
J. Chem. Phys. 155, 034201 (2021); https://doi.org/10.1063/5.0053554 155, 034201

© 2021 Author(s).

Broadband visible two-dimensional
spectroscopy of molecular dyes
Cite as: J. Chem. Phys. 155, 034201 (2021); https://doi.org/10.1063/5.0053554
Submitted: 08 April 2021 . Accepted: 25 June 2021 . Published Online: 15 July 2021

 Lars Mewes,  Rebecca A. Ingle, Andre Al Haddad, and  Majed Chergui

COLLECTIONS

Paper published as part of the special topic on Coherent Multidimensional Spectroscopy

ARTICLES YOU MAY BE INTERESTED IN

Two-dimensional electronic–vibrational spectroscopy: Exploring the interplay of electrons
and nuclei in excited state molecular dynamics
The Journal of Chemical Physics 155, 020901 (2021); https://doi.org/10.1063/5.0053042

Funneling dynamics in a phenylacetylene trimer: Coherent excitation of donor excitonic
states and their superposition
The Journal of Chemical Physics 155, 034303 (2021); https://doi.org/10.1063/5.0056351

Multidimensional electronic spectroscopy in high-definition—Combining spectral, temporal,
and spatial resolutions
The Journal of Chemical Physics 154, 230901 (2021); https://doi.org/10.1063/5.0052234

https://images.scitation.org/redirect.spark?MID=176720&plid=1401534&setID=378408&channelID=0&CID=496958&banID=520310234&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=ed5dd4029e63a2f75704dfd96619305ac85f9c8d&location=
https://doi.org/10.1063/5.0053554
https://doi.org/10.1063/5.0053554
http://orcid.org/0000-0001-9269-1475
https://aip.scitation.org/author/Mewes%2C+Lars
http://orcid.org/0000-0002-0566-3407
https://aip.scitation.org/author/Ingle%2C+Rebecca+A
https://aip.scitation.org/author/al+Haddad%2C+Andre
http://orcid.org/0000-0002-4856-226X
https://aip.scitation.org/author/Chergui%2C+Majed
/topic/special-collections/cmds2021?SeriesKey=jcp
https://doi.org/10.1063/5.0053554
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0053554
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0053554&domain=aip.scitation.org&date_stamp=2021-07-15
https://aip.scitation.org/doi/10.1063/5.0053042
https://aip.scitation.org/doi/10.1063/5.0053042
https://doi.org/10.1063/5.0053042
https://aip.scitation.org/doi/10.1063/5.0056351
https://aip.scitation.org/doi/10.1063/5.0056351
https://doi.org/10.1063/5.0056351
https://aip.scitation.org/doi/10.1063/5.0052234
https://aip.scitation.org/doi/10.1063/5.0052234
https://doi.org/10.1063/5.0052234


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Broadband visible two-dimensional spectroscopy
of molecular dyes

Cite as: J. Chem. Phys. 155, 034201 (2021); doi: 10.1063/5.0053554
Submitted: 8 April 2021 • Accepted: 25 June 2021 •
Published Online: 15 July 2021

Lars Mewes,a),b) Rebecca A. Ingle,c) Andre Al Haddad,d) and Majed Cherguia)

AFFILIATIONS
Laboratoire de Spectroscopie Ultrarapide and LACUS, Ecole Polytechnique Fédérale de Lausanne, ISIC, FSB-BSP, CH-1015
Lausanne, Switzerland

Note: This paper is part of the JCP Special Topic on Coherent Multidimensional Spectroscopy.
a)Authors to whom correspondence should be addressed: lars.mewes@tum.de and majed.chergui@epfl.ch
b)Now at: Dynamische Spektroskopien, Fakultät für Chemie, Technische Universität München, Lichtenbergstr. 4,

D-85748 Garching b. München, Germany.
c)Now at: Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, United Kingdom.
d)Now at: Paul Scherrer Institut (PSI), 5232 Villigen PSI, Switzerland.

ABSTRACT
Two-dimensional Fourier transform spectroscopy is a promising technique to study ultrafast molecular dynamics. Similar to transient absorp-
tion spectroscopy, a more complete picture of the dynamics requires broadband laser pulses to observe transient changes over a large enough
bandwidth, exceeding the inhomogeneous width of electronic transitions, as well as the separation between the electronic or vibronic transi-
tions of interest. Here, we present visible broadband 2D spectra of a series of dye molecules and report vibrational coherences with frequencies
up to ∼1400 cm−1 that were obtained after improvements to our existing two-dimensional Fourier transform setup [Al Haddad et al., Opt.
Lett. 40, 312–315 (2015)]. The experiment uses white light from a hollow core fiber, allowing us to acquire 2D spectra with a bandwidth of
200 nm, in a range between 500 and 800 nm, and with a temporal resolution of 10–15 fs. 2D spectra of nile blue, rhodamine 800, terylene
diimide, and pinacyanol iodide show vibronic spectral features with at least one vibrational mode and reveal information about structural
motion via coherent oscillations of the 2D signals during the population time. For the case of pinacyanol iodide, these observations are
complemented by its Raman spectrum, as well as the calculated Raman activity at the ground- and excited-state geometry.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0053554

INTRODUCTION

With the advance of pulsed laser technology and ultrafast optics
during recent decades, it has become possible to measure frequency-
domain optical signals (such as excitation and/or detection frequen-
cies in time-resolved spectroscopy) interferometrically in the time
domain. This has sparked a series of technical developments, of
which two-dimensional Fourier transform (2DFT) spectroscopy1–4

is a successful example. These methods represent short wavelength
analogs of two-dimensional nuclear magnetic resonance (NMR)
spectroscopy5 and excitation frequency-resolved extensions to their
traditional time-resolved “pump–probe” counterparts.6 A substan-
tial body of work has exploited the excitation frequency resolution
of 2DFT spectroscopy at visible wavelengths to resolve open ques-
tions in biophysics, among others, concerning the energy transfer

mechanisms in light harvesting complexes,7 chlorosomes,8 and the
Fenna–Matthews–Olson complex,9 as well as in supermolecular
assemblies10 and charge-transfer dynamics of molecular dimers.11

Resolving the excitation frequency dependence of the transient sig-
nal has the additional advantage that 2DFT techniques are not lim-
ited by the Fourier transform limit (the uncertainty between exci-
tation energy and temporal resolution) and allow the measurement
of ultrafast phenomena (with time constants of a few tens of fem-
toseconds) while retaining the highest possible excitation frequency
resolution.12 This has been proved and implemented to study high
frequency molecular vibrations, which play an important role in the
reaction mechanism in singlet fission,13–16 during internal conver-
sion in rhodopsin,17–19 during energy relaxation in cyanobacterial
light harvesting,20 and in many other processes.21 Efforts to use
2DFT spectroscopy in the visible region to study smaller molecular
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systems, such as donor–acceptor dyads,22 porphyrins,23,24 and
sensitizer-based charged injection,25 and fully characterizing popu-
lation transfer therein are ongoing.26,27 However, in order to take full
advantage of 2DFT spectroscopy, the experimental bandwidth needs
to exceed the spectral region of interest, i.e., several optical transi-
tions, which, in the visible region and at room temperature, implies
spectral ranges of at least 200–300 nm in the excitation and detec-
tion frequency dimension. The difficulty is that broadband visible
laser pulses with sufficient energy are not easily generated and the
current state of the art for 2DFT spectroscopy is limited to the use
of white light spectra from non-collinear optical parametric ampli-
fiers (NOPAs), gas filamentation, or hollow core fibers (HCFs). An
exception is the broadband 2D white light spectrometer recently
implemented by Mehlenbacher et al. that utilizes white light genera-
tion by self-phase modulation in YAG crystals28 and photonic crystal
fibers,29 which is suited for experiments that require low pulse ener-
gies and high repetition rates. Out of these techniques, HCFs seem
to be most suited for truly broadband 2D spectroscopy, spanning
from the ultraviolet to the near-infrared with a single light source, as
it has previously been shown that HCF pulses can be compressed
using light-field synthesis.30 This is in comparison to approaches
that rely on the combination of several light sources, such as in
Ref. 31.

The theory and technical details of 2DFT spectroscopy are
described in great detail in the literature,32–37 and Fig. 1 visualizes
the laser pulse sequence (in black) for the most commonly encoun-
tered two-dimensional photon echo (2DPE) technique. In essence,
the excitation frequency of a sample response is resolved via Fourier
transformation (FT) of the coherence time-domain that is created
by the coherence time delay τ between the excitation pulses with
wave vectors k1 and k2. After the population (also evolution, wait-
ing, or relaxation) time delay T, a third laser pulse with wave vec-
tor k3 creates a second coherence within the sample that radiates
a signal field in a phase-matched direction ksig = ±k1 ∓ k2 + k3,
which is heterodyne detected with a co-propagating reference pulse,
delayed by tLO, called the local oscillator (LO). When the sam-
ple consists of an ensemble of quantum systems, its macroscopic

FIG. 1. The interaction of an ensemble of quantum systems with the laser fields
k1, k2, and k3 at times τ0, τ1, and τ2 creates a coherence in the density matrix
during the coherence time τ and the detection time t, depicted by the oscillation
of the red trace, leading to the emission of a photon echo field at time τ3. This
signal ksig is heterodyne detected with a reference field, the local oscillator (kLO),
which is delayed by tLO. Prior to the first field interaction and during the population
time T, the system’s density matrix is typically in a population state, which does
not oscillate in time. Since the interaction with the laser field, indicated by the
dashed gray lines, can occur at any moment during the pulse envelope, the sample
response is convoluted by the laser fields.

polarization, which is responsible for the radiated signal field, is
described by a third-order non-linear response function. The lat-
ter, in turn, depends on the evolution of the density matrix of the
ensemble under the perturbation, i.e., the interaction with the laser
pulses, and the behavior of its off-diagonal elements is visualized by
the red trace in Fig. 1. Technically, the heterodyne detected signal
(ksig + kLO) is spectrally resolved (which is the optical analog of the
FT: t→ ωt) and detected for a series of coherence time delays, which
encodes the evolution of the third-order non-linear response func-
tion during τ. A subsequent numerical FT along this τ-series yields
the excitation frequency dependence of the sample response. Finally,
the evolution of this excitation and detection frequency-resolved
transient signal during the population time T describes the non-
equilibrium dynamics of the ensemble and is comparable to the tem-
poral evolution of a transient absorption (TA) spectrum. These non-
equilibrium dynamics are usually differentiated as (i) kinetics due
to energy relaxation processes (vibrational relaxation, internal con-
version, and intersystem crossing) and (ii) coherences between elec-
tronic or vibrational quantum states. In 2DFT spectroscopy, kinetics
are observed via the evolution of on-diagonal peaks and off-diagonal
cross-peaks, associated with coupling between states and the energy
relaxation channels, or reaction pathways, of the system,26 as well
as the broadening of 2D line shapes, which provides information
about the interaction between a system and its environment.38 In
visible spectroscopy, coherences involve several electronic and/or
vibrational states and are observed as oscillations of the 2D signal
during the population time T. While the implications of electronic
coherences on the molecular dynamics have been hotly debated,39–42

vibrational coherences are frequently examined to study dephasing
mechanisms due to the environment, as well as relaxation path-
ways.18,19,21,43–45 The possibility of studying vibrational coherences
has motivated the development of two-dimensional electronic spec-
troscopy (2DES) with 10 fs, broadband visible laser pulses. The
advantage of 2DES is that the origin (ground or excited state) of
the observed vibrational coherences can be identified by their excita-
tion and detection frequency dependence in a frequency filtered 2D
spectrum, which is obtained via FT of the 2D spectra along the pop-
ulation time, T → ΩT.10,46–49 Each pattern in such a “beating map”
corresponds to a specific combination of non-linear response func-
tions and the experimental data can be interpreted by comparing to
beating maps generated from quantum mechanical models.46,50 An
advantage is that such an analysis does not rely on, e.g., fitting of
data and the extraction of absolute phase information, and as the
interesting quantity is the absolute valued beating map ΩT, the pro-
cedure and interpretation are insensitive to small phase errors of the
2D signal.

The motivation for this work is to assess the applicability of
broadband 2DFT spectroscopy in the visible region of the electro-
magnetic spectrum to study molecular systems with relevance to
physical chemistry and we present results on a series of molecular
dyes in solution, namely, nile blue (nb) perchlorate, rhodamine 800
(rh800) perchlorate, terylene diimide (tdi), and pinacyanol iodide
(pin). Their molecular structures are shown in Fig. S1, and their
absorption spectra are compared to the white light spectrum of the
hollow core fiber (HCF) light source in Fig. S2. A bandwidth of
200 nm, tunable in a range from 500 to 800 nm, allows us to excite
several electronic/vibronic transitions coherently and measure their
transient evolution with a temporal resolution of <20 fs. This is
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validated by the observation of vibrational coherences up to
1400 cm−1, allowing us to extract beating maps for various vibra-
tional modes of the molecules, and demonstrated for the case of
pin, which serves as an interesting test case due to its light-induced
photoisomerization.51 While comparison to simple theoretical mod-
els46 highlights the information that can be obtained from such an
analysis, further work is needed to account for more complex pho-
tophysics and experimental considerations, such as non-uniform
spectral intensity and finite pulse duration.

EXPERIMENTAL

To achieve the results presented in this work, significant
upgrades to a previous version of the experimental setup, described
by Al Haddad et al. in Ref. 52, have been made. An overview of
the current setup is shown in Fig. 2(a). 30 fs laser pulses with a
center wavelength of 790 nm and at a repetition rate of 3 kHz are

generated by a regenerative amplifier (Coherent Astrella), attenu-
ated to 330 μJ by a combination of a λ/2 waveplate (HWP) and a
transmission polarizer (POL), and focused onto the entrance of an
∼1.5 m long, home-built HCF with an inner diameter of 260 μm
to generate high-intensity, broadband white light pulses via self-
phase modulation.53,54 The laser focus has a 1/e2 diameter of 160 μm,
adjustable by an aperture (A) in front of the focusing mirror (FM),
for optimal coupling into the HCF.55–58 The latter is differentially
pumped, with 0.5–1 bar of argon at the exit and <10 mbar at the
entrance, to avoid instabilities of the white light spectrum due to ion-
ization.56 The resulting white light spectrum is shown in Fig. 2(b)
and spans a wavelength range from 470 to 970 nm with a pulse
energy exceeding 180 μJ, corresponding to 65%–70% transmission
through the HCF, and an rms noise of 0.3%–0.5%, as measured on
a shot-to-shot basis using a photodiode. This is comparable to the
0.2%–0.3% rms noise of the 800 nm fundamental. The HCF out-
put is collimated using a spherical collimation mirror (CM) and

FIG. 2. (a) Schematic overview of the experimental setup. HWP: half-wave plate, POL: polarizer, BB: beam block, A: aperture, FM: focusing mirror, DP: delay plate, HCF:
hollow-core fiber, CM: collimating mirror, CMs: chirped mirrors, WP: wedge pair, CVND: circularly variable neutral density filter, S: sample, CL: collimating lens, FL: focusing
lens, SPEC: spectrograph, and CCD: charge-coupled device. (b) Fiber white light spectrum with the used spectral region highlighted by the shaded region and its Fourier
transform (inset). (c) Two choppers [not shown in (a)] modulate k1 and k2 at R/2 and R/4, respectively, and the background is subtracted on a four-shot basis.
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the temporal chirp of the white light pulses is canceled out by a
set of double-angle dispersion compensated mirrors (DCMs, Ultra-
fast Innovations, PC70), of which one pair is dichroic in order to
suppress wavelengths >800 nm, and fine-tuning of the temporal
phase is achieved by changing the optical path through a pair of
thin fused silica (Suprasil) wedges (FemtoOptics, OA924). After the
wedge pair (WP), the laser beam is split into four identical repli-
cas in the BOXCARS geometry by a combination of beam splitters
(Thorlabs, EBS05, custom thickness of 1 mm) and mirrors, which
are mounted on stable home-built aluminum mounts to achieve
a passive phase-stability of ∼λ/60 at λ = 540 nm,52 highlighted by
shot-to-shot interferograms in Fig. S3. For details about the imple-
mentation of the beam splitters and interpulse delay generation, see
Refs. 52 and 59. Importantly, the pair-wise manipulation of pulses
allows us to delay kLO time-synchronously with the photon echo sig-
nal and thus acquire the signal in a rotating frame of reference. A
50.8 mm diameter spherical focusing mirror (FM) with a focal length
of 1000 mm at normal incidence focuses all four beams to a common
focal point (in a folded geometry) with a full width at half maximum
(FWHM) diameter of ∼300 μm. The long focal length minimizes
the angle between beams to <1.6○ and thus avoids signal distortions
due to spatial filtering.60 The intensity of all four beams, k1, k2, k3,
and kLO, is adjusted by a circular variable neutral density (CVND)
filter prior to the beam splitters and kLO is further attenuated by
a factor of 103–104 by a custom-made CVND filter, which is only
coated on one-quarter of its surface to attenuate kLO, while keep-
ing the amount of glass equal in all four beam paths. Together with
the ∼300 μm beam diameter and a typical pulse energy of 100 nJ,
the laser fluence at the sample position is 300 μJ/cm2. By passing
k1–k3 through a 1 mm fused silica delay plate (DP), kLO precedes
k1, k2, and k3 by ∼1.5 ps creating the LO delay tLO. The sample
(S) is contained inside a cuvette with a path length of 100 μm and
∼100 μm thin windows (Starna UTWA/2) to avoid additional group
velocity dispersion. After the sample, k1, k2, and k3 are blocked by
an aperture/beam block (BB), and the co-propagating signal and LO
are collimated and refocused onto the entrance slit of a spectrograph
(SPEC, Andor Shamrock 303i) using a pair of lenses for collimation
(CL) and focusing (FL). Their spectral interference is recorded shot-
to-shot at 3 kHz by a home-built data acquisition board featuring a
CCD detector (Hamamatsu S11155-2048-02) in combination with a
field-programmable gate array (FPGA) integrated circuit (National

Instruments). An accurate wavelength calibration with a resolution
of ∼0.5 nm is achieved using neon emission lines and the remain-
ing phase error is corrected for by the procedure outlined in Ref. 61,
which is important to successfully phase the broadband 2D spec-
tra.12,62 Background signals that are emitted in the phase-matched
direction (i.e., along ksig) are eliminated by mechanically chopping
k1 at half and k2 at one-quarter of the laser repetition rate, and sub-
tracting the different combinations on a four-shot basis according
to the acquisition scheme, as shown in Fig. 2(c). With the back-
ground subtracted, the interference between the signal and the LO
is averaged over 1000–2000 acquisitions to increase the signal-to-
noise ratio. Transient grating (TG) frequency-resolved optical gating
(FROG)63 within a 100 μm thin cuvette filled with spectroscopic
grade ethanol (Sigma-Aldrich) is used in situ to determine an instru-
ment response function (IRF) of 10–15 fs, as shown in Fig. 3(a), and
an exemplary dataset I(τ, T, ωt) of the interference between photon
echo signals from pin with the LO for a single coherence time scan
is shown in Fig. 3(b) (with the full detection frequency range dis-
played in the inset). Since kLO changes time-synchronously with the
photon echo, the signal is slowly varying in τ, i.e., the measurement
is performed in a rotating frame of reference. To eliminate spectral
fringes due to the interference of unwanted scattered light, e.g., from
dust particles inside the sample cell, with the LO, a combination
of fast and slow linear stages is used to randomly move the sam-
ple cuvette side-to-side, perpendicular to the direction of the laser
beams. This changes the phase of the scattered light at random dur-
ing the data averaging and thus decreases the visibility of unwanted
spectral interference fringes, while leaving the spectral phase of the
interference between the signal and LO unchanged. The raw data
I(τ, T, ωt) is Fourier-filtered using a square windowing function
in the t-domain centered at tLO, resulting in the complex dataset
C(τ, T, ωt). C(τ, T, ωt) is then multiplied with a phase function,
whose parameters are found by comparison with broadband TA
measurements,3,12 and Fourier-transformed along the τ-domain to
yield absorptive 2D spectra I(ωτ , T, ωt). Beating maps are extracted
from I(ωτ , T, ωt) by binning I(ωτ , T, ωt) in ωτ and ωt to increase
the computational speed, fitting individual T-domain signals (i.e.,
for each ωτ/ωt bin) with a convolution of Gaussian IRF- and expo-
nential functions, and Fourier transformation T → ΩT to yield I
(ωτ , ΩT, ωt) spectra. The data are zeropadded prior to Fourier
transformation to increase the ΩT resolution, but we refrain from

FIG. 3. (a) Typical transient grating
FROG measurement of ethanol inside a
100 μm cuvette with thin windows show-
ing that the instrument response function
has a temporal duration of <15 fs and
spans ∼200 nm. The time zero offset is
non-representative and has been adjust-
ing prior to 2D measurements. (b) The
interference fringes of the interferometri-
cally detected photon echo signal of pin
contain the linear phase of the tempo-
ral delay between the signal and the LO,
as well as the phase of the photon echo
signal and (inset) the full data spans
∼180 THz (∼200 nm) in the visible.
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applying Fourier-filtering techniques, in order to not introduce
artifacts during the data processing.

Auxiliary TA spectra are measured in situ and under identi-
cal experimental conditions of the white light spectrum and of its
compression by blocking k1 and k3. The population time delay T
then controls the delay between the pump pulse k2 and the probe
pulse kLO and pump–probe spectra are calculated according to ΔOD
≈ 1

ln(10)
Ip−Iu

Iu
. Here, Ip and Iu are the intensities of the probe spec-

trum, when the sample was pumped (p) or unpumped (u), respec-
tively. Interference fringes from scattered broadband pump pulses
are reduced by randomly moving the sample sideways (vide supra)
and removed completely from the TA data by Fourier filtering in the
detection frequency-domain. The TA data are then used to phase the
complex 2D data and extract absorptive 2D spectra, according to the
projection-slice theorem.12,62

The molecular dyes nb (Sigma-Aldrich), rh800 (Sigma-
Aldrich), and tdi (KU dyes) are used as received and dissolved in
spectroscopic grade ethanol, and pin (Sigma-Aldrich) is dissolved in
spectroscopic grade methanol. The sample concentration is adjusted
to an optical density of 0.15–0.3 at the peak wavelength (in the
visible region) inside a 100 μm cuvette with ∼100 μm thin win-
dows (Starna UTWA/2) to allow for sufficiently strong 2D and
TA signals. Absorption spectra of the molecular dyes are mea-
sured on a Shimadzu UV-3600 UV–vis spectrometer. Raman spectra
were acquired on a Renishaw inVia Raman Microscope (resolu-
tion: 1–2 cm−1) with an excitation wavelength of 532 or 785 nm,
as indicated in the text. As the dye molecules strongly fluoresce,
Raman spectra are recorded under pre-resonant conditions64 and
fluorescence background signals are subtracted from the data. For
pin, Raman activities and frequencies were calculated at the opti-
mized ground [DFT/M06-2X/6-311g(d,p)] and excited state [LR-
TDDFT/TDA/M06-2X/6-311g(d,p)] geometries. All frequencies are
reported with a 0.97 scaling factor applied.65,66

RESULTS AND DISCUSSION

Development of an optimal 2DFT experiment for studying
photoinduced processes of molecular systems at room tempera-
ture requires consideration of various experimental factors. Typical
spectral observables are inhomogeneously broadened and the gap
between different electronic or vibronic states is on the order of
0.1–1 eV, as molecules that absorb visible light have extended, con-
jugated π-systems and are composed of many atoms, leading to a
manifold of electronic states and a high number of vibrational lev-
els. Non-radiative relaxation processes between these closely spaced
states/levels often occur on extremely short timescales,67,68 requir-
ing simultaneous time and energy resolution to distinguish their
spectroscopic signals.

In the following, we outline how these experimental factors are
tackled by broadband 2DFT spectroscopy, demonstrated through
the observation of several vibronic spectral features, as well as vibra-
tional coherences up to ∼1400 cm−1 during the evolution time, for
tdi, pin, and rh800. Focusing on nb and pin, we show how the qual-
ity of the vibrationally resolved data can be used to investigate the
connection between structural and electronic degrees of freedom
through analysis of the excitation and detection frequency depen-
dence of vibrational coherences.48,50 However, first, to quantify

and evaluate the performance of the experiment, specifically its
bandwidth and simultaneous temporal and spectral resolution, we
present the absorptive 2D spectra for tdi, pin, and rh800 at T
≈ 100 fs, which have been obtained under identical experimen-
tal conditions (white light spectrum, compression, alignment), in
Figs. 4(a)–4(c). All 2D spectra are plotted with the excitation fre-
quency ωτ on the x axis and the detection-frequency ωt on the y axis,
and positive signals correspond to the ground state bleach (GSB) and
stimulated emission (SE), while negative signals originate from the
excited state absorption (ESA). In the 2D spectrum, the on-diagonal
signal corresponds to the linear absorption spectrum, which is evi-
dent when comparing the 2D spectra in Figs. 4(a)–4(c) with their
respective steady-state absorption (red plots on the ωτ-axis). Their
photophysical behavior can be described using a displaced oscillator
(DO) model, where the two lowest-lying absorption bands corre-
spond to the v′′ = 0 → v′ = 0 and v′′ = 0 → v′ = 1 bands of the
molecule’s vibronic progression.50 Here, v′′ is the vibrational level
of the ground and v′ is the vibrational level of the excited state.
The steady-state absorption spectra of tdi and rh800 show a third
vibronic band of the v′′ = 0 → v′ = 2 transition at 18 000 and
17 500 cm−1, respectively. In the 2D spectra, the vibronic progres-
sion for tdi, pin, and rh800 manifests itself as a square pattern
with two on-diagonal and two off-diagonal GSB peaks, since, quite
intuitively, excitation of one vibronic transition will also bleach the
other(s) due to the common ground state. In addition to the GSB,
the 2D spectra contain the SE, which, after vibrational relaxation,
exhibits vibronic transitions originating mainly from v′ = 0 into
the v′′ = 0, 1, 2, . . ., vibrational manifold of the ground state.50,69

These signals are red-shifted from the excited transitions by 0, 1, 2,
. . ., vibrational quanta, depending on the initially excited vibronic
transition, as well as by the Stokes shift. To highlight the difference
between GSB and SE, Fig. S4 shows the decomposition of the cal-
culated 2D spectrum of a DO model with two electronic levels into
its components.70,71 The 2D spectrum of rh800 in Fig. 4(c) features
an additional negative ESA contribution at ωt > 16 500 cm−1, coin-
ciding with the ESA band observed in the TA spectrum (black plot).
This can be modeled by introducing a third electronic level in the
DO model, as illustrated in Fig. S5. The decomposition of this three-
level DO model shows that ESA can potentially overlap with GSB
and SE signals, depending on the energetics of the system. Thus, it is
reasonable to assume that the 2D spectra of tdi and pin also contain
a contribution from the ESA, which manifests itself as a diminution
of the positive GSB and SE signal, rather than a negative contribu-
tion, which might still be present at ωt > 18 500 cm−1, i.e., outside
of the observable spectral region of our experiment. Overall, the
2D spectra of pin and tdi in Figs. 4(a) and 4(b) correspond well to
recently published data,69 while, to the best of our knowledge, no lit-
erature 2D spectrum for rh800 is available. During the first picosec-
ond of the population time T, neither the transient signal of tdi
[Figs. 4(a) and 4(d)], nor that of rh800 [Figs. 4(c) and 4(f)] decays,
in agreement with the long life times of their excited states.72,73 The
observed vibrational coherences [Figs. 4(d) and 4(f)] with frequen-
cies of ΩT < 600 cm−1 [Figs. 4(g) and 4(i)] are related to the torsional
motions and skeletal vibration of the molecules,74 and for rh800,
they agree, within the experimental error, with those observed in
three-pulse photon echo peak shift experiments.75 The 2D signal of
pin in Fig. 4(b) exhibits oscillations up to ΩT ≈ 1400 cm−1 [Fig. 4(h)],
in addition to an exponential decay (Fig. S6) that is associated with
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FIG. 4. 2D spectra of (a) tdi, (b) pin, and (c) rh800 at ∼100 fs with contour lines at ±1, 4, 8, 12, 16, 20, 40, . . ., % of the maximum absolute signal after T ≈ 20 fs. The
corresponding absorption and transient absorption spectra are plotted in red and black on the ωτ - and ωt-axis, respectively. The time traces (d)–(f) and the Fourier transform
spectra of their residuals (g)–(i) exemplify the obtainable information content.

the 5.2 ± 0.3 ps isomerization timescale of the central C=C double
bond, highlighted in red in Fig. 5(a), of the methine backbone.76 This
photoisomerization involves an overdamped wavepacket motion77

along a combined stretching and torsion reaction coordinate of
the methine C=C backbone double bond.51 The two most promi-
nent vibrational coherences observed in the 2D signal of pin, with
833 and 1360 cm−1, shown in Fig. 5(b) fall within the so-called
“fingerprint” region,74,78–81 indicating that they are highly sensitive
to the molecular structure.74 These modes have been tentatively
identified as vibrational normal modes of the methine backbone and
are notably distinct from the 1270 cm−1 vibrational mode, attributed
to a N–C bond of the quinolone groups, that couples to the elec-
tronic transition and results in the vibronic splitting of the π → π∗
absorption band.82 Ab initio calculations at the M06-2X/6-311g(d,p)
level of theory show that the mode at 845 cm−1 is dominated by
an out-of-plane C–H wag on the methine bridge and the intense
mode at 1371 cm−1 involves predominantly an in-plane C–H wag
on the methine bridge and in-plane distortion of the ring system.
The Raman spectra and relevant modes are visualized in Figs. S7
and S8, respectively. While the calculations neglect vibronic effects,
the mode at 845 cm−1 is likely enhanced by intensity borrowing,

as the electronic energies are strongly affected by distortions along
its coordinate, which coincides with that of the isomerization reac-
tion.12 Figure 5(b) shows the Raman spectrum of pin in methanol,
as well as the frequency spectrum obtained by FT of the evolution
time (T→ ΩT) and summation over ωτ and ωt. The two vibrational
modes at 833 and 1360 cm−1 are highlighted in green and orange
and the few hundred femtosecond dephasing times of these vibra-
tional modes are reflected in their peak widths. It has previously
been shown that beating maps of the rephasing and non-rephasing
(NR) parts of the 2D signal at a certain ΩT can be used to iden-
tify whether an observed signal coherence originates from a ground
or excited state vibrational coherence.50 For pin, the rephasing and
non-rephasing beating maps of the 833 cm−1 mode are shown in
Figs. 5(c) and 5(d) and those of the 1360 cm−1 mode are shown in
Figs. 5(e) and 5(f). Overlaid on each beating map are the contour
lines of the absorptive 2D spectrum. The non-rephasing beating map
of the 833 cm−1 mode shows a strong resemblance to the theoreti-
cally expected pattern for a SE coherence (inset), while the rephasing
beating map of the 1360 cm−1 coherence is strongly reminiscent of a
GSB coherence. Both models assume a system of DOs. The remain-
ing two beating maps (rephasing of the 833 cm−1 coherence and
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FIG. 5. Fourier transform analysis of pin in methanol. (a) Upon π→ π
∗

excitation, the molecule undergoes a cis–trans isomerization around the C=C double bond (red) of
the methine backbone. (b) (Top panel) The Raman spectrum of pin shows the Raman-active vibrational modes of pin (dissolved in methanol and in the solid form) and of
methanol. The missing methanol contribution to the Raman spectrum of pin dissolved in methanol (most notably in the 1400–1600 cm−1 region) is due to the background
subtraction, since the solvent is recorded under non-resonant conditions and the pin Raman is resonantly enhanced and a strong fluorescent background is subtracted.
(Bottom panel) The Fourier transform (T→ ΩT) summed over the ωτ and ωt dimensions of the 2D spectrum shows the different frequencies contained within the full 2D
dataset. Two Raman-active modes with frequencies of 830 and 1360 cm−1 are highlighted in green and orange and, according to Refs. 82 and 98, these correspond to
motions of the methine backbone. (c) Beating maps at ΩT = 830 cm−1 of the rephasing (R) and non-rephasing (NR) parts of the 2D signal show the Fourier transform
amplitude distribution across the 2D spectrum. Comparison to those calculated for a displaced oscillator (DO) model (insets) shows that, while the non-rephasing beating
map seems to agree with that of the stimulated emission component from the DO model, the rephasing beating map is not described by the model and the modeled 2D
amplitude distribution is grayed-out to highlight this fact. (d) Analogous to panel (c), however, the rephasing beating map agrees with the model for a ground-state bleach
coherence, while the non-rephasing part deviates from the model spectrum. Spectral positions for expected beating peaks are indicated in (c) and (d) by squares as a guide
to the eye. For more details about the beating map patterns, see Ref. 50.

non-rephasing of the 1360 cm−1 coherence) do not agree with the
simulated patterns (the model beating maps are grayed-out to high-
light this fact), suggesting that the behavior of the system differs
from the idealized DO. This is a reasonable assumption, considering
that immediately after optical excitation, the system evolves away
from the Franck–Condon region and toward a conical intersec-
tion along a combination of normal coordinates. Furthermore, the
amplitudes of diagonal and off-diagonal oscillatory features depend
on the displacement between the ground- and excited state poten-
tial energy surfaces.50 For example, for a Huang–Rhys factor of 1,
the amplitudes of the diagonal oscillatory features (peaks in the
beating map) vanish for the rephasing case, while they remain in
the non-rephasing data. The precise interpretation of the beatings
maps is, however, complicated by different experimental effects.
These include (i) the finite laser pulse duration, which effectively
suppresses high frequency coherences,18 potentially leading to the
equal intensity of the coherences observed at 833 and 1360 cm−1,
as exemplified in Fig. S9; (ii) diminution/amplification of spectral
features due to the inhomogeneous white light spectral intensity.
For example, for typical HCF white light spectra [see Fig. 3(b)] with
decreasing intensity for increasing wavelengths, this can lead to the
suppression of signal intensities (kinetics and coherences alike) at

higher ωτ and ωt; (iii) ESA contributions that cannot be distin-
guished due to overlap with the observed GSB and SE, resulting in
the presence of vibrational coherences encoded in the ESA evolu-
tion. These might obscure the expected beating map patterns and
are not taken into account using a two-level DO model. Despite
these considerations, we note that the coherences with ΩT = 833
and 1360 cm−1 clearly correspond to the vibrations observed in the
Raman spectrum and understanding their excitation and detection
frequency dependence, possibly via more elaborated modeling83–85

convoluted with experimental parameters (such as the white light
spectrum), might yield additional mechanistic insight into the pin
photoisomerization.

For the case of nb, which does not exhibit distinct bands in
the absorption spectrum, the observed 2D spectrum agrees reason-
ably well with previously published data.86 At a population time of
T = 100 fs, shown in Fig. 6(a), its shape is broad, featureless,
and slightly elongated along the diagonal, consistent with the
absorption- (red plot) and the TA spectrum (black plot). The line
shape can be explained by inhomogeneous broadening, the large
number of vibrational modes that couple to the electronic transition
at room temperature,86 and the presence of a broad and red-shifted
SE signal that coalesces with the GSB. During the first picosecond of
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FIG. 6. (a) The 2D spectrum of nb at ∼100 fs with contour lines at ±1, 4, 8, 12, 16, 20, 40, . . ., % of the maximum signal is compared with the absorption and transient
absorption, shown as red and black plots. (b) The peak position shifts to lower ωt over time, due to the Stokes shift, and both the peak position and (d) the time trace at ωτ ;
ωt = 15 800 and 15 000 cm−1 oscillate during the population time T. (c) The ΩT frequency spectrum of the time trace is displayed in (d) in blue and the frequency spectrum
summed over ωτ and ωt in yellow.

the population dynamics, the peak in the 2D spectrum shifts to lower
energies due to the dynamic Stokes shift, as observed by the tempo-
ral evolution of the peak position along ωt in Fig. 6(b) (blue plot).
An exponential fit shown in Fig. S10 reveals a fast time constant of
135 fs, as well as a slow one with small amplitude that is obscured by
the vibrational coherence. Beyond 1 ps, it remains located ∼450 cm−1

below the diagonal, which is ∼60% of the 780 cm−1 Stokes shift of
nb in ethanol.87 Both the peak position along ωt and the 2D signal
intensity at ωτ , ωt = 15 000 and 16 000 cm−1, shown in Fig. 6(c), are
strongly modulated by vibrational coherences, the most prominent
of which, with ΩT = 594 cm−1, has previously been reported86,88–92

and assigned to a ring-breathing mode86 or an in-plane bending-
and ring-deformation mode of nb.93,94 Its intensity is explained by
the enhanced polarizability along the coordinate of the vibrational
mode, according to resonance Raman theory,95 and the destructive
interference with the ΩT = 575 cm−1 vibrational mode at T ≈ 1200 fs
has previously been observed in Refs. 93 and 96. Interestingly, to
reproduce the node at T ≈ 1200 fs, the relative phase between the
two underlying vibrational modes with ΩT = 575 cm−1 and ΩT
= 594 cm−1 must be shifted by π/2, as illustrated in Fig. S11. This
phase shift might be due to the fact that the interfering wavepack-
ets propagate on different, e.g., the ground- and excited state,

potential energy surfaces. Additional support for this hypothesis
comes from the fact that the excitation is of π–π∗ character and thus
softens the central ring system of nb, leading to a frequency down-
shift of the associated vibrational modes.97 With sufficient knowl-
edge of the potential energy landscape, this phase difference might
be used to obtain a more detailed picture of the nb potential energy
surfaces. Finally, the ESA of nb appears at ωt > 17 500 cm−1 in the 2D
spectrum, as well as the TA spectrum (black plot in Fig. 5), similar
to early 2D spectra published by Brixner et al. in Ref. 1.

CONCLUSION AND OUTLOOK

By characterizing a series of molecular dyes, we demonstrate
the capabilities of our upgraded 2DPE setup with the following key
characteristics: (i) a hollow core fiber white light with the Gaus-
sian beam profile and 200 nm usable bandwidth between 500 and
800 nm (ii) compressed to a sub-20 fs pulse duration using a chirped
mirror compressor is (iii) split using a beam splitter-based BOX-
CARS geometry, allowing for (iv) 2D measurements in a rotating
frame of reference with (v) shot-to-shot detection at 3 kHz and
(vi) an acquisition time of <1 min per 2D spectrum. (vii) Auxiliary
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TA spectra can be acquired under identical experimental condi-
tions. This allows for the routine measurement of molecular systems
with spectrally broad transitions in the visible. The beam quality,
repetition rate, energy, and spectrum are ideally suited for time-
resolved spectroscopy and the chirped mirror compressor proved
to simplify compression of the laser pulse to below 20 fs. Mea-
suring in a background-free BOXCARS geometry has the advan-
tage that even small third-order signals can be measured by adjust-
ing the LO separately and allows the straight-forward extraction
of rephasing and non-rephasing signal components, both of which
are not easily achieved using a pump–probe geometry for 2D spec-
tra. Rotating frame and shot-to-shot detection are of advantage for
data acquisition, noise removal, and data reconstruction, and the
possibility to measure TA, using the LO as a probe, allows us to
obtain vital auxiliary information for phasing of the complex 2D
dataset.

The results presented in this article highlight the capability of
the experimental setup to measure 2D spectra with a bandwidth
exceeding the width of the vibronically split molecular absorption
bands. All dyes display the 2D spectra characteristic of DOs, as
well as a rich series of vibrational coherences during the popula-
tion time T. The most prominent coherences in pin, with 833 cm−1

and with 1360 cm−1, likely correspond to modes associated with
methine backbone distortions98 and are thus involved in the pho-
toisomerization of the molecule. Beating maps point toward their
different microscopic origin and show a complicated dependence on
the excitation and detection frequencies due to experimental consid-
erations, as well as the properties and photophysical behavior of pin.
Quantum mechanical models have previously been shown to pro-
vide valuable information for interpreting simple 2D spectra, and we
expect that more rigorous modeling that potentially includes exper-
imental parameters, such as the employed laser spectrum, will allow
us to extract further information about the dynamics of the pin pho-
toisomerization. For nb, the vibrational coherences exhibit beatings
between different modes, which can also provide structural informa-
tion on the geometry of the molecule, and, by extension, information
on its electronic state.

In general, the observation of coherences in broadband vis-
ible 2D spectroscopy allows us to study the influence of struc-
tural dynamics onto the electronic relaxation mechanisms in com-
plex molecular systems, such as sensitizing dyes for solar cell
applications, the Q-bands of porphyrins and porphyrin assemblies,
and photoswitches via their excitation and detection frequency-
dependence. This is possible in the visible spectral region >480 nm
with existing HCF,52,99,100 NOPA,38,69,101 gas filamentation,102 crys-
tal,103 and photonic crystal fiber29 white light sources and possibly
between 350 and 500 nm, as well as in the UV, using achromatic
second harmonic generation.104–106

SUPPLEMENTARY MATERIAL

See the supplementary material for molecular structures;
absorption spectra compared to the HCF white light spectrum; cal-
culated 2D spectra for a displaced oscillator model with two and
three electronic levels and one vibrational level showing the absorp-
tive as well as the GSB, SE, and ESA component; Raman spec-
tra of pin compared predictions for ab initio quantum mechanics
for the optimized ground- and excited-state minimum geometries;

vibrational normal for pin on the S0 state and corresponding to
the 845 and 1360 cm−1 mode; as well as the laser pulse length
dependence of high frequency components in the 2D data.
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