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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 nanosecond-millisecond structural dynamics of biomolecules
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ultrafast spectroscopy, nonlinear spectroscopy, single molecule spectroscopy, advanced spectroscopy,
reaction dynamics, interface, 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. Study of ultrafast dynamics by advanced time-resolved spectroscopy,

2. Study of soft interfaces and development of interface-selective nonlinear spectroscopy,

3. Study of structural dynamics of biomolecules and development of new single molecule

spectroscopy.

Targets of the projects 1, 2, 3 are (1) fundamental molecules and complex molecules in solution, (2)
molecules at the air/liquid, liquid/liquid, liquid/solid and biological interfaces, and (3) biological
macromolecules, respectively.

A. Study of ultrafast dynamics by advanced time-resolved spectroscopy

1. Substituent effect on the photoinduced structural change of Cu(I) complexes observed by
femtosecond emission spectroscopy

(Iwamura, Takeuchi, Tahara)

The Cu(I) complexes having phenanthroline derivatives as ligands are known to exhibit photo-induced
‘flattening’ structural change in the metal-to-ligand charge transfer (MLCT) excited state. Qur recent
ultrafast spectroscopic studies of [Cu(dmphen)z]* (dmphen = 2,9-dimethyl-1,10-phenanthroline)
showed that the photo-induced structural change predominantly occurs in the S: state on a
subpicosecond time scale, with the appearance of the ‘perpendicular’ Si1 state before the structural
change. In this work, we carried out femto/picosecond time-resolved emission spectroscopy of
[Cu(phen)a]* (phen = 1,10-phenanthroline) and [Cu(dpphen)2]* (dpphen =
2,9-diphenyl-1,10-phenanthroline) in dichloromethane with the Sz - So photo-excitation to examine the
substituent effect on the ultrafast structural change. The femtosecond time-resolved emission spectra
of the two complexes exhibit ultrafast fluorescence changes that are attributed to the structural change
in the S state after fast (50-100 fs) S2 - S1 internal conversion. By comparing with the dynamics of
[Cu(dmphen)a]*, it was found that the time constant of the structural change increases as the
substituents at 2- and 9- positions of the ligand become bulkier, i.e., [Cu(phen)2]* (200 fs) -
[Cu(dmphen)s]* (660 fs) - [Cu(dpphen)2]* (920 fs). This implies that the complex needs a longer time to
flatten with the bulkier substituent. This demonstrates that the dynamics of the photo-induced
structural change of Cu(I) complexes is substantially affected by the substituent of the ligand. The
dynamics of the ultrafast structural change and the substituent effect are discussed with the
multidimensional S potential energy surface of Cu(I) complexes.

2.  Primary Structural Response in Tryptophan Residues of Anabaena Sensory Rhodopsin to
Photochromic Reactions of the Retinal Chromophore

(Inada, Mizuno, Kato, Kawanabe, Kandori, Wei, Takeuchi, Tahara, Mizutani)

Anabaena sensory rhodopsin (ASR) is a microbial rhodopsin found in eubacteria and functions as a
photosensor. The photoreaction of ASR is photochromic between all-trans, 15-anti (ASRAT), and 13-cis,
15-syn (ASR13C) isomers. To understand primary protein dynamics in the photoreaction starting in
ASRAT and ASR13C, picosecond time-resolved ultraviolet resonance Raman spectra were obtained. In
the intermediate state appearing in the picosecond temporal region, spectral changes of Trp bands
were observed. For both ASRAT and ASR13C, the intensities of the Trp bands were bleached within
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the instrumental response time and recovered with a time constant of 30 ps. This suggests that the
rates of structural changes in the Trp residue in the vicinity of the chromophore do not depend on the
direction of the isomerization of retinal. A comparison between spectra of the wild-type and Trp
mutants indicates that the structures of Trp76 and Trp46 change upon the primary photoreaction of
retinal.

3. The early steps in the photocycle of a photosensor protein sensory rhodopsin I from Salinibacter
ruber

(Sudo, Mizuno, Wei, Takeuchi, Tahara, Mizutani)

Light absorption by the photoreceptor microbial rhodopsin triggers trans-cis isomerization of the
retinal chromophore surrounded by seven transmembrane o-helices. Sensory rhodopsin I (SRD) is a
dual functional photosensory rhodopsin both for positive and negative phototaxis in microbes. By
making use of the highly stable SRI protein from Salinibacter ruber, SrSRI, the early steps in the
photocycle were studied by spectroscopic techniques. All of the temporal behaviors of the Sn<S:
absorption, ground-state bleaching, K intermediate absorption, and stimulated emission were observed
in the femto to picosecond time region by time-resolved absorption spectroscopy. The primary process
exhibited four dynamics similar to other microbial rhodopsins. The first dynamics (t1~54 fs)
corresponds to the population branching process from the Franck-Condon region to the reactive (Siv)
and nonreactive (S1) S; states. The second dynamics (t2 = 0.64 ps) is the isomerization process of the
Sir state to generate the ground-state 13-cis form, and the third dynamics (t3 = 1.8 ps) corresponds to
the internal conversion of the Si»r state. The fourth component (13 = 2.5 ps) is assignable to the J-decay
(K-formation). This reaction scheme was further supported by the results of time-resolved fluorescence
spectroscopy. To investigate the protein response(s), the spectral changes of the tryptophan bands were
monitored by ultraviolet resonance Raman spectroscopy. The intensity change following the K
formation in the chromophore structure (t1~17 ps) was significantly small in SrSRI as compared with
other microbial rhodopsins. We also analyzed the effect(s) of Cl' binding on the ultrafast dynamics of
SrSRI. Compared with a chloride pump Halorhodopsin, Cl- binding to SrSRI was less effective for the
excited-state dynamics, whereas the binding altered the structural changes of tryptophan, which was
the characteristic feature for SrSRI. On the basis of these results, a primary photoreaction scheme of
SrSRI together with the role of chloride binding is proposed.

4. Mechanism of signaling state formation of a BLUF protein studied by femtosecond transient
absorption

(Fujisawa, Takeuchi, Masuda, Tahara)

BLUF protein is a bacterial blue light receptor which was first identified in 2002. Since the discovery
as a light-sensing protein using FAD (flavin adenine dinucleotide) chromophore, the diverse biological
roles and the crystal structures have been disclosed. However, it has been unclear how the dark state
before light reception is converted to the signaling state by blue light. Thus, we studied the signaling
state formation of a BLUF protein PapB from a purple bacterium by femtosecond transient absorption
spectroscopy. The measurement revealed that the signaling state of PapB is achieved via FADH
radical (FADH +) in which hydrogen atom is attached to FAD chromophore, and that the same FADH *
kinetics is also observed after exciting the signaling state. Our results showed that the conventional
signaling-state formation mechanism is not applicable to PapB, and clearly pointed out the need for a
new mechanism.

5. Development of thermally activated delayed fluorescence-type copper(I) thiolate complexes

(Osawa, Tahara)

Three-coordinate copper (I) complexes, Cu(LMe)(SPh) 1 and Cu(LiPr)(SPh) 2 {LMe =
1,2-bis[bis(2-methylphenyl)phosphino)benzene, LiPr = 1,2-bis[bis(2-isopropyl)phosphino]benzene)},
possessing an arylthiolate ligand (—~SPh = benzenethiolate) were synthesized and characterized for
OLEDs. Efficient blue emission with quantum yields of ~1.0 are observed for 1 and 2 at both 293 K and
77 K in the solid state. Molecular orbital (MO) calculations revealed that the major transitions (~95%)
that contribute to emission from 1 and 2 were attributed to two types of ligand-to-ligand
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charge-transfer (LLCT) processes. Small S1—-T: gaps (E(S:—T1) = 600 cm'!), obtained by fitting the
temperature dependence of lifetimes, strongly indicate that emission from 1 and 2 in the solid state at
room temperature can be ascribed to TADF, which occurs when the Si—T: gap is small enough to
achieve a thermal equilibrium between the two states. Furthermore, we observed that TADF from 1
and 2 is orange and yellow, respectively, in 2-methyltetrahydrofuran at room temperature. MO
calculations indicate that this color alteration is based on the rotation of the —SPh-containing aryl ring
about the axis of the Cu-S bond.

B. Study of soft Interfaces and development of interface-selective nonlinear spectroscopy

1. Computational analysis of the quadrupole contribution in the second-harmonic generation
spectroscopy for the water/vapor interface

(Kazuya Shiratori, Yamaguchi, Tahara, Akihiro Morita)

Second-order susceptibility for water/vapor interface is calculated theoretically using molecular
dynamics simulation, which considers both the dipole and quadrupole contributions. We find that the
nonresonant second harmonic generation (SHG) signal is dominated by the quadrupole contribution
from the bulk. We also elucidate the fact that the nonresonant susceptibility tends to be negative in
general, irrespective of the molecular orientation. The present argument for SHG is commonly
applicable to the nonresonant vibrational sum-frequency generation (SFG) spectra, and should be valid
for other liquid interfaces.

2. Agreement between experimentally and theoretically estimated orientational distributions of solutes
at the air/water interface

(Kundu, Hidekazu Watanabe, Yamaguchi, and Tahara)

Linear and nonlinear polarization-sensitive spectroscopic techniques are employed to determine the
orientational distributions of solute molecules adsorbed at the air/water interface. Each solute
molecule shows very broad orientational distribution with a standard deviation ranging from 16° to 21°.
The experimentally-determined orientational distributions are well reproduced by classical molecular
dynamics simulations. The good agreement between experimental results and theoretical calculations
enables us to elucidate how the orientational distribution at the air/water interface is controlled by the
chemical structure of the solute molecules.

3. Vibrational sum frequency generation by the quadrupolar mechanism at nonpolar benzene/air
interface

(Matsuzaki, Nihonyanagi, Yamaguchi, Takashi Nagata, and Tahara)

The interface selectivity of vibrational sum frequency generation (VSFG) spectroscopy is explained
under the dipole approximation as resulting from the breakdown of inversion symmetry at the
interface. From this viewpoint, VSFG is not expected to occur at the interface consisting of
centrosymmetric molecules, because the inversion symmetry is preserved even at the interface. In
reality, however, VSFG at the nonpolar benzene/air interface has been observed with traditional
homodyne-detected VSFG. Here we report a heterodyne-detected VSFG study of the benzene/air
interface. The result strongly indicates that VSFG at this interface cannot be explained within the
framework of the dipole approximation. The selection rule and polarization dependence of the observed
VSFG signal show that the quadrupole transition plays an essential role because of the field
discontinuity at the interface. This finding implies the applicability of interface-selective VSFG to the
nonpolar interfaces comprising centrosymmetric molecules, which opens a new possibility of VSFG
spectroscopy.

C. Study of structural dynamics of biomolecules and development of new single molecule spectroscopy
1. Development of two-dimensional fluorescence lifetime correlation spectroscopy

(Ishii, Tahara)
Fluorescence correlation spectroscopy (FCS) is a unique tool for investigating microsecond molecular
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dynamics of complex molecules in equilibrium. However, application of FCS in the study of molecular
dynamics has been limited, owing to the complexity in the extraction of physically meaningful
information. In this work, we developed a new method that combines FCS and time-correlated single
photon counting (TCSPC) to extract unambiguous information about equilibrium dynamics of complex
molecular systems. In this method, which we named two-dimensional fluorescence lifetime correlation
spectroscopy (2D FLCS), we analyze the correlation of the fluorescence photon pairs, referring to the
fluorescence lifetime. We first obtain the correlations of the photon pairs with respect to the
excitation-emission delay times in the form of a two-dimensional (2D) map. Then, the 2D map is
converted to the correlations between different species that have distinct fluorescence lifetimes using
inverse Laplace transformation. This 2D FLCS is capable of visualizing the equilibration dynamics of
complex molecules with microsecond time resolution at the single-molecule level. We performed a
kinetic Monte Carlo simulation of a TCSPC-FCS experiment as a proof-of-principle example. The result
clearly showed the validity of the proposed method and its high potential in analyzing the photon data
of dynamic systems.

2. Application of two-dimensional fluorescence lifetime correlation spectroscopy

(Ishii, Tahara)

In this work, we experimentally implemented the two-dimensional fluorescence lifetime correlation
spectroscopy (2D FLCS). In this method, two-dimensional emission-delay correlation maps are
constructed from the photon data obtained with the time-correlated single-photon counting (TCSPC),
and then they are converted to 2D lifetime correlation maps by the inverse Laplace transform. We
developed a numerical method to realize reliable transformation, employing the maximum entropy
method (MEM). We applied the developed actual 2D FLCS to two real systems, a dye mixture and a
DNA hairpin. For the dye mixture, we found that 2D FLCS is experimentally feasible and that it can
identify different species in an inhomogeneous sample without any prior knowledge. The application to
the DNA hairpin demonstrated that 2D FLCS can disclose microsecond spontaneous dynamics of
biological molecules in a visually comprehensible manner, through identifying species as unique
lifetime distributions. A FRET pair was attached to the both ends of the DNA hairpin, and the different
structures of the DNA hairpin were distinguished as different fluorescence lifetimes in 2D FLCS. By
constructing the 2D correlation maps of the fluorescence lifetime of the FRET donor, the equilibrium
dynamics between the open and the closed forms of the DNA hairpin was clearly observed as the
appearance of the cross peaks between the corresponding fluorescence lifetimes. This equilibrium
dynamics of the DNA hairpin was clearly separated from the acceptor-missing DNA that appeared as
an isolated diagonal peak in the 2D maps. This study clearly shows that newly developed 2D FLCS can
disclose spontaneous structural dynamics of biological molecules with microsecond time resolution.
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