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Coherent multidimensional electronic spectroscopy can be employed  From the Contents

to unravel various channels in molecular chemical reactions. This
approach is thus not limited to analysis of energy transfer or charge
transfer (i.e. processes from photophysics), but can also be employed
in situations where the investigated system undergoes permanent
structural changes (i.e. in photochemistry). Photochemical model
reactions are discussed by using the example of merocyanine/spiro-
pyran-based molecular switches, which show a rich variety of reaction
channels, in particular ring opening and ring closing, cis—trans
isomerization, coherent vibrational wave-packet motion, radical ion
formation, and population relaxation. Using pump-probe, pump-
repump-probe, coherent two-dimensional and three-dimensional,
triggered-exchange 2D, and quantum-control spectroscopy, we gain
intuitive pictures on which product emerges from which reactant and

which reactive molecular modes are associated.

1. Introduction

Spectroscopic approaches that map out a characteristic
signal not only as a function of one external parameter but
rather of several ones generally provide more insight into the
underlying physics. As a main benefit, one can often separate
contributions that would be overlapping in a one-dimensional
measurement. The power of multidimensional techniques lies
in the disclosure of a connection between an initially excited
and a successively probed behavior. This can, for example, be
achieved by a sequence of electromagnetic pulses that
interact with the sample several times. By recording the
system’s response as a function of pulse delays and subse-
quent Fourier transformation, two frequency axes connected
to the excitation and probing step are obtained. Such
a coherent two-dimensional (2D) spectroscopy procedure
has proven extremely versatile for a variety of processes and
various spectral regimes of electromagnetic radiation. In
nuclear magnetic resonance (NMR)!'! using radio waves,
numerous implementations in two (or more) dimensions have
been developed which facilitate the identification of spin—spin
couplings of two nuclei, either through space or through
chemical bonds, thus making microscopic structural informa-
tion on the system accessible. The microwave implementa-
tions in electron paramagnetic resonance (EPR)™° are
extremely sensitive measures of coupling between electrons
and reveal orientational details even in large biomolecular
systems. As the most recent development, optical coherent
2D spectroscopy, described in a number of books®*! and
review articles,'""'® has been realized for vibrational (mid-
infrared spectral region, see Refs. [8,9,15,17-26] and refer-
ences therein) and electronic transitions (near-infrared to
ultraviolet, see, for example, Refs. [27-46] and further refer-
ences throughout this Review). This femtosecond technique
and its variants open up unprecedented possibilities to study
ultrafast processes in numerous systems, from small mole-
cules to large protein complexes and from isolated atoms to
bulk behavior in semiconductors.
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Coherent 2D spectroscopy of electronic transitions is
employed very successfully, in particular, for the study of
natural and artificial light-harvesting systems. Starting with
the first experiment on a multichromophore system,* there
are now hundreds of publications in the field dealing with
various aspects of electronic couplings and exciton dynamics.
Many of these applications of electronic 2D spectroscopy
have been reviewed recently.'"> These studies show impres-
sively that photophysical dynamics can be resolved with
unprecedented detail. Following complex excited-state
dynamics, such as energy transfer, the system ultimately
relaxes back to its initial ground state (Figure 1, left).

In contrast to these well-established applications of 2D
spectroscopy to photophysical phenomena, we focus in the
present Review on photochemistry (Figure 1, right). In this
case, the geometric structure of the product is different from
the reactant, such as in cis—trans isomerization or bond-
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Figure 1. Abridged illustration of photophysical versus photochemical
molecular processes. Photophysical phenomena (left) are character-
ized by purely physical changes occurring after irradiation with light,
as exemplified here by energy transport from a donor (D) to an
acceptor (A) subunit. Although the transiently formed photoexcited
species may exhibit different spectral properties than the ground-state
species, no permanent change remains after relaxation back to its
original ground state. In contrast, the term photochemistry (right) is
referred to here as a (light-induced) reaction in which a product
species is formed in its thermodynamically stable electronic ground
state, which possesses a molecular configuration different from that of
the reactant.

breaking reactions. The question thus arises how this compli-
cates the data analysis because the accessible electronic states
at the beginning of the femtosecond pulse sequence are
different from those at the end. We will show, nevertheless,
that 2D spectroscopy and its variants provide powerful tools
to analyze ultrafast photochemical reactions.

To illustrate the potential of 2D spectroscopy, we have
chosen a merocyanine/spiropyran model system with rich
photochemical behavior. As a molecular switch, the system
can potentially undergo ring-closure and ring-opening reac-
tions as well as cis—trans isomerization or ionization. We will
apply a series of time-resolved spectroscopic techniques with
increasing complexity, namely, more and more complex pulse
sequences to access nonlinearities from first order over third
to fifth and potentially even higher order. Since all the
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techniques will be tested on the same molecular system,
a comprehensive picture emerges for which each technique
provides further pieces of either confirmative or complemen-
tary information.

2. Pulse Sequences in Femtochemistry

In the field of ultrafast spectroscopy, a large variety of
different experimental techniques have been developed to
probe photochemical dynamics on femtosecond time-
scales.™7*I In general, one femtosecond laser pulse triggers
a reaction, and at least one second pulse is used to probe the
ensuing dynamics. Possible signals are transient changes in
absorption or fluorescence, ionization mass spectra, photo-
electron distributions, or other observables as a function of
time elapsed since the interaction with the initial laser pulse.
In the following we will give a brief overview of pulse
sequences employed in the field of femtochemistry (Figure 2)
which rely on (changing) absorption signals and which are
relevant for the studies described in this Review. We employ
a density-matrix terminology to point out the differences, but
analogous descriptions are possible using a wave-packet
picture.

In steady-state absorption measurements (Figure 2a)
a single interaction with the electrical field of the light
allows for the detection of the linear absorption spectrum,
thus probing the first-order electric susceptibility tensor "
without yielding any explicit temporal resolution, even if the
employed light is pulsed.

In ultrafast spectroscopy, temporal resolution is achieved
by employing several short laser pulses which interact with
the sample, some of them even multiple times. Therefore, the
investigated processes are nonlinear in nature, that is, more
than one interaction with the light fields is required. The
number of interactions determines the order of the suscept-
ibility tensor giving rise to the observed signal, as illustrated in
Figure 2.

For many years pump-probe techniques such as transient
absorption (Figure 2b) have dominated the field. A femto-
second pump pulse excites the sample and a probe pulse,
delayed by the pump-probe delay 7, is used to monitor the
photodynamics as a function of 7. A third-order signal (i.e. in
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Figure 2. Femtosecond spectroscopy approaches, the associated pulse
sequences, and the probed susceptibility tensor. The small numbers
indicate the sequence of interactions of the light fields with the
sample. a) No time resolution is achieved with linear absorption.
b) Transient absorption, c) coherent 2D, and d) third-order 3D spec-
troscopy have in common that three field interactions occur, which is
why these approaches are third-order techniques. e) An additional
repump pulse is used in pump-repump-probe and f) triggered-
exchange 2D spectroscopy and thus these techniques probe the fifth-
order nonlinear susceptibility tensor. g) In quantum-control spectros-
copy, a shaped femtosecond laser pulse is used and multiple field
interactions (of undetermined order) may occur.

)

third order with respect to the laser field as analyzed within
perturbation theory) is observed since the pump pulse
interacts twice with the sample, thereby creating a population
in the excited state followed by a single interaction with the
probe. The quantity determined in these experiments is thus
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proportional to the third-order nonlinear susceptibility tensor
o)

Coherent two-dimensional (2D) spectroscopy is often
referred to as the optical analogue of two-dimensional
nuclear magnetic resonance (2D NMR).'* In the Fourier-
transform approach to coherent optical 2D spectroscopy,
three laser pulses interact with the sample (Figure 2c). Thus,
the first pulse creates a coherence between the ground and
the excited state while the interaction with a second pulse,
delayed by the coherence time 7, converts the coherence into
a ground- or excited-state population. There is also the
possibility that a coherence is reached after two interactions,
as in double-quantum coherence 2D spectroscopy.">* Fur-
thermore, coherent wave-packet motion can be induced as
well, as will be important in 3D spectroscopy (see Section 8).
The probe pulse provides the third interaction after the
population time (also called waiting time) 7, similar to the
pump-probe delay in transient absorption. The nonlinear
signal emerges as a function of a second coherence time .
Fourier transformation along both 7 and ¢ then leads to 2D
spectra for each time parameter 7. In most implementations,
the first Fourier transformation along 7 is performed numeri-
cally on the computer, while the second Fourier transforma-
tion along ¢ is performed implicitly by detecting the signal
with a spectrometer. Phase information is retrieved by
coherent superposition with a known reference pulse (i.e.
spectral interferometry). In this manner, a 2D spectrum is
obtained which spreads the time-resolved data along two
independent frequency axes. This allows for the detection of
correlations and couplings between different spectral contri-
butions.

Third-order three-dimensional (3D) spectroscopy (Fig-
ure 2d) is implemented with the same pulse sequence as
coherent 2D spectroscopy.”* By collecting a series of 2D
spectra at variable population times and by taking the Fourier
transform also along 7, a third-order 3D spectrum is obtained.
This 3D spectrum resolves the response of the system not only
along the pump and probe frequency axis but also along
a third frequency axis associated with oscillations that occur
during the population time. Such oscillations may be caused,
for example, by a double-quantum coherence or by coherent
vibrational motion during or after a photoreaction. In recent
years, the observation of long-living coherent oscillations in
the photophysical 2D spectra of excitonically coupled systems
(particularly in light-harvesting systems) has been under vivid
debate in regard to the vibrational and/or electronic nature of
these signatures.***-* Therefore, to facilitate the discus-
sion of newly established methods, we chose a molecular
model system without any excitonic couplings, where signal
oscillations can be attributed to purely vibrational origins.

In pump-repump-probe spectroscopy (Figure 2¢) the
pump pulse creates an excited-state population which is
either reexcited to even higher-lying states®*! or dumped to
lower intermediate or product states,**'! an approach also
known from quantum control.”**! Experimentally, the
pump-probe scheme is expanded by a third laser pulse that
is delayed by the pump-repump delay #pr With respect to the
pump, thus making this method a fifth-order technique. The
probe pulse monitors absorption changes induced by either
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solely pump or repump pulses as well as those caused
cooperatively by both of them. This latter signal is the desired
one and can be isolated with pulse-chopping techniques.

Triggered-exchange 2D (TE2D) spectroscopy (Figure 2 f)
is a combination of pump-repump-probe and 2D spectrosco-
py and is obtained by splitting the pump pulse into a double-
pulse sequence. With this technique it is possible to correlate
the spectral response of a photoproduct, formed by the
repump process during population time 7, with the spectral
signatures of its initially excited chemical precursors. This
fifth-order approach was originally implemented in 2D
infrared spectroscopy for vibrational transitions™¥ and
was later adopted by our group for electronic transitions.*”!
We also note that there are further multidimensional
approaches of fifth or even higher order which can address
different photodynamical issues.!'"'*?!

Continuing this sequence of increasingly complex pulse
trains, one naturally arrives at arbitrarily shaped temporal
waveforms (Figure 2 g) as the most general implementation
of ultrafast spectroscopy. Such pulses have been mainly
employed in the realm of quantum control, where the goal is
to steer quantum-mechanical wave packets along certain
trajectories and/or into user-specified product
states S92 11151 Thys one can achieve, for example,
coherent control over the outcome of chemical reactions. In
the context here, shaped pulses can be interpreted as versatile
spectroscopic tools for multidimensional spectroscopy, as

captured by the term “quantum-control spectroscopy”.l'*126]

3. Experimental Implementation

The purpose of this Review is predominantly to provide
a perspective on how electronic 2D spectroscopy can be
applied to unravel photochemical, rather than photophysical,
ultrafast processes. These achievements go hand in hand with
technological implementations such as femtosecond pulse
shaping, which in turn require a description of experimental
details. However, the chemical implications of the method
may also be understood when jumping directly to Section 4.

3.1. Pulse Generation and Pulse Shaping

For all time-resolved measurements, 800 nm pulses of
100 fs duration at a repetition rate of 1 kHz from a regener-
ative amplifier system were utilized. Part of the output was
used to pump a non-collinear optical parametric amplifier
(NOPA) delivering tunable femtosecond pump pulses in the
visible spectral range. A home-built femtosecond pulse
shaper!"?1¥ (Figure 3) was used to compress these pulses
and to precompensate the dispersion of the transient absorp-
tion setup. The pulse shaper consisted of a custom-made
volume-phase-holographic (VPH) grating!™* with 1000
lines per mm to disperse and to recombine the spectral
components of the laser pulses, and a 4f setup with a planar
folding mirror, a cylindrical mirror to focus each spectral
component, and a symmetry mirror. We used a programmable
two-layer liquid-crystal display (LCD) with 640 pixels per

www.angewandte.org
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Figure 3. Experimental setup for transient absorption and multidimen-
sional spectroscopy in pump-probe geometry. The incoming pump
beam enters a femtosecond pulse shaper comprising a volume-phase-
holographic (VPH) grating used to disperse the beam, a folding
mirror, a cylindrical mirror, and a symmetry mirror. The pulse is
manipulated in amplitude and phase using a dual-layer liquid-crystal
display in combination with a linear polarizer. The symmetry mirror is
slightly tilted so that the outgoing beam is displaced in the vertical
direction and can be directed to the sample. The white-light probe
beam and the pump beam are focused and spatially overlapped in

a flow cell. The change in the absorption of the probe pulse is finally
detected with a spectrometer.

layer (CRI, SLM-640) in combination with a linear polarizer
to shape the laser pulses in terms of amplitude and phase.

The pulse-shaper-assisted collinear frequency-resolved
optical gating (cFROG)!"** 13! technique was employed to
characterize and compress the pulses typically to below 25 fs
duration.

3.2. Transient Absorption

For the transient absorption measurements, every second
pump pulse was blocked using a phase-locked optical chopper
working at 500 Hz. The white-light probe continuum was
generated by focusing a small portion (< 1 uJ) of the 800 nm
pulses into a continuously moving CaF, plate. Although
sapphire is widely utilized as a stable and reliable source for
a white-light continuum, the continuum generated in CaF, has
been proven to reach further into the UV spectral
range.[136-13%]

A computer-controlled delay stage was used to vary the
temporal delay 7" between the pump and probe pulses with
a maximum delay of up to about 3 ns. A broadband A/2 plate
inserted in the pump beam was employed to adjust the
relative polarization directions to the magic angle of 54.7° to
eliminate orientational anisotropy effects in transient absorp-
tion."*1*1l Pump and probe pulses were focused and spatially
overlapped in a flow cell with a path length of 200 pum. The
sample was pumped through the flow cell with a microannular
gear pump to refresh the pump volume between consecutive
laser shots.

Angew. Chem. Int. Ed. 2015, 54, 11368 —11386
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Behind the sample, the probe pulses are guided into
a spectrometer that operates at an acquisition rate of 1 kHz
and thus enables shot-to-shot detection of the probe spectrum
I(T,Vyone)- The optical density change AOD(T', v, ) caused
by the pump pulse is evaluated at a rate of 500 Hz as
a function of the probe wavenumber 7, through Equa-
tion (1).

— I(T Vprob ) ith
AOD(T, ¥ ) = —lg | =/ ipump 1
( preb ) 8 ](Vprobe)nopump ( )

White-light continua generated in transparent solid-state
materials are typically strongly dispersed, thereby leading to
a positive chirp of the probe pulse. This chirp can be corrected
in data postprocessing!'**!%? by evaluating the position of the
so-called coherent artifact that is caused by nonlinear
interactions between the pump and the probe pulse.'314!
The temporal resolution of the described setup averaged over
the probe axis was determined to be below 50 fs for all pump
central wavelengths. All discussed measurements were per-
formed at room temperature.

3.3. Coherent Multidimensional Spectroscopy in Pump-Probe
Geometry

For the implementation of multidimensional spectroscopy
to photochemical reactions we followed the approach of
a partly collinear pump-probe beam geometry by splitting up
the pump pulse into a double-pulse sequence. This method
was first suggested by Gallagher Faeder and Jonas in 19991147!
and later implemented in the near- and mid-TRF 4131 apd
also in the visible and ultraviolet spectral range,[¥4*4415215]

To collect 2D spectra in a pump-probe beam geometry
with a white-light probe, the change of the optical density
AOD(7, T, Vp0p) is measured as a function of the coherence
time 7. To separate the desired 2D signal contributions
(originating from a single interaction of every laser pulse with
the sample) from the unwanted transient absorption back-
ground (where either pulse 1 or pulse 2 interacts twice with
the sample) specific phase-cycling schemes can be applied
with the pulse shaper.['>1415] This scheme makes use of the
fact that the desired 2D signal switches its sign when the
relative phase of the double pulse is changed by m, while the
undesired transient absorption background is not sensitive to
the relative phase. To extract the background-free 2D signal it
is, therefore, sufficient to apply a two-step phase-cycling
scheme by collecting the time-domain raw data twice as
a function of 7 with a relative phase difference of zero and m
between pulses 1 and 2 and by subtracting the two data sets
from each other. More flexibility, for example, for scatter
removal, can be achieved by incorporating measurements
with other relative phases.

To generate two identical replicas of the laser pulse, the
pulse shaper mimics the spectral interference pattern which
would be observed after a conventional interferometer with
two separated arms. For a given coherence time 7 with one
pulse fixed at =0, the applied spectral transfer function of
the pulse shaper is given by Equation (2). ['**
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M(w) — [e—i[w—(l—;/)wn]re—iml + e—ia‘:;}e—io(w)wmp, (2)

Here, w, is the carrier frequency of the laser pulse. The phase
offset (@) compr. 18 used to compress the laser pulses to their
bandwidth limit. The phases ¢, and ¢, can be varied
separately to conduct the above-mentioned phase-cycling
schemes. The dimensionless parameter y determines whether
the carrier wave is shifted together with the pulse envelope
(y=1), just as with a mechanical interferometer, or whether
only the envelope is shifted while the carrier phase remains
constant (y=0). For y=1, the 2D signal oscillates at the
transition frequency as 7 is increased. The effect of y values
lower than 1 is that the phase between the pulse copies is
adjusted in such a way that the apparent oscillation frequency
of the desired 2D signal along 7 is reduced. This approach is
called the “rotating frame” and can be used to reduce the
number of necessary data points along v by extending the
Nyquist limit, thereby allowing for undersampling of rapidly
oscillating time-domain signals.*1>¢!

Since the system is in a coherence between pulse 1 and 2
in Fourier-transform 2D spectroscopy, interferometric phase
stability is required between these two pulses. The stability
criteria found in the literature are typically on the order of 1/
100 for fluctuations of the optical path length, which
corresponds to a timing precision of 20 attoseconds for
a laser pulse with a central wavelength of A =600 nm. This
is challenging to achieve with conventional non-collinear
setups. Making use of frequency-domain pulse shaping in
a pump-probe beam geometry solves this issue since the
generated pulse copies travel along a common path and are
thus inherently phase stable. Sub-attosecond precision in
pulse-to-pulse delay was demonstrated using fs pulse shapers
similar to ours™ These strict interferometric stability
requirements do not apply between the (second) pump and
the probe pulse (except for special cases such as double-
quantum coherence 2D spectroscopy),”>* and the much less
stringent conditions of transient absorption have to be met.
For this reason, minor instabilities, for example, caused by the
continuum generation, are rather uncritical for 2D spectros-
copy with a continuum probe.

The absorptive 2D spectrum  Sp (Vpumps T, Pprobe) 18
obtained by calculating the Fourier transform of the time-
domain 2D signal along 7 and by taking the real part of it.
Since the chirp of the probe pulse would lead to peak
distortions in the 2D spectra,™ a chirp correction is
employed for the 2D data at short population times, where
the chirp of the continuum cannot be neglected.!

In the pump-repump-probe and in the TE2D experiments
a second NOPA delivered the visible pump pulses while the
repump pulse was generated by taking the second harmonic
of the first NOPA at 870 nm (1.15x10*cm™") to yield the
repump pulses centered at 435 nm (2.30 x 10* cm ™ 1).

4. Molecular Systems

As stated in the introduction, we wanted to explore the
applicability of multidimensional electronic spectroscopy to
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photochemical, rather than purely photophysical, ultrafast
processes and thus required appropriate model systems. We
chose a molecular switch with various reactive channels, thus
forming a “kinetic network” between reactants, intermedi-
ates, and products. The question was then whether 2D
spectroscopy could discover which species were connected
to each other and whether we could thereby learn something
about the dynamics and reaction coordinates. For this purpose
we looked for a model system with two different chemical
substitution patterns such that particular reaction channels
could be turned on or off at will, the idea being that we could
then check if the associated cross-peaks in 2D spectroscopy
appeared or disappeared, respectively. Furthermore, we
wanted to perform all experiments with all the pulse
sequences from Figure 2 on the same model systems to
enable a systematic and comparative study of tech-
niques, % 160-166]

We chose the two nitro-substituted indolinobenzopyrans
6,8-dinitro-1',3',3"-trimethylspiro[2H-1-benzopyran-2,2’-indo-
line] (6,8-dinitro-BIPS) and 6-nitro-1',3’,3'-trimethylspiro[2 H-
1-benzopyran-2,2’-indoline] (6-nitro-BIPS), both members of
the merocyanine/spiropyran family (Figure 4a). These com-

v I[10*cm™]
3.5 30 25 2.0 1.5

absorbance [norm.]

300 400 500 600 700
A [nm]

Figure 4. Model systems and linear spectra. a) The investigated indo-
linobenzopyrans exist either in a ring-closed spiropyran configuration
(black circle) which does not absorb in the visible spectral range or as
two ring-open merocyanine isomers with a trans-trans-cis (TTC, red
open circle) or a trans-trans-trans configuration (TTT, blue tilde). The
substituents are either X=H (6-nitro-BIPS) or X=NO, (6,8-dinitro-
BIPS). The corresponding absorption spectra are shown for b) 6-nitro-
BIPS in acetonitrile and c) 6,8-dinitro-BIPS in chloroform. Note that
the UV absorption of the merocyanine isomers is not shown. The data
displayed in (b) and (c) were originally discussed in Refs. [163,164]
and [160,161], respectively.
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pounds are photochromic systems that exist in different
molecular configurations with different colors, which can—
depending on the solvent and the substituents—partly be
interconverted by illumination with light.'"'®! As a result of
these properties, these compounds have numerous potential
applications ranging from optical data storage!"*!" to light-
adaptive sunglasses'’””’ and molecular electronics,'™ or
biological applications for water-soluble variants.['7+77

The ring-closed spiropyran form (SP, closed black circle)
consists of pyran and indole moieties oriented orthogonally to
each other. In the investigated compounds, the pyran subunit
is substituted with either one (6-nitro-BIPS, X=H) or two
(6,8-dinitro-BIPS, X = NO,) nitro groups to establish a push—
pull system. As a consequence of the orthogonality of the two
moieties, their m-systems do not interact, and thus the ring-
closed SP does not absorb light in the visible spectral range,
whereas a pronounced absorption band is observed in the UV
region below 400 nm (2.50 x 10* cm™') in the case of both 6-
nitro-BIPS and 6,8-dinitro-BIPS (black lines in Figure 4b,c).
In contrast, the ring-open merocyanine forms (MC, blue tilde
and red open circle) exhibit extended m-systems with
absorption bands in the visible regime between 500 and
650 nm (1.50-2.00x 10*cm™!, red and blue lines in Fig-
ure 4b,c). The two observed ring-open isomers differ by
a cis/trans configuration in the carbon bridge that exhibits
either trans-trans-trans (TTT: blue tilde) or trans-trans-cis
(TTC: red open circle) geometries.

The ratio between the SP and the MC form and between
the two observed MC isomers in thermal equilibrium strongly
depends on the solvent and the substituents. Whereas the MC
form predominates in solution for 6,8-dinitro-BIPS, the ring-
closed SP is energetically favored for 6-nitro-BIPS. Since our
studies focused on the photochemistry of the MC form in the
visible spectral range, all 6-nitro-BIPS samples had to be
illuminated with UV light during the measurements. The ratio
between TTT and TTC was found to be about 1:10 at room
temperature for all compounds. Both compounds (and
simplified model systems) were investigated earlier by various
quantum chemical"*!%! as well as time-resolved experimen-
tal " studies. Nevertheless, many aspects of their photo-
chemistry were still unexplored before the experiments
discussed in this Review.

5. Transient Absorption Spectroscopy

For the initial ultrafast experiments, the well-established
transient absorption technique was employed, which pro-
vided valuable insight into the photodynamics of the system
under investigation. Studies on ultrafast cis—trans photo-
isomerization generally investigate systems for which there is
only one reactant isomer in solution at thermal equilibri-
um.!">"% The situation was different here, in that a mixture
of TTT and TTC isomers was present in solution, thereby
allowing us to unravel both the forward and backward
reactions at the same time and to elucidate if and how fast
they occur. Transient absorption data of the investigated
compounds are shown in Figure 5a—c for 6,8-dinitro-BIPS in
chloroform and in Figure 5d-f for 6-nitro-BIPS in acetoni-
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negative TTC and TTT GSA signals remain after
long delay times, because both MC isomers
undergo the ring-closure reaction to the SP
form, which does not absorb in the visible
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region (black spectrum in Figure 4c¢) and hence
does not give rise to a PA band in the visible
spectral range. The associated reduced MC con-
centration caused by this photoreaction leads to
the permanent bleaching of the MC GSA bands.
From these data, the ring-closure quantum yield
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was estimated to be about 40% for TTC and
35% for TTT.'!

The photochemistry of the MC forms of 6-
nitro-BIPS (Figure 5d-f) differ in large parts
from the behavior of their dinitro-substituted
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Figure 5. Transient absorption maps of a—c) 6,8-dinitro-BIPS in chloroform and
d—f) 6-nitro-BIPS in acetonitrile for different pump wavenumbers. Blue/violet colors
mark regions of a decreased transient absorption, while yellow/red colors indicate
a pump-induced increase in absorption. The data shown in (a—c) were originally

discussed in Ref. [161] and the data of (d—f) in Ref. [164].

trile. Contributions arising from an increased transient
absorption (i.e. excited-state absorption, ESA, and product
absorption, PA) are indicated by yellow and red colors while
blue and violet colors mark regions of decreased pump-
induced absorption signals (i.e. bleaching of the ground-state
absorption, GSA, and stimulated emission, SE).

Since a tunable pump-pulse source was employed, the
measurements could be performed with different central
wavenumbers for the excitation pulses, as labeled in the upper
right corner of each transient absorption map. This was done
to disentangle the dynamics of the two MC isomers. Whereas
excitation at the blue edge of the absorption band (Fig-
ure 5a,d) predominantly excites the TTC isomer, excitation at
the red edge (Figure 5c,f) is expected to lead to a dominance
of the TTT isomer (compare also the linear spectra in
Figure 4b,c). ESA signals, bleaching of the GSA, and SE
signals are marked in Figure 5 by red (TTC) and blue (TTT)
vertical dashed lines. These contributions were assigned on
the basis of a global multiexponential fit!*” to the complete
data sets, and generally the signals originating from the TTT
isomer are red-shifted with respect to the corresponding ones
from TTC.

6,8-Dinitro-BIPS (Figure Sa—c) shows a strong ESA
contribution for TTC and two ESA bands for TTT. As
negative signals, bleaching of the GSA bands is observed
together with SE signals that are at lower wavenumbers than
the bleach of the GSA. Both the ESA and SE bands decay
with characteristic S, lifetimes of about 95 ps for TTC and
900 ps for TTT in the solvent used. For all excitation energies,
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counterparts. During the first hundred picosec-
onds, similar contributions are detected, with the
SE and ESA signals of TTT red-shifted with
respect to the respective TTC signals. For larger
delay times, significant differences between 6-
nitro-BIPS (in acetonitrile) and 6,8-dinitro-BIPS
(in chloroform) become apparent: 1) The S,
lifetime of the two isomers is reduced to about
35 ps for TTC and about 160 ps for TTT. 2) No
remaining absorption bands are visible after TTT
excitation (Figure 5 f), which implies that photo-
excitation of this species does not result in any
photoproduct. 3) TTC excitation leads to the
formation of a photoproduct that absorbs in the
visible region, as can be deduced from the
positive PA band between 1.60 and 1.70 x 10* cm ™' emerging
after 100 ps as well as from the remaining bleach of the TTC
GSA.

Since the absorption wavenumber of the observed pos-
itive PA band for 6-nitro-BIPS matches the GSA wave-
number of TTT, this band can be assigned to the formation of
TTT isomers in the ground state. This signature only appears
after excitation at a high wavenumber where predominantly
the TTC isomers absorb, so these observations can be
assigned to TTC—TTT photoisomerization.'*! The quantum
yield of the photoisomerization reaction in acetonitrile was
determined to be (18 £4)%.

For a comprehensive picture of the photochemical
dynamics of the molecular systems, transient absorption
spectroscopy has provided the characteristic time scales of
the photoinduced processes and the spectral signatures of the
accessible signals. This information will thus be available for
the multidimensional approaches which are closely related to
the pump-probe scheme and which we use in the following to
address several open questions concerning the photodynam-
ics of the investigated systems. These open questions not
answered by transient absorption are, for example, the
existence of cis—trans isomerization for 6,8-dinitro-BIPS,
which will be resolved by 2D spectroscopy in Section 7, the
role of vibrational modes in photoisomerization, which is
investigated with 3D spectroscopy in Section 8, the dynamics
initiated upon excitation to higher electronic states, which is
explored by triggered-exchange 2D spectroscopy in Section 9,
and whether the relative yield of competing reaction paths

24
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can be controlled by quantum control spectroscopy, which is
discussed in Section 10.

6. From Transient Absorption to 2D Spectroscopy

Transient absorption spectroscopy is a third-order tech-
nique that provides photophysical and photochemical infor-
mation along two independent axes, namely, the pump-probe
time delay T'and the probe wavenumber axis V.. Data sets,
as presented in Figure 5, can additionally be recorded for
multiple excitation wavenumbers such that they span a three-
dimensional data space. This can be illustrated by stacking the
transient maps along a third axis associated with the central
pump wavenumber 17;?"‘1?1, as visualized in Figure 6a.

Similarly, 2D spectroscopy is also a third-order method
but provides spectroscopic information along the two axes
Vpump and V.. By recording various 2D spectra as a function
of the population time 7, information in the same three-
dimensional spectroscopic space is provided, just as for
transient absorption spectroscopy with variable excitation
wavenumbers. This relation becomes apparent when the 2D
spectra are stacked on top of each other along the Taxis
(Figure 6b).

- 1.7
Vprobe [10*cm] 14 1.6 ‘_/:i::‘“ 0*cm™]
b)
600
3400
~
200
[
ol
2.62 3
22 ) 2.0
2.0
1'81 6 S 1.7
vaobe [1 04 cm’1] ' 1'4 16 ' I‘_/pumpl [1 04 cmr1]

Figure 6. Relationship between transient absorption and 2D spectros-
copy, visualized with the data for 6-nitro-BIPS. a) Transient absorption
maps are measured with different central wavenumbers 7" of the
pump pulse and cover the same three-dimensional region as b) 2D
spectra for various waiting times T when stacked next to each other.
The data shown in (a) were originally discussed in Ref. [164] and the
data of (b) in Ref. [163].
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On comparing these two plots (Figure 6a,b) it is seen that
the same spectral features are recovered by the two methods,
that is, the blue and/or yellow signals appear at the same
respective positions in the underlying 3D “data space”. Thus,
the question arises whether there are particular advantages to
using either of the two approaches. In transient absorption,
the spectral resolution along ¥, is limited by the spectral
bandwidth of the pump pulse and each individual transient
map reflects the third-order response of the photosystem
integrated over the entire pump-pulse spectrum. In coherent
2D spectroscopy, an additional laser pulse is employed and its
temporal delay with respect to the first pulse—the coherence
time—is scanned systematically and a Fourier transformation
along 7 yields the 2D spectrum. Just as in any other Fourier-
transform-based method,”™! the spectral resolution is deter-
mined by the maximum delay between the first and the
second pulse. Improving the resolution in regard to the pump
wavenumber in transient absorption can only be achieved by
narrowing the pump-pulse spectrum, which in turn will result
in a lower temporal resolution as a result of the increase in the
pump-pulse duration. Fourier-transform coherent 2D spec-
troscopy thus provides high spectral resolution while the time
resolution is the same as in transient absorption.”’!

This is one of the reasons why a closer look at the two data
sets shown in Figure 6a,b reveals some differences between
the data measured with transient absorption and the 2D
spectra, such as the positive PA band (yellow) around v, =
1.70x10* cm ™" extending to higher ¥,,,, values in Figure 6a
than in Figure 6 b. The first reason for differences between the
data sets is that the transient-absorption data maps are
measured by tuning a broadband pump laser to different
central wavelengths. Even when the laser is tuned to the edge
of the molecule’s absorption band, the overlap of the laser
spectrum with the absorption spectrum is still large enough to
excite a significant amount of molecules due to the large
bandwidth of the pump pulses, whose spectral edges reach
further into the absorption band. Another reason is that the
tuning range used to measure the data in Figure 6a is
considerably broader than the single laser spectrum employed
for the 2D measurements, where the spectral amplitude drops
to zero at frequencies with vanishing pump spectrum.

7. 2D Spectroscopy of Photoisomerization
7.1. Schematic 2D Spectra

So far, the main field of application in the literature for 2D
electronic spectroscopy has been the study of ultrafast
photophysical dynamics of multichromophore systems and
not single-chromophore photochemistry, as covered in this
Review. Since coherent 2D spectra intuitively visualize
spectral correlations in photoactive samples on femtosecond
time scales, couplings between different chromophores man-
ifest themselves in cross-peaks connecting the absorption
(pump) frequency of one chromophore with the emission
(probe) frequency of the respective other chromophore. A
similar explanation holds if excitonic states, rather than
chromophores located at a particular spatial “site” of the full
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system, are used as a basis. In regard to such photophysical
phenomena, 2D spectroscopy has successfully been employed
to elucidate the energy-transfer processes in natural®3¢-414l
and artificial®>?®! light-harvesting systems as well as to
investigate exciton dynamics in multichromophores.?*2"7
The evolution of diagonal and off-diagonal peaks in the 2D
spectra as a function of waiting time reflects the properties of
the energy transfer between the chromophores.

In a photochemical reaction, however, a reactant mole-
cule transforms into another species with, for example,
a different molecular configuration which is—at least on the
time scale of the experiment—thermodynamically stable. The
principle of coherent electronic 2D spectroscopy of reactive
molecular species is sketched in Figure 7 using the example of

a0 bo 90 d)(o\ e)(o f) O\ 9 O

2H 20 D PO ~FO P PO

e s el ale sniredlwenine s

R AR IR R IR SRR AN AN s

70 PO 0O ~0O ~O PO 20
Vpump

Figure 7. Potential photochemical reaction scenarios and associated
2D spectra at long population times when all molecules have relaxed
to the electronic ground state, showing a) bidirectional cis—trans
isomerization, b) unidirectional cis-trans and c) unidirectional trans-cis
isomerization, d) ring closure of both MC isomers, e) ring closure of
TTT, f) ring closure of TTC, and g) no photochemical reaction occur-
ring at all. Red peaks denote photoproduct absorption signals, blue
ones the associated bleach of the reactants. The symbols representing
molecular configurations are in accordance with those in Figure 4a.
The ring-closed form is assumed not to absorb in the spectral range
covered by the two axes. Adapted from Ref. [163] with permission.

the spiropyran/merocyanine photosystem. Various reaction
scenarios are shown at the top of the Figure, while the
corresponding 2D spectra are illustrated below. The horizon-
tal axis corresponds to the pump wavenumber V,,,,,,,, while the
vertical axis denotes the probe wavenumber V... In these
sketches, only long waiting times are considered, that is, when
photophysical excited-state dynamics are over and the system
has relaxed to its (original or product) ground state.

Since our experiments are performed in the visible
spectral range, only the absorption frequencies of the two
MC isomers TTC (red) and TTT (blue) are considered
(vertical and horizontal dashed lines), while the ring-closed
spiropyran is not detectable since its main absorption band is
located in the UV region. Additional peaks would appear
with ultrabroadband 2D spectroscopy. In the case of a bidirec-
tional cis—trans isomerization between TTC and TTT (Fig-
ure 7a), positive cross-peaks (red) would be observed at the
crossings of the TTC and TTT absorption, that is, at the
intersection of blue and red dashed lines. This is due to the
fact that if one of the isomers is excited it will react to the
corresponding other isomer where photoproduct absorption
will lead to an increased 2D signal at the associated probe
frequency. At the same time, the reduced ground-state
absorption of the reactant will lead to negative peaks on the
diagonal (blue). If only unidirectional cis—trans isomerization
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occurs (Figure 7b,¢), these signatures will only be detected on
the vertical line representing the absorption frequency of the
reactant isomer. In Figure 7 d—f the ring-closure reaction from
the merocyanine isomers to spiropyran is assumed to be
favored over the photoisomerization. In this case, only the
negative bleaching signals corresponding to the decreased
merocyanine concentration will be detected along the diag-
onal, since the product (the spiropyran) does not absorb in the
visible spectral range. If the system under study does not
undergo any photochemical reaction (Figure 7g), no signa-
tures will be observed at all at long waiting times.

The integral of absorptive 2D spectra along the pump
frequency axis yields the spectra recorded with transient
absorption."" 2141 From this, it becomes apparent that single
transient absorption measurements may yield ambiguous
results, since backtracking of the photoproduct signals to its
reactant is not possible because of the lack of the second (i.e.
excitation) frequency axis. Furthermore, positive and neg-
ative contributions (as for example in Figure 7 a) could cancel
each other out in transient absorption. Thus, only 2D
spectroscopy directly visualizes the correlations between
reactants and products and allows for a direct and unambig-
uous assignment of the signatures to all involved chemical
components.

Figure 7 represents a very simplified picture of the
resulting 2D spectra for reactive species. Linear combinations
of the sketched scenarios are possible if several reaction
pathways can be followed. In practice, several further
circumstances may complicate the interpretation of the
measured spectra. Since electronic 2D spectroscopy involves
the electronic excitation of the sample, signatures of the
excited state, such as stimulated emission or excited-state
absorption, dominate the 2D signal for population times on
the time scale of the excited-state lifetimes of the investigated
compounds. We will discuss these short-time contributions in
Section 8.

7.2. Experimental 2D Spectra

Figure 8 shows the electronic 2D spectra of the merocya-
nine isomers of 6,8-dinitro-BIPS in chloroform at 7=3.0 ns
(Figure 8a) and of 6-nitro-BIPS in acetonitrile at 7=2.2 ns
(Figure 8b). The horizontal axis represents the pump wave-
number, and the vertical axis the probe wavenumber. Since
a probe continuum is used in these measurements, the probe
axis extends over a broader spectral range than that of the
pump, whose bandwidth is limited by the NOPA. Both spectra
display purely absorptive contributions and, thus, similar to
the representation of the transient absorption data (Figure 5),
negative values (blue) correspond to a pump-induced
decreased absorption of the sample, while positive signals
(yellow/red) represent an increase in the absorption. All
expected contributions are marked by red (TTC) and blue
(TTT) dashed lines (as in Figure 7), where the vertical lines
represent the absorption frequencies of the two isomers and
the horizontal lines the GSA, SE, and ESA signals as labeled.

Since the excited-state lifetimes of all the compounds are
below 1 ns, these 2D spectra reflect the net photochemical
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Figure 8. 2D spectra for long waiting times. The sign convention is
similar to the representation of the transient absorption data. In
addition, dashed contour lines are used for negative parts of the
spectrum, while solid contour lines mark positive regions. a) The 2D
spectrum of 6,8-dinitro-BIPS at T=3000 ps indicates that both MC
isomers undergo the ring-closure reaction to the spiropyran form. b) A
positive cross-peak in the 2D spectrum of 6-nitro-BIPS at T=2200 ps
proves the existence of the unidirectional TTC—TTT photoisomeriza-
tion reaction. Figure (a) adapted with permission from Ref. [162].
Copyright American Chemical Society (2011). Figure (b) adapted from
Ref. [163] with permission.

change after the deactivation of all the excited states is
completed. Therefore, these 2D spectra may directly be
compared to the scenarios discussed in Figure 7. In the 2D
spectrum of 6,8-dinitro-BIPS (Figure 8a), two slightly over-
lapping negative signals are observed at the TTC excitation/
TTC GSA probe and TTT excitation/TTT GSA probe
wavenumbers. These two peaks arise from the permanent
bleaching of the two MC isomers and the best agreement is
found with the sketched 2D spectrum of Figure 7d, where the
ring closure of the two MC isomers is favored over cis—trans
isomerization. Since no positive cross-peaks are found, the
cis—trans isomerization can be excluded as a major reaction
path for this compound. The 2D spectrum of 6-nitro-BIPS
(Figure 8b) considerably differs from that of its dinitro-
substituted version. A positive cross-peak is found at TTC
excitation and TTT GSA probe wavenumbers (circled black
cross) together with a negative contribution at TTC GSA
probe wavenumbers. In agreement with the sketch from
Figure 7b, this finding indicates the existence of TTC—TTT
photoisomerization while no signal is observed for TTT
excitation. This directly proves that the cis-trans isomeriza-
tion is favored over any other photoreaction for 6-nitro-BIPS,
but only for one of the two ring-open isomers (TTC), while
the other isomer (TTT) decays back to its electronic ground
state without undergoing any photochemical change.
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8. Third-Order 3D Spectroscopy

The 2D spectrum shown in Figure 8b represents only the
permanent chemical changes observed for 6-nitro-BIPS after
photoexcitation. However, we wish to gain a more compre-
hensive picture and also retrieve information about the
reaction mechanism, namely, the short-time dynamics on the
reactive potential-energy surface. For this purpose we
recorded 2D spectra for a large number of population times
T (similar as in Figure 6b, but in many small time steps).
Figure 9 shows a cut through this data set along 7 at the

2D signal

I s/ i i

0 1 2 10 100 1000
——— Tlpsl
3D

Figure 9. A cut through the 2D data of 6-nitro-BIPS along T at the
spectral position of the positive cross-peak reveals coherent vibrational
wave-packet dynamics up to 2 ps after excitation. The 2D data for
T<2 ps is the source for the third-order 3D spectrum presented in
Figure 10. The cross marks the data point labeled in Figure 8. The data
were originally discussed in Ref. [163].

spectral position of the positive cross-peak marked by the
black cross in Figure 8b. The positive cross-peak emerges for
population times larger than about 100 ps (see the data point
marked by the black cross that corresponds to Figure 8b). For
shorter times, the 2D signal is negative in this region. The
excited-state lifetime of the TTC isomer of 6-nitro-BIPS is
about 35 ps, and so the 2D spectrum is dominated for 7'<
100 ps by SE and bleaching of the GSA band. Both SE and
GSA bleach give rise to negative 2D signals, which, however,
are centered at different positions in the 2D spectra. The most
prominent feature of the cross-peak signal of Figure 9 is the
occurrence of pronounced oscillations for population times
below 1.5 ps. These oscillations can be attributed to coherent
vibrational wave-packet motion induced by the broadband
excitation with femtosecond laser pulses.

To decipher the connection of these molecular vibrations
to the chemical reaction, a third-order three-dimensional
(3D) spectrum is generated by applying a Fourier trans-
formation of the 2D data set along 7 (for 0<7T<2ps as
indicated in Figure 9), thereby yielding a third wavenumber
axis ;.1 This additional axis is now associated with the
frequency of coherent oscillations between the pump
sequence and the probe pulse and unravels the complex
time-domain data by separating the non-oscillating portion of
the signal from the oscillating signatures.
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Figure 10. Third-order 3D spectrum of 6-nitro-BIPS in acetonitrile
represented by four different isosurfaces at values of 0.65%, 0.9%,
1.15%, and 1.40% of the maximum. The red dashed lines mark the
TTC excitation wavenumber, while the blue dashed lines indicate the
GSA probe wavenumber of the TTT isomer. Two 3D cross-peaks are
observed, thus indicating that two independent vibrational modes are
involved in the photoisomerization reaction. Figure adapted from

Ref. [163] with permission.

The resulting third-order 3D spectrum is shown in
Figure 10 using an isosurface representation. The wave-
packet oscillations cause two separated 3D cross-peaks
located at ¥; =176 and 363 cm™', thereby showing that two
independent vibrational modes are involved in the observed
photodynamics with oscillation periods of about 190 and 90 fs,
respectively. Furthermore, by taking the position of these
cross-peaks in the (Vyump,Vprove) Plane into account, it becomes
apparent that both modes are involved in the cis—trans
isomerization since they are both located at TTC excitation
(red dashed lines) and TTT GSA (blue dashed lines) wave-
numbers connecting the absorption frequency of the reactant
with the absorption frequency of the product. Further
investigations showed that the wave packet is finally observed
in the first excited electronic state S; of the TTT isomer,!'*!
which means that vibrational coherence is maintained during
the torsional motion of the molecule necessary for photo-
isomerization. The product is, thus, formed in the electroni-
cally excited state and afterwards relaxes down to the
electronic ground state. The final relaxed product gives rise
to the positive absorption features detected in transient
absorption (Figure 5d) and 2D measurements (Figure 8b) for
large T values.

9. Triggered-Exchange 2D Electronic Spectroscopy

In all the experiments discussed so far, the photoreactions
were investigated after a single excitation to the first
electronically excited state. As sketched in Figure 11a
(green arrow), pump-probe, 2D and third-order 3D spectros-
copy provide us with detailed insights into the photochemistry
after excitation to S,. Since the observed signals arise after
two interactions with the electric field of the pump pulse (or
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Figure 11. Triggered-exchange 2D (TE2D) spectroscopy of 6,8-dinitro-
BIPS. a) A pump pulse in the visible region is used to excite the
molecule to its first excited electronic state S,. Third-order techniques,
such as pump-probe/transient absorption or coherent 2D/3D spectros-
copy, can be used to monitor the dynamics emanating from this S,
population. By using an additional repump pulse resonant with the
S,-S, excited-state absorption at 435 nm, a part of the S, population is
transferred to a higher-lying electronic state and fifth-order TE2D is
used to observe the photochemical dynamics originating from the
repump process. b) TE2D spectrum of 6,8-dinitro-BIPS in chloroform
for tpr=0.5 ps and T=2000 ps. Figure (b) adapted from Ref. [99] with
permission. Copyright American Physical Society (2013).

in the case of 2D spectroscopy, with the pump-pulse pair) and
a third interaction with the probe pulse, the total number of
three interactions makes these techniques third-order spec-
troscopy methods that probe the third-order nonlinear
susceptibility tensor ¥ (see also Figure 2b-d).

We now proceed to retrieve information on photochem-
ical channels from higher-lying electronically excited states.
For this purpose, additional light-matter interactions are
introduced (Figure 11 a, blue arrow). This was done by using
a pump pulse to excite 6,8-dinitro-BIPS in the visible spectral
range and applying an additional repump pulse, delayed by
the pump-repump time delay #pr and resonant to the excited-
state absorption around 435 nm to induce the S,—S, tran-
sition (see also pulse sequence in Figure 2 ¢). The experiments
disclosed that a new photoproduct is formed,” which shows
a broad absorption band in the visible spectral range. Since
both merocyanine isomers exhibit excited-state absorptions in
the spectral range of the repump pulse, an assignment of the
observed product to its precursor isomer is not straightfor-
ward on the basis of pump-repump-probe measurements. For
this reason, we implemented coherent triggered-exchange
two-dimensional (TE2D) electronic spectroscopy, which is
basically a combination of the conventional 2D spectroscopy
with pump-repump-probe spectroscopy. The pump pulse was
again split into a double-pulse sequence with pulse separation
7 (see Figure 2 f) using our femtosecond pulse shaper, and
a separate repump laser pulse was applied. 2D spectra at fixed
pump-repump delays and population times were recorded.

The extracted TE2D spectrum for fpr =0.5 ps and 7=
2000 ps is shown in Figure 11b. This TE2D spectrum can be
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regarded as the change in the conventional electronic 2D
spectrum with excitation to S; as a result of the additional
interaction of the excited-state population with the repump
pulse. In this way, we can access the correlation between the
initially excited isomer and the spectral signatures of the
species formed by repumping. This signature consists of
a broad positive photoproduct absorption which is super-
posed by a corresponding bleaching of the merocyanine
ground state. Similar features have been observed for other
merocyanines™! and are assigned to the merocyanine radical
cation formed upon absorption of both a pump and repump
photon. The TE2D approach allows the TTC isomer to be
unambiguously identified as the precursor isomer of the
radical cation, since its signatures are located at TTC
excitation wavenumbers (vertical red dashed line). In con-
trast, no additional reaction path after S;—S, repumping is
identified for the TTT isomer of 6,8-dinitro-BIPS because no
signal emerges at the vertical blue dashed line in Figure 11b.
Thus, TE2D spectroscopy revealed that only one of the
isomers forms a radical cation after excitation to higher-lying
electronic states by consecutive absorption of two photons.

10. Quantum-Control Spectroscopy

Although femtosecond transient absorption, coherent 2D/
3D spectroscopy, and their discussed extensions can be used
to observe photodynamical processes of a given nonlinearity
with very high temporal resolution, the investigation of these
processes can be further generalized by applying intense,
structured femtosecond pulses. On the one hand, the tempo-
ral moments at which the system interacts with such shaped
pulses can be distributed in a versatile way, with one pulse
comprising several possibilities for a sequence of interactions.
On the other hand, higher nonlinearities can be addressed and
processes of different nonlinearity can be investigated
concurrently. Imagine a system for which several photo-
chemical reaction paths are possible, but additional repump
steps are required for some of them. Restricting the probed
signal to a certain nonlinearity will not disclose all of these
reaction paths. This is already true for our model systems,
where formation of a radical cation with visible light
necessitates a repumping step (as revealed by the fifth-order
TE2D technique), but competes with processes of lower
nonlinearity that can follow an excitation by the pump pulse,
such as ring closure, cis—trans isomerization, fluorescence, and
internal conversion. Hence, we conducted quantum control
experiments with shaped femtosecond pulses as an extension
to the foregoing spectroscopic studies to explore the initial
steps in the isomerizing 6-nitro-BIPS merocyanine.'*® We
specifically tackled the question of which fraction of all the
excited molecules proceeds along a particular reaction path-
way and what is the time scale on which a putative bifurcation
is passed.

The existence of competing photoreactions for the
merocyanine form of 6-nitro-BIPS is revealed in excitation-
power-dependent measurements, where the formation of the
radical cation is found at high pulse energies, as already
observed for 6,8-dinitro-BIPS in the TE2D measurements
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(see Section 9). Thus, in the high-power-excitation regime the
resonant two-photon radical cation formation can be initiated
with one and the same laser pulse, successively triggering the
pump as well as the repump transition. In this way, three
competing reaction channels—one-photon isomerization,
one-photon relaxation, and two-photon radical cation forma-
tion—arise under certain conditions.

To investigate the fraction of molecules associated with
areaction channel, we varied the linear chirp of the excitation
pulse under high-power conditions. The linear chirp of the
laser pulse has been used successfully as a major control
parameter in the field of quantum control and spectroscopy in
numerous time-resolved studies."'”****! In our experiment,
this was done by applying a second-order spectral phase
centered around frequency w, to the pump pulse [Eq. (3)].

1 ! 2
(o) =39/ () - ) ©)
The second-order dispersion @”(w) was systematically
scanned using our femtosecond pulse shaper. For positive
@" values, lower frequencies temporally precede the higher
frequency components, and vice versa for negative @” values.

Intrapulse pump-dump processes dominate in the raw
data (not shown). This effect was first predicted in 1990*"
and later observed in high-power experiments on molecules
in solution.[1%6:210:213.219.2222260] Negatively chirped pulses effi-
ciently dump the population back to the electronic ground
state through stimulated emission, since the instantaneous
frequency of the pulse matches the shrinking energy gap
between the excited-state population relaxing away from the
Franck-Condon region towards lower-lying areas of the S;
potential energy surface and the ground state. This intrapulse
pump-dump effect is suppressed for positively chirped pulses,
since the increasing instantaneous frequency of the pulse is
opposite to the transition frequency required for the pop-
ulation back transfer. Thus positive chirp results in an
increase in the remaining excited-state population.

The effect of this well-known process can be removed by
normalizing the data to the amount of molecules remaining in
the excited state after the pump pulse. This was done by
collecting transient absorption spectra at 7=2 ns and divid-
ing these spectra by the amplitude of the bleached GSA signal
recorded at 7=8 ps. The absolute quantum yield of each
reaction channel was then estimated on the basis of a spectral
fitting model."® The resulting chirp dependence of the
individual quantum yields is shown in Figure 12 for all three
reaction paths. Both the relaxation (Figure 12a) and the
photoisomerization (Figure 12b) quantum yields show a dis-
tinct minimum at slightly negative chirp values of @"(w)=
—200 fs? and an increase for more negative and for positive
dispersion values. The reason for this behavior can be seen in
Figure 12¢c, which depicts the ionization quantum yield as
a function of the linear chirp. Since this graph is the mirror
image of the other two graphs, we can conclude that the
quantum yields of both the isomerization and the relaxation
channels are determined by the amount of ionization that
serves as a “loss channel” for the other reaction paths. The
shape of the curve in Figure 12¢ can be explained by the
resonant nature of the two-photon ionization, for which the
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Figure 12. Quantum-control spectroscopy of competing reaction chan-
nels. Under high-power-excitation conditions the ratio of the quantum
yields of the three reaction channels (a) relaxation, (b) photoisomeri-
zation, and (c) resonant two-photon ionization of 6-nitro-BIPS is
controlled by varying the linear chirp of the excitation pulse. Figure
adapted from Ref. [166] with permission. Copyright American Chemical
Society (2014).

transient dynamics of the wave packet on the S; potential
have to be taken into account. The intrapulse pump-repump
process (to the ionization state) is optimal when the ordering
of the spectral excitation components fits to the time
evolution of the energy gap between the S; wave packet and
the S, potential energy surface. Thus, a particular negative
chirp value is optimal for ionization. In contrast, the
maximum ionization yield in the case of a nonresonant two-
photon process would be expected for unchirped pulses, for
which the pulse’s peak intensity is maximal.

The discussed data provides useful information on the
involved potential energy surfaces and the reaction dynamics.
From the optimal @”(w) value for the formation of a radical
cation we can deduce that the minimum of the S, potential is
shifted along the reaction coordinate in the same direction
with respect to the S; as the S; minimum is shifted compared
to the S equilibrium configuration. Furthermore, the small
chirp value necessary for optimal reexcitation to S, implies
a very fast initial motion of the S, wave packet towards lower-
lying regions of the S, potential. This in turn suggests that the
excited-state isomerization is also very fast. From the position
of the extrema in Figure 12, one can deduce that the decision
which reaction path is followed is not determined instantly.
Hence, a molecule which started the isomerization can still be
ionized on a timescale of 100 fs or longer. Quantum-control
spectroscopy thus demonstrates that the excited-state isomer-
ization reaction is an ultrafast process, with the initial
excitation and the subsequent well-timed provision of a fur-
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ther photon being the decisive steps determining the quantum
yields of the three competing reaction channels.

11. Conclusion

Each of the discussed experimental approaches provides
another piece of the puzzle and together lead to a detailed
and comprehensive picture about the photochemical reaction
network under study. The main results are summarized in
Figure 13 for the merocyanine isomers of 6-nitro-BIPS by

y

=l

o Ener

S

lonization

Q
o
@
o
=
T
=t
o

e 1y

Figure 13. Reaction scheme of the TTC merocyanine isomer of 6-nitro-
BIPS summarizing the results of the presented time-resolved experi-
ments. After excitation in the visible regime, the major part of the
excited molecules relaxes back to the electronic ground state through
fluorescence. We also observed intrapulse dumping to the ground
state and resonant two-photon ionization resulting in the radical
cation formation of the TTC isomer in pump-repump-probe and TE2D
measurements and under high-power excitation. A minor part of the
excited molecules undergoes an excited-state cis—trans photoisomeriza-
tion reaction along the torsional coordinate (blue) to the TTT isomer.
Pronounced wave-packet oscillations were observed in the direction of
a vibrational nuclear coordinate (red). The isomerization reaction is
followed by fluorescence to the electronic ground state of TTT. Figure
adapted from Refs. [163] and [166] with permission. Copyright Ameri-
can Chemical Society (2014).

making use of two major reaction coordinates: a generalized
vibrational coordinate (red) and the torsional coordinate
(blue) describing the cis—trans isomerization between the
merocyanine isomers. After absorption of a photon in the
visible range, the major part of the excited TTC molecules
relaxes back to the electronic ground state. Pump-dump
processes are observed under high-energy excitation condi-
tions. The absorption of a second photon opens up a new
reaction path to the radical cation of the TTC isomer, which is
formed in higher excited electronic states. About 18 % of the
excited TTC isomers undergo an ultrafast excited-state cis—
trans photoisomerization from the TTC to the TTT isomer,
with pronounced vibrational wave-packet motion being
observed. The data shows that both radical cation formation
and trans—cis photoisomerization can be excluded as a major
reaction path for the TTT isomer.
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This Review has outlined the suitability of coherent
electronic multidimensional spectroscopy for the study of
photochemical reactions. We have followed a systematic
approach of increasingly complex pulse sequences and
applied all techniques to the same prototype molecular
system. Whereas transient absorption provides valuable
information on reaction time scales and spectroscopic signa-
tures of reaction intermediates and products, clarity on which
reactant actually turns into which product molecule is gained
in an intuitive way from coherent 2D electronic spectra.
Further insight into the reaction pathways accessible after the
initial excitation can be obtained by expansion of the 2D
spectroscopy scheme. Whether coherent vibrational motion is
generally induced after excitation or might be associated with
a certain photochemical process can be explored by third-
order 3D electronic spectroscopy, because it directly visual-
izes whether this vibration connects a reactant with a specific
product. The impact of further excitation of already excited
molecules and newly generated photoproducts are obtained
in triggered-exchange 2D electronic spectroscopy. Although
providing a further photon to a proceeding photochemical
reaction sequence can be a means to manipulate the reaction
outcome, TE2D spectroscopy can help to elucidate which
intermediate originating from which reactant takes up the
photon energy. Since the connection between reactant and
final product molecule is preserved in all of the multidimen-
sional approaches, the course of different photochemical
reaction pathways is obtainable without ambiguities. With
quantum-control spectroscopy, information on the relative
population distribution corresponding to reaction channels
accessible with a different number of photons is obtained
within the same experiment, thereby providing further insight
into the underlying reaction mechanisms.

Although highly popular and applied to a variety of
relevant questions in time-resolved spectroscopy, electronic
2D spectroscopy faces a considerable number of technical
challenges. Currently, the limiting factors of electronic 2D
spectroscopy, partly also in regard to the presented exper-
imental setup, are phase stability, limited spectral bandwidths
of the pump pulses, the accessible spectral regime, data
acquisition time, and the signal-to-noise ratio. The issues
connected with the phase stability were solved here using
frequency-domain pulse shaping and by making use of
a partly collinear pump-probe beam geometry. Actively?"?*l
and passively®*323223232] gtabilized experimental arrange-
ments have been developed for setups with conventional
optics. Extending the limited spectral bandwidth of the pump
pulses is currently one of the most frequently addressed
questions in electronic multidimensional spectroscopy. A
small number of promising studies involving ultrabroadband
laser pulses, for example, generated by filamentation in gases
or by using hollow-core fibers, have been published
recently.” > Extending the accessible spectral range, for
example, into the near and deep UV, has also been one of the
main efforts of scientists working in this field, which has
countless potential applications.** #4231 Many different
methods exist to reduce the data acquisition time and to
increase the signal-to-noise ratio. Shot-to-shot pulse shap-
ing,[*213] shot-to-shot mechanical chopping and detection

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Brixner et al.

combined with high-repetition-rate laser systems,?>23223:240]

and single-shot techniques®!*? are currently the most
efficient approaches. A more detailed discussion of exper-
imental implementations and associated challenges has
recently been elaborated by the Ogilvie group.!'®!

When a molecular system exhibits multifaceted photo-
chemistry, the spectroscopic techniques to elucidate it have to
be very versatile as well to capture the many processes that
can be induced by light. Our studies have demonstrated this
exemplarily for merocyanine/spiropyran systems and corrob-
orate in an illustrative fashion that whenever ambiguities
remain with a certain spectroscopic method, an extension to
amore advanced approach can be highly beneficial for further
insight. Prospective photochemical issues to be addressed in
future studies are, for example, concurrent reaction sequen-
ces, isomer-selective reactions, the generation and subsequent
reaction of intermediate ions, radicals, and spin multiplet
systems, or light-triggered exchange reactions.

The field of “femtochemistry” has seen tremendous
development since the first ultrafast pump-probe experiments
on molecular wave-packet dynamics and photodissociation
reactions. The concept of multidimensional spectroscopy
opens up many further avenues of research.
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