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One- and two-color, three-pulse photon echo peak shift spectroscopy (1C and 2C3PEPS) was used to estimate
the electronic coupling between the accessory bacteriochlorophyll (B) and the bacteriopheophytin (H) in the
reaction center of the purple photosynthetic bacteriumRhodobacter sphaeroidesas∼170( 30 cm-1. This is
the first direct experimental determination of this parameter; it is within the range of values found in previously
published calculations. The 1C3PEPS signal of the Qy band of the bacteriochlorophyll B shows that it is
weakly coupled to nuclear motions of the bath, whereas the 1C3PEPS signal of the Qy band of the
bacteriopheophytin, H, shows that it is more strongly coupled to the bath, but has minimal inhomogeneous
broadening. Our simulations capture the major features of the data with the theoretical framework developed
in our group to separately calculate the response functions and population dynamics.

Introduction

The reaction center (RC) of purple photosynthetic bacteria
converts the energy of sunlight to chemical charge separation
with a quantum yield of nearly 100%.1-3 Six chromophores are
involved (see Figure 1): two facing bacteriochlorophylls form
the special pair (P); an accessory bacteriochlorophyll flanks P
on each side (BA and BB); and adjacent to each B is a
bacteriopheophytin (HA and HB).4 In addition, a quinone
molecule sits near each H (QA and QB). Energy transfer occurs
from H to B to P, and electron transfer takes place from P toward
HA, then to QA and QB.2

Because the various chromophores are in such close proximity
(5-10 Å), they influence each other. For example, there is
significant mixing between the electronic states of the chro-
mophores, and this contributes to the speed and efficiency of
energy and electron transfer in the RC. Another manifestation
of the mixing is the distinctive Qy region of the absorption
spectrum, displayed in Figure 2. The 750, 800, and 860 nm
bands are labeled H, B, and P, describing which chromophore
makes the dominant contribution to each band. But these labels
do not give a full description of the character of the states,
because each spectral band is actually a mixed band with
contributions from multiple chromophores.5-18 For example, the
two molecules which form P strongly couple to form two new
exciton states: the lower one (P-) absorbs at 860 nm, labeled
P in Figure 2, whereas the upper one (P+) gives rise to a band
that is not clearly resolved between 810 and 835 nm.19

Various experimental and theoretical efforts have been made
to quantitatively determine the magnitude of the coupling
between various chromophores in the reaction center, but this
has been difficult. The splitting observed in the absorption
spectrum cannot be used alone, because the “original” positions
of the bands are not known, and in addition, the observed
spectral bands are superpositions of A-side and B-side chro-
mophores. For example, the main 800 nm peak corresponds to

BA, but the shoulder at 810 nm corresponds to BB.19,20 One
approach to determine the coupling from the absorption
spectrum while avoiding these problems is to use mutants in
which pigments are exchanged or deleted, but because of the
changes in the RC this technique introduces, this has resulted
only in qualitative results.21 The main experimental approach
used to experimentally determine the coupling has been to
deduce coupling values on the basis of the time scales of energy
and electron transfer.22-24

We recently demonstrated that two-color, three-pulse photon
echo peak shift (2C3PEPS) provides direct experimental access
to the strength of electronic coupling in an excitonically coupled
dimer.25 In these homodimers, the excited electronic states
become mixed so that a nuclear fluctuation that affects either
of the chromophores appears as a correlated shift in the energies
of both of the exciton states. 2C3PEPS is sensitive to this kind
of correlation between spectral regions. Because the extent of
correlation in the fluctuations of the exciton states is dependent
on the strength of the coupling between the two chromophores,
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Figure 1. The chromophores of the reaction center ofRb. sphaeroi-
des: the special pair of bacteriochlorophylls (P), accessory bacterio-
chlorophylls (B), bacteriopheophytins (H), and quinones (Q). Structure
1PCR from the Protein Data Bank.4
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2C3PEPS can accurately measure the value of the coupling
without knowing the original site energies of the two chro-
mophores.26,27The information content of the 2C3PEPS experi-
ment is that of a cross-peak in a two-dimensional experiment,
although 2C3PEPS lacks the phase information present in a two-
dimensional experiment.

Although not as strongly coupled as the special pair, the B
and H chromophores are significantly coupled to each other.
The states observed in the absorption spectrum correspond to
mixtures of B and H. Theoretical calculations based on the
dipole-dipole approximation indicate that the value for the
electronic coupling between nearest neighbor B and H chro-
mophores lies in the range of 100-200 cm-1.5-18 The purpose
of this study is to make a direct experimental measurement of
this parameter.

Experimental Methods

His-taggedRhodobacter sphaeroidescells were supplied by
the Boxer lab. Cells were grown and reaction centers were
purified according to their published protocol.28 Briefly, cells
were grown semiaerobically in the dark. Cells were disrupted
with a French press, and reaction centers were solubilized with
the detergent lauryldimethylamine oxide (LDAO). Purification
was carried out with a nickel-NTA column followed by a
DEAE column. Our yield and purity were similar to their
published values. After concentration of the sample, sodium
ascorbate was added (∼100 mM) to prereduce QA. The samples
were diluted with 60% glycerol and placed in a 0.2 mm quartz
cell. Under these conditions, the optical density at 800 nm was
0.1-0.3. Experiments were performed at 77 K using an Optistat
DN cryostat from Oxford Instruments. To test the integrity of
our sample, one-color, 800 nm transient absorption experiments
were periodically carried out before and after collection of other
data, and we found that this data was consistent with the
literature.

The photon echo experiment29-31 is carried out by focusing
the three pulses, arranged in equilateral triangle geometry, onto
the sample with a 20 cm singlet lens. Integrated echo profiles
are measured as a function of the coherence time (the period
between the first two pulses) for fixed values of the population
time (the period between the second and third pulses). The peak
shift for a given population time is the value of the coherence
time that gives the maximum signal, as determined by fitting
to a single Gaussian function.

The B and H spectral bands are centered at 800 and 760 nm,
respectively, and colors for the laser pulses were chosen to
correspond to these two bands. For the one-color experiments,
all three pulses are of the same color. For the two-color
experiments, the first two pulses are set to the “pump”
wavelength, while the third pulse is set to the “probe”
wavelength. We carried out one-color experiments at both 750
and 800 nm and two-color experiments with both the 750 and
800 nm pulses as the pump color (“downhill” and “uphill”
experiments, respectively) with the other color as the probe.
We will refer to the four experiments as 1C 750, 1C 800, 2C
downhill, and 2C uphill. As shown in previous theoretical work,
in order to determine the degree of mixing in this type of system,
peak shifts at all four color combinations are needed.27 The
integrated photon echo signal is collected on PMTs in two
phase-matched directions. For the two-color experiments, 25
nm bandwidth filters corresponding to the probe wavelength
were placed in front of the PMTs to prevent scattering from
the pump beams. Data were collected using an optical chopper
and lock-in amplifiers.

Laser pulses were produced by a home-built amplifier seeded
by a Femtosource Compact Pro Ti:Sapphire oscillator (Femto-
lasers, Inc.). This system produces∼40 fs pulses, centered at
∼800 nm, at 1 kHz. Part of this beam was used directly for the
experiments, while∼5 mW was used to pump an optical
parametric amplifier (Coherent 9450) to produce∼40 fs pulses
centered at 750 nm. Optical filters centered at 750 and 800 nm
with bandwidths of 25 nm were used in the experiments to
prevent undesired spectral overlap between the beams and to
improve day-to-day reproducibility of the pulse shapes. The
exception was the 1C 750 experiment, in which razor blades in
the prism compression line were used to control the bandwidth
(this was done to increase the available pulse power in this
experiment). The spectra of the laser pulses are shown in Figure
2; note the minimal spectral overlap between the pulses, that
each pulse overlaps with most of the corresponding spectral
band, and that each pulse has negligible overlap with the other
spectral band. The final pulse energies on the sample were 1-5
nJ/pulse.

Theoretical Considerations

Yang and Fleming26 (YF) have described the theoretical basis
for understanding both one- and two-color photon echo peak
shifts for a strongly coupled homodimer. This theory was
extended by Mancal and Fleming27 (MF) for application to
heterodimers. Their work showed how the electronic mixing
between the two monomers could be determined by measuring
the one- and two-color peak shifts in the long population time
limit (after ∼100 fs). We briefly summarize their work here.

In an excitonically coupled dimer, excited states of each
monomer, with energiesεa and εb, respectively, are mixed to
form two new exciton states, an upper state (µ) and a lower
state (ν), which correspond to the observed spectral bands. The
degree of mixing is described by the mixing angle,θ, according
to the equation

whereJ is the coupling between the monomers.
Becauseµ andν are exciton states that contain contributions

from both of the original monomer states, any nuclear motions
associated with one of the monomers causes correlated fluctua-
tion in bothµ andν. The 2C3PEPS signal is sensitive to this

Figure 2. Absorption spectrum of the RC at 77 K (solid lines), with
bands labeled according to the dominant contributing chromophore;
the spectra of the two colors of laser pulses used in the experiments
(dashed lines).

tan(2θ) ) 2J
εa - εb

(1)
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correlation. The coupling coefficient,Cµν, is the critical
parameter that relates the experiment to the coupling. MF
showed that for a heterodimer system with no energy transfer
and in which the chromophores have independent baths, the
experimental coupling coefficient (Cτ*) is found from the one-
and two-color peak shifts,

where κ ) τµν
* (T)/τνµ

* (T). In this equation,τµ
* (T) and τν

*(T)
represent the one color peak shift on the upper and lower exciton
states, respectively, andτµν

* (T) andτνµ
* (T) represent the down-

hill and uphill peak shifts, respectively. The peak shifts are a
function of the population time,T.

To determine the electronic coupling,J, from Cτ*, we could
use the following equation based on the difference in energy
between the two exciton states:

Up to this point, we have discussed the theoretical framework
for a system with no population dynamics. Obviously, this will
not be sufficient to describe the RC. To include the dynamics,
we will use the approach developed by YF for energy transfer
and reactive systems.32-34 In implementing this approach, we
make three simplifying assumptions. First, we assume that the
population dynamics can be separated from the nuclear dynam-
ics; this assumption is often justified, but partially breaks down
in this case because the energy transfer is so fast. Second, we
assume that there is no correlated energy transfer due to static
inhomogeneity;33,35 this is justified in our case because of the
small inhomogeneity in the spectral bands (as will be shown
by the 1C3PEPS data). Third, we assume that we can ignore
the effect of nuclear dynamics associated with energy transfer,
or in other words, that all phase information is lost upon energy
transfer.36

The peak shift is less sensitive to population dynamics than
other techniques, so simulations with a number of population
dynamics schemes with a range of time scales could be used to
give satisfactory fits. Thus, the population dynamics used in
our simulations are based on the literature.13-15,19,22,37-56 Energy
transfer from HA to BA or HB to BB occurs on a 50 fs time
scale. Energy transfer from BB and BA to P+ takes place on a
175 fs time scale. Internal conversion from P+ to P- occurs on
a 75 fs time scale. Charge separation from P- to P+BA

-HA then
to P+BAHA

- takes place on 2 and 1 ps time scales. We tested
the effect of including direct charge transfer from B or H in
our simulations,46,49-52,57 but again, these changes in the
population dynamics had only a small effect on the peak shift,
so we did not include them in most of our simulations. We
include two characteristics of the system in our simulations:
first, after charge separation to P+BAHA

-, the BA band
undergoes an electrochromic blue shift of∼300 cm-1; second,
when BA or HA carries a charge, the corresponding band is
bleached. For the experiments in which the first two pulses are
at 800 nm, we assume that we excite 75% BA and 25% BB
because of the location of the spectra and because this yields
good fits. For similar reasons, in the experiments in which the
first two pulses are at 750 nm, we assume that we excite HA

and HB equally.
To implement the simulations, we use the response function

formalism, in which a number of possible pathways are added
together to determine the overall response of the system to the
laser pulses.58-60 Because of population dynamics, different
pathways will contribute to the signal with different magnitudes
at each time in the experiment. We assume that the 750 nm
pulse interacts only with the H band, and the 800 nm pulse
interacts with the B band, the B band after its electrochromic
shift due to electron transfer, and with P- through an excited-
state absorption which, at 77 K, we assume is centered at 810
nm.19 We neglect interaction with the P+ state (centered between
810 and 835 nm) because of its relatively small transition dipole
moment and the small population that builds up on it.

Each pathway that can give rise to a signal is represented by
a Feynman diagram; those used for our simulations are shown
in Figure 3. In the diagrams, the arrows represent the three

Figure 3. Feynman diagrams for the one-color (1C), left, and two-color (2C), right, experiments. See text for details.

Cµν ) 2 sin2 θ cos2 θ ≈ Cτ* )
τµν

* (T)

τµν
* (T) + 1

2κ
(τµ

* (T) + τν
*(T)κ3)

(2)

Eµ - Eν ) 2Jx1 + (1/tan(2θ))2 (3)
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pulses, and the letters in the diagrams represent the electronic
states through which the system can pass: ground (g), B (b), H
(h), P- (p), the B/H two-exciton state (q), and the two-exciton
state corresponding to excited-state absorption from P- (P). In
one-color diagrams that could correspond to either the 800 or
750 nm experiments, an e is used to represent either B or H,
depending on the experiment. In two-color diagrams, for the
uphill (downhill) experiments, an e is used to represent B (H),
and an f is used to represent H (B). An italiceor b denotes that
the interaction will be different after formation of P+BAHA

-

due to the electrochromic shift of the BA band.
The left-hand side of Figure 3 shows the diagrams used in

the one-color simulations. In these diagrams, all three pulses
are of the same color. Rgg

1 and Ree
1 correspond to pathways in

which no energy or electron-transfer takes place; these diagrams
are the two diagrams normally used to describe a two-level
system. Rge

1 corresponds to the pathway in which B (or H) is
excited, followed by energy transfer that returns B (H) to its
ground state, followed by re-excitation, either to the original
excited state or, in the case of B, to its electrochromically shifted
excited state if electron transfer to P+BAHA

- has taken place.
Rge

1 can also be used to describe direct electron transfer from
BA to P+BA

-HA, followed by electron transfer to P+BAHA
-.

Rpb
1 applies only to the 800 nm experiment and corresponds to

the case in which B is excited, and this excitation energy is
transferred (through P+) to P-, from which there is an excited-
state absorption to a two-exciton state.22

The right-hand side of Figure 3 shows the six diagrams used
in the two-color simulations. In these diagrams, the first two
pulses correspond to one color, and the third pulse is of the
other color. Rgg

2 and Ree
2 correspond to the case without energy

or electron transfer, in which the first two pulses interact with
B (H) and the third pulse interacts with H (B). These are the
diagrams used by YF and MF in their simulations of strongly
coupled dimers. Rge

2 applies to RCs that interact with the third
pulse after the population has moved away from B (or H).

The other three diagrams apply to the downhill experiment
only and correspond to the excitation of H by the first two
pulses. For Rbh

2, this is followed by energy transfer to B,
followed by interaction with the third pulse. For Rgbh

2, this is
followed by energy transfer to B and then subsequent energy
or electron transfer, or both, away from B, followed by
interaction of the third pulse with B. For Rph

2, this is followed
by energy transfer to B, then P+, then P-, followed by an
excited-state absorption from P-.

Results

The 1C 800 transient grating signal (not shown) decays on a
90 fs time scale to∼10% of the maximum value before rising
to higher value on a 3 pstime scale. The rise lasts until∼10
ps, at which point the signal stays approximately constant until
the end of our data collection (100 ps). The 1C 800 peak shift
decay is shown as the filled circles in the left panel of Figure
4. It begins at∼45 fs at zero population time and decays to
∼30 fs on a sub-50 fs time scale, reaching a local minimum at
∼60 fs. It then rises, peaking at a population time of∼700 fs
before falling again. From∼3 ps, the peak shift decays on a
longer time scale (∼30 ps), nearly reaching its terminal peak
shift of ∼20 fs by a population time of∼50 ps. The magnitude
and exact time scales of the rise and fall of the bump feature
varied because at the corresponding population times, there is
a local minimum in the transient grating data, which means there
is a very small signal from which to determine the peak shift.

The 1C 750 transient grating signal (not shown) decays on a
time scale of 50 fs to a value near zero before rising very slightly
on a 3 pstime scale. The 1C 750 peak shift signal is shown as
the open circles in the left-hand panel of Figure 4. It begins at
25 fs and decays to∼9 fs on a sub-50 fs time scale before
decaying to zero on a longer time scale, which is difficult to
determine because of the noise in the data. The reason the peak
shift becomes noisy is that at that time, as in the 1C 800 case,
the transient grating (and the corresponding signal that gives
rise to the peak shift determination) has become very small. It
should be noted that the fact that the signal goes to zero does
not mean that the peak shift is zero; rather, it simply means we
cannot determine the peak shift.

The 2C downhill transient grating signal (not shown) rises
on a 100 fs time scale before decaying on a 220 fs time scale.
Although these time scales are longer than the time scales in
the other data sets, we find that the same parameters for the
population dynamics allow us to fit the data satisfactorily. As
in the 1C 800 case, the decay reaches a finite offset before rising
on a∼3 ps time scale and leveling off after∼10-20 ps.

The 2C downhill peak shift signal is shown as the filled circles
in the right-hand panel of Figure 4. It begins at∼15 fs, but the
uncertainty in this value is large ((5 fs) because of the
uncertainty in time zero (which is difficult to set in two-color
experiments)31 and the fact that the peak shift is rapidly changing
in that region. The peak shift decays on two time scales: a sub-
50 fs time scale and an∼500 fs time scale. A unique aspect of

Figure 4. Peak shift plots for RCs at 77 K. (left) Open circles and thick solid line are experimental and simulated 1C 750-nm peak shifts. Filled
circles and thin solid line are experimental and simulated 1C 800-nm peak shifts; the dashed line is simulated 800-nm peak shift without the
excited-state absorption from P-. (right) Filled circles and thin line are experimental and simulated 2C downhill peak shift signals. Open circles and
thick line are experimental and simulated 2C uphill peak shift signals.
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the 2C downhill peak shift is that it goes to negative values,
crossing zero at∼75 fs before reaching a minimum of
approximately-2 fs at a population time of 200 fs. This is
followed by a rise; the peak shift becomes positive at∼1 ps,
and reaches a maximum of 1 fs before decaying very slightly.
It should be noted that the peak shift crosses from negative to
positive at the point where the transient grating reaches its
minimum.

The 2C uphill transient grating signal (not shown) decays on
a 120 fs time scale, and there is no observed rise. The 2C uphill
peak shift is shown as the open circles in the right-hand panel
of Figure 4. The peak shift starts at∼15 fs, although this value
again has a relatively large uncertainty ((5 fs) for the same
reasons as the initial 2C downhill peak shift. The peak shift
decays on a sub-50 fs time scale, reaching a minimum of-2 fs
around a population time of 100 fs. It then rises to a value of
∼2 fs at 300 fs before leveling off. After∼500 fs, the data
becomes too noisy to fit (again, due to the decay of the signal
to zero).

Discussion

The main purpose of our experiments is to determine the
coupling between B and H, but before discussing our measure-
ment of this parameter in detail, we will first analyze the major
features of each data set individually. Our ability to understand
and simulate the data will give us confidence in our estimates
of the electronic coupling.

The 1C 800 transient grating and peak shift experiments
performed at 273 K have been previously reported by Groot et
al.61 Our transient grating data is in good agreement with that
work, and our simulations confirm their interpretation of its
features. We performed simulations including alternate charge
separation pathways and found that the offset after the initial
decay does increase with an increase in direct B-to-H charge
separation; our simulations show that the transient grating would
decay to near zero without a contribution from direct B*H to
B+H- charge separation.

After fixing the population dynamics on the basis of literature
values and our transient grating data, the two variable parameters
in the 1C 800 peak shift simulations were the B-H coupling
and the line-broadening function,g(t); the simulation is shown
as the thinner solid line in the left-hand panel of Figure 4. We
opted to use a simpleg(t), with a 60 fs Gaussian with 25 cm-1

of coupling and an inhomogeneous width of 45 cm-1. To model
the slow decay of the peak shift we see on a∼30 ps time scale,
we include an additional 30 ps exponential mode with 15 cm-1

of coupling. Our decision not to include specific vibrational
modes in our simulations was based mainly on the fact that
these modes were not necessary for a satisfactory fit of the data.

Our observed 1C 800 peak shift is very large over the whole
time range. This can be attributed to three factors. First is the
presence of inhomogeneous broadening present in the B band,
which leads to a large peak shift at long times relative to the
peak shift at time zero. Resonance Raman experiments62 and
the 273 K work by Groot et al. report an inhomogeneous width
of 55 cm-1; we use 45 cm-1. Second, the overall coupling to
the bath is quite small, which leads to a large initial peak shift.
Third, as previous experiments have shown, peak shifts are
generally larger at lower temperatures, and the temperature
dependence is greater for systems that are weakly coupled to
the bath, as in this case.63-65

We included a 30 ps exponential component in our line-
broadening function because we see a small decay on a long
time scale (between population times of∼10 and 100 ps, the

peak shift decays by∼3 fs; in the 273 K data, it decays by∼1
fs over this time). On the basis of our population dynamics
scheme (and in accordance with our transient grating data), the
population dynamics occurring during this time period would
make a very small contribution. Previous studies have assigned
changes occurring on this time scale to protein relaxation that
takes place after charge separation.48,54,55

We attribute the maximum in our data to interference between
the pathways involving B and the pathway involving excited-
state absorption from P-. The excited-state absorption pathway,
which is a free induction decay signal centered at a coherence
time of zero, is subtracted from the other pathways, which are
centered at positive coherence times. This increases the value
of the coherence time that gives the greatest signal, increasing
the peak shift.

To confirm our assignment of the maximum in the 77 K data
to interference from the excited-state absorption from P-, we
show a simulation of the peak shift signal without the excited-
state absorption term (the dashed line in the left-hand panel of
Figure 4). The prominent maximum seen in the data (filled
circles) and in the full simulation (solid thin line) disappears
when the excited-state absorption pathway is removed (dashed
line). An additional point in support of the attribution of the
maximum to the excited-state absorption from P- is that the
relative population on P- as a function of population time
closely tracks the rise and fall in the peak shift.

Because of the large difference between our data and the
previously published peak shift, we felt it was important to carry
out a simulation of the 273 K data. We used the same line-
broadening function as in our low-temperature simulations
(recalculated for the higher temperature). Groot et al. used a
line-broadening function that included vibrations with a specific
set of phases with respect to each other in order to fit the plateau
they observed after a fast 50 fs decay. In our simulation of their
data, this plateau appears due to population dynamics. Although
the population dynamics is known to be slightly temperature-
dependent, for simplicity, we held these parameters constant,
which introduces some error in our simulation. The change we
did make in the simulations between the two temperatures was
to shift the energy of the P- band of the excited-state absorption,
corresponding to the shift in the P- band in the absorption
spectrum between the two temperatures (∼350 cm-1). As can
be clearly seen by comparing our simulations of the 1C 800
peak shift at 77 K (the thin solid line in the left-hand panel of
Figure 4) and 273 K (the solid line in Figure 5), this change
has an enormous effect on the appearance of the simulated peak
shift. Because of the shift in wavelength of the excited-state
absorption, this pathway interferes differently with the other

Figure 5. 1C 800-nm peak shift data at 273 K. Filled circles are the
fit to the data of Groot et al.61 Solid line is our simulation of the data.
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pathways, leading to a dip in the peak shift rather than a bump.
The higher temperature naturally leads to a significantly lower
terminal peak shift. Thus, although the appearance of the two
peak shifts is qualitatively very different, they can both be
understood on the basis of the same set of parameters.

The 1C 750 peak shift is very different from that of the 1C
800 peak shift. Our simulation of the 1C 750 peak shift is the
thicker solid line in the left-hand panel of Figure 4. To construct
theg(t), we used a 60 fs Gaussian with 85 cm-1 of coupling, a
30 ps exponential with 85 cm-1 of coupling, and no inhomo-
geneous broadening. The observed absence of inhomogeneous
broadening in H is in line with the small inhomogeneity seen
in hole-burning experiments.66 The differences between the peak
shift of the H and B bands may be due to differences in the
environments of the chromophores as well as inherent differ-
ences between the chromophores. Bacteriopheophytin lacks a
central metal atom, making it more flexible than bacteriochlo-
rophyll. The greater flexibility of H may be why it is more
strongly coupled to the environment, leading to the smaller
values of the peak shift at all population times.

We now turn to the two-color data. Recalling that we have
introduced population transfer into the YF and MF models in
an ad hoc way that does not allow memory conservation and
neglects pulse duration and quantum effects, we expect to be
more successful in modeling the uphill data than the downhill
data. The uphill signal includes contributions from only three
response functions, of which two (Rgg

2 and Ree
2) are the same

pathways as used in the MF model. Additionally, only the decay
of the B population contributes to the calculation. In contrast,
the downhill data have both population feeding and decay, and
will require a model that properly accounts for finite pulse
duration effects. Such a model incorporating time-nonlocal, non-
Markovian dynamics, which allows the self-consistent inclusion
of coherence transfer, is under development, and application to
the reaction center will be presented elsewhere.67

To simulate the 2C downhill and uphill peak shifts, we used
the same population dynamics schemes as the 1C 750 and 800
peak shift simulations, respectively. In addition, theg(t)’s used
were taken from those determined during fitting of the 1C data.
We follow the method of MF27 for a heterodimer, using the
g(t)’s of the two chromophores to form an average and a
differenceg(t). The qualitative expectations described above are
borne out by the fits shown in Figure 4: the uphill data are
well described by the model, and the downhill data are
qualitatively modeled, but the quantitative agreement is poor.
Because of the decay of the 2C uphill transient grating signal
to near zero in<1 ps, we could collect accurate peak shift data
only to ∼500 fs. The main feature we observe before our 500
fs cutoff is a dip around 100 fs. Our simulations indicated that
this is due to the competing effects of the two response
functions, which are related to the decay of the B population.
The first is Ree

2, which decays with the decay of the population
on B. The second is Rge

2, which grows in with the decay of the
population from B. The former (decaying) pathway gives rise
to a negative peak shift whereas the latter pathway gives rise
to a positive peak shift. The dip in the 2C uphill peak shift
occurs at the location at which there is a crossover between the
contributions of these two pathways.

A negative region (from 75 fs to∼1 ps) of the 2C peak shift
is also apparent in the downhill data and arises from the same
effect: very rapid population dynamics can overshadow the
effect of dephasing on the peak shift. This latter effect would
be expected to generate only positive peak shifts, but when the
overall signal is decaying very rapidly as a function of

population time, the signal from negative coherence times can
be larger than those at positive coherence times. This explanation
of the negative peak shift is confirmed by the rise in the peak
shift to positive values at a population time near 1 ps. This rise
occurs precisely at the point when the slope of the transient
grating changes from negative to positive. At this point, the
effect that was previously pushing the peak shift negative is no
longer present.

We now turn to a discussion of the coupling coefficient,Cµν.
The reaction center is significantly more complex than the
dimeric model systems without population dynamics that were
studied by YF and MF, and the ratio given by eq 2 changes
significantly over the time during which we have data, so in
this case, it cannot be used to determineCµν. An approach that
can be used to determineCµν in this case is to fit the 2C uphill
peak shift. This approach is justified whenCµν is expected to
be small. In this situation, the individual one-color peak shift
experiments can be used to obtain good approximations to the
line-broadening function of the two individual chromophores,
and either one of the two-color peak shift experiments can then
be used to determine the coupling. In this case, the 2C uphill
experiment is preferable to the 2C downhill experiment for use
in determiningCµν because it is influenced less by the population
dynamics and, as noted above, is closer to the model systems
studied by YF and MF.

Figure 6 shows a series of three simulations of the 2C uphill
peak shift carried out with all parameters held constant except
the value of the B-H coupling coefficient, which is set to 0,
0.1, and 0.2. It is evident from this plot thatCµν ) 0.1 gives
the best agreement with experiment. The general trend that can
be seen in these simulations is the same as that observed by
YF26 and MF:27 asCµν is increased, the peak shift at essentially
all population times is also increased. This same trend was
observed in coupling-dependent simulations of the other three
peak shifts. We believe this is true because although the
pathways that contribute to the signal in these cases are not the
same as those for a system without energy transfer, the pathways
that do contribute to the signal still depend onCµν.

As described in Theoretical Considerations, we can use the
value of Cµν to determine the value of the B-H electronic
coupling using our knowledge of the energies of the two mixed
exciton levels. Using 750 cm-1 as the difference between these
levels (based on the absorption spectrum) gives a value ofJ )
170 cm-1. The range of values given in the literature is∼100-
200 cm-1.5-18 To give an idea of the error associated with this

Figure 6. Experimental 2C uphill peak shift signal (filled circles) and
simulations for three values ofCµν: 0 (dashed), 0.1 (solid), and 0.2
(dotted).
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value, we note that values ofCµν of 0.05 and 0.15 would
correspond to coupling values of 130 and 200 cm-1, respec-
tively. We therefore assign an uncertainty of(30 cm-1 to our
result. To give a frame of reference for the relative magnitude
of this coupling, we note that theoretical calculations put the
coupling between the two bacteriochlorophylls that make up
the special pair between 400 and 1000 cm-1.5-18

Concluding Remarks

Through 1C and 2C peak shift measurements on the B and
H bands of the RC, we estimated that the B-H coupling is 170
( 30 cm-1. The simulations and analysis used are clearly
oversimplified and represent a first attempt at using two-color
photon echo spectroscopy to provide quantitative experimental
values for electronic couplings. Methods for calculating echo
signals that self-consistently include the quantum dynamics and
optical interactions of multichromophore systems are under
development, and we believe the success of the preliminary
efforts reported here is sufficient to encourage further experi-
ments and complementary theory. One interesting question that
this study did not address is the asymmetry in the reaction center,
which results in electron transfer from P to HA but not HB. The
degree to which differences in electronic coupling between
charge transfer states on the two sides of the RC determine this
asymmetry has been the subject of extensive research and is
still not a settled question. Although the measured coupling
between the B and H bands presented in this work does not
reflect the electronic coupling between the states directly
involved in electron transfer, a further study that distinguishes
couplings between B and H on different sides could be
conducted to give some insight into the nature of the difference
between the two sides of the RC. There are a number of RC
mutants that could be used to carry out these further studies.
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