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We study the dynamics of ‘complicated systems' using advanced molecular spectroscopy. Especially, we are now focusing on
time-resolved spectroscopy for condensed-phase molecules. Current research projects are followings: (1) Observation and
control of the wavepacket motion (vibrational coherence) of the condensed-phase molecules using ultrashort optical pulses, (2)
femto-millisecond spectroscopic study of the photochemical dynamics of the complicated systems, and (3) linear/nonlinear
time-resolved spectroscopic study of heterogeneous systems. In the course of these researches, we develop new methods in
molecular spectroscopy.

1. Observation and control of the wavepacket motion (vibrational coherence) of the condensed-phase molecules using ultrashort
optical pulses

(1) Real-time structural tracing of reacting excited-state molecules by ultrafast time-domain vibrational spectroscopy

Chemical reactions of polyatomic molecules involve not only the formation / breakage of a particular bond but also skeletal
deformations of the whole molecule. To understand the complicated nature of the "reaction coordinate" of polyatomic
molecules, it is important to trace the structural change during the reaction. So far, time-resolved Raman spectroscopy has
been mainly exploited to get structural information of the transients. This frequency-domain method, however, requires
narrow-band picosecond or longer pulses to achieve sufficient frequency resolution, making it inapplicable to ultrafast reactive
systems. To overcome this limitation, we tried a real-time observation of the structural change in ultrafast photoisomerization
of cis-stilbene by using time-resolved impulsive Raman spectroscopy.
In this measurement, we first generated Si cis-stilbene by uv irradiation, and then introduced an ultrashort visible pulse to
generate a S1 nuclear wavepacket at various delay times (A7) by the impulsive Raman process. The wavepacket motion was
monitored by a probe pulse as beating features in the Sn— S1 absorption change. We measured time-domain vibrational data
for three different delay times, A7 = 0.3, 1.2, and 2 ps, and each trace clearly showed beating features mainly due to a
predominant mode ("240-cm-1 mode"). Remarkably, Fourier transform analysis indicated that the (center-of-mass) frequency of
this mode exhibits a significant downshift as large as 24 cm in a few picoseconds. This indicates that the force constant of the
"240 cm'1 mode" decreases through anharmonic coupling with a slow structural change of the molecule. Further experiments
for solvent dependence strongly suggested that the frequency downshift directly corresponds to the structural change along
the isomerization coordinate. These data demonstrate highly anharmonic nature of the multidimensional Si potential of
cis-stilbene, and reveal a structural change occurring with isomerization in the picosecond time scale.

(2) Anharmonic coupling between intramolecular vibrations studied by excitation with an ultrashort mid-infrared pulse
Anharmonic coupling between vibrational modes plays important roles in energy flow and nuclear dynamics in polyatomic
molecules. The effect of anharmonic couplings can be observed in vibrational spectra as combination bands, while they become
ambiguous in case of inhomogeneously broadened band, such like H-bonded OH stretching band. We developed a new
spectroscopic method to study anharmonic couplings based on a time-domain approach, that is, mid-IR-pump and
visible-probe ultrafast absorption spectroscopy. It was applied to an intramolecularly H-bonded molecule, quinizarin. A
low-frequency oscillation was observed in the time-resolved absorption signal upon excitation of the OH stretching mode.
Based on a DFT calculation, this low-frequency oscillation was assigned to a vibrational mode modulating the hydrogen-bond
length. By employing the finite difference method to calculate relevant terms to the mechanical and electrical anharmonicities,
we confirmed the strong anharmonic coupling between this low-frequency mode and the OH stretching mode. This
anharmonic coupling can be interpreted in terms of well-known phenomena in vibrational spectroscopy, that is, red-shift and
intensity enhancement of OH-stretching IR absorption band upon H-bond formation.

(3) Ultrafast pump-probe study of primary reaction dynamics of halorhodopsin: Halide-ion dependence and isomerization
dynamics
Halorhodopsin is a retinal protein in Haloarchaeal cell membrane. The light-induced all-¢rans to 13-c/s isomerization of the
retinal chromophore triggers unidirectional chloride-ion pump. We investigated the primary ultrafast dynamics of
Natronobacterium pharaonis halorhodopsin that contains Cl-, Br- or |- by using pump-probe spectroscopy with 30-fs time
resolution. The temporal behaviors of the Si absorption, absorption due to the 13-c¢/s form, ground-state bleaching, and
stimulated emission consisted of three components, and their time constants showed halide-ion dependency. The ~50-fs
component corresponds to the spectral shift of the Si absorption and stimulated emission bands, which is due to the
wavepacket motion from the Franck-Condon region, forming the reactive (Si1f) and nonreactive (S1™) S: states. Our result
indicates that this initial process takes place in much shorter time scale that the previous reports. Referring to previous
reports, the ~2-ps component is assignable to the isomerization process from the S:" state to the ground-state 13-cis form,



while the ~5-ps component to the internal conversion of the S;"r state. The time constant of the isomerization increased in
order of Cl-, Br- and |-, which is influenced by the strength of the interaction between the Schiff base and halide ion in
all-trans. This finding indicates that the rate-determining process is in the initial structure change from all-trans and the rate
is determined by an activation barrier which is mainly influenced by the interaction between the Schiff base and halide ion.
We concluded that the activation-barrier existing model is more suitable to the initial isomerization in HR than the
barrierless model proposed in previous report.

2. Femto-milli-second spectroscopic study of photochemical dynamics of the complicated systems

(1) Electronic excited states and dynamics of Enhanced GFP: one-photon and two-photon excitation
Fluorescent proteins such as Aequorea GFP are essential as fluorescent markers in living cells in the field of cell and
molecular biology. Various mutants showing colorful fluorescence have been developed and applied to the imaging. However,
almost all studies of fluorescence mechanism and dynamics of fluorescent protein are limited to only Aequorea GFP.
In this study, we focus on the two-photon excitation fluorescence imaging. Recently, fluorescence imaging by two-photon
excitation have attracted much attention as a new imaging technique. However, fluorescence mechanism and dynamics of
two-photon excited fluorescent protein are completely unknown. We measured two-photon absorption spectra of fluorescent
proteins by a multiplex two-photon absorption spectroscopy to clarify the fluorescence mechanism. A two-photon absorption
peak of Enhanced GFP (eGFP), which is the most important marker, shows a 20nm wavelength blue shift compared to a
one-photon absorption peak. This result suggests the existence of a new excited state beside a strongly fluorescent state.

(2) Ultrafast excited state dynamics of metal complexes
Excited state dynamics of transition metal complexes shows complicated and fast relaxation process involving d-electron
transitions, like structure change. It is essential to apply ultrafast spectroscopy to understand the complicated excited-state
dynamics of metal complexes. Bis(2,9-dimethyl-1,10-phenanthroline)copper(l) is a very important metal complex from the
viewpoint of not only the fundamental chemistry but also the photochemical application for devices. It shows strong
absorption in the visible region assigned to the metal to ligand change transfer, by which the metal center is formally oxidized
to Cu(ll) and the excited state induces the Jahn-Teller structure change. We examined ultrafast transient absorption of this
complex with 25 fs time resolution. Beat signals due to the wavepacket motion was observed. It revealed the vibrational
frequencies in the excited state just before the structural change. By comparison of the experimental results and theoretical
calculation, a correlation between the wavepacket motion and photoinduced structural change was suggested.

3. Linear/Nonlinear time-resolved spectroscopic study of micro-space dynamics in heterogeneous systems

(1) Interface-selective fourth-order nonlinear (y®) Raman spectroscopy in the frequency domain was newly developed to
study solute-solvent interaction at liquid interfaces. Vibrational spectra of organic solute molecules adsorbed at aqueous
interfaces were obtained in the whole fingerprint region by the x® Raman spectroscopy for the first time. The y® Raman
spectra of a probe nitrile molecule at the air/water and “buried” fused silica/water interfaces clearly indicated the existence of
n-type hydrogen bonds that are not found in bulk liquid phases.

(2) Time-resolved electronic sum-frequency generation (TR-ESFG) spectra of TiO2z at air/solid and liquid/solid interfaces
We investigated photo-generated carrier dynamics of rutile TiO2 (110) surface with the multiplex sum-frequency generation
spectroscopy. After 266 nm pulse irradiation, TR-ESFG signals of TiOz at the air/solid interface were observed. We found that
there was a fast signal change at 0-5 ps and the time constant depended on the excitation pulse energy. With the same
experimental conditions, femtosecond transient reflectivity measurement was done and no corresponding component was
observed. The TR-ESFG measurement at electrolyte/TiOz interfaces was also performed.

(3) Electronic sum frequency generation study of the surface denaturation of a protein
We measured the electronic [x)]2 spectrum of protein cytochrome c at the air/water and fused silica/water interface for the
first time using the multiplex electronic sum frequency generation (ESFG) technique. The Soret band in the ESFG spectrum
of cytochrome c at the silica/water interface is nearly identical with that of native cytochrome c in bulk water, which means
that the protein is still native at the silica/water interface. On the other hand, the Soret band at the air/water interface is
located in between that of native and denatured cytochrome c in bulk water, and its bandwidth is much broader than that in
the bulk. This observation indicates the presence of denatured cytochrome c at the air/water interface, which corresponds to a
well-known phenomenon called surface denaturation.

(4) Fluorescence lifetime imaging: site-specific dynamics in single lipid vesicle
Lipid vesicles are the closest mimics of biological cells. Fluorescence lifetime imaging has been applied to unravel the
site-specific dynamics and environmental heterogeneity in single lipid vesicle at microscopic level. At room temperature,
single multi-lamellar vesicle containing mixed lipids show the co-existence of lipid-phases. These mixed lipid-vesicles stained
with coumarin-dye display varied picosecond solvation dynamics, which has been monitored by the differences of lifetime
decays at blue-edge and rise-times at red-edge of the coumarin spectrum. Similarly, site-specific picosecond fluorescence
resonance energy transfer (FRET) from donor, coumain to acceptor, rhodamine has been observed in single vesicle. The
heterogeneous FRET in single vesicle has been realized by monitoring the differences in rise-times of the acceptor fluorescence.
Such site-specific dynamics and heterogeneity in a single vesicle are difficult to observe using simple bulk measurements.

(5) Theoretical studies of molecular dynamics at interface and in condensed phase
Theoretical studies using the ab initio molecular orbital (MO) method and molecular dynamics (MD) simulation are carried
out in order to analyze the nuclear wavepacket motion in excited states and the molecular dynamics at the air-water interface.



In bis(2,9-dimethyl-1,10-phenanthroline)copper(l) complex, Cu*(dmphen)z, the angle between two ligands is orthogonal at the
ground state, whereas it becomes narrower at the excited state because the Cu ion becomes almost doubly charged due to the
metal-to-ligand charge transfer (MLCT). Moreover, a very small local minimum was experimentally suggested at 90 degree in
the excited state. In this work, the potential energies of the excited states were calculated with the ab initio MO method, and a
slight local minimum was found at about 89-90 degrees in the first excited state. The present theoretical results can explain
the experimental result qualitatively. However, the agreement is quantitatively insufficient, so that calculations with higher
precision are now proceeding.

In addition, the analysis of dynamics is also carried out for several dye molecules at the air-water interface. The MD
simulation is now carried out for a dye molecule at the interface, and the floating behavior and the orientation of the dye
molecule will be investigated.

Staff

Head
Dr. Tahei TAHARA

Members

Dr. Satoshi TAKEUCHI
Dr. Shoichi YAMAGUCHI
Dr. Kunihiko ISHII

Dr. Kentaro SEKIGUCHI™
Dr. Haruko HOSOI"2

Dr. Munetaka IWAMURA™
Dr. Hidekazu WATANABE™
Dr. Takumi NAKAMURA™
Dr. Sobhan SEN™3

Dr. Pratik SEN"3

“1 Special Postdoctral Researcher 2 Contract Researcher "3 JSPS Postdoctral Fellow

Visiting Members
Prof. Tatsuya FUJINO (Graduate School of Science and Technology, Tokyo Metropolitan Univ.)



