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Elucidation of the timescales and origins of
quantum electronic coherence in LHCII

Gabriela S. Schlau-Cohen'?%, Akihito Ishizaki?f, Tessa R. Calhoun'?’, Naomi S. Ginsberg'?,
Matteo Ballottari3, Roberto Bassi®* and Graham R. Fleming'?*

Photosynthetic organisms harvest sunlight with near unity quantum efficiency. The complexity of the electronic structure
and energy transfer pathways within networks of photosynthetic pigment-protein complexes often obscures the
mechanisms behind the efficient light-absorption-to-charge conversion process. Recent experiments, particularly using
two-dimensional spectroscopy, have detected long-lived quantum coherence, which theory suggests may contribute to the
effectiveness of photosynthetic energy transfer. Here, we present a new, direct method to access coherence signals: a
coherence-specific polarization sequence, which isolates the excitonic coherence features from the population signals that
usually dominate two-dimensional spectra. With this polarization sequence, we elucidate coherent dynamics and
determine the overall measurable lifetime of excitonic coherence in the major light-harvesting complex of photosystem ILI.
Coherence decays on two distinct timescales of 47 fs and ~800 fs. We present theoretical calculations to show that these
two timescales are from weakly and moderately strongly coupled pigments, respectively.

sunlight and converting it to chemical energy with near unity

quantum efficiency’. Networks of densely packed pigment-
protein complexes (PPCs) absorb and then translocate photoenergy
to a central site of charge separation, known as the reaction centre”.
The relatively low intensity of sunlight at the Earth’s surface
(1,000 W m™?) drives the dense packing of pigments within
PPCs, which produces electrodynamic couplings between pigments.
These couplings are highly sensitive to molecular structure, and
their strength determines the pathways and mechanisms by which
energy is transported from an initial absorption site to the reaction
centre’. Furthermore, strong couplings enable the existence of
quantum-coherent electronic excitations between multiple pig-
ments, even at physiological temperatures*. We describe a new
extension of two-dimensional (2D) spectroscopy, the application
of a coherence-specific polarization sequence, which directly
probes quantum coherence. This technique explores and isolates
coherence-related phenomena, including those that arise from
coherence transfer.

Emerging experimental and theoretical results have revealed that
electronic excitations move through photosynthetic complexes as
quantum-mechanical wave packets that maintain their phase coher-
ence®’ or exhibit long-lasting oscillatory motion between multiple
pigments. This effect, quantum coherence, involves a coherent
superposition of delocalized excited states, which theoretical
results have suggested could be one potential contributor to the
remarkable efficacy of photosynthetic light harvesting®-!!. Long-
standing experiments have observed indications of quantum coher-
ence, but only recently have 2D and non-degenerate photon echo
experiments begun to provide methods to clearly access signals
from quantum coherence*®!?-14, These four-wave-mixing exper-
iments have detected long-lived quantum coherence in PPCs from
bacterial, algal and plant systems at ambient and cryogenic

Photosynthetic organisms fuel most life on Earth by absorbing

temperatures*>1315. Although the existence of coherence has been
observed at both physiological and cryogenic temperatures, ques-
tions remain about the functional significance of coherence and
its contribution to light harvesting.

Existing techniques are able to detect signals from coherence per-
sisting over durations much longer than the femtosecond timescale
of typical energy transfer steps in photosynthesis®. The coincidence
of timescales stimulates discussions on whether coherence may play
a role in ensuring the efficiency of energy transfer. One component
of understanding the role of quantum coherence in excitation
energy transfer is quantifying the relationship between long-lived
quantum beating and donor/acceptor states. This requires elucidat-
ing the energies of excitonic states exhibiting strong quantum
beating and comparing them to energies of donor and acceptor
states, and then finding timescales over which quantum beating
signals decay and comparing them to the timescales of energy
transfer. Correlating the lifetime of beating and the rate of energy
transfer may allow for a better understanding of the interplay
between them.

In this Article, we demonstrate a new method for studying elec-
tronic coherence through the application of the coherence-specific
pulse polarization sequence (45°, —45°, 90°, 0°)!6. The resultant
2D spectra map the evolution of excited-state coherences free
from a background of traditional diagonal signals and energy trans-
fer peaks'é~'8, Without collecting a large number of timepoints to
sample the oscillations, individual spectra can show both the life-
times of excited-state coherences and their excitation and
emission energies.

In 2D spectroscopy, a broadband femtosecond pulse, encom-
passing multiple transitions, excites the sample and then monitors
its evolution by spectrally resolving both absorption and emission
frequencies as a function of a variable temporal delay (the time
period over which quantum coherence is observed) between
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Figure 1| Absolute-value non-rephasing spectra under coherence-specific polarization at 77K.a, T=0fs. b, T=40fs. ¢, T=200fs. d, T=400 fs.
Owing to the polarization of the incident pulses, these spectra contain only peaks corresponding to quantum coherences. The appearance of peaks along the
diagonal in a shows the existence of quantum coherence in all spectral regions. The relatively high intensity of the mid-energy Chl-a peak (~14,900 cm™")
indicates a stronger coherence contribution within this region than seen previously and than was predicted by previous models.

absorption and emission events'®-?2. The 2D spectra are plotted as a
function of absorption (w,) and emission (w,) frequency for
each delay time (T') and contain the sum of all phase and energy-
conserving processes within the system, including absorption,
energy transfer, coupling and coherence!®®. A 2D measurement
requires interaction with four laser pulses. Careful manipulation
of their polarization reveals information about molecular processes
normally obscured by more intense, overlapping peaks?*~*. By
varying the polarization of the incident pulses, we generate coher-
ence-specific spectra to examine the energies and timescales of
excited states that give rise to quantum coherence. The spectra are
free from a background of signals corresponding to absorption
and emission processes, population transfer, electronic coupling
and excited-state absorption. The two excitation pulses are orthog-
onal to one another, as are the two emission pulses. This selects for
Liouville pathways where, in the ensemble, the two pulses can only
both interact with transition dipoles that have a component perpen-
dicular to each other, or are non-parallel?. In the case of exciting a
population, p = |e, )¢, |, the two transition dipoles are of the same
state, and thus are necessarily parallel to each other (themselves).
Thus, for orthogonal excitation pulses, the system is excited into a
coherence, p= |e,)e,|. Pulse 3 and the detected (local oscillator)
polarization are also orthogonal, and so only detect signals
emitted from a coherence. The ability to observe the isolated coher-
ence signal allows a clearer understanding of which excited states
contribute to coherent motion and therefore how excitonic coher-
ence coincides with, and so contributes to, energy transfer.

In understanding photosynthetic light harvesting, studying light-
harvesting complex II (LHCII) from green plants is critical because
it contains more than 50% of the world’s chlorophyll*”. In recent all-
parallel polarization 2D experiments on LHCII, the existence of
coherence was demonstrated and observed to persist through the
500 fs timescale of the experiment at 77 K (ref. 15), which is
notable because multiple energy transfer processes shorter than

500 fs have been observed within LHCII*#?. Although all-parallel
2D experiments determined the existence of long-lived quantum
beating signals®!®, the long data collection times required to
resolve multiple oscillation periods of quantum beats precluded
examination of quantum coherence through the decay of the oscil-
lation. Additionally, determining decay times by sampling oscil-
latory behaviour requires fitting the frequency and decay of each
quantum beating component. In congested systems, such as photo-
synthetic PPCs, closely spaced, overlapping transitions mean
beating signals contain multiple frequency components. Analysis
of oscillations with multiple frequency components is easily con-
taminated by laser fluctuations and other sources of experimental
noise, as these also give rise to alternately increasing and decreasing
intensities. Here, we apply the coherence-specific polarization
scheme to LHCII. Under coherence-specific polarization, peaks
arise only at the energies of excited states exhibiting coherences.
Thus, these spectra provide new information about which individual
excited states exhibit quantum coherence, the lifetime of coherence
within each spectral region and the overall measurable lifetime of
this phenomenon in LHCII. This allows for examination over a
larger range of delay times, useful for analyses such as determining
the lifetime of coherence.

Results

Trimeric LHCII comprises three monomers, each with 14 chloro-
phyll and four carotenoids, with the pigments in a close-packed
arrangement inside a surrounding protein matrix?**. The 14 chlor-
ophylls are found in two spectral and structural variants (eight Chl-
a and six Chl-b). In Fig. la-d, absolute-value, non-rephasing 2D
spectra under the coherence-specific polarization sequence are
shown. Tickmarks divide the spectra into three regions: (i) Chl-a
(14,700-15,000 cm ™ Y); (ii) intermediate, with high-energy Chl-a
and low-energy Chl-b (15,000-15,200 cm™Y); (i) Chl-b
(>15,200 cm ™ '). The spectra are characterized by three diagonal
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Figure 2 | Integrated, absolute-value relaxation spectra taken under
coherence-specific polarization plotted versus waiting time. Fitting of this
curve (Table 1) allows for extraction of the timescales of the dephasing of
quantum coherence in LHCII. The steep decay at early times most likely
arises from short-lived coherences between excited states on weakly
coupled chromophores, while the intermediate decay time (700-900 fs)
shows the dephasing of coherences between excited states on strongly
coupled chromophores. The 700-900 fs timescale of coherences is longer
than many energy transfer steps within LHCII.

peaks: two peaks in the Chl-a region (low- and mid-energy Chl-a)
and one peak in the Chl-b region. The signals due to coherence give
rise to on-diagonal and off-diagonal contributions, which appear in
non-rephasing and rephasing spectra, respectively’!. The time-
ordering of pulses 1 and 2 differentiates the non-rephasing (pulse
2, pulse 1) and rephasing (pulse 1, pulse 2) spectra®. The coordi-
nates of off-diagonal peaks, which appear in the rephasing
spectra, connect the two excitons that give rise to the superposition
state. Within the non-rephasing spectra, diagonal features directly
correspond to each exciton involved in quantum coherence and
so provide a direct measure, weighted by the orientational factor
and dipole strength of these transitions, of the amount of excitonic
coherence in which each state is involved. Additionally, the antidia-
gonal elongation of the non-rephasing features facilitates the identi-
fication of excited-state energies®..

In the Fig. 1 spectra, all Liouville pathways that do not arise from
coherence during the waiting time are suppressed'®!” due to the
pulse polarizations (45°, —45°,90°,0°). Signal scaling with pulse
polarization arises from an orientational prefactor (described in
detail in the first section of the Supplementary Information and
shown in Supplementary Fig. S1), which is a function of the angle
between pulse polarizations and the angle between the excited-
state transition dipole moments. Even with the limited precision
of experimental pulse polarizations, the intensities of population
contributions are suppressed by up to orders of magnitude. As an
example, we compare the orientational prefactors for two Liouville
pathways under (0°,0°,0°,0°) and (47°, —45°,90°,0°): the orienta-
tional prefactor of R{" goes from 0.200 to 0.002 and the orientational
prefactor of R goes from —0.07 to 0.082 for two excited states with
0,,=90°, where i, j label exciton states. Thus, the population contri-
butions have been suppressed by two orders of magnitude and the
coherence contributions have been enhanced, even with a 2° error
from ideal polarizations.

Diagonal features across the spectrum in Fig. 1a indicate the exist-
ence of coherence in all resonant regions. As observed in other 2D
experiments on LHCII'>**?¢, diagonal signals appear shifted below
the diagonal, even at T=0fs, and shift further with increasing
waiting time. This is most probably due to relaxation along the

potential energy surface during the pulse overlap interval, and the
expected increase in the environmental relaxation with waiting time,
showing essentially a time-dependent Stokes shift. Diagonal features
in all resonant regions are consistent with the long-lived oscillatory be-
haviour observed in all-parallel 2D experiments on LHCII*>. Here,
however, the relative intensities of features in different spectral
regions can be more easily observed because the population contri-
butions have been removed. At T> 0 in particular, the mid-energy
Chl-a region shows an especially intense peak, indicating that the
Chl-a states that contribute to this feature exhibit strong, long-lived
quantum beating. Thus, the mid-energy Chl-a states must contain
states localized on chlorophyll strongly coupled to their neighbours.
The chlorophyll that exhibit the strongest couplings within LHCII
give rise to excited states in the mid-energy Chl-a region.

Coherence dephasing. Under coherence-specific polarization, the
evolution of each peak displays the dynamics of each excited-state
coherence, without the strong background of signals from
populations. The large number of closely spaced, overlapping excited
states, however, means that it is impossible to isolate the dynamics
of each coherence. To gain insight into the general behaviour on the
evolution of the coherences, we integrate the coherence-specific
spectrum, S(T, w_, w,), for each waiting time, and plot the integrated
intensity versus waiting time (Fig. 2). This corresponds to

KT) = j[ IS(T, 0, 0)|dw,do, ~ 3 ‘S(T, w, wj)‘Awiij 1)
ij

Owing to the coherence-specific pulse sequence, we assume
ST, w,, wj)Awiij ~ Aij . p:j(T) ~ A:j eti@—o)T =T/7; 2)

where i # j, {py} {p;;(0) =1} are matrix elements of the density
operator in the singfe—excitation manifold and {A;} are constant
values depending on oscillator strength, integration area, and so
on. Thus, we obtain

D)~ Y Aglpy(T)| ~ Y 4,e7™ 3)

i#j i#j

At short times, the time dependence of I(T) is dominated by fast
dephasing components (short-lived coherences), and the slow
dephasing components (long-lived coherences) can be
approximated as time-independent components,

Ty~ Ay
i#j

~ 3 AT Y 4 (4)

i#] k=1

p?}]ort-lived(T)’ + ZAkl’pEng-lived(T ~ 0)
k#l

At longer times, I(T) can be approximated as

i long-lived
I(T) ~ ZA;] p;hort hved(T — 00)’ —+ ZAkl pljo g-live: (T)‘
i#j k#1
~ 043 Age VA 5)
k#1

Because of a small contribution from suppressed signals due to
experimental errors in polarization (~+2°), there is also a
component, constant on the timescales of all coherences, of
overall signal decay. Thus, the integrated intensity is fit to a three-
lifetime exponential, and fit parameters are presented in Table 1.
The short time and overall signal decay timescales (the shortest
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Table1 | Results of fitting the decay of the coherence-
specific integrated spectral decay from Fig. 2.

Time constant (fs) Amplitude (%)

465 64
809 24
13,740 n

The short time component arises from the coherences within weakly coupled chromophores. The
intermediate component arises from the coherences within strongly coupled chromophores. The
long time component arises from overall signal decay from processes such as annihilation.

and longest lifetime components) were determined through a
bi-exponential fitting of integrated all-parallel data on LHCII
taken on the same apparatus®®. These two timescales represent the
sum of the short-lived coherence decay, which dominates spectra
under both polarizations at short times, and the overall signal decay.
The overall signal decay is most probably primarily due to
annihilation effects’?**, which pump-probe experiments have
observed induce decays on 16 and 24 ps timescales. Because in this
power regime annihilation effects appear after energy transfer
(if they occur via monomer-monomer transfer) and occur based
solely on whether the system is in a ground state (no annihilation)
or excited state (annihilation) during the waiting time, the decay
time (although not the amplitude) should be independent of
polarization sequence. The intermediate timescale, long-lived
coherences, was found by fixing the short and long timescales in a
tri-exponential fit of the coherence-specific data. This results in a
decay time of the long-lived coherences of 700-900 fs at 77 K. The
large range is due to (i) resolution from the limited number of data
points and (ii) contributions from time evolution of the small
amount of unsuppressed population transfer pathways, some of
which increase and some of which decrease in amplitude with
waiting time. Overall, however, the alternating increasing and
decreasing intensities mostly cancel each other out by 1 ps, as
shown by the evolution of the integrated intensity with waiting
time under all-parallel polarization (Supplementary Fig. 2).

Theoretical results and discussion. A large number of coherences
contribute to the integrated data presented in Fig. 2. Broadband
femtosecond pulses initially excite coherent superpositions
between many different combinations of the excitons in LHCII.
A Fourier transform of oscillatory time-domain data from all-
parallel 2D experiments' produced peaks at the energy differences
between most of the excitonic states, but does not indicate the
length of time they oscillate, because a single time-domain
oscillation gives rise to a frequency-domain peak. To proceed with
analysis of the present data, we consider two regions of electronic
coupling strength. In the first category, the electronic coupling is
on the same order or larger than the coupling to the surrounding
protein environment. These coherences persist through the
timescale of energy transfer, pointing to the existence of wavelike
motion of the excitation through these pigments. In the second
category, which contains most of these excitonic superpositions,
these coherences simply arise because the excitation pulses
encompass all Q, transitions. The resultant oscillations decay
rapidly because of vanishingly small couplings between these
pigments. These oscillations carry no information about energy
transfer dynamics. In Fig. 3, numerical calculations of the time
evolution of quantum coherence between excitons are presented.
The numerical calculations were performed with the second-order
cumulant time-convolution quantum master equation®, which
describes excitation energy transfer dynamics accurately. The
Hamiltonian values of ref. 24 were used with modifications from
ref. 28, and all calculations were for 77 K. At present, no direct and

a 1.0
— Real
— Imaginary
0.5 | — Absolute value
©
< 00 \W N
—0.5
-1.0 ‘ : :
0.0 250 500 750 1,000
Waiting time (fs)
b 10
— Real
— Imaginary
0.5 | — Absolute value
s
g 0.0
—0.5
-1.0 ‘ ‘ ‘
0.0 250 500 750 1,000

Waiting time (fs)

Figure 3 | Simulations of decay curves for coherence elements of the
density matrix between pairs of excitons within monomeric LHCII. The two
decay timescales indicate two different regimes of behaviour. a, Excitons 1
and 6 are primarily localized on two strongly coupled Chl (611-612)3¢, and
thus exhibit long-lived coherence. b, Excitons 9 and 14 are localized on

two weakly coupled Chl (601 and 605, respectively)3¢, and thus exhibit
short-lived coherence.

therefore adopted the spectral density used in the numerical fitting
of 2D electronic spectra of the Fenna-Matthews—Olson complex
isolated from green sulfur bacteria®. Figure 3a shows the time
evolution of the coherence between excitons |e;) and |eg), given as

e;) = 0.18]a602) + 0.57|a610) + 0.45]a611) — 0.65|a612)

6
|eg) ~ 0.84|a611) + 0.53|a612) ©

where |n) (n =601 — 614) represents the state where only the nth
chlorophyll site is in its excited electronic state and all others are
in their ground electronic states. We have ignored the
superposition coefficients with absolute values smaller than 0.1. In
this case, the two excitons that share the most strongly coupled
pigments in LHCII are Chl-a 611 and Chl-a 612 (ref. 36), and the
quantum coherence exhibits a lifetime of at least 1 ps. Figure 3b,
on the other hand, shows a case where excitonic quantum
coherence decays quickly. The coherence shown is between
excitons |e,) and |ej,),

|es) = 0.99]b605)

detailed information is available regarding the pigment-protein (7)
interactions in LHCII at 77 K (that is, the bath spectral density). We |514> ~ 0.97|b601) — 0'10|b606> — 0.15[6607)
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which do not share the same pigments; they are almost completely
localized on Chl-b 605 and Chl-b 601, respectively.

Although two of the present authors investigated the physical
origins of long-lived electronic quantum coherence, specifically
addressing the finite timescales of protein-induced fluctuations/
dissipations’?738, here we consider a necessary condition for
long-lived coherence in a simpler way and examine the relation
between experimentally observed quantum beating in exciton
space and the spatial dynamics of electronic excitation through a
PPC. The energy gap between the ground state with zero exci-
tations, |0), and the uth exciton in the single-excitation manifold,
le,), can be separated into the ensemble-averaged value and fluctu-
ation, EM(t) = EZV + SEM(t). The dephasing of the 0 - €, coherence
is described by the correlation function

C,,.(1) = (3E,(13E,,(0) ®)

On the other hand, the fluctuating energy gap between excitons [e,,)
and |e,) is given as

E, (1) — B,() = [EY — E1+[8E,() — 8E,(D]  (9)
so the dephasing of the e, - ¢, coherence is described by

8,.,(1) = ([BE, (1) — BE,(D][BE,,(0) — 8E,(0)])
= C,u(0) + C,\ (1) — Cp(V) — C, ,(0)

(10)

where C,,(¢) is the cross-correlation function C, () = (6E . (1)SE, (0)).
If two excitons |eM> and |e,) share the same pigments or are spatially
overlapped, the fluctuations 6E#(t) and OE,(t) contain the same
components and hence the cross-correlation function does not
vanish. In this situation, the root-mean-squared amplitude of the
fluctuations is [S,,,(0)]” =[C,,(0) + C,,(0) - C,,,(0) - C,,(0)]".
The amplitude of the fluctuation is reduced by the presence of
cross-correlation resulting from spatial overlap of the excitons,
and therefore the quantum superposition between them is more
resistant to destruction. To clarify this point, we consider a
coupled dimer with a Hamiltonian given as

H=h[0Q + 80,0]I1)1] + h[2, + 80,(1)]12)(2]

+hJp[I0C] + 12X1[] (11)
where 7102, and 78(), (t) are the Franck-Condon energy and fluctu-
ations in the electronic transition energy of pigment m, respectively.
hJ,, represents the electronic coupling between pigments 1 and 2.
We assume (842,(t)8£),(0)) =0 to focus on the importance of
spatial overlap between excitons. This cross-correlation function is
discussed in detail in refs 13, 39. S;,() in this dimer system can
be expressed as

Sp(t) =h’(cos2¢)” > (802,,(H)842,,(0)) (12)

m=1,2

where ¢ is the mixing angle 2¢ = arctan[2],,/({2, — 2,)] and
0 <[2¢p| < /2. Therefore, the root-mean-squared amplitude of
the fluctuating energy gap between excitons |e;) and |e,) decreases
as the mixing angle increases. Thus, the larger the absolute value
of the electronic coupling J,, for a fixed energy gap (2,-(2, is, the
longer the lifetime of the excitonic quantum superposition. When
electronic excitations are localized on sites (¢ == 0), S,,(¢) reduces
to a sum of the correlation functions of site energy fluctuations.
In this situation, the dephasing of the e,-e, coherence is essentially
the same as that of the electronic transitions of the individual pig-
ments. This is a complementary view to the adiabatic excitonic
energy surface used for understanding the physical mechanism of

long-lived coherence in the case of strong reorganization energy®’.
Using a picture of an adiabatic energy surface, the energy barrier
separating two pigments decreases as the electronic coupling
increases in magnitude, and thus the lifetime of the quantum coher-
ence is enhanced. For these reasons, quantum coherence between
le;) and |es) in equation (6) exhibits a longer lifetime, whereas
that between |e,) and |e;,) in equation (7) does not. In addition,
because the excitons responsible for these beating peaks originate
from electronic excitations on pigments, coherent dynamics can
be mapped back onto the site representation. Wave-like motion in
the site representation occurs only when excitons share the same
pigments with a large mixing angle. For example, a superposition
between the excitons in equation (6) corresponds to a wave packet
between Chl-a 611 and Chl-a 612. A time-evolving superposition,
e ') + e "lleg), yields time-dependent probabilities of
finding the states |a611) and [a612) of P, ,(t) < 0.91 + 0.76
cos[(Es — E)t/h] and P, ,(t) o< 0.70 — 0.69 cos[(E; — E,)t/h],
respectively. Even if excitons that do not share the same pigments,
for example, the excitons in equation (7), show a long-lived super-
position, this has absolutely no connection with wave-like energy
transfer in the site representation. Short-lived superpositions of
excitons created by broadband excitation, but which do not share
the same pigments, have no connection to the wave-like energy
transfer indicated by the long-lived superpositions observed after
the deca¥ of the ‘trivial’ superpositions. A time-evolving superposi-
tion, e "¥|eg) + e~ F1i'le,,), leads to time-independent probabilities
of observing states |b601), |b605), |b606) and |b607). Namely, super-
positions between excitons that do not share the same pigments
(small mixing angles) give Forster-type incoherent energy transfer.

Discussion

In monomeric LHCII, after the first two light-matter interactions of
the four-wave mixing experiment, there are 182 (14 x 13) potential
combinations of excitonic states that produce coherences during the
waiting time, or p(t = 0) = |e,-><ej|, i # j, where p is the density oper-
ator and |e;) is an exciton. There are, however, only 14 possible
populations, p(t=0) = |e;)(e;|. Because of the order of magnitude
difference in the number of combinations, these coherences
combine to contribute a large amount of amplitude to the 2D
spectra. However, these coherences decay rapidly. If the complete
LHCII trimer is considered (containing 42 chlorophylls), there are
1,722 possible combinations that produce coherences. Thus, this
may produce an increase in the relative amplitude of coherence
to population contributions at short times with an increase in
system size. We suggest that the short-time decay of the coherence
signal arises from very rapid dephasing between the many pigments
with vanishingly small couplings. The decay timescale from these
short-lived coherences was determined using the all-parallel
spectra, because this effect, although due to excitonic coherence,
dominates the signal regardless of pulse polarization, due to the
size of the system.

Although the theoretical results support an attribution of the
rapid decay to weakly coupled coherences, there is no way to defini-
tively rule out other factors. For example, the short-time decay may
partially arise from pulse overlap effects?®, as the decay time is
similar to the pulse duration. Finally, the loss of memory in the
environment® on the environmental correlation timescale, which
according to some models can be as short as 50 fs, causes a decrease
in amplitude of the photon-echo component of the 2D signal*!. An
additional factor to note is that the measured timescales correspond
to the timescales of these coherences in an ensemble, and so are
limited by ensemble dephasing. Recent theoretical work indicates
that the timescales of coherent motion in an individual PPC,
which is of interest because light harvesting occurs in an individual
PPC, may outlast those in the bulk, which suggests that our
measured coherence decay is dominated by ensemble dephasing*2.
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Thus, these experimentally determined timescales can be viewed as
a lower bound, and as a source of insight into the role of coherence,
rather than a definitive timescale for coherence in light harvesting.

Finally, an interesting potential extension of this technique could
be that (assuming perfectly set laser polarizations), under this
sequence, off-diagonal features in non-rephasing spectra show
environment-induced coherence transfer. Environment-induced
coherence transfer occurs when phase coherence between two
excited states then evolves into phase coherence between one of
the original states and a third exciton®®*4, so phase coherence is
maintained through energy transfer. Although we do not have the
polarization precision to completely suppress other, stronger off-
diagonal features, some off-diagonal amplitude could be a signature
of environment-induced coherence transfer. The right shoulder of
the low energy Chl-a diagonal peak broadens within 100 fs and
then decays by 500fs, in agreement with dynamical and
energetic expectations for environment-induced coherence transfer.
Environment-induced coherence transfer is more likely when the
energy gap remains similar through the transfer process and
occurs within 100-200 fs (ref. 37). While experiments using other
polarization and pulse sequences have accessed the signal from
vibrational environment-induced coherence transfer*>S, improving
the precision of the pulse polarization so this technique could
provide a more definitive measure of environment-induced coher-
ence transfer would provide a new means to access this elusive
process in the electronic regime.

Conclusions

Application of the technique described here to systems with resolved
excitonic levels will allow for the elucidation of individual excitonic
superpositions. These measurements will open a window into the
heterogeneity of environmental reorganization energy and relax-
ation time and suggest whether such pigment-protein interactions
are tuned to improve functionality?’”. Then, with future experimen-
tal and theoretical development, the use of the coherence-specific
polarization offers the potential to explore a wider variety of coher-
ence-related phenomena. Isolating and examining environment-
induced coherence transfer, for example, offers a unique window
into the dynamics of the surrounding environment. Generally, as
observed here, the environment induces dephasing or destroys
coherences between the excited states. In the case of environment-
induced coherence transfer, ‘transfer’, in essence, means both
annihilation of an old state and creation of a new state. In this
case, the environment exhibits the surprising effect of creating
coherence. Thus, the use of the coherence-specific polarization
sequence not only investigates excited-state dynamics, but also
provides a new means to access the dynamics in the
surrounding environment.

Methods

Trimeric LHCII was isolated from Arabidopsis thaliana as described previously*s.
LHCII was dissolved in 50 mM HEPES buffer (pH 7.6) with n-dodecyl
a-p-maltoside 0.03%, mixed with glycerol at 30:70 (v/v), placed in a 200 wm quartz
cell and cooled to 77 K. An optical density of 0.13 for the sample was measured at
673 nm (per 200 pwm).

The details of the experimental apparatus, data acquisition and analysis have
been described in detail elsewhere**’. In brief, a home-built Ti:sapphire oscillator
seeded a home-built Ti:sapphire regenerative amplifier, which pumped a home-built
non-collinear optical parametric amplifier to produce a 3.4 kHz pulse train of 80 nm
bandwidth pulses centred at 650 nm and compressed to a duration of 22 fs (refs
28,51). During the experiment, the four beams (three beams with 6 nJ per pulse and
alocal oscillator attenuated by four orders of magnitude) were focused to a spot size
of 100 pwm.

The 2D apparatus was a diffractive optic-based design in which four beams in a
box geometry were generated by a beamsplitter, followed by a transmissive grating
optimized for the +1 orders**®2. Each spectrum was constructed by scanning the
delay between pulses 1 and 2 (the coherence time, 7). The waiting time (T'), or the
period over which the monitored dynamics occurred, was the delay between pulses
2 and 3 and was set by a retroflector delay stage. The signal emitted in the phase-
matched direction, kg = —k; + k, + k3, collinear with the local oscillator, was

heterodyne-detected using a spectrometer and charge coupled device camera to
form the emission axis (w,). Achromatic, half-wave retarders inserted into beams 1, 2
and 3 controlled the linear polarization?>. The coherence time was scanned from
—566.5 fs to 566.5 fs for the all-parallel data (0°,0°,0°,0°), and from —319 fs to
319 fs for the coherence-peak specific data (45°, —45°, 90°, 0°), where negative time
points denote the arrival of pulse 2 before pulse 1 (ref. 32). For each waiting time, a
Fourier transform over the coherence time axis produces the excitation axis (w,).
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