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We entertain vibrational coherence transfer and related processes as possible sources for certain long-lived
quantum beats observed in time-resolved polarized emission signals from photosynthetic light harvesting
complexes. Signal calculations on a dimer model in which each chromophore supports a single vibrational
mode show that coherence transfer to the acceptor and coherence trapping in the donor can increase the
longevity of vibronic quantum beats beyond the time-scale for electronic energy exchange. These mechanisms
imply an active role for coherent vibrational motion in the time-course of ultrafast energy transfer and suggest
that external control over vibrations may provide a means for influencing the transport of electronic excitations.
The effects of vibrational coherence transfer and trapping on excitation transfer are most vivid when the
excitation-vibration coupling strength exceeds that for energy transfer. In light of the strong transfer coupling
of photosynthetic light-harvesting complexes, we also examine the adiabatic energy-transfer regime, in which
the relative coupling strengths are reversed.

I. Introduction

In the ultrafast spectroscopic study of photosynthetic light-
harvesting complexes, oscillatory components of the signals are
frequently observed.1-6 For example, the time-resolved polarized
emission data from bacteriochlorophyll in the core light-
harvesting antenna (LH1) of photosynthetic bacteria exhibit 105
cm-1 oscillations suggestive of wave packet motion in the
excited electronic state.1 As this wavenumber lies in the range
of low-frequency modes observed in the reaction center special
pair,7,8 these quantum beats were taken as supporting evidence
for some degree of bacteriochlorophyll dimerization in LH1,
whose crystal structure has only recently been elucidated at 4.8
Å.9 Interestingly, the damping of those oscillations takes longer
than the depolarization time-scale as determined from the decay
of the emission anisotropy.

The long-lived nature of these putatively vibrational quantum
beats in LH1 has remained puzzling, as it seems to conflict with
an expected degradation of vibrational coherence during the
electronic energy transfer process.1,10 Because they exhibit
prominent long-lived vibrational oscillations, the data of Brad-
forth et al.1 and related results2-6 give evidence for a measure
of involvement by optically active nuclear modes in photosyn-
thetic electronic energy transfer. Quantum beats in the polarized
emission lasting longer than the characteristic energy transfer
time are difficult to reconcile with an incoherent (Fo¨rster) model
of short-time photosynthetic energy transfer. That widely
applicable theory11-13 has been successfully applied to many
systems over times long enough that the molecular and lattice
vibrations can be assumed to have relaxed fully prior to energy
transfer.

The purpose of this article is to investigate the influence of
coherent molecular vibrations on the short-time dynamics of
electronic excitation transfer as observed in polarized time-
resolved emission and to clarify their effects in various regimes
of excitation-vibration and excitation-transfer coupling strength.
We explore the time-resolved emission from a model energy-
transfer complex consisting of a pair of chromophores of fixed
relative orientation and coupling strength. Each chromophore
supports a single Franck-Condon active vibrational mode. To
investigate the effects on energy transfer of the vibronic
superposition states launched by short-pulse excitation-and vice
versa-we omit vibrational relaxation and dephasing, except for
that induced by excitation transfer between the chromophores
and by independent static inhomogeneities in the electronic site
energies of the two chromophores.

We present rigorously calculated emission signals for this
model system with physically reasonable parameter values for
the energy-transfer coupling strength, the displacement of the
Franck-Condon active vibrational modes, and the ultrashort
pulse durations. In keeping with our specific interest in the
coupled dynamics of vibrations and electronic excitation transfer
between identical bacteriochlorophyll molecules in light-
harvesting complexes, we focus primarily on the case of equal
site energies, but also investigate the behavior of coherent
vibrations in downhill energy transfer. For the limiting case of
strong excitation-transfer coupling and weak excitation-vibration
coupling, we present physically illuminating analytic expressions
for the polarized emission and compare them to numerical
calculations.

In the case of equal site energies, our calculated time-resolved
polarized emission signals and the emission anisotropy exhibit
behavior strikingly reminiscent of that seen in LH1.14 We see
sustained vibrational quantum beats that are in phase between
parallel and perpendicular emission. Although there is some
indication of critically- or slightly overdamped coherent cycling
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of electronic population between the chromphores, which has
not been observed to date in the intact light-harvesting anten-
nas,15,16the emission anisotropy decays to its asymptotic value
in just a few vibrational periods.

A surface-crossing picture of coherent electronic energy
transfer helps illuminate the coordinated nature of the “donor”
and “acceptor” vibrations, especially in the case of weak energy-
transfer coupling. The in-phase behavior of both the vibrational
motion and the parallel and perpendicular emission from a
chromophore pair with equal site energies can be predicted from
the symmetric location of the intersection between donor-excited
and acceptor-excited electronic potential energy surfaces. In the
case of downhill excitation transfer, surface crossing from the
donor-excited to the acceptor-excited potential surface occurs
most efficiently in certain configurations where the two
vibrational modes have different coordinate values. Interestingly,
we find that the resulting difference in the phase of motion
between vibrational wave packets on the two surfaces does not
necessarily lead to a phase difference between the quantum beats
in the parallel and perpendicular emission.

Quantum beats with vibrational periodicity, in phase between
parallel and perpendicular emission, are also observed in the
presence of strong energy-transfer coupling. With short enough
excitation and detection pulses, these appear superimposed on
higher-frequency oscillations due to coherent back-and-forth
excitation transfer; the electronic beats areout of phasebetween
parallel and perpendicular emission, as we should expect. The
strong coupling case is found to be distinguished additionally
from the weaker-transfer case by the occurrence of significant
amounts of electronic interference in excitation and emission.
Our analytical expression for the strong-transfer signal pinpoints
the role of the emergent vibrational frequencies, distorted from
those of the isolated chromophores, which govern adiabatic
electronic energy transfer.

Although our dimer model differs in some significant respects
from the multi-chromophore rings of bacterial light-harvesting
antennas, we are nonetheless able to conclude that long-lived
quantum beats born of vibrational coherence transfer and
trapping can be a generic feature of energy transfer following
vibrationally abrupt electronic excitation. In addition to rational-
izing the otherwise counter-intuitive behavior of polarized
emission from light-harvesting antennas, these findings suggest
possible means of exerting external optical control over
intermolecular energy transfer.

II. Theory

We consider a dimer complex whose Hamiltonian

comprises four electronic levels:|0〉 ) |gagb〉 with both
molecules unexcited,|1〉 ) |eagb〉 with the “donor” excited,|1′〉
) |gaeb〉 with the “acceptor” excited, and|2〉 ) |eaeb〉 with both
molecules excited.17 The corresponding nuclear Hamiltonians

with potential energy surfaces

govern the motion of one intramolecular vibration in each
chromophore. As shown in Figure 1, the equilibrium position
of a vibrational mode is displaced by a distanced when the
host molecule is electronically excited. The site energy of the
two-exciton state is typicallyε2 = ε1 + ε1′.18-21

Instead of calculating the time- and frequency-gated spon-
taneous emission signal, we will determine the (very similar)
emission stimulated by direct interaction with a probe pulse. In
the presence of pump (C) and probe (D) laser pulses, the time-
dependent Hamiltonian becomes

where

is the interaction with a laser pulse

of specified polarization, envelope, arrival time, carrier fre-
quency, and phase.22-24 We use Gaussian pulses with AI(t) )
AIexp(- t2/2σI

2) and define the delaytd ) tD - tC. The electronic
dipole operator

connects states whose exciton numbers differ by one. We assign
transition dipoles of strengthµ ) µa ) µb to both molecules.

If the donor (a) and acceptor (b) moments are nonparallel,
energy transfer from one chromophore to the other following
C-pulse excitation will alter the polarization of light emission
stimulated by theD pulse. The pump pulse is taken to be near
vertical resonance (ΩC ≈ υ1(qa ) qb ) 0)) and the probe is
significantly red-shifted (withΩD < ΩC), so that the signal is
dominated by stimulated emission (at the expense of excited-
state absorption and ground-state bleaching). A straightforward
perturbation theory analysis shows that the stimulated emission
signal25 can be expressed as

where|ψn〉 is the initially occupied vibrational eigenstate (with
H0|ψn〉 ) En|ψn〉), [td] ≡ exp(- iHtd) is the free-evolution
operator for the dimer complex, andC and D are pulse
propagators

We setp ) 1 throughout. Equation 11 is the squared norm of
the nuclear probability amplitude in the electronic ground state,
〈0|D[td]C|0〉|ψn〉, generated by pump excitation, free evolution,
and probe de-excitation.26 It has the same form as a short-pulse-
gated spontaneous emission signal.27,28 Since excited-state
absorption and ground-state bleaching do not contribute to a
time-gated emission signal (as measured, for example, by

H ) |0〉H0〈0| + |1〉H1〈1| + |1′〉H1′〈1′| + |2〉H2〈2| +
J{|1′〉〈1| + |1〉〈1′|} (1)

Hj )
pa

2

2m
+

pb
2

2m
+ υj(qa,qb) (2)

υ0 ) mω2

2
(qa

2 + qb
2) (3)

υ1 ) ε1 + mω2

2
((qa - d)2 + qb

2) (4)

υ1′ ) ε1' +
mω2

2
(qa

2 + (qb - d)2) (5)

υ2 ) ε2 + mω2

2
((qa - d)2 + (qb - d)2) (6)

H(t) ) H + VC(t) + VD(t) (7)

VI(t) ) - µ̂‚EI(t); I ) C,D (8)

EI(t) ) eIAI(t - tI)cos(ΩI(t - tI) + ΦI) (9)

µ̂ ) µa(|1〉〈0| + |2〉〈1′|) + µb(|1′〉〈0| + |2〉〈1|) + Hc (10)

S(td) ) 〈ψn|〈0|C†[- td]D
†|0〉〈0|D[td]C|0〉|ψn〉 (11)

I ) -i∫-∞

∞
dτ[- τ + tI]VI(τ)[τ - tI] (12)
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fluorescence up-conversion), eq 11 can be applied to the latter
without the restrictions on pump and detection frequencies stated
above.

The signal (11) is for a fixed spatial orientation of the energy-
transfer complex. Through the pulse propagators, it depends on
the laser polarizations,eC andeD, relative toµa andµb. A real
sample will ordinarily consist of donor-acceptor pairs of a given
structure randomly oriented in space. Using Euler angles, the
signal from such a sample can be obtained by averaging (11)
over lab-frame orientations while maintaining a fixed geometry
within the complex. For the caseeC ) eD, this procedure leads
to a parallel-emission signal

When the pump and probe polarizations are perpendicular, we
obtain

R is the angle between donor and acceptor transition dipole

moments, andp ) |1〉〈1| and p′ ) |1′〉〈1′| are projection
operators for the site-excited states. Equations 13 and 14 use a
streamlined notation in which, for example,pppp stands for
c†p[-td]pd†|0〉〈0|dp[td]pc, where c and d are reduced pulse
propagatorsobtained fromC andD by replacing all fourµi‚eI

by unity. Calculation of the polarized emission through eqs 13
and 14 reduces to the task of constructing matrix representations
of the free evolution operator and the reduced pulse propagators
for a chosen set of chromophore-complex and laser pulse
parameters.29,30

The various contributions toS|| and S⊥ can be described
physically. The terms proportional topppp or p′p′p′p′ report
on the squared norm of wave packets prepared and detected on
the same, donor-excited or acceptor-excited surface, respectively.
Contributions proportional top′ppp′ + pp′p′p involve the
squared norm of an energy-transfer wave packet, prepared on
one single-exciton surface and detected on the other; these terms
will most clearly reveal any effects of vibrational coherence
transfer. The first and fourth terms in the sump′p′pp + p′pp′p
+ pp′pp′ + ppp′p′ involve theoVerlapof a wave packet prepared
and detected on the acceptor-excited surface with one excited
to and de-excited from the donor-excited surface, whereas the
second and third terms involve the overlap between two wave
packets excited to one surface and de-excited from the other,
but in reverse order. All four of these terms require electronic
interference in absorption and emission and become small if
this interference is turned off by poor overlap between the
differing nuclear wave packets. The remaining contributions,
which all vanish in the case of perpendicular transition dipole
moments (R ) π/2), arise from overlaps between wave packets
that have undergone differing orders (even or odd) of excitation
transfer.31

The free evolution operator need only be determined within
the one-exciton manifold spanned by|1〉 and |1′〉. We use a
basis{|1〉|(na,nb)1〉,|1′〉|(na,nb)1′〉} of zeroth-order (inJ) eigen-
states of the two-dimensional harmonic oscillator Hamiltonians
governing the vibrations of both chromophores in the site-
excited states.32 The matrix elements ofHone ) pH1 + p′H1′ +
J(|1′〉〈1| + |1〉〈1′|) are written in terms of two-dimensional
harmonic oscillator eigenenergies and products of translation-
operator matrix elements,〈n′a|D(δ)|na〉 and 〈n′b|D(δ)|nb〉 (i.e.
Franck-Condon overlaps).D(R) ≡ exp(Ra† - R*a) andδ )
d(mω/2)1/2 is the dimensionless mode displacement.33 With site
energies chosen from independent Gaussian distributions, we
numerically diagonalizeHoneto construct a matrix representation
for [td]one ) ∑η|η〉exp(-iEηtd)〈η| in terms of the eigenvectors
and eigenvalues of the one-exciton Hamiltonian.

The derivation of eqs 13 and 14 tacitly assumes that the
relative orientation of a laser pulse’s polarization and a site
transition moment alone determines the amplitude for excitation
or de-excitation; energy transfer is neglected in calculating the
effects of each pulse. For instance, a pump pulse perpendicular
to the “acceptor” transition moment (µb‚eC ) 0) is not allowed
to populate state|1′〉. Mathematically, this corresponds to
making the replacement [t] = ∑j|j〉 exp(- iHjt)〈j| inside the pulse
propagators (but not elsewhere), an approximation that should
be valid if J is not too large and the pulses are not too long.
With this neglect ofJ and making the usual rotating-wave
approximation, the matrix elements of the reduced pulse
propagators can readily be evaluated.34

Vibrational coherence transfer enters the emission signals
most directly throughpp′p′p and p′ppp′ terms in eqs 13 and
14. The first of these, for example, gives the squared norm of
〈0|d|1′〉〈1′|[td]|1〉〈1|c|0〉|ψn〉, the wave packet formed in the

Figure 1. Contour plots of potential energy surfaces for the “donor-
excited” electronic state, with its minimum at (qa,qb) ) (d,0), and the
“acceptor-excited” state, with its minimum at (0,d). The Franck-
Condon point is at the origin, and the two excited-state potentials
intersect along the diagonal in the case of equal site energies. The
trajectories shown (drawn as narrow ellipses for clarity) are the spatial
paths for wave packet motion following short-pulse excitation to the
1-state (solid) and an impulsive energy-transfer surface-crossing
transition to the 1′-state (dotted). Vertical and horizontal gray bands
locate the positions of emission resonance, for our chosen probe
frequency, from the donor- and acceptor-excited states, respectively.

S||(td) ) µ4〈ψn|〈0|15pppp+ cosR
5

(p′ppp+ pp′pp + ppp′p +

pppp′) +
(1 + 2cos2R)

15
(p′p′pp + p′pp′p + p′ppp′ +

pp′p′p + pp′pp′ + ppp′p′) + cosR
5

(pp′p′p′ + p′pp′p′ +

p′p′pp′ + p′p′p′p) + 1
5
p′p′p′p′|0〉|ψn〉 (13)

S⊥(td) ) µ4〈ψn|〈0| 1
15

pppp+ cosR
15

(p'ppp+ pp'pp +

ppp'p + pppp') +
(3cos2R - 1)

30
(p′p′pp + p′pp′p +

pp′pp′ + ppp′p′) +
(2 - cos2R)

15
(p′ppp′ + pp′p′p) +

cosR
15

(pp′p′p′ + p′pp′p′ + p′p′pp′ + p′p′p′p) +

1
15

p′p′p′p′|0〉|ψn〉 (14)
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dimer’s electronic ground state by “donor” excitation, coherent
transfer to the “acceptor” duringtd, and stimulated emission.
Figure 1 sketches the spatial path of a wave packet in the donor-
excited state and one formed in the acceptor-excited state by
energy transfer. If the site energies are equal, this process should
contribute to in-phase vibrational quantum beats in the parallel
and perpendicular emission signals. For the donor-excited and
acceptor-excited potentials intersect along the diagonal in the
equal-energy case, and the surface-crossing energy-transfer
transition can occur with facility at the Franck-Condon point
qa ≈ qb ≈ 0. A qa-wave packet, launched in the donor by short-
pulse excitation, will in turn launch anin-phase qb-wave packet
when amplitude is transferred to the acceptor-excited state during
each brief return to the Franck-Condon region. The in-phase
donor and acceptor wave packets will contribute to quantum
beats of the same phase in the emission signal, because a probe
pulse of given center frequency selects for probability density
in state 1 within a certain range ofqa values and probability
density in state 1′ within the same range ofqb values. Because
the phase relationship between vibrational oscillations in the
emission from different site states is related in this way to the
dynamics of wave packet surface-crossing, coordinated quantum
beats should be a ubiquitous feature of short-pulse-driven
polarized emission from energy transfer complexes.35

III. Calculations (and Some More Theory)

We choose the ground state|ψn〉 ) |(0,0)0〉 as the initial
vibrational state in our calculations. Although ambient-temper-
ature experiments1 involve an average over thermally occupied
levels, this choice is a natural starting point. In our computations,
time is reckoned in vibrational periods, so there is no need to
assign a value to the vibrational frequencyω ) 2π/τVib. The
donor and acceptor transition dipoles are taken to be perpen-
dicular (R ) π/2).

A. Equal Site Energies and Weak Coupling.We focus first
on a situation with fairly weak energy-transfer coupling,J )
0.3ω, and larger Franck-Condon energy,EFC ) mω2d2/2 )
2.5ω (δ ) x2.5). Figure 2 shows the orientationally averaged
polarized emission signals from an equal-energy complex with
no site inhomogeneity. Both pulses have a short durationσC )
σD ) 0.1τVib. The pump is resonant with the vertical transition
frequency,ΩC ) εj1 + EFC, and the probe is red-shifted toΩD

) εj1 - 3EFC, to be resonant at the outer turning point of either
vibrational coordinate. As expected from our description of
coherence transfer, the quantum beats in the parallel and
perpendicular emissions are in phase with each other. The

decreasing difference in magnitude between parallel and per-
pendicular over 15 vibrational periods is evidence of population
equalization due to excitation transfer.

To model inhomogeneous broadening, we averaged signals
from 1425 realizations of the chromphore complex having the
two site energies randomly selected from independent Gaussian
distributions with rms widths of 0.5ω and average valuesεj1 )
εj1′. The pulse center frequencies are the same as before, but
their durations are lengthened toσC ) 0.25τVib andσD ) 0.5τVib

in order to approximate the typical time resolution of a
fluorescence up-conversion experiment. Figure 3 plots the
polarized emission and the anisotropy,r(td) ) (S|| - S⊥)/(S|| +
2S⊥). Excitation transfer from the initially excited chromophore
accounts for the initial decrease (increase) in parallel (perpen-
dicular) emission over several periods. The parallel and
perpendicular emission signals exhibit in-phase oscillations at
the vibrational frequency, which decease somewhat in amplitude
over the course of some 15 periods. These in-phase vibrational
quantum beats are similar to those observed in the up-conversion
experiments on LH1.1 The vibrational beats persist at least
several times longer than the time-scale for energy transfer
(inversely proportional toJ), which is seen in the near-critically
damped oscillation of the anisotropy. The anisotropy decays
overall from an initial value of 0.4 to the range 0.25-0.27 during
the last several periods calculated.20,36-39 Vibrational-period
oscillations are less prominent in the anisotropy, as is also
observed experimentally. The long-time behavior of the emission
anisotropy is addressed further in the Discussion section and
Appendix A.

Calculations (not shown) using pulse durations much shorter
than the inverse absorption bandwidth of this system have an
initial emission anisotropy of 0.7. This high initial value-
expected for a system of two chromophores with perpendicular
transition dipoles20-decays to 0.4 within∼0.2τvib, the time
required for loss of overlap between the wave packets launched
on the donor-excited and acceptor-excited potential surfaces.
For longer pulses in this system with sizable Franck-Condon

Figure 2. Orientationally averaged parallel (dashed) and perpendicular
(solid) emission signals from an energy transfer complex with
perpendicular transition moments and equal site energies. Excitation
pulse is centered at the vertical transition energy and probe frequency
selects for probability density at the outer turning point of either
chromophore’s vibration. Vertical axes in this and all subsequent
polarized emission plots are in identical arbitrary units.

Figure 3. Top panel shows the parallel (heavy) and perpendicular
(light) emission signals from an inhomogeneous collection of nearly
equal site-energy dimers with the same system parameters as in Figure
2. Pulse frequencies are the same as previously, but pulse durations
are lengthened slightly (vertical axis in arbitrary units). Bottom panel
graphs the time-dependent anisotropy.
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displacements, contributions from the terms in eqs 13 and 14
involving electronic interference in excitation and emission are
found to be entirely negligible.

B. Unequal Site Energies and Weak Coupling.Although
the equal-energy case is most relevant for energy transfer
between similar chromophores in an LH1 complex, it is
interesting to compare the situation of differing site energies.40

Here vibrational wave packets in the higher-lying donor and
lower-lying acceptor states remain coordinated but are no longer
in phasewith each other. As illustrated in Figure 4, surface-
crossing energy-transfer transitions are expected to occur most
strongly when the wave packet crosses the lineqb ) qa - (ε1

- ε1′)/mω2d where the potentials intersect. We examine the
situation ε1′ ) ε1 - 2EFC, in which the intersection passes
through the (qa,qb) ) (d,0) minimum of the donor-excited
potential. This case would produce maximal Fo¨rster overlap
between acceptor absorption and donor fluorescence from a fully
vibrationally relaxed state.

Figure 5 plots the emission signals from a single realization
of the downhill dimer. As before, the transition moments are
perpendicular, butEFC ) 2.0ω (δ ) x2.0) andJ ) 0.2ω. The
center frequencies areΩC ) εj1 + EFC andΩD ) εj1 - 3.0EFC,
and the pulse durations areσC ) σD ) 0.1τVib. We again observe
an initial decrease (increase) in magnitude of the parallel

(perpendicular) emission signal resulting from donor-to-acceptor
energy transfer. The main sequence of quantum beats in the
parallel emission signal has a period∼τVib and is phased
consistently with detection at the outer turning point ofqa. The
perpendicular emission exhibits a series of beats in-phase with
the main sequence from parallel emission and an additional
series ofout-of-phasepeaks. At intermediate times, the parallel
signal also shows several out-of-phase emission bursts.

Both series of beats in the perpendicular emission can be
understood by considering the wave packet trajectories and the
location of the detection window for acceptor-state emission.
From Figure 4 we see that out-going and in-coming donor-
excited wave packets will launch daughter acceptor-excited
packets which follow an elliptical path in counterclockwise and
clockwise directions, respectively. Due to the lower site energy
of the acceptor, the probe pulse now selects for emission near
qb ) d, rather than at the outer turning point. Thus the first
pass through the acceptor probe window of a (counterclockwise)
daughter wave packet launched by an out-going donor and the
second pass of a (clockwise) daughter launched by an incoming
donor packet should both contribute to emission bursts in-phase
with the main sequence of parallel emission beats. Conversely,
the second pass of the counterclockwise packets and the first
pass of the clockwise packets contribute to emission beats that
are out of phase with the main parallel sequence.

Figure 6 shows signals from a collection of 1199 downhill-
transfer complexes with site energies chosen from independent
Gaussian distributions of 0.4ω rms width. The Hamiltonian
parameters and pulse frequencies are otherwise the same as for
Figure 5, butσC ) 0.2τvib andσD ) 0.4τvib. A steady decrease
in the cycle-averaged parallel emission signal is observed, along
with an increase over the first several periods in the perpen-
dicular emission. A sequence of quantum beats of periodτvib

phased consistently with probe detection at the outer turning
point of the donor entirely dominates the parallel emission, and
quantum beats in phase with this progression also dominate the
perpendicular emission. The beats in both emission components

Figure 4. Donor-excited and acceptor-excited electronic potential
energy surfaces along with their (dashed) line of intersection in the
case of downhill transfer. Solid line shows the spatial path for wave
packet motion after short-pulse excitation to the 1-state, while the
elliptical dotted line is the path following a surface-crossing transition
to the 1′-state. Lines of emission resonance from donor- and acceptor-
excited states at our chosen probe-pulse frequency are shown as
vertical and horizontal gray bands, respectively. Note shifted positions
of acceptor emission relative to the equal-energy situation of Figure 1.

Figure 5. Parallel (dashed) and perpendicular (solid) emission signals
in the downhill case. Excitation pulse is centered at the vertical transition
frequency to the donor-excited potential and probe-pulse frequency
selects for probability density at the outer turning point of the
qa-vibration in that state or the midpoint ofqb-vibration in the lower-
energy acceptor-excited state. Vertical axis is in arbitrary units.

Figure 6. Top frame shows the parallel (heavy) and perpendicular
(light) signals from an inhomogeneous collection of dimers in the
downhill case. Other parameters are the same as in Figure 5, except
that pulses are slightly longer (units on vertical axis are arbitrary).
Bottom frame plots the time-dependent anisotropy.
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are sharper than those in Figure 3 because of the smallerJ, the
decreased inhomogeneity, and the shorter pulses. The smaller
out-of-phase quantum beats seen in the perpendicular emission
of Figure 5 are washed out by the inhomogeneous broadening.
As a result, the time-resolved emission anisotropy in the bottom
of Figure 6 is surprisingly similar to the equal-energy case. The
anisotropy decays from 0.4 to a long-time value slightly higher
than for equal site energies. The damped oscillation due to back-
and-forth energy transfer is less evident here, but the anisotropy
shows more prominent vibrational quantum beats. As with
previously calculated time-resolved emission signals from a one-
dimensional electron-transfer model,41 the emission dynamics
from this downhill complex cannot be interpreted as arising
solely from electronic population transfer.

C. Strong Coupling Case.The LH1 anisotropies measured
by Bradforth et al. decayed biphasically from 0.4 to∼0.07 with
time constants of 110 and∼400 fs.1 Thus, energy transfer is
more rapid than both the damping time, 450 fs,and the period,
312 fs, of the quantum beats observed in the polarized emission.
Those and other2 data indicate that the energy-transfer coupling
strength in the light-harvesting complex exceeds the vibrational
frequency itself and not just its damping rate. Evidence for
strong coupling in LH1 is in keeping with the advantage it
should confer by speeding the transport of electronic excitation
to the reaction center and allowing less time for competing
processes.

1. Numerical Results.Figure 7 shows calculated signals from
a collection of equal-site dimers with stronger coupling,J )
1.5ω, and smaller displacements,EFC ) 0.5ω. The width of
the site-energy distributions is 1.2ω (1364 realizations) and the
pulses are short enough (σC ) 0.08τvib and σD ) 0.12τvib) to
justify neglect of energy transfer during pulse action. Center
frequencies areΩC ) εj1 + EFC andΩD ) εj1 - 3.0EFC. In the
polarized emission, vibrational quantum beats are accompanied
by higher-frequency oscillations corresponding to electronic
excitation cycling. Although the vibrational beats are again in
phase between parallel and perpendicular, the electronic oscil-

lations in the two cases are out of phase. The former behavior
is consistent with a role for vibrational coherence transfer,
whereas the latter manifests the precessional transfer of excited-
state population from and to the initially excited chro-
mophore.37,20 We shall see that electronic energy can also be
transferred in this case as the site-character of the one-exciton
eigenstates adiabatically follows a changing nuclear configu-
ration.

2. Analytical Treatment.With strong coupling, 2J . ω, and
small vibrational displacements, electronic excitation is trans-
ferred so quickly from site to site that the nuclear degrees of
freedom have less time to respond than their natural time scale
of motion.11,42The resulting adiabaticity of the nuclear motion
enables a detailed analysis of the time-dependent polarized
emission, which is summarized here and in Appendix B.

One diagonalizes the single-exciton electronic Hamiltonian

to obtain the eigenstates

with s) + or -, and the corresponding eigenenergiesU+(qa,qb)
andU-(qa,qb). Notice that the one-exciton eigenstates (and hence
their transition moments to the electronic ground state) depend
on nuclear configuration through the expansion coefficients in
eq 16.

When 2J . EFC, a harmonic expansion of the adiabatic
potentials becomes appropriate, and in terms of the normal
coordinatesQ ) (qa + qb)/2 andq ) qb - qa, these can be
expressed asUs(Q,q) ) Vs(Q) + Vs(q), where

with M ) 2m, µ ) m/2, and the difference-mode frequencies

whereλ ≡ EFC/2Jd. We have specialized to equal site energies
ε1 ) ε1′ ) ε. Figure 8 shows the adiabatic potential surfaces
U+(Q,q) andU-(Q,q). In these diagrams,Q increases diagonally
and q does so anti-diagonally. The average-mode potentials
V+(Q) and V-(Q) are simply vertically separated by 2J and
correspond to the same frequency as the monomer vibrations.
V+(q) and V-(q) have slightly higher and slightly lower
frequencies (U+ andU- are more and less V-shaped along the
anti-diagonal), respectively, than in the uncoupled monomers.
Also shown are the curves of emission resonance from each
adiabatic potential for the probe frequency used in our calcula-
tions. Due to the coordinate dependence of the adiabatic
transition dipole moments, the wave packets prepared by short-
pulse excitation on the two surfaces need not be centered at the
ground-state equilibrium position.

Through second order inλ, the site coefficients of the
electronic eigenstates are

where j ) 1 (2) identifies the unprimed (primed) coefficient.

Figure 7. Top panel shows the parallel (heavy) and perpendicular
(light) time-resolved emission from an inhomogeneous collection of
nearly equal site-energy dimers with strong energy-transfer coupling.
Vertical axis is in arbitrary units. See text for system and pulse
parameters. Bottom panel plots the anisotropy.

He(qa,qb) ) υ1p + υ1′p′ + J(|1′〉〈1| + |1〉〈1′|) (15)

|s(qa,qb)〉 ) |1〉ês(qa,qb) + |1′〉ê′s(qa,qb) (16)

Vs(Q) ) ε + sJ+ Mω2

2 (Q - d
2)2

+ Mω2d2

8
(17)

Vs(q) )
µωs

2q2

2
(18)

ωs ) ωx1 + 2sλd

ês
(j)(q) ) 1

x2
(sj+1 - (-s)jλq - sj+1λ2

2
q2) (19)

Sources for Long-Lived Quantum Beats J. Phys. Chem. A, Vol. 108, No. 51, 200411201



Since theês
(j) depend only onq, the difference-mode serves as

the “reaction coordinate” for adiabatic electronic energy
transfer.43-45 Within an adiabatic approximation that neglects
transitions between|+(q)〉 and|-(q)〉 induced by motion along
q, we can express the vibronic eigenstates|s(q̂)〉|N〉|ns〉 (N,ns )
0,1,2‚‚‚), in terms of displaced (|N〉) or squeezed (|ns〉) vibra-
tional wave functions from the electronic ground state. The
corresponding eigenenergies are

It becomes a straightforward task to determine the polarized
emission signalsthrough second order inλ. With a vibrationally
abrupt pump and a probe no longer than∼1/2J, the signal takes
the form

whereκ is proportional to the product of pump and probe pulse
areas, andG andg depend on the average-mode and difference-
mode dynamics, respectively. Expressions for the elements of
G and g are given in Appendix B. The probe frequency
dependence of the signal is carried byG, while orientational
effects reside ing. Terms in eq 21 for whichsequalss′ involve
absorption to and emission from a single adiabatic electronic

state, and those with differents and s′ account for electronic
interference in absorption and emission. The signal can be
averaged over the spatial orientation of the complex, as was
done for eqs 13 and 14 (see Appendix B).

Figure 9 compares numerical and analytical emission signals
from an equal-site dimer with strong coupling. Parameters are
the same as in Figure 7, except that the site energies are strictly
equal and the pulse durations areσC ) 0 andσD ) 0.06τvib.46

The numerical and analytical results agree in detail, with both
exhibiting electronic oscillations anti-phased between the parallel
and perpendicular on an envelope of in-phase vibrational
oscillations. The numerical and analytical plots use the same
arbitrary scale, and the difference in signal intensity comes from
our neglect of energy transfer during pulse action in the former
and the adoption of adiabatic, harmonic, and semiclassical
Franck-Condon approximations in the latter. These differences
became less pronounced with shorter probe pulses and more
pronounced for largerλd (calculations not shown).

IV. Discussion

Our calculations support vibrational coherence transfer and
related processes to be discussed in this section as the likely
underlying causes for the previously puzzling behavior of the
quantum beats observed in time-resolved polarized emission
signals from photosynthetic light-harvesting antennas. Most
pertinently for fluorescence up-conversion data from LH1,1 in
the case of an equal site-energy dimer, coherence transfer is
seen to contribute to in-phase quantum beats at the vibrational
frequency in both parallel and perpendicular emission traces
that outlive the decay of the anisotropy due to electronic
population exchange between the donor and acceptor molecules.
Coherence transfer occurs in such a way that the intramolecular
donor and acceptor vibrations, coordinated by the nearly
impulsive surface-crossing energy transfer process, are precisely
in phasewith each other. The in-phase vibrations in excited
donor and excited acceptor molecules of the equal-sites dimer
give rise to in-phase oscillations in the calculated parallel and

Figure 8. Contour plots of the harmonic upper (U+, above) and lower
(U-, below) one-exciton adiabatic electronic potential energy surfaces
in the case of strong coupling.J ) 1.5ω andEFC ) 0.5ω. Black dot at
the origin indicates Franck-Condon point. Dark gray curves are loci
of emission resonance for the probe frequency used in our calculations.

Figure 9. Upper (lower) panel shows numerical (analytical) polarized
emission signals from a strongly coupled dimer with identical site
energies. Dashed (solid) curve gives parallel (perpendicular) emission.
See text for parameters. Both vertical axes are in the same arbitrary
units.

Es,N,ns
) ε + sJ+ Mω2d2/8 + ω(N + 1/2) + ωs(ns + 1/2)

(20)

S(td) ) κ∑
s,s′

Gs′s(td)gs′s(td) (21)
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perpendicular time-gated emission signals similar to those
observed in LH1.

The process of coherence transfer was previously identified
as a feature of the dynamics in abruptly excited and slowly
relaxing electron-transfer systems.47 That study also found that
vibrational coherence could be generated in an initially thermal
state if the coupling was similar in strength to the vibrational
frequency. The coherences of interest in that work were
transferred between pairs of eigenstates of a single-mode
subsystem due to its interaction with a surrounding medium.
Our usage is related, but refers specifically to coherences
transferred between different intramolecular vibrational modes
by the energy transfer process itself, rather than as a consequence
of relaxation. Examples of coherence transfer have been seen
in pump-probe experiments on Iodine in rare-gas matrixes,48

and-with evidence for a temporally decreasing vibrational
period-in femtosecond stimulated emission pumping spectra
of I2

- in a Ar and CO2 clusters.49 Earlier examples of vibrational
coherence transfer from reactants to products include those
observed by two-color pump-probe measurements on the I3

-

+ hν f I2
- + I* photodissociation process50 and by transient

absorption experiments on 11-cis+ hν f all-trans photo-
isomerization in the retinal chromophore of the rhodopsin visual
pigment.51

A recent generalization of Fo¨rster-Dexter excitation transfer
theory to account for unrelaxed vibrations at short times52 deals
in a more general way with some of the questions addressed in
the present study. Jang, Jung, and Silbey (JJS) derived an
expression for an excitation transferrate-second order in the
coupling elementJ, which incorporates the effects of nonequi-
librium intra-chromophore vibrations through a time-dependent
overlap between donor emission and acceptor absorption spectra.
Their explicit calculations assumed distinguishable donors and
acceptors and specialized to certain continuous spectral densities
of independent (donor and acceptor) “bath” vibrations; the
results show time-varying reaction rates with weakly oscillatory
components on the vibrational time-scale. Although the time-
resolved polarized emission does not depend solely on the
changing acceptor population in general, the variations in
transfer rate that JJS predict, governed by an oscillatory overlap
between donor emission and acceptor absorption, may in effect
already have been observed in LH1.

It is important not to oversimplify the interpretation of
quantum beats in the polarized emission signals by directly
equating vibrational-period oscillations in the parallel signal with
coherences in the donor-excited state and oscillations in the
perpendicular signal with vibrational coherence transfer. Donor
emission contributes primarily, but not solely, to the parallel
signal. In a similar way, acceptor emission does not contribute
exclusively to the perpendicular signal. Quantitatively from eq
13, thepppp + p′p′p′p′ term, which accounts for absorption
and emission from the same chromophore, contributes toS|| in
a ratio of 1/5 to 1/15 with thepp′p′p + p′ppp′ term, which
describes absorption and emission from different chromophores
(assuming perpendicular transition moments). From eq 14 on
the other hand, there is a ratio of 1/15 to 2/15 between thepppp
+ p′p′p′p′ andpp′p′p + p′ppp′ contributions toS⊥.53

The terms describing absorption and emission from different
molecules should most directly manifest vibrational coherence
transfer. But as population cycles between donor and acceptor,
coherence back-transfercan alter the vibrational coherence in
the donor-excited state as well. Coherence back-transfer would
thus affect both parallel and perpendicular signals through terms
involving absorption and emission from the same chromophore.

The upper panel of Figure 10 shows thepppp+ p′p′p′p′ term
for the collection of weakly coupled equal-site dimers considered
in Figure 3, and the lower panel plots thepp′p′p + p′ppp′ term
for the same system. Neartd ≈ 10τVib the quantum beats in the
former are of rangeosc≈ 6.4 × 10-5 and those in the latter
are of rangeosc′ ≈ 1.5 × 10-5, in the same arbitrary units.
osc′ results entirely from vibrational coherence transfer, and the
back-transferof vibrational coherence may also contribute to
osc at this delay time. We can obtain a lower bound for the
effects of coherence transfer by ignoring its contribution toosc
and estimating that 2osc′/(osc+2osc′), or about one-third, of
the quantum beat amplitude inS⊥ results from vibrational
coherence transfer.

Even after coherence transfer and back-transfer have operated
extensively, along with depletion of the donor-excited state, there
may remain vibrational coherences which are effectivelytrapped
in the donor. Some vibrational levels in each site state have
negligibly small Franck-Condon overlaps with isoenergetic
levels in the other state, and amplitude in both sets of levels
remains largely unaffected by excitation transfer. The superposi-
tion among donor-excited vibrational levels prepared by a pulse
may include some of these trapped states or may have negligible
amplitude in the crossing region due to local destructive
interference among untrapped site vibrational eigenstates. The
resulting vibrational coherence would make a contribution to
pppp + p′p′p′p′ that persists more-or-less indefinitely in the
absence of relaxation. In wave packet terms, these trapped
coherences can be viewed as forming a wave packet that
executes harmonic motion between (qa,qb) ≈ (0, - â) and (2d,â)
in the donor-excited state, whereâ is a small displacement. Such
a wave packet would be largely immune from energy transfer
because it never crosses the lineυ1 ) υ1′.

It is worth pointing out that under certain circumstances,
different contributions to the pump-probe emission signal
should be experimentally isolable with some choice of pulse

Figure 10. Major contributions to emission signals of Figure 3. Top
panel showspppp+ p′p′p′p′ term, which describes absorption to and
emission from the same site-excited state. Bottom panel displayspp′p′p
+ p′ppp′, which accounts for excitation transfer and vibrational
coherence transfer between the site states. Vertical axes in identical
arbitrary units. These are the only significant contributions toS|| and
S⊥ in this system.
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polarizations. As demonstrated above,30 the signal for an
arbitrary relative polarization of pump and probe can be written
as a linear combination ofS|| andS⊥; it is enough to ask whether
a given contribution to the signal can be obtained by adding
together these two “base signals” with some relative weights.
For the system in Figure 3 featuring relatively strong electron-
vibration coupling, all signal contributions involving electronic
interference between sites are tiny. As a result we see, for
instance, that the combinationS|| - 3S⊥ is proportional to the
pp′p′p + p′ppp′ term plotted in the bottom panel of Figure 10.54

Bacterial light harvesting antennas are multi-chromophore
complexes of broken elliptical shape, rather than dimers, so our
calculations cannot be regarded as direct simulations of the LH1
data.55,56However, the simple dynamics entering the calculated
polarized emission signals suggests that coordinated vibrational
beats arising from coherence transfer and trapping should be a
ubiquitous feature of light emission from impulsively excited
multi-chromophore systems with surface-crossing dynamics.57

Our calculated long-time anisotropy for the weakly coupled
equal-sites dimer (∼0.26), differs from that observed in LH1
(∼0.1).1 This difference results from our neglect of vibrational
relaxation, which is slower than electronic energy transfer and
electronic inhomogeneous dephasing. Appendix A demonstrates
how including vibrational relaxation20,43,58-61 will lead to the
correct limiting anisotropy. The inclusion of multiple vibrational
modes in time-dependent nonlinear optical signals from energy-
transfer complexes, already studied for a variety of linear
measurements,62 should be a topic for further investigation.

Phthalocyanine dimer and trimer complexes have been studied
as models for photosynthetic energy transfer, and their various
electronic excitations elucidated.63 Two-color photon echo
experiments on coupled phthalocyanine dimers64 support many
aspects of Ishikawa’s analysis and reveal∼160 cm-1 quantum
oscillations-attributed to molecular vibration-whose phase was
seen to differ byπ from those observed in one-color experi-
ments. In light of the more complicated electronic structure of
these dimers, which feature excited states of mixed Frenkel-
exciton and charge-transfer character, it will be interesting to
determine whether the dynamics underlying the quantum beats
is related to that considered here.

We reported calculations of the emission dynamics from a
dimer with a site energy difference of 2EFC, corresponding to
the “barrierless” case for Fo¨rster transfer. Here the donor-mode
and acceptor-mode vibrations are still coordinated by impulsive
energy transfer, but differ by 90° in their phase of motion. In
the presence of broadened site energies, this phase shift did not
alter the in-phase relationship between parallel and perpendicular
emission beats. Our choice of probe center frequency was
special, however, selecting for vibrational probability density
at the outer turning point of the donor-mode vibration and
halfway between inner and outer acceptor-mode turning points.
For an arbitrary probe frequency, the donor- and acceptor-
emission vibrational beats would be phase shifted with respect
to each other.65 In contrast to the equal-energy situation,
vibrational coherence trapping would not be expected to operate
effectively in the downhill case, because there is no way of
leaving behind a localized residual wave packet in the donor-
excited-state whose motion avoids the potential energy intersec-
tion line. A delocalized quasi-stationary vibrational distribution
with a node of probability density along the intersection line
could remain trapped in this case, however.

Vibrational coherence transfer also occurs in the strong-
coupling case most directly pertinent to LH1. Figure 11 shows
thepppp+ p′p′p′p′ andpp′p′p + p′ppp′ terms for the strongly

coupled dimer complex of Figure 7. Both terms display
prominent vibrational-period oscillations (with those in the
pp′p′p + p′ppp′ terms resulting entirely from coherence transfer)
along with higher-frequency electronic oscillations. Also shown
is thep′p′pp + ppp′p′ + p′pp′p + pp′pp′ contribution, which
accounts for electronic interference between sites in absorption
and emission. Similar in magnitude topppp + p′p′p′p′, the
electronic interference term also shows vibrational-period
quantum beats. It does not exhibit electronic oscillations because
the portions with (p′pp′p + pp′pp′) and without (p′p′pp+ ppp′p′)
excitation transfer are roughly proportional to 1- cos2Jtd and
1 + cos2Jtd, respectively, and the cosines cancel.

Our analytical treatment of the strong-coupling case identifies
the emergent vibrational frequenciesω+ andω- given below
eq 18. Alluded to in early descriptions of strongly coupled
energy transfer,11 these new “vibrational” frequencies are a
limiting illustration of the emergence of new vibronic eigenen-
ergies that occurs whenever energy-transfer coupling signifi-
cantly distorts the adiabatic potentials.66 The elements ofGs′s(td)
(eq B2) with s′ * s contribute to interference between the
adiabaticelectronic states in absorption and emission and carry
a 2J oscillation. In the signal (21) this bare electronic oscillation
combines with vibrational difference frequencies ings′s(td) (eqs
B5, B6, and B8) to produce oscillations at 2J + (ω+ - ω-)/2,
2J + (3ω+ - ω-)/2, 2J + (ω+ - 3ω-)/2, 2J + (5ω+ - ω-)/2,
2J + (ω+ - 5ω-)/2, 2J + (3ω+ - 3ω-)/2, and 2J + (5ω+ -
5ω-)/2. In the s′ ) s contributions, purely “vibrational”

Figure 11. Contributions to polarized emission of Figure 7 with equal
site energies and strong coupling. Top:pppp+ p′p′p′p′. Middle: pp′p′p
+ p′ppp′. Bottom:p′p′pp + ppp′p′ + p′pp′p + pp′pp′ term describing
electronic interference betweensites. Last quantity is nonnegligible in
this strongly coupled system with small vibrational displacements. All
vertical axes in identical arbitrary units.
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oscillations occur at frequenciesω+, ω-, 2ω+, and 2ω- in
addition toω (see eq B8). These new vibrational frequencies
govern the wave packet motion that gives rise to adiabatic
excitation transfer. Shifted frequencies of this kind may account
for some of the spectral density seen below and above 105 cm-1

in transient absorption measurements on LH1 by Monshouwer
et al.67

V. Conclusion

In addition to resolving a perplexing feature of the light-
emission from short-pulse excited photosynthetic antenna
complexes, our proposed explanation (and the experimental data
themselves) points to an influential role for molecular and
intermolecular vibrations in short-time electronic energy trans-
fer.68 Beyond emphasizing that a detailed account of Franck-
Condon active or frequency-shifted vibrations, including their
coherent excitation and subsequent damping, will be an
important ingredient in an accurate portrayal of photosynthetic
and other electronic energy transfer dynamics, these findings
open the prospect of using external control over molecular
vibrations as a means of influencing the transport among coupled
chromophores of higher-energy electronic excitations. It will
be interesting to discover to what extent control strategies
designed in that way illuminate or provide alternatives to
random-search methods, which have already met with some
success in governing the time-course of photosynthetic energy
transfer.69

Appendix A. Long-Time Anisotropy

The effects of vibrational relaxation could be incorporated
by including the nuclear degrees of freedom of a surrounding
medium. Prior to excitation, the state is|0〉|ψ〉 ) |0〉|(0,0)0〉|bth〉,
in which |(0,0)0〉 and |bth〉 are vibrational eigenstates of the
chromophore pair and the surrounding medium, respectively
(compare Section II). The orientationally averaged signal
expressions (13) and (14) would then comprise terms of the
form

where each superscripted projection operator denotes eitherp
or p′, andc andd are the reduced pulse propagators. The free
evolution, [td], is governed by a Hamiltonian which includes
both dimer and bath degrees of freedom.

A vibrationally abrupt pump pulse prepares the photoexcited
state

In either case (p or p′), the propagated state ket

is a sum of tensor products of one-exciton eigenstates of the
dimer denoted by|ú〉 and time-dependent bath states specific
to l andú. At td longer than some vibrational relaxation time,
and with the assumption that system-bath interactions are weaker
than the splittings between vibronic levels, the sum in eq A3

will be dominated by the term|ú0〉|bth0
(l)(td)〉, where |ú0〉 =

{(|1〉|(0,0)1〉 - |1′〉|(0,0)1′〉)}/{x2} is the lowest-lying state in
the case of equal site energies. This “ground-state dominance”
occurs because there aremanymore states accessible to the high-
dimensional bath with the full available energyEFC - Eú0 than
with any reduced allotmentEFC - Eú>0. Having p- and
p′-projected states both acquire the same general form does not
violate unitary evolution, because the corresponding long-time
bath states are essentially orthogonal:〈bth′0(td)|bth0(td)〉 ) 0.

Using the resulting form (A3) for both bra and ket in eq A1
and ignoring any small effect of the probe-pulse propagator
on the bath states, we find

The long-time bath states fori * l are effectively orthogonal,
and the vibrational states|(0,0)j〉 and |(0,0)k〉 copied to the
ground-state potential by the probe pulse should have little
overlap if they come from different excited-state wells. Thus,
the site-state indices in eq A1 must obeyi ) l and j ) k in
order to give a nonnegligible contribution at long times, and
the nonvanishing terms (A1) should all take essentially the same
value. The long-time anisotropy can be calculated from the
resulting proportionalities

Whence

which gives 0.1 forR ) π/2 and 0.4 forR ) 0.

Appendix B. Adiabatic Analysis

Gs′s(td) ) 〈aVgs′|aVgs〉 in formula (21) is the inner product of
time-dependent average-mode kets

in which c ) σD
2M2ω4d2/8 and QDs ≡ (2/Mω2d)(ε + sJ +

Mω2d2/4 - ΩD).70 The wave packet (B1) is prepared by an
abrupt pump pulse, propagated fortd by the appropriate average-
mode Hamiltonian, and dumped to the ground potential energy
surface by a short probe. The wave function for the lowest-
lying state of the average-mode Hamiltonian in either one-
exciton level is〈Q|N ) 0〉 ) (Mω/π)1/4 exp{- (Mω/2)(Q -
d/2)2}, and the translation operator exp{idP̂/2} moves it to
the Franck-Condon point, where its evolution begins. Since
exp{-itd(P̂2/2M + Vs(Q̂))}exp{idP̂/2}|N ) 0〉 is a Glauber
coherent state, its time development takes a compact form33

which together with the shortσD leads to

〈bth|〈(0,0)0|〈0|c†p(i)[-td]p
(j)d†|0〉〈0|dp(k)[td]p

(l)c|0〉
|(0,0)0〉|bth〉 (A1)

p(l)c|0〉|(0,0)0〉|bth〉 = i
2
ACσCx2πe-iΦCp(l)(|1〉 +

|1′〉)|(0,0)0〉|bth〉 ) i
2
ACσCx2πe-iΦC|(l)〉|(0,0)0〉|bth〉 (A2)

[td]p
(l)c|0〉|(0,0)0〉|bth〉 )

i

2
ACσCx2πe-iΦC∑

ú

|ú〉|bthú
(l)(td)〉

(A3)

〈bth|〈(0,0)0|〈0|c†p(i)[-td]p
(j)d†|0〉〈0|dp(k)[td]p

(l)c|0〉 ×
|(0,0)0〉|bth〉 = π

4
AC

2σC
2〈bth0

(i)(td)|bth0
(l)(td)〉 ×

〈(0,0)j|〈(j)|d†|0〉〈0|d|(k)〉|(0,0)k〉 (A4)

S|| ∝ 2
5

+ 2
1 + 2cos2R

15
(A5)

S⊥ ∝ 2
15

+ 2
2 - cos2R

15
(A6)

S|| - S⊥

S|| + 2S⊥
) 1

10
+ 3

10
cos2R (A7)

|aVgs〉 ) exp{-c(Q̂ - QDs)
2} exp{-itd( P̂2

2M
+ Vs(Q̂))} ×

exp{i
d
2
P̂}|N ) 0〉 (B1)
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with Qh (td) ) d(1 - cosωtd)/2.
The evaluation ofgs′s(td) in eq 21 is more involved. This term

accounts for the polarization dependence of the signal. The terms
with s ) s′ involve adiabatic excitation transfer, which ac-
companies motion from a (qa,qb) configuration corresponding
to “donor” excitation-one withq ) qb - qa less than (greater
than) zero on the lower (upper) one-exciton surface-to a
configuration corresponding to “acceptor” excitation-one with
q greater than (less than) zero on the lower (upper) surface.
Terms with s * s′ shift the frequency of “precessional”
excitation transfer from 2J (already accounted for byGs′s(td))
to the slightly higher and lower frequencies corresponding to
transitions betweenVibronic levels of the upper and lower one-
exciton manifolds. This effect has been neglected in some prior
studies of transient absorption from strongly coupled com-
plexes.10,71

The various factorsgs′s(td) ) 〈diffs′|diffs〉 are overlaps between
difference-mode states

with RI ) µa‚eI andâI ) µb‚eI for I ) C,D, where〈q|n0 ) 0〉
) (µω/π)1/4 exp{-(µω/2)q2} is the wave function for the lowest
difference-mode level of the electronic ground state. The
overlaps can therefore be written schematically as

This representation ofg has the same structure asS(td) itself
prior to averaging over orientations, withê andê′ replacingp
andp′. The orientationally averaged overlaps for the cases of
parallel and perpendicular polarizations can thus be obtained
by transcribing eqs 13 and 14

In pursuing analytical expressions for the terms in (B5) and
(B6), we write each them as an inner product,ês′

(l)ês′
(k)ês

(i)ês
(j)

) 〈kls′|ij s〉, between states of the form

These overlaps must be obtained through second order inλ.
We do not rehearse the further details, but simply state the final
result

in which 〈0s′|0s〉 ) 1 - (s′ - s)2(λd)2/16 and〈2s′|0s〉 ) - 〈0s′|2s〉
) λd(s′ - s)/23/2.

Expressions (B2), (B5) or (B6), and (B8) can be substituted
in eq 21 to give the emission signal from the strongly coupled
complex. The results are compared with numerical simulations
in Figure 9.
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