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CONSPECTUS

he theory of electronic structure of many-electron systems, such as molecules, 43

is extraordinarily complicated. A consideration of how electron density is dis- 421
tributed on average in the average field of the other electrons in the system, that
is, mean field theory, is very instructive. However, quantitatively describing chem-
ical bonds, reactions, and spectroscopy requires consideration of the way that elec- f
trons avoid each other while moving; this is called electron correlation (or in physics, 3.0
the many-body problem for fermions). Although great progress has been made in
theory, there is a need for incisive experimental tests for large molecular systems
in the condensed phase. 3185 1.0 165 2.00 2.05 2.10 2.15

In this Account, we report a two-dimensional (2D) optical coherent spectros- Wy (€
copy that correlates the double-excited electronic states to constituent single-ex-
cited states. The technique, termed 2D double-quantum coherence spectroscopy (2D-DQCS), uses multiple, time-ordered
ultrashort coherent optical pulses to create double- and single-quantum coherences over time intervals between the pulses.
The resulting 2D electronic spectrum is a map of the energy correlation between the first excited state and two-photon
allowed double-quantum states. The underlying principle of the experiment is that when the energy of the double-quan-
tum state, viewed in simple models as a double HOMO-to-LUMO (highest occupied to lowest unoccupied molecular orbital)
excitation, equals twice that of a single excitation, then no signal is radiated. However, electron—electron interactions, a com-
bination of exchange interactions and electron correlation, in real systems generates a signal that reveals precisely how the
energy of the double-quantum resonance differs from twice the single-quantum resonance. The energy shift measured in
this experiment reveals how the second excitation is perturbed by both the presence of the first excitation and the way that
the other electrons in the system have responded to the presence of that first excitation.

We compare a series of organic dye molecules and find that the energy offset for adding a second electronic excitation
to the system relative to the first excitation is on the order of tens of millielectronvolts; it also depends quite sensitively
on molecular geometry. These results demonstrate the effectiveness of 2D-DQCS for elucidating quantitative information about
electron—electron interactions, many-electron wave functions, and electron correlation in electronic excited states and excitons.

Our work helps illuminate the implications of electron correlation on chemical systems. In a broad sense, we are trying
to help address the fundamental question “How do we go beyond the orbital representation of electrons in the chemical
sciences?”
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1. Introduction processes.'~® Coherent multidimensional optical

Recent advances in theory and practice of multi- spectroscopy has great potential for revealing

researchers to go beyond ultrafast measurements ~ plex multichromophore systems. In contrast to
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of excited state dynamics and to gain deeper
insights into the mechanism of excited state

multidimensional nuclear magnetic resonance
techniques, which probe spin—spin interactions
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and can track changes with millisecond time resolution, the
optical analog allows us to probe changes in couplings
between multiple chromophores absorbing at visible or infra-
red frequencies with femtosecond time resolution. Here we
report the experimental demonstration of a new two-dimen-
sional (2D) electronic coherent spectroscopy that maps elec-
tronic states in such a way that insight can be gained into the
electronic structure of excited states, in particular how elec-
tron correlations change upon photoexcitation.

The technique, termed 2D double-quantum coherence
spectroscopy (2D-DQCS), uses multiple, time-ordered ultrashort
laser pulses to induce coherences between ground, single-
excited, and double-excited electronic states.”~'? The Fou-
rier evaluation of a third-order signal scanned along two
coherence time intervals between the pulses produces a 2D
spectrum that maps out the energies of and correlations
among excited electronic states that are excited via one- and
two-field interactions from the electronic ground state. The
measured 2D-DQC spectrum provides unique information on
the electronic structure of double-quantum resonances with
respect to constituent single-quantum states. Conceptually
related experiments involving double-quantum coherence
were already implemented at NMR radio'® and infrared fre-
quencies'? to provide effective probes of interactions among
spins and anharmonicity of molecular vibrations, respectively.
When applied to study electronic excitations in molecules,
2D-DQCS can be naturally interpreted in terms of electronic
oscillations (quasiparticles) as is common in other many-body
fermion systems in the condensed phase, such as semicon-
ductors. In weakly interacting electron systems, like many
inorganic semiconductors, the electron correlation effects are
directly measured by this experiment.®'° Experimental stud-
ies of semiconductors using this method have been
reported.'*'> Thus, 2D-DQCS can unify the description of
electronic excitations in complex molecular and nanoscale
systems.

Here we study molecular chromophores, where the inter-
actions among electrons and their correlations are well-known
to be substantial. For example, exchange interactions, as seen
in singlet—triplet splitting, are on the order of 0.5 eV, com-
pared with a few millielectronvolts and smaller for inorganic
nanocrystals and bulk semiconductors.'® Furthermore, the
electron correlation energy, comparable to chemical bond-
ing energies, is essential for determining molecular geome-
tries and for the prediction of excited state wave functions and
energies with chemical accuracy.'”~2' We envision that a con-
tribution of this experiment will be to provide an experimen-
tal benchmark for the most challenging quantum-chemical
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FIGURE 1. (a) A three-level system consisting of ground (g) and
manifolds of single (e) and double (f) excited states. (b) A sequence
of three coherent pulses inducing the 2D-DQC signal. (c) The two
Feynman diagrams contributing to the 2D-DQC signal.

calculations, those of high-lying electronic excited states with
substantial double-excitation character.??3

The goal of this Account is to show that 2D-DQCS data can
be recorded for large molecules in the condensed phase and
the signals are consistent with predictions from theory. We
thereby show that many-electron systems may be readily
investigated. Effects captured by mean-field theories together
with correlation corrections ultimately contribute to the data.
There are still unresolved challenges for obtaining and inter-
preting the data. Perhaps the most demanding challenge for
future work is to elucidate more deeply how to communicate
the implications of electron correlation on chemical systems.
In other words, how do we go beyond the orbital representa-
tion of electrons in chemical sciences? The ability to quantify
electron correlation by experiment will stimulate interest in
that question.

2. Theory and Simulations of 2D-DQCS

Two-dimensional DQCS uses a sequence of three coherent
optical pulses to correlate certain electronic coherences in a
three-level system consisting of ground state (g), a manifold of
single excited states (e), and a manifold of double excited
states (f), as shown in Figure 1a. The time ordering of a
sequence of three femtosecond laser pulses applied to this
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