Chapter 9
On the Investigation of Excited State Dynamics
with (Pump-)Degenerate Four Wave Mixing

Tiago Buckup, Jan P. Kraack, Marie S. Marek, and Marcus Motzkus

Abstract Multidimensional time-resolved spectroscopy allows disentangling par-
ticular aspects of the molecular dynamics, which are normally hidden from linear
techniques. In this chapter, we show how third- and fifth-order techniques using sub-
20 fs pulses can be applied to address coherence and population dynamics in the
excited states of biomolecules. In particular, broadband four wave mixing is com-
bined with an initial pump pulse to promote population to the excited state. With
this approach, it is possible to interrogate the potential surface of the excited and
ground states during the excited state evolution with a time resolution better than
20 fs. Three general aspects of the excited state dynamics are discussed. (1) The
assignment of vibrational coherence to the respective excited state potential is il-
lustrated for retinal in solution and in the protein environment. By changing the
excitation wavelength and comparing low- and high-frequency vibrational coher-
ence content, it is shown that low-frequency modes are predominantly originated in
the excited state, while high-frequency modes belong to the ground state. (2) The
temporal resolution of dark electronic states in lycopene is investigated with pump-
DFWM. Contrasting to lower-order techniques, pump-DFWM allows to snapshot
the ultrafast population relaxation directly after the excitation of the S, electronic
state. (3) The evolution of the vibrational coherence in the excited state is demon-
strated for B-carotene. This gives accurate information on the instantaneous fre-
quency, populations and even anharmonicities of all relevant vibrational modes on
the potential surface of the excited state.

9.1 Introduction

The evolution of photochemical transformations has been in the focal point of ul-
trafast time-resolved spectroscopy since its advent [1-6]. In this regard, the ability
to follow the population and coherence dynamics in the femtosecond time scale
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with high resolution, particularly in excited states, is a major pre-requisite to fully
understand how structural changes in (bio-)chromophores take place [7-10].

Time-resolved spectroscopy of excited potential surfaces is, though, more chal-
lenging than the ground state spectroscopy due to two major aspects. The first one
is the number of excited molecules contributing to the signal. Under normal excita-
tion regimes (i.e. well below saturation), the number of excited molecules is much
smaller than the number of molecules in the ground state. Contributions from the
excited state may therefore be weak and difficult to detect. This can be specially
complicated in (self-)heterodyne detection methods if ground and excited state con-
tributions spectrally overlap. In methods using such kind of detection, the intensities
of different contributions add linearly, which can obscure, or even totally cancel,
weak signals. Such an effect can be observed e.g. in transient absorption (TA) when
a negative signal like stimulated emission (SE) overlaps with an excited state ab-
sorption (ESA). This contrasts to background-free third-order methods, where all
contributions will be detected with a much higher sensitivity to small variations of
the dynamics in the excited state.

The second aspect is related to the time scale of processes in the excited state.
After excitation, population and coherence in the higher electronic states are not in
equilibrium but evolve in many (bio-)chromophores often on a very fast time scale.
Such time scales range from hundreds of femtoseconds as found for the isomeriza-
tion of protein-bound retinal [11] to just some tens of femtoseconds as observed for
the internal conversion between excited states of carotenoids [12]. While ultrafast
transient population evolution can in principle be resolved by using state-of-the-art
sub-10 fs pulses [13], following the evolution of the vibrational coherence is not
trivial. Not just the amplitude of oscillatory phenomena contains information on
the deactivation of the excited state, but also the frequency and the phase may of-
fer important insight. Nevertheless, determination of frequency and phase during
an ultrafast relaxation process is demanding, which has received a lot of attention
recently. It requires accurate analysis in order to avoid phase and frequency changes
due to pure analysis artifacts [14, 15].

One way of addressing these central aspects in time-resolved spectroscopy is to
increase the dimensionality of the nonlinear optical interaction. Multidimensional
time-resolved spectroscopy employs additional ultrashort pulses in order to open a
new spectral and/or temporal observation window, which is normally hidden from
lower-order techniques [16]. For example, this allows probing a specific molecular
response without the need of complex fitting algorithms or assumptions [17, 18]. In
this chapter, we show how four wave mixing methods with three beams like coherent
anti-Stokes Raman scattering (CARS) and transient grating (TG) can be combined
with an additional initial pump beam to be selective to excited state dynamics in
the condensed phase (Fig. 9.1). The so called pump-degenerate four wave mixing
(pump-DFWM) technique [19, 20] consists of two interactions with the initial pump
pulse to produce coherences and populations in the excited state, which will be
probed by the consecutive four wave mixing sequence. In this sense, pump-DFWM
can be thought of as a “pump-probe” method, where the probe is not a single pulse,
but is a nonlinear probe sequence of three ultrashort pulses. Due to their bandwidths,
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Fig. 9.1 Interaction scheme of (a) pump-DFWM, (b) electronically resonant DFWM and (c) non-
resonant DFWM. In pump-DFWM (a), the excited potential can be exclusively investigated by
pre-exciting the ground state population with the initial pump. This is not the case when using
DFWM only: Resonant DFWM (b) excites and probes dynamics in both potential surfaces, i.e.,
excited and ground state dynamics

the pulses of the DFWM sequence generate both CARS (and its Stokes counterpart
CSRS) and TG contributions.

Three fundamental aspects of the excited state dynamics found in several molec-
ular systems are discussed using such nonlinear experiments. Firstly, the assignment
of vibrational coherence to the respective electronic states is shown in the case of
Retinal Protonated Schiff Base (RPSB) using DFWM (Fig. 9.1(b) and (c)) with sub-
20 fs time resolution (Sect. 9.3.1). Tuning the excitation spectrum of the DFWM
sequence is exploited with its high sensitivity to disentangle the origin of low-
(<800 cm™!) and high-frequency (>800 cm~1) molecular modes. The second as-
pect is the detection of short-living dark electronic states, whose excitation via one-
photon is forbidden. In Sect. 9.3.2, pump-DFWM (Fig. 9.1(a)) is applied to lycopene
in order to unravel the presence of additional electronic states after the relaxation of
the S, state. The focus is the unique capability of pump-DFWM to detect additional
relaxation pathways due to its higher dimensionality. The experimental results are
further supported by a simulation in the response function formalism. In the last ex-
perimental Sect. 9.3.3, vibrational coherences in a vibrationally excited electronic
state are addressed with pump-DFWM. In particular the vibrational evolution of
high-frequency modes are resolved with a high time and spectral resolution. This is
demonstrated for S-carotene during the internal conversion between S, and S;.

9.2 Pump-Degenerate Four Wave Mixing
9.2.1 Signal Generation

Pump-DFWM is an ultrafast technique able to obtain the complete vibrational spec-
tra as well as electronic population and coherence relaxation in excited state poten-
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Fig. 9.2 (a) Scheme showing (a)
the respective delays between
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phase-matching scheme used
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tials [21, 22]. The excitation with the initial pump (Fig. 9.2(a)) generates population
and vibrational coherence in the excited state, which will be probed by the nonlinear
interactions with the DFWM sequence. Several delay times between the excitation
pulses can be defined (Fig. 9.2(a)). The first one is the delay T between the initial
pump pulse and the DFWM sequence. During this delay, population as well as vi-
brational coherence induced by the initial pump will relax. The second time interval
is the delay 71 between the pump pulse and Stokes of the DFWM. During this
time, as in pure DFWM, the electronic coherence between the participating states
will evolve. This has been exploited by us to distinguish normal molecular modes
from polarization beating [23]. The last time interval is the delay 13 between the
pump/Stokes and probe pulses of the DFWM sequence.

The higher dimensionality of pump-DFWM allows to follow the molecular dy-
namics in the excited PES with unprecedented time and spectral resolution (see
also Sect. 9.2.2). The transient dynamics triggered by the initial pump pulse is se-
lected and probed by the DFWM sequence. Therefore, each DFWM transient ob-
tained at a given delay T after the excitation contains detailed information on tran-
sient populations and coherences [24-26]. The DFWM signal can be separated into
two components, an oscillatory part related to the vibrational coherence and a non-
oscillatory part. The amplitude of the whole DFWM scales with the electronic popu-
lation squared of the excited state while the decay of the DFWM non-oscillatory sig-
nal gives information on the electronic population relaxation. The oscillatory signal
contains information about the vibrational coherence like dephasing times, vibra-
tional frequencies and phases of involved molecular Raman modes. This allows to
build a snapshot of the structural changes during the relaxation of the chromophore
and a precise picture of chemical transformations even in complex biomolecules
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(Fig. 9.3). Here it is interesting to understand the interplay between the time and
spectral resolution [27]. Although the time resolution of such snapshots is a pri-
ori given by the delay 7 and the pulse durations (Fig. 9.2(a)), the measurement of
each vibrational spectrum also modifies the time resolution. In order to measure a
spectrum, a DFWM transient with a given length (delay 723) must be Fourier trans-
formed. The longer the DFWM transient, the higher will be the spectral resolution,
but at the same time, the lower will be the time resolution of the snapshot, and vice-
versa. In other words, the interplay between spectral and time resolution in pump
DFWM may be fine adjusted by the length of the transient measured during the
delay 123.

9.2.2 Setup Description

In our setup [21, 22, 28-31], the laser for the DFWM sequence is initially gener-
ated in a broadband noncollinear optical parametric amplifier (nc-OPA), which is
pumped by a commercial femtosecond laser system (1 KHz, 300 uJ at 800 nm).
After pulse compression in a prism compressor, typical pulse durations are about
11 and 15 fs depending on the central wavelength. After beam-splitting the nc-OPA
output in three DFWM beams (pump, Stokes and probe beams), two delay stages
are used to control the delay (Fig. 9.2(a)) between pump and Stokes (t12) and be-
tween Stokes and probe (723). In general, the relative delay 753 is scanned with a step
length of about 2-3 fs in order to obtain enough data sampling for high-frequency
modes. All three beams are focused using the same concave mirror ( f = 25 cm) in
a folded BOXCARS phase-matching geometry (Fig. 9.2(b)). Typical spot diameters
are around 60—100 um and the energies are 20 nJ for pump and Stokes and 15 nJ for
the probe.

The combination of DFWM with an initial pump is straightforward. The IP pulse
is generated in a second nc-OPA with similar pulse parameters as the DFWM nc-
OPA. In such a way, the spectrum can be individually tuned from the DFWM’s
nc-OPA, which is an important requirement for the detection of excited electronic
states (see Sect. 9.2.3). The delay T between the IP and the DFWM sequence is
controlled by an additional delay stage. The IP beam is focused using an additional
concave mirror in an extended folded BOXCARS phase-matching geometry. This
allows controlling individually the spot size of the IP beam. Typical IP pulse ener-
gies used in pump-DFWM experiments depend on several parameters like spectral
overlap between excitation and absorption spectra, which will be discussed below.
In general, in order to achieve a high signal-to-noise-ratio (SNR), energies in the
range between 30-80 nJ are used.

The detection of the (pump-)DFWM signal is performed using two photomulti-
pliers at two different wavelengths. An interferometric filter with a FWHM of 10 nm
is used in front of each detector. In order to avoid signal attenuation by using a 50 %
beam splitter, the signal beam is split with high-pass filters into two beams. In this
case, the low-frequency spectral region is reflected to one detector while the high-
frequency spectral region is transmitted to the other detector. This always allows one
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Fig. 9.3 Scheme of pump-DFWM in the excited potential surface and the generation of CARS
(as well as CSRS) spectra during the relaxation. For each delay between the initial pump and the
DFWM sequence (delay 7'), a DFWM transient is obtained by varying the delay 723. After Fourier
transformation of each transient, snapshots of the vibrational spectra can be plotted during the
relaxation on the excited potential surface

to measure two complementary wavelengths. The main drawback of this setup is that
the signal amplitude at different detection wavelengths cannot be directly compared
due to different detection parameters in each detector (e.g. photomultiplier amplifi-
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cation, filter transmission, etc.). This can be easily overcome by spectrally resolving
the signal in a spectrometer and detecting the signal with a CCD camera.

9.2.3 Role of Spectral Overlap

A central point in the investigation of excited state dynamics with (pump-)DFWM
is the spectral overlap between excitation pulses and the molecular absorption. In
this regard, there are two important aspects how DFWM and pump-DFWM can be
tuned in order to separate different signal contributions.

The first aspect can be illustrated by a comparison between DFWM and transient
absorption (TA). Both techniques are third-order time-resolved methods. DFWM,
however, uses three beams and homodyne detection, while TA uses two beams and
self-heterodyne detection by the probe beam. In principle, both methods are able to
generate vibrational coherence: In DFWM, the first two pulses excite two or more
different vibrational levels. Similarly, in transient absorption vibrational levels lying
within the bandwidth of the pump pulse are excited. Except for these similarities,
DFWM presents additional features not found for e.g. TA. One of these features
is the possibility of efficient non-resonant excitation (Fig. 9.1(c)). DFWM can effi-
ciently generate vibrational modes with non-resonant spectra in comparison to TA,
which clearly contains only ground state modes. This can be contrasted to reso-
nant (or even near-resonant) excitation, which potentially contains both excited and
ground state modes. By comparing both signals, it is possible to assign modes to
their electronic potential.

The second aspect is related to the detection of excited state dynamics without
any interference of ground state contributions. The spectrum tuning of initial pump
and DFWM allows detecting exclusively excited state dynamics. This is performed
by making the initial pump spectrum resonant (or near-resonant if the molecular
absorption is not perfectly within the nc-OPA wavelength range) which leads to
the excitation of the excited state as well as ground state vibrational manifold. The
suppression of ground state contributions is achieved by the correct tuning of the
DFWM spectrum: It must be tuned to the excited state absorption (ESA) or stim-
ulated emission (SE) spectral regions. If the ESA and SE do not overlap with the
ground state absorption, this leads to a pure excited electronic state signal. This
can be easily understood since the DFWM signal is nonresonant with the ground
state absorption and the DFWM signal scales with the transition dipole moment 8.
Non-resonant transition dipole moments are several orders of magnitude smaller
than resonant transition dipole moments, generating resonant signals 10° stronger
than non-resonant signals [32, 33].

For partially or totally overlapping ESA/SE and ground state absorption, the
pump-DFWM will intrinsically have ground state contributions, which can be,
however, strongly reduced by changing the energy relation of the initial pump
and the DFWM sequence. Third order techniques with homodyne detection like
DFWM signal provide two control knobs which are critical in this respect: The
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signal depends (i) on the population difference squared between the involved states
(An2 = (ne— ng)z) and (ii) on the intensity of each incoming beam (Ipy Ist/pr ~ 13).
By decreasing the energy of the total DFWM sequence, the DFWM signal is auto-
matically diminished. This overall decrease of the DFWM can be compensated by
increasing the energy of the initial pump pulse, which also leads easily to a sup-
pression of the ground state contributions. This can be easily understood since the
population difference between the excited state and ground state diminishes.

9.3 Results and Discussion

In the following, three different applications will be presented. Firstly, pure DFWM
is applied to RPSB in order to disentangle ground from excited state vibrational
coherence. This first experiment is followed then by two experiments using pump
DFWM applied to carotenoids, where the excited dynamics is exclusively investi-
gated.

9.3.1 Assignment of Vibrational Coherence to Electronic States
Using Pure DFWM

9.3.1.1 Introduction

Oscillations in the DFWM signal contains important information about vibrational
coherence dynamics. In this context, a major issue of the signal analysis is the as-
signment of such modulations to specific electronic states of the sample molecule,
since resonant excitation generates vibrational coherences in both ground as well
as excited electronic states. In order to achieve this goal, spectral tuning of the ex-
citation spectra together with spectral resolution of the signal light in DFWM ex-
periments have previously been used for investigations on coherence dynamics in
Bacteriorhodopsin (BR) and retinal protonated Schiff-bases (RPSB) [29, 30].
Particular interest resides in the characterization of wave packet dynamics in
these samples because of the occurring photo-isomerization reactions which are im-
portant model reactions in terms of their biological relevance [3] as well as techni-
cal applications as photo-chemical switches [34]. The observed vibrational dynam-
ics embrace a large energetic region ranging from around 100 cm™! to more than
1500 cm™"!. High-frequency modes (> 800 cm™") reflect single- and double-bond
stretching or substituent wagging motion where the vibrational frequency is depen-
dent on the specific structure of the chromophore and its environment. Contrary to
that, low-frequency modes (< 800 cm~!) represent delocalized motion from groups
of atoms. By following the evolution of the vibrational frequencies accompanying,
e.g. photo-induced chemical reactions, one may hope to directly identify the chemi-
cally relevant modes [14, 35]. In this context, ground state vibrational modes which
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Fig. 9.4 (a) Absorption spectrum of all-frans RPSB in ethanol (black) together with the experi-
mental excitation spectra (blue (1), orange (2)). (b) Absorption spectrum of BR (purple) in aqueous
HEPES-buffer together with the experimental excitation spectra (orange (1) and red (2)) (Color
figure online)

are directly activated by the excitation pulses do generally not contain important
information about the photo-induced reaction but mainly report on vibrational de-
phasing caused by solvent-solute interactions. Excited state vibrational coherences
on the other hand, are more useful for following photo-induced structural evolu-
tion as such dynamics can take place directly in the excited state. Therefore, a clear
separation between ground and excited state signal contributions is desirable.

9.3.1.2 Results

Excitation spectra for RPSB (Fig. 9.4(a)) were located in the red wing of the ground
state absorption and centred at 510 nm (spectrum 1) and 570 nm (spectrum 2). Both
spectra access different vibrational manifolds in the excited state, however, both
have strong overlap with an intense ESA band (500-600 nm) [36, 37]. Spectrum 2
also covers the spectral region of such a excited state emission. Based on these spec-
tral characteristics, both excitation spectra can induce ground as well as excited state
coherences. Due to a reduced overlap with high-frequency excited state vibrational
manifolds, spectrum 2 can only give rise to low-frequency excited state coherences.

The excitation spectra for BR are tuned to cover the centre and the red part of
the absorption spectrum. Similar to the RPSB experiments, this allows the different
excitation spectra to access different vibrational manifolds in the excited state which
then give rise to different vibrational coherence dynamics. Differing from the RPSB
excitation, the excitation spectra used with BR partially overlap with two excited
state absorption bands (ESA 1 (S4 < S1) and ESA 2 (S3 < S;) in Fig. 9.4(b))
of retinal in BR located at around 500 nm and around 650 nm, respectively. In
particular, spectrum 1 overlaps with the red wing of ESA 1 and also with the blue
wing of ESA 2. Excitation spectrum 2 overlaps only with the ESA 2.

Figures 9.5(a) and (b) show for RPSB that high- and low-frequency modes
contribute to the total signal with different relative intensities compared to the
non-oscillatory population dynamics. High relative contributions of high-frequency
modes are observed for spectrum NR. For this excitation spectrum, no clear low-
frequency modulations of RPSB are observed throughout the spectrally-resolved
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Fig. 9.5 Representative spectrally-resolved DFWM dynamics for RPSB (a) and (b) and BR (c)
and (d). Black lines indicate the experimental data, red lines represent exponential fits to the popu-
lation dynamics. Blue lines give residual oscillatory dynamics after subtraction of the exponential
fit (Color figure online)

signal dynamics. The application of spectrum 1, on the other hand, reduces the rel-
ative intensity of high-frequency modes. In addition, intense low-frequency mod-
ulations appear in the dynamics. The low-frequency modulations are particularly
strong for signal detection around the centre of the excitation spectrum.

Figures 9.5(c) and (d) show similar transient data from the spectrally-resolved
DFWM experiments on BR. Again, clear high- as well as low-frequency vibrational
coherence dynamics can be discerned for the different excitation spectra. However,
the modes contribute to the dynamics with different relative intensities between the
non-oscillatory population dynamics and the vibrational coherence dynamics. For
instance, high-frequency modes are observed with high relative intensity when BR
is excited in the red wing of its ground state absorption whereas similar modes de-
crease in their relative intensities when the excitation spectrum is tuned towards the
centre of the ground state absorption. Importantly, different observations are made
for the low-frequency modes which most strongly contribute to the dynamics for
excitation spectrum 1 while their relative contributions are only low for excitation
with spectrum 2.

The described observations can clearly be visualized by calculating FFT spectra
from the transient data of RPSB and BR after subtraction of a multi-exponential
fit to the non-oscillatory population dynamics. For RPSB and BR samples mainly
three and four high-frequency modes show strong intensities in the FFT spectra, re-
spectively (Fig. 9.6). These high-frequency modes (at about 1565 cm™!, 1200 cm™!
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Fig. 9.6 FFT spectra of RPSB ((a) and (b)) and BR ((c) and (d)) for selected excitation spectra. For
RPSB, low-frequency modes only contribute to the signal for excitation spectrum 1 (b). For BR,
low-frequency modes strongly increase in their relative intensities for spectrum 1 (d) in comparison
to spectrum 2 (c)

and 1000 cm ™! for RPSB and 1525 cm™!, 1200 cm™!, 1155 cm™! and 1010 cm™!
for BR) reflect mainly retinal chain single- and double-bond stretching modes [38].
The vibrational frequencies of the modes do not depend on the different excitation
spectra and nor on the different spectral regions of signal detection. Only four BR
additional bands in the energetic region between 800-1000 cm™~! appear in the FFT
spectra for excitation with spectrum 1 and detection wavelengths on the blue side
of the excitation spectrum (Fig. 9.6(d)). These modes reflect primarily out-of-plane
wagging motion of retinal chain substituents [15, 38]. Such modes are absent in all
FFT spectra for RPSB (note that the 885 cm~! is a solvent mode from ethanol).

For both RPSB as well as BR intense low-frequency modes can be discerned in
the energetic region between 100-300 cm~! (Fig. 9.6). For RPSB one broad dom-
inant band is located at approximately 120 cm™! only for spectrum 1. Contrasting
to that, two clear bands are found for BR at 160 cm—! and 210 cm ™! for both spec-
tra 1 and 2. However, the contributions of these two modes are much stronger for
spectrum 1.

9.3.1.3 Discussion

The protein-environment strongly reduces the lifetime of the S; state of all-trans
retinal in BR by nearly one order of magnitude compared to RPSB [36, 39, 40]. This
effect has previously been discussed to originate from either electrostatic or steric
interactions [14, 15, 36, 39-41]. It may thus be expected that band positions and de-
phasing time constants from vibrational coherence dynamics in both ground as well
as excited electronic states will also be affected by the highly different environmen-
tal interactions in both molecules. The energetic positions of the most prominent
high-frequency modes (Fig. 9.6) closely match the ground state vibrational frequen-
cies of RPSB which are known from resonance Raman measurements [38]. Beside
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the energetic positions of the high frequency modes, the lack of changes in the vi-
brational frequencies and their lifetimes (not shown) [29, 30] when the different
excitation spectra were used, helps to assign high-frequency modes to ground-state
wave packet motion.

The experimentally observed dependence of the relative contributions of the
high-frequency modes on the detection wavelength for a specific excitation spec-
trum exactly matches theoretical expectations for spectrally-resolved DFWM [29].
The highest relative contributions are expected on both blue- as well as red-detuned
detection wavelengths while these contributions are at a minimal level near the cen-
tre of the excitation spectrum. The decreasing intensity of the high-frequency modes
for spectrum 1 of RPSB (Fig. 9.6(b)) and spectrum 1 and blue-detuned detection
wavelengths for BR (Fig. 9.6(b)) has, however, different origins [29]. The first ori-
gin is based on the fact that red-detuned excitation spectra, for which a large part
of the applied spectral intensity is off-resonant (e.g. spectrum 2 for RPSB and spec-
trum 2 for BR), favour the excitation of ground state vibrational coherences over
the induction of excited state population. The second effect is based on interference
between ground and excited state response pathways which is due to the homodyne
signal detection in DFWM: In spectral regions of intense ESA, the relative intensity
of ground state dynamics is controlled by an interference term between ground state
and excited state response pathways. The intensity of ground state dynamics is de-
termined by the different ratios of transition dipole moments for ground state bleach
and ESA.

In contrast to the high-frequency dynamics, the observed out-of-plane modes
(only for BR, 800-1000 cm ™), which are observed only for excitation spectrum 1,
exhibit negligible Franck-Condon activity [38]. For out-of-plane modes from the
ground state, one would expect such dynamics to contribute to both excitation spec-
tra for BR, which is, however, not observed. As the modes are observed with high
relative intensity only in spectral regions of ESA 1 (500-570 nm) this indicates
that the out-of-plane modes are detected through a probing pathway exploiting ESA
transitions. In total, the above mentioned points show that the out-of-plane modes
originate from excited state dynamics in agreement with earlier speculations on the
basis of pump-probe experiments [15].

In this context, it is interesting to note that out-of-plane modes are clearly observ-
able for excited state dynamics of BR while similar vibrational dynamics seem to
be negligible for RPSB even for signal detection in spectral regions throughout the
intense ESA band centred at 500 nm (Fig. 9.6). The importance of this observation
concerns information about the excitation mechanism of these modes: For a direct
excitation of the modes by the laser pulse in the excited state, these modes need
to be normal modes of the all-trans retinal chromophore. However, retinal normal
modes cannot simply be absent in case of RPSB in comparison to the BR dynamics.
This, together with the clear dependence of the out-of-plane modes on the excitation
wavelength, indicates that the activation of such modes in BR play an important role
in the relaxation pathway of the excited state leading to double bond isomerization.
This point will be discussed in more detail below in the context of the low-frequency
modes.
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Franck-Condon active modes
and non-Franck-Condon
active out-of-plane and
low-frequency modes

-
) o

Energy

/
out-of-plane +
skeletal modes

bond stretching

Similar to the out-of-plane modes, the band positions of the low-frequency modes
(Fig. 9.6) do not match with previously reported resonance Raman experiments of
Schiff bases in BR or in solution [38]. Also for these modes the pronounced depen-
dence of their observation on the excitation wavelengths together with very short
lifetime of the low-frequency coherences for both RPSB and BR (< 600 fs) indi-
cates that the modes reflect excited state dynamics. In addition, these observations
and conclusions are in perfect agreement with previous results for BR and RPSB in
pump-probe experiments and time-resolved fluorescence experiments [39, 40]. The
spectral region of observation of the low-frequency modes which is highly corre-
lated to the spectral region of ESA in both RPSB and BR additionally substantiates
that the modulations stem from excited state vibrational coherences. These obser-
vations extend the current picture of excited state wave packet dynamics of RPSB
and BR by showing that the modes are observable in both spectral regions of ex-
cited state stimulated emission [39, 40] and also via multiple electronic transitions
of ESA. Hence, the reported DFWM experiments resolve long standing inconsis-
tencies for excited state dynamics of RPSB and BR: Previously, such excited state
wave packet dynamics were only resolved for excited state emission [39, 40] for
RPSB and only for the ESA 1 band in BR [15].

In the following we discuss the origin of the dependence of the low-frequency
modes on the excitation and detection wavelength (Fig. 9.6). Low frequency modes
in RPSB can only be observed with resonant excitation spectrum (spectrum 1 in
Fig. 9.4(a)). For BR, low-frequency modes have a stronger relative intensity (when
compared to high-frequency modes) for excitation with excess photon energy (spec-
trum 1 in Fig. 9.4(b)). The observation that the modulation intensity depends on the
excitation wavelength indicates that the modulations are not directly activated by
the excitation pulses.

This holds as long as the spectral shape of the ESA bands at the detection wave-
lengths of interest do not change significantly for the applied excitation spectra what
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has been demonstrated previously for RPSB [36]. An alternative activation mech-
anism of the low-frequency modes compared to a direct excitation through light-
matter interaction can be given as coherent internal vibrational energy redistribution
starting from directly excited high-frequency vibrational levels in the S; state [40]
(Fig. 9.7). Such an activation mechanism has been proposed for RPSB previously
based on the need for a huge amount of excess vibrational energy (~ 5000 cm™!) in
order to observe the low-frequency modes [40]. However, our DFWM experiments
reveal that such a threshold can only be on the order of a few hundreds of wavenum-
bers (200-500 cm™!). In the context of the activation of the low-frequency modes, it
is important to note that very similar observations have been determined for the out-
of-plane modes for BR (Fig. 9.6). This observation is indicative for a conclusion that
both types of modes are acceptor modes for access vibrational energy deposition in
the excited state and are therefore responsible for ultrafast relaxation possibly along
the reaction coordinate. Their specific observation only for BR can be indicative for
the conclusion that these modes are responsible for the much faster isomerization in
the protein environment compared to the chromophore in solution and also for the
much higher selectivity and quantum yield for photoproduct formation [42].

9.3.2 Detection of Dark States

9.3.2.1 Introduction

The identification and characterization of dark electronic states is of the greatest
challenges in spectroscopy of excited dynamics. Since these states cannot be excited
directly, as the denotation ‘dark state’ already implies, identification of dark states
on photochemical processes in biological systems is often difficult. Nonetheless, the
processes that cannot be explained without the presence of dark states are numerous
and the examples range from photo-damage of DNA [43] to light-harvesting [44]. In
the latter case, a long standing and still ongoing debate is held on the possible par-
ticipation of dark electronic states in the energy dissipation pathway in carotenoids.
It is well known that the first bright electronic singlet state (S») of these natural pig-
ments that is excited via absorption of light in the green-blue region of the visible
spectrum is not the lowest lying excited singlet state. The first excited singlet state Sy
is indeed a very well characterized dark state, whose energy, electronic lifetime and
vibrational spectra [12] have been determined in many spectroscopic investigations.
However, several experimental findings such as the deviation of the S, lifetime de-
pendence on the conjugation length of the carotenoids from the energy gap law raise
the question whether additional dark states between the S, and S; states exist and
potentially participate in the relaxation pathway [45, 46]. Such states have already
been predicted by theory [47] but are extremely difficult to detect spectroscopically,
since they cannot even be excited via two-photon absorption, as is the case for the
S state [48], and have very short lifetimes.

Applying pump-DFWM to lycopene, a carotenoid with 11 conjugated double
bonds, we find direct evidence for the contribution of an additional electronic state
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Fig. 9.8 Excitation spectra
(DFWM: red; initial ;)ump: Lycopene SE ESA
blue) together with
lycopene’s ground state
absorption spectrum (black
line) in THF (Color figure
online)
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Fig. 9.9 Excitation scheme
for the pump-DFWM
experiments in lycopene

in the rapid deactivation from the S, to the S; state [31]. This contribution manifests
itself in a long-living signal that appears at short delay times 7 between the initial
pump pulse and the DFWM sequence and it can be assigned to an additional dark
state by numerical model simulations of lycopene’s pump-DFWM signal.

9.3.2.2 Results

The excitation spectra for the pump-DFWM experiments on lycopene are shown in
Fig. 9.8 together with lycopene’s linear absorption spectrum. The spectrum of the
initial pump pulse overlapped with the ground state absorption to the first bright
electronic singlet state Sy (Fig. 9.9). The DFWM spectrum was centered at 600 nm
corresponding to the S1—S;, excited state absorption.



220 T. Buckup et al.

600

1,5/ TS

400

200

600

400

1,5/ TS

Fig. 9.10 Spectrally resolved pump-DFWM signal of lycopene at different detection wavelengths

The pump-DFWM signal was detected at several different wavelengths ranging
from the blue edge (560 nm) of the S absorption to the far red edge (640 nm) and is
shown in Fig. 9.10 as 2D plots of the probe delay 123 against the initial pump delay
T (see Fig. 9.2 for definition of delays).

The plots in Fig. 9.10 clearly show a slow rise of the signal along the T axis
at small probe delays 123 for all detection wavelengths. This rise illustrates the
flow of population from the initially excited S, state into the S; state where res-
onant DFWM takes place [12]. Exponential fitting of the rise gives a time constant
of 140 fs. The oscillatory and non-oscillatory contributions of the DFWM signal
emerge along the delay 723 between the DFWM probe pulse and the temporally
overlapped pump and Stokes pulses. Along the 123-axis of Fig. 9.10, the expected
exponential decay of the slowly varying component of the signal is visible for late
initial pump delays (7 > 100 fs). In a narrow time window between T = 10 fs
and T = 80 fs, however, a signal with a long lifetime in 723 (> 2 ps) occurs. This
component has a maximum at about 7 = 40 fs and has larger amplitude at blue-
detuned detection wavelengths (560 nm) than at red-detuned detection wavelengths
(640 nm), compared to the rapidly decaying St signal at later 7' delays.

9.3.2.3 Discussion

The pump-DFWM signal of carotenoids for late initial pump delays 7' (~ 800 fs)
can easily be explained in the framework of the relaxation from the initially excited
S, state to the S; state including the process of vibrational relaxation in the S
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Fig. 9.11 Simulated
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state (see also the following Sect. 9.3.3). The interpretation of the long living signal
at T = 40 fs requires a more detailed discussion. The temporal evolution of this
signal is striking since its very long lifetime in 723 (2.5 ps) and is paired with a
rapid decay along the T -axis. The latter aspect reveals this signal stemming from a
process taking place during the relaxation from S, to S1. However, none of these two
states can account for such a signal: At T =40 fs the S; state has almost negligible
population. Since the DFWM signal depends on the squared population difference
(Anz) between the involved states, the St state can definitely be ruled out as source
for such strong signal. On the other hand, the S, state is instantaneously populated
by the initial pump pulse so that any signal from this state should appear directly at
time zero and not delayed by 40 fs.

In order to clarify the origin of this unique signal at early initial pump delays
we performed numerical model simulations based on the Brownian oscillator model
[31, 49]. Details for the simulations can be found in [31]. The simulation results are
shown in Fig. 9.11. Note that the laser pulses in the simulations are approximated
by é-functions. The signal in Fig. 9.11 hence displays integration over all wave-
lengths and can be just qualitatively compared to the spectrally resolved experimen-
tal signals in Fig. 9.10. Nevertheless, the prominent features of the experimental
data shown in Fig. 9.10 are well reproduced.

In order to reproduce all features of the experimental pump-DFWM signal, sev-
eral different models were tested [31]. Nevertheless, the only way to reproduce the
long-living signal at 7 = 40 fs in our simulations was to introduce a stimulated
emission pumping DFWM (SEP-DFWM) [50] process between an additional state
(X'in Fig. 9.12) and a vibrationally hot ground state (hot-Sg). This additional state is
located energetically directly below the S; state and is populated extremely rapidly
with a time constant of 20 fs. The decay from S, to X leads to the delay of 40 fs
of the signal along the T-axis, and since X decays into the S; state, the signal is
vanished before significant S; excited state absorption appears. The long lifetime in
723 on the other hand is due to the slow decay of the hot ground state (6 ps). The
assignment of the signal to a hot ground state is supported by the temporal evolution
of the vibrational modes (not shown here) [31]. All other tested models beginning
with the simplest model considering only S; and S; over models including either
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Fig. 9.12 Time constants for

the relaxation pathway in
lycopene underlying the X + 20fs
model simulations
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SEP-DFWM between S; and hot-S or relaxation via an additional ‘X state’ without
SEP-DFWM up to models incorporating S>—S,, absorption processes did not lead
to a successful replication of the experimental signal [31].

The relaxation scheme shown in Fig. 9.12 implies that the ‘X state’ corresponds
to such an additional dark electronic state discussed in literature. However, X could
as well be thought of as the approach of a Franck-Condon window for the Sy—
hot-Sp transition within the first 40 fs after excitation. Measurements in lycopene
using different initial pump spectra showed no dependence of the temporal position
of the long-living signal on the energy of the IP. Since a shift of the IP spectrum
leads to excitation to another position on the S; electronic hypersurface, this lack
of dependence actually argues for X being an electronic state between S, and S as
already suggested in other experimental investigations [45, 46, 51, 52].

In our model the generally accepted S, lifetime of 130 fs in lycopene, which is
normally determined either by fluorescence or via the rise time of the S; excited
state absorption, is composed of the ultrafast relaxation from S; to X (20 fs) and the
X lifetime (110 fs). Similar time constants were found in sub-picosecond absorption
spectroscopy in carotenoids with varying conjugation lengths [53]. In this study, the
intermediate state in lycopene was identified to be of 3A, symmetry and lifetimes
of 20 fs and 150 fs were determined for S and 3A, ', respectively. Further indication
for the S»>—S relaxation via an additional state was given in a recent femtosecond
transient absorption study of lutein and S-carotene combined with quantum chemi-
cal calculations [46]. In this case, the existence of the intermediate state was inferred
from the observation that the fluorescence spectra of these carotenoids differ from
a direct mirror image of the absorption. The authors assigned a long lifetime to the
S» state (100-170 fs, depending on the solvent) and a shorter one (80 fs and 50
fs for lutein and B-carotene, respectively) to the intermediate state, determined by
quantum chemical calculations as 1B . Another indirect hint for a dark state was
found in femtosecond time-resolved absorption and Kerr-gate fluorescence experi-
ments on different S-carotene homologues [52]. The behavior of the S, relaxation
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rates depending on the conjugation length could only be explained by the existence
of an additional state located between S; and S;. Similar to studies on lutein and
B-carotene [46], the longer lifetime of about 100 fs was assigned to the S; state
while the identical rise time of the S; state was explained with a very fast S;—S
relaxation (10 fs). The dark nature of the additional state in combination with the
extremely rapid relaxation from S, to S; in carotenoids makes it very difficult to
observe this state in spectroscopic studies using transient absorption and to differ-
entiate between the time constants of the S, state and the dark state. Using the
method of pump-DFWM, however, we can distinguish between these two adjacent
states and unambiguously assign of the longer lifetime of 110 fs to the dark state
due to its intense stimulated emission that leads to a unique signal in this technique.

9.3.3 Vibrational Coherence Evolution in the Excited State

9.3.3.1 Introduction

Among the incoherent population relaxation (Sect. 9.3.2), the evolution of the ul-
trafast vibrational coherence in the excited state is an additional but very important
aspect in understanding chemical transformations. Not just the frequency of oscil-
latory phenomena can give significant hints on the flow of a given reaction, but
also how the frequencies change during the relaxation process may also help to
re-construct the relaxation pathway and the participating molecular degrees of free-
dom. The high temporal and spectral resolution of pump-DFWM make this tech-
nique an ideal tool for the analysis of the shift of the vibrational frequencies in time.
Another important aspect of the vibrational dynamics is the population time of in-
dividual modes. Rise and decay times of vibrational mode amplitudes present us
a better picture on how modes are populated and depopulated and, sometimes, al-
low for the identification of vibrational modes specific for a given electronic state.
In pump-DFWM, the evolution of the vibrational population can be measured by
detecting the vibrational mode intensity for several initial pump delays T .

In this section, we apply pump-DFWM to resolve the evolution of the vibrational
coherence in the excited states of carotenoids. Similar to lycopene investigated on
the last section, the S; state will be populated with excess vibrational energy, given
the considerable difference in zero-point energies between S; and S;. McCamant
et al. [54] proposed a two-stage mechanism for internal vibrational redistribution
(IVR) on S; for B-carotene in solution. The authors employed femtosecond stim-
ulated Raman scattering and explained their results without invoking any interme-
diate states between S; and S; in B-carotene. Rondonuwu et al. [55] however, in-
vestigated polyenes of similar conjugation length by sub-picosecond time-resolved
Raman scattering. The authors suggested the following energetic pathway upon ex-
citation of Sy (1B{): 1B} — 3A; — 1B, — 2A; — 1A, . Hence, the puzzle of
carotenoid’s deactivation network is not resolved by either time dependent vibra-
tional or transient absorption spectroscopy.
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Fig. 9.13 (a) Typical 2D scan for B-carotene; (b) Selected DFWM transients for three values of
delay 7': 100 fs (blue), 490 fs (red) and 850 fs (black). The color used for the dotted lines in (a)
correspond to the color of the respective transients in (b)

Fig. 9.14 Fast Fourier
transform spectra of DFWM
transients for three values of
delay 7' (100, 490 and 850
fs). The colors used
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coding used in Fig. 9.13
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9.3.3.2 Results

A typical 2D transient data set for B-carotene is shown in Fig. 9.13. The non-
oscillatory dynamics of the pump-DFWM signal along the T-axis in B-carotene
show similar characteristics found for lycopene (Sect. 9.3.2). The long-lived sig-
nal at 7T-delays (T = 100-130 fs) can be related to the same feature observed for
lycopene at shorter T-delays. This contribution comes also from a vibrationally
excited ground state (hot-Sp), which is excited via a dark state X by the DFWM se-
quence via SEP-DFWM [50] directly after the relaxation of the S state. The longer
vibrational dephasing time of this signal is additional evidence that this contribution
does not come from the excited state, but must be related to a long time vibrational
dynamics in the ground state.

In Fig. 9.14, the Fourier transformation of the oscillatory contribution detected
at the red wing of the absorption (Ager = 610 nm) is shown. Two major vibrational
contributions can be distinguished: (i) the vibration at 1140 cm~! can be associated
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Fig. 9.15 Dependence of the central frequency of two vibrational modes of S-carotene on the de-
lay time between initial pump and the DFWM sequence: (a) 1140 cm™! C—C single-bond stretch-
ing, (b) 1528 cm~! C=C double-bond stretching

with the C—C single-bond stretch mode and (ii) the vibration at 1528 cm~! is re-
lated to the C=C double bond stretch mode. Besides these two major contributions,
several additional modes are observed. One of them, at 1765 cm™!, is a typical con-
tribution which is associated with the C=C stretch mode characteristic for the S
state [54]. This mode cannot be found for any other electronic state, dark or bright,
in carotenoids. Other small contributions at 1368 cm™!, 1626 cm~! and 1698 cm™!
were recently proposed to be related to the formation of dark states in lycopene
(N = 11) and spheroidene (N = 10) [55]. The two peaks at about 915 cm~! and
1045 cm™! are modes of the solvent (THF).

As shown in Fig. 9.15(a), the C-C stretch mode evolves from its correspond-
ing wavenumber in the ground state (~ 1160 cm~!) to a lower wavenumber in the
excited state at 1140 cm™! within the lifetime of the S, state in THF (~ 170 fs).
After this time the frequency does not change during the population time of the S
state. The C=C stretch mode evolves initially (Fig. 9.15(b)) similarly compared to
the evolution of the C—C mode, i.e., the central wavenumber varies from its value in
the ground state 1532 cm™! down to 1522 cm™! during the lifetime of the S, state.
After this time, different to the C—C mode dynamics, the wavenumber of the C=C
mode drifts to 1528 cm™! with a time scale of 260 + 20 fs.

9.3.3.3 Discussion

The evolution of the C=C stretch mode at 1528 cm™! after T ~ 200 fs can be
explained in terms of vibrational energy relaxation in the excited state. For ear-
lier values of 7', the molecule is still vibrationally excited. As T increases and
the system relaxes, lower vibrational levels will be eventually populated and, due
to vibrational anharmonicity, wavepackets generated by the DFWM sequence will
show a higher vibrational energy. For S-carotene in THF the time constant as-
sociated with the relaxation of this mode is 260 fs. A similar behavior cannot
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Fig. 9.16 Variation of selected FFT peaks depicted in Fig. 9.14. The integral of the peaks, was
calculated with 10 cm~! width around the given wavenumber and its value was normalized

be observed for the C—C vibrational mode. The absence of any evolution for the
C-C mode at later T values and the significant variation of the central frequency
of the C=C mode are two central features in understanding the internal conver-
sion between Sy and S1. The frequency of strongly coupled vibrational modes shifts
more than for modes which are weakly coupled. Therefore, it becomes clear that
the C=C stretching mode is the strongest coupled mode in the early times during
the internal conversion between S, and S;. This assignment is in good agreement
with other experimental observations [54]. A similar behavior is also present for
the C=C mode at 1765 cm~! (not shown), although the shift seems to be much
smaller [21].

The excited state potential surface can be further mapped by plotting the peak
area of each individual Raman mode (Fig. 9.16). The evolution of the area of a
CARS/CSRS peak is directly related to the changes of population in the mode [49]
and, therefore, indicates the relaxation pathway on the multidimensional PES. The
peak area is calculated around the center wavenumber with 10 cm~! width. The
two main vibrational contributions to the signal at 1140 cm™! and 1528 cm™! rise
almost instantaneously with a maximum value at 100—130 fs. At this time delay, as
depicted in Fig. 9.13, the stimulated pump excitation (SEP) mechanism is present.
After this delay the peak integral remains almost constant during the relaxation of
the system. This merely confirms that the C—C and the C=C modes are present
in hot-Sq as well as in the excited electronic states. The behavior of the other vi-
brational modes is different. As expected, the Si-specific C=C stretch mode at
1760 cm™! has negligible magnitude for early values of T, but then increases with
a time constant of 360 =& 20 fs. The other modes at 1368 cm™!, 1628 cm™! and
1698 cm~! show a similar behavior with time constants of 320 = 20 fs, 500 =+ 30 fs
and 350 £ 20 fs, respectively. The last two modes show an additional fast rise which
peaks at about 100 fs. This is explained by the absence of these modes in the ground
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state, generating a fast rising signal as soon as the system is excited and starts to
relax.

The lack of a clear vibrational signature specific to a dark state in S-carotene is
in agreement with the picture obtained for other carotenoids using pump-DFWM.
The dark state observed between the S, and the S; state has a lifetime which is
between 20-80 fs, depending on the carotenoid length. In the lifetime of such a
dark state, the C—C or C=C modes will barely be able to oscillate two times before
the electronic state has completely decayed, which will lead to a contribution very
short in duration in the DFWM signal. Therefore, the signal of such a dark state will
be hardly detectable with DFWM (as well as in TA or other any other third-order
technique). This demonstrates the power of a pump DFWM: By using an initial
pump pulse to excite the molecule, the presence of such ultrafast transient states can
be clearly resolved in the deactivation.

9.4 Conclusions

Multidimensional time-resolved spectroscopy methods use additional laser-matter
interactions to open new temporal and/or spectral observation windows. This allows
observing molecular phenomena normally hidden from time-resolved techniques
with low-dimensionality. We have exploited third- and fifth-order nonlinear meth-
ods based on four wave mixing to investigate the excited state of biomolecules.
This was demonstrated to Schiff-bases in BR and solution as well as for different
carotenoids in solution. With (pump-) DFWM, it is possible to resolve the acti-
vation and deactivation of Raman modes and electronic population, leading to a
better understanding of the chemical changes, in particular in electronically excited
states.
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