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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/nonlinear
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. Real-time structural tracking of organometallic complexes by femtosecond time-domain Raman
spectroscopy (Takeuchi, Iwamura, Tahara)

A prototypical Cu(I) complex, [Cu(dmphen)z]+ (dmphen = 2,9-dimethyl-1,10- phenanthroline), has a
perpendicular structure in the ground state, in which the two ligands are perpendicularly attached to
the central Cu(I) ion. In the charge transfer excited state, on the other hand, the most stable
structure has a ‘flattened’ geometry in which the dihedral angle between the two ligands becomes 750 ~
65°. Therefore, ultrafast flattening distortion is expected to occur in this metal complex after
photoexcitaion. Our previous femtosecond emission study revealed a sub-picosecond dynamics
assignable to the flattening distortion and clarified the time-scale of the ultrafast structural change for
the first time. Moreover, the obtained femtosecond emission spectra suggested that the perpendicular
S1 state appears before the structural change, which 1s not expected in the framework of
pseudo-Jahn-Teller effect that had been accepted as the relevant mechanism. To obtain structural
information of this short-lived excited state, we carried out femtosecond impulsive Raman spectroscopy
and measured “instantaneous” Raman spectra with femtosecond time resolution. We found that an
intense Raman band at 125 cm™! appears with photoexcitation and decays with a sub-picosecond time
constant. This ultrafast change in the Raman spectrum is fully consistent with the femtosecond



emission data, and provides a solid vibrational evidence for the appearance of the perpendicular S:
state and shed a new light on the potential energy surface that governs the ultrafast structural change.

2. Study of the wavepacket motion in photoisomerization of a cyanine dye by wultrafast
pump-dump-probe technique (Wei, Nakamura, Takeuchi, Tahara)

We studied the nuclear wavepacket motion on the excited-state potential energy surface (PES) in
photoisomerization of a cyanine dye using the femtosecond pump-dump-probe method. We found that
the ground-state bleaching signal decreases instantaneously at each dump time, indicating that a
substantial fraction of the excited-state population is driven back to the ground state. Interestingly,
the dumping efficiency showed a finite rise time, depending on the dump wavelength. The rise time
was evaluated as ~100 fs for the dump wavelength of 690 nm, but it was changed to ~240 fs for longer
dump wavelength of 950 nm. The rise time of the dumping efficiency corresponds to a time for the
wavepacket to reach the PES region where the dump photon energy matches the energy difference
between the ground and excited states. Therefore, our observation provides intuitive and quantitative
information of the wavepacket motion on the excited-state PES of reactive polyatomic molecules.

3. Femtosecond stimulated Raman study of ultrafast molecular processes (Fechner, Takeuchi, Tahara)
To figure out the actual reaction path of molecules that undergo ultrafast reactions, it is crucial to
track changes in the vibrational structure with sufficient time resolution. For this end, we
constructed a setup for femtosecond stimulated Raman spectroscopy. It is complementary to the
femtosecond impulsive Raman spectroscopy developed in this laboratory, and it enables us to observe
“Instantaneous” high-frequency Raman spectrum including the finger-print region with femtosecond
time resolution. So far, we succeeded in observing Raman spectra of 9,9-bifluorenylidene in the
ground state as well as solvent cyclohexane under the non-resonance condition.

4. Study on the vibrational energy relaxation in liquid by the vibrational configuration interaction
method (Hattori, Tahara)

Vibrational energy relaxation (VER) plays a fundamental role in nearly all chemical processes in the
condensed-phase. Recently, a number of works has been reported, in which real-time observations of
vibrational energy flow were realized by using a mid-IR pump and anti-Stokes Raman probe technique.
Sub-ps time resolution was achieved in these studies, but the major pathway of the energy flow from
initially pumped vibrational modes was not clarified. It means that most of energy goes into dark
states, which are considered to be just structureless “bath” modes and/or Raman-inactive modes. The
present study tries to provide a more comprehensive picture for VER dynamics by theoretical
calculations, which can examine not only dynamics among bright states, but also that including dark
states. The vibrational eigenstates are obtained by two steps. First, the vibrational self-consistent field
(VSCPF) calculation is carried out to obtain the vibrational ground state as a direct product of one-mode
functions. Second, the vibrational configuration interaction (VCI) wave function is constructed from a
linear combination of VSCF configurations. Then, using VCI eigenfunctions, the time-dependent VCI
calculation is performed for simulating VER dynamics. Anharmonicity that plays an essential role in
VER is included as ab initio anharmonic potential and VCI mode-mode coupling scheme. So far, the
calculations suggested that the highly excited low frequency vibrations are necessary for the
vibrational energy to flow, and sufficient vibrational density of states should be explicitly included into
calculations. This also indicates that the bath has some characteristic structures, and should be treated
as explicit low frequency modes.

B. Study of soft Interfaces by new nonlinear spectroscopy

5. Acid-base equilibrium at liquid interfaces (Yamaguchi, Bhattacharyya, Tahara)

We applied heterodyne-detected electronic sum frequency generation (HD-ESFG) spectroscopy to an
acid-base equilibrium at liquid interfaces. We measured the 2 electronic spectrum of a pH indicator
molecule, alizarine yellow R (AYR), adsorbed at the air/water and air/surfactant/water interfaces, with
bulk pH systematically controlled. We successfully observed gradual concentration changes of the acid
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and conjugate base of AYR at the interfaces, which allowed us for the first time to perform the pH
spectrometric analysis for the interfaces with the same quantitative level as for the bulk solutions.

6. Heterodyne detected vibrational sum frequency generation study of charged surfactant /electrolyte
solution interfaces (Nihonyanagi, Yamaguchi, and Tahara)

We have determined the orientation of water molecules at air/charged surfactant/ electrolyte solution
interfaces for the first time using the multiplex heterodyne-detected vibrational sum frequency
generation (HD-VSFG) technique. Dipole orientation of interfacial water molecules at charged
interfaces simply obeys the charge of the surfactant head group in the system containing only
monovalent ions. The effect of various ions and ion concentrations on the water orientation at such
charged interfaces were also investigated. In order to determine the hydrogen bond structure,
isotopically diluted water (HOD) was used to eliminate effect of intramolecular couplings. The #2
spectrum of HOD molecules resembled the IR absorption spectrum of bulk HOD, indicating that
H-bond structure of water molecules near a charged interface is similar to that in the bulk..

7. Quantitative analysis of electronic spectra of coumarin 110 at the air/water interface: Estimation of
heterogeneity of solvation environment (Mondal, Yamaguchi, Tahara)

We quantitatively analyzed the electronic »2 spectra of solute molecules at the air/water interface by
heterodyne-detected electronic sum frequency generation (HD-ESFG) spectroscopy, to precisely know
the extent of heterogeneity of interfacial solvation environment. Using the ¥V spectrum of coumarin
110 (C110) in bulk cyclohexane as the intrinsic line-shape function, we obtained the distribution
function of the solute over different solvation sites at the air/water interface. The obtained distribution
function at the interface shows very similar width to that in bulk water, indicating a very similar
heterogeneity of the solvent environment surrounding C110.

8. Orientation of Coumarin 110 at air/solvent mixtures interfaces by polarization SHG (Kundu,
Yamaguchi, Tahara)

We have investigated the orientation of coumarin 110 (C110) adsorbed at the air/water interfaces and
at air/water-dimethylformamide (DMF) miscible mixtures interfaces by polarization second harmonic
generation (SHG). We have found that the ratios of the 4? tensor elements depend on the mixture ratio
of water and DMF, which suggests that (i) the molecular tilt angle of C110 at the interfaces depends on
the mixture ratio, or (ii) the width of the tilt-angle distribution changes with a change in the mixture
ratio.

9. Hydration structure of coumarin C110 molecule at air/water interface (Watanabe, Yamaguchi,
Tahara)

Detailed behavior of the coumarin C110 molecule at air/water interface was investigated with the
combination of various experimental and theoretical methods. The experimental methods used were
the second harmonic generation (SHG) and heterodyne electronic sum frequency generation
(HD-ESFG) developed by our group, and theoretical methods were molecular dynamics (MD) and
molecular orbital (MO) method. The orientation of C110 molecule was determined with the
hyperpolarizability calculated with MO and HD-ESFG, and it was in agreement with the orientation
distribution evaluated with MD simulations. The experimental SHG data were well reproduced by the
theoretical SHG data calculated with the nonlinear susceptibility #2 evaluated with MO and MD.
Moreover, it was suggested that the estimated refraction index of the interface is equal to the refraction
index of water, by the comparison between the theoretical and experimental SHG data. To use the MD
simulation, the hydration structure around the C110 molecule was inspected in detail. The “half”
hydration of C110 molecule was confirmed, and it was found that the external hydration shells are
constructed and their structures are mostly determined with the existence of the C110 molecule.

10. Para-nitroaniline (PNA) and dimethyl para-nitroaniline (DEPNA) molecule at the air/water
interface (Watanabe, Yamaguchi, Tahara)
The orientation of para-nitroaniline (PNA) and dimethyl para-nitroaniline (DEPNA) at air/water



interface are determined with the MD simulations. In the case of PNA, the nitrogen atom of NOz group
is towards the air, whereas in the case of DEPNA, the nitrogen atom of NOz is towards the bulk. This
result is consistent with the imaginary part of the nonlinear susceptibility Im{y®} observed with
HD-ESFG.

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

11. Development of a new fluorescence correlation spectroscopy observing fluctuation of fluorescence
lifetime

(Ishii, Tahara)

We are trying to investigate structural dynamics of complex biomolecules, such as nucleic acids and
proteins, through monitoring inhomogeneity and fluctuations of the fluorescence lifetime of a
fluorophore attached to the target molecule. By combining information of the fluorescence lifetime,
which is a sensitive probe of conformational difference, we can learn more about structural dynamics of
complex molecules from fluorescence measurements. In this study, we proposed a new spectroscopic
method to observe fluctuations of fluorescence lifetime, lifetime-weighted fluorescence correlation
spectroscopy, in which we derive a fluorescence correlation function weighted with lifetime information,
and compare it with the ordinary fluorescence intensity correlation function. By using this method, we
can extract the inhomogeneity and the conformational change of complex molecules in separation from
the signal due to the translational diffusion. Using this method, we succeeded in detecting (1)
inhomogeneity in a mixture of two dyes having different fluorescence lifetimes and (2)
environment-dependent change of the lifetime inhomogeneity of a dye-labeled polypeptide.

12. The analysis of reaction intermediate state of protease by lifetime-weighted fluorescence correlation
spectroscopy (Otosu, Ishii, Tahara)

The structural analysis of enzyme-substrate complex is one of the most important subjects in protein
science. In this study, we designed the following experiment to analyze the intermediate states of a
protease reaction by the lifetime-weighted fluorescence correlation spectroscopy, which was developed
in our laboratory: Fluorescence resonance energy transfer (FRET) is employed to study the structure of
the intermediate states. A commercially available dye-labeled synthetic peptide is used as the
substrate and as FRET acceptor. By monitoring FRET efficiency through the change of the fluorescence
lifetime of a donor fluorophore, which is attached to the N-terminus of the enzyme, it is possible to
analyze the intermediate state of the enzymatic reaction. We chose papain and trypsin as sample
enzymes, and attached a donor fluorophore to each enzyme. However, the result of enzymatic activity
measurement showed that those enzymes lost most of their activity by the attachment of the
fluorophore. This result indicates that N-termini of these enzymes have important roles for the
enzymatic reactions. Therefore, much more care is needed for the position where fluorophore is
attached.
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