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C O N S P E C T U S

Understanding of the nuclear and electronic structure and dynamics of molecular systems has advanced considerably
through probing the nonlinear response of molecules to sequences of pulsed electromagnetic fields. The ability to con-

trol various degrees of freedom of the excitation pulsesssuch as duration, sequence, frequency, polarization, and shapeshas
led to a variety of time-resolved spectroscopic methods. The various techniques that researchers use are commonly classi-
fied by their dimensionality, which refers to the number of independently variable time delays between the pulsed fields
that induce the signal. Though pico- and femtosecond time-resolved spectroscopies of electronic transitions have come of
age, only recently have researchers been able to perform two-dimensional electronic spectroscopy (2D-ES) in the visible fre-
quency regime and correlate transition frequencies that evolve in different time intervals. The two-dimensional correlation
plots and their temporal evolution allow one to access spectral information that is not exposed directly in other one-
dimensional nonlinear methods.

In this Account, we summarize our studies of a series of increasingly complex molecular chromophores. We examine
noninteracting dye molecules, a monomer-dimer equilibrium of a prototypical dye molecule, and finally a supramolecular
assembly of electronically coupled absorbers. By tracing vibronic signal modulations, differentiating line-broadening mech-
anisms, analyzing distinctly different relaxation dynamics, determining electronic coupling strengths, and directly following
excitation energy transfer pathways, we illustrate how two-dimensional electronic spectroscopy can image physical phe-
nomena that underlie the optical response of a particular system.

Although 2D-ES is far from being a “turn-key” method, we expect that experimental progress and potential commer-
cialization of instrumentation will make 2D-ES accessible to a much broader scientific audience, analogous to the develop-
ment of multidimensional NMR and 2D-IR.

Introduction
Multidimensional Fourier transform nuclear mag-

netic resonance (NMR)1,2 spectroscopy of spin

transitions has revolutionized structural biology.

Inspired by the huge success of two-dimensional

NMR, analogous spectroscopic concepts also have
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been realized in the infrared (IR) region of the electromag-

netic spectrum.3-6 Mainly because of the necessity of con-

stant phase relations between excitation pulses, the

implementation of two-dimensional electronic spectroscopy

(2D-ES) in the visible was stalled and lagged the IR counter-

parts by several years. Meanwhile, after the first reports of

2D-ES experiments on dye molecules in the near-IR,7,8 the

range of investigated systems is being extended continuously

to samples like covalently linked dimers,9 photosynthetic

complexes,10-12 quantum wells,13-15 or atomic vapors.16,17

The principle of 2D-ES is based on the correlation of elec-

tronic coherences, that are generated by a sequence of three

femtosecond laser pulses and evolve during two time inter-

vals. The first laser pulse (with wavevector k1) creates a coher-

ence between the ground and the first excited state, which

evolves for a time t1. The second pulse k2 converts the coher-

ence into a population (or a vibrational wavepacket), either in

the ground or the excited electronic state. After a time t2,
again electronic coherences are created by the third pulse k3,

which either once more couples the ground and first excited

state or the first and second excited states. The induced third-

order polarization P(3)(t1,t2,t3) finally radiates the signal field

Es
(3)(t1,t2,t3) in a direction dictated by phase-matching condi-

tions. Detection of the signal by spectral interferometry, that

is, by mixing with a local oscillator (LO) pulse, permits a com-

plete characterization of the field’s amplitude and phase.7,18

To attain the desired 2D frequency-frequency correlation

spectrum, Es
(3)(ω1,t2,ω3), two Fourier transforms (FT) have to be

performed, one of which (t3 f ω3) is inherent to the detec-

tion scheme.19 The FT t1 f ω1 is obtained by scanning the

temporal separation of the first and second excitation pulse (t1)
over a predefined range and a subsequent FT of the signals

with respect to t1.
The described procedure, which might sound rather tedious

compared with other third-order nonlinear techniques, bears

a number of unique advantages. Obviously, spreading the

information content into two frequency dimensions facilitates

the interpretation of congested spectra. Apart from this fact, it

is essential to realize that the method characterizes both the

real (absorptive) and imaginary (dispersive) parts of the com-

plex nonlinear signal, so in fact, any other third-order exper-

iment is contained in the 2D spectrum.20 While the spectral

resolution of a 2D experiment is practically only limited by the

maximal delay between the first two interactions, its tempo-

ral resolution is given by the accuracy in timing the interac-

tion sequence, that is, by the pulse durations. Two-

dimensional electronic spectroscopy thus overcomes the

trade-off between time and frequency resolution that is

imposed by the time-bandwidth product of the excitation

pulses to other techniques.

This Account, in which we condense our contributions to

the field of 2D-ES, is devoted to illustrate the above argu-

ments. We present experimental and theoretical studies of

molecular systems that can be differentiated by their struc-

tural complexity and whose optical response consequently is

determined by different physical phenomena. For the simplest

possible case of an electronic two-level absorber, we trace the

motion of a low-frequency vibrational wavepacket that is

reflected in the beating of the 2D line shapes.21 By simulta-

neously monitoring monomers and van-der-Waals bound

dimers in a single experiment, we then illustrate how 2D line

shapes are affected by exciton delocalization induced by elec-

tronic intermolecular couplings.22 Finally, we find electronic

couplings to dominate the optical response of a supramolecu-

lar aggregate, for which we characterize the motion of exci-

tons that relax across a multiband spectrum.23,24

Experimental Technique
Excitation in the visible is accomplished by a noncollinear opti-

cal parametric amplifier (NOPA), which is pumped at a repe-

tition rate of 200 kHz.25 Our system delivers sub-20 fs pulses

tunable from 500 to 700 nm with pulse energies exceeding

200 nJ. To compensate dispersive elements of the setup and

the NOPA, we apply a combination of Brewster-angled chirped

mirrors and a conventional prism compressor.26 For full char-

acterization of the pulses and to ensure their shortest possi-

ble duration at the position of the sample, we apply spectral

interferometry (ZAP-SPIDER).27 Based upon the work of Miller

and co-workers and Fleming and co-workers,10,28 we have

implemented a passively phase-stabilized, diffractive optics

based setup. Figure 1 shows the layout of the 2D-ES experi-

ment, the definition of delay times (left inset), and the detec-

tion scheme (right inset).29

Two-dimensional spectra are acquired by scanning delay t1
(separating the first two interactions of the sample with the

pulse sequence) symmetrically around t ) 0 while keeping

delay t2 between the second and third interaction constant.

This scanning protocol collects nonrephasing contributions in

the wavevector architecture ks ) +k1 - k2 + k3 for negative

values of t1 and rephasing contributions in the direction ks )
-k1 + k2 + k3 for positive t1 values. The Fourier transform of

this data into ω1 gives purely absorptive real parts and purely

dispersive imaginary parts of the 2D spectrum by equally

weighting the rephasing and nonrephasing contributions.30

For all samples, the t1 delays are scanned with a resolution of

0.65 fs, which is above the Nyquist frequency dictated by elec-
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tronic resonances. To avoid undesired higher-order effects, the

excitation beams are attenuated to yield less than 3 nJ of

energy in each of the excitation pulses. To avoid nonreso-

nant signals from cell windows, we use a gravity-driven, wire-

guided drop jet for circulating the sample solution.31,32 In all

experiments, the three excitation beams are polarized perpen-

dicular to the flow of the jet. According to the projection slice

theorem,20 the absolute phase of the complex signal can be

determined by projecting the real part of the 2D spectrum

onto an additionally recorded, spectrally resolved pump-
probe spectrum.

Molecular Chromophores of Increasing
Complexity
Electron-Phonon Coupling of an Electronic Two-Level
System. Though modulations of four-wave-mixing signals by

vibrational wavepackets are ubiquitous in time-resolved exper-

iments on electronic transitions,33-35 their signatures in 2D

electronic spectra have been addressed only in a handful of

theoretical studies.36-39 This lack of experimental data moti-

vated the investigation of a simple electronic absorber whose

third-order spectroscopic signals are dominated by a single,

underdamped low-frequency mode.

Figure 2 shows the absorption spectrum of N,N′-bis(2,6-dim-

ethylphenyl)perylene-3,4,9,10-tetracarboxylicdiimide (PERY) in

toluene, which is characterized by the progression of a high-

frequency (1400 cm-1) mode. Its fundamental S1 r S0 tran-

sition can be selected and entirely covered by the spectral

bandwidth of our excitation pulses. Under these excitation

conditions, the third-order signals of PERY exhibit large ampli-

tude modulations, dominated by coupling to a 140 cm-1

mode,35,40 which corresponds to a beating period of 240 fs.

Scanning delay t2 in the experiment allows 2D spectra to be

recorded at well-separated minima and maxima of the oscil-

lating signal, as illustrated by the sequence of spectra in Fig-

ure 3.

For all delays, the positions of the maxima of the absorp-

tive peaks are located below the diagonal (ω3 < |ω1|) and are

nearly invariant. However, the ellipticity of the signal peaks is

subject to a periodic change. For t2 delays of 200, 450, and

650 fs the absorptive line shapes are of pronounced ellipti-

cal shape, with the major axis of the ellipse slanted toward the

FIGURE 1. Experimental setup with pump-probe extension: BS ) beam splitter; CP ) compensation plate; DOE ) diffractive optical
element; SM ) spherical mirror; GP ) gear pump; CCD ) charge coupled device spectrometer. The left inset shows the definition of delay
times. The right inset depicts the detection scheme and the geometry of the 2D-ES experiment: three laser pulses with wavevectors k1, k2,
and k3 create a nonlinear signal (ks ) +k1 - k2 + k3 for t1 < 0; ks ) -k1 + k2 + k3 for t1 > 0), which are spectrally interfered with a local
oscillator field (LO) for signal detection and reconstruction in the ω3-frequency domain.

FIGURE 2. Absorption spectrum of PERY in toluene (solid line)
compared with the spectrum of the excitation pulses (dashed line).
The inset shows the chemical structure.
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diagonal. The shape of the 2D peaks for 300 and 500 fs is

more circular, and the major axis of the ellipse is almost par-

allel to the ω3 axis. Even more pronounced are the changes

to the dispersive signal parts, due to two contributions of

opposite sign. From Figure 3b, it is obvious that both contri-

butions experience alternating widening and narrowing that is

in-phase with the rotation of the major axis of the ellipse in

the absorptive signal. The slope of the zero-crossing between

the two contributions (drawn as a black solid line in the dis-

persive parts in Figure 3b) thereby experiences strong changes

in its orientation.

Figure 4 summarizes the quantitative analysis of the 2D

spectra for an extended t2 sequence. The changes in the ellip-

ticity of the absorptive line shape are quantified by determin-

ing diagonal and antidiagonal widths at a peak height of

1/e.11 The diagonal widths are larger than the antidiagonal

ones and show only a small dependence on the time delay.

Contrarily, the antidiagonal peak widths show pronounced

oscillations with t2. This opposing behavior is responsible for

the strong modulation of the diagonal to antidiagonal peak

width ratio (cf. Figure 4a). In turn, as shown in Figure 4b, the

angle of the nodal line (with respect to the ω1 axis) varies over

a range of 30° and assumes negative values at points where

the absorptive peaks acquire circular shapes.

FIGURE 3. (a) Absorptive and (b) dispersive 2D spectra of PERY recorded for t2 delays of 200, 300, 450, 550, and 650 fs. The upper rows
show experimental data, and the lower ones show simulated data. All spectra are normalized to their respective maximum value, and the
color scale is based on a arcsinh-weighting function starting at (5% of signal intensity.

FIGURE 4. Analysis of the oscillatory behavior in the 2D spectrum.
Both plots share the abscissa of the lower figure: (a)
diagonal/antidiagonal peak width ratio of the absorptive signal; (b)
angle of the nodal line in the dispersive signal with respect to the
ω1-axis. Filled symbols refer to experimental data, and open
symbols refer to calculated data.
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To analyze the experimental data, we have performed sim-

ulations in the impulsive limit (i.e., for infinitely short pulses),

using the second-order cumulant expansion of electron-
phonon interactions. We treated PERY as an electronic two-

level system that interacts with intramolecular as well as

solvent vibrational modes, whose connection to the electronic

transition is comprised in the energy gap correlation function

(CF). The CF of both the overdamped solvent modes and the

underdamped oscillatory modes of PERY are treated within the

Brownian oscillator model. The model requires two parame-

ters (reorganization energy, λ, and correlation time, τc) for

overdamped modes and three parameters (reorganization

energy, λ, oscillator frequency, ω, and damping, γ) for the

underdamped modes.41 The third-order nonlinear response

functions, which determine the spectroscopic signals, can be

expressed in terms of a double integral of the CF, the so-called

line-shape function (we refer to ref 21 for further details on the

numerically straightforward calculation). As illustrated in Fig-

ures 3 and 4, the results of this approach are in excellent

agreement with the experiment.

For an intuitive understanding of the periodic spectral

changes, we recall that vibrational modes are multilevel struc-

tured quantum mechanical systems. Both the ground and

excited electronic states of PERY feature levels spaced by

vibrational frequency ω, which is much smaller than the band-

width of the exciting laser pulses. The first two laser pulses

thus not only populate vibrational states but also excite coher-

ences between them. During t2 evolution in a 2D experiment,

these coherences modulate the signal by a factor exp((iωt2).
In essence, the second-order cumulant approach permits us to

include this coherent dynamics together with solvent-induced

damping into the CF. By expanding the CF of an underdamped

vibrational mode in its Huang-Rhys factor, λ/ω, we find the

most significant changes in the 2D line shapes to oscillate with

the cosine of the population time.21 Given that ω is small com-

pared with the electronic energy gap, one can further observe

the rephasing and nonrephasing signal parts to oscillate with

mutually opposite phase. This behavior is illustrated in Fig-

ure 5, where we exemplarily show the (absorptive) rephas-

ing and nonrephasing signal parts for t2 delays of 200 and

300 fs.

Monomers versus Dimers. Given that molecules

approach each other close enough, the electronic properties

of the formed molecular assembly, or aggregate, become size

dependent and no longer correspond to the ones of its indi-

vidual constituents. Rather, molecular aggregates are charac-

terized by the close spatial proximity of coupled molecular

transition dipoles and the consequent formation of collective

excited states (excitons). Two-dimensional electronic spectros-

copy has been introduced as the method of choice for deep-

ening the comprehension of how the interaction strengths and

the static and dynamic disorder of the molecular sites are

reflected in the optical response of excitonic systems. How-

ever, apart from one study on a covalently linked oligophe-

nylene dimer,9 experiments so far have been focused on

rather large complexes, like natural10-12 or artificial23,29 light

harvesters. This is in some contradiction to the popularity of

dimers (as the simplest aggregate prototypes) in theoretical

studies of excitonic interactions, and we consider the follow-

ing results as a step toward closing this gap.

Analyzing suitable molecular systems that offer straightfor-

ward access to control the extent of excitation delocalization,

one finds a variety of convenient choices from the class of

aggregating cyanine dyes. Due to strong dispersion forces

associated with the high polarizability of the chromophores,

cyanine dyes are well-known to form aggregates in aqueous

solutions.42 The degree of aggregation can be controlled by

both solute concentration and the polarity of the solvent. This

permits one to study effects of excitation delocalization at the

lowest level of aggregation by direct comparison of mono-

meric and dimeric line shapes in 2D spectra.

According to Frenkel exciton theory, the electronic interac-

tion of aggregating chromophores gives rise to energetically

shifted, delocalized exciton states. For the simplest case of a

periodic linear arrangement, depending on the mutual orien-

tation of transition dipoles with respect to their centers-of-mass

joint, a new dominant absorption band appears, which is

either red-shifted (J-aggregates) or blue-shifted (H-aggregates)

to the monomer transition. Aggregates of pinacyanol chlo-

FIGURE 5. Rephasing (left) and nonrephasing (right) contributions
to the absorptive 2D signal at t2 delays of 200 and 300 fs. The
amplitudes of the rephasing and nonrephasing parts are modulated
out-of-phase with respect to each other, consequently inducing
oscillatory features in the 2D spectrum. The color scale is based on
a arcsinh function starting at (5% signal intensity.
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ride (PIN, cf. Figure 6a), a prototypical cyanine dye investi-

gated in the present study, belong to the latter type of

H-aggregates. Figure 6b schematically explains the spectral

pattern of an equilibrated solution of monomers, dimers, and

higher aggregates that are present in water-methanol mix-

tures. According to the common interpretation of the PIN spec-

trum under conditions of partial aggregation,42 the three new

bands in linear absorption (LA) are assigned to the lower and

the upper exciton levels of molecular dimers and an addi-

tional blue-shifted band originating from higher aggregates. By

tuning the solvent polarity, one can adjust the concentrations

of the different absorbers for a double-peaked LA spectrum

with what we refer to as a monomeric and a dimeric absorp-

tion maximum in the following (cf. Figure 6c).

As illustrated in Figure 7a, the bandwidth of our excita-

tion pulses is broad enough to recover both peaks in the

amplitude and absorptive part of the 2D spectra. At t2 ) 0 fs,

the two features exhibit a pronounced elliptical shape with the

major axes of the ellipses slanted toward the diagonal with

slightly different orientations. As revealed by a quantitative

line shape analysis of a t2 sequence up to 10 ps (cf. Figure

7b,c), the similarity of the two peaks, despite remarkably sim-

ilar diagonal and antidiagonal widths in the (t2 ) 0) correla-

tion spectrum, vanishes on a sub-100 fs time scale. While the

FIGURE 6. (a) Linear absorption spectrum of pinacyanol chloride (PIN) in methanol. The chemical structure is shown in the inset. (b)
Schematics of new bands appearing upon aggregation of PIN monomers that form dimers and higher aggregates. (c) Absorption spectrum
(solid line) of an equilibrated mixture of PIN in a water/methanol solution compared with the laser pulse spectrum (dashed line).

FIGURE 7. (a) Amplitude (top) and absorptive (bottom) parts of 2D spectra recorded at t2 delays of 0 and 100 fs. The additional spectra
partly overlaid in the upper left corners of each 2D plot display calculated data. The spectra are normalized to their respective maximum
value, and the color scale is based on a arcsinh function starting at (5% of the signal intensity. The line-shape analysis for a full sequence
of 2D spectra is shown separately for the momomeric (b) and dimeric (c) peaks. Squares show the evolution of the diagonal peak widths,
and diamonds show that of the antidiagonal peak widths; circles show the diagonal to antidiagonal peak width ratio.
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antidiagonal width of the monomer steeply rises within the

first 50 fs, its diagonal width remains essentially unchanged

(Figure 7b). The diagonal to antidiagonal peak width ratio thus

quickly decays to a value close to unity. This quick loss of

memory is typical for molecular absorbers in the condensed

phase.34,43 In contrast, Figure 7c demonstrates the evolution

of the peak width ratio for the dimer peak to be mainly deter-

mined by changes in the diagonal width and to level off at

roughly twice the value as that for the monomer.

As is well-known, the delocalization degree of an electronic

excitation affects the contributions from both static and

dynamic disorder to the spectral line shape. As for static dis-

order, the effect refers to the reduction of spectral inhomoge-

neity as a result of statistic sampling over independent sites.

In the present case, the increase in diagonal width for the

dimer resembles a broad distribution of monomer distances

and orientations, which are static on the time scale of the

experiment (inhomogeneous broadening). On the other hand,

the exchange narrowing of dynamical fluctuations (homoge-

neous broadening) acts toward a reduction of the antidiago-

nal width in the 2D line shape of the dimer. Qualitatively, our

observations indicate the solvent-induced transition energy

fluctuations of the electronically interacting monomers to be

independent (uncorrelated) of each other. The actual extent of

the effect depends on the particular form of the correlation

function assumed for the monomeric sites. Because a more

elaborate discussion of simulations is beyond the scope here,

we only note that a simple transfer of parameters extracted

from the monomeric line shape cannot fully account for the

observed dynamics of the dimer. Rather, the experimentally

observed antidiagonal narrowing is higher than one would

predict from a Frenkel exciton model, and distinct system-
bath coupling characteristics have to be assumed for repro-

ducing the experiment (see insets in Figure 7a). The origin of

this trend is unveiled by a quantum chemical analysis of the

dimer’s electronic structure.22

Exciton Dynamics in a Molecular Nanotube. As illus-

trated above for the simplest possible case of a molecular

homodimer, the fluctuational dynamics of delocalized excita-

tions significantly differs from the one of noninteracting chro-

mophores. This effect of exchange narrowing becomes

increasingly significant when the number of molecules shar-

ing an excitonic state increases. The effectiveness of photo-

synthetic light-harvesting complexes, in fact, relies on the

delocalization and the directed transfer of excited states on

large, ordered arrangements of molecular absorbers. Accord-

ingly, the realization of long-range molecular order, coher-

ent excitation delocalization, and defined relaxation pathways

are central issues in the design of bioinspired devices with

engineered energy flows. Though self-assembled cylindrical

molecular aggregates have emerged as excellent candidates

to meet this criteria, the how and why of energy transport in

tubular aggregates is not fully understood. In this final sec-

tion, we present the emerging picture of the spatiotemporal

exciton relaxation pathways as derived from 2D-ES

experiments.

The simultaneous linking of both hydrophobic and hydro-

philic substituents to aggregate forming dyes is a novel ansatz

in the development of artificial light harvesters and relies on

combining the self-organization tendency of organic surfac-

tants with selected, highly polarizable molecular absorbers.

The basic scheme for the self-assembling mechanism of

C8O3,44 the particular system chosen for this contribution,

shown in Figure 8a, is thereby common for a broad range of

molecular nanotubes. In aqueous solution, the hydrophobic

interactions of aliphatic side chains facilitate the formation of

bilayers, which self-assemble into cylindrical double-walled

structures with typical diameters of roughly 10 nm.45 For

C8O3, the double-walled strands further build up helices in

which up to five tubules twist around each other forming a

chiral superstructure. The possible application of these sys-

tems as building blocks for artificial light-harvesting devic-

FIGURE 8. (a) Scheme of the self-assembling mechanism of C8O3.
The π-electron system responsible for absorption is displayed as the
orange middle part, the hydrophilic side chains as red tubes, and
the hydrophobic side chains as blue tubes. (b) The experimental
linear absorption spectrum of C8O3 (black line), and its
reconstruction with four electronic oscillators (dashed red lines
show individual contributions; the sum is shown as a solid red line).
The laser pulse spectrum is shown as solid green line for
comparison.
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es46 or nanometer-scale wires for energy transport47 renders

the characterization of energy flow pathways and time scales

a topic of high interest.

In the infinite limit, the linear absorption of a single-walled

cylindrical aggregate is split by its symmetry into two transi-

tions oriented parallel and perpendicular to the cylinder axis.48

As shown in Figure 8b, the linear absorption spectrum of C8O3

in water exhibits four excitonic bands, three of them (termed

bands I, II, and IV) polarized preferentially parallel and one

polarized mainly perpendicular to the cylinder axis (band III,

Figure 8b). In a widely accepted picture, bands I and II reflect

longitudinally polarized transitions that are essentially located

on the inner and the outer cylinder, respectively.49 The blue

shift of band II with respect to band I, in combination with the

larger diameter of the outer tube, is assumed to merge both

of the two perpendicular transitions associated with the two

walls into one band (band III). Band IV presumably originates

from electronic excitations shared by several close-lying

tubules in the helical architecture, similar to the collective exci-

tations in chlorosomal stacks.50 This multiband structure of lin-

ear absorption can be well reconstructed by four effective

electronic oscillators, as shown by the red line in Figure 8b.

The sequence of 2D-ES spectra in Figure 9 reveals the path-

ways and time scales of exciton motion that are hidden in lin-

ear absorption. Comparing the diagonal (|ω1| ) ω3) amplitude

maxima in the 2D correlation spectrum (t2 ) 0 fs, top panel

of Figure 9a), we can identify the spectral positions of bands

I-IV, as defined in Figure 8b. The instantaneous observation

of off-diagonal features at all of the possible band crossings

in the |ω1| > ω3 triangular signal part indicates that all bands

are coupled among each other. The most prominent off-diag-

onal intensities at zero delay stem from strong correlations

between bands I and III (giving rise to an isolated cross-peak),

as well as from couplings between bands II and IV. The off-

diagonal intensities are thereby stretched along ω1, reflect-

ing an increasingly dense distribution of exciton states that

share a common ground state.

Upon examination of the absorptive part of the 2D signal

(Figure 9c), we can dissect the different pathways that inter-

fere to form the observed 2D spectral pattern. Excitonic inter-

molecular couplings reshape an aggregate’s electronic

structure to a manifold of single- and double-excited states,

referred to as the one- and the two-exciton manifold, respec-

tively. As a consequence of the repulsive interaction between

excitons, transitions between successively higher excitonic

manifolds are blue-shifted with respect to each other. Posi-

tive contributions to the absorptive 2D signal can thus be

assigned to ground-state bleaching (GSB) and stimulated emis-

sion contributions from one-exciton states (SE), negative con-

tributions, in turn, arise from excited-state absorption (ESA) into

the two-exciton manifold.41 For the diagonal peaks of bands

I, II, and III, we observe the positive and negative contribu-

tions to be of equal strength, whereas band IV shows a weak

positive feature only. On the other hand, on early time scales,

the off-diagonal features in |ω1| > ω3 are dominated by posi-

tive contributions.

By recording a sequence of 2D spectra for (t2) delays up to

500 fs, we can directly trace the excitation transfer pathways

and categorize the relaxational dynamics into three regimes

(cf. Figure 9). Within the first 50 fs, the onset of energetic

downhill transfer leads to the disappearance of the weak sig-

nal of band IV, accompanied by a relative increase of all off-

diagonal features in |ω1| > ω3. Population transfer, as

controlled by the electronic coupling pattern, causes the trans-

formation of the off-diagonal signals into streak-like shapes,

thus mapping out the most efficient relaxation channels. After

200 fs, the 2D spectrum is mainly governed by relaxation

from states in the vicinity of band III. This causes streaking of

band II along ω1 resolving the coupling between bands III and

II originally hidden under the intense diagonal peak. At t2 )
500 fs, we mainly observe relaxation from band II into band

I, a process that completes the exciton funneling into the low-

est accessible state.

In contrast to the assessable number of coupled pigments

in most of the natural antennas that are in the focus of exper-

imental studies, molecular nanotubes are huge with respect to

their building blocks. The sheer number of molecules build-

ing up the tubular structure is an obstacle in any theoretical

approach that aims to account for individual site properties

(like site orientation or static site disorder). Recalling that the

calculation of the third-order nonlinear response of N exci-

tonically coupled two-level systems requires explicit informa-

tion of the N single- and the N(N - 1)/2 double-excited

eigenstates,41 a microscopic model is precluded by current

computational limits. In order to simulate the experimental

data with reasonable effort, we thus resort to an effective level

scheme of single- and double-excited states. Briefly, we start

in the basis of products of single-exciton eigenstate space exci-

tations,51 which applies for an arbitrary molecular complex.

Each of the four exciton bands is treated as an electronic

three-level system coupled to an overdamped Brownian oscil-

lator.41 The one- and two-exciton transitions associated with

each of the bands I-IV are modeled by adjusting the posi-

tions and intensities for best match with the linear spectrum,

as well as the positive and negative contributions to the diag-
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onal peaks of the absorptive part. To model off-diagonal sig-

nal intensities, six double-excited states are adjusted as

follows. For a particular double-excited state, an energetic off-

set from the sum of the two single-excitation energies

involved is included, which accommodates exciton-repelling

interactions and thereby induces a cross-peak. Interband exci-

tation transfer rates are fitted by simulating the dissipative

quantum dynamics using a Pauli master equation. In the glo-

FIGURE 9. (a) Amplitude and (b) absorptive part representation of 2D spectra of C8O3 for t2 delays of 0, 20, 50, 100, 200, and 500 fs (from
top to bottom). Panels on the left show experimental data, and those on the right show simulated data; all spectra are normalized to their
respective maximum absolute value. White dotted lines indicate the peak positions in linear absorption.
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bal fitting procedure, we allow for iterative adjustment of pop-

ulation transfer rates among all of the bands I-IV.

As shown in Figure 9b,d, the essential dynamics in diago-

nal and off-diagonal signal contributions can be captured sat-

isfactorily with this procedure. The key findings of our

approach can be summarized as the exciton lifetimes for

bands IV-II, for which we find 50 fs (band IV), 174 fs (band

III), and 403 fs (band II) (the experimentally observed popu-

lation decay from band I due to fluorescence is not accounted

for in our simulations). Considering that the excitation energy

transfer rates vary over roughly an order of magnitude, we

conclude that cascading energy transfer pathways play a sub-

stantial role in the downhill energy transfer of high-energy

excitons into the lowest energy band I, with intermediate

states in the vicinity of band II.

Overall, the combination of the outlined simulation method

with experimental results from 2D-ES allows us to quantify the

coupling and relaxation pattern of large excitonic systems that

become quickly untractable with microscopic approaches. To

close, we point out that an effective level scheme explains the

band-to-band coupling and its origin by double-quantum com-

bination transitions. From this point-of-view, the excitation

fields can act on two different single-excited states (|e1〉 and

|e2〉), which can be seen as a double-excited combination tran-

sition |e1e2〉. The contributions of these combination transi-

tions exactly cancel in the case of noninteracting single-

excited states, that is, if the transition moments are kept (i.e.,

µge2 connects |e1〉 f |e1e2〉 and µge1 connects |e2〉 f |e1e2〉) and

the energy of the double-excited (combination) state matches

the sum of the two states involved. By shifting the combina-

tion transition energy, one can eliminate this cancelation and

induce a cross-peak. This corresponds to exciton-repelling

interactions and provides a sensitive test for extracting the

coupling pattern between excitonic bands from the

experiment.

Outlook
By performing 2D-ES experiments on molecular systems of

varying complexity, we illustrate the huge potential of the

method in simply visualizing the physics behind the complex

signal shapes provided by other third-order techniques.

Although 2D-ES is far from being a “turn-key” method, one

can expect, as with multidimensional NMR and 2D-IR, that

over the next years progress in the experimental field and

possible commercialization of the instrumentation will lead to

proliferation of the method and will make 2D-ES accessible to

a much broader scientific audience. Similar to the advance-

ment of 2D-IR to 2D-ES, it is only natural to expect the devel-

opment of the method toward even shorter wavelengths for

covering, for example, the absorption region of DNA. Exten-

sions of the method for correlation of single and double quan-

tum coherences, as already illustrated in first experiments,15

bear exciting experimental access to many-body correlations.
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1 Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: New York, 1986.
2 Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear Magnetic

Resonance in One and Two Dimensions; Clarendon Press: Oxford, U.K., 1987.
3 Tanimura, Y.; Mukamel, S. Two-dimensional femtosecond vibrational spectroscopy

of liquids. J. Chem. Phys. 1993, 99, 9496–9511.
4 Tokmakoff, A.; Fayer, M. D. Infrared photon echo experiments: Exploring vibrational

dynamics in liquids and glasses. Acc. Chem. Res. 1995, 28, 437–445.
5 Hamm, P.; Lim, M.; Hochstrasser, R. M. Structure of the amide I band of peptides

measured by femtosecond nonlinear-infrared spectroscopy. J. Phys. Chem. B 1998,
102, 6123–6138.

6 Mukamel, S. Multidimensional femtosecond correlation spectroscopy of electronic
and vibrational excitations. Annu. Rev. Phys. Chem. 2000, 51, 691–729.

2D-ES of Molecular Excitons Milota et al.

Vol. 42, No. 9 September 2009 1364-1374 ACCOUNTS OF CHEMICAL RESEARCH 1373

D
ow

nl
oa

de
d 

by
 R

E
N

M
IN

 U
N

IV
 O

F 
C

H
IN

A
 o

n 
O

ct
ob

er
 2

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 A

ug
us

t 1
2,

 2
00

9 
| d

oi
: 1

0.
10

21
/a

r8
00

28
2e



7 Hybl, J. D.; Albrecht, A. W.; Faeder, S. M. G.; Jonas, D. M. Two-dimensional
electronic spectroscopy. Chem. Phys. Lett. 1998, 297, 307–313.

8 Hybl, J. D.; Ferro, A. A.; Jonas, D. M. Two-dimensional Fourier transform electronic
spectroscopy. J. Chem. Phys. 2001, 115, 6606–6622.

9 Moran, A. M.; Maddox, J. B.; Hong, J. W.; Kim, J.; Nome, R. A.; Bazan, G. C.;
Mukamel, S.; Scherer, N. F. Optical coherence and theoretical study of the excitation
dynamics of a highly symmetric cyclophane-linked oligophenylenevinylene dimer.
J. Chem. Phys. 2006, 124, 194904.
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