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ABSTRACT: We describe polarization controlled two-color
coherence photon echo studies of the reaction center complex
from a purple bacterium Rhodobacter sphaeroides. Long-lived
oscillatory signals that persist up to 2 ps are observed in
neutral, oxidized, and mutant (lacking the special pair) reaction
centers, for both (0°,0°,0°,0°) and (45°,−45°,90°,0°) polar-
ization sequences. We show that the long-lived signals arise via
vibronic coupling of the bacteriopheophytin (H) and accessory
bacteriochlorophyll (B) pigments that leads to vibrational
wavepackets in the B ground electronic state. Fourier analysis
of the data suggests that the 685 cm−1 mode of B may play a
key role in the H to B energy transfer.

■ INTRODUCTION

Photosynthesis is a fundamental solar to chemical energy
conversion process mediated by a sophisticated pigment−
protein complex network. Photoexcitation of pigment mole-
cules creates excitons which migrate toward a reaction center
complex, where light-induced charge separation transforms
light energy into chemical energy with near unity quantum
efficiency.
The optical properties of pigment−protein complexes

(PPCs) are governed by the excitonic structure determined
from electronic couplings between densely packed pigment
molecules. These couplings lead to delocalization of excited
states (excitons), and excitation energy transfer (EET) rates are
further optimized by the interplay between electronic couplings
and pigment−protein interactions. Recent two-dimensional
electronic spectroscopy (2DES) studies on various PPCs have
revealed oscillating features in the two-dimensional (2D)
spectra,1−3 and a nondegenerate photon echo experiment
showed coherence specific signals in the purple bacterial
reaction center (bRC).4 These experimental observations have
been interpreted as a signature of electronic coherence, the
coherent superposition between delocalized excited states
(excitonic states).5,6 Such excitonic coherences could allow
electronic excitations move through PPCs like wavepackets
maintaining their phase coherence. This quantum mechanically
coherent nature of EET has been of great interest due to its
potential contribution to the efficiency of photosynthetic EET.
One intriguing aspect of the experimentally observed

signatures of coherence is their long lifetimes. The oscillations
in 2D spectra of the Fenna−Matthews−Olson (FMO) complex
lasted up to 1.2 ps (at 77 K),7 and oscillations lasting over 1 ps
(at 77 K) were observed in a 2DES study of the bacterial

reaction center (bRC).8 Such lifetimes are unexpectedly long
for electronic coherences, longer than the presence of excited
states in some cases, leading to the suggestion that some or
perhaps all of the observed beats are of vibrational or vibronic
origin.9−16 In our view, despite significant contributions,12,17−19

there is not yet a complete description of the interaction of high
frequency (underdamped) nuclear motion and electronic
mixing in donor−acceptor systems that fully incorporates the
role of fluctuations on the vibronic coupling. Although
vibrational wavepackets persist for several picoseconds in
pigment−protein systems,20−22 the influence of fluctuations
on the resonance effects involved in mixing acceptor and donor
modes is incompletely characterized. In a recent study, Dijkstra
et al. showed that a critically underdamped nuclear mode can
enhance energy transfer.19 For example, two mechanisms for
the enhancement of population transfer efficiency are
identified: one when the frequency of the vibration matches
the electronic energy gap, as expected, and one when the
vibrational frequency satisfies the critical damping condition.
Similarly, the ability to distinguish electronic and nuclear

wavepacket motion in experiment is not fully developed.
Polarization controlled 2DES can distinguish pathways
involving pure electronic coherences.23,24 Once high frequency
nuclear motions are introduced, however, the discrimination
may be less than perfect. A second experimental approach is to
use two nonoverlapping spectra to interrogate only coherence-
related pathways.4
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In this study, we use the two-color coherence photon echo
method with the addition, as compared to previous work, of
polarization control of the four light pulses involved. The
combination of two-color excitation and polarization control
enables the two-color coherence photon echo method to
further isolate electronic and vibrational contributions. The
polarization sequence(45°,−45°,90°,0°) discriminates in favor
of coherences arising from pathways involving transition dipole
moments that are not parallel to each other. In view of the well
characterized ground state vibrational spectra of the chromo-
phores and the previous two-color coherence photon echo
study, we have applied this approach to the bRC complex from
purple photosynthetic bacterium Rhodobacter sphaeroides.
To understand the observed signal from our experiments, it

is important to note that the experimental design of the two-
color coherence photon echo spectroscopy limits the possible
coherences that can be prepared and contribute to the signal. In
conventional 2DES, four degenerate laser pulses are used to
interact with the entire excitonic manifold. Therefore,
sequential light-matter interactions of the first and second
laser pulses can create both population and coherence states
within the excitonic state space. This approach can measure and
provide a map of the entire excitonic dynamics because a broad
laser spectrum induces all possible resonant interaction
sequences. In two-color coherence photon echo spectroscopy
of the bRC complex, the second laser pulse spectrum is not
resonant with any states excited by the first laser pulse,
preventing preparation of a population state. The same
principle applies to the third and fourth interactions so that
the detected coherent emission is not induced from a
population state. Thus direct visualization of coherence
dynamics is achieved with the two-color coherence photon
echo technique.

■ EXPERIMENTAL SECTION

The chromophore assembly in the bRC protein complex from
Rhodobacter sphaeroides is shown in Figure 1 with the
absorption spectra of the three samples we studied. The six
pigment molecules give rise to three well separated QY
absorption bands, which are labeled by the chromophore
making the dominant contribution. The EET among them

occurs sequentially from H to B (∼100 fs) and B to P (∼200
fs),25 followed by charge separation from P. The charge
separation occurs only along the L branch, and produces
changes in the H and B band regions due to the BL

− and HL
−

anion species formation, complicating the interpretation of
spectral responses. Such a complication can be avoided by
blocking the charge separation by chemically oxidizing P with
potassium ferricyanide. Since P and P+ are equally good
excitonic energy quenchers, the oxidation of P to P+ cation does
not affect the EET dynamics.26,27

The EET dynamics in the bRC complex can also be modified
by a mutagenesis approach. A mutant bRC strain L157VR,
which lacks the two bacteriochlorophylls (BChls) composing P,
exhibits dramatically increased excited state lifetimes for B.
Replacing the valine residue at the L157 location by arginine
places the arginine in the binding pocket for the P dimer, and
only four pigments (two accessory BChls and two bacter-
iopheophytins (BPhys)) are present in the mutant L157VR
bRC complex. The absence of the energy trap (P or P+) leads
to a lifetime of nearly 1 ns for the B band, while H to B energy
transfer is not substantially altered.26

In this work, “neutral WT” represents the intact wild type
(WT) bRC complex with the charge separation reaction
present, and “P-oxidized WT” refers the wild type bRC
complex whose charge separation is blocked. The P-less mutant
bRC complex is labeled as “P-less L157VR”.
The His-tagged bRC complex from Rhodobacter sphaeroides

was prepared based on a previous description.29 Cells cultured
in the dark and a semiaerobic condition were harvested and
homogenized, and the bRC proteins were solubilized by the
lauryldimethylamine oxide (LDAO) and purified with a Ni-
NTA column followed by FPLC. The samples were prepared in
a glycerol/buffer (10 mM Tris HCl at pH 8.0 with 0.5%
LDAO) (60/40, v/v) mixture placed between quartz windows,
and cooled to 77 K using a cryostat (Oxford Instruments). The
optical density at 800 nm was 0.2−0.3 at 77 K with a 0.2 mm
path length. Sodium dithionite (Na2S2O4) was added to a
concentration of 5 mM for WT neutral bRC experiment to
avoid the accumulation of P+ cation.30 For P-oxidized WT bRC
experiment, K3Fe(CN)6 was added to ∼300 mM to chemically
oxidize P.

Figure 1. (a) The arrangement of chromophores responsible for QY region absorption in bRC protein from Rhodobacter sphaeroides (PDB ID:
1PCR28). The subscripts L and M refer to the two branches of the symmetric arrangement of chromophores. Two BChls labeled as P are called the
special pair, and serve a dual function as an excitonic energy acceptor and as the primary electron donor. (b) The absorption spectra of three bRC
complex samples and the spectral profiles of the laser pulses used in the experiments. The B and H bands correspond to the excitations mainly on the
accessory BChls (BL and BM) and the BPhys (HL and HM) molecules, respectively. The P band is only observed in the WT neutral bRC complex.
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A commercial regenerative amplifier (Coherent) running at 1
kHz provided 800 nm pulses and pumped an optical parametric
amplifier (Coherent) to generate 770 nm pulses. Both 800 and
770 nm were compressed to ∼45 fs by independent prism
compression lines. Optical filters with a 25 nm fwhm
bandwidth were used to prevent spectral overlap between the
pulses of the two different center wavelengths (see Figure
1(b)). Three pulses, arranged in equilateral triangle geometry,
were focused onto the sample with pulse energy of 5 nJ for
each. The time-integrated photon echo signals, as a function of
t1 and t2, were collected with a photomultiplier tube
(Hamamatsu) using lock-in amplification with an optical
chopper. An optical bandpass filter centered at 800 nm with
25 nm fwhm bandwidth was placed in front of the
photomultiplier tube to detect signals from the coherence
pathways only. For the polarization controlled experiments, a
linear polarizer was placed along each laser beam traveling path.
An additional fourth linear polarizer was placed in front of the
photomultiplier tube as an analyzer. The contrast ratio of each
polarizer was found to be at least 1000:1 within an error of ±1°.
The >1 ps signal intensity is >25% which is substantially higher
than the potentially leaked signal amplitude from imperfect
polarizer excitation.

■ RESULTS AND DISCUSSION

In this study, the first pulse (k1) was tuned to be centered at
770 nm (black line in Figure 1 (b)), which is resonant to the H
transition, and the second pulse (k2) is tuned to the B transition
at 800 nm (gray line in Figure 1 (b)). The third pulse (k3)
arrives at the sample after a delay time (t2) to probe changes in
the initially prepared coherence states. The first and third
pulses are spectrally identical (770 nm) and the generated
photon echo signal field passes a bandpass filter centered at 800
nm. Population related pathways, such as electronic population

relaxation from H to B, do not contribute to the detected signal
due to the phase matching condition and the pulse ordering.
Figure 2 shows the coherence photon echo signal intensity

map from the three bRC complexes as a function of two time
delays (t1 and t2). The most prominent feature is the existences
of a periodic signal up to nearly t2 ≈ 2 ps in all three bRC
complexes. When electronic transitions are considered alone,
only the |B⟩⟨H| coherence is optically accessible via the first (H
transition) and second (B transition) interactions. However,
the |B⟩⟨H| coherence cannot be the origin of the signal at t2
times exceeding the lifetimes of the B and H excitonic states.
We can make a simple estimate of the maximum duration of

a pure electronic coherence as follows. The population
relaxation times of the B and H excitonic states have been
measured to be 150 and 100 fs, respectively.25−27 The simplest
description of the |B⟩⟨H| coherence decay time (τBH) is given
by the following:

τ τ τ τ
= + +

⎛
⎝⎜

⎞
⎠⎟

1 1
2

1 1 1

BH B H decoherence (1)

where τB and τH refer population relaxation times of B and H
excitonic states respectively, and 1/τdecoherence denotes the pure
decoherence rate.31 Even though the pure decoherence rate is
not known, the upper limit for the |B⟩⟨H| coherence lifetime
can be estimated by assuming the pure decoherence rate to be
zero (τdecoherence ≈ ∞). Then the longest possible lifetime for
the |B⟩⟨H| coherence is <150 fs, almost an order of magnitude
shorter than the observed signal lifetimes of near 2 ps.
Additionally, no change in the coherence photon echo signal

was observed whether the special pair BChl dimer (P) was
chemically oxidized or not. This is consistent with a ground
state vibrational origin for the long-lived features in Figure 2.
The data from the P-less L157VR (Figure 2 (c)) further
support this conclusion. Despite the increase in the excited
state lifetime of B by more than 3 orders of magnitude, the

Figure 2. The two-color coherence photon echo integrated signals as a function of the two time delays t1 and t2, from (a) WT neutral bRC, (b) WT
P-oxidized bRC, and (c) P-less L157VR mutant bRC complexes. The black lines follow the maximum of the echo signal at a given t2. The pulse
ordering for all experiments was 770 (k1) − 800 (k2) − 770 (k3) − 800 (ks) (in nm), and all the polarizations were set to be parallel to each other, i.e.
(0°,0°,0°,0°). The t2 axis represents the evolution of the initially prepared coherence. The data for t2 < 100 fs are not shown (see text).
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coherence signal also lasted for 2 ps, similar to the WT bRC
complexes. We note, to avoid potential confusion, that these
conclusions are not intended to apply to the short time region
(t2 < 150 fs) of the data. Due to the spectral requirement of the
method, the short time region free from pulse overlap effects is
not accessible. In the pulse overlap region, the photon echo
signal related to the population pathway overwhelms the
coherence signal due to the imperfect pulse orderings.
Vibrational wavepackets can be created either in the excited

or ground electronic states but, of course, the lifetimes of
vibrational coherences in an excited state are also limited by the
excited state population relaxation time,32 which is less than
200 fs in WT bRC complexes as noted above. Therefore, we
conclude that the long-term oscillatory signals from the bRC
complexes mainly reflect vibrational wavepackets in the ground
electronic state of the accessory bacteriochlorophyll.

■ ELECTRONIC-VIBRATIONAL MIXING
Consider the simplified level scheme shown in Figure 3(a).
Here, |g0⟩ is the ground electronic state, |H0⟩ is the vibrationally

unexcited, electronically excited state of H, and |B1⟩ is a
vibrational level of excited B roughly resonant with |H0⟩ and |

g1(B)⟩ is a ground electronic state vibrational level of B. The
Feynman diagram in Figure 3(b) shows a rephasing pulse
sequence that leads to a |g0⟩⟨g1(B)| ground state coherence
through the electronic-vibrational mixing of |H0⟩ and |B1⟩
Clearly, the magnitude of the contribution of ground state
vibrational wavepackets will depend on the strength of the
electronic coupling, the deviation from resonance, and the
influence of fluctuations. The electronic coupling between H
and B is estimated to be 200−250 cm−1,33,34 allowing
reasonable coupling between vibrationally unexcited, electroni-
cally excited H and v = 1 or v = 2 of excited B even for the very
small Franck−Condon factors associated with these transitions
from the B ground state. In fact, the very small Franck−
Condon factor for ⟨n|m⟩ (n ≠ m) makes the preparation of the
ground state vibrational coherence more likely as the Franck−
Condon factor is larger for a ⟨n|n⟩ transition than ⟨n|m⟩
transition.
Vibrational wavepackets in molecular ground electronic

states are commonly observed via impulsive stimulated
Raman scattering (ISRS),15 which does not require elec-
tronic-vibrational mixing. If the transition dipole moments of
the acceptor vibration are unperturbed, then we can consider
only electronic transitions in calculating the influence of specific
polarization sequences. In this case, the dependence of Liouville
pathways on the linear polarizations of laser pulses and relative
orientations of transition dipole moments is described by their
polarization prefactor, determined by eq 2.23

μ μ μ μ⟨ ⟩ ≡ ⟨ ̂ × ̂ ̂ × ̂ ̂ × ̂ ̂ × ̂ ⟩E E E Eabcd ( )( )( )( )a b c d1 2 3 4 (2)

In this equation, μî refers the unit vector for the transition

dipole moment of i transition, and ̂En refers the linear
polarization direction of the n-th laser pulse. We consider
four pathways in Figure 4. These involve electronic coherence
between B and H (R1), an excited state vibrational wavepacket
in B (R2), ISRS on H to create a ground vibrational wavepacket
on H (R3), and electronic mixing between H and B leading to a
ground electronic state B vibrational wavepacket (R4). The
calculated polarization prefactors for these four pathways are
shown in Table 1. Under the so-called “coherence specific”

Figure 3. (a) Simplified energy level scheme to illustrate electronic-
vibrational mixing: the double headed arrow connecting the H0 and B1
states. (b) A double sided Feynman diagram describing the Liouville
pathway for the creation of a vibrational wavepacket on the B ground
electronic state during t2.

Figure 4. Possible Liouville pathways for the two-color coherence photon echo spectroscopy. The model assumes excitonic dimer (B and H) and
includes a discrete vibrational mode. The frequency of the vibration was chosen to be similar to the excitonic energy gap between B and H. The
arrows in diagrams refer the laser pulse and echo signal fields (black: 770 nm, gray: 800 nm), and arranged according to the pulse ordering used in
the experiments (k1∼k4 from left to right). The energy levels that are not directly associated to the process is in faint colors. The transition dipole
moment prefactor for each pathway is written under the diagram. B and H transition dipole moments are denoted by red and blue, respectively. Each
pathway represents different types of coherences that can be excited in the two-color coherence photon echo. R1: electronic coherence, R2:
vibrational coherence in the excited state, R3: vibrational coherence in the ground electronic state (by ISRS), R4: vibrational coherence in the ground
electronic state (by electronic-vibrational mixing). For R4, two alternating colors are used to indicate the electronic-vibrational mixing, and the ladder
diagram is equivalent to the double sided Feynman diagram shown in Figure 3(b).
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polarization configuration,24,35 ̂ ̂ ̂ ̂E E E E( , , , )1 2 3 4 = (45°,−
45°,90°,0°), all of the orientationally averaged prefactors
become zero, except the pathways for electronic coherence
(R1 in Figure 4), and vibrational coherence in the electronic
ground state enhanced by electronic-vibrational mixing (R4).
Thus, suppression of the signal intensity is expected under the
(45°,−45°,90°,0°) polarization configuration if the observed
coherence in Figure 2 is related to ISRS (R3) or vibrational
coherence in the excited state (R2) pathways.
The coherence photon echo spectra for the bRC complexes

taken with the (45°,−45°,90°,0°) polarization configuration are
shown in Figure 5(a),(c). Compared to the all parallel
polarization (0°,0°,0°,0°) data shown in Figure 2, the changes
in the coherence signals are small. The signal amplitudes for the
(0°,0°,0°,0°) and (45°,−45°,90°,0°) polarizations are com-
pared in Figure 5(b),(e). To facilitate the comparison, the echo
signal was integrated over t1 at a given t2, better reflecting the

overall signal intensity change along t2. Notable differences seen
in Figure 5(b) between the two polarization sequences are the
decreased amplitude of the first peak at t2 ≈ 200 fs and the
absence of the peak with small amplitude at t2 ≈ 600 fs under
the (45°,−45°,90°,0°) polarization. Similar changes are
observed in the data from the P-less L157VR mutant (Figure
5 (e)). The small changes observed in the coherence echo data
under the (45°,−45°,90°,0°) polarization configuration suggest
that the majority of the detected coherence signal requires two
nonparallel transition dipole moments, strongly indicating the
presence of the electronic-vibrational mixing mechanism.
Additionally, the similarities between the data from (45°,−
45°,90°,0°) and (0°,0°,0°,0°) polarizations are further
explained by considering the contribution from Franck−
Condon integrals of pathways described in Figure 4. The
value of a Franck−Condon overlap integral for a transition
between two electronic states depends on the zero-point
displacement.36,37 For a system with small zero-point displace-
ments (small Huang−Rhys factors), such as B and H
transitions of the bRC complex,38 the Franck−Condon
contributions in R2 and R3 pathways are much smaller than
R1 and R4 pathways. As a result, we expect the R1 and R4
pathways to make the dominant contribution to the echo signal
amplitude even in the (0°,0°,0°,0°) polarization condition.
We note that the amplitudes of the peak at t2 = 600 fs

provides information on vibrational coherence in the B excited
electronic state. Under the (45°,−45°,90°,0°) polarization
condition, the peak at t2 = 600 fs is absent in the data from
both WT bRC and P-less L157VR mutant complexes (Figure
5(b),(e) blue lines). However, it has larger amplitude in the

Table 1. Calculated Polarization Prefactors for the
Polarization Sequences Used in the Experimentsa

aIt was assumed that the two transition dipole moments of B and H
excitations are orthogonal, and vibrationally excited transitions have
similar spatially orientations to the purely electronic transitions.

Figure 5. Two-color coherence photon echo integrated signals under the (45°,−45°,90°,0°) polarization configuration as a function of time delays t1
and t2, from (a) WT neutral bRC (d) P-less L157VR mutant bRC complexes. WT P-oxidized bRC data is identical to the WT neutral bRC (data not
shown). The black lines follow the maximum of the echo signal at a given t2. The pulse ordering for all experiments was 770 (k1) − 800 (k2) − 770
(k3) − 800 (ks) (in nm). The t1-integrated coherence echo signal intensities from (b) WT neutral bRC (e) P-less L157VR mutant bRC complexes
shows differences between the (0°,0°,0°,0°) (black) and (45°,−45°,90°,0°) (blue) polarization configurations. The absolute signal amplitude is 3−4
times weaker under the (45°,−45°,90°,0°) polarization than the (0°,0°,0°,0°) polarization. The Fourier transform power spectra of the (45°,−
45°,90°,0°) polarization data in (b) and (e) are shown in (c) and (f), respectively.
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data from P-less L157VR mutant than from the WT bRC
complex (Figure 5(b),(e) black lines) under the all-parallel
polarization (0°,0°,0°,0°). This can be understood as a
vibrational coherence on the excited states (R2 in Figure 4),
whose intensity will be small in the WT bRC complexes due to
the rapid loss of the B excited state population.
Figure 5 also shows the Fourier transform power spectra of

the time-dependent data for the WT neutral bRC (e) and the
P-less L157VR mutant (f).

■ ORIGIN OF THE OBSERVED FREQUENCIES
The two-color coherence photon echo measurement is a
homodyne measurement in which the echo intensity is
measured, rather than the signal field. This means that the
characteristic oscillations of superposition states appear as |eiω1t2

+ eiω2t2 + eiω3t2 +...|2 = 2cos[(ω1 − ω2)t2] + 2cos[(ω1 − ω3)t2] +
... As a result, differences between system’s oscillation
frequencies will be found in the homodyne signal intensity
oscillations.
The full width at half maxima (fwhm) of the two laser spectra

centered at 770 and 800 nm, respectively, provide the range of
accessible energy gap values (300−850 cm−1) for the two
energy levels that can be coherently excited. Thus only
vibrational modes with relatively high-frequencies (≫kBT)
need to be considered. Also, the 770 nm laser pulse was chosen
to excite the red-side of the H band, allowing us to focus on
high-frequency vibrations activated via the B band excitation.
Resonance Raman studies of the bRC complex have identified
multiple vibrational frequencies associated to the B band, and
the four strong modes in the accessible energy gap window
(566, 685, 735, 764 cm−1) can be considered as candidates for
the observed vibrational coherence.38,39 These four Raman
mode frequencies are also in agreement with the oscillation
frequencies found in the recent 2DES studies of the bRC
complex.8 The Fourier transforms of the coherence photon
echo signal beating along t2 (Figure 5(c),(f)) showed three
frequency components of 50, 80, and 125 cm−1. These three
frequencies are in good agreement with the differences
obtained from the strong Raman frequencies (685−566 =
119 cm−1 ; 735−685 = 50 cm−1; 764−685 = 79 cm−1).
Of the six frequency differences possible from four

frequencies, only three are clearly identified in the Fourier
transform. Notably, all three involve the 685 cm−1 mode,
indicating that 685 cm−1 mode is the most strongly activated
one. Then 685 cm−1 mode can be considered as the primary
vibrational mode comprising the electronic-vibrational mixing.
The mixing can be further assisted by the fact that 685 cm−1 is
close to the B and H excitonic energy gap value of 665 cm−1.
Previous studies on coherence dynamics in the bRC complex

suggested picosecond-long electronic coherence lifetimes8 and
proposed correlated protein environment for coherence
protection.4 However, suggestions did not conclude the role
of vibronic coupling on the energy transfer dynamics. In the
contrast, we conclude that any |B⟩⟨H| electronic coherence
contribution to the observed signal is limited to the very early t2
time window, as expected from the population dynamics. Since
the |B⟩⟨H| electronic coherence pathway (R1) involves two
strongly resonant transitions, the strength of the signal at short
time (in the absence of decoherence) is expected to be larger
than the electronic-vibrational mixing pathway (R4). The
electronic-vibrational mixing involving the 0−1 transition of
the 685 cm−1 mode, for example, enhances the contribution of
this mixing, which has less than 5% of the 0−0 transition

probability without mixing.40 Such a small transition probability
will be enhanced by coupling to the neighboring strongly
allowed |g⟩→|H⟩ transition, but is expected to be smaller than
the pathways fully composed of the stronger 0−0 electronic
transitions. Clearly, quantitative calculations are required to
confirm these qualitative statements.
The observed coherence photon echo signal clearly

demonstrates that the bRC excitation dynamics involve the
electronic-vibrational mixing. The role of such electronic-
vibrational mixing for the EET dynamics in the bRC complex
were explored in other studies, and the vibronic rate
enhancement effect was suggested to explain the EET dynamics
of a photosynthetic light harvesting complex with a relatively
large excitonic energy gap.41,42 Also several theoretical studies
implied that the vibronic interaction could be potentially
important in achieving ultrafast EET rates in the bRC
complex.33,43

One natural question arising from this observation is how
universal such an electronic-vibrational mixing mechanism is in
photosynthetic PPCs. We note that the excitonic structure and
function of the bRC complex is distinct from other light
harvesting PPCs. The estimated electronic coupling constant
between the accessory BChl and the BPhy ranges from 200 to
250 cm−1,33,34 which is significantly larger than electronic
coupling constants determined for the Fenna−Matthew−Olson
complex and the light harvesting complex II.44,45 The function
of the bRC complex is to perform rapid and irreversible charge
separation. This involves chemically different species as donors
and acceptors, and corresponding large energy gaps. In light
harvesting complexes, these are generally large assemblies of
chemically identical species with energy gaps determined by the
combination of site energies and electronic couplings. A strong
role for high frequency, underdamped vibration seems less
likely in this case. An exception might be, however, the energy
transfer from chlorophyll a to chlorophyll b in the light
harvesting complex II (LHC II) where the energy gap is about
600 cm−1.45

■ CONCLUSIONS

We have demonstrated the presence of electronic-vibrational
coupling between the bacteriopheophytin and the accessory
bacteriochlorophyll in the bRC complex. The vibrational mode
with a ground state frequency of 685 cm−1 from the accessory
bacteriochlorophyll is observed (via different frequencies)
prominently. Oscillations involving different frequencies with
this mode do not appear strongly in one-color three photon
echo peak shift measurement,34 suggesting that the mixing with
the bacteriopheophytin is responsible for its appearance in the
two-color coherence photon echo experiments. Since the
frequency of this mode is similar to the energy gap of H and
B, the vibrational modes in ground electronic state can be
activated via stimulated emission.12,46 However, a full under-
standing of the interplay between electronic and vibrational
excitations in energy transfer processes remains, in our opinion,
to be developed. We believe the data presented here can be
used to calibrate theoretical approaches and lead to a deeper
understanding of photosynthetic light harvesting.
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