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Keywords

We develop and apply advanced ultrafast laser spectros-
copy based on state-of-the-art optical technology to study the
chemical reaction dynamics of the condensed-phase mol-
ecules. In particular, we focus on exploiting unique methodol-
ogies based on sub-10-fs pulses (e.g., time-domain impulsive
vibrational spectroscopy and multidimensional spectroscopy)
and tracking molecular dynamics from electronic and struc-
tural viewpoints throughout the chemical reaction with exqui-
site temporal resolution. We also develop a novel methodol-
ogy and light source to probe ultrafast dynamics of single
molecules in the condensed phase at room temperature, with
the aim to understand chemical reaction dynamics at the
single-molecule level. Our particular interest rests on eluci-
dating sophisticated molecular mechanisms that underlie the
reactions of functional molecular systems such as proteins,
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molecular assemblies, and metal complexes. On the basis of
new insights that can be gained from our advanced spectro-
scopic approaches, we aim to establish a new avenue for the
study of chemical reaction dynamics.

Figure 1. Setup for advanced ultrafast spectroscopy based on sub-
10-fs pulses.
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1. Tracking Ultrafast Dynamics with Time-
Domain Raman Spectroscopy

In traditional Raman spectroscopy, narrow-band light is
irradiated on a sample, and its inelastic scattering, i.e., Raman
scattering, is detected. The energy difference between the
Raman scattering and the incident light corresponds to the
vibrational energy of the molecule, providing the Raman
spectrum that contains rich information about the molecular-
level properties of the materials. On the other hand, by using
ultrashort optical pulses, it is possible to induce Raman-active
coherent nuclear motion of the molecule and to observe the
molecular vibration in real time. This time-domain Raman
measurement can be combined with femtosecond photo-
excitation triggering chemical changes, which enables tracking
ultrafast structural dynamics in a form of “time-resolved”
time-domain Raman spectroscopy, also known as time-resolved
impulsive stimulated Raman spectroscopy (Figure 2). Through
our extensive efforts, time-resolved impulsive stimulated
Raman spectroscopy now realizes high sensitivity and a wide
detection frequency window from THz to 3000 cm™!, and has
seen success in unveiling the molecular mechanisms underly-
ing the efficient functions of complex molecular systems. We
recently overviewed its application to the study on femto-
second structural dynamics of complex molecular systems
such as photoresponsive proteins and molecular assemblies,?)
and reported another application to the ultrafast structural
dynamics of a fluorescent protein.?) In the latter, we studied
excited-state proton transfer (ESPT) dynamics of LSSmOrange,
which has been extensively used for multi-color bioimaging
owing to its large Stokes shift. The chromophore of LSSm
Orange takes a neutral form in the ground state, but the bright
orange fluorescence is emitted from the anionic form that is
generated through ESPT upon photoexcitation. This ESPT has
been known to proceed in a biphasic manner, but its origin has
been unknown. We investigated the chromophore structural
dynamics during ESPT and unveiled that the chromophore
exists in both trans and cis forms in the ground state, and they
are simultaneously photoexcited and undergo ESPT in parallel
with significantly different time scales.
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Figure 2. Schematic illustration of time-resolved time-domain Raman
spectroscopy. Reprinted with permission from ref. 1. Copyright 2021
American Chemical Society.
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2. Generation of Sub-10-fs Pulses with
Ultrabroadband Spectral Coverage

Electronic/vibrational coherence has been used as a probe
to gain detailed insights into the chemical reaction dynamics.
Moreover, it has recently attracted tremendous interest as a
control knob for directing and thus enhancing chemical reac-
tions in the desired way. Observing and manipulating such
coherences of the condensed phase polyatomic molecules
inevitably require extremely short pulses with broad spectral
coverage to monitor relevant electronic transitions thoroughly.
Nevertheless, generating such ultrashort pulses has been
primarily limited in the visible spectral region from the view-
point of spectroscopic applications, where long-term high
stability is required. We developed light sources to generate
highly stable sub-10-fs pulses in a broad spectral coverage
from UV to NIR. The light source is based on a Yb:KGW
regenerative amplifier. Through various nonlinear optical
processes such as optical parametric amplification, self-phase
modulation, and subsequent sum-frequency mixing, we gener-
ate pulses tunable from 300-1400 nm with bandwidths that
support the pulse duration well below 10 fs at Fourier trans-
form limit, as shown in Figure 3. We compensate group delay
dispersion of these pulses by a combination of chirped mirrors
and a pulse shaper, and the intensity profiles of the com-
pressed pulses retrieved from Frequency-Resolved Optical
Gating (FROG) measurement show that the compressed pulses
have a pulse duration as short as 4.5 fs. Applications of these
pulses to ultrafast spectroscopy of functional molecules are
Nnow in progress.
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Figure 3. (Top) Typical spectra of the broadband pulses that support
Fourier transform limit pulse duration of <10 fs. (Bottom) Intensity
profiles of the compressed pulses retrieved from the FROG data.
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