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CONSPECTUS

he properties of molecular aggregates, coupled clus-
ters of small molecules, are often challenging to
unravel because of their inherent complexity and disor-
dered environments. Their structure—function relation-
ships are often far from obvious. However, their ability to

cco

efficiently channel excitation energy over remarkable dis- spectrometer
tances, as is the case in photosynthetic light harvesting, is
a compelling motivation to investigate them. Understand- mask |/

phase-matched ~ 7
signal + LO FT

ing and subsequently mimicking the processes in photo-
synthesis, for example, will set the stage for considerable
advances in using light harvesting to fuel renewable
energy technologies.

Two-dimensional (2D) electronic spectroscopy is
emerging as a nonlinear optical technique that provides
significant insight into the interactions and dynamics of
complex molecular systems. In addition to spectrally
resolving excitation and emission energies over signifi-
cant bandwidths with femtosecond resolution, this tech-
nique has already enabled discoveries about the structure
and dynamics of photosynthetic light-harvesting complexes and other aggregates.

Multiple capabilities unique to 2D electronic spectroscopy enable such findings. For example, the spectral resolu-
tion of excitation and emission combined with the ability to eliminate the effects of static disorder can reveal the homo-
geneous line width of a transition and the different dynamic contributions to it. Two dimensional spectroscopy is also
sensitive to electronic coherence and has been employed to identify and characterize coherent excitation energy trans-
fer dynamics in photosynthetic systems and conjugated polymers.

The presence of cross-peaks, signals for which excitation and emission occur at different wavelengths, provides
multiple forms of information. First, it allows the identification of states in congested spectra and reveals correla-
tions between them. Second, we can track excitation energy flow from origin to terminus through multiple channels
simultaneously. Finally, 2D electronic spectroscopy is uniquely sensitive to intermolecular electronic coupling through
the sign and amplitude of the cross-peaks. This feature makes it possible to reveal spatial molecular configurations
by probing electronic transitions. Another means of “resolving” these angstrom-scale arrangements is to manipulate
the probing laser pulse polarizations. In this way, we can isolate and modulate specific processes in order to retrieve
structural information.

In this Account, we demonstrate these capabilities through a close collaboration between experiments and mod-
eling on isolated photosynthetic pigment—protein complexes and also on J-aggregates. Each of the probed systems
we describe offers insights that have both increased the utility of 2D electronic spectroscopy and led to discoveries
about the molecular aggregates’ dynamics and underlying structure.
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1. Introduction

Molecular aggregates are self-assembling clusters of small
molecules with intermolecular separations typically close to
individual molecule size. Coulomb interactions stabilize their
configuration, determine their optical properties, and enable
neutral electronic excitation energy to migrate through them.
Some molecular aggregates reside in nature, such as in pho-
tosynthetic light harvesting.'? Artificial counterparts®> are
increasingly being developed to achieve similarly efficient and
rapid energy flow. Nevertheless, probing and modeling these
complexes poses sizable challenges, because they present
densely packed spatial and energetic landscapes and oper-
ate out of equilibrium in the condensed phase.®°

By presenting a sample’s optical response as a function of
excitation and emission resonances, 2D electronic spec-
troscopy'®~ '3 measures how molecules within a complex
interact with one another and volley electronic excitations.
Despite several important distinctions, much of the formal-
ism employed at optical frequencies was developed for 2D
magnetic resonance experiments.'* These efforts were first
extended into the infrared to obtain ultrafast structural infor-
mation by directly probing molecular vibrations'®'>'¢ and are
now being applied in the optical regime, addressing ultrafast
electronic dynamics and structure. Here, stringent phase sta-
bility requirements and interferometric signal detection obsta-
cles had to be surmounted.'”~'°

The aim of this Account is to provide an intuitive yet com-
prehensive understanding of 2D electronic spectroscopy and
of the recent and rapid progress that has been made in apply-
ing it to photosensitive molecular aggregates. Diversity in both
methods and discoveries is exhibited through a series of
examples.

2. Principles of 2D Electronic Spectroscopy

In order to convey how and why 2D electronic spectroscopy
is useful for studying molecular complexes, this section
describes the ultrafast, nonlinear techniques used to obtain 2D
spectra. We also describe how this information is interpreted
in order to study electronically coupled molecular aggregates.

2.1. Measuring 2D Spectra. In a 2D electronic spectros-
copy experiment, three laser pulses are used to stimulate the
sample medium in order to measure its so-called third-order
optical response. A 2D electronic spectrum is a plot of this
response as a function of optical excitation and emission fre-
quencies. Each point in the spectrum is the output signal of the
ensemble of molecules resulting from its interaction with the
three resonant electric fields.*® The sample is illuminated with
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FIGURE 1. 2D spectra are constructed from the output signals of
repeated three-pulse sequences. (a) Four light pulses impinge on a
sample in a box geometry. Pulses 1, 2, and 3 generate the signal,
which is heterodyne-detected with the weaker, copropagating local
oscillator (LO). The signal and LO are dispersed at a grating onto a
CCD. (b) Variable time delays between light pulses. The coherence
time, 7, is swept from negative to positive values in order to
generate a full 2D spectrum. Dynamics are observed during the
waiting time T. The delay between pulse 3 and the output signal is
referred to as the rephasing time. To assemble a 2D spectrum for a
specific T, the detected signals for a set of coherence times spaced
by At are stacked () and are Fourier transformed (d).
three individual ultrafast laser pulses with controllable rela-
tive delays (Figure 1a). We denote the delay between pulses
1 and 2 by 7 and the delay between pulses 2 and 3 by T. This
pulse sequence (Figure 1b) results in the build-up of a macro-
scopic polarization in the medium that generates the signal of
interest following pulse 3 after a delay, t. The noncollinear
pulse geometry employed in this experiment ensures isola-
tion of the signal in the Kegnal = —Kki + k> + k3 wavevector
phase-matching direction. To characterize the sample polar-
ization in amplitude and phase, a fourth attenuated light pulse
serves as a local oscillator (LO) to heterodyne-detect the emit-
ted signal.'” The signal and LO copropagate through a spec-
trometer, which disperses an interferogram onto a CCD
camera. Hence the emission frequency of the signal corre-
sponds to the pixel axis of the CCD (Figure 1b).

A complete 2D spectrum plots the detected electric field as
a function of excitation and emission frequencies, w, and wy,
for a given waiting time, T: Eq(w,, T,w,). The frequencies w, and
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w; are conjugate variables to t and ¢, respectively (Figure 1b).
Though the spectrometer measures the signal dependence on
emission frequency w;, the dependence on excitation fre-
quency w, must be obtained by repeating the three-pulse
sequence while varying the delay 7 from negative to positive
values. By literally “stacking” up these repeated measurements
(Figure 1¢) and Fourier transforming with respect to , one
recovers the excitation frequencies, resulting in a 2D spec-
trum (Figure 1d). Repeating this process to obtain 2D spectra
at different waiting times, T, enables direct measurement of
dynamics.

Though the full, complex electric field of the signal is
recorded, the absorptive rather than refractive medium
response (real part only)' 2" is presented in all spectra in this
Account unless otherwise indicated. To isolate this absorp-
tive portion, the complex-valued signal must have the cor-
rect phase factor, which is determined by fitting a projection
of the 2D signal to corresponding spectrally resolved
pump—probe data.''?!

2.2. Signal Contributions to 2D Spectra. The light pulse
energies in 2D experiments are deliberately only strong
enough to weakly perturb the system under study,?? propa-
gating small fractions of the complexes” wave functions either
between ground and singly excited states or between singly
and doubly excited states. Though, including the signal gen-
eration, there are four sequential light—matter interactions, a
2D spectrum is usually plotted as a function of the transition
energies of the first and last. The first light pulse excites a
superposition state, while the second and third further manip-
ulate the aggregate electronic wave functions to induce coher-
ent emission. The complete third-order signal detected in the
phase-matched direction includes all possible energy- and
momentum-conserving sequences of resonant interactions
that link the aggregate electronic states. Many different such
trajectories through the state space, or Liouville pathways,*°
occur simultaneously in the ensemble and can interfere with
one another.

Generally speaking, system evolution occurs in electronic
superposition states during both periods = and ¢, the so-called
coherence and rephasing times. In highly disordered con-
densed-phase systems, transition energies of individual mol-
ecules are altered by their local environments, inhomo-
geneously broadening the transition line widths. In this case,
the phase evolution of different molecules” superposition
states during v and ¢ varies throughout the ensemble. How-
ever, provided that transition energy-altering differences in
local molecular environments do not vary over the time scale
of the experiment, an important phenomenon occurs: when

the density-matrix elements of a particular Liouville pathway
have opposite phases of the same magnitude during r and ¢,
the total phase evolution for each aggregate involved inde-
pendently sums to zero. Since the sample interacts with coher-
ent laser light, the emergent light field is thus the result of
constructive interference of the signals from many individual
complexes that once again share the same relative phase.
Thus, the coherent macroscopic signal, a photon echo, is
immune to inhomogeneous broadening and allows the mea-
surement of the homogeneous line width.2°

2.3. Interpreting 2D Spectra. Interpreting 2D spectra
requires understanding how various Liouville pathways man-
ifest themselves in the signals. In this context, we discuss the
most important characteristics of 2D spectra of electronically
coupled systems: peak location, evolution, origin, and shape.

To illustrate the essential elements of a 2D spectrum, con-
sider the fundamental constituent of a molecular aggregate,
the coupled dimer of optically excitable molecules, or chro-
mophores, in Figure 2a. This model provides intuition for the
more complicated systems subsequently discussed. In the
absence of Coulomb interaction, the molecules have respec-
tive ground and excited states, g, e, and gy, e,. However, a
coupling interaction J mixes their wave functions to form four
new states delocalized over the two sites: a single ground
state, two excited states e; and e, and a doubly excited state,
f, corresponding to both molecules being excited simulta-
neously. Optical spectroscopy probes the transitions of this
excitonic energy landscape,’ illustrated in Figure 2b. The
degree of excitonic coupling J depends on the proximity and
relative orientation of the molecules.

These same parameters also determine the redistribution
of transition strength among the excitons. For example, the
configuration of the dipoles in Figure 2 leads to stronger
absorption by e; and reduced absorption by e,, manifested in
multiple ways in the 2D spectrum. First, a cut along the diag-
onal of Figure 2¢, where excitation and emission occur at the
same energy, reflects the dimer’s linear absorption. Second,
off-diagonal contributions, or cross-peaks, exist at coordinates
(e1,62) and (ez,e1) and in this example have opposite sign. This
underscores the importance of detecting the signal field rather
than its intensity. These contributions indicate correlations
between excitons and arise both due to electronic coupl-
ing between chromophores and due to nonradiative relax-
ation between excited states. The cross-peaks that develop
due to population relaxation make 2D electronic spectros-
copy ideal for visualizing energy transfer and are the focus of
section 3.1.%3
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FIGURE 2. A coupled dimer of chlorophyll pigments: (a) chromophores are approximated as two-level electronic systems; (b) excitons e; and
e, are superpositions of original states e, and e, and are split due to coupling J, while f corresponds to two quanta of excitation. The
coupling also redistributes transition strength, shown in the absorption spectrum at right and also in the dimer 2D spectrum at T = 0 (c).

Crosspeaks arising from electronic coupling are best visu-
alized before population dynamics occur, at or near T = 0, as
shown in Figure 2c. They originate from an imbalance in com-
peting, colocated off-diagonal signal contributions of oppo-
site sign. Liouville processes involving transitions between g
and e; or e, only, for example, absorption and emission at e,
followed by absorption and emission at e,, contribute a pos-
itive signal due to the final emission from a single-exciton
state. On the other hand, processes in which absorption and
subsequent emission occur between the single-exciton states
and f generate negative “excited state absorption” signals.
Contributions from these two different types of pathways can-
cel, eliminating cross-peaks, if J = 0."2 For J = 0, the domi-
nant contribution determines the cross-peak’s sign. Last, since
the cross-peak sign depends on relative transition strengths,
it is also an indicator of the relative orientation of the contrib-
uting molecular dipoles and can thus be used to determine
the structure of molecular aggregates®*?> (see section 3.5).

Finally, in addition to location and amplitude, peak shape
provides dynamical information about the aggregate. Because
of the effect of the photon echo, many features are narrower
along the antidiagonal direction, where the inhomogeneous
broadening is suppressed. Two dimensional electronic spec-
troscopy thus discerns various homogeneous and inhomoge-
neous line broadening mechanisms.

2.4. Rephasing and Nonrephasing Contributions to
2D Spectra. Further dissecting spectra according to pulse
ordering clarifies the origin of features and distinguishes

between different processes.?°~28 Recall that a complete 2D
spectrum combines information obtained from repeated three-
pulse sequences as the coherence time v is varied. The rephas-
ing photon echo signal pulse arises after finite rephasing time
t from sequences when pulse 1 precedes pulse 2 (v = 0), pro-
vided the signal is recorded in the —k; + k, + k3 direction. As
described in section 2.2, the ground—excited state superpo-
sitions during ¢ and t have opposite phases in a rephasing
sequence. When the time ordering of pulses 1 and 2 is
reversed (z < 0), the phase factors of superpositions during the
coherence and rephasing times add rather than cancel, result-
ing in a nonrephasing signal immediately following the arrival
of pulse 3 (free induction decay) that provides complemen-
tary information. By comparison with positively correlated
rephasing line shapes, nonrephasing peaks have anticorre-
lated shapes, extending instead in the antidiagonal di-
rection.'*2”

Analyzing rephasing and nonrephasing signals sep-
arately?#2° is particularly useful for interpreting 2D spectra.
For example, the decay rate of the relative amplitude of
rephasing and nonrephasing signals depends on the charac-
teristic time scale over which the system’s transition energies
remain correlated with their former selves.?®29 Separating
rephasing and nonrephasing signals can also enable the
assignment of peaks with greater certainty because any inter-
ference between their overlapping line shapes is eliminated.
Furthermore, cross-peaks often are most easily distinguished
in nonrephasing spectra since dominant diagonal peak pho-
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FIGURE 3. Two dimensional spectroscopy of FMO reveals energy transfer channels and explains why its structure efficiently promotes such
transfer.? (a) FMO crystal structure (PDB ID 4BCL). Each of three monomers contains seven BChls. (b) T = 1 ps 2D spectrum of FMO
complexes at 77 K with many clearly visible energy transfer peaks. Exciton energies are indicated on both axes. () Reconstruction of
nonstepwise energy transfer channels based on 2D spectrum analysis. (d) Spatial map of energy flow from panel c in an FMO monomer.

ton echo signals are absent. We return to this point when dis-
cussing excited state coherence signatures®>° (section 3.4)
and isolation of energy transfer cross-peaks for structure deter-
mination®* (section 3.5.2).

3. What Do 2D Electronic Spectra of
Molecular Aggregates Reveal?

Drawing on the preceding foundation, we now demonstrate
how 2D electronic spectroscopy, combined with theoretical
modeling, addresses many challenges and difficulties associ-
ated with characterizing the dynamics and electronic and
structural properties of molecular aggregates in unprecedented
ways.

3.1. Determining Parallel Excitation Energy Transfer
Channels in FMO. In other optical spectroscopies such as
transient absorption, it is difficult to directly determine the flow
of excitation energy, both along the energy landscape and
spatially. At best, one detects the net instantaneous amount of
population in a given state or band. With 2D spectroscopy,
cross-peaks often enable the resolution of states despite diag-
onal congestion, and one can determine the origin of excita-

tion energy arriving to a particular state. The ability to
visualize states and the parallel excitation energy flow
between them is exemplified in the 2D spectroscopy®*3" of
the Fenna—Matthews—Olson (FMO) photosynthetic pigment—
protein complex from green sulfur bacteria, whose X-ray crys-
tal structure is presented in Figure 3a. FMO links sacks of light-
harvesting pigments to the membrane-bound reaction center
that initiates the biochemistry of photosynthesis. This com-
plex is a prototypical system for studying light harvesting and
energy transfer in photosynthesis.®233132 Energy transfer to
the lowest exciton state of FMO from all six others is nearly
complete by 1 ps.32 Nevertheless, the particular trajectories of
excitation energy flow across the bacteriochlorophyll (BChl)
pigments had not been elucidated prior to the 2D spectro-
scopic study performed by Fleming and co-workers.?*3!
Figure 3b displays the T = 1 ps 2D spectrum of FMO at 77
K. Multiple prominent cross-peaks below the diagonal, indi-
cating parallel energy transfer channels, are distinguishable.
For example, the strongest cross-peak at coordinates (ws,w+)
indicates population transfer from exciton 4 to 1. By analysis
of cross-peaks at multiple waiting times, a map of energy flow
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FIGURE 4. B800 coupling in LH3:3* (a) LH3 crystal structure (PDB
ID 11JD) with symmetric, strongly coupled B820 ring of 18 BChls
(green) and weakly coupled B800 ring of 9 BChls (cyan); (b)
experimental 2D electronic spectrum of B820 and B800 bands of
LH3 at 77 K, with the B80O0 region boxed; (c) calculated B80O 2D
spectrum for nearest-neighbor excitonic coupling J = 30 cm™'; (d)
calculated B800 2D spectrum for J = 0.

within FMO was constructed (Figure 30). It reveals two main
channels leading to the pooling of energy in the lowest exci-
ton state, which is predominantly localized on pigment 3 posi-
tioned near the reaction center.® These findings were related
to the spatial BChl configuration in a monomer (Figure 3d),
where exciton wave functions in the model are distributed
across at most two BChls. The facility of energy transfer
between colocalized excitons, for example, between excitons
7 and 3 (green) both residing on pigments 1 and 2, explains
how certain states are passed over during relaxation to the
lowest state in the manifold.

3.2. Elucidating the Effects of Electronic Coupling in
LH3. Unlike linear absorption and conventional pump—probe
techniques, 2D electronic spectroscopy is highly sensitive to
the degree of electronic coupling between chromophores. Zig-
mantas et al. studied light-harvesting complex 3 (LH3) from
photosynthetic purple bacteria using 2D electronic spectros-
copy.>* LH3 contains nine identical subunits in a symmetric
ring-like structure as shown in Figure 4a. The BChl pigments
form two rings: a closely packed B820 ring (green) and a
sparser B800 ring (cyan), each named after its absorption
maximum. Relatively large separations between the B800 pig-
ments have been used to justify neglecting the coupling
between them.®

The experimental T = 0 2D spectrum of LH3 at 77 K (Fig-
ure 4b) shows that both the B800 (boxed) and B820 bands

2D Electronic Spectroscopy of Molecular Aggregates Ginsberg et al.

are highly asymmetric about the diagonal, indicative of elec-
tronic couplings within both rings. By analogy with the dimer
spectrum in Figure 2, the 2D spectrum of the B800 band can
be considered to arise from multiple coupled nearest-neigh-
bor dimers whose excitons are not clearly resolved. Interfer-
ence between the diagonal peak (positive) and the strong
above-diagonal excited-state absorption cross-peak (negative)
is responsible for the asymmetric band shape observed. In the
case of the B800 ring, modeling shows that a small nearest-
neighbor coupling of ~30 cm™! (@bout 50% of kT at the 77
K temperature of the experiment) not only shifts transition
strength to the lower excitons in the band but is also suffi-
cient to reproduce the asymmetry>> (Figure 4c). However,
omitting the coupling results in perfect symmetry about the
diagonal (Figure 4d) that does not agree with the experimen-
tal result. This study demonstrates the exquisite sensitivity of
the 2D peak shape to weak couplings, even when cross-peaks
are not resolved.

3.3. Discerning Broadening Mechanisms in J-aggre-
gates. Line broadening can have many dynamic contributions
between which it is often difficult to distinguish.>® However,
2D spectroscopy can be more discerning than other spec-
troscopies, for example by resolving homogeneous line widths
as a function of excitation energy. Thus, Stiopkin et al.?” dem-
onstrate how 2D spectroscopy differentiates between popula-
tion relaxation and exchange narrowing in room-temperature
J-aggregates.

J-aggregates are long linear chains of identical molecules
that self-assemble due to electrostatic interactions.®> Strong
intermolecular coupling in J-aggregates leads to highly delo-
calized excitons, each with a delocalization length, Lpg, span-
ning tens of monomers.>® Spectra of J-aggregates display
exchange narrowing:*® the line width of an exciton transi-
tion peak is significantly reduced because both static disor-
der and dynamic (random energy) fluctuations at different
monomer sites average out over the exciton wave function’s
spatial extent.

Stiopkin et al. consider the exciton energy dependence of
the antidiagonal peak width evolution in absolute value 2D
spectra of BIC J-aggregates (Figure 5a).3” As in LH3, the exci-
tons are not individually resolved; however the band’s antidi-
agonal width (ADW) is visibly nonuniform in energy. Figure 5b
shows that the ADW is lowest for intermediate exciton ener-
gies in the band at all waiting times T.

Energy-dependent dynamics can be explained by a model
that includes both exchange narrowing and population relax-
ation to reproduce the experimentally observed frequency-
dependent line widths, as shown in Figure 5c. Population
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FIGURE 5. Discerning population relaxation and exchange
narrowing in BIC J-aggregates:3” (a) absolute value 2D spectrum of
the J-aggregate exciton band; (b) exciton band ADW energy-
dependent evolution; (c) simulated energy dependence of
population relaxation and exchange narrowing.

relaxation within the exciton band is more probable from
higher states than lower ones since higher states have more
attainable relaxation channels. Thus, lifetime broadening pref-
erentially increases the ADW at the top of the band. In con-
trast, the exciton delocalization length is larger for higher
energy states (Figure 5¢), resulting in more exchange narrow-

ing and a narrower ADW at higher energies. The interplay
between these two mechanisms results in the “U”-shaped fre-
quency-dependent ADW in Figure 5b.

In addition to explaining the observed dynamics, these
findings enable an estimate of the delocalization length and
refinements in the modeling of electron—phonon coupling. In
sum, multiple critical aggregate characteristics may be deter-
mined from the combination of 2D spectroscopy’s resolution
of homogeneous line widths and spectral resolution of exci-
tation and emission energies.?”3°

3.4. Electronic Coherence and Energy Landscape
Determination. Thus far, the Liouville pathways explicitly dis-
cussed had population density matrix elements during the
waiting time. It is also possible to obtain an excitonic coher-
ence |e;)(e| during this period, in which superposition states
between excitons exist within individual aggregates. The time
evolution of the coherence |e;Xe;| during the waiting time has
an oscillating phase factor e 7, resulting in quantum beats
in the 2D spectra. This is a powerful aspect of the technique
because it exploits a true quantum effect in the phase evolu-
tion of the optical polarization and can be related quantita-
tively to coherence dynamics in the system, 28404243

Recently, 2D spectra of FMO were measured in order to
observe such behavior.*' Prominent amplitude oscillations
were observed and quantified by considering the evolution of
the diagonal cut of the spectrum (Figure 6a) as a function of
waiting time (Figure 6b). Remarkably, the peak oscillation per-
sisted throughout the 660 fs extent of the measurements.

Multiple signatures corroborate that electronic coherence is
responsible for the observed oscillations. First, the beat spec-
trum of the amplitude oscillations of the spectrally isolated
lowest-energy exciton peak (Figure 6¢) is consistent with a pre-
diction based on the FMO Hamiltonian.?'*' Second, as
expected,*? the peak’s aspect ratio oscillations are anticorre-
lated to its amplitude oscillations (Figure 6d), in agreement
with theory.?® These techniques are not limited to the study
of photosynthetic complexes and have recently been
employed to examine long-lived coherent energy transport in
conjugated polymers.**

To propose a hypothesis for the surprising persistence of
exciton superpositions, consider a photon echo study per-
formed on a coupled dimer of pigments in a bacterial reac-
tion center.*> The experimental results of the study were
successfully modeled only when assuming that the surround-
ing protein fluctuations at the different pigment sites were cor-
related. These correlations reduce the fluctuations of the
energy gap between the two related exciton states, enabling
their long-lasting coherence. Such correlated protein motions
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FIGURE 6. Electronic quantum coherence in the FMO complex:*' (a) the T = 200 fs 2D spectrum of isolated FMO complexes at 77 K; (b)
diagonal cuts of FMO 2D spectra plotted versus waiting time—the amplitude beating of the lowest exciton peak is traced by a solid black
line; (¢) the Fourier transform of the oscillating black trace in panel b (dashed curve) agrees with a beat spectrum predicted by the excitonic
energy structure of FMO (black sticks); (d) the amplitude of the exciton 1 diagonal peak (black curve) from panel b and the ratio of the

diagonal to antidiagonal widths of the peak (red curve).

were posited to arise since both pigments contributing to the
two excitons were situated along the same a-helix.*® A sim-
ilar phenomenon could explain the long-lived quantum beats
observed in FMO. Such a manifestation should improve the
efficiency for excitation energy transfer by allowing revers-
ible sampling of the energy landscape, avoiding energy trap-
ping in local minima, and enabling the correct energy sink to
effectively extract excitation energy when being sampled over
the course of the oscillations.*”*®

The analysis used to study excitonic quantum coherence in
FMO can be adapted to determine the transition energies of
the excitons. Though the experimental power spectrum (Fig-
ure 6¢) is shown to agree with a preestablished model, if a
model were less certain, the experimental data could be used
to refine it. Indeed, instead of considering the power spec-
trum at a single exciton energy, as done here, the entire data
set plotted in Figure 6b can be Fourier transformed with
respect to waiting time to obtain the complete exciton land-

scape.® Such a technique should very efficiently pinpoint
transition energies compared with traditional modeling
strategies.

3.5. Spatial Structure Determination of Molecular
Aggregates. The following two examples show how 2D elec-
tronic spectroscopy can also provide structural information.
Though structures for pigment—protein complexes such as
FMO are well characterized, there are many cases in which
atomic-resolution structures for molecular complexes remain
elusive. Knowledge of the precise chromophore configura-
tions within such complexes is important because it forms the
basis for models of the resulting excitation energy
dynamics.>”?

3.5.1. Proposing Pigment Arrangement in LH4. Like
LH3, light-harvesting complex 4 (LH4) is a light-harvesting
variant expressed by photosynthetic purple bacteria in low
light conditions.*? Unlike LH3, LH4 has a single band in its
spectrum at 800 nm and has a total of 32 BChl molecules dis-
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FIGURE 7. Spectral sensitivity to chromophore configuration in
LH4.2% Radial (a) and tangential (c) dipole models for relevant
chromophores in LH4 are compared with the experimentally
obtained T = 0 spectrum (b).

tributed among 8 identical protein subunits in the ring-like
structure.* It is suspected that LH4 is significantly different in
structure from other bacterial light-harvesting complexes, and
a model of the structure has been proposed by mapping its
electron density at 7.5 A resolution.”® This model assumes
that the dipole moments of some of the BChls are oriented
radially, like the spokes of a wheel (Figure 7a); however there
is no high-resolution crystal structure to confirm this. Recently,
2D electronic spectroscopy was used to assess the validity of
this model;>® the results (Figure 7b) indicate that these BChls
are unlikely to be radially oriented and must instead be
angled nearly parallel to one another, tracing out the tangents
of a circle, as shown in Figure 7c.

Recall that in the study of LH3 in section 3.2, the asym-
metry of negative peaks in the 2D spectra was a sensitive
indicator of electronic coupling, which depends on the prox-
imity and relative orientation of adjacent dipoles. For LH4,

the location of similarly generated negative features estab-
lishes the orientation of the relevant BChls. In Figure 7, an
experimentally obtained spectrum is compared with numer-
ically generated ones. As can be seen, the position of the
negative peaks in the tangential dipole model match the
experimental data, while those in the radial model do not.
In essence, the nature of electronic coupling to which 2D
spectroscopy is highly sensitive has forced a structural
model with several angtrom resolution to be reconsidered.

3.5.2. Structural Information from 2D Polarization
Techniques. The features in spectra presented thus far gen-
erally contain multiple overlapping peaks. Here, we show
how laser pulse polarization can be used to enhance or sup-
press the signal from different Liouville pathways that com-
prise a congested feature.>'>2 Each Liouville pathway is
associated with a unique dipole-angle-dependent orienta-
tional factor that is a function of the field polarizations used
in the pulse sequence. Therefore, by correlating an isolated
peak with a particular pathway, its pulse polarization-de-
pendent signal strength provides structural information: the
angle between the exciton dipoles involved can be deter-
mined.>3

Orientational factors for isotropic ensembles are the orien-
tationally averaged products of the projection of each of the
four transition dipole vectors g; involved in the pathway
with its corresponding laser pulse polarization vector:
(s~ €4) (3 &3)(t2 - &2)(1 - €1)). Clearly, the corresponding sig-
nal strength of such factors depends on the polarization of
laser pulses &.>'>2 Various polarization sequences of the form
(601,62,05,0.0), Where 6; is the linear polarization angle of pulse
i, have been used in 2D IR spectroscopy>* and extended to
the visible to effectively parse 2D electronic spectra. For exam-
ple, using the (+60°,—60°,0,0) sequence in the electronic
regime demonstrated the suppression of FMO diagonal peaks,
enabling a closer look at the remaining, often overpowered,
cross-peaks.>>

In order to determine aggregate structure, Read et al.**
studied the exciton 4 — 2 population transfer cross-peak in
FMO spectra. The absolute value of the nonrephasing 2D
spectrum taken at T = 400 fs was considered for polariza-
tion sequences (+45°,—45°,0,0) and (+75°,—75°,0,0) (Fig-
ure 8a). The peak (white arrow) is distinctly visible in the
(+75°,—75°0,0) spectrum, but noticeably less prominent in
the (+45°,—45°,0,0) spectrum. The orientational factors for
these polarization sequences as a function of the projection
angle between the dipoles of the two involved excitonic states
are plotted in Figure 8b. The polarization sequence-depen-
dent signal amplitude variation observed in the experiment is
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experimental T = 400 fs absolute value nonrephasing spectra—arrows indicate the exciton 4 — 2 cross-peak; (b) orientational factors for the

polarization sequences employed.

only reproduced by a dimer system simulation if the angle
between the two dipoles is set to ~40°. This agrees with the
well-characterized model for FMO that predicts ¢ = 38°
between exciton dipoles 2 and 4.32

The above example shows that 2D electronic spectros-
copy, combined with theoretical modeling, is capable of
obtaining structural information about molecular aggre-
gates. Similar strategies could be implemented for systems
less well-characterized than FMO. Since the study of these
systems cannot rely as heavily on simulations, it will be
essential to obtain more quantitative information directly
from experimental data. In this vein, note that all possible
polarization sequences can be constructed from linear com-
binations of three orthogonal sequences: {{(90°,90°,0,0),
(90°,0,90°,0), (0,90°,90°,0)}.>" Therefore, it should in prin-
ciple be possible to construct arbitrary linear combinations
of polarization-dependent spectra taken with these three
polarization conditions in order to enhance or suppress
many different contributions® and to obtain a host of struc-
tural information.

4. Outlook

Much of the power of 2D spectroscopy lies in the ability to
resolve multiple transitions and processes in parallel, and
continued refinements to the technique, such as those

described above, will continue to enhance its acuity. The
consequences of these explorations will no doubt improve
our understanding of naturally occurring as well as artifi-
cial electronically coupled systems and will drive the devel-
opment of novel, robust synthetic structures with similar
functional objectives.
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