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The energy transfer from the accessory bacteriochlorophylls (B) to the special pair (P) in the photosynthetic
reaction center has been time resolved with pump-probe polarization anisotropy measurements using 20-
25 fs duration pulses near 800 nm. The experiments were carried out at low pulse energies (500 pJ in a 34
µm spot), low repetition rates (5 kHz), and high sample flow velocities (100 cm/s) to avoid artifacts from
saturation and photoexcitation of incompletely relaxed reaction centers. The pump excitation corresponds to
1.4× 106 photons/µm2: the “saturation intensity” for the charge separation quantum yield is 3× 107 photons/
µm2. Magic angle pump-probe transients can be satisfactorily fit as biexponential, with an∼120 fs bleach
decay followed by a 2.8 ps bleach rise. (An∼400 fs bleach decay seen in several previous experiments
arises from unrelaxed reaction centers.) The initial pump-probe anisotropy is 0.4 and decays with an∼80
fs time constant, which we attribute to dipole reorientation by electronic energy transfer. Simultaneous kinetic
modeling of the parallel, perpendicular, and magic angle pump-probe transients using the reaction center
structure and dipole orientations is consistent with energy transfer proceeding in two steps:∼80 fs electronic
energy transfer from the accessory bacteriochlorophylls to the upper exciton component of the special pair
(B f P+) followed by an∼150 fs internal conversion from the upper exciton component to the lower exciton
component of the special pair (P+ f P-). Finally, charge separation after electron transfer from P- to H
causes an electrochromic (Stark) shift of B and produces the 2.8 ps bleach rise. The two-step energy transfer
model is supported by the observation of weak quantum beat oscillations (125 cm-1 and 227 cm-1) with
near-zero anisotropy in the pump-probe signals. The near-zero anisotropy is only consistent with pump-
probe signals from P+ species created by energy transfer from B. The∼80 fs Bf P+ energy transfer is so
rapid that it sets vibrational wave packets in motion on the special pair. Because Bf P energy transfer is
more rapid than conventional energy transfer rates, it may be more appropriate to think of energy transfer
between pigments in the reaction center as an intermediate case between energy transfer among separate
pigments and internal conversion within a single supermolecule.

I. Introduction

In photosynthesis, energy from sunlight is harvested by
antennas and transferred to reaction centers.1,2 At the reaction
center, a rapid electron transfer initiates charge separation across
a membrane. This electrochemical energy is ultimately used
to drive chemical reactions. Photosynthetic energy transfer and
electron transfer processes are both remarkably rapid and
efficient.3 The structures of the isolated reaction centers and
light harvesting antennas are known for the so-called purple
photosynthetic bacteria from X-ray and electron diffraction
studies,4-9 so that it should be possible to discern the mechanism
of the fundamental energy transfer and electron transfer steps
from a combination of optical spectroscopy and electronic
structure theory. We report here a study of energy transfer3,10-17

between chromophores in isolated reaction centers from the
purple photosynthetic bacteriumRhodobacter sphaeroidesR26
with the goal of better characterizing the interactions between
pigments in the reaction center.
The reaction center contains six near-infrared absorbing

pigments: a special pair of bacteriochlorophylls (P), two
accessory bacteriochlorophylls (BL and BM), and two bacte-

riopheophytins (HL and HM). These pigments are held in a
geometry with approximateC2 symmetry by the protein scaffold.
Figure 1 shows two views of the special pair and accessory
bacteriochlorophylls. The special pair lies on theC2 axis and
is accessible from the periplasmic surface of the protein. The
two bacteriochlorophylls in the special pair form a strongly
coupled dimer: electronic states of the dimer are labeled with
subscripts+ and-, which denote symmetry or antisymmetry
under exchange of the two identical chromophores. TwoC2

symmetry related branches (L and M) extend toward the
cytoplasmic face. Each branch contains one accessory bacte-
riochlorophyll and one bacteriopheophytin. Along each branch,
the accessory bacteriochlorophylls are buried in the membrane
and bridge the gap between P and H, making van der Waals
contact with both. The spectrum of isolated reaction centers
from Rb. sphaeroidesR26 is shown in Figure 2 along with the
spectra of the femtosecond laser pulses used in our study. These
pulses primarily excite and probe the band near 800 nm which
is composed of absorption by the two accessory bacteriochlo-
rophyll (BL and BM) and the upper exciton state of the special
pair (P+). As shown in Figure 1, the transition dipoles between
these excited states and the ground state differ significantly in
direction. After excitation with a linearly polarized pump pulse,
energy transfer between these states will cause changes in the
average dipole orientation that can be followed by measuring
the probe polarization dependence of the pump-probe signal.
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A number of theoretical calculations have addressed the
couplings between the hexamer of pigments in the reaction
center18-25 with the goal of interpreting both spectroscopic
properties (absorption spectra, linear dichroism, resonance
Raman, photochemical hole burning) and electron transfer
dynamics. These studies generally find some degree of coupling
between all pigments in the hexamer. The two bacteriochlo-
rophylls of the special pair have extensively delocalized
excitations that are close to symmetric and antisymmetric
combinations of monomeric excitations. The antisymmetric
state P- is reached by a strong band at 870 nm. At room
temperature, the transition to the symmetric state P+ overlaps
the accessory bacteriochlorophyll bands at 800 nm, but it appears
as a shoulder near 810 nm at low temperature.18,21-23,26 The
two accessory bacteriochlorophylls absorb light at 800 nm. Some
calculations indicate that the accessory bacteriochlorophylls may
act as a dimer because of indirect coupling through mutual
interactions with the special pair.21-24 Calculations agree that
the bacteriopheophytins, which absorb near 755 nm, function
as monomers, and spectroscopic transitions to HL and HM can
be resolved at low temperature. More recent theoretical work
has focused mainly on the states involved in the primary electron

transfer, which proceeds from P- to HL.27-33 In simulating the
optical spectra, the interactions between pigments in the reaction
center have usually been approximated as excitonic transition-
dipole coupling21-24 although some studies18,19 have included
the transition dipole charge distribution.34 Since the same
coupling terms between pigments are responsible for both
excitonic coupling and energy transfer,10,11 these calculations
suggest that energy transfer from the accessory bacteriochlo-
rophylls to the special pair lies in the strong coupling (coherent)
limit 10 and that weak coupling (hopping) calculations of the
energy transfer rate are inadequate.26

Several experiments have shown that excitation of a band
assigned to one pigment produces bleaching of bands assigned
to other pigments in less than 100 fs.35,36 With 100 fs time
resolution, Breton et al.35 have reported an instrument limited
rise of P- bleaching upon excitation of B or H and estimated
that the energy transfer from B* to P is faster than 100 fs. In
principle, an unresolved bleach rise can indicate either strong
excitonic coupling between pigments or an unresolved energy
transfer event: the two can be distinguished by observation of
a nonzero bleach rise time or transitions which originate in the
excited state of the acceptor. Both of these studies also reported
a 400 fs bleach decay component which accompanies B to P
energy transfer. More recent work indicates that the special
pair is electronically excited within 100 fs after excitation of
B. A report37 that an 800 nm pump pulse yielded an instrument
limited rise time for mid-infrared P* absorption suggests that
energy is transferred from B to P* in less than 100 fs, and a
more recent study with 100 fs pulses obtained a 120 fs time
constant for energy transfer from B to P-.38 After this paper
was submitted, Haran et al. published pump-probe polarization
anisotropy measurements in which reaction centers were excited
with 100 nJ pulses of 40-60 fs duration centered at 810 nm
and probed with 60 fs pulses centered at 950, 1200, and 3840
nm.39 In our laboratory, Bradforth, Dikshit, and Jimenez40

excited B using 90 fs pulses with an 11 nm bandwidth centered
at 797 nm and detected P- fluorescence polarized perpendicular
to the excitation pulse over a∼10 nm band pass around 930
nm by fluorescence up-conversion and found that a rise time
of ∼120 fs was required to fit an asymmetry between the lower
and upper portions of the initial rise. This result is consistent
with the statement of Stanley and Boxer41 that a rise time was
required to fit P- emission at 955 nm following excitation at
803 nm. Upon excitation of B, a charge transfer quantum yield

Figure 1. (Top) View of special pair and accessory bacteriochloro-
phylls in the reaction center ofRb. sphaeroideslooking down from
the periplasmic face along the transition dipole for the upper exciton
state (P+) of the special pair (pointing out of the plane of the figure
and not shown). Coordinates for the special pair and accessory
bacteriochlorophylls without their phytol chains are taken from Chang
et al.6 The L branch accessory bacteriochlorophyll is on the right, the
M branch accessory bacteriochlorophyll is on the left, and the special
pair of bacteriochlorophylls are in the middle. Arrows show the
projection of the Qy transition dipoles onto the plane of the figure for
both accessory bacteriochlorophylls and the lower (antisymmetric)
exciton state of the special pair P- (points left to right and up). In this
projection, all three transition dipole moments appear to be nearly
parallel. (Bottom) Side view of reaction center fromRb. sphaeroides
showing special pair and accessory bacteriochlorophylls. The L side
accessory bacteriochlorophyll is on the right, the M side accessory
bacteriochlorophyll is on the left, and the special pair bacteriochloro-
phylls are in the middle. The periplasmic face of the protein lies above
the pigments, and the cytoplasmic face is below. Arrows show the
projection of the Qy dipoles onto the plane of the figure for both
accessory bacteriochlorophylls and both exciton states of the special
pair P+ (points up) and P- (points left to right).

Figure 2. Absorption spectrum (solid line) of reaction centers from
Rb. sphaeroidesR26 suspended in LDAO recorded at 293 K. The bands
are labeled P (transition to the lower exciton state of the special pair),
B (accessory bacteriochlorophylls), and H (bacteriopheophytins) ac-
cording to the dominant absorbing species in that region. A transition
to the upper exciton state of the special near 810 nm accounts for
roughly one-quarter of the intensity of the 800 nm peak labeled B.
The spectrum of the excitation pulses is also shown: (diamonds) 799
nm center wavelength, 49 nm bandwidth pulses of 20.2 fs duration;
(circles) 805 nm center wavelength, 40 nm bandwidth pulses of 25.5
fs duration.
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of 0.93 has been reported.42 Recently, Hartwich et al. reported
a charge transfer quantum yield of 1 upon P+ excitation.43

Michel-Beyerle and co-workers44 have also reported a fluores-
cence up-conversion study of B*f P- energy transfer. The
P- fluorescence rise time does not directly measure the energy
transfer rate: the analysis of depolarization data presented here
indicates that energy is transferred from B to P+ and that P+
undergoes internal conversion to P-.
In a preliminary communication,45we presented pump-probe

transients obtained at 152 kHz repetition rate with pulses
centered at 805 nm for which the pump and probe polarizations
were parallel. In the preliminary experiments, we observed a
biexponential decay with time constants of 120 and 400 fs for
both normal reaction centers and reaction centers in which the
special pair had been chemically oxidized with potassium
ferricyanide.40 Further investigation has revealed two defects
in our prior data: each sample volume was excited by many
(∼20-80) laser pulses so that the pump-probe signal was not
zero when the probe arrived at the sample before the pump;
the 1.5 nJ pulse energy saturated the reaction centers and
distorted the temporal shape of the pump-probe transient. The
experiments reported here were carried out at lower pulse
energies (500 pJ), high sample flow velocities (100 cm/s), and
a 5 kHz repetition rate in order to avoid saturation and multiple
excitations. For normal reaction centers, pump-probe transients
recorded under these conditions exhibit both a faster initial
bleach decay (with no 400 fs component) and a larger charge
separation quantum yield than data obtained at higher repetition
rates or higher pulse energies.40,45

II. Experimental Section

The pump-probe depolarization experiment required short
pulses of light with controlled polarization, low pulse energies
(pump, 500 pJ/pulse; probe, 70 pJ/pulse), low repetition rates
(5 kHz), small spot size (34µm 1/e), and high sample flow
rates (100 cm/s) to avoid problems associated with scattering,
saturation, and excitation of unrelaxed reaction centers. The
photon flux must be kept low to avoid exciting more than one
accessory bacteriochlorophyll within a single reaction center.
The flow rate is limited by the tendency of the detergent to
foam at high speeds. Most of the noise in our experiment comes
from relatively rare events in which the pump (or probe) scatters
off a single particle or bubble in the sample, which makes it
impractical to lower the repetition rate and increase both spot
size and pulse energy to avoid saturation. These constraints
are interlinked and necessitated careful optical layout, electronic
timing, and signal recovery.
A. Materials. Reaction centers ofRb. sphaeroidesR26

which had been isolated, purified, and suspended in BOG and
LDAO detergents46 were generously supplied by Julia Popov,
S. N. Dikshit, and James R. Norris. The samples were
concentrated by centrifuging and filtered with 0.22µm filters
to remove scattering particles. At 800 nm, the optical densities
of the BOG and LDAO samples were 0.07 and 0.1, respectively,
in a 200µm path. The total volume of∼3 mL was chilled in
ice water and stored in the dark throughout pump-probe
depolarization measurements. During data collection the signal
was monitored for scattering and retention of the 2.8 ps bleach
rise due to electron transfer, and absorption spectra were taken
to monitor sample degradation. We found that the 2.8 ps rise
was more sensitive to sample degradation than the absorption
spectrum. After every 6 h of data collection, it was necessary
to remove, centrifuge, and filter the sample to remove scattering
particles and bubbles. Data collection typically required a total
of 24 h. Measurements on normal reaction centers were
followed by ones in which the special pair had been chemically
oxidized by potassium ferricyanide.40

B. Laser System. The Kerr lens mode-locked Ti:sapphire
laser was home-built according to the design of Asaki et al.47

The laser was pumped with 5.2 W all lines from a Coherent
Innova 310 Argon ion laser and cavity dumped with an acousto-
optic Bragg cell to lower the repetition rate to 5 kHz.48 The
pulse energy was most stable (fluctuations< 0.7% peak to peak)
when cavity dumping efficiency was maximized to dump∼40
nJ/pulse: most of this energy was not used. Care was taken to
avoid anN) 2 soliton mode of the cavity which produced two
pulses per cavity round trip at unequal time intervals. The
spectrum of the laser was tuned to match the 800 nm absorption
maximum2 of B by translating the oscillator intracavity prism,
yielding pulses of∼20-25 fs duration. A double pass through
a pair of LaKL21 prisms precompensated for material dispersion
of the subsequent optics. The spectrum was shaped to nearly
Gaussian by means of razor blades at the external pulse
compression prism pair to yield a center wavelength of 799 nm
(805 nm) with a 49 nm (40 nm) bandwidth. Experiments were
run at these wavelengths to monitor both sides of the B band
(see Figure 2). The dispersion of the pump and probe beam
paths were matched with identical optics. The pump and probe
pulses were cross correlated with non-collinear type I second
harmonic generation in a 100µm thick â-BBO crystal at the
sample position (Figure 3). Fits to a Gaussian envelope yielded
pulse durations of 20.2 fs (25.5 fs). The resulting time
bandwidth product was 0.455 (0.466), close to the Gaussian
transform limit of 0.441. Short pulses were needed to resolve
the fast dynamics of the experiment.
C. Optical Layout. The optical arrangement of the pump-

probe experiment is shown in Figure 3. After prism compres-
sion, the beam passed through an 800 nm zero-orderλ/2 wave
plate used to set the probe power and was split into pump, probe,
and reference beams. The pump beam traveled through a
chopper, an 800 nm zero-orderλ/2 wave plate, a fixed delay,
and a polarizer and was reflected off a mirror so that it was
parallel to the probe beam. The probe beam was sent along a
computer-controlled delay stage and passed through a polarizer
and an 800 nm zero-orderλ/2 wave plate. The pump and probe
paths had matched wave plates and polarizers. The reference
beam traveled through a variable silver coated neutral density
wheel and was directed onto a photodiode.
Care was taken to get the cleanest possible polarization at

the sample. The pump polarizer was set for vertical polarization
and this was preserved by one “s” reflection off a mirror between
it and the sample. The probe beam was set for vertical
polarization by a polarizer, and this polarization was rotated
by an 800 nm zero-orderλ/2 wave plate immediately prior to
the sample. The parallel pump and probe beams were separated
by 8 mm and focused into the sample by a 10 cm focal length
fused silica lens. The pump and probe beams were overlapped
at the focus by maximizing their transmission through a 30µm
pinhole. The extinction and transmission of the polarizations
were tested with a polarizer placed at the sample. Extinction
was at least 5000:1 for all pump and probe polarizations. The
probe wave plate angle could reproducibly be set to within a
precision of 1 min. By measuring probe transmission through
a 50 µm pinhole at the sample, it was determined that the
pump-probe overlap at the sample was unaffected by probe
wave plate rotation and delay stage translation to within 1%.
The width of the pump-probe cross correlation was unaffected
by probe polarization rotation to within our measurement
precision (0.1 fs). The pump-probe depolarization experiment
was also tested by measuring the anisotropy of HITCI and IR144
dyes in methanol at 125 pJ power levels: it was experimentally
verified that the pump-probe anisotropy was less than 0.01 at
1 ns pump-probe delay; the initial anisotropy was found to be
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0.392 for HITCI and 0.3992((6) for IR144. Our measured
anisotropy decay for 1.2 mM HITCI in methanol is slightly
faster,τ ) 179(18) ps, than that reported previously.49 Accurate
anisotropy measurements require low pulse energy to avoid
saturation artifacts (see below). Figure 4 shows an experimental
reaction center magic angle pump-probe signal and a magic
angle signal calculated directly from the experimental parallel
and perpendicular signals using the relationshipIMA(t) )
(1/3)(IPA(t) + 2IPE(t)). No adjustable parameters were used in
this comparison, which shows the quality of the polarization
used in the experiment.

Powers were set by changing the polarization of the initial
beam with a wave plate to set the probe power and rectifying
the polarization with a wave plate along the pump beam path
to set the pump power. The reference power was set to match
the probe by rotating the variable neutral density wheel. A fast
(2 ns rise time) red-sensitive photodiode collected the probe
beam directly after it passed through the sample (mirror
reflections were not used because they are polarization depend-
ent).
D. Timing System. Stable cavity dumping at 5 kHz required

a divided signal referenced to the repetition rate of the laser.
The oscillator round trip frequency was monitored with a
photodiode behind the high reflector. Because up to 90% of
the intracavity pulse energy was dumped out of the oscillator
cavity, the photodiode output was sent into a constant-fraction
discriminator to produce a uniform 76 MHz signal. The 76
MHz frequency signal was divided down to 38 MHz and
amplified. Two master clocks and an RF pulse generator were
phase locked to the 38 MHz signal. One master clock (Camac
TS 2000) generated a 5 kHz signal to trigger the RF pulse
generator (Camac CD 1000) used for cavity dumping at 5 kHz.
A second master clock (Camac TS 2000) was used to set the
500 Hz chopper frequency and phase.
E. Signal Detection. The 5 kHz repetition rate necessitated

by the maximum flow rate yields a duty cycle of about 10-5

(signal of a few nanoseconds duration every 200µs). This low
duty cycle greatly reduces the efficiency of lock-in detection,
but the signal level was too low for simple gated integration. A
hybrid technique was used in which a gated integrator increased
the duty cycle of the lock-in signal input. The probe and
reference beams were detected by matched photodiodes. The
reference power and delay were adjusted to match the probe in
the absence of the pump. The probe and reference signals were
differentially amplified by a high-speed wide-band transcon-
ductance amplifier (MAXIM #436). The output of the dif-
ferential amplifier was amplified 10× by a LeCroy (LRS 234)
amplifier and sent into a gated integrator and boxcar (SR250).
For maximum accuracy in gate position, the boxcar was
triggered with a photodiode. The boxcar integrated the dif-

Figure 3. Pump-probe experimental configuration. Arrow shows
cavity dumped beam from Ti:sapphire oscillator. WP: zero-order half
wave plates for pump power (WP1), probe polarization (WP2), and
probe power (WP3) adjustments; P: matched glan-laser polarizers for
pump (P1) and probe (P2) both oriented for vertical polarization; L:
10 cm focusing (L1) and collimating (L2) lenses; D: photodiodes for
detecting the probe (D1) and reference (D2) beams and triggering the
boxcar (D3). After passing through polarizer P1, the vertically polarized
pump beam is directed into the sample by one “s” reflection off a mirror.
After the probe beam passes through polarizer P2, the polarization is
adjusted with the half wave plate WP2 and passes directly through the
sample and onto the probe photodiode D1 without any mirror
reflections. The half wave plate WP3 is used to set the probe power
by adjusting the transmission through polarizer P2. The pump power
is independently adjustable using the half wave plate WP1 to adjust
transmission through polarizer P1. The pump and probe beams cross
at an angle of 5° in the 200µm pathlength sample cell (S). Note that
the pump and probe beams travel through matched optics on their path
to the sample. An iris diaphragm blocks the pump beam between the
sample (S) and the collimating lens (L2). D1 and D2 are matched
photodiodes which are positioned for identical optical path lengths of
the probe and reference beams. The outputs of D1 (probe) and D2
(reference) are fed into a fast differential amplifier which is nulled in
the absence of the pump by adjusting the variable neutral density filter
(NDWheel). The output of the differential amplifier is fed into a boxcar
triggered off photodiode D3. The boxcar output is fed into a lock-in
amplifier referenced to the pump chopping frequency which detects
the pump-induced change in the probe intensity transmitted through
the sample as a function of pump-probe delay. (Inset) Non-collinear
pump-probe cross-correlations recorded at the sample position by type
I second-harmonic generation in a 100µm thick â-BBO crystal. Spot
size was 34µm and crossing angle was 5°: (diamonds) 799 nm
[(circles) 805 nm], center wavelength; 49 nm (40 nm), spectral full
width at half-maximum; Gaussian fits yielded a pulse duration of 20.2
fs (25.5 fs). The resulting time bandwidth product was 0.455 (0.466).

Figure 4. Transient absorption ofRb. sphaeroidesR26 reaction centers
recorded with 25.5 fs pump and probe pulses of 40 nm bandwidth
(fwhm) centered at 805 nm. Crosses (+) denote experimental pump-
probe data recorded with the probe polarization at the magic angle to
the pump polarization. Dots (‚‚‚) mark a magic angle pump-probe
transient calculated from the parallel and perpendicular transients
without any adjustable parameters using the relationIMA ) (1/3)(IPA +
2IPE). The constructed signal overlaps the magic angle signal showing
the agreement between experimental data sets obtained with different
pump-probe polarizations. Experimental conditions: 500 pJ pump
pulse energy, 70 pJ probe pulse energy, 34µm beam diameter, 5 kHz
repetition rate,∼100 cm/s sample flow rate.
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ferential amplifier output for each pulse over a 10 ns gate and
sent a voltage proportional to the differential amplifier output
on the last pulse to the lock-in (ORTEC 9503).
The lock-in was referenced to the 500 Hz frequency pump

beam chopper. Because the chopper frequency of 500 Hz is
one-tenth the 5 kHz pulse repetition rate, the chopper was
synchronized to the cavity dumper so that five pulses passed
the chopper and the next five were blocked. A wide-slot six-
blade chopper was used to avoid beam clipping. (An unsyn-
chronized or clipping chopper will drift and allow more or less
than five pulses through, obscuring the signal.) The lock-in time
constant was set to 10 ms to allow fast recovery from laser
scattering off bubbles and particles. The output of the lock-in
was fed to an A/D converter (SR245).
F. Measurements. Measurements on the reaction centers

in BOG were carried out with 20.2 fs pulses centered at 799
nm, while measurements on reaction centers in LDAO were
carried out with 25.5 fs pulses centered at 805 nm. The pump
and probe powers were set to 500 and 70 pJ, respectively (see
below). Immediately prior to depolarization measurements on
the reaction centers, we checked that the initial anisotropy of
IR144 matched the expected (slightly saturated) value of 0.38
for 500 pJ pump energy. The reaction center flow cell and
peristaltic pump were then substituted for the dye cell. The
flow velocity was increased while monitoring the pump-probe
signal at-1 ps delay until the nonzero baseline due to reaction
centers remaining in the sample volume from the previous pulse
was eliminated. The measured flow velocity was 1.4 mL/s.
Assuming uniform flow, this corresponds to a linear velocity
of 90 cm/s in the 200µm × 8 mm rectangular cell. Laminar
flow calculations50 which approximate the rectangular cross
section as an ellipse of the same area yield an average velocity
of 120 cm/s through the focus of the laser beams. The slowest
10% of reaction centers have an average linear velocity of 17
cm/s, sufficient for the sample to completely flow through a 34
µm diameter spot between laser shots at 5 kHz repetition rate.
G. Saturation. The laser beam spot size in the sample was

determined by measuring the transmission through two pinholes.
The transmission was 85% for a 50µm diameter pinhole and
64% for a 30µm diameter pinhole. Modeling the focal spot as
Gaussian,I(r,θ) ) (1/(πw2)) exp(-r2/w2), we calculate a 1/e
diameter of roughly 34µm (w ) 17 µm).
Using a power meter, it was determined that 10% of the

incident 500 pJ pulse energy was absorbed in the 200µm path
through the LDAO sample, which corresponds to absorption
of 2× 108 photons. From the 5/cm optical density of the sample
at 800 nm and the 3× 105/M‚cm extinction coefficient of
reaction centers at 800 nm,2 we calculate a reaction center
concentration of 1.66× 10-5 M. The 1/e volume (V ) (200
µm)π(17µm)2 ) 1.82× 10-10 L) contains 1.82× 109 reaction
centers which absorb 1.26× 108 photons: 7% of the reaction
centers are excited by the pump pulse. If the excitation
probabilities for the two accessory bacteriochlorophylls are
independent, 7% of the excited reaction centers will be doubly
excited. (Strictly speaking, the excitation probabilities are not
independent because of the∼45° angle between transition
moments on BL and BM, so less than 7% of the reaction centers
should be doubly excited.) A doubly excited reaction center can
produce only one charge transfer event even though it has
absorbed two photons.
Pump-probe transients at higher pump intensities are satu-

rated and have a distorted bleach decay (Figure 5). Our rationale
for measuring saturation at 4 ps delay was that charge separation
should occur after energy transfer in reaction centers which
function normally. The saturation of reaction center charge
transfer was determined by monitoring the pump-probe signal

at 4 ps delay as a function of pump pulse energy (see Figure
6). The signal at 4 ps in functional reaction centers arises from
bleaching which is mainly caused by the electrochromic shift
of B after charge transfer.36 Because pump and probe scattering

Figure 5. Transient absorption ofRb. sphaeroidesR26 reaction centers
recorded with 20.2 fs pump and probe pulses of 49 nm bandwidth
(fwhm) centered at 799 nm. The signal was recorded with the probe
polarization at the magic angle to the pump polarization. The pulse
energies were 500 pJ (dots) and 4 nJ (crosses), the Gaussian 1/e spot
size was 34µm in diameter, the repetition rate was 5 kHz, and the
flow rate was∼100 cm/s, which is sufficiently rapid to ensure that
each sample volume was refreshed between pump pulses. The pump-
probe signal at 4 nJ pump pulse energy has been divided by a factor of
5.1 to match the initial amplitude of the 500 pJ signal. In the absence
of saturation, the 4 nJ signal would match the amplitude of the 500 pJ
signal when divided by 8 rather than 5.1. Note the faster early dynamics
in the 500 pJ signal.

Figure 6. Pump-probe signal at 4 ps delay as a function of the pump
pulse energy. Pump and probe pulses were centered at 805 nm and
had durations of 25.5 fs, Gaussian 1/e beam diameters of 34µm, and
parallel polarizations. The probe pulse energy was 50 pJ for all
measurements. Experimental points (dots) were corrected for pump and
probe scattering by subtracting the pump-probe signal at-1 ps delay
from the pump-probe signal at 4 ps delay. The solid line is a linear
least squares fit to the equation:S) aI - bI2, whereS is the pump-
probe signal,I is the pump pulse energy, anda andb are fit parameters.
The linear component of the signal is shown as a dashed line. The
saturation pulse energy given by the ratioIS ) (a/b) is 8 nJ (8 pJ/µm2

or 3× 107 photons/µm2). At the saturation intensity, the charge transfer
quantum yield would be reduced by a factor of 2 relative to the low-
intensity limit if no additional nonlinear processes appear below the
saturation intensity. A saturation of 6% was determined under the
experimental conditions of 500 pJ/pulse. The saturation intensity of 3
× 107 photons/µm2 agrees reasonably well with a decrease in the charge
separation quantum yield observed by Breton et al. above 2× 107

photons/µm2 for excitation of the accessory bacteriochlorophylls in
isolated reaction centers fromRps.Viridis.35
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background increased as the pump power was increased, the
true signal was obtained by subtracting the pump-probe
background at 1 ps from the signal at 4 ps. The linear regression
fit shown in the figure is of the formS ) c(I/IS) - c(I/IS)2,
wherec is a proportionality constant andIS is a “saturation
intensity”.51 The least squares saturation intensity was 8 nJ (8
pJ/µm2 or 3× 107 photons/µm2). The fractional reduction in
pump-probe signal due to saturation is given byI/(I + IS), so
the pump-probe signal at 4 ps delay and 500 pJ pulse energy
is reduced by 6% because of saturation. Pump-probe transients
recorded at higher pulse energies exhibit a slower initial decay,
a new exponential fit component which decays withτ ≈ 400
fs, and a reduced amplitude for the 2.8 ps rise.40,45

H. Anisotropy. During pump-probe scans, the lock-in
output (10 ms time constant) was sampled at intervals of 1 ms
and 50 points were digitally averaged at each pump-probe
delay. (This records a data point every five lock-in time
constants so that scattering off a particle or bubble would affect
only one data point.) Ten scans of the pump-probe delay were
digitally averaged to record each data file. Scans covered
pump-probe delays from 300 fs before time zero to 2-15 ps
after time zero. The pump-probe delay intervals were shorter
at earlier times in order to capture both the initial rapid decay
and the long time dynamics on a single scan. Alternating
between parallel, perpendicular, and magic angle pump-probe
polarizations, 15 data files were recorded for each polarization.
This rotation averaged the effects of sample degradation. After
recording a complete set of 45 data files, the sample was
removed, centrifuged, and filtered before recording another set
of depolarization measurements. Because this changed the
optical density of the sample slightly, different data sets were
fit separately.

Smaller data sets were recorded at higher pump energies to
measure saturation effects: it was found that the anisotropyr
) (S| - S⊥)/(S| + 2S⊥) at the maximum of the pump-probe
signal (which occursafterzero delay and should not be confused
with the initial anisotropy) dropped from 0.374(12) at 500 pJ
pump energy to 0.367(48) at 2 nJ pump energy and 0.328(15)
at 4 nJ pump energy. These anisotropies can be fit to an
empirical formr(I) ) r0(1- (I/Ir)2), wherer0 ) 0.377 andIr )
11.2 nJ/pulse, and indicate that the measured anisotropies at
500 pJ pump energy are reduced about 1% by saturation. In
slightly saturated preliminary experiments, we were unable to
detect a change in the anisotropy when the flow direction was
changed by 90°, thus ruling out systematic errors in the
anisotropy through alignment by flow. Upon completion of
reaction center measurements, the anisotropy of IR144, the
pump-probe cross correlation, laser spectrum, and pump-probe
overlap were remeasured to verify stability of the experiment
throughout the measurements.

I. Elimination of Scattering Points. Comparison of multiple
data files within a set of 15 allowed removal of discrepant data
points obviously caused by scattering off particles or bubbles.
At each pump-probe delay, data points more than three standard
deviations from the mean for that delay were removed. A single
data file in which scattering effects were removed was created
by selecting the median data point of those remaining at each
delay, yielding one data file for each polarization. This
procedure for eliminating scatter off bubbles was checked for
consistency by comparing sets of 15 data files recorded with
slightly different sample concentrations (which result from
centrifuging and filtering the reaction centers). Data obtained
with 799 nm center wavelength are shown in Figure 7, while
data obtained at 805 nm are shown in Figure 8.

III. Data Analysis

For preliminary analysis, the data files were individually fit
to sums of exponentials convoluted with the instrument response
function (the measured pump-probe cross-correlation). Results
are presented in Table 1 for three data sets: scans recorded at
799 nm over-300 fs to 15 ps; scans recorded at 805 nm over
-300 fs to 2 ps; and scans recorded at 805 nm over-300 fs to
15 ps (this last set was constructed from five rather than 15
data files). Satisfactory fits to the 799 nm data set (magic angle
data shown in Figure 4) required a rapidly decaying exponential,
a slowly rising exponential, and an instantaneous baseline shift:

The best fit parameters for the 799 nm magic angle data set are
A1 ) 83%, τ1 ) 124 fs;A2 ) 26%, τ2 ) 2.766 ps, andA3 )
-9%. The best fit parameters for all data sets are given in
Table 1. Within each data set, the amplitudes in Table 1 are

Figure 7. Transient absorption ofRb. sphaeroidesR26 reaction centers
recorded with 20.2 fs pump and probe pulses of 49 nm bandwidth
(fwhm) centered at 799 nm. The signal was recorded with the probe
polarization at parallel (long dashed line), perpendicular (dotted line),
and magic angle (solid line) to the pump polarization. The pulse energy
was 500 pJ, the spot size was 34µm 1/e diameter, the repetition rate
was 5 kHz, and the flow rate was∼100 cm/s, which is sufficiently
rapid to ensure that each sample volume was refreshed between pump
pulses. The fit shown is the convolution of the autocorrelation with
populations from a kinetic model in which energy is transferred from
B to P+ (75 fs), P+ internally converts to P- (165 fs), and P- charge
separates to form P+H- (2.7 ps).

Figure 8. Transient absorption ofRb. sphaeroidesR26 reaction centers
recorded with 25.5 fs pump and probe pulses of 40 nm bandwidth
(fwhm) centered at 805 nm. The signal was recorded with the probe
polarization at parallel (long dashed line), perpendicular (dotted line),
and magic angle (solid line) to the pump polarization. Other experi-
mental conditions are given in Figure 4. The fit shown is the convolution
of the autocorrelation with a kinetic model in which energy is transferred
from B to P+ (85 fs), P+ internally converts to P- (140 fs), and P-
charge separates to form P+H- (2.7 ps).

S) [A1 exp(-t/τ2) + A2(1- exp(-t/τ2)) + A3]XIRF
(1)
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given on the same scale to allow comparison of the experimental
magnitudes of parallel, perpendicular, and magic angle pump-
probe signals. Because a 400 fs decay had been observed after
800 nm excitation of B in all prior studies (including our own),
the data were also fit with a sum of two exponential decays, a
rise, and a baseline shift: when one time constant was set to
400 fs, the time constant either converged to the time constant
τ1 of the two exponential fit or the amplitude converged to zero.
There was no improvement in the reducedø-squared. Expo-
nential fitting does recover an∼400 fs decay when either (1)
the pulse energy is high enough to saturate; (2) the repetition
rate is high enough to excite unrelaxed reaction centers; or (3)
the special pair has been chemically oxidized. We conclude
that the 400 fs decay is an artifact of double excitations.
The time constantτ2 is consistent with previous measurements

of the electron transfer rate from the lower exciton component
of the special pair (P- f P+H-) by other techniques,3,52,53and
it is known that electron transfer produces a bleach in the 800
nm region which has been assigned to an electrochromic blue
shift of B.36 The initial decay is associated with bleach recovery
as B returns to its ground state after energy transfer, but a fit to
the parallel pump-probe polarization scan yieldsτ1 ) 110 fs
while the perpendicular polarization scan yieldsτ1 ) 140 fs
(see Table 1). These differences indicate a rapid change in the
anisotropy during the initial decay, which implies that an
acceptor (not necessarily the initial acceptor) also absorbs light
near 800 nm. This is not surprising, since the transition from
the ground state of the special pair to the upper exciton state is
centered around 810 nm so that the ground state of the special
pair will be bleached upon energy transfer to either exciton

component of P. Since P also absorbs near 800 nm, the decay
of the magic angle signal cannot be ascribed entirely to recovery
of ground state B and cannot be directly interpreted as an energy
transfer rate.
The pump-probe anisotropy calculated from the exponential

fits is shown in Figure 9. Note that the initial raw anisotropy
is approximately 0.4 and that very large effective anisotropies
are observed at some times. Use of the parametersA1 andA3
from Table 1 allows calculation of the deconvoluted initial
anisotropy r(0). For the 805 nm data, we obtainr(0) )
0.391(27), while the 799 nm data sets yieldr(0) ) 0.420(13)
and r(0) ) 0.401(1).
The presence of an acceptor which absorbs at 800 nm is also

implied by the negative pump-probe signal between 200 fs
and 1 ps delay. A negative pump-probe signal means that the
pump pulse has increased the absorbance of the sample. Since
electronically excited monomeric bacteriochlorophyll does not
absorb light at 800 nm, the simplest explanation of this
absorbance increase is that the excited state of an acceptor
absorbs light near 800 nm. It is therefore necessary to include
absorption by electronically excited states of the reaction center
in a model to determine the energy transfer mechanism from
the pump-probe anisotropy data.

IV. Pump-Probe Depolarization

The pump-probe signal is the pump-induced change in the
probe beam intensity transmitted through the sample. We have
experimentally defined a pump-induced increase in sample
transmittance (a bleach) as a positive pump-probe signal. For
simplicity, we have used kinetic models in fitting our data. It is
assumed that energy is transferred between pigments according
to rate equations and that the reaction center does not reorient
on the time scale of the electronic energy transfer. The time-
dependent signal when pigmenti is initially excited is then given
by a sum of pump-probe signals from each pigmentj to which
energy has been transferred,

where Sj is the strength of probe absorption by pigmentj
(roughly determined by the overlap of the absorption and
emission spectra of pigmentj with the probe frequency
spectrum),Pj(t) is the time-dependent population of the elec-

TABLE 1: Biexponential Fit Parameters from Eq 1 for
Pump-Probe Transients on Isolated Reaction Centers from
Rb. sphaeroidesa

A1 τ1 (fs) A2 τ2 (fs) A3

805 nm,-0.3 to 15 ps
magic angle 1.26 117 0.515 2280 0.02

71% 29% 1%
parallel 2.22 110 0.691 2550 -0.02

76% 24% -1%
perpendicular 0.715 152 0.447 1970 0.03

62% 38% 3%

805 nm,-0.3 to 4 ps
magic angle 1.23 123 0.636 2765 (fixed)

66% 34%
parallel 2.22 106 0.747 2765 (fixed)

75% 25%
perpendicular 0.697 155 0.561 2765 (fixed)

55% 45%

799 nm,-0.3 to 15 ps
magic angle 0.956 124 0.294 2770 -0.1078

83% 26% -9%
parallel 1.69 110 0.388 3330 -0.1629

88% 20% -8%
perpendicular 0.568 140 0.232 2800 -0.05935

77% 31% -8%
aWithin each data set, the amplitudes are given on the same scale

to allow comparison of parallel, perpendicular, and magic angle signals.
Relative percentages are given on the next line.

TABLE 2: Anisotropies for Energy Transfer Steps Used in
Fitting the Data to Eq 2

step anisotropy

B (initial) 0.4
BfP+ -0.07
BfP- 0.25
BfP+H- floated
P+ (initial) 0.4
P+fP- -0.2
P+fP+H- floated

Figure 9. Raw anisotropy curves constructed from the fitted curves
to the parallel, perpendicular and magic angle data in Figure 8. The
fitting functions were sums of exponentials convoluted with the
autocorrelation (eq 1). The anisotropy curves shown are constructed
from all double combinations of parallel, perpendicular, and magic angle
pump-probe scans using eq 4: parallel and magic angle (solid line);
magic angle and perpendicular (long-dashed line); parallel and per-
pendicular (dotted line). The raw (i.e., not deconvoluted) initial
anisotropy value approaches 0.4.

Si(t) ) ∑
j

SjPj(t)(1+ fpolr(θij)) (2)
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tronically excited state of pigmentj, fpol is a function of the
angle between the pump and probe laser polarizations, andr is
the polarization anisotropy which depends on the angleθij
between the transition dipole moment of the initially excited
pigmenti and the transition dipole moment of the pigmentj to
which energy has been transferred through the equation

The functionfpol takes on the values+2 for parallel pump and
probe polarizations, 0 for pump and probe polarizations at the
“magic angle”, and-1 for perpendicular pump and probe
polarizations. The anisotropy can thus be measured as either

For nondegenerate dipole transitions in isolated molecules, the
initial anisotropyr(0) ) 2/5, and the fluorescence anisotropy
can vary between-1/5 and2/5 (the limits given by eq 3) as the
dipoles realign.54 Anisotropies between-1/2 and 1 have been
found in theoretical work on coherent superpositions of transition
moments.55-60 There is another way anisotropies outside the
usual range can occur. The anisotropy has the property that if
the signal is a sum,Spp ) RIA + âIB, then the observed
anisotropy is an averagerpp ) (R/(R + â))rA + (â/(R + â))rB.
The signal in pump-probe spectroscopy is a sum of signals
from three sources: positive signals from ground state depletion,
positive signals from excited state stimulated emission, and
negative signals from excited state absorption.61,62 In the
presence of both positive and negative signals, the pump-probe
anisotropy can take on any value,-∞ < rpp < ∞.

V. Electronic Structure of the Reaction Center

In order to determine the energy transfer kinetics from the
pump-probe depolarization transients, it is necessary to know
the frequencies and transition moments for ground state absorp-
tion, excited state stimulated emission, and excited state
absorption for the various pigments in the reaction center. These
frequencies and transition moments depend on the coupling
between pigments. Won and Friesner21-23 developed an effec-
tive Hamiltonian for bacterial reaction centers which includes
both changes in geometry upon electronic excitation and Fo¨rster
dipole-dipole excitonic coupling between pigments. Lathrop
and Friesner24 have determined the parameters of this Hamil-
tonian forRb. sphaeroidesby modeling several spectroscopic
experiments (absorption spectra, circular dichroism spectra,
Resonance Raman spectrum of P*, photochemical hole burning,
Stark spectra). Frequencies and transition dipoles for ground
state absorption and excited state stimulated emission are taken
from the Hamiltonian of Lathrop and Friesner. In addition, we
have used a similar effective Hamiltonian to model the
absorption spectra of the excited states of the special pair. In
this section, we discuss the three types of pump-probe signals
for the photosynthetic reaction center.
The special pair forms a strongly coupled bacteriochlorophyll

dimer. In the absence of excitonic coupling, the two bacterio-
chlorophylls in the special pair would have nearly degenerate
Qy electronic states (both lowered in energy by the protein
environment). Resonant excitonic coupling between the two
Qy excited states in the special pair yields symmetric (P+) and
antisymmetric (P-) electronic states of the dimer which are
delocalized over both bacteriochlorophylls. When chro-
mophores are excitonically coupled, excitation of one electronic
transition can change the entire electronic spectrum. The
changes in the spectrum upon excitation of one electronic

transition are predictable if we can ignore all electronic states
in which any bacteriochlorophyll is excited to a state other than
Qy. Since the laser spectrum overlaps the Qy band exclusively,
the experiment is insensitive to changes outside the Qy region
and such predictions are useful. Below, we discuss the changes
in the electronic spectrum upon Qy excitation on the assumption
that the two B’s are not coupled to each other or the special
pair. Calculations which find appreciable excitonic coupling
between BL and BM indicate that they are primarily mixed with
P+.21-24,63 Since the laser spectrum covers both B and P+
absorption, the experiment is relatively insensitive to the extent
of coupling between these pigments, so coupling among BL,
BM, and P+ is neglected entirely to simplify the discussion.
A. Ground State Bleach. The excitonic coupling between

the two bacteriochlorophylls of the special pair implies that the
special pair can be thought of as a single molecule with one
ground state and two singly excited Qy states (P+ and P-).
Excitation of either P+ or P- will depopulate the ground state,
which is common to both, and bleach all transitions originating
from the ground state. This implies that excitation of P+ with
810 nm light contributes instantaneous absorbance decreases
to the experimental pump-probe signals at both 810 nm (dipole
µP+, anisotropyr ) 0.4) and 870 nm (dipoleµP-, anisotropyr
) -0.2) by depopulating the ground state of P. Similarly,
excitation of P- with 870 nm light instantly depopulates the
ground state of P and contributes absorbance decreases at both
870 nm (dipoleµP-, anisotropyr ) 0.4) and 810 nm (dipole
µP+, anisotropy r ) -0.2). These instantaneous induced
bleaches are simply “V” configuration double resonance
signals51 and do not represent energy transfer between exciton
states. Unless the bleach rise is clearly resolved, an “instan-
taneous” bleach may indicate either excitonic coupling between
pigments, electronic transitions which belong to the same
pigment, or energy transfer.
B. Stimulated Emission. Stimulated emission signals are

more straightforward than ground state bleach signals. The
absorbance decreases due to stimulated emission occur only
when the emitting chromophore is electronically excited.
Therefore, observations of emission from one electronic state
after excitation of another are always indicative of energy
transfer or internal conversion. Laser pulses near 800 nm can
stimulate emission from B and possibly from P+ with the same
transition dipole moments as the corresponding absorption
transitions.
C. Excited State Absorption. To first order, the Qy

transitions of the ground state determine the Qy transitions from
the singly excited states of the dimer. This is most easily seen
by introducing a site-localized basis in which the transition
moments are known and deriving the transition moments of the
dimer by taking appropriate linear combinations of site-localized
basis states. The energies and transition moments of the special
pair dimer in the site localized basis are shown schematically
in Figure 10. The ground electronic state gLgM of the special
pair is taken as the zero of energy. The two singly excited states
eLgM (PL excited) and gLeM (PM excited) are both assumed to
have the same energyE (this simplifying assumption is not
necessary). The two singly excited states are excitonically
coupled to each other by an off-diagonal matrix elementV (V
> 0). The doubly excited state eLeM (PL and PM each singly
excited) has energy 2E. In the site basis, the electric dipole
transition moments are〈eLgM|µ|gLgM〉 ) µL, 〈gLeM|µ|gLgM〉 )
µM, 〈eLeM|µ|eLgM〉 ) µM, and〈eLeM|µ|gLeM〉 ) µL, whereµL is
the Qy transition dipole moment vector of PL andµM is the Qy
transition dipole moment vector of PM.
Diagonalization of this effective Hamiltonian yields two

excitonically coupled eigenstates, P+ (approximate energy (E

r(θij) ) 1/5(3 cos
2(θij) - 1) (3)

r )
S| - S⊥

S| + 2S⊥
, r )

SMA- S⊥

SMA
, or r )

S| - SMA
2SMA

(4)
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+ V)) and P- (approximate energy (E - V)) with eigenvectors

BecauseV is positive, P- lies energetically below P+. The
transition dipole matrix elements for the excitonically coupled
states may be obtained from those in the site basis,
e.g. 〈P+|µb|gLgM〉 ) (1/x2)(〈eLgM| + 〈gLeM|)µb|gLgM〉 ) (1/
x2)(µbL + µbM) so that 〈P-|µb|gLgM〉 ) (1/x2)(µbL - µbM),
〈P-|µb|eLeM〉 ) -(1/x2)(µbL - µbM), and 〈P+|µb|eLeM〉 ) (1/
x2)(µbL + µbM). The spectroscopic transition frequencies are
determined from the energy level differences between eigen-
states. We thus obtain the result that the excited state absorption
P- f eLeM is centered at 810 nm with the same transition dipole
moment alignment((µbL - µbM) as the gLgM f P- transition
while the absorption from P+ f eLeM is centered at 870 nm
with the same transition moment (1/x2)(µbL + µbM) as the gLgM
f P+ transition.
This model neglects interactions between the singly excited

states and the charge transfer state of the special pair,18-20,24,64

but it can be shown that the zero electric dipole transition
moments between the charge transfer state and the ground state
and doubly excited state allow these interactions to be correctly
incorporated by using transition moments from an effective
Hamiltonian which includes these interactions (e.g., that of
Lathrop and Friesner24) while maintaining the relationships
between transition moments given above. There are also
excitonic interactions between the doubly excited states in which
each chromophore is singly excited and the doubly excited states
in which one chromophore is doubly excited, but these are
probably nonresonant, in which case they can be neglected.
When P- is excited directly at 870 nm, it has been observed65

that there is an instantaneous absorbance increase at 800 nm,
as predicted by the above model. (The net experimental
absorbance increase at 800 nm is the sum of an absorbance
increase due to P- f P** excited state absorption and an
absorbance decrease due to ground state bleaching of the Pf
P+ transition upon excitation of P-.) The above model can also
be applied to the structurally similar B800-850 dimer in LH2

and explains the observation that the excited state of B850
absorbs at 800 nm.66-68

The absorbance changes expected at 800 nm upon excitation
of the various pigments are summarized in Table 3.

VI. Kinetic Models

Modeling the energy transfer in the reaction center poses a
theoretical challenge: the∼100 fs time scales involved strongly
suggest that the energy transfer is at least partially electronically
coherent, given that the minimum electronic dephasing time
scale isT2 g (1/π∆ν) ) 20 fs. Theory55-58 indicates that the
initial pump-probe anisotropy should be 0.50 for coherent
excitation of the two B chromophores, while the experimental
initial anisotropy closely matches the value of 0.4 expected for
incoherent excitation. In the absence of theoretically expected
signs of electronic coherence, we attempted to fit the parallel,
perpendicular, and magic angle data simultaneously69 by feeding
populations from simple kinetic models into eq 2 and convolut-
ing with the instrument response function. The goal was to
use anisotropies calculated from the reaction center structure
to determine electronic state populations during the energy
transfer process. We doubt the kinetic rates have a physical
significance beyond producing sensible time-dependent elec-
tronic state populations and have not refined the kinetic model
because we think a quantum description of energy transfer which
involves competition between interchromophore electronic
coupling and electronic dephasing would be more realistic.70-72

For this reason and because we are resolving only a single time
scale per energy transfer step, we have also excluded from
consideration kinetic schemes involving reversible steps.
The anisotropies between relevant transition dipole pairs in

Table 2 were fixed in fitting all models. Because the 800 nm
band has not been unambiguously separated into contributions
from the various pigments at room temperature, the strength of
each transition (Sj in eq 2) was allowed to float with the idea
that the fitted strengths could be used as a check on the kinetic
model. The strengths included are motivated by the list in Table
3. Absorption and emission strengths from each chromophore
were lumped together into a single bleach term (e.g.,SP+). The
strengths for BL and BM were taken to be identical (SB). It is
unclear to what extent the laser spectrum stimulates emission
from P+, since emission is probably Stokes shifted to the red
of 810 nm by vibrational displacements. We have therefore fit
the data twice: one fit assumed no stimulated emission from
P+; the other fit assumed that the emission and absorption
spectra are identical and contribute equally to the P+ bleach.
These two assumption produce slightly different results for other
fit parameters because the ground state absorption of P+ is
bleached when either P+ or P- is excited, but P+ emission
cannot occur from P-. Two electronic transitions with different
directions originate from P-: a ground state bleach of the P+
absorption and a P- excited state absorption (SP-) which was
allowed to float. If the laser spectrum cannot stimulate emission

Figure 10. Four states of the special pair dimer in the site basis. The
ground electronic state gLgM of the special pair is taken as the zero of
energy. The two singly excited states eLgM (PL excited) and gLeM (PM
excited) are both assumed to have the same energyE (this simplifying
assumption is not necessary). The two singly excited states are
excitonically coupled to each other by an off-diagonal matrix element
V (V> 0). The doubly excited state eLeM (PL and PM each singly excited)
has energy 2E. In the site basis, the electric dipole transition moments
are〈eLgM|µ|gLgM〉 ) µL, 〈gLeM|µ|gLgM〉 ) µM, 〈eLeM|µ|eLgM〉 ) µM, and
〈eLeM|µ|gLeM〉 ) µL, whereµL is the Qy transition dipole moment vector
of PL andµM is the Qy transition dipole moment vector of PM.

|P+〉 ) (1/x2)|eLgM〉 + (1/x2)|gLeM〉 (5)

|P-〉 ) (1/x2)|eLgM〉 - (1/x2)|gLeM〉 (6)

TABLE 3: Transition Moments for Ground State
Bleaching, Stimulated Emission, and Excited State
Absorption Terms in the Pump-Probe Signal Near 800 nm
for Each
Chromophorea

bleach emission
induced
absorption

BL µL µL 0
BM µM µM 0
P+ µ+ µ+ (?) 0
P- µ+ 0 µ-

a A question mark is placed by the emission dipole for P+ because
it is not clear if stimulated emission from P+ overlaps the laser spectrum
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from P+ (first fit assumption), the strength of the P- ground
state bleach is equal to the strength of the P+ bleach (SP+), which
arises entirely from ground state depopulation. If the absorption
and emission spectra overlap perfectly and have equal strength
(second fit assumption), then the strength of the P- ground state
bleach should be one-half the strength of the P+ bleach (SP+/2)
since there is no P+ emission from P-. For the bleach produced
by charge separation, both the strengthSP+H- and the anisotro-
pies were allowed to float.
The anisotropy of each relevant transition dipole pair was

calculated from the direction of the Qy transition moments21

and the electronic eigenvectors63 available forRhodopseudomo-
nasViridis. El-Kabbani et al.6,7 have discussed the differences
between theRb. sphaeroidesandRps.Viridis reaction centers.
The initial anisotropy of B and P+ were taken to be 0.4. Other
anisotropy values were calculated (using eq 3) from the angle
between the initially excited transition dipole and the transition
dipole probed after energy transfer. The B to P anisotropies
were dipole strength weighted averages and were calculated
using the excitonically coupled states of Won and Friesner, e.g.
rBfP+ ) (DB+rB+fP+ + DB-rB-fP+)/(DB+ + DB-), whereD
is the dipole strength. This calculation assumes that there is
no electronic coherence between the two excited states of B
and yields slightly different results for monomeric B (rBfP+ )
-0.11 vs-0.07 andrBfP- ) 0.27 vs 0.25). The anisotropies
for energy transfer to the charge separated state P+H- were
allowed to vary within a range of-0.2 to 0.4 because the
electrochromic band shift is expected to be greater for BL than
BM and because the electronic transition of the oxidized special
pair is insufficiently characterized.
We first attempted to fit the data to a crude two-step three-

state model where energy is transferred directly from B to P-
followed by charge separation to P+H-

When this model was unable to reproduce the rapid drop in the
anisotropy, we included an adjustable fractionF ) NP+(0)/(NB-
(0) + NP+(0)) of direct P+ excitation through the absorption
band at 810 nm and assumed that this fraction internally converts
to P- before charge separation:

This model was capable of producing a rapid anisotropy drop
but yielded discrepant internal conversion time constants (30
fs for a 15 ps scan at 805 nm vs 560 fs for a 4 ps scan at 805
nm) and frequently failed to converge. The fitted fraction (F
≈ 0.02) of initially excited P+ disagreed with that expected on
the basis of the fitted strengths (SP+/(SB + SP+)) ≈ 0.17. Upon
close visual inspection, we were not satisfied with the quality
of the fit. Finally, we turned to a four-state three-step model

in which B transfers energy to P+, P+ internally converts to
P-, and P- charge separates to form P+H-:

where again the fraction of initially excited P+ internally
converts to P- before charge separation. The fits to the solution
of kinetic scheme 9 were judged to be satisfactory, and the best
fit parameters for two fits are given in Table 4. The upper set
of parameters in Table 4 is based on the assumption that the
P+ emission spectrum is Stokes shifted so that the overlap with
the laser spectrum is zero, while the lower set of parameters
assumes that the Stoke shift is zero and the absorption and
emission spectra overlap perfectly. These two extreme assump-
tions both lead to reasonable fits with similar parameters,
although the fit is slightly better for the assumption of no P+
stimulated emission. The real Stokes shift should lie between
these extremes and should also fit the kinetic model reasonably
well. Note that the three-state scheme of eq 9 and the two-step
scheme of eqs 7 and 8 both require specification of three rates,
four strengths, two anisotropies, and the fraction of direct P+
excitation. This total of 10 parameters is less than the 15
parameters required to fit a set of parallel, perpendicular, and
magic angle scans using eq 1. The time-dependent populations
which result from these kinetic schemes are shown in Figure
11. Figures 7 and 8 show the data and fits (upper set of
parameters in Table 4) for the 799 and 805 nm sets, respectively.
The fit results were consistent between the data sets, and the
amplitudes reflect the expected differences between the excita-
tion pulses. When emission from P+ was assumed to be absent,
the time constants for the 799 nm (805 nm) transfer rates were
as follows: energy transfer from B to P+ τBfP+ ) 75 fs (85
fs); internal conversion from P+ to P- τP+fP- ) 165 fs (140
fs); the time constant for the electron transfer from P- to P+H-

was fixed at 2.7 ps for both data sets. The fitted strengths for

TABLE 4: Best Fit Parameters Obtained in Fitting the Data to Eq 2 Using the Kinetic Model of Eq 9

SBa τBfP+ (fs) SP+ τP+fP- (fs) SP- τCSa (ps) SP+H- F rBfP+H- rP+fP+H-

First Parameter Setb

799 nm 1 75 0.211 165 -0.289 2.7 0.171 0.225 0.142 -0.2c
805 nm 1 83 0.245 142 -0.208 2.7 0.376 0.283 0.283 -0.199

Second Parameter Setd

799 nm 1 83 0.160 177 -0.171 2.7 0.202 0.051 0.091 -0.2c
805 nm 1 92 0.201 145 -0.057 2.7 0.421 0.159 0.220 -0.2c

a The parametersSB andτCSwere fixed.b The first parameter set assumes large P+ Stokes shift and no P+ stimulated emission.c The anisotropy
rP+fP+H- converged to the lower limit allowed by the fit.d The second parameter set is from a fit assuming zero P+ Stokes shift and perfect overlap
between P+ absorption and emission spectra.
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P+H- (7)

P+ 98
kIC

P-98
kCS

P+H- (8)

Figure 11. Normalized state populations from the kinetic model of
eq 9 as a function of time. In the calculation shown here, all excitation
starts on B at time zero. Energy transfer from B to P+ is followed by
internal conversion between P+ and P-, which subsequently charge
separates to produce P+H-: (B) solid curve; (P+) dotted curve; (P-)
short dashed curve; (P+H-) long dashed curve.
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the 799 nm (805 nm) data sets were the following:SB ) 1
(fixed); SP+ ) 0.21 (0.24);SP- ) -0.29 (-0.21);SP+H- ) 0.17
(0.38). The fraction of initially excited P+ wasF ) 0.23 (0.28),
in reasonable agreement with the fraction expected from the
fitted strengths 0.17 (0.19). Slight differences are expected
because both absorption and emission from B contribute toSB.
The qualitative trends in the lower parameter set (which includes
P+ emission) are similar, although the strengths for P+ and P-
are lower. There is an apparent discrepancy betweenF and
(SP+/SB + SP+) for the 799 nm data set, butF is too poorly
determined to establish a disagreement. In both fits, the
anisotropiesr(P+ f P+H-) and r(B f P+H-) are strongly
correlated andr(P+ f P+H-) is not well determined: however,
the convergence of one fit tor(P+ f P+H-) ) -0.199 suggests
convergence to the lower limit (r ) -0.2) may represent the
correct anisotropy for this energy transfer step. Compared to
the direct energy transfer model (eqs 7 and 8), the kinetic scheme
of eq 9 improved the reducedø-squared of the fit for all three
data sets. The 799 nm data included more scattering which
tends to produce a positive signal so that the residuals were
slightly biased both before and after time zero. Except for the
presence of oscillations in the early portion of the signal (see
below) fits to the 805 nm data converged to within our ability
to estimate the errors.
Figure 2 shows overlap of the initial excitation pulses with

the steady state absorption spectrum of the reaction center. The
region of different spectral overlap between the 799 and 805
nm pump-probe pulses should more or less represent the
differences in strengths for the various states used in the fits.
The main trends in the strengths are qualitatively as expected:
compared to the 805 nm pulse, the 799 nm pulse overlaps less
with the P+ spectrum so bothF andSP+ are lower at 799 nm;
the special pair excited state absorption increase peaks at≈795
nm (see Figure 2 of ref 65), soSP- is larger at 799 nm than 805
nm; the electrochromic blue shift of B causes less overlap (hence
more bleaching) for the 805 nm pulse, so thatSP+H- is
significantly larger at 805 nm. These strengths are in rough
accord with estimates based on overlap between the laser
spectrum and a Gaussian decomposition of the room temperature
spectrum using the transition strengths and center frequencies
from Won and Friesner.21-24 The 799 nm center frequency
pulse is expected to excite 59% B, 24% P+, 12% H, and 5%
P- while the 805 nm pulse should excite 61% B, 27% P+, 6%
H, and 5% P-. The fractional excitation of H and P- is small
enough to be neglected.
The initial anisotropy of B was investigated carefully because

of the theoretically calculated55-58 initial anisotropy of 0.50 for
a dimer with a 134° angle between transition dipoles. It should
be noted that the calculated anisotropy is independent of the
excitonic coupling strength. Fits to the data with an initial
anisotropy of B fixed at 0.5 were unsatisfactory. Fits where
the anisotropy of B was allowed to float starting from 0.5
converged to 0.39. These results are not surprising given the
raw initial anisotropy of nearly 0.4 in Figure 9 and the
deconvoluted value ofr(0) ) 0.404(15) given by the fits to eq
1. Accounting for a 1% reduction in the initial anisotropy due
to saturation, the observed initial anisotropy is, within experi-
mental error, equal to2/5, the value expected for excitation of
a single dipole. We are uncertain why the experimental initial
anisotropy disagrees with that calculated from the theory for
coherent excitation of reaction center chromophores.
The anisotropy of the bleach created upon charge separation

is somewhat difficult to estimate theoretically. It is expected
that the electrochromic shift will be larger for BL than for BM
because the electron is transferred to HL. The transition to the
upper exciton state of the special pair at 810 nm is evidently

replaced by a transition of the special pair cation, which Reimers
and Hush place at about 847 nm by Gaussian fitting.73 Our
fitting procedure used two variable anisotropiesr(B f P+H-)
andr(P+ f P+H-). The fitted values arer(B f P+H-) ) 0.14
(0.28) andr(P+ f P+H-) ) -0.20 (-0.199), which seem very
roughly consistent with an electrochromic shift of BL aloner(B
f BL) ) (r(BLff BL) + r(BM f BL))/2 ) 0.25 andr(P+ f
BL) ) r(B f P+) ) -0.07. The changes in the spectrum upon
charge separation are almost certainly more complicated than
a simple bleach of BL alone and need to be better characterized
for more detailed interpretation of the data.
VII. Quantum Beats
Careful inspection of higher signal to noise data obtained

previously at 152 kHz45 reveals oscillatory behavior in the
rapidly decaying portion (see Figure 12). These same oscilla-
tions are also present (but less clearly) in the lower signal to
noise data at 5 kHz. Oscillations visible in the residuals were
averaged over a 10 fs window for the parallel, perpendicular,
and magic angle sets and fit with linear prediction starting 20
fs after time zero. Figure 13 shows the fit overlaying the
residuals of the individual polarizations and their average. All
three sets of residuals are shown on the same scale in Figure
13, and the oscillations are roughly the same magnitude in all
three, indicating that the oscillations have near-zero anisotropy.
Linear prediction analysis of the residuals yields frequency
components of∼60% relative amplitude at 125 cm-1 and∼40%
relative amplitude at 227 cm-1 decaying with time constants
of 227 and 90 fs, respectively. The uncertainties in these
frequencies and decay constants are rather large because they
are distorted by the exponential fits.
In principle, quantum beats can originate from either elec-

tronic or vibrational coherence. Unless the two transition
moments are nearly parallel, electronic quantum beats will
produce oscillations in the anisotropy. The frequencies may
be compatible with electronic quantum beats between states of
B and P+: of these, the only pair with nearly parallel transition
dipoles is P+ and B+ (the symmetric state of excitonically
coupled B). Another possibility is that the quantum beats are
vibrational. In this case the anisotropy is determined by the
energy transfer pathway. Examination of Table 2 reveals that
only B f P+ energy transfer can yield a near-zero anisotropy
(r ) -0.07). The next lowest anisotropies in Table 2 can be

Figure 12. Parallel pump-probe signal for reaction centers recorded
using 27 fs pulses at 803 nm center wavelength with 38 nm bandwidth.
This transient wasnot recorded under single excitation conditions: 2
nJ pulse energy; 70µm beam diameter; 50 cm/s flow velocity; 152
kHz repetition rate. Quantum beat oscillations in the bleach decay can
be clearly seen in the raw signal (heavy line). An exponential fit (light
line) is shown to guide the eye. The upper panel shows residuals from
the exponential fit.
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excluded as possibilities because they would yield parallel
oscillations twice as strong as perpendicular (r ) 0.25) or
perpendicular oscillations twice as strong as parallel (r ) -0.2).
Vibrational quantum beats are not expected upon optical
excitation of B because of the wide spectral bandwidth of the
pulses and the small geometry change upon electronic excita-
tion.62 However, an∼80 fs B f P+ energy transfer step is
fast enough to create vibrational wave packets of these frequen-
cies upon excitation of the upper exciton component of the
special pair in much the same way as a short optical pulse.61,62

It is not clear from our data alone whether these wave packets
are created in the upper exciton state or the ground state of the
special pair.61,62 The decay constants are consistent with either
hypothesis. The 125 cm-1 frequency is similar to that for
quantum beats found in stimulated emission,74-76 spontaneous
emission,41 resonance Raman spectra,77,78 and hole-burning
studies79 of the lower exciton state of the special pair. Several
workers have assigned this frequency to the interdimer vibration
of the special pair because it is not observed in monomeric
bacteriochlorophyll. Because the change in vibrational fre-
quency for this mode between the ground and lower exciton
states is small, it is likely that a similar frequency would also
be prominent upon abrupt excitation of the upper exciton
component of the special pair. The 227 cm-1 frequency could
represent the second harmonic61,74,80of the 125 cm-1 mode of
the special pair or a 204 cm-1 vibration common to both P and
B.78 We are inclined to favor the hypothesis of vibrational
quantum beats because it explains the presence of two beat
frequencies. Regardless of their origin, the near-zero anisotropy
supports P+ as the initial energy transfer acceptor.

VIII. Discussion and Conclusions

From our studies of saturation, it is clear that very low photon
fluxes (well below the saturation intensity of 3× 107 photons/
µm2) are necessary to obtain undistorted kinetics for the
photosynthetic reaction center. This conclusion is not new.
Several previous studies have reported a reduction of the charge
transfer quantum yield at similar photon fluxes.35,81 With 100
fs pulses, Breton et al.35 observed saturation of the 800 nm
charge transfer bleach at 2× 107 photons/µm2 upon excitation
of B in reaction centers fromRps.Viridis. Using 30 ps pulses
at 870 nm to excite P- in reaction centers fromRb. sphaeroides,
Akhmanov et al.81 observed that the charge separation quantum
yield had dropped by a factor of 2 at 108 photons/µm2. The

experiments reported here were carried out at 1.4× 106 photons/
µm2, which we estimate reduces the charge separation yield 6%
by saturation. From the measurement of the number of absorbed
photons, we calculate that 7% of the reaction centers are
photoexcited. Since there are two accessory bacteriochloro-
phylls in each reaction center, one would expect roughly 7%
of the excited reaction centers to be doubly excited. A doubly
excited reaction center can produce only one charge separation,
so the observed 6% reduction in charge transfer quantum yield
is in accord with saturation by excitation of multiple pigments
within a single reaction center.
It is also possible to saturate the optical transition on a single

pigment. Since the laser pulse spectrum covers the entire B
band, we approximate it as a single line and neglect dephasing
during the pulse. We calculate saturation from the pulse area
θ ) ∫-∞

+∞µb‚EB(t) dt/p, whereµb is the transition dipole vector and
the vectorEB(t) gives the electric field envelope.82 From the Qy
transition dipole for bacteriochlorophylla in diethyl ether83 and
acetone84 (µ ) 6.3 D) and the electric field envelope at the
center of the beamE(t) ) E0 exp(-t2/2τ2), whereE0 ) 5.7×
107 V/m andτ ) 16 fs (22 fs fwhm pulse with 500 pJ energy),
we calculate a pulse areaθ ) 2x2πE0τµ/p ) 0.93 rad, which
corresponds to a sin2(θ/2) ) 0.20 excitation probability for a
transition dipole aligned parallel to the field. Averaging over
all reaction center orientations yields an excitation probability
of (1- (sin(θ)/θ))/2≈ 0.069, in unreasonably good agreement
with the observed 7% fraction of excited reaction centers.
Comparing the calculated excitation probability to the unsatur-
ated result1/3(θ/2)2≈ 0.072, the excited state population would
be reduced approximately 4% by saturation of individual
bacteriochlorophyll pigments.
The initial anisotropy isr(0) ) 0.404 ((0.015) within

experimental error equal to the valuer(0) ) 2/5 expected for
dipole excitation of a single pigment or incoherent excitation
of several pigments. The power dependence of the anisotropy
at the maximum pump-probe signal suggests that anisotropy
values are reduced about 1% by saturation effects for the 500
pJ pulses used in the experiments. A similar reduction in the
initial pump-probe anisotropy was observed for the dye IR144.
In both reaction centers and IR144, a likely explanation for the
anisotropy decrease with pump-power is preferential saturation
of molecules with transition moments aligned parallel to the
electric field of the optical pulse. For bacteriochlorophylls with
transition dipoles aligned parallel to the field, the calculated
excited state population is reduced about 7% (((θ/2)2 - sin2-
(θ/2))/(θ/2)2) by saturation: this is larger than the angle
averaged result of 4% saturation and will cause a decrease in
the pump-probe anisotropy. We do not see any sign of the
r(0) ) 0.50 initial anisotropy predicted for the accessory
bacteriochlorophyll dimer on the basis of recent theoretical
work.55-58

Under single excitation conditions and nonsaturating pulse
intensities, an∼400 fs bleach decay component seen upon 800
nm excitation of the accessory bacteriochlorophylls in all
previous studies35,36,45is not present. It is sobering to note that
ref 35 reported the 400 fs decay amplitude varied linearly with
pump pulse energy when the pump pulse energy was varied by
a factor of 16 (from 5× 106 to 8 × 107 photons/µm2).
Comparison with calculations is evidently necessary to establish
that an experiment is actually being performed in the low
intensity limit.
Fitting our data to a kinetic model favors a two-step energy

transfer mechanism in which energy is transferred from B to
the nearly isoenergetic state P+ of the special pair, which then
internally converts to the lower exciton state P-. The hypothesis
that P+ is the initial acceptor is supported by the observation

Figure 13. Magic angle, parallel, and perpendicular residuals from
the fit to the kinetic scheme of eq 9 and their average. All residuals
are shown on the same absolute scale and were smoothed over a 10 fs
window. The solid line is a linear prediction fit of the average of all
three sets of residuals which yields cosine frequencies of 125 cm-1

(∼60% relative amplitude) and 227 cm-1 (∼40% relative amplitude)
decaying with time constants of 227 and 90 fs, respectively.
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of weak quantum beats (125 and 227 cm-1 frequencies) with a
near-zero anisotropy. The best fit energy transfer time constant
of ∼80 fs is sufficiently abrupt to set vibrational wavepackets
of these frequencies in motion on the upper exciton component
of the special pair. The 125 cm-1 frequency is consistent with
excitation of a 128 cm-1 vibration found only for the special
pair and not for the accessory bacteriochlorophylls.41,74-79

Evidently the energy transfer from B to P+ creates vibrational
wavepackets on the special pair. The energy transfer process
is completed by an∼140 fs internal conversion between P+
and P-. Over the first few hundred femtoseconds, the best
single exponential fit to the rise of P- population calculated
from the kinetic model has a time constant of∼170 fs. This
time constant is in reasonable agreement with best fit P- rise
times of∼120 fs measured after excitation of B with 100 fs
pulses,38,40especially given the uncertainties in the kinetic model
parameters and difficulties in measuring transient responses
which are close to the pulse duration.
The above conclusions differ somewhat from those of Haran

et al.,39 who used 60 fs pulses to observe the bleach rise near
950 nm after excitation with 40-60 fs pulses centered at 810
nm. Haran et al. reported anisotropy values which were lower
than expected for energy transfer from B to P- and conclude
from this that the states B and P+ are heavily mixed by excitonic
interactions and that energy transfer takes place from this mixed
B/P+ state to P- in 120 fs. There are several experimental
differences between the two studies: (1) the pulse durations
used in this study are a factor of 2-3 shorter than those used
in ref 39; (2) the fluence used in this study was about a factor
of 4 lower than that used in ref 39; (3) the spectrum of the
reaction centers used in this study (Figure 2) has less overlap
between the peaks labeled P, B, and H than the spectrum in
Figure 1 of ref 39. Excitonic coupling models predict that P+
contributes 20-30% of the intensity of the 800 nm band.21-25,63

Overlap of the 30 nm fwhm pulses centered at 810 nm used in
ref 39 with a Gaussian decomposition of the 800 nm band
predicts excitation of 58% B, 33% P+, 5% P-, and 3% H. The
anisotropies calculated for incoherent excitation of B (70%) and
P+ (30%) using the model presented herequantitatiVely
reproduce all the anisotropies in Table 3 of ref 39.85

The∼80 fs B to P+ energy transfer is similar in time scale
to a fast internal conversion between two electronic states of a
single molecule. However, it differs from internal conversion
because ground state absorption does not recover after internal
conversion between two excited states within a single molecule.
Energy transfer between pigments must transform continuously
into internal conversion as the pigment-pigment coupling is
increased.86 Evidently, the ultrafast “energy transfer” in the
reaction center lies between normal energy transfer and normal
internal conversion and has some of the properties of each.
The hypothesis that energy transfer proceeds from B to P+

is consistent with Franck-Condon requirements for any rapid
internal conversion process. All radiationless transitions depend
on a Franck-Condon overlap factor between initial and final
electronic states.10,11,14 This factor can be estimated as

whereF is the fluorescence quantum spectrum of the donor
and ε is the molar extinction coefficient of the acceptor as a
function of frequency,ν. Because the 1/(80 fs) energy transfer
rate is 2 orders of magnitude larger than the 1/(2 ps) Fo¨rster
dipole-dipole rate calculated for Bf P+ energy transfer in
the weak coupling limit,26 a Golden rule analysis would lead to
the conclusion that the electronic matrix element must be 1 order

of magnitude larger than the dipole-dipole coupling. This is
inconsistent with the energy gap between B and P+. Most
probably, however, the energy transfer process is coherent and
cannot be adequately described by a kinetic rate.70-72,76 As-
suming a B-P+ Franck-Condon factor of unity,26 the calculated
dipole-dipole coupling matrix element between BL and P+ (or
BM and P+) isV≈ 70 cm-1, nearly one-half the B to P+ energy
gap. This suggests that the strong coupling limit of Fo¨rster
theory,10 which gives a “rate” ofk ≈ 4V/h ≈ (1/(120 fs)) may
be applicable. Energy is assumed to be coherently oscillating
back and forth between chromophores in the strong coupling
limit of Förster theory, so the strong-coupling energy transfer
rate neglects damping (e.g., P+ f P- internal conversion) in
the reaction center. The strong coupling “rate” does not describe
an exponential process and thus has a somewhat arbitrary
definition10 but appears to be reasonably close to the observed
energy transfer rate in that the population of B is calculated to
decay by (1/e) in≈70 fs. Because of the van der Waals contact
between B and P, it may also be necessary to include short-
range interactions such as orbital penetration and exchange in
calculating the electronic coupling.13,17 A complete treatment
of energy transfer in the strong-coupling limit which includes
electronic coherence, electronic dephasing, and their effect on
the anisotropy is obviously desirable and seems to require
refinements in the theory.
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