-bi to Chl-bj are as shown in part a. This model fails to simulate
the experimental peak shift even forbi to bj energy transfer time set at
100 fs (100% amplitude). (iv) Simulated peak shift for the model given
in part a.
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been no previous direct experimental observation of intraband
Chl-b dynamics in LHC-II to the best of our knowledge.

The most satisfactory method of modeling these data would
be to combine a population kinetics of the excitation energy
with a response function formalism as described in section 3.
In this kind of approach, response functions associated with a
population state contain information on the nuclear fluctuations
determined by the initial state of the excitation energy and a
proper nuclear time-evolution operator. Hence, in order to
associate a proper response function with population kinetics,
the history of the population evolution should be carefully
described. In an irreversible energy transfer system, the nuclear
fluctuation dynamics of all donor chromophores are equivalently
described by a single statistical quantity (likeM(t)). The
population on an acceptor chromophore will see nuclear
fluctuations uncorrelated with that of the donor and the theory
we adopt incorporates this kind of behavior as mentioned in
section 3. On the other hand, in a reversible energy transfer
system (which may be the case for the present system with
energy transfer between Chls-b), an excited chromophore which
has existed continuously from the initial excitation and an
excited chromophore which has been repopulated by a backward
energy transfer process should be represented by different
nuclear states. In this case, the response functions associated
with the two donor chromophores with different histories should
be distinct. We have no information about the population-
history-dependent nuclear states of the donor; however, earlier
work suggests that the nuclear fluctuations of the protein can
be well characterized by short time scale fluctuations (<100
fs) and static (or very long time scale) components.38 Based on
this observation, we assume the energy transfer time scale (>300
fs) is longer than the dynamic component of the protein nuclear
fluctuation. In this case, the response functions associated with
the two types of donor chromophores will not depend on their
history and will be identical for time scales longer than energy
transfer time. These response functions for such time scales will
retain only the static component of the nuclear line-shape
function on the donor site. Within this approximation, regardless
of the history of population transfer, the initial donor will
produce equivalent characteristics of the signal (described by a
response function) having the echo properties with respect to
static disorder. Of course, while the excitation energy stays on
the acceptor chromophore, the system will generate a FID signal
that results in a decay of the peak shift. Then the formal structure
of the total response function for reversible energy transfer
system is identical to that for an irreversible energy transfer
system. The only difference between the two cases is the
difference in the population kinetics of the initial donor. In
reversible energy transfer systems, the population kinetics
associated with the initial donor should be the sum of population
that has not experienced energy transfer and the population that
returns to the donor due to backward transfer. This population
(due to backward transfer) also does not lead to decay of peak
shift. A decay of peak shift within our model arises due to net
flow of population from the initial donor to the acceptor
chromophore(s) (which generates the FID signal), while the
details of the population transfer kinetics depend on the energy
transfer mechanisms and energy transfer rates between the
chromophore pairs. In the presence of static disorder, the kinetics
of net energy flow should be obtained by an ensemble average
over the disorder. This will lead to a complex multiexponential
behavior of population kinetics. In this paper, this kind of
complex kinetic behavior is approximated by simple biexpo-
nential kinetics (see Figure 8a). Of course, if there is no decay

channel of the excitation energy, an equilibration of energy
between the Chls-b will occur so that the peak shift should not
go to zero. However, in LHC-II, the excitation energy is rapidly
transferred out of the laser window owing to energy transfer to
Chls-a molecules and the present model of biexponential kinetics
can approximately describe the kinetics of the preequilibrium
phase between the Chls-b.

Let us restate that we are using biexponential, irreversible
kinetics within the Chls-b to mimic the true, reversible kinetics
of a disordered system. This approximation is valid because
the energy transfer time scales are slower than the dynamic
protein nuclear fluctuations.

The model we use for the 650 nm peak shift data (given in
Figure 8a and simulated with curve (iv) in Figure 8b) is the
following: a pair of Chls-b (bi and bj) are coupled to enable
fast energy transfer between them, and these Chls-b are, in turn,
connected to Chls-a by interband rates of (600 fs)-1 and (4 ps)-1,
respectively. The intraband energy transfer kinetics (between
Chls bi and bj) is given by a biexponential decay with time
constants of 300 and 800 fs with equal amplitudes. The other
three Chls-b are not coupled to each other but do transfer
excitation to Chls-a with 150 fs (2 Chls-b) and 600 fs
(1 Chl-b) time scales. Note that the interband time scales and
amplitudes (2× 150 fs, 2× 600 fs, and 4 ps) are taken from
earlier time-resolved data14,22,24 (with the 2x, 2x, and 1x
distribution also supported by master equation calculations, see
section 4E and Figure 10a) and were not modified, as the
simulation is quite insensitive to the interband parameters. In
contrast, the decay of the simulated peak shift is sensitive to
the time scales of intraband energy transfer (300 and 800 fs),
that were determined via the fitting process.

The critical feature of this model is that slow Chl-b-Chl-a
energy transfer is linked to the intraband Chl-b (bi andbj) pair.
Chl-b-Chl-a energy transfer removes excited population from
the laser window, so as the population period becomes larger,
the peak shift becomes dominated by the Chls-b with the slowest
Chl-b to Chl-a energy transfer rates. If these long-lived Chls-b
did not participate in intraband energy transfer, then the 650
nm data would have decayed quite slowly. This is demonstrated
by the solid line (ii) in Figure 8bsa simulation in which the
intraband Chls-b are associated with more rapid Chl-b to Chl-a

Figure 9. Population dynamics of LHC-II monomers for pigment
assignment proposed by Gradinaru et al. The calculations place initial
excitation on Chls-a1, -a3, and -a5, respectively, from top to bottom.
The Chls-a population dynamics are shown by solid lines and Chls-b
population dynamics by dashed lines.
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energy transfer (150 and 600 fs) and the nonintraband Chls-b
are connected with slower (150 fs, 600 fs, and 4 ps) Chl-b-
Chl-a energy transfer. Using this model, we could not reproduce
the experimental peak shift even with very fast (40 fs, 100%
amplitude) Chl-b to Chl-b energy transfer. Also, a model with
the Chl-b pair (bi andbj) coupled to Chls-a with transfer times
of 150 fs and 4 ps could not simulate the experimental peak
shift, as shown by the solid line (iii) in Figure 8b. Therefore,
the decay of the 650 nm peak shift data to zero requires both
rapid intraband energy transfer (which we assign to Chl-b-
Chl-b transfer) and slow transfer of excitation away from both
of those intraband energy transfer participants.

This analysis has assumed that each LHC-II complex exhibits
the same structure and the same kinetic behavior. Recent results
from Kuhlbrandt and co-workers17 and Bassi et al.18 suggest
that several of the binding sites in LHC-II and the highly
homologous CP-29 may bind either Chl-b or Chl-a. Thus, rather
than some of the Chl-b from each complex engaging in intraband
energy transfer, it may be that some fraction of the total number
of complexes exhibits intraband Chl-b energy transfer, while
others exhibit no Chl-b-Chl-b transfer.

As mentioned above, a 60 cm-1 vibrational mode was added
to reproduce the slow modulations in the peak shift data. In a
recent theoretical study by Renger et al., one- and two-color
pump-probe spectra of LHC-II were simulated using the density
matrix formalism.66 The system was modeled as a collection
of strongly coupled Chlb-Chl-a dimers, with each monomer
being coupled to a 40 cm-1 vibrational mode, which in turn
was coupled to the bath. Coherent oscillations were observed
in one-color pump-probe simulated results at low temperatures.
They also predicted coherent oscillations at higher temperatures
if the damping parameter was lowered. The observation of the
60 cm-1 mode at room temperature in our data is rather
surprising as it was not observed in a one-color pump-probe
experiment.26

4E. Master Equation Calculations. Model calculations of
energy transfer rates in LHC-II were undertaken for recently
proposed assignments of various Chl-b and Chl-a sites within

the structure to attempt to identify structural assignments that
are consistent with the energy transfer rates identified from the
peak shift data.

The energy transfer rates were estimated using Fo¨rster theory
(i.e., incoherent hopping of excitation energy via transition
dipole-transition dipole coupling).67,68For simplicity, all Chls-a
(and Chls-b) were taken to be spectrally equivalent. The kinetics
was determined by numerical solution of the coupled differential
equations based on the Pauli master equation. The energetically
“downhill” rate constants were calculated from the overlap of
the donor emission spectrum and the acceptor absorption
spectrum (cf. Fo¨rster equation). The uphill transfer rates were
set according to detailed balance.69 The dipole strengths were
taken to beµa

2 ) 24.65 D2 andµb
2 ) 16.91 D2.16 The absorption

spectra were assumed to have Gaussian profiles with spectral
widths σa ) 135 cm-1 and σb ) 145 cm-1 for Chl-a and
Chl-b, respectively. The Stokes shift was taken to be 110 cm-1

for both Chl-a and Chl-b.16 Calculations were carried out for
two recently proposed assignments of pigment locations and
orientations in LHC-II,14,16The discussion below centers on the
structural assignments of Gradinaru et al.,16 but the results
mentioned here are qualitatively similar to the Trinkunas et al.14

assignments as well. We follow the Kuhlbrandt (ref 8) site
labeling convention and like to point out that Gradinaru et al.
suggested that Chls-a5 and -b6 be swapped. Therefore, we use
a5 to refer to a Chl-a at a site labeled asb6 by Kuhlbrandt and
b6 to a Chl-b at a site labeled asa5.

Because there remain unsettled questions regarding the
specifics of Chl binding in LHC-II and because our model treats
the pigment spectral types quite simply, we will refrain from
discussing specific energy transfer rates and will confine our
comments to general observations. Regarding Chl-a-Chl-a
energy transfer, the most striking feature is the slow energy
transfer from Chl-a3 to all other Chl-a. Figure 9 shows the
different dynamics for population placed initially in Chl-a1, -a3,
and -a5. From the Chl-a1 and -a5 plots, it is clear that all of
the Chl-a other than Chl-a3 rapidly transfer energy to at least
one other Chl-a (e.g., transfer betweena1 anda2, and transfer
betweena4, a5, a6, anda7).

Placing equal initial excitation on all Chls-b (Figure 10a)
shows the transfer of energy from the Chls-b to the Chls-a. There
are three distinct sets of Chl-b decay times, consistent with the
model applied to the 650 nm peak shift data, and two sets of
Chl-a rise times. Note that Chl-b5 exhibits the longest lifetime
and Chl-b6 one of the intermediate lifetimes. Placing initial
excitation on each of the Chls-b in turn reveals Chl-b to Chl-b
energy transfer between Chl-b5 and Chl-b6. Figure 10b shows
the population dynamics after placing initial excitation on site
Chl-b6. Population is quickly transferred to Chl-a7, but also to
Chl-b5. Note that placing initial excitation on Chl-a7 reveals
only a small (∼2%) rise in Chl-b5population (data not shown),
indicating that the rise in Chl-b5 is really due to transfer from
Chl-b6, though the pairwise rate we obtain (1300 fs) is
substantially slower than that obtained from peak shift simula-
tion.

Thus, master equation calculations (onboth the Gradinaru et
al. and Trinkunas et al. structural models) reveal energy transfer
between a pair of Chls-b (b5 andb6 of Gradinaru et al.) along
with slow transfer from those Chls-b to Chl-a, which is in
qualitative agreement with the model proposed for the 650 nm
peak shift data.

5. Conclusions

We have reported here the first three-pulse photon echo peak
shift (3PEPS) measurements on the light harvesting complex

Figure 10. (a, top) Population dynamics of LHC-II monomers. The
calculation is done by exciting all Chls-b with equal probabilities
(dashed line) att ) 0 fs. The Chl-a population dynamics is shown by
solid lines. (b, bottom) As in (a) but with initial population only on
Chl-b6. Chl-b to Chl-b energy transfer is shown by the rise in Chl-b5
population. Note that placing initial excitation on Chl-a7 yields only a
minor (∼2%) increase in Chl-b5 population. Population dynamics of
other Chls have been omitted for clarity.
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II (LHC-II) of a green algaeChlamydomonas reinhardtii. The
results are analyzed using a new theory developed by Yang and
Fleming40 which formally incorporates the effect of energy
transfer between weakly coupled donor-acceptor pairs on peak
shifts. This analysis confirms the sensitivity of 3PEPS measure-
ments to energy transfer between (approximately) isoenergetic
chromophores, which is poorly addressed by conventional time-
resolved techniques.

The peak shift data at 670 nm (Chl-a excitation) displays
energy transfer time constants of 350 fs, 3 ps, and 6 ps which
reflect the time scales of spectral equilibration within the
Chls-a. Simulation of the peak shift data show that the electron-
phonon coupling in the LHC-II complex is weak and the protein
solvation can be modeled with a rapid (50 fs) Gaussian
component (and intramolecular vibrations) followed by a long
time inhomogeneity (static disorder).

Peak shift data obtained for Chl-b (650 nm) decays to a near
zero value within 2 ps. Modulations in the peak shift data are
modeled as a 60 cm-1 vibrational mode and attributed to
coherent nuclear oscillations in LHC-II. Chl-b to Chl-a (inter-
band) energy transfer cannot, by itself, lead to the observed
decay in the peak shift. Thus, the 650 nm peak shift data strongly
suggest excitation hopping within Chls-b (possibly between a
pair of Chls-b) which transfer energy to Chls-a relatively slowly.
The data are successfully simulated by a pair of Chls-b which
transfer energy with 300 and 800 fs time constants and which
transfer energy to Chls-a with 600fs and 4 ps time constants,
while the remaining Chls-b transfer energy only to Chl-a with
150 and 600 fs time constants. Despite significant differences
in the two recent structural assignments,14,16 master equation
calculations based onboth assignments are in qualitative
agreement with the model obtained by the peak shift simulation
of the Chl-b band.

Note Added in Proof.Calculations and experimental studies
of various solvated laser dyes recently undertaken in our
laboratory have led us to believe that 3PEPS data are, in many
cases, more sensitive to excitation wavelength than we previ-
ously thought. The results suggest that excitation centered on
the blue edge of the absorption spectrum generally produces a
lower initial peak shift value and a different temporal decay
profile compared to those values obtained upon excitation at
the red side of the absorption maximum. Although the 650 nm
laser pulse in the LHC-II experiments reported here predomi-
nantly excites Chls-b, we are presently trying to incorporate
properly the blue-edge Chl-a contribution to this signal into the
3PEPS simulations.
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