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Key Sentence :

1. Elucidating and controlling ultrafast phenomena in the condensed-phase

2. Studying soft interfaces by new nonlinear spectroscopy

3. Examining the femtosecond-millisecond dynamics of complex molecular systems

Key Word :
ultrafast spectroscopy, nonlinear spectroscopy, advanced spectroscopy, reaction dynamics, interface,
complex molecular systems, biological macromolecules

Outline
Spectroscopy is “eyes” of modern science, and hence it plays essential roles in a variety of research
fields covering physics, chemistry, and biology. We develop and utilize the most advanced spectroscopy
for molecular science of complex systems in the condensed-phase. To elucidate a variety of complex
phenomena occurring in the condensed phase, we need to clarify the electronic and vibrational states of
molecules, the response of surroundings, and the fluctuation and dissipation of energy behind. Based
on this view, we carry out fundamental research using the most advanced linear/nmonlinear
spectroscopic methods with most suitable time- and space-resolution for the problems to be studied.
Currently, we are carrying out the following projects:

1. Elucidation and control of ultrafast phenomena using advanced time-resolved spectroscopy,

2. Study of soft interfaces using new nonlinear spectroscopy,

3. Study of the dynamics of complex systems in the femtosecond — millisecond time region.
Targets of the projects 1, 2, 3 are (1) fundamental molecules in solution, (2) molecules at the air/liquid,
liquid/liquid, liquid/solid and biological interfaces, and (3) biological macromolecules, respectively.

A. Elucidation and control of ultrafast phenomena in the condensed-phase

1. Coherent Nuclear Dynamics in Ultrafast Photoinduced Structural Change of Bis-diimine Copper(I)
Complex

(Iwamura, Watanabe, Ishii, Takeuchi, Tahara)

The photoinduced structural change of a prototype metal complex, [Cu(dmphen)so]* (dmphen =
2,9-dimethyl-1,10-phenanthroline), was studied by ultrafast spectroscopy with time-resolution as high
as 30 fs. Time-resolved absorption measured with direct S; excitation clearly showed spectral changes attributable
to the Djq(perpendicular)—D,(flattened) structural change occurring in the metal-to-ligand charge transfer singlet
excited state ('MLCT) and the subsequent S;—T, intersystem crossing. It was confirmed that the two
processes occur with the time constants of ~0.8 ps (structural change) and ~10 ps (intersystem
crossing), and their time scales are clearly well-separated. A distinct oscillation of the transient
absorption signal was observed in the femtosecond region, which arises from the coherent nuclear
motion of the perpendicular S: state that was directly generated by photoexcitation. This
demonstrated that the perpendicular Si state has a well-defined vibrational structure and can vibrate
within its sub-picosecond lifetime. In other words, the Si state stays undistorted in a short period,
and the coherent nuclear motion is maintained in this state. TDDFT calculations gave consistent results,
indicating a very flat feature and even a local minimum at the perpendicular structure on the S1 potential energy
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surface. The vibrational assignments of the S1 nuclear wavepacket motion were made based on the
TDDFT calculation. It was concluded that photoexcitaion induces a1 vibrations containing the
Cu-ligand bond length change and a b1 vibration attributed to the ligand-twisting motion that has the
same symmetry as the flattening distortion. Ultrafast spectroscopy and complementary quantum
chemical calculation provided an overall picture and new understanding of the photoinduced structural
change of the prototypical metal complex.

2. Tracking of the Nuclear Wavepacket Motion in Cyanine Photoisomerization by Ultrafast
Pump-Dump-Probe Spectroscopy

(Wei, Nakamura, Takeuchi, Tahara)

Understanding ultrafast reactions, which proceed on a time scale of nuclear motions, requires a
quantitative characterization of the structural dynamics. To track such structural changes with time,
we studied a nuclear wavepacket motion in photoisomerization of a prototype cyanine dye, 1,
1’-diethyl-4, 4’-cyanine, by ultrafast pump-dump-probe measurements in solution. The temporal
evolution of wavepacket motion was examined by monitoring the efficiency of stimulated emission
dumping which was obtained from the recovery of a ground-state bleaching signal. The dump
efficiency versus pump-dump delay exhibited a finite rise time, and it became longer (97 fs — 330 fs
— 390 fs), as the dump pulse was tuned to longer wavelengths (690 nm — 950 nm — 1200 nm).
This result demonstrates a continuous migration of the leading edge of the wavepacket on the
excited-state potential from the Franck-Condon region toward the potential minimum. A
slowly-decaying feature of the dump efficiency indicated a considerable broadening of the wavepacket
over a wide range of the potential, which results in the spread of a population distribution on the flat S:
PES. The rapid migration as well as broadening of the wavepacket manifests a continuous nature of
the structural dynamics, and provides an intuitive visualization of this ultrafast reaction.

3. Femtosecond Fluorescence Study of the Reaction Pathways and Nature of the Reactive S; State of
Cis-Stilbene

(Nakamura, Takeuchi, Taketsugu, Tahara)

Olefinic photoisomerization and photocyclization of cis-stilbene were studied by femtosecond
time-resolved fluorescence spectroscopy. The time-resolved fluorescence signals were measured in a
nonpolar solvent over a wide ultraviolet-visible region with excitation at 270 nm. The time-resolved
fluorescence traces exhibit non-single exponential decays which are well fit with bi-exponential
functions with time constants of ta = 0.23 ps and w8 = 1.2 ps, and they are associated with the
fluorescence emitted from different regions of the S1 potential energy surface (PES) in the course of the
structural change. Quantitative analysis revealed that the two fluorescent components exhibit
similar intrinsic time-resolved spectra extending from 320 nm to 700 nm with the (fluorescence)
oscillator strength of /A = 0.32 and 3 = 0.21, respectively. It was concluded that the first component is
assignable to the fluorescence from the untwisted S:1 PES region where the molecule reaches
immediately after the initial elongation of the central C=C bond, while the second component is the
fluorescence from the substantially twisted region around a shallow S:i potential minimum. The
quantitative analysis of the femtosecond fluorescence data clearly showed that the whole isomerization
process proceeds in the one-photon allowed S1 state, thereby resolving a recent controversy in quantum
chemical calculations about the reactive S: state. In addition, the evaluated oscillator strengths
suggest that the population branching into the isomerization/cyclization pathways occurs in a very
early stage when the S1 molecule still retains a planar Ph-C=C-Ph skeletal structure.

B. Study of soft Interfaces by new nonlinear spectroscopy

1. Electric quadrupole contribution to the nonresonant background of sum frequency generation at
air/liquid interfaces

(Yamaguchi, Kazuya Shiratori, Akihiro Morita, and Tahara)

We study an electric quadrupole contribution to sum frequency generation (SFG) at air/liquid
interfaces in an electronically and vibrationally nonresonant condition. Heterodyne-detected electronic
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sum frequency generation spectroscopy of air/liquid interfaces reveals that nonresonant @
(second-order nonlinear susceptibility) has a negative sign and nearly the same value for all eight
liquids studied. This result is rationalized on the basis of the theoretical expressions of y® with an
electric quadrupole contribution taken into account. It is concluded that the nonresonant background of
SFG is predominantly due to interfacial nonlinear polarization having a quadrupole contribution.
Although this nonlinear polarization is localized at the interface, it depends on quadrupolar ¥® in the
bulk as well as that at the interface. It means that the sign of nonresonant 32 bears no relation to the
"up" versus "down" alignment of interfacial molecules, because nonresonant 2 has a quadrupolar
origin.

2. "Up" versus "down" alignment and hydration structures of solutes at the air/water interface
revealed by heterodyne-detected electronic sum frequency generation with classical molecular
dynamics simulation

(Yamaguchi, Hidekazu Watanabe, Sudip Kumar Mondal, Kundu, and Tahara)

We unambiguously demonstrate the "up" versus "down" alignment of a pair of prototypical solute
molecules adsorbed at the air/water interface for the first time using heterodyne-detected electronic
sum frequency generation spectroscopy. This molecular alignment is also reproduced by classical
molecular dynamics (MD) simulation theoretically. Furthermore, the MD simulation indicates
distinctly different interface-specific hydration structures around the two solute molecules, which
dictate the molecular alignment at the interface. It is concluded that the hydrophilicity difference
between the terminal functional groups of the solute governs the molecular orientation and
surrounding hydration structures at the interface.

3. Unified Molecular View of Air/Water Interface Based on Experimental and Theoretical 42 Spectra
of Isotopically Diluted Water Surface

(Satoshi Nihonyanagi, Tatsuya Ishiyama, Touk-kwan Lee, Shoichi Yamaguchi, Mischa Bonn, Akihiro
Morita, and Tahei Tahara)

The hydrogen-bonded structure of water molecules at the air/water interface was investigated by the
combination of advanced, surface-specific nonlinear spectroscopy and theoretical simulation. The
complex #® spectra of isotopically diluted water surfaces obtained by heterodyne-detected sum
frequency generation spectroscopy and molecular dynamics simulation show excellent agreement,
assuring the validity of the microscopic picture given in the simulation. The present study indicates
that there is no ice-like structure at the surface, in other words, there is no increase of
tetrahedrally-coordinated structure compared to the bulk, but that there are water pairs interacting
with a strong hydrogen bond at the outermost surface. Intuitively, this can be considered a consequence
of the lack of a hydrogen bond toward the upper gas phase, enhancing the lateral interaction at the
boundary. This study also confirms that the major source of the isotope effect on the water 2 spectra is
the intramolecular anharmonic coupling, i.e., Fermi resonance.

C. Study on the femtosecond — millisecond dynamics of complex molecular systems

1. Extracting decay curves of the correlated fluorescence photons measured in fluorescence correlation
spectroscopy
(Ishii, Tahara)

We have developed a new method to extract the decay curves of the correlated fluorescence photons
from the data of fluorescence correlation spectroscopy using time-correlated single photon counting. In
this method, a two-dimensional correlation map of photon pairs is generated at an absolute delay time
with reference to the excitation-emission delay of each photon. Using a dye-labeled DNA as an example,
we have demonstrated that the decay curve of the correlated fluorescence photons is separated from
the uncorrelated background signals simply by subtracting a two-dimensional correlation map at
sufficiently long delay time without additional prior information.
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