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Chemical reactions of polyatomic molecular systems pro-
ceed on complex potential energy surfaces (PESs) with a vast 
degree of freedom of nuclear coordinates. For under standing 
molecular mechanisms underlying the chemical reactions, it is 
essential to map out the PESs and visualize how the molecules 
migrate and change its structure thereon. To this end, it is 
necessary to track the change of the electronic/vibrational 
structure of the molecule from the reactant all the way down to 
the product, with temporal resolution as high as possible.

We develop and apply advanced ultrafast laser spectros-
copy based on state-of-the-art optical technology to study 
chemical reaction dynamics of the condensed-phase molecular 
systems. In particular, we exploit unique methodologies using 
sub-10-fs pulses (e.g., ultrafast time-domain Raman spec-
troscopy and multidimensional electronic/vibrational spectros-
copy), and track the molecular dynamics from the electronic 
and structural viewpoints, throughout the chemical reaction 
with an exquisite temporal resolution. Our particular interest 

rests on elucidating sophisticated molecular mechanisms that 
underlie the reactions of functional molecular systems such as 
photoreceptor proteins, molecular assemblies, and metal com-
plexes. On the basis of new insights that can be gained from 
our unique spectroscopic tools, 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.  Realtime Observation of the Structural 
Changes upon Photoinduced Tight Bond 
Formation

Realtime observation of chemical bond formation and 
subsequent nuclear rearrangements is one of the ultimate goals 
of chemical science. Nevertheless, such attempts have been 
long hampered by a technical difficulty to trigger bond for-
mation at well-defined, desired timing. The dicyanoaurate 
complex trimer ([Au(CN)2

−]3) is the best suitable system in 
order to achieve this aim because the tight covalent Au–Au 
bonds are formed upon photoexcitation. Despite the apparent 
simplicity of the system, however, recent time-resolved studies 
failed to construct a consistent picture of its structural dynamics.

We used femtosecond time-resolved impulsive stimulated 
Raman spectroscopy to track ultrafast structural dynamics of 
the [Au(CN)2

−] trimer upon the photoinduced Au–Au bond 
formation. This ultrafast “time-resolved time-domain” Raman 
technique allows us to monitor the change of the vibrational 
structure on the femtosecond timescale by inducing and observ-
ing coherent molecular vibrations at arbitrary timings with 
ultrashort pulses. The obtained femtosecond time-resolved 
Raman data reveal that the Au–Au stretching vibration at ~90 
cm−1 exhibits a gradual frequency upshift in a few pico-
seconds, demonstrating a continuous bent-to-linear structural 
change on the triplet-state potential energy surface upon the 
Au–Au bond formation. This comprehensive ultrafast spec-
troscopic study settles the controversy on this prototypical 
molecular assembly.1)

Figure 2.  Schematic illustration of the structural changes in 

[Au(CN)2
−]3 upon photoinduced tight Au–Au bond formation.

2.  Femtosecond Polarization Switching of 
the [CrCo] Dinuclear Complex Crystal

Polarization switching has been considered a promising 
key operating principle of next-generation sensors and memo ry 
devices. Ferroelectric compounds have been extensively studied 
as promising candidates because they exhibit polarization 
switching upon application of the external electric field or 
heating. However, the speed (and thus efficiency) of the 
polarization switching in these materials is often limited by the 
change in the molecular structure, which occurs on the pico-
seconds or longer time scale. Also, the polarization state of the 

ferroelectric compounds is, in many cases, dependent on their 
domain structure, making it difficult to realize large polariza-
tion at the macroscopic scale.

The crystal of the [CrCo] dinuclear complex has been 
shown to exhibit polarization switching upon the photo-
induced phase transition.2) Because the molecular orientation 
is well defined inside the crystal and the phase transition is 
accompanied by the charge transfer that does not require the 
change in the molecular structure, it has potential to realize the 
fast polarization switching at the macroscopic scale.

We studied photoinduced polarization switching dynamics 
in the crystal of the [CrCo] dinuclear complex by ultrafast 
pump–probe spectroscopy in the visible and mid-infrared 
regions. Our data clearly show that the photoinduced polariza-
tion switching is an ultrafast process with a time constant of 
280 fs, demonstrating itself as the fastest polarization switch-
ing material realized using the metastable state. Moreover, the 
pump–probe data in the visible region reveal pronounced 
appearance of coherent nuclear wavepacket motion with a 
frequency as low as 22 cm−1, which we attribute to a lattice 
vibrational mode. The pronounced non-Condon effect for its 
resonance Raman enhancement implies that this mode couples 
the relevant electronic states, thereby facilitating the ultrafast 
polarization switching.3)

Figure 3.  Schematic illustration of the change in the spin state 

associated with the phase transition. b) Time-resolved absorption 

spectra obtained after photoexcitation with the 9-fs pulse centered at 

520 nm. c) Temporal profiles of the transient absorption signals.
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