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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 probing of ultrafast structural dynamics in intramolecular charge transfer
We studied ultrafast structural dynamics in a prototypical push-pull molecule, pnitroaniline, by femtosecond impulsive
Raman spectroscopy using 10-fs pulses. We observed a slowly-oscillating beat component in the impulsive Raman signal,
which corresponds to a twisting motion of the nitro group in the excited state. Fourier transform analysis indicated that the
frequency of the twisting motion shows a significant downshift from 77 em® to 60 cm! as the charge transfer state is
generated. This experimental result strongly suggested that the C-NO2 bond is weakened in the charge transfer process of
prnitroaniline, i. e., the formation of a twisted charge transfer excited state.

(2) Wave-packet motion of Cu(I) complex
Bis(2,9-dimethyl-1,10-phenanthroline)copper(I) is a prototypical metal complex that shows a structural change due to the
Jahn-Teller effect in the excited state. Previously, we obtained time-resolved data that suggest the appearance of a stationary
state before the structural change, and more interestingly, observed a wavepacket motion of the stationary state trapped in a
local minimum of the S: potential. To assign this wavepacket motion, we newly carried out wavelength-dispersed probe
measurements using ultrashort pulses. It was found that a beat component due to the wavepacket motion appears with a
common phase over the entire wavelength region, indicating that the beat signal is generated by the Herzberg-Teller-type
vibronic interaction. This observation also accords with results of theoretical calculation, in which the observed beat
frequencies are ascribable to b1 vibrational modes. On the basis of these results, we discussed a mechanism that induces the
non-totally symmetric wavepacket motion in the excited-state metal complex before the structural change.

(3) Determining the oscillator strength due to the fluorescent S; state of cisstilbene with femtosecond time-resolved
fluorescence spectroscopy
Cisstilbene is a well-known prototypical molecule in which ultrafast photoinduced isomerization takes place. Recently, the
electronic structure of excited-state cis-stilbene has been investigated by two types of quantum chemical calculations, but they
provided different assignments of the Si state. To make an unambiguous assignment, we evaluated the oscillator strength of
the Si state using femtosecond time-resolved fluorescence measurement. The time-resolved fluorescence spectrum of the
pre-reactive state of the Si state, which has a 1.2-ps lifetime, showed broad, structureless band with a peak around 420 nm.
From this spectrum, the oscillator strength was estimated to be 0.16. Obviously, this fluorescence oscillator strength is large
enough to be ascribed to a bright state, indicating that the S: state of cis-stilbene is optically allowed.

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

(1) Construction of a versatile fluorescence correlation spectrometer toward understanding asynchronous slow dynamics of
complex molecules
Characteristic dynamics of biopolymers such as nucleic acids or proteins emerges in a slower time scale than small molecules
and is closely related to their biological functions. We are trying to apply the single-molecule fluorescence correlation
spectroscopy to observe such dynamics in a wide time scale ranging from nano- to millisecond, particularly focusing on
“asynchronous” molecular events driven by thermal fluctuation. In this year, we have constructed a versatile fluorescence
correlation spectrometer by combining a femtosecond laser, a confocal microscope and avalanche photodiode detectors. We
extended the basic setup of fluorescence correlation spectrometer by introducing multiple detectors and the time-correlated
single-photon counting (TCSPC) technique, thus realizing simultaneous measurements of fluctuation in fluorescence intensity
and the lifetime, wavelength or polarization. In addition, we have been trying to encapsulate biomolecules into monodispersed
unilamellar vesicles in order to slow down its translational diffusion rate. It was found that a correlation signal up to ~100 ms
can be obtained using this technique. We are going to apply these methods to naturally fluorescent and/or fluorescently
labeled biomelecules.

(2) Hidden electronic excited state of enhanced green fluorescent protein (eGFP) by new multiplex two-photon absorption
spectroscopy
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, 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 has attracted 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 blue-shift compared to a one-photon absorption peak. To
understand the observed wavelength shift, we measured the two-photon absorption spectra of HBDI, which is a model
compound of the GFP chromophore. The similar shift was also observed for HBDI. These results indicate the existence of a
“hidden” excited state in the vicinity of the lowest excited singlet state. We concluded that this is the origin of the discrepancy
between the one-photon and two-photon excitation spectra of eGFP, which is well known in the field of biology.

(3) Substituent effects on structural change dynamics of Cu(I) complexes
It is known that emission properties of bis-phenanthroline copper(I) complexes can be altered by changing substituents at the
2- and 9- position of the phenanthroline ligands. It has been argued that this substituents effect reflects a difference of a
structural distortion occurring in the photoexcited state. However, the difference of the structural dynamics has not yet been
investigated experimentally. We prepared three complexes in which the substituent was systematically changed as -H, -CHs,
-CeHs, respectively, and measured their time-resolved emission spectra by ultrafast emission spectroscopy. From the temporal
change of the emission spectra observed, it was revealed that the magnitude of the structural distortion differs, depending on
the substituent. In addition, the structural distortion proceeded more slowly as the substituent becomes bulkier. These new
experimental results clearly indicated that the substituent effect of the emission properties mainly arises from the difference
of the structural dynamics occurring after photoexcitation.

(4) Theoretical study of the excited states of the metal complex
Bis-2, 9-dimethyl-1, 10-phenanthoroline copper (I) has the structure in which the dihedral angle of two ligand molecules are
90° in the ground state, and shows the structural distortion from 90° in the metal ligand charge transfer (MLCT) excited state.
With an ultrafast spectroscopic method, we have found a metastable structure at 90° of the dihedral angle in the excited state.
In order to rationalize this experimental results theoretically, the excited states have been investigated with the
time-dependence density functional theory (TDDFT). An effective core potential (ECP) is used for Cu. The basis set used is
cc-pVDZ for Cu, N, and C, and STO-3G for H. The potential energy curve of Si1 state has local minimum near 70° of the
dihedral angle of two ligands, and structural distortion was reproduced. Furthermore, metastable state was also found at 90°,
and it shows the existence of the metastable state that was indicated by ultrafast spectroscopy. Moreover, a beat signal caused
by wavepacket motion is observed in S: state. The calculated normal modes at 260 and 279 cm™ are non-symmetric, and they
can be assigned to the largest peaks of the vibrations giving the beat signal.

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

(1) On the basis of interface-selective electronic sum frequency generation (ESFG) recently reported by our group,
heterodyne-detected ESFG is newly developed to obtain complex electronic @ (second-order nonlinear susceptibility) spectra
of interfaces for a bandwidth broader than 100 nm. This new method enables one to determine very clearly the "up" vs "down"
alignment of interfacial molecules. It is demonstrated for p-nitroaniline, a prototypical molecule of nonlinear optics, that the
up vs down alignment at an air/fused silica glass interface is critically influenced by substitution of a functional group.

(2) Molecular dynamics at the air/water interface investigated with femtosecond time-resolved electronic sum-frequency
generation (TR-ESFG) spectroscopy
We extended the femtosecond time-resolved electronic sum-frequency generation (TR-ESFG) spectroscopy to investigate
molecular rotational diffusion process at liquid interfaces. We introduced a polarizer in front of the polychromator and
realized the polarization dependent TR-ESFG measurements. We developed an analytical model that provides a criterion for
judging the contribution of molecular rotational diffusion to the temporal change of TR-ESFG signals. We examined three
surface active molecules, rhodamine 800, coumarin 314, and malachite green at the air/water interface, and found that we
need to improve the sensitivity of the measurement to discuss the polarization dependence of the signals for these systems.

(3) Electronic sum frequency generation study of electrode/electrolyte solution interfaces
We measured the electronic [x@[2 spectrum of dye molecules at air/metals and electrolyte solution/electrode interfaces for the
first time using the multiplex electronic sum frequency generation (ESFG) technique. At platinum and gold surfaces, most
dyes did not show any feature in ESFG spectra, but many dyes showed clear spectral feature at a silver surface in the air.
We also tried heterodyne ESFG measurements to determine real and imaginary parts of y @ for metal thin films. ESFG
spectra of several dye molecules were also obtained from electrode/electrolyte solution interfaces under the potential control,
i.e., electrochemical condition. The ESFG spectra of dyes clearly showed electrode potential dependences, suggesting that
ESFG measurements enable us to investigate the potential dependence of various parameters of interfacial molecules.

(4) Heterodyne multiplex electronic sum frequency generation study of solvatochromic coumarins at air-water interface
To obtain the phase information of ESFG spectra of interfacial solutes, we have developed a novel heterodyne multiplex ESFG
technique based on an interferometric method. We have applied this technique to obtain the real and imaginary 3@ spectra of
four structurally different solvatochromic coumarins (C314, C338, C1 and C110) at the air/water interface. These results
showed for the first time that the real and imaginary electronic y®-spectra can be separated experimentally. The
single-wavelength polarization dependent SHG measurements were also carried out to determine the orientation angles of the
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coumarins at the air/water interface. Combining the phase information of the imaginary y® spectra with the calculated
orientation angles, we obtained the absolute orientations of coumarins. It has been found that C314 and C338 makes ‘down’
alignments, whereas C1 and C110 makes ‘up’ alignments of their permanent dipole vector at the air/water interface relative to
the interface normal. We found C314 is tilted at 116° and C338 is tilted at 122° from the interface normal. On the other hand,
C1 and C110 are tilted at 52° and 50°, respectively. Finally, comparing the imaginary @ spectra directly with the linear
absorption spectra of coumarins in various bulk solvents, we saw different coumarins experience different local polarities at
the same air/water interface. Such differences in local polarities for different coumarins were found to correlate nicely to their
absolute orientations at the interface.
(5) Viscosity of interfaces: Femtosecond dynamics of molecular torsional motion at the air/water interface

To study interfacial molecular viscosity, we performed femtosecond time-resolved electronic sum frequency generation
(TR-ESFG) spectroscopy of a dye molecule at an interface. It is well known that ground-state recovery (GSR) dynamics of
malachite green (MG) shows good correlation with solvent viscosity, which has been revealed by the femtosecond
time-resolved absorption spectroscopy in bulk liquids. We measured TR-ESFG spectra of MG at the air/water interface for the
first time. We found that the GSR dynamics of MG at the air/water interface is about 2 ~ 5 times slower compared to that in
bulk water, which indicates that the air/water interface is more viscous than bulk water.
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