Molecular Spectroscopy Laboratory

TAHARA, Tahei (D. Sc.)

N

n

21 [ 7
1 2

3

Reactive Potential,
Transition State, and Control

P. Sen
MG
TR-ESFG MG
MG “* 7 MG TR-ESFG

MG



MG

o) -"-"jl.l} =
_E' lh-.‘*-'Fﬁ-
h-:j\/\/\/‘vv\/\ [(ERLTN
Interface , ‘%‘r.i o " {% PR C%,_ ,ﬁ% .
e TA TE T ko RGNS .
- - e ] r =]
5 ) - _r.‘_'.-}' Ay 4 '*".,.I. - 2 YL
2 -1 L TP |
1_‘v“‘w;1r"ﬁlq‘-;_vv# V.T;_‘?_:f
-1-'1‘,7.-!?.?".1- < ’..( T, -_.’.-I.l- "j‘:
Bulk e * v(l 3 ‘?_'.1 v - g 'f' -+ W B
S LI PRt BTl MU A BN
1 . L. ., 1 =1

2
110 C110 Pai
C110
C110 Pai
MD
C110
OH
OH
HOD HD-VSFG
"ice-like"
Mondal
HD-VSFG
OH
HOD HOD HD-VSFG

MD

65~80%

S. Sen

MD

HD-VSFG

HOD

HOD

OH

IR

22



HD-ESFG
pH

pH
pH 1.4

fluorescence
Intensit

P. Sen

S. Mondal

Bhattacharyya

HD-ESFG



. Jha Udgaonkar
Krishnamoorthy

acrylodan
barstar

20-300ps
0.1-3ns

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. Ultrafast dynamics of malachite green at the air/water interface studied by femtosecond
time-resolved electronic sum frequency generation (TR-ESFG): An indicator for local viscosity (P. Sen,
Yamaguchi, Tahara)

The ultrafast excited-state dynamics of malachite green (MG) at the air/water interface was studied
with a newly-developed interface-selective nonlinear optical technique, femtosecond time-resolved
electronic sum frequency generation (TR-ESFG) spectroscopy. MG is known as a viscosity indicator
because of its well-known viscosity-dependent dynamics in bulk solution. Femtosecond time-resolved
electronic spectra of MG at the interface were obtained with nearly the same quality as that of
conventional time-resolved absorption spectra in the bulk. The time constants of the ground-state

22



recovery at the air/water interface were determined and compared with those in bulk glycerol-water
mixtures. It was found that the ground-state recovery of MG at the air/water interface is much slower
than that in bulk water and almost equivalent to that in the glycerol-water mixture containing glycerol
volume fractions as high as 65 - 80%. This result indicates higher local viscosity at the interface than in
bulk water. However, it is possible that changes of the molecular properties, e.g. a change of shape of
the potential energy surface, of MG at the interface also contribute to the apparent very large viscosity
values evaluated. On the basis of the present results, we discussed the applicability of probe molecules
to evaluate the physicochemical properties of the liquid interface and noted the importance of the
extrinsic and intrinsic factors that make the chemical process at liquid interfaces different from that in
bulk solution.

B. Study of soft Interfaces by new nonlinear spectroscopy

2. "Half hydration" at the air/water interface revealed by HD-ESFG spectroscopy, polarization SHG,
and MD simulation (Watanabe, Yamaguchi, S. Sen, Morita, Tahara)

A solute-solvent interaction at the air/water interface was investigated both experimentally and
theoretically, by studying a prototypical surface-active polarity indicator molecule, coumarin 110
(C110), adsorbed at the air/water interface with heterodyne-detected electronic sum frequency
generation (HD-ESFG) spectroscopy, polarization second harmonic generation (SHG), and a molecular
dynamics (MD) simulation. The second-order nonlinear optical susceptibility (#?) tensor elements of
C110 at the air/water interface were determined experimentally by HD-ESFG and polarization SHG,
and information on "intermediate” polarity sensed by C110 at the interface was obtained by HD-ESFG.
An MD simulation and a time-dependent density functional theory (TDDFT) calculation were used to
theoretically evaluate the @ tensor elements, which were in good agreement with the experimental
results of HD-ESFG and polarization SHG. The microscopic "half-hydration™" structure around C110 at
the water surface was visualized on the basis of the MD simulation data, with which we can intuitively
understand the microscopic origin of the surface activity of C110 and the intermediate polarity sensed
by C110 at the air/water interface.

3. Water hydrogen bond structure near highly charged interface is not like ice: a HD-VSFG study
(Nihonyanagi, Yamaguchi, and Tahara)

Imaginary @ spectra of HOD at air/charged surfactant/aqueous interfaces highly resemble the IR
spectrum of the bulk liquid HOD, showing no indication of the “ice-like” structure. Clearly, the
hydrogen bond structures at the highly charged interfaces are not like ice but very similar to the
structure in the bulk.

4. Structure and orientation of water at charged lipid monolayer/water interfaces probed by
heterodyne-detected vibrational sum frequency generation spectroscopy (J. A. Mondal, Nihonyanagi,
Yamaguchi, Tahara)

Cell membrane/water interfaces provide a unique environment for many biochemical reactions, and
associated interfacial water is an integral part of such reactions. A molecular level understanding of
the structure and orientation of water at lipid/water interfaces is required to realize the complex
chemistry at biointerfaces. Here we report the heterodyne-detected vibrational sum frequency
generation (HD-VSFG) studies of lipid monolayer/water interfaces. At charged lipid/water interfaces,
the orientation of interfacial water is governed by the net charge on the lipid head group; at anionic
lipid/water interface, water is in hydrogen-up orientation and at the cationic lipid/water interface,
water is in hydrogen-down orientation. At the cationic and anionic lipid/water interfaces, interfacial
water has comparable hydrogen bond strength, and it is analogous to the bulk water.

5. Physisorption gives narrower orientational distribution than chemisorption on a glass surface: A
polarization-sensitive linear and nonlinear optical study (Yamaguchi, Hosoi, Yamashita, P. Sen,
Tahara)

Linear and nonlinear polarization-sensitive spectroscopic techniques were employed to determine



the orientational distribution of a probe molecule physisorbed and chemisorbed on a fused-silica glass
surface. The chemisorption was through a well-known specific reaction between the maleimide group of
the probe molecule and the thiol group of the surface. In the physisorption, the molecule was bound to
the surface by the weaker van der Waals forces and/or dipole-dipole interaction. Despite the absence of
the strong interaction between the molecule and the surface in the physisorption, it was found that the
physisorption gives narrower orientational distribution than the chemisorption. The strong covalent
bond in the chemisorption is not effective to increase the orientational order. It is highly likely that the
present conclusion is applicable to a variety of probe molecules having a functional group for a specific
reaction of chemisorption.

6. Molecules at the air/water interface experience more inhomogeneous solvation environment than in
bulk solvents: a quantitative bandshape analysis of interfacial electronic spectra obtained by
HD-ESFG (S. Mondal, Yamaguchi, Tahara)

To evaluate the inhomogeneity of the solvation environment at the air/water interface, we
guantitatively analyzed the shape of the electronic spectra at the air/water interface for the first time.
We measured the interface-selective electronic x@ (second-order nonlinear susceptibility) spectra of
solvatochromic coumarin molecules at the air/water interface by heterodyne-detected electronic sum
frequency generation (HD-ESFG) spectroscopy. The observed imaginary ¢@ (Im[y@]) spectra were well
reproduced by the convolution of a lineshape function with a Gaussian distribution of a frequency shift,
which enabled us to quantitatively determine the peak position and bandwidth of the Im[y@] spectra.
The effective polarity of the air/water interface, which was determined by the peak position, was found
to be dependent on each coumarin, which agreed with our previous homodyne-detected ESFG study.
Interestingly, the spectra at the air/water interface showed substantially broader bandwidths than
those in equally polar bulk solvents or even bulk water, indicating that solvation environments at the
air/water interface is more inhomogeneous than that in bulk solvents. At the air/water interface, the
stabilization energy of the solvation not only changes with the change of the position and orientation of
the surrounding solvents but also varies with the change of the position and orientation of the solute at
the interface. We consider that this unique situation arising from the anisotropy along interface
normal brings about a broader distribution of the stabilization energy of solvation at the air/water
interface. The present work showed that the air/water interface provides a more inhomogeneous
solvation environment than equally polar bulk solvents because of this broader distribution of the local
solvation structure at the interface.

7. Acid-base equilibrium at an aqueous interface: pH spectrometry by heterodyne-detected electronic
sum frequency generation (Yamaguchi, Bhattacharyya, Tahara)

We applied interface-selective heterodyne-detected electronic sum frequency generation (HD-ESFG)
to the pH spectrometry of an air/cationic surfactant/water interface in order to obtain insight into an
acid-base equilibrium at the interface. We used an indicator molecule adsorbed at the interface to probe
local pH and local effective polarity. We obtained unprecedentedly high quality spectral data of the
interfacial pH spectrometry, which clearly indicates that this interface has higher pH than the bulk
owing to the positive charge of the head group of the surfactant. In addition, we found that the
air/surfactant/water interface and the micelle interface of the same surfactant are essentially
equivalent in local pH and local effective polarity.

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

8. Resolving inhomogeneity using lifetime-weighted fluorescence correlation spectroscopy (Ishii,
Tahara)

Fluorescence correlation spectroscopy (FCS) was extended by incorporating information of the
fluorescence lifetime. This new experimental approach called /Jifetime-weighted fluorescence
correlation spectroscopy enables us to observe fluorescence lifetime fluctuations in the nano- to
millisecond time region. The potential of this method for resolving inhomogeneity in complex systems
was demonstrated. First, by measuring a mixture of two dye molecules having different fluorescence
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lifetimes, it was shown that the lifetime-weighted correlation deviates from the ordinary intensity
correlation only when the system is inhomogeneous. This demonstrated that lifetime-weighted
fluorescence correlation spectroscopy is capable of detecting inhomogeneity in an ensemble-averaged
fluorescence decay profile without any a priori knowledge about the system. Second, we applied this
method to a dye-labeled polypeptide, a prototypical model of complex biopolymers. It was found that
the ratio between the lifetime-weighted and ordinary intensity correlation changes depending upon the
environment around the polypeptide. This result was interpreted in terms of environment-dependent
conformational inhomogeneity of the polypeptide. Delay-time dependence of the ratio was found to be
constant from ~1 ps to several milliseconds, indicating that the observed inhomogeneity is persistent in
the measured time scale. In combination of fluorescence intensity correlation, lifetime-weighted
fluorescence correlation spectroscopy allows us to examine conformational fluctuations of complex
systems in the time region from nano- to millisecond, being free from the translational diffusion signal.

9. Exploration of the correlation between solvation dynamics and internal dynamics of a protein (Jha,
Ishii, Udgaonkar, Tahara, Krishnamoorthy)

Protein function is intimately related to the dynamics of the protein as well as to the dynamics of the
solvent shell around the protein. Although it has been argued extensively that protein dynamics is
slaved to solvent dynamics, experimental support for this hypothesis is scanty. In this study,
measurements of fluorescence anisotropy decay kinetics have been used to determine the motional
dynamics of the fluorophore acrylodan linked to several locations in a small protein, barstar in its
various structural forms, including the native and unfolded states as well as the acid and protofibril
forms. Fluorescence up-conversion and streak camera measurements have been used to determine the
solvation dynamics around the fluorophore. Both the motional dynamics and solvent dynamics were
found to be dependent upon the location of the probe as well as on the structural form of the protein.
While the (internal) motional dynamics of the fluorophore occur in the 0.1 — 3 ns time domain, the
observed mean solvent relaxation times are in the range of 20 — 300 ps. A strong positive correlation
between these two dynamical modes was found in spite of the significant difference in their timescales.
This observed correlation is a strong indicator of the coupling between solvent dynamics and the
dynamics in the protein.
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