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Key Sentence :
1. Observing nuclear motion of molecules in real time.
2. Elucidating complex molecular processes occurring in the femto-millisecond time scale.
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3. Examining inhomogeneous systems including interfaces by new advanced spectroscopy

Key Word :
Ultrafast spectroscopy, nonlinear spectroscopy, advanced spectroscopy, reaction dynamics, complex
molecular systems, interface, photochemistry

Purpose of Research
We study the dynamics of 'complicated systems' using advanced molecular spectroscopy. Especially, we
are now focusing on spectroscopy of condensed-phase molecules using ultrashort optical pulses.
Current research projects are followings: (1) Observation and control of the wavepacket motion 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 spectroscopic study of
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heterogeneous systems. In the course of these researches, we develop new methods in molecular
spectroscopy.

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

1. Spectroscopic tracking of structural evolution in ultrafast stilbene photoisomerization (Takeuchi,
Tahara)

Molecular rearrangements in chemical reactions occur on a timescale comparable to nuclear
vibrational periods, i.e., from 10 fs to 1 ps. This time scale is now accessible with advanced ultrafast
spectroscopy, but, in almost all studies, we only observe structures in stationary (excited) states and
the population transfer from one to the other. Continuous changes of the molecular structure are
seldom observed, especially for large polyatomic molecules. This situation limits our understanding on
chemical reaction to an oversimplified reaction coordinate that neglects global motions across the
molecular framework. To overcome this limit, we carried out time-resolved impulsive stimulated
Raman scattering (TR-ISRS) measurements of S:i cis-stilbene that undergoes ultrafast
photoisomerization. The ISRS spectra (i.e., Fourier transform of the oscillation observed in the time
domain) were recorded at three AT delays in hexadecane. At AT =0.3 ps, a broad band appears around
240 cm'l. This predominant 240-cm'! band is characteristic of S1 cis-stilbene as an only band showing
a large Raman intensity in the 200 — 300-cm™! region. The center frequency of the 240-cm! motion
significantly downshifts with increasing AT delay, diminishing from 239 cm' (AT = 0.3 ps) — 224 cm'!
(1.2 ps) - 215ecm1 (2 ps). With the change of solvent from hexadecane to methanol, the isomerization
rate increased by a factor of 2.7 (0.77 to 2.08 ps')), and the rate of the frequency downshift also nearly
doubled (14 vs. 27 cm'Y/ps). This correlation confirms that the frequency downshift of the 240-cm™!
mode arises from the structural evolution relevant to the isomerization of S1 cis-stilbene. To associate
the experimental observation with actual structural changes, we calculated the PES and vibrational
structure by DFT and time- dependent DFT (TDDFT). The calculation indicated the biphasic structural
evolution of the S1 state: The initial structural change immediately after photoexcitation is dominated
by a prompt stretch of the central C=C bond due to nn* excitation and an out-of-plane motion of the two
ethylenic hydrogens. In the later time, the two ethylenic hydrogens gradually move in opposite
directions to a greater extent so that the twisting angle of the C=C bond increases. The significant
twisting around the C=C bond is achieved mainly by the out-of-plane motion of the ethylenic hydrogens
without extensive motion of the phenyl rings. We calculated the instantaneous vibrational frequency
during the structural evolution of S1 -stilbene, and found that the vs3s mode exhibits a frequency change
that agrees with the frequency change of the 240-cm™ motion observed in the TR-ISRS experiments.
This agreement strongly bolsters our conclusion that the present experiment tracks the structural
evolution of cis-stilbene during the isomerization through accompanying changes in the vibrational
structure.

2. Observation of pronounced non-Condon effect as the origin of the quantum beat observed in the
time-resolved absorption signal from excited-state cis-stilbene (Ishii, Takeuchi, Tahara)

We carried out wavelength-dispersed time-resolved absorption measurements of cis-stilbene to
investigate the mechanism of the appearance of the ~220 cm™! oscillation that was observed for the
SneS1 transient absorption measured in ultrafast pump-probe measurements. The observed
oscillatory pattern showed almost the same amplitude and phase across the absorption peak at 645 nm,
indicating that the modulation of the transition intensity gives rise to the quantum beat. We also
carried out a semi-quantitative numerical simulation of the time-resolved absorption spectra based on
the effective linear response theory, in which we newly incorporated the Herzberg-Teller coupling
model by introducing a coordinate-dependence of the transition moment. The results of these
experiment and simulation clearly showed that the intensity of the quantum beat arises from a
significant coordinate dependence of the Sn«S1 transition moment, i.e. non-Condon effect. It was
concluded that the vibronic coupling of the Sn state with other adjacent highly excited states is so large
that the Herzberg-Teller coupling predominantly contributes to the intensity of the quantum beat of



the totally symmetric ~220 cm™! vibration. The present work suggests a general importance of the
non-Condon effect in spectroscopy involving highly-excited electronic states.

3. Revision of fluorescence spectrum of cis-stilbene and nature of the reactive Si1 state (Nakamura,
Takeuchi, Tahara)

We re-examined steady-state fluorescence of cis-stilbene in solution, by carefully separating the
contribution of coexisting trace amount of trans isomer. The obtained “pure” fluorescence spectrum of
cis-stilbene shows a broad structureless band (peaked around 420 nm) extending to the wavelength
region as long as 700 nm, which is significantly different from the spectrum reported in the literature.
Compared to the fluorescence intensity of the co-existing trans isomer, the oscillator strength of the cis
fluorescence was evaluated as 0.17, which indicated that the Si state of cis-stilbene is an optically
allowed state. This solves the controversy on the nature of the reactive Si state of cis-stilbene which
has been raised by recent quantum chemical calculations.

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

4. Ultrafast pump-probe study of the primary photoreaction process in pharaonic halorhodopsin:
halide-ion dependence on isomerization dynamics (Nakamura, Takeuchi, Tahara)

Halorhodopsin is a retinal protein that acts as a light-driven chloride pump in Haloarchaeal cell
membrane. A chloride ion is bound near the retinal chromophore, and light-induced all-trans—13-cis
isomerization triggers unidirectional chloride-ion pump. We investigated the primary ultrafast
dynamics of Natronomonas pharaonis halorhodopsin that contains Cl', Br  or I (pHR-Cl', pHR-Br" or
PHR-T) using ultrafast pump-probe spectroscopy with ~30-fs time resolution. All the temporal
behaviors of the Sn«S:1 absorption, ground-state bleaching, K-intermediate (13-cis form) absorption
and stimulated emission were observed. In agreement with previous reports, the primary process
exhibited three dynamics. The first dynamics corresponds to the population branching process from the
Franck-Condon (FC) region to the reactive (Si*) and nonreactive (S1) S; states. With the improved
time resolution, it was revealed that the time constant of this branching process (t1) is as short as 50 fs.
The second dynamics was the isomerization process of the Si* state to generate the ground-state 13-cis
form, and the time constant (t2) exhibited significant halide-ion dependence (1.4, 1.6, and 2.2 ps for
pHR-CI', pHR-Br and pHR-T, respectively). The relative quantum yield of the isomerization, which
was evaluated from the pump-probe signal after 20 ps, also showed halide-ion dependence (1.00, 1.14
and 1.35 for pHR-Cl', pHR-Br and pHR-T, respectively). It was revealed that the halide ion that
accelerates isomerization dynamics provides the lower isomerization yield. This finding suggests that
there is an activation barrier along the isomerization coordinate on the Si potential energy surface,
meaning that the three-state model, which is now accepted for bacteriorhdopsin, is more relevant than
the two-state model for the isomerization process of halorhdopsin. We concluded that, with the
three-state model, the isomerization rate is controlled by the height of the activation barrier on the S1
potential energy surface while the overall isomerization yield is determined by the branching ratios at
the FC region and the conical intersection. The third dynamics attributable to the internal conversion
of the Si» state also showed notable halide-ion dependence (73 = 4.5, 4.6, and 6.3 ps for pHR-CI,
pHR-Br  and pHR-I). This suggests that some geometrical change may be involved in the relaxation
process of the Sivr state.

5. Finding the hidden electronic state of enhanced green fluorescence protein (Hosoi, Yamaguchi,
Tahara)

Precise two-photon absorption spectra of the green fluorescent protein (GFP) and the mutants,
Sapphire-GFP (T2031) and enhanced GFP (S65T/F64L), as well as a model compound for the
chromophore, 4'-hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI) were measured by multiplex
two-photon absorption spectroscopy. The observed TPA bands of the anionic forms of enhanced GFP
and HBDI were significantly shifted to the higher energy, compared with the lowest energy bands in
one-photon absorption spectra. This result strongly suggested the existence of a hidden electronic
excited state in the vicinity of the lowest excited singlet (S1) state of the anionic form of the GFP
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chromophore, which is the origin of the blue shift of the two-photon absorption spectra as well as
two-photon fluorescence excitation spectra.

C. Linear/Nonlinear spectroscopic study of heterogeneous systems

6. Development of heterodyne-detected electronic sum-frequency generation and the direct observation
of the ‘up’ vs ‘down’ alignment of interfacial molecules (Yamaguchi, Tahara)

We are developing new interface-selective even-order nonlinear spectroscopies to explore frontiers of
interfacial science. So far, we have developed multiplex electronic sum-frequency generation (ESFG)
spectroscopy to obtain steady-state electronic spectra at liquid interfaces with unprecedented high
quality. ESFG spectroscopy, however, does not provide information of the second-order susceptibility
(x@) itself but gives data about its square modulus, i.e., |%? |2, because the intensity of the nonlinear
optical signal is directly detected (homodyne detection). This drawback of the homodyne ESFG
spectroscopy can be overcome by heterodyne detection, in which the signal light is mixed with local
oscillator with a controlled phase relation. In this year, we extended the original ESFG spectroscopy to
heterodyne measurements by utilizing a tandem configuration. In this configuration, a sample to be
studied is set at one sample point, and GaAs, which generates LO, is placed at the other. The
interference of the SFG signals from the sample and GaAs is detected with a spectrograph and a CCD.
With this method, we successfully achieved heterodyne detection of ESFG (HD-ESFG) for the first time
and obtained complex electronic x®? spectra of interfaces for a simultaneous detection bandwidth
broader than 100 nm. This HD-ESFG spectroscopy provides linear y@ spectra that contain
unambiguous information on the "up" vs "down" alignment of interfacial molecules. We measured
HD-ESFG spectra of pritroaniline (PNA) and N, N:diethyl-prnitroaniline (DEPNA) at the
air/fused-silica interface and found that the two molecules gave the imaginary @ spectra having
opposite signs. This clearly demonstrated that the absolute orientation of PNA and DEPNA are
opposite at the air/fused-silica surface: the diethylamino group points upward to the air and the nitro
group points downward to the fused silica. PNA and DEPNA are similar molecules, but the fine
modification of the amino group brings about the opposite alignments on the fused silica surface.

7. Development of femtosecond time-resolved electronic sum-frequency generation spectroscopy to
investigate ultrafast dynamics at liquid interfaces (Sekiguchi, Yamaguchi, Tahara)

We developed a new surface-selective time-resolved mnonlinear spectroscopy, femtosecond
time-resolved electronic sum-frequency generation (TR-ESFG) spectroscopy, to investigate ultrafast
dynamics of molecules at liquid interfaces. Its advantage over conventional time-resolved second
harmonic generation spectroscopy is that it can provide spectral information, which is realized by the
multiplex detection of the transient electronic sum frequency signal using a broadband white light
continuum and a multichannel detector. We studied the photochemical dynamics of rhodamine 800
(R800) at the air/water interface with the TR-ESFG spectroscopy, and discussed the ultrafast dynamics
of the molecule as thoroughly as we do for the bulk molecules with conventional transient absorption
spectroscopy. We found that the relaxation dynamics of photoexcited R800 at the air/water interface
exhibited three characteristic time constants of 0.32 ps, 6.4 ps, and 0.85 ns. The 0.32-ps time constant
was ascribed to the lifetime of dimeric R800 in the lowest excited singlet (S1) state (S1 dimer) that is
directly generated by photoexcitation. The S: dimer dissociates to a monomer in the S: state (S:
monomer) and a monomer in the ground state with this time constant. This lifetime of the S: dimer was
ten times shorter than the corresponding lifetime in a bulk aqueous solution. The 6.4-ps and 0.85-ns
components were ascribed to the decay of the S1 monomer (as well as the recovery of the dimer in the
ground state). For the 6.4-ps time constant, there is no corresponding component in the dynamics in
bulk water, and it is ascribed to an interface-specific deactivation process. The 0.85-ns time constant
was ascribed to the intrinsic lifetime of the S1 monomer at the air/water interface, which is almost the
same as the lifetime in bulk water. The present study clearly shows the feasibility and high potential of
the TR-ESFG spectroscopy to investigate ultrafast dynamics at the interface.



8. Study of surface denaturation of proteins by electronic sum-frequency generation spectroscopy (Sen,
Yamaguchi, Tahara)

When a protein molecule reaches the air-water interface, there is a strong tendency for the
hydrophobic parts to go to the air side, which leads to unfolding of the protein. This phenomenon is
called surface denaturation and has been well known in natural science from very early days. Although
the characterization of structure and conformation of proteins have extensively performed in the bulk,
the in situ study of protein conformation at the interfaces have not been done due to lack of interface
specific technique. We applied ESFG spectroscopy to in situ detection of protein conformation at
air-water and silica-water interfaces, using cytochrome c¢ as a model protein. Horse heart cytochrome c
is a well-characterized globular protein both in the crystalline state and in solution state. The heme
absorption band of the protein reflects its conformational state. The heme absorption band is centered
at 410 nm and 394 nm for native and denatured protein, respectively. The ESFG spectrum of
cytochrome c at the air-water interface (bulk pH=7.0) was quite different from the spectrum of either
the native state or denatured state. The spectrum at the interface was very broad and the maximum
position was in between the native and denatured-state absorption maxima. This broad Soret spectrum
strongly indicated the presence of mixed conformation at the air-water interface. Surprisingly, the
ESFG spectrum measured at an acidic condition (pH=2.0) was very similar to the spectrum measured
under the neutral condition. In contrast, the ESFG spectrum of cytochrome c at silica-water interface
was very similar to the native-state spectrum, indicating that the native structure is retained at the
silica-water interface.

9. Study of coherent acoustic photons in a thin gold film by femtosecond surface plasmon resonance
(Yamaguchi, Tahara)

We carried out the detection of coherent phonons in a thin gold film by a new femtosecond
pump-probe surface plasmon resonance (SPR) technique. Acoustic coherent phonons were generated
impulsively in the gold film on a prism, and they were detected in the time domain through the
reflectivity modulation for the probe pulses that satisfy the SPR condition. We observed not only the
fundamental vibration of a longitudinal acoustic phonon at 35-GHz but also the overtones up to the 4th.
The observed coherent phonons were assigned to the standing waves of the longitudinal acoustic
phonons in the thin gold film.
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