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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 1s “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.
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A. Elucidation and control of ultrafast phenomena in the condensed-phase

1. Ultrafast Structural Evolution of Photoactive Yellow Protein Chromophore Revealed by Ultraviolet
Resonance Femtosecond Stimulated Raman Spectroscopy

(Kuramochi, Takeuchi, Tahara)

We studied ultrafast structural dynamics of the chromophore of photoactive yellow protein,
trans-p-coumaric acid (pCA), using newly developed ultraviolet resonance femtosecond stimulated
Raman spectroscopy (UV-FSRS). The UV-FSRS data of the anionic form (pCA-) in a buffer solution
showed clear spectral changes within 1 ps, followed by a spectrally uniform decay with a time constant
of 2.4 ps. The observed spectral change indicates that the structural change occurs in excited pCA-
from the Franck—Condon state to the S1 potential minimum in the femtosecond time region. The S1
Raman spectra exhibit spectral patterns that are similar to the ground-state spectrum, suggesting that
pCA- yet retains a planar-trans conformation throughout the S: lifetime. We concluded that S1 pCA-
undergoes a femtosecond in-plane deformation, rather than a substantial Cet=Cet twist. With these
femtosecond vibrational data, we discuss possible roles of the initial structural evolution of pCA in
triggering the photoreceptive function when embedded in the protein.

2. Real-Time Observation of Tight Au—Au Bond Formation and Relevant Coherent Motion upon
Photoexcitation of [Au(CN)2-] Oligomers

(Munetaka Iwamura, Koichi Nozaki, Takeuchi, Tahara)

Structural dynamics involving tight Au—Au bond formation of excited-state oligomers [Au(CN)z-]» was
studied using picosecond/femtosecond time-resolved emission and absorption spectroscopy. With
selective excitation of the trimer ([Au(CN)2-]3) in aqueous solutions, transient absorption due to the
excited-state trimer was observed around 600 nm. This transient exhibited a significant intensity
increase (v = 2.1 ps) with a blue shift in the early picosecond time region. Density functional theory
(DFT) and time-dependent DFT calculations revealed that the observed spectral changes can be
ascribed to a structural change from a bent to a linear staggered structure in the triplet excited-state
trimer. The transient absorption also exhibited a clear modulation of the peak position, reflecting
coherent nuclear wavepacket motion induced by photoexcitation. The frequencies of the coherent
motions are 66 and 87 cm™1, in very good accord with the frequencies of two Au—Au stretch vibrations
in the excited state of the trimer calculated by DFT. Time-resolved emission spectra in the
subnanosecond time region showed that association of the excitedstate trimer with the ground-state
monomer proceeds with t = 2.0 ns, yielding the excited-state tetramer.

B. Study of soft Interfaces by new nonlinear spectroscopy

1. Three Distinct Water Structures at a Zwitterionic Lipid/Water Interface Revealed by Heterodyne-Detected
Vibrational Sum Frequency Generation

(Mondal, Nihonyanagi, Yamaguchi, Tahara)

Lipid/water interfaces and associated interfacial water are vital for various biochemical reactions, but the
molecular-level understanding of their property is very limited. We investigated the water structure at a zwitterionic
lipid, phosphatidylcholine monolayer/water interface using heterodyne-detected vibrational sum frequency generation
(HD-VSFG) spectroscopy. Isotopically diluted water was utilized in the experiments to minimize the effect of
intra/intermolecular couplings. It was found that the OH stretch band in the Imx(z) spectrum of the
phosphatidylcholine/water interface exhibits a characteristic double-peaked feature. To interpret this peculiar spectrum
of the zwitterionic lipid/water interface, Imx(z) spectra of a zwitterionic surfactant/water interface and mixed
lipid/water interfaces were measured. The Imx(z) spectrum of the zwitterionic surfactant/water interface clearly
shows both positive and negative bands in the OH stretch region, revealing that multiple water structures exist at the
interface. At the mixed lipid/water interfaces, while gradually varying the fraction of the anionic and cationic lipids,
we observed a drastic change in the Imx‘z) spectra, in which the spectral features similar to the anionic, zwitterionic,
and cationic lipid/water interfaces appear successively. These observations demonstrate that, when the positive and
negative charges coexist at the interface, the H-down oriented water structure and H-up oriented water structure
appear in the vicinity of the respective charged sites. In addition, it was found that a positive Imx(z) appears around
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3600 cm™ for all the monolayer interfaces examined, indicating weakly-interacting water species existing in the
hydrophobic region of the monolayer at the interface. Based on these results, we concluded that the characteristic
Imx(z) spectrum of the zwitterionic lipid/water interface arises from three different types of water existing at the
interface: (1) the water associated with the negatively charged phosphate, which is strongly H-bonded and has a net
H-up orientation, (2) the water around the positively charged choline, which forms weaker H-bonds and has a net
H-down orientation, and (3) the water weakly interacting with the hydrophobic region of the lipid, which has a net
H-up orientation.

2. Ultrafast Vibrational Dynamics of Water at a Charged Interface Revealed by Two-Dimensional
Heterodyne-Detected Vibrational Sum Frequency Generation

(Singh, Nihonyanagi, Yamaguchi, and Tahara)

Two-dimensional heterodyne-detected vibrational sum frequency generation (2D HD-VSFG) spectroscopy is
performed for an aqueous interface for the first time. The 2D HD-VSFG spectra in the OH stretch region are obtained
from a positively-charged surfactant/water interface with isotopically diluted water (HOD/D,0O) to reveal the
femtosecond vibrational dynamics of water at the charged interface. The 2D HD-VSFG spectrum is diagonally
elongated immediately after the photoexcitation, clearly demonstrating inhomogeneity in the interfacial water. This
elongation almost disappears at 300 fs owing to the spectral diffusion. Interestingly, the 2D HD-VSFG spectrum at the
0 fs shows an oppositely asymmetric shape to the corresponding 2D IR spectrum in bulk water: The bandwidth of the
bleach signal gets narrower when the pump wavenumber becomes higher. This suggests that the dynamics and
mechanism of the hydrogen bond rearrangement at the charged interface are significantly different from those in bulk
water.

3. Quantitative estimate of the water surface pH using heterodyne-detected electronic sum frequency
generation

(Yamaguchi, Kundu, Pratik Sen, and Tahara)

Most chemical reactions in water are very sensitive to pH. Many environmentally important chemical
reactions are known to take place at the water surface (i.e. air/water interface). However, the pH of the
water surface is still controversial. Spectroscopic experiments and theoretical calculations indicate that
the water surface is more acidic than the bulk, whereas electrophoretic experiments provide a contrary
view. We show that a novel nonlinear optical experiment with a surface-active pH indicator can
quantitatively evaluate the pH of the water surface. The result clearly indicates that the pH of the
water surface is lower than that of the bulk by 1.7. This is the first study to apply a principle of bulk pH
measurements to the water surface, and therefore provides a reliable experimental estimate for the pH
difference between the water surface and bulk. It is considered that the higher acidity of the water
surface plays a key role in marine and atmospheric chemical reactions.

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

1. A fluorescence study on the local environment of hydrogels: Double-network hydrogels having
extraordinarily high mechanical strength and its constituent single-network hydrogels

(Hattori, Ishii, Taiki Tominaga, Yoshihito Osada, Tahara)

We studied the local environment of a novel double-network (DN) hydrogel and its constituent
hydrogels, poly-(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly-acrylamide (PAAm) gel,
by fluorescence spectroscopy using a fluorescent probe. The steady-state spectra and lifetimes of the
probe fluorescence in the three hydrogels were similar to those in bulk water, indicating that almost all
the probe molecules reside in water pools that have local polarity similar to bulk water. The
fluorescence anisotropy decay in PAMPS gel exhibits a bulk-like single exponential decay, indicating
that the probe exists in sufficiently large water pools where the probe freely rotates, while it shows
bi-exponential decays in PAAm and DN gels, suggesting that a part of the probe reside in confined
water pools. This observation indicates that PAAm is entangled with PAMPS gel in DN gel realizing
high mechanical strength, and PAAm plays the dominant role in forming the local water environment
in DN gel.
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2. Construction of an apparatus for subpicosecond time-resolved infrared absorption anisotropy
measurements aiming at elucidation of water dynamics in hydrogels

(Hattori, Ishii, Taiki Tominaga, Yoshihito Osada, Tahara)

For direct elucidation of the dynamical property of water in the DN gel, it is necessary to measure the
dynamics of water molecules itself. To this end, we constructed an apparatus for subpicosecond
time-resolved infrared absorption anisotropy measurements, which enables us to evaluate the
rotational motion of deuterated water molecules through the relaxation of anisotropy of the transition
moment of the OD stretching mode. We prepared the pump and probe pulses at 4um using a
femtosecond Ti:sapphire amplifier system combined with an optical parametric amplifier and
nonlinear frequency conversion. The polarization angle between these pulses was set to 45 degree and
the pulses were overlapped in the sample (HOD in H20 solution). The pump-induced change of the
probe intensity was detected with a monochromator and an MCT detector. By putting a polarizer in the
probe beam path after the sample, absorption anisotropy measurements were achieved.

3. Simple calibration of the counting-rate dependence of the timing shift of single photon avalanche
diodes by photon interval analysis

(Otosu, Ishii, Tahara)

The counting-rate dependence of the temporal response of single photon avalanche diodes (SPADs) is a
critical issue for the accurate determination of the fluorescence lifetime. In this study, the response of
SPADs was examined with analyzing the time interval of the detected photons. The results clearly
show that the shift of the detection timing causes the counting-rate dependence of the temporal
response, and this timing shift is solely determined by the time interval from the preceding photon. We
demonstrate that this timing instability is readily calibrated by utilizing the macrotime data taken
with the time-tag mode that is implemented in the time-correlated single photon counting modules. By
using this calibration method, it becomes possible to extend the two-dimensional fluorescence lifetime
correlation spectroscopy to the multi-focus regime so that we can drastically improve the detection
sensitivity of microsecond dynamics of complex molecules through fluorescence lifetime measurements.



Principal Investigator

HIE K Tahei Tahara
Research Staff

TN AR Satoshi Takeuchi
RE EA Masahisa Osawa

I R Shoichi Yamaguchi
aIE Kunihiko Ishii
TRH Eas Satoshi Nihonyanagi
CZH HhTE Takuhiro Otosu

AR Rk Tatsuya Hattori
R AR Tomotsumi Fujisawa
Zhengrong Wei

Subhadip Ghosh
Prashant Singh
Matthew Sartin
Aniruddha Adhikari
Anton Myalitsin
Chao-Han Cheng

Students

aF % Hikaru Kuramochi
(N Korenobu Matsuzaki
Achintya Kundu

Ashish Jindal

Sukanya Bhattacharya

Yu-Hsuan Huang

Assistant and Part-timer
KHE W HE Sari Osato

i Kaoru Hara
Visiting Members

REF  FEAh, Tatsuya Fujino
A W Haruko Hosoi

AR Munetaka Iwamura

SRR 24 AEBE



