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without K (fig. S4). This is another indication of
NEA because K deposition onto a positive elec-
tron affinity semiconductor will lead to a shift of
the low—kinetic energy cutoff and strong enhance-
ment of the secondary electron background.

On a typical NEA surface, electrons excited
into unoccupied states relax to the bottom of the
conduction band as a result of inelastic scatter-
ing, a process normally referred to as the second-
ary cascade. A number of secondary electrons
will then accumulate at the bottom of the con-
duction band. For a surface with positive elec-
tron affinity (as occurs in almost all untreated
semiconductor surfaces), these accumulated elec-
trons cannot escape. For an NEA surface, these
accumulated electrons can be emitted directly be-
cause the vacuum level lies below the bottom of
conduction band. As a result, a peak will be ob-
served at the low—kinetic energy threshold in PES
(4, 17-19, 23, 24).

However, on diamondoid SAM surfaces, there
is only a single layer of diamondoid molecules.
The detailed mechanism responsible for the high-
ly monochromatic emission is unknown at this
stage. Naively, one may consider that photoex-
cited electrons lose energy by creating phonons in
the molecules, but this would likely lead to the
destruction of the molecules. A plausible scenario
is that most of the photoexcited electrons come
from the substrate. These electrons first thermalize
in the metal, producing many more low-energy
electrons. Electrons with energies above the
diamondoid conduction-band minimum may get
transferred to diamondoid molecules, reach the
bottom of the conduction band by creating
phonons, and get emitted. This proposal is shown
schematically in Fig. 4. Another difference be-
tween our results and those of other typical NEA
systems (4, 1719, 23, 24) is that our data show a
spike in the spectra rather an exponential rise of
the secondary tail toward the threshold, suggesting
that a single energy level, resulting from the mo-
lecular nature of nanometer-sized diamondoids,
and/or a strong resonance process are involved.

Our results suggest that diamondoid mono-
layers may have promising utility. Not only can
functionalized diamondoids be easily grown into
large area SAMs with NEA properties, they also
naturally circumvent the long-standing electron-
conductivity issues encountered for wide-gap bulk
NEA semiconductors (4, 26). On a diamondoid
SAM surface, electron conduction from the elec-
tron reservoir (metal substrates) to the emission
surface is through a single molecule, which suc-
cessfully avoids the low-conductivity problem
and enhances the electron emission. Additional-
ly, the possibility of different functionalizations
(3, 4) allows one to optimize the NEA and other
properties of diamondoids. Although many techni-
cal issues need to be addressed before diamondoid
SAMs can be used as electron emitters, diamond-
oids provide intrinsic advantages over bulk
materials because of their special molecular
characteristics—for example, narrow energy dis-
tribution of the electronic states.
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Coherence Dynamics in
Photosynthesis: Protein Protection
of Excitonic Coherence

Hohjai Lee, Yuan-Chung Cheng, Graham R. Fleming*

The role of quantum coherence in promoting the efficiency of the initial stages of photosynthesis
is an open and intriguing question. We performed a two-color photon echo experiment on a
bacterial reaction center that enabled direct visualization of the coherence dynamics in the
reaction center. The data revealed long-lasting coherence between two electronic states that are
formed by mixing of the bacteriopheophytin and accessory bacteriochlorophyll excited states.
This coherence can only be explained by strong correlation between the protein-induced
fluctuations in the transition energy of neighboring chromophores. Our results suggest that
correlated protein environments preserve electronic coherence in photosynthetic complexes and
allow the excitation to move coherently in space, enabling highly efficient energy harvesting and

trapping in photosynthesis.

ighly efficient solar energy harvesting
Hand trapping in photosynthesis relies on
sophisticated molecular machinery built

from pigment-protein complexes (/, 2). Although
the pathways and time scales of excitation energy
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transfers within and among these photosynthetic
complexes are well studied, less is known about
the precise mechanism responsible for the energy
transfer. In particular, to what extent quantum
coherence contributes to the efficiency of energy
transfer is largely unknown. Only recently have
nonlinear optical spectroscopy and theoretical
modeling started to reveal that coherences
between electronic excitonic states can have a
substantial impact on excitation energy transfer
in photosynthetic systems (2—4). For example,
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Engel et al. have demonstrated using two-
dimensional (2D) electronic spectroscopy that
surprisingly long-lived (>660 fs) quantum coher-
ences between excitonic states play an important
role in the dynamics of energy transfer in pho-
tosynthetic complexes—i.e., the energy transfer
is described by wavelike coherent motion instead
of incoherent hopping (4).

To understand the origins of such long-lived
coherences and the role of the protein matrix in
its preservation, an experiment specifically de-
signed to monitor electronic coherences between
excited states is required. Here, we describe a
two-color electronic coherence photon echo ex-
periment (2CECPE) that produces a direct probe
of electronic coherences between two exciton
states. We applied the method to the coherence
between bacteriopheophytin and accessory bac-
teriochlorophyll in the purple bacteria reaction
center (RC). The measurement quantifies
dephasing dynamics in the system and provides
strong evidence that the collective long-range
electrostatic response of the protein environment
to the electronic excitations is responsible for the
long-lasting quantum coherence. In other words,
the protein environment protects electronic
coherences and plays a role in the optimization
of excitation energy transfer in photosynthetic
complexes.

The RC from the photosynthetic purple bac-
terium Rhodobacter sphaeroides includes a
bacteriochlorophyll dimer called the special pair
(P) in the center, an accessory bacteriochlo-
rophyll flanking P on each side (BChl; By and
By, for the L and M peptides, respectively), and
a bacteriopheophytin (BPhy; H; and Hy, for the
L and M peptides, respectively) next to each
BChl (5). (We use H and B to denote excitonic
states whose major contributions are from
monomeric BPhy and accessory BChl in the
RC, respectively.) In addition to electron trans-
fer with near-unity efficiency (6), energy trans-
fer occurs between the excitonically coupled
chromophores—for example, from H to B in
about 100 fs and from B to P in about 150 fs—in
the isolated RC (7-10). In our experiments, the
primary electron donor (P) is chemically oxidized
by K;5Fe(CN)g (1), which blocks electron trans-
fer from P to Hp, but does not affect the dy-
namics of energy transfer (8). This modification
eliminates interference from the charge-transfer
dynamics. The absorption spectrum of the P-
oxidized RC at 77 K (Fig. 1A) shows the H band
at 750 nm and the B band at 800 nm.

In our 2CECPE (/1) (Fig. 1B), three ~40-fs
laser pulses interact with the sample and generate
a signal field in the phase-matched direction £;.
The first two pulses have different colors and are
respectively tuned for resonant excitation of the
H transition at 750 nm and the B transition at
800 nm (Fig. 1A). This is different from
conventional two-color three-pulse photon echo
technique in which the first two pulses have the
same color (/2). In our experiment, the first
pulse (750 nm) creates an optical coherence

(electronic superposition) between the ground
state and the H excitonic state (|g)(H| coherence).
The coherence evolves for time delay #; until the
second pulse (800 nm) interacts with the sample
to form a coherence between B and H (|B)(H]|
coherence) that evolves for a time #,. Finally, the
third pulse (750 nm) interacts with the system to
generate a photon echo signal if, and only if, B
and H are mixed. The integrated intensity of the
echo signal is recorded at different delay times ¢,
and . The central idea of the experiment is that if
two chromophores are coupled and create two
exciton bands (H and B in this case) in the ab-
sorption spectrum, then excitation resonant with
one transition (|g)—|H)), followed by excitation
resonant with the other (|jg)—|B)) converts the
initial coherence (|g)(H|) into a coherence of the
two exciton bands (|B)(H|). This experiment is
distinct from conventional two-color three-pulse
photon echo measurements because different
colors in the first two pulses are used to optically
select the contributions to the third-order re-
sponse function that arise from coherence path-
ways involving electronic superposition between
two exciton states in the #, period. Because the
system is in a coherence state in time #,, popu-
lation dynamics only contribute to dephasing and
do not generate additional echo signals; therefore,
this technique is specifically sensitive to the co-
herence dynamics and provides a probe for the
protein environment of the chromophores. A
similar pulse ordering was applied in dual-
frequency 2D infrared spectroscopy to study
vibrational coherence transfer and mode cou-
plings (13, 14).

The 2CECPE signals for the RC as a function
of #; and #, measured at 77 K and 180 K are
shown in Fig. 2, A and B, respectively. These
figures provide a 2D representation of the sys-
tem, which propagates as a |g)(H| coherence dur-
ing the ¢, period and as a |B)(H| coherence during
the #, period. The result is a map showing the
dephasing dynamics of the |g)(H| coherence
along the # axis and the dynamics of the [B)(H|
coherence along the #, axis. Clearly, the decay of
the |g)(H| coherence is much faster than the de-
cay of'the [B)(H| coherence. Moreover, following
the black curve that connects the maximum of
integrated echo signal at fixed #,, we see that the
signals exhibit a sawtooth-shaped beating pattern
that persists for longer than # > 400 fs. This
oscillatory behavior is not from excitonic beating,
given that we detect signal intensities in which
the oscillatory phase factor vanishes; instead, this
beating indicates electronic coupling to vibra-
tional modes. Notably, the pattern is also pe-
culiarly slanted along the antidiagonal direction;
this slant arises because the vibrational coher-
ence is induced by the first laser pulse and prop-
agates in time #, + %, making the peaks of the
beats parallel to the antidiagonal (¢, + 2, is fixed).
The signals show substantial peak shift [i.e.,
shift from # = 0 (/2)], indicating correlation of
the excitation energies between the H and B
transitions (/2).

REPORTS

To analyze the [B)(H| coherence dynamics,
we plotted the integrated signal at #; = 30 fs
(across the maxima of the first beat) as a function
of t, (Fig. 3). Clearly, the dephasing is enhanced
at higher temperature, as expected. The decay of
the echo signal as a function of # is not de-
scribed by a single exponential decay because of
its highly non-Markovian nature and the vibration-
al modulation. A Gaussian-cosine fit of the signal
shows that the main component of the coherence
signal decays with a Gaussian decay time (t,) of
440 and 310 fs at 77 and 180 K, respectively
(eq. S1 and fig. S1). These dephasing times are
substantially longer than the experimentally
estimated excitation energy transfer time scale
of about 250 fs from H to B to P" (§). The
surprisingly long-lived [B)(H| coherence indi-
cates that the excitation energy transfer in the
RC cannot be described by Forster theory, which
neglects the coherence between donor and accep-
tor states (15). In addition, the decay of the |g)(H]|
coherence is much faster than the decay of the
[B)(H| coherence. Considering that the dephasing
of the |g)(H| coherence is caused by the transition
energy fluctuations on H, whereas the dephasing
of the |B)(H| coherence is due to the fluctuations
on the gap between H and B transition energies,
the transition energy fluctuations on B and H
must be strongly correlated, because in-phase
energy fluctuations do not destroy coherence.
Such a strong correlation can arise for two
possible reasons: strong electronic coupling
between B and H and/or strong correlation be-
tween nuclear modes that modulate transition
frequency fluctuations of localized BChl and

—_
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Fig. 1. The 2CECPE experiment. (A) The 77 K
absorption spectrum (black) of the P-oxidized
RC from the photosynthetic purple bacterium
R. sphaeroides and the spectral profiles of the
~40-fs laser pulses (blue, 750 nm; red, 800 nm)
used in the experiment. (B) The pulse sequence
for the 2CECPE experiment. We detect the in-
tegrated intensity in the phase-matched direc-
tion ks = —k1 + k, + k3. a.u., arbitrary units.
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BPhy excitations. Our theoretical analysis found
that strong electronic coupling alone cannot re-
produce the sawtooth pattern and a dephasing
time as long as that observed (/7). Instead, cross-
correlation between nuclear modes modulating
the energy levels of localized BChl and BPhy
excitations is required.

We modeled the 2CECPE signals using im-
pulsive limit third-order response functions for a
coupled heterodimer based on the transition fre-
quency correlation functions for each localized
excitation (//, 16). The model correlation func-
tions contain a sum of a Gaussian component
representing solvent reorganization and a con-
stant term representing the inhomogeneous static
contribution:

Ci(1) = (A]yexp(—1* /<)) + AT (1)

where (Aw?)""? is the fluctuation amplitude that is
determined by the reorganization energy A, T is
the bath relaxation time, A is the standard de-
viation of Gaussian static distribution, and i = A,
b, and hb denote the localized BPhy, BChl exci-
tations, and the cross-correlation between them,
respectively. For Cy(f) and Cj(7), we adopted
parameters established by previous photon echo
experiments on the neutral RC and by quantum
chemistry calculations (/7-20). For simplicity,
we used a single coefficient ¢ to describe the
cross-correlation and assume Ay, = ¢ - /A, A, and
Aib = ¢+ ApAp. The cross-correlation coefficient
¢ represents the extent to which nuclear motions
modulating the transition frequencies of localized
BPhy and BChl excitations are correlated with

400
350
300

(2]

= 250

200

150

100 77K

] 50 100 150
ta(fs)

180K |

each other. With ¢ = 0.9 and the addition of a
vibrational mode coupled to the localized BPhy
excitation (® =250 cm '; Huang-Rhys factor S =
0.4; damping time > 0.6 ps; phase shift 0.28 rad),
the model semiquantitatively reproduces the
measurements at 77 and 180 K simultaneously;
a ¢ value of 0.6 substantially diminishes agree-
ment with experiment (Figs. 2 and 3). Adding
more terms to the model correlation functions
improves the fit to experiments, but does not
change any conclusions.

A ¢ value near unity implies that nuclear
modes coupled to H and B exhibit almost iden-
tical motions immediately after excitation. In
other words, the two chromophores, H and B, are
effectively embedded in the same protein envi-
ronment and feel a similar short-time Gaussian
component of their energy-level fluctuations.
Most likely, this short-time component is the
electrostatic response of the protein environment
to the electronic excitations. Molecular dynamics
simulations of the RC support this conclusion
and show that interactions with the solvent en-
vironment (protein and water), rather than the
intramolecular contributions, dominate the tran-
sition energy fluctuations of the P dimer excited
state (27).

Theories for excitation energy transfer in
pigment-protein complexes usually assume an
independent bath for each of the individual chro-
mophores (/-3, 15, 22, 23). However, our result
suggests that in densely packed pigment-protein
complexes, the assumption of independent bath
environments for each site is not correct. Indeed,
a previous molecular dynamics simulation on the

200

150

100 77K

0 50 100 150
400 1

350
300
250
200
150

100 180K

0 50 100 150
ta(fs)

Fig. 2. Two-dimensional maps of experimental (A and B) and simulated (C and D) integrated echo
signals as a function of the two delay times, ¢; and t,, from the RC. The black lines follow the
maximum of the echo signal at a given ¢,. The data at t, < 75 fs are not shown because the
conventional two-color three-pulse photon echo signal (750-750-800 nm) overwhelms the 2CECPE
signal in this region, due to the pulse overlap effect.

RC of Rhodopseudomonas viridis also showed
that nuclear motions of adjacent chromophores
are strongly correlated (24). Given that closely
packed pigment-protein complexes are a ubiqui-
tous configuration for efficient energy harvesting
and trapping in photosynthetic organisms, the
long-range correlated fluctuations indicated by
our results are unlikely to be unique.

What are the likely consequences of long-
lived electronic coherence in the RC? First, such
coherence enables the excitation to move rapidly
and reversibly in space, allowing a very efficient
search for the energetic trap, in this case the
primary electron donor, P. The almost complete
correlation of the H and B fluctuations (on the few
hundred—femtosecond time scale) and the likely
significant correlation of the fluctuations of both
exciton states of P with those of B will also enable
bath-induced coherence transfers between the
various pairs of excitons (25-27). We suggest that
the overall effect of the protection of electronic
coherence is to substantially enhance the energy
transfer efficiency for a given set of electronic
couplings over that obtainable when electronic
dephasing is fast compared with transfer times.

It will be important to confirm this proposal
by carrying out experiments similar to the one
described here, but with excitation wavelengths
resonant with B and P and with H and P. The

A e Experiment
—c=0.9

Integrated Intensity (a.u.)

T T T T T T T T
50 100 150 200 250 300 350 400 450

Integrated Intensity (a.u.)

50 100 150 200 250 300 350 400 450
ta(fs)

Fig. 3. Integrated echo signals as a function of
t, at t; = 30 fs. Because the system evolves as a
coherence between the H and B excitons during
the t, period, this plot represents the dephasing
dynamics of the IBXHI coherence. Measurements
at 77 K (A) and 180 K (B) are shown in solid circles,
and the theoretical curves are shown in red (c =
0.9) or blue (c = 0.6) lines. a.u., arbitrary units.
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