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Evaluation of pH at Charged Lipid/Water Interfaces by Heterodyne-detected

Electronic Sum Frequency Generation

Achintya Kundu, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

A biological membrane separates the cytoplasm and
cellular organelles from the exterior of the cell. The
interface pH at the biological membrane is crucial for
many biochemical processes such as ion transport,
adsorption of molecules, orientation of the membrane
proteins, and binding of therapeutic peptides and drugs.
Therefore, it is essentially important to know the
interface pH at the biological membrane.

To evaluate the interface pH and compare it with the
bulk pH, it is desirable to apply a common method to the
interface and the bulk. One of the most reliable methods
to determine the bulk pH is UV-visible absorption
pH

interface-selective electronic spectroscopy has recently

spectrometry  using a indicator.  Because
become possible by heterodyne-detected electronic sum
frequency generation (HD-ESFG),' we are now able to
carry out quantitative pH spectrometry for the model
biological membrane (lipid/water interface) using the
same principle as used for UV-visible spectrometry of the
bulk pH (Figure 1). Here, we evaluate the interface pH at
charged lipid/water interfaces using HD-ESFG.>

To investigate the pH at lipid/water interfaces, we
chose a pH indicator, 4-heptadecyl-7-hydroxycoumarin
(HHC). Figure 2a shows the acid-base equilibrium of the
pH We two

oppositely-charged head groups but the same acyl chain.

indicator. used lipids  having

1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP)
is used a cationic lipid, and an anionic lipid is
(DPPQG),

as shown in Figure 2b. The interfacial electronic y*

1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
(second-order nonlinear optical susceptibility) spectra of

the pH indicator at charged lipid/water interfaces were
measured with HD-ESFG.

(b

input lights sum frequency pp.ESFG

light

pH at a lipid
interface

transmitted
light .
UV-visible
| absorption

| bulk

bulk pH
Fig. 1 Schematic of a lipid interface and
bulk pH spectrometries. The pH at the
model membrane is evaluated with
HD-ESFG using the same principle as used

for UV-visible spectrometry of bulk pH.

(a) Ci7Has Ci7Hzs
HO 0o 0 0o
Acid (HA) Base (A")
)
o
o~ ©
Oy,
o
o]
O=p=o0 o= @ °
° 0,
}OH H({
N+
OH 7\
DPPG DPTAP

Fig. 2 (a) Acid-base equilibrium of the pH
indicator, HHC. (b) Chemical structure of
the two model lipids: DPPG (anionic) and
DPTAP (cationic).



Figure 3a and b shows the interface-selective _8x10” _
Imy® and Rey'” spectra of the pH indicator at the . 366nm  (a)lmaginary Part
DPPG/water interface, respectively, for different % -6 Bulk pH
bulk pH’s. By analyzing the bulk-pH dependence of _Z 4 — ?3_2
the y'? spectra, the bulk pH at which [HA] = [A] is @ —_ }‘1’:3
determined to be 10.7. Generally, the pH is equal to @N -2
the pK, when [HA] = [A’]. However, this bulk pH at = 0 s
which [HA] = [A] is not the exact pK, of the pH 2 ' ' ' '
indicator at the DPPG/water interface, because the 8)(106 (b) Real Part
pH is measured in the bulk. If we analyze the x :g 4 1 Bg‘;
spectra against the interface pH, we can obtain the ; 2 — 102
exact pK,. Assuming that interfacial pH = bulk pH + ,g 0
A, pK, is given as 10.7 + A. 50%; ,

The pK, is equal to the standard reaction Gibbs 4

energy of the reaction HA — H'™ + A~ divided by

| | | |
340 360 380 400 420 440

RTIn10 (R is gas constant and 7 is temperature).
®,+o, Wavelength (nm)

The standard tion Gibb is gi

© standarc reaction Lyibbs enetgy 15 given as a Fig. 3 (a) Imaginary and (b) real parts of the 5

function of the effective relative dielectric constant L
spectra of the pH indicator at the DPPG/water

£ th . . hich .
of the surrounding medium which can be estimated interface. Black, pink, green, blue, and red lines

he sol hromi fA". Th k length
by the solvatochromism o © peak waveleng represent spectra obtained at bulk pH 8.6, 9.1,

@) -0 Fi
of the Imy*”’ spectrum of A™ in Figure 3a allows us to 102, 10.6, and 11.9, respectively.

estimate the effective relative dielectric constant of

the DPPG/water interface as 35. From this effective relative dielectric constant, the pK, of the pH
indicator at the DPPG/water interface is evaluated as 9.2. Because this pK, should be equal to 10.7 + A,
A is obtained as —1.5. This means that [H'] is significantly higher at the negatively charged lipid
interface. This result is readily rationalized by the attraction of the proton by the negatively-charged
head group of DPPG. In the same manner, A is determined to be +3.8 for the DPTAP/water interface.
This means that the [H'] is lower at the positively charged lipid interface. This can be attributed to
Coulomb repulsion of the proton by the positively-charged head group of DPTAP.

The present study clearly demonstrates that the pH at the charged lipid/water interface is
substantially different from the pH in the bulk. The observed pH difference is rationalized by the
electrostatic interaction between the charged head group and the proton. We used DPTAP and DPPG in
this study, but the obtained conclusion is general. The present study implies, if the biological membrane
is predominantly formed by cationic lipids, the interface pH at the membrane is expected to be higher
than that in the bulk. Oppositely, if the biological membrane is predominantly formed by anionic lipids,

the interface pH at the membrane is lower than that in the bulk.
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Orientational Distribution of Molecules at the Air/Water Interface Determined
by Polarization-Sensitive Second Harmonic Generation and Linear Reflection
Achintya Kundu, Shoichi Yamaguchi, Tahei Tahara

Molecular Spectroscopy Laboratory, RIKEN

Molecules adsorbed at a liquid interface can have specific orientation because of anisotropy along
the interface normal. This specific orientation is chemically and biologically very important, because it
makes the reaction at a liquid interface different from that in the bulk and because biological interfaces
cannot show any physiological functions without specific orientation of adsorbed molecules. The
orientation of a molecule at a liquid interface is governed by the interaction between the solute molecule
and surrounding solvent molecules, which is a very complicated many-body problem. For example, the
hydrophobic and hydrophilic functional groups of interfacial molecules point upward to the air and
downward to the bulk water, respectively, which results in the orientational distribution with a finite
width.! However, the determination of the orientational distribution of molecules at liquid interfaces is
technically very difficult. Many groups applied polarization-sensitive second harmonic generation
(SHG) to molecules at liquid interfaces,” but SHG cannot provide sufficient information to determine
the orientational distribution. Here, we demonstrate that a combination of simple optical methods, i.e.,
polarization-sensitive SHG and linear reflection (LR), allows us to determine the orientational

distribution functions of surface-active molecules at the air/water interface.’

We choose coumarin 110 (C110,

. . . . (a)C110 (b) PNA

Figure la), p-nitroaniline (PNA, Figure z
. . . \H z

Ib), and  N,N-diethyl-p-nitroaniline CzH5
(DEPNA, Figure lc) as surface-active ¢,H.~ \r OzNONHZ
molecules. DEPNA is a typical ¥ ¥
surface-active solute molecule with
hydrophilic and hydrophobic terminal v o

_ (c) DEPNA (d) defination of ¢
functional groups. PNA has surface 7
activity despite its two hydrophilic z T interface
terminal functional groups. C110 has a o-N—< >N normal | g 7 ¢
more complicated structure and less — CoHs air
Va . water

symmetry than the other two molecules.

Because of these different characteristics,
Fig. 1 Molecular structure of (a) C110, (b) PNA, and (c)

DEPNA with the definitions of the molecular axes. (d)

these three surface-active molecules

provide prototypical cases for the

experimental  examination  of  the Definition of the tilt angle (6) between the transition dipole

orientational distribution functions at the (molecular z axis) and the interface normal (laboratory Z

air/water interface. axis).



0 (degree)

The orientation is parameterized by 0 40 60 80 100 120 140 180

the tilt angle @ of the Sy «— S electronic 1 ' T T ' T
.. . — c110
transition dipole moment of each 15k <0> =TT, o171
surface-active molecule with respect to — PNA
: . — 5 <@> =96°, ¢ =21°
the interface normal, as depicted in Figure g — DEPNA
o . N <6> =66°, c=16°
1d. Polarization-sensitive SHG and LR g :
measurements were done to study the E 1.0 )
orientational distribution of surface active &
o
molecules at the air/water interface. In E
polarization-sensitive SHG measurements, % 0.5 .
SHG intensity was measured as a function O
of an input polarization angle, which
allowed wus to determine the tensor 0.0
elements of the second-order nonlinear 10 0.5 0.0 05 _'1 0
optical susceptibility of the interfacial cos 0

molecules. Similarly, LR measurements Fig. 2 Orientational distribution functions for C110 (red),

allowed us to determine the tensor pppyp (green), and PNA (blue) at the air/water interface.
elements of the linear  optical

susceptibility of the interfacial molecules when the contribution from the bulk is negligible. From the
tensor elements of the linear and the nonlinear optical susceptibilities, we successfully determined the
ensemble average and the standard deviation of the tilt angle of the molecule at the air/water interface
under the assumption of a modified Gaussian function. The orientational distribution functions of the
surface-active molecules at the air/water interface were obtained from the ensemble average and
standard deviation. Figure 2 shows the orientational distribution functions of C110, PNA, and DEPNA.
These orientational distribution functions are so broad with a standard deviation ranging from 16° to 21°
that it cannot be approximated by the J-function.

The orientational distribution of PNA is substantially broader than DEPNA and C110. In the case of
PNA, the two terminal functional groups are both hydrophilic, and the surface activity of PNA is
attributed to the hydrophobicity of the phenyl ring. Thus, either terminal group can be an “anchor” for
the adsorption at the interface, which makes the orientation somewhat unstable and results in a broader
distribution with the up and down alignments similarly populated. In contrast, DEPNA and C110 are
typical surface active molecules having a pair of hydrophilic and hydrophobic terminal groups. Thus,
only the hydrophilic terminal group can act as an anchor, which makes up alignment stable and leads to
a narrower distribution. The present study allows us to elucidate how the orientational distribution at the
air/water interface is controlled by the position and hydrophilicity/hydrophobicity of the functional

group of the solute molecule.
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Figure 3. Kinetic analysis of PapB. (A): Temporal profiles (o in H2O, e in D2O) of S1 state, FADHe+ and activated state

with the fitting curves based on the reaction model (B). Fit parameters are listed on the table.
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The van der Waals adsorption of a single m-conjugated molecule on Au(111)

Jaehoon Jung, Ju-Hyung Kim, and Yousoo Kim

Surface and Interface Science Laboratory, RIKEN, Japan

Understanding the interfacial interaction between m-conjugated hydrocarbon (n-CHC) molecules and
metal surfaces is of great importance not only in the field of fundamental surface science but also other
application areas such as organic electronics [1]. Indeed, n-CHC molecules and Au as an electrode are
receiving much attention as promising materials due to high charge-carrier mobility and a low hole-injection
barrier, respectively. Extensive efforts, therefore, have been devoted to study the interfacial interaction with
various m-CHC molecules on the noble Au(111) surface. Nevertheless, the detailed interfacial electronic
structures and precise adsorption geometries for the vdW adsorption process of a 1-CHC molecule onto the
noble metal surface at the atomic scale have not yet been clarified, because a variation in weak adsorption
energy corresponding to various molecular orientations has been considered too small to determine specific
adsorption configuration due to a shallow van der Waals (vdW) potential minimum.

Here we provide a first direct observation of adsorption geometry of a well-designed n-CHC molecule,
i.e., dehydrobenzo[12]annulene (DBA) [2], on Au(111) using an atomically-resolved STM study combined
with vdW density functional (vdW-DF) methodology. Based on the precisely determined adsorption geometry,
the vdW-DF calculation results imply that even a very small contribution of the orbital interaction at the
organic-metal interface can constrain adsorption structure even for the weak vdW adsorption [3].

A detailed analysis of the surface-molecule interaction in the weak adsorption system requires precise
identification of adsorption geometry. Figure 1 show
high-resolution STM images of the isolated single DBA
molecule on the Au(111) surface, which clearly demonstrates
that the center of the DBA molecule resides in a hollow site in a
planar fashion similar to other #n-CHC molecules. The
adsorption geometry of DBA/Au(111) was accurately confirmed
by spatially varying the tunneling conditions in the vicinity of
the adsorbate at atomic resolution. The inset of Fig. 1 shows

mirror- symmetry axes in the molecular plane displaced from

the (112) surface axes, which results in reduced symmetry of
the DBA/Au(111) system from Cj;, to C;. Because all DBA

molecules have identical adsorption geometry and exhibit two Fig. 1. STM image of isolated DBA

molecular orientations in enantiomorphous forms with respect molecule on  Au(lll) obtained by

to the Au(111) surface, the two molecular orientations created spatially  varying  the  tunneling
conditions (top and bottom: Vi = -2 mV,
L = 9.0 nA, Scale bar (& = 1.5 nm;

middle: Vi =-500 mV, % = 0.4 nA).

by the single adsorption event on the surface display
single-molecule chirality, i.e., single-molecule alignment breaks

the reflection symmetry axes of the surface.



Based on the experimental results, the periodic
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vdW-DF calculations were performed with the
optB86b-vdW functional implemented in the Vienna
Ab-initio Simulation Package (VASP) code. The

adsorption energy (E,) variance in response to

Potential Energy (eV)

horizontal rotation of the DBA molecule was calculated.

Figure 2(a) shows the calculated adsorption energies

corresponding to various molecular orientations rotated Rotational Angle (*)

\ (a) C 2p, ’ o ‘
1 = = (a) Au 5d,>
\ (8)C 2p,

\ (B) Au 5d,2 =

—_
o
-

by 5° increments with respect to a rotational symmetry

axis of the DBA molecule on Au(111), indicating two
non-equivalent local minima. The experimentally

observed adsorption structure (designated “o” and “a’”;

. o PDOS (arbitrary unit)

N
=)

15 1.0 05 00 = d
E-E; (eV) HOMO-1

o is the chiral structure of a) with C; symmetry is most

favorable with the highest £, of 2.74 eV, which is ) ) )
Fig. 2. (a) Potential energies due to the

followed by a second local minimum (designated “B”, | izontal rotation of DBA on Au(111). ()
obtained by optimization) with C;, symmetry and an £, PDOS diagrams for the occupied m-states of

of 2.70 eV. Each projected DOS (PDOS) of the two  Poth a and Blocal minima.

local minima (o and B) was investigated to clarify a correlation between the adsorption geometry and the
interfacial electronic structure of DBA/Au(111) as shown in Fig. 2(b). The first (~—0.9 eV) and second (~—1.5
eV) peaks originating from the DBA molecule in the PDOS diagrams correspond to the highest occupied
molecular orbital (HOMO) and the doubly degenerated HOMO-1 states of DBA, respectively. We found that
the difference in adsorption strengths of the two local minima can originate from the degree of overlap
between the n-state of DBA and the 5d,2 state of the Au(111) surface, which leads to the n-state broadening
according to the Newns-Anderson scheme. As indicated in Fig. 2(b), both HOMO and HOMO-1 states of
DBA in o geometry are more overlapped with the 5d,z state of Au(111), compared to  geometry, which
strongly suggests that such weak electronic coupling between a n1-CHC molecule and the Au(111) surface
contributes to constraining the adsorption structure, even for the weak vdW adsorption.

In summary, our observations of the weak vdW adsorption system clearly indicate that a --CHC molecule
can have a specific adsorption configuration, even on the noble Au surface. Based on the precisely determined
adsorption geometry of DBA/Au(111), the vdW-DF calculations reveal that such interfacial orbital interaction
originates from the weak electronic coupling between the molecular n-state and the electronic states of the Au
surface, which can play a decisive role in constraining adsorption geometry even in the archetypal vdW

adsorption system.

[Reference]
1. S.R. Forrest, Chem. Rev. 97, 1793 (1997); H. Ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. Mater. 11, 605 (1999).

2. H.A. Staab and F. Graf, Tetrahedron Lett., 751 (1966).
3. J. H.Kim, J. Jung, K. Tahara, Y. Tobe, Y. Kim and M. Kawai, J. Chem. Phys. 140, 74709 (2014).



Mode-selective electron-phonon coupling in laser photoemission on Cu(110)
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With improvements in energy resolution of photoemission spectroscopy, which is one of the most reliable
tools for determining electronic band structures, several signals originating from the electron-phonon interactions
have appeared in the spectrum apart from the vibrational progression structure in gas-phase experiments. Two
well-known examples are the "kink' structure around the Fermi wavenumber in the electronic band dispersion of
metallic and superconducting systems determined with angle resolved photoemission experiments [1] and the
linewidth broadening of the noble metal surface states as a function of temperature [2]. Both of them have been
described by the electron self-energy attributable to the electron-phonon coupling around the Fermi level (Eg).

Recently, a completely different manifestation of electron-phonon coupling, inelastically scattered
photoelectron by phonons, was observed in low-energy photoemission spectra. Fig. 1(a) shows laser photoemission
spectroscopy (LPES) results of Cu(110) [3], which we investigated in detail. In addition to the Fermi-Dirac
distribution curve originating from the elastic process, a single step structure appeared at 14.7 meV below Ep,
which implies that the detected photoelectrons lose their energy through coupling with particular phonon modes. In

our experiment, the photoelectrons were

emitted from the T' point in the surface (a) (b)
Laser photosmission spectra of Cu(110)

. . L. T=16K h
Brillouin zone (SBZ), because photoemission g

Ec(0)

Vacuum level

spectra were measured in the

normal-emission geometry. Therefore, the aerer
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4630 eV .
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e

47818V v
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4840 eV
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4.898 eV
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— 4.990 eV —=
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— 50216V
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inelastic photoemission process is expected

to be an indirect excitation process in which f
05 |

electrons of wavevector ¢ couple with 147 mev

phonons of the same wavevector and scatter

0.0 1 1

= . . . -40 20 0 20 i
to the T' point, as shown schematically in _ k-space distance
Energy Relative to Ex (meV )

Fig. 1(b). We investigate this indirect ) )

Fig. 1 (a) LPES of the clean Cu(110) surface excited by the laser
excitation process using ab-initio calculations )

photon from 4.571 to 5.021 eV. The sample temperature is 16 K.
which includes electron-phonon coupling o o o

(b) Schematic diagram of the indirect excitation in LPES.
calculations based on the density functional
perturbation theory (DFPT).

The electron-phonon coupling is the governing parameter in the inelastic scattering process. Fig. 2(a) shows

the electron-phonon coupling at the vacuum level (Ey) with 14.7 meV phonon energy on 16 irreducible points of a
6 X6 X 1 grid in SBZ. One would see that the electron-phonon coupling has minor value at every k-point
except for the Y point. The electron-phonon coupling spectrum as a function of the phonon energy should have a
main peak around 14.7 meV because the step appears at this energy in the LPES result. As shown in Fig. 2(b), the

spectrum at the Y point contains a peak around 14.7 meV. Thus, we have judged that the inelastic signal in the



LPES result of Cu(110) originates from the indirect excitation process from the Y to the T point.

An inspection of the phonon modes (b)

o

around 15 meV at the Y point shows that

e
n

the phonon modes polarized along the

o
i

[110] direction exhibit high density of

e
1¥]

states in the second and deeper layers, in

4

electron-phonon coupling (meV)
o
(%]

spite of the low density of states in the

o

5 10 15 20 25 30
phanon energy (meV)

o

topmost layer. Among them, we observe
that four modes polarized along the [110] ) . .

Fig. 2 (a) Calculated electron-phonon coupling matrix element
direction with phonon energies of 13.45,

with a phonon energy of 14.7 meV, which induces
13.67, 14.63, and 14.83 meV have large

photoelectron scattering from the k-point with wavevector g to
electron-phonon matrix elements and are the - . —
_ the I' point. (b) Electron-phonon coupling spectrum at the Y
source of the main peak at the Y point in . .

point as a function of the phonon energy.
Fig. 2(b). We found that these four modes
are subsurface phonons [4].

Subsurface phonons have recently been detected through Helium atom scattering (HAS) experiments. We
note here that the mechanism of the subsurface phonon excitation in HAS differs from that in LPES experiments,
which is elucidated in the following. Subsurface phonon excitation in HAS is due to the strong charge oscillation
at surfaces caused by the subsurface phonon mode [5], which is totally different from the LPES experiments. In
fact, the shear horizontal phonon modes that correspond to that polarized along the [110] direction in this study do
not contribute significantly in HAS, although they appeared in the LPES results. High resolution electron energy
loss spectroscopy (HREELS) experiments could be used to probe the subsurface phonon, because the electron in
the inelastic impact regime may be scattered by the atom core oscillation in the first few layers. However, the
14.7 meV loss has not been observed in the HREELS spectra. It would be extremely interesting to extract the
essences of the theory that predicts the inelastic photoemission by taking the difference between HREELS and
LPES into consideration. Although the exact origin of the difference between HREELS and LPES is not completely
clear, we have succeeded in demonstrating that the laser photoelectron excites the subsurface phonon; the current

results also indicate that the LPES experiments provide a novel means for the characterization of subsurface

phonons.
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A single-molecule shuttling between two adsorption sites under

intermolecular interaction : CO chemisorbed on Pt(111)
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*Department of Advanced Materials Science, The University of Tokyo

CO adsorbed on a metal surface has been extensively studied not only for the fundamental model
system but also practical importance such as catalysis. To understand this system, the important
characteristics are the adsorption energy and the adsorption site. Particularly interesting system is CO
on Pt(111) which involves a strong adsorption energy ~ 1.5 eV', and multiple adsorption site
according to the surface coverage. The adsorption energy difference (AE,4) between two available
site, ontop and bridge site, has been determined to be 60 meV at low coverage limit*. At increased
coverage, AE,qs decreases to be zero, allowing complete ¢(4x2) domain with one to one adsorption
ratio between ontop and bridge site. Theoretical basis about the initial ontop site occupation and
gradual bridge-site occupation has been understood with the frame of potential energy surface(PES),
in terms of AE,4, diffusion barrier and the shape of PES between two sites.” The coverage-dependent
change of potential energy surface has been described by intermolecular interaction with the overlayer

structures (Figure 1a).

(a) Reaction coordinate mode (b) Bias Voltage (mV) (C)
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Figure 1 (a) Coverage-dependent PES at low coverage limit (bottom) and ¢(4x2) domain(0.5 ML)(top).2

(b) Action spectrum of B-T* shuttling, measured on the bridge CO, with a threshold energy at 230 mV.

(c) Current dependency of B-T* shuttling which indicates one-electron process both at 240 mV and 220 mV .
In previous study we described the detailed overlayer structures according to the surface

coverage from isolated molecules to (V3xV3)R30° and c¢(4x2) domains.’ Our study revealed that (a)

bridge-site occupation accompanies a specific geometry c(V3x2)rect that is a unit cell structure of

¢(4x2) domain, and (b) the bridge CO and ontop CO consisting c(N3x2)rect have interaction each

other to modify the charge density of ontop CO at the frame. In addition to this interaction, the

dynamic behavior of bridge CO at the center of c(V3x2)rect unit, namely bridge-to-ontop shuttling,



has uncovered quantitatively through STM-action spectroscopy(Figure 1(b), in contrast to immobile

ontop CO.

As shown in Figure 1(b) inset, a bias pulse applied to the COr COg

bridge CO at the center of ¢(V3x2)rect unit shows two-level I-t curve, 3, 03 meV:  -5.0 meV>
that high current mode as T* state and low-current mode as B (bridge ;0 260 meV 230 meV
CO) as the topography in Figure 1(b) inset (right-bottom) indicates. p, 7 mev* 38 meV?2
The yield of B-T* shuttling events are elucidated as in Figure 1(b), ¢, 170 meV> 100 meV?
with the threshold energy of 230 mV. This threshold energy p 10732 1076

corresponds to the C-O internal stretch mode of bridge CO(v(C-O)p).
Table 1 Parameters to estimate
branching ratio (P), the ratio of
shuttling motion is one-electron process. electrons used in hopping process

The log-log plot of lateral hopping rate (Figure 1(c)) indicates this

The mechanism for lateral hopping has been indirect excitation, which the inelastically tunneling
electron triggers the lateral hopping motion by exciting high-frquency mode (42, v(C-O)B), and the
energy trnasfer between IS mode and low-frequency mode (i) which is the reaction coordinate
mode.’ Estimation of number ratio which can be used to this indirect excitation mechanism is given in
Table 1, clearly indicating much higher branching ratio for bridge CO than ontop CO. This is
consistent to the experimental result that only bridge CO shows lateral hopping with nearby ontop site.

This B-T* shuttling can be triggered also ~ 'E
by the injecting the electron onto the ontop CO

at the frame of c(V3x2)rect unit as shown Figure =T o
2. The ontop CO at the c(\N3%2)rect unit undergo % o8 |

the height modification by B-T* hopping due to 2

bridge-ontop interaction as described in 1E-09

previous report. The action spectrum (Figure 2)

indicates the same threshold energy of 230 meV E-10 !
R ) o 200 220 240 260 280 300 320
which implies the tunneling electron injected to Bias voltage(V)

the ontop excites the IS mode of bridge CO. Figure 2 Action spectrum measured on the bridge CO
of ¢(\N3x2)rect unit (blue diamond), and measured on the

This result implies that the hybridization of ontop CO at the frame of ¢(N3x2)rect unit (red square).

electronic states in c(V3x2)rect geometry, which

allow the direct energy injection to bridge CO through ontop CO.
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Atomic-scale analysis of photon yield suppression induced by acceptors and a

surface state on p-type GaAs(110) using scanning tunneling luminescence
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Energy dissipation processes of electrons such as recombination, capture and scattering play significant

roles in energy conversion, transport and redistribution in various matters. Especially energy dissipation at

surfaces is an important technological issue because it largely influences the operation efficiency of

photovoltaics and photocatalysts. Although understanding of such surface processes is required, microscopic

and detailed information about energy dissipation occurring at surfaces has been notably limited.

We studied energy dissipation at a Zn-doped p-type GaAs(110) surface with atomic-resolution using

scanning tunneling luminescence (STL) spectroscopy.
Experiments were performed with a low-temperature
STM (Omicron) operating at 4.7 K under ultrahigh
vacuum (UHV). The STM stage was modified to be
equipped with two optical, which is schematically
illustrated in Fig. 1a.

Figure 1b shows STL spectra measured at
various sample voltages and a PL spectrum as a
reference. Luminescence in STL was observed only at
positive sample bias voltages within a range of |V <
2 V, and the spectrum shape does not depend on the
bias voltage. The shape of the STL spectra is almost
identical to that of PL. Because the luminescence in
PL occurs mainly inside the bulk, it is concluded that
the light emission in STL also occurs inside the bulk.
The light emission arises from the recombination of
electrons at the conduction band (CB) minimum with
holes in the acceptor band (AB) just above the Fermi
level (see Fig. 2d).

An atomically-resolved STM image, dI/dV map
and STL photon map measured at a sample voltage
of 1.8 V are shown in Fig. 2a, b and c. The atomic
rows in the STM and dI/dV images apparently run in

the [001] direction and the stripe-like pattern running

50 Z
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FIG. 1. a Schematic illustration of the STM head, which
is equipped with two optical lenses. b STL spectra at

various voltages and a PL spectrum.

STM b dldv
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Tip DOS Surface  GaAs(110)  DOS Bulk

FIG. 2. a An atomically-resolved STM image, b a dI/dV
map and c¢ an STL photon map of GaAs(110) (V= 1.8
V). A unit cell at identical positions is shown (black:
Ga, white: As). d Schematic energy diagram illustrating

the proposed process. Er: Fermi energy



in the [001] direction is considered as evidence of a

substantial contribution from the C3 to the tunneling [1].
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STL photon maps show similar stripe-like patterns

running in the [001] direction. However, opposite to the
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the surface. The photon map (Fig. 2c) also shows that ) )
FIG. 3. a A wide area STM image and b an STL

selective hot-electron injection into the C3 state
v Ject photon map of GaAs(110). (V. = 1.6 V, I =250 pA).

localized at Ga atoms weakens the photon intensity,

¢ Correlation between the apparent height in the

which reveals that electrons lose their energy in the C3 ) ) )
STM image and the photon intensity measured above

state with a detectable probability.
the dopants. d d//dV spectra measured above the

We also investigated energy dissipation around ) )
dopants in the topmost three layers and in a

substitutional dopant atoms (Zng,) that lie in the
dopant-free (DF) area.

near-surface region. The apparent height of the dopants

also varies according to the z-location; the nearer the

dopant to the surface, the higher it is imaged. Figure 3b is an STL photon map measured in the same area as
the STM image Fig. 3a, revealing that photon intensity above a dopant has a strong correlation with the
apparent height in the STM image and hence with the layers in depth where the dopant locates as shown in
Fig. 3c; photon intensity decreases as the apparent height increases or the dopant locates closer to the surface.

The luminescence suppression observed here is explained by a mechanism based on the local electronic
state around the dopants, which has not been focused in the previous studies [2, 3]. As indicated by arrows in
Fig. 3d, a considerable amount of LDOS was observed within the intrinsic energy gap (0-1.51 V) at the
dopants, which increases as the dopants locate closer to the surface. Because electrons tunneling through these
in-gap states cannot induce luminescence, we attribute the suppression of photon emission to the increased
proportion of electrons captured by the dopants via tunneling through the in-gap states.

In conclusion, we clarified the roles of the C3 surface state and the Zn dopant atoms in energy dissipation
at the GaAs(110) surface using STL spectroscopy. The C3 surface state and the Zn dopant atoms both were
demonstrated to promote energy dissipation at the surface. Energy dissipation around the Zn dopants was
attributed to electron capture by tunneling through the in-gap state, which strongly depends on the depth from

the surface where the dopant atoms locate.
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Lattice-Contraction-Induced Moiré Patterns in Direction-Controlled Epitaxial

Graphene on

Cu(111)

Hyunseob Lim, Jachoon Jung, Hyun Jin Yang and Yousoo Kim

Surface and Interface Science Laboratory, RIKEN

We demonstrated the direction-selective growth of
epitaxial graphene (EG) on Cu(111) for the first time.
Our results imply that the synthesis of EGs with a
unidirectional orientation on Cu surface is also feasible,
although Cu has been well-known as a weakly
interacting metal with graphene. We also developed a
novel method to analyze various Moiré patterns induced
by lattice contraction in EGs even with a unidirectional

orientation.

Chemical vapor deposition on a Cu surface is one of
the feasible methods for industrial applications, because
large-area monolayer graphene film can be achieved.
However, grain boundaries- and wrinkle-formation in
the graphene film are known to reduce the electrical
performance of graphene. One of the ideal methods to
achieve the uniform graphene films with high quality is
controlling orientations of each grain in graphene as an

identical direction. Nevertheless, the direction-controlled
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[-] Graphene

bl cu(111)

5(1/am)
I

. (@) Large area STM image of EGs. (b) STM

i
Figure 1
image of Moiré pattern corresponding to red-dotted
rectangle in Figure 1a. (c) STM image corresponding to

red-dotted rectangle in Figure 1b. (@
Atomically-resolved STM image of the red-dotted
rectangle in Figure 1lc. The atomic arrangement of
carbons atoms is depicted with white lines. (e and f) 2D
FT images of (e) EG and (f) Cu(111), respectively.

growth has never been realized on Cu surface because of the weak interaction between Cu and EG. Indeed,

previous STM studies only showed EGs with various RO on Cu(111). [Gao et al., Nano Lett. 2010, 10,

3512-3516.]
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This study describes the unidirectionally grown EGs
by means of atomically-resolved STM imagingand the

analysis of Moir¢ patterns. Both STM images showing

and Cu lattices together and the atomic-resolution

analysis of Moiré patterns revealed that the zigzag

direction of EG edge is identical to the [110] direction

Figure 2. (a and b) Atomic-resolution STM images of
Moiré patterns with (a) 7.02 nm and (b) 2.58 nm of L. In
those STM images, (a) 29 and (b) 11 of benzene rings are
counted between the closest two Moiré spots. (c and d) 2D

images from STM images in Figure 2a and 2b,

respectively. Inset image in Figure 2c¢ corresponding to

small yellow rectangle at the center of Figure 2c.



of Cu(111) (0 degrees of rotational angle (R6=0°)) (Figure 1(c and d)). Both Fourier-transformed (FT)
images obtained from EG and Cu(111) regions (Figure le and f, respectively) also show hexagonal spot
patterns with the same directions in a reciprocal space. Our observations, therefore, clearly reveal that the
zigzag direction of EG is well-matched with the symmetric (110} axes of the Cu(111) surface (RO = R0°)
(Figure 1(e and f)). In addition, we observed various Moiré patterns even with an identical rotational angle
(all EGs in our experiments are direction-controlled) (Figure 2), which cannot be explained by the
conventional method with rotational angle dependence. For understanding this observation, we considered the
influence of “lattice contraction in EG”, and suggested a novel analysis method utilizing a correlation plot
between the degree of EG lattice contraction and the length of the corresponding Moiré patterns. For the EGs
on Cu(111) with R0O°, Moiré superstructures can be represented as Gr(n x n)/Cu(n’ % n’), indicating that the
primitive unit cells of the Moiré superstructures are composed of # X n and n’ x n’ unit cells of EG and the
Cu(111) surface, respectively. Then, Ly, and Aag/ac- values can be calculated (LMcal, AaGrC“l/aGr) for all
possible Moiré superstructures generated by the given n and n’. Thus, L,," and Aag,““/ag, for each Gr(n x

n)/Cu(n’ x n’) can be obtained by using Equation (3) and (4).
Aac:C/ac-=1-(n- k) acu/nac:(k =n -n’, n# ki, 1’ integer) (3)

Ly = n ac(1 - AacC ac)

Figure 3 shows a correlation plot of Ly, versus Aag, (A)
Cal Cul . 0.000 0.048 0.096 0.144
Aag, “lag, (or Aag. ) for k =1, 2 and 3, in the 10 ‘ —
. ) 32 . " k=3(n#3)
Information for the detailed evaluation methods). £ : " .
. . . ., £ I . k = 2 (n#2j,
The influence of lattice contraction on Moiré B 6. CrFOOCHETED . (n#2)
o . . ] .. "
patterns with identical RO° was also investigated to o al3c *a k=1
. . o . 2 BB
explain various types of Moiré patterns observed in = SIS 1S) . P
our EGs by using a correlation plot between Ly 21 Gr(nchumx{m
and Aag,“ag,. This approach is not only reliable 0 Y 2 ' 4 ' 6

for our observations, but also useful in determining
the precise atomic scale structure of EG on the

other surfaces.

These atomic scale studies would accelerate
fundamental studies for a better understanding of
the interactions between graphene and a metal
surface, as well as the practical development of a
synthetic method for higher quality graphene films

on Cu surfaces.
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Figure 3. A correlation plot of all plausible Ly versus
Aac/ac: values depending on the n and k& values,
when p = 0 (R0°). Ly®® and Aac#Plac values for 2a
and 2b are marked with red-filled rectangles, and
Lar values for 3a, 3b and 3c are plotted by black
dotted lines. Several Ly and Aac:“ac: values of

(Gn x n/Culn x n)) corresponding to
experimentally-observed =~ Moiré  patterns are
indicated by blue arrows for convenient

understanding.
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Thermal imaging of spin waves and heat conveyer effect

Toshu Anl, Yousoo Kim'

Surface and Interface Science Laboratory, RIKEN

1. Introduction

The recent developments in the field of ‘spin caloritronics’ concerning new phenomena related to
coupling of spins with heat current in materials are attracting much attention [1]. Magnetization dynamics
such as magnetic domain-wall motion and ‘spin waves’: collective excitations of coupled spin systems in
magnetic lattices, draws attention to realize this coupling of heat and spins [2,3]. We studied, first, that spin
waves; standing spin waves, can be imaged by measuring temperature rise on the magnetic samples in
excitation of spin waves [4]. In general, spatial distributions of propagated spin waves are not uniform and
waves are pinned at the sample edge, forming standing spin waves; thus the imaging of these spatial
distributions is valuable for providing direct information in real space. This method provides information of
dissipative damping of magnet and is applicable to other spin energy-damping systems, such as traveling spin
waves, and magnon wave packets, thus realizing the nondestructive imaging of spin damping. Second, we
show that nonreciprocal spin waves in the range of microwave frequencies can convey energy unidirectionally
and emit heat at a sample end several millimeters away [5]. This unidirectional heat conveyer effect, based on

non-reciprocal propagation of surface spin waves, is applicable to the fabrication of a heat—flow controller.

2. Thermal imaging of spin waves

The thermal imaging of the standing spin waves of backward volume magnetostaic wave (BVMSW)
modes excited in a polycrystalline Y3FesOy, sample (8 x 8 x 1 mm®) was demonstrated using an infrared (IR)
camera (Fig. 1) [5]. Just after excitation of standing spin waves a wavy temperature distribution appears
before the temperature distribution on the sample is smoothed by heat conduction.

C;

(a)

c

( ) C: mode (4,1)
H=1200 Oe £
P =10 mwW

: mode (2,1

©
c
i o
€ J » — L
#7 .5 5-5
. 3 w ]
Ry >/ 29 By 4 H
\\\\/&'\ Y:Fesouz 5 q‘10 3 D
H coplanar waveguide g 3 ‘:' é 6 f =434 GHZ f =4.84 GHz
|_ B T .
Frequency (GHz) 299.2 T(K) 300.2 298.9 T (K) 300.3

Fig. 1 Thermal imaging of standing spin waves. (a) Sample temperature is monitored by infrared
(IR) camera in excitation of spin waves. (b) Absorption spectrum of standing spin-wave modes
(BVMSW) excited in a YsFe5012 sample. (c) Thermally imaged standing spin waves showing 4 (C) and
2 (D) anti nodes.



3. Unidirectional spin-wave heat conveyer

Surface spin waves were excited dominantly at the bottom surface by using inhomogeneous microwave
source in a polycrystalline (3.6 GHz, H = 630 Oe¢) Y;Fes0,, sample (diameter: 4mm, thickness: 0.4 mm), and
heat generation was observed at sample end by an IR camera (Fig. 2) [4]. This heat generation is due to
nonreciprocity of surface spin wave which propagates unidirectionally and cannot reflect back at the sample
end. By changing polarity of static magnetic field; propagation of surface wave is reversed, heat emission
from the other sample end is observed.

(a) . (b) surface spin-wave frequency 3.6 GHz
IR camera i J H _ - _-_‘ .

é‘%ﬂ%ﬁ% I 4mm, L 4mm ,
o heat 303 T 305 303 M 305
Surface spin wave (bottom surface) T (K) T (K)

Fig.2  Unidirectional spin-wave heat conveyer (a) Heat is generated at sample end where the
surface spin wave at the bottom surface (dominantly excited) propagates. (b) Heat emission

observed by IR camera depending on static magnetic field polarity.

4. Summary

In this study, the thermal imaging was performed using an IR camera exciting spin waves in a
polycrystalline Y;FesO;, sample. First, standing spin wave of BVMSW modes was imaged proving its ability
to probe dissipative damping in magnet. Second, unidirectional spin wave heat conveyer effect, which
conveys spin-wave energy to remote place and converts into heat, was demonstrated.
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Visualization of Molecular Electronic Polarization in Bi,SiO5
Younghun Kim, Juegeun Kim and Masaki Takata

Structural Materials Science Laboratory, RIKEN

The emergence of ferroelectric property of

Bi,Si0Os (BSO) has been investigated by visualizing

electronic polarization within a fragment unit,

which is collaterally defined from the electrostatic

potential (EP) analysis based on electron charge

density (ECD) using maximum entropy method
(MEM) [1-3].

BSO has a layered structure composed of the

Si0; and the Bi,0, layers, which are stacked each
other along the a-axis. An appearance of electric
polarization accompanys the structural phase
transition from the orthorhombic (Cmcm) to the
monoclinic structure (Cc) with cooling (Figure 1).

From synchrotron radiation (SR) X-ray powder

diffraction data, nuclear positions and ECD

Figure 1. Crystal structure of BSO at 300 K (a,b) and 773 K (c,d).
distribution are determined by using the MEM/ (a)and (c) were the projected view of Bi,SiOs onto a-c plane.
Rietveld method. The fragment is defined as the (b) and (d) were the projected view onto b-c plane.
region surrounded by the trace of local minimum of EP, which is obtained as the sum of electron- and
nucleus-charge components, U(r) and U, (r). The electric polarization based on the ECD/EP analysis is

given by the following equation,
P= ;{ZA,-{(X,- —x )&+ (Y, =y, P +(Z, = 2,) 3 =] (= x,)p, (xR + [ (0, = v, ) o )y 5+ [ (2, —zn)p,-(z,-)dz,-é}} 1

where J and e are the volume of the unit cell and the elementary charge. z; and R; are the atom number and
the position of ith atom. p(#;) is the electron density located at ith pixel. ; and 7, are the position of ith pixel
and the center of mass. This method for the estimation of polarization was termed MaxEnt/fragment EP
method.

Figures 2 show ECDs at the ferroelectric phase (300 K) and the paraelectric phase (773 K). At
ferroelectric phase, the Bi atoms form a stronger covalent bond with one of the four-equivalent
first-neighbored O atoms in the paraelectric phase. The Bi(b)-O(b) and Bi(a)-O(c) pairs form electric dipole
moments, and the two neighboring electric dipoles align against each other in the Bi,0, layer (Figure 2(a)).
On the other hand, the Si atoms in the ferroelectric phase form a stronger covalent bond (Figure 2(b)) with
three of the four-equivalent first-neighbored O atoms in the paraelectric phase, giving rise to the formation of
the SiO; fragment in the SiO; layer. The electric polarization of the SiO; fragment aligns in the ferroelectric

configuration. It is found that the large dipole moment of BSO originates from the SiOs layer instead of the



Bi,0, layer.

With MaxEnt/fragment EP method, the 773K

polarization of Bi,SiOs is reasonably decomposed iy

\@*Oooo
LX) X

i(b
N

| 2447

-~
Isosurface of charge density : 0.85 e/A3

into local polarizatons (Table 1). The SiO; layer
shows a large polarization of 27.34 pC/cm”. The

projected values of the polarization along a- and

c-axis, P, and P, in the SiO; layer are 1.44
uC/em’ and 27.30 pC/em’, respectively. It should
be noted that the Py is zero due to the inversion
symmetry along b-axis. The Bi,O, layer has small
but a distinct polarization value: the projections
of polarization in the Bi,O, layers are -1.78
uC/cm2 for P, and -3.82 pC/cm2 for P.. Total P,

and P, of BSO are estimated to be 0.34 uC/cm’  Figure 2. Dipole moment of Bi-O and SiO; fragment. (a) Shape of
BiO, pyramid with the 0.85 ¢/A’ isosurface. (b) Shape of SiO;
tetrahedral fragment with the 1.5 /A3 isosurface. Arrows in (a) and
(b) show the electric dipole moment expected from the structural
distortion.

and 23.48 pC/cm’, respectively. The value of P,
in the preset study is roughly consistent with that
predicted by the theoretical calculation (0.1
nC/cm?) and that determined by PE measurements (0.8 uC/cm?). The P, predicted by the theoretical study is
14.5 pC/em’. The present work demonstrates that the MaxEnt/fragment EP method using the precise X-ray
powder diffraction data enables us to determine the local polarization in the crystal as well as the bulk
polarization values. The newly developed method will facilitate further development of lead free ferroelectric

materials by visualizing local polarizations, which are good clue to understanding an origin and a mechanism

of ferroelectricity.
Table 1. The polarization in the layer and a unit cell of ferroelectric BSO. Unit : pC/em?
|P| Pa Pb Pc
MaxEnt/f . Bi,0, 4.21(7) -1.78(12) 0 -3.82(2)
t
axtntiragmen SiO; 27342) | 1.44(12) 0 27.30(1)
EP method
Bi,SiO5 23.48(3) 0.34(24) 0 23.48(3)
PE hysteresis B1,Si05 - 0.8 - -
First-principl
istprineipre Bi,SiOs 14.5 0.1 0 14.5
calculation[4]
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Figure 5. (a) Optical layout of X-ray diffraction and visible absorption measurement system. (b) Absorption
spectral change of oxidized cytochrome ¢ oxidase under X-ray irradiation.
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Post-transcriptional regulator Hfq binds catalase HPII:
Crystal structure of the complex
Koji Yonekura, Masahiro Watanabe, Yuko Kageyama, Kunio Hirata, Masaki Yamamoto and
Saori Maki-Yonekura

RIKEN SPring-8 Center

The post-transcriptional regulator Hfq plays a key role in the survival of bacteria under stress. A
small non-coding RNA (sRNA) DsrA is required for translation of the stationary phase sigma factor RpoS,
which is the central regulator of the general stress response [1]. Hfq facilitates efficient translation of rpoS
mRNA, which encodes RpoS. Hfq helps in the function of other specific proteins involved in RNA
processing, indicating its versatility in the cell. However, structural information regarding its interactions
with partners is missing.

HPII is one of two catalases in E. coli and its mRNA is transcribed by an RNA polymerase holoenzyme
containing RpoS, which in turn is under positive control of small non-coding RNAs and of the RNA
chaperone Hfq. This sigma factor is known to have a pronounced effect on the expression of HPII [2].

We obtained crystals of Hfq and HPII complexes from cell lysates following attempts to overexpress a
foreign membrane protein [3]. The overexpression probably increased stress, and likely promoted
expression of catalase HPII from the katE gene through RpoS. We identified the crystal contents as Hfq
and catalase HPII by peptide mass finger printing (PMF) MALDI-TOF analysis. EM observation showed
large complexes with ring-like structure (Fig. 1), which corresponded to Hfq and HPII complexes in sample

solution. This observation supports the view that complex formation takes place prior to crystallization [3].

Fig. 1. Typical electron micrographs of complexes
of endogenous Hfq and HPII in E. coli, prepared
with negative staining. Some ring-like structures

with dimensions of 70 - 80 A are indicated with

arrows. The scale bar represents 100 A.

We solved the crystal structure of the Hfq and catalase HPII complex at 2.85 A resolution by X-ray
crystallography [3]. Diffraction data from the crystals were collected on a micro-focus beam line BL32XU
of SPring-8 at a wavelength of 1 A. X-ray diffraction from whole crystals showed high diffuse
backgrounds and blurred diffraction spots. A focused beam with a dimension of 1.6 x 10 pm gave excellent
patterns.

The crystal structure reveals that a Hfq hexamer binds each subunit of a HPII tetramer (Fig. 2). Each
subunit of the Hfq hexamer exhibits a unique binding mode with HPII. The hexamer of Hfq interacts via its
distal surface. The proximal and distal surfaces are known to specifically bind different sSRNAs, and
binding of HPII could affect Hfq function. Hfq-HPII complexation has no effect on catalase HPII

activity. The complexation would suggest a negative-feedback system that down-regulates mRNA



translation by a stress-response protein itself when many products of the gene accumulate in the
cell.

Fig. 2. Crystal structure of the Hfq and catalase HPII complex. (a) The crystal packing of the
complex composed of Hfq hexamers in cyan and HPII tetramers in violet. All the four bound Hfq
hexamers are displayed for the HPII tetramer at the center, whereas only two hexamers are displayed for
each surrounding HPII tetramer for clarity. (b) Structure of one HPII tetramer with four bound Hfq
hexamers showing interaction through their distal surfaces. Subunits of one Hfq hexamer are displayed
in cyan and green. Numbers 2 - 5 indicate the subunit number in the Hfq hexamer as in Fig. 14. One
molecule of the HPII tetramer is displayed in tan (the C-terminal lobe) and in magenta (the other parts).

A space-filling model in blue represents heme. Other models are in grey.
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Electron crystallography of thin 3D protein crystals
Koji Yonekura' and Chikashi Toyoshima®
'Biostructural Mechanism Laboratory, RIKEN SPring-8 Center,

“Institute of Molecular and Cellular Biosciences, The University of Tokyo

Membrane proteins or macromolecular complexes often give tiny and thin crystals that are smaller than
a few um and thinner than 0.1 um. Such samples are generally difficult to be prepared enough for many
crystallization trials and to grow to crystals suitable for X-ray crystallography even with synchrotron

radiation. Tiny and thin crystals, however, sometimes diffract electrons to more than ~ 2 A resolution,

because the scattering power of light atoms for electrons is more than ~100,000 times higher than that for

X-rays. X-rays are scattered by electrons around atoms, whereas electrons are scattered by Coulomb
potential of atoms. Hence it is possible to observe experimental charge distributions of molecules, which

will unravel the working mechanisms of biological nano-machines in more detail.

X
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(o] ) o o
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On detector plane On detector plane

Fig. 1. Schemes for recording electron diffraction patterns from a 3D crystal.



A 3D crystal gives discrete diffraction spots in all the directions, and only a limited number of partial
diffraction spots are recorded on a still diffraction pattern (left, Fig. 1). Crystals have to be rotated or
oscillated to integrate diffraction spots mechanically (right, Fig. 1). It is a challenge for electron
microscopy to control rotation of the specimen stage precisely and to process diffraction data from thin
crystals. We have been developing a new technology to fulfill electron crystallography of thin 3D protein
crystals.

We have succeeded in obtaining the first 3D Coulomb potential maps of Ca**-ATPase and catalase thin
3D crystals at 3.4 A and 3.2 A resolution, respectively. Ca®-ATPase is an integral membrane protein and
transports Ca’" against the concentration gradient by hydrolyzing ATP. Catalase is a heme-binding protein
and decomposes toxic H,O, into H,O and O,. Atomic scattering factors of ions and neutral atoms for
electrons show distinct values over spatial frequencies. Indeed, the Coulomb potential maps resolve
charged states of amino-acid residues around the Ca®'-binging sites in the transmembrane region of
Ca’*-ATPase and around the heme binding site of catalase. The results clearly demonstrate that electron

crystallography has great potential over X-ray, which cannot give such information.
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T RO DNBEHALICHE R SN TZDNAZEH D
BOE2HNET BT /B RIEEVER DR R HIE

EfE, SFHEE, EHML ATHERR

PR « BT NA A TEETIEE

EMOBIBTERIAETHL DNA L, 77 =2 (A), FIU (D), Z7T7=2(G), BELUOT M (C)D 4
T OBRIE RO W NFEA LT XV UR— RV BN A HAZERE L= @5y B, R

T4 THD. AET, GECORRIEILOMAE DY ITMAN, TR LIMNIFEFHHIN (“xv\y%) &
FHLEN, AR LSO DNA 413 Watson-Crick ¥ 5% (A-T, G-C) Bz L CHREMIC
BEHHARKTDH. 2o \TERPESRE LRIERIZ, KHFICE1T5H DNA O ZELEAMIEIL, DNA ${0D
/a7 Ty ERR DNA " HENEAMRAT DK LD RATR 7 Ho o BB S (7)) —
NI ESTEIBNCEEDL VDTV, ZDE57 DNA “ELBAMEOIRLE L, BIRHMOIRE0H
AR DAEMT I ERAZ AL =R TEITSELEERBERLEEBEZ LN TWD[1]. AR/ MIBNT
FexlZ, AR AT LORHETHL U0 RN KM IZE B L, ZORKE THL MEDRHE”
ZHEREFE B - N TR I I ATz, BTLWV 3 AT LAOMESEA HEEL TVD.

INETIZH A DT NV—T T, HEIEV (> 50 bp) DNA —HEHHTT IURICEDIZ T kL1
(LLF, DNA - /7Kif) BB <A EAE S, 28 O i S 2 e L TR 9752 &% AL
LTW2[2]. BlZIE, 0.4 M % L[515 @R B O KR P23\ T, AR E 2 R B IZAE 5
DNA F RIS IR BAE M, B - IS 25, — 07, AR 2B L 72V A~
YT RSN KB ITAFAET S DNA F 2R 1-[ClX, KA AEAER D BRI/, RS Ty
TDNA R IR BT 5. ZiUd, DNA F R+ E£EIZBITAIA~y FEHIN, KELEE
HEOFOT LA KL, DNA F 7RISR ) (IS, SRR ) RSN L EITEFL T
%. OFED, DNA F ki 13K JE OB I N AR T DRERROE D, K- <H AERZRE (R
JIH or 51 J1H9) LTWDDThHD. ZOBGZ FHNIZ, 55T AT L3 E O T iEima sl b,

WEAEEE 1L, (LRI (E& B A4 ) ORI LS UV light
DNA F /H 728 ORGSR X Bl e R 2 [3]. A @ aoonm
FEFENT, PSR AWE DA A D AT O r
IZ”DNA TR FREICEBEZ 52522 BIEEEL, ?
74 b a3y 2L A O B OR A B L. o W prow PN g
TR NE, BENKRIZSU TR trans-cis ~0 & Vis light ‘“°_/—( &
S RME B T R A bty sy tensterm PR
HbH. ZIETIZ, Az 2=y Fig.1) ZEEE AL
U=t DNA CARMSARIC 1) 5 EEETE AR LRl
A AY Asanuma HIZEVHE SN CUD[4]. DNA T R T ORBITEIC Az 2=y "B A5 812K
D, Fig2 IZ”" T Az 2=y DJCEMALAZ N T —&7 % DNA 773 S5 o ¥ 5 o i i) 72 B ik
—figBE, 372b% DNA F KRB OMESHE ORI L HIEAEIEFS S,

cis-form

Fig.1 Az = = v M O &ML 25 H)



BEIE[3)12 RN —RIZ, Az 2=y MR I2A 95
DNA 77 CEb=47F /K1 (Az-DNA-GNP) Dl
fA1To72. DNA 773 ORI 16 bp, 27 D47
JRiF1E 15 BEDY 40 nm O AXDEDITDOVWTHE
MEATST-. KBEFERICBWVTE, Xe 707
(MAX-302, &1 H%300) Z206REL TERAL, /S R/3z
T4 H—F S L TERSME (350 £ 10 nm, 20 mW/em?),
BIOAHIE (450 + 10 nm, 10 mW/em?) ZHOHL, ~2
NFZHEFT 20 °C ITIREZRFFLR DN Z1T 5
7-.

Biata{T 72 Az-DNA-GNP O —f§il% Fig.3 (-7
ZORIFIE, Az =’ trans (K CTHAHEE, 184
BRI CIE L B I BRI Rz LT3, 1
M NaCl 77 T Tl ICBEEL, 580 nm fITiC7
O—RARA T TRAELE—I5EH T HEEAOEKIC
ZAbL7= (Figd(a) /2). ZORERIE, 7E3kD DNA F /%L
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WRODIR 2 IR A~ZEAEL (Figd(a) HH), 600
#%IZIE 520 nm =2 T EF T LI —T T T
RELE— I DHERENTZ (Figd((b) /) . 2O,
SRR EHZ > T Az-DNA-GNP 23 EEEEAR BB B0 BR
WHEA~EALIZZEEZBERT D, ST, wECRIEED
Az-DNA-GNP |Z 450 nm O A[fEEREL Az 2=k
@ cis-trans BHAVEFBELIZEZA, RA ITIRIRDO N
R~ L (Figd(a) £), 600 BZIZITREFTX
EFUE—271% 580 nm L ~7 /V— 7L 7 (Fig.4(b)
HH). ZOZE1E, Az-DNA-GNP 75 F ONEEEE IR BE ~ R
STZEEBWT LS. ORI D A
Az-DNA-GNP D475 i—EEE 28 401E, 3 A7V EL B
WU T DM A RETH -T2

(514 3Cwk]

1AM HZDNAZESIRIR
(IEDRMEANELY)
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R

Fig.2 Az .= v M DYERMAEILITHE S DNA
T KL RE OREER & E D2,
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Fig.3 Az-DNA-GNP O fi[X].
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BIGA DB DEIENBIOEILICER L TAEL S LA (SNP) 13, EERBEGHRE L B
BT 285808 H 5, ZHH 0 SNP S OMIEOFEI DT, BIVEH O 72 WA ORS00
KDFIEY A7 OTRBAREIZ R D[], ZNETIZU T H A L PCRIES~YA 70T LAERE
DALz SNP FRANEN BT SAVTE 7208, Sl 7o i 2L E R PR R ATIE DN LB CTH H 72| &
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F / Kif (ssDNA-AuNP) OUREZREZF]H L7= SNP LA HEEZIRE L CE 34, T7hbb,
sSDNA-AuUNP O/ #2582 FEEY 72 ssDNA Z ¥l L Chr 1-2 1l ¢ &84 (ds) DNA Z Bl S+
Bl EHRE T CHRBMR T EENHE SN, AuUNP OFH 7 7 AE GV T MX D IER
DENTIRN D FEA~LT D, —J7. dsSDNA-AuNP D RN —Hk 2 2~ o FOFE T HORAE
ERD, WRIIRAERT S, ek, —HEEOFEEOEWE BTS2 LN TE D,
LU, K2 A~ FEALS IR AY 22 E 7 Bt (UG %t (72 & 21F G-A) 2T 255813k 703
BELTLE 2D, oMM (G-C) & LTHRZ2THIRENERMINTW[5], AFETIE, Z
DT DIFFEMEZ E O D 72D, WIEOFE TIZR < EOBENNZE S\ 2L Z % LT,

BERIC L7223 > T, 3 RImICF A — 5% & Db E R ssDNA (16 M) % AuNP (CKifE 15 nm)
DFEMIZ Au-S F5E THEE(L L, AuNP 1 2572 0 £ 90 A ssDNA 237 7 IRICHEF S ki 1%
FHEL L 72[3], 5 B AL7c ssDNA-AUNP D3 HURIZ, L3P aak L7oMMigE (16 HEL) F 73—kt
E8 (1738 20U T, kiR L CoHEHHAZ RS Y72, 1 M NaCl 3677 FCix, g%
TN Z 72356 T RGE 2R EEEE 23 AE U CL By TR O s
RN LEHESRIZEN LT (X1, X =none) , TAUIXL T,
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WRZEHENL D R 7 a7 T 7 U EENC K- T, Rifice OaiEiE .

VR E—KEPBEINTTOEEILND,

ZOR R a a4 RBIGEFIF LT SNP kB &2 772 > 72[6], AWk, —HEMERISIZE
LB E an g NEET v A 0D D (M2), ZWrktgic, EAORWERICEET 5 b
7 1 . P450 2C19 (CYP) BARF. B X OLAIHIEDIIE U X 7 \ZBHE 5 N ME— R b EFR ARk
fEsE (NOS) BinT#EAT, FBMET D SNP FALZ & ek (56 HXxy) A IEFA L A
BRCENZILFERK L, BIZTET /L E Liz, RIZ, SNP FALOD 3 HIMEEEL & AR T D4V
IX7 VAF R (16 HiE) ik, ZhE2BH7 74 ~—& L, ERlo#ErET71ve
PMH T I9A~—., VT FFV X7 LAY RV B (AANTP:N = A, G, C. T). 8LU'DNA
R AT —B a2 WM ERIS A dINTP OHIEZ LI A2 5 A KOG TF 2 —7 TR
1Tlheol=y ZOBMMHT T4 ~— LT 5 ssDNA (16 HkE) THEZERM L7 AuNP % Eiko

—100—



ji Yf < E}ﬁ %{J L ~ Lﬁ % {EFI ﬁ }i FL; {17‘5:2 iz Z Gene Model SM:;\\ Polymerase

3

ssDNA-AuNP & NaCl Z# %0 L T, K FDEeE m_mgrm s
LB E RO E LR LT,

7~ & 2T -ET /LD SNP HALAS A DBE H H H E
1%, ddATP., ddGTP. ddCTP ¥ L7=3 2D

ddATP ddGTP ddCTP ddTTP
FRISF 2 =7 TEBWHT 7 4 ~ =3k sh

RV CRLT R B O > 7= T2 720 \ B+
RIS L » CTIRIIIF A2 5 (K2 ), ' ::":f T
—J7. ddTTP Z N X 72 BUGST = — 7 Tlidz b A Unexiended i ? i i WE'-:;;\; )i
TIA <= PRI (T) i iE s e dsr aoe e g nda
ENT17HEE L 70 0 b 20— HE 22 m 1& f*‘r

Dangling End

PR TEDHDT, RFITLEIC/HE L TIRIKRIY — Aggresation Disparsion
R ERTIITTHD (K24h). 2. —HEMEIEL an A NEET v A D725
SNP A4,

TR RN Z OIEEMEGL E —F L=, CYP &
R0 SNP FBLI%, EFMN G, ZH AN A @
ThobH, £, EEMOELET IV EZEA
774 ~—. BLO ddATP. ddGTP. F7=i% ‘RFRTRY TR HUHB
ddTTP (WWTHHEFHD G LIA~YYTF) & 1 1 t 1t
i > CEEMESISZIT R o T2, SISEIZ ()
ssDNA-AuUNP & NaCl #i35&, Wing
EOITRLF 2N L TR E R a2 ‘BTRR TRV

(M 3af), —Ji, ddCTP M L7=HEld— ¢ 1t t 1
WA ESOSDNAFICHETT L, ISR Z R
L7z, Fo, BEMOBEFETNLVEHERTS
&L ddTTP (BB D A L) 257258 OHEEO IR RITR Y . ZRLSNIFRICR -7

(M 3aHd), iz, EFMEERMOBIEFETVOFEERGY (~Ta#EEERET V) 2 H
WAL, ddCTP £ 7203 ddTTP Zffi - 7= & EIRIRITRAIZR D . 2B UAMIF LA -
7= (K3afi), ULEDORERIT, REICL > TEFROFREHLSER, ERUOFEHELSER, EFTL
BRI O~T oL RE2 BRI TE 5 Z L AR L TWVWDH, S 512, NOS {57 ? SNP L (I
BAIT, BRAC) IZOoWTHRERIZEITE7 (K 3b), 2 20FEkFIZHbEs L (CYP Eix
FDG E A NOSHEMLETDT E C), SNPEMLA AFEIED EDOWIETH-> TH B T&E-2 &
2725,

PLE®D X 512, ssDNA-AuNP O EEEGERAIEZFIA T2 Z L1k v | Bis Ik 5 —HiEoiE
WERIROBERHZEN E L THBRE TE 2 00iEL B Uiz, fifE Caflifze SNP @BliE & LT,
ERORI2 L TRESCAENREIFIERNHCTHAIND Z ERH/HTE S,

CYP(G) CYP(A) CYP(G) + CYP[A)

ddA ddG ddC ddT ddA ddG ddC ddT ddA ddG ddC ddT

NOS(T) NOS(C) NOS(T) + NOS(C)

ddA ddG ddC ddT ddA ddG ddC ddT ddA ddG ddC ddT

3. (a) CYP HEf5 1 & (b) NOS #1510 SNP ##5l,

E BTN
[1] McCarthy, J. J.; Hilfiker, R. Nat. Biotechnol. 2000, 18, 505.
[2] Syvénen, A. C. Nat. Rev. Genet. 2001, 2, 930.
[3] Sato, K.; Hosokawa, K.; Maeda, M. J. Am. Chem. Soc. 2003, 125, 8102.
[4] Sato, K.; Hosokawa, K.; Maeda, M. Nucleic Acids Res. 2005, 33, e4.
[5] Sato, Y.; Hosokawa, K.; Maeda, M. Colloids Surf- B 2008, 62, 71.
[6] Shikagawa, H.; Akiyama, Y.; Kanayama, N.; Takarada, T.; Maeda, M., in preparation.
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—EHEDNABHIET ) R F ORGR 7 FELRERE | ZEBERE L DL

FRILZ] RN FH. AL, Al Gk

PEMF - BTEANA A T2

— AREHDNA % @5 FE |1 [E Bk L 7-DNAEAfi4:F 7 ki1~ (DNA-GNP) 1%, &7 1idilkie s
AT HDNA L& & kA ORI R AR E A E A LT HREME T ME T 5, 2 DWPEITZ
Ko =—r T, FDO—fFlL LT, DNA-GNPIZHE; S 7= — HEEDNA O Rl Fd- A A7
L7 FEZUER R E B N 26T b A1), Z4UE, DNA-GNPIZHHEF & 7z “EHDNANSEAAH
Mo L&, @A URESRMICBWTHRERNZ GEEBRR) BENFEIN, &/ hifFoR
77 AE WG T MO FERAREPBIEIND LWV b D TH D, BRENZ LT,
KN T N —EmEPITRRZ I A~y F

PR LT3 8 Tl TR0 S A9~

RIEZRFFT 5, = O—HIIEOE S BZE L €15
BHZDENVIFEBGIL, ZNE TR sSDNA-GNP

MM (SNP) #lZIZ U T8 8% cDmmDm(V Crostiker (3208
72 R BRI S C & 7o, e et 1M Naci

NREX, Z ODDNA-GNP O FEZEFER D iR /)3 )3' 55 3'( )3' 5§ 3'(
Ty ‘
5=\ 3§, & 5 33 5

H C R ICEN TN E 2T Rl h D,

—J5°C. Mirkin & [ZDNA-GNP D - T — ComPNAT Crosslinker
FHERE RIA T 7 —RA L L7288 X’
BB I > W CafER 2R FJE 42 B L C
XTTWVWA[3], LML, 2N E CICIRZEEEEE o
& 77]&1:% %% % Iﬁ‘] g%’ﬁ: ,CH: $§2 [/ 7,: ﬁ&%ﬁd 6i Non-crosslinking aggregation Crosslinking aggregation
vl N, zz T. 2';@1*_77'%( 1% _;H\:]E D DNA-GNP Scheme 1. Schematic illustration of non-crosslinking and
B LT SRR L AR R eereenion of DNA-GRE

LRl A b E 22 U7 (Scheme 1),

AFEFR T L 7-DNA-GNPIE, BEERIZTEVN3 R IS SHAE DV E A S 4172ssDNA (1656:) 2 GNP
Chif&15 nm) ([ZHEE(LT 5D 2 & THB L 72[1], &KIZ, ZDODNA-GNPIINaCl GREIRE : 1 M)
U U= ICHIM 8 (1635 DssDNA) HDHWNE 7 v 2 Y vl — (B2 HEN 5 72 5 FERIRAY
(tail-to-tail!) ) Z¥RINIT 5 Z & T, HELUERRE L 8B EE 2 T TN S 70, MaigHs 7
1A Y U —DORMEREIX, 0.5 uMIZHE— L7,

5'-CAG CTC CAACTA CCA C-3'-8
Terminal-mismatch 3'-CTC GAG GTT GAT GGTG
Full-match 3'-GTC GAG GTT GAT GGT G
Crosslinker 5-GTG GTA GTT GGA GCT G-3'-3'-G TCG AGG TTG ATG GTG-5"

Figure 1. The DNA sequence attached to GNP. The terminal-mismatch and full-match sequences for non-crosslinking
aggregation and the crosslinker sequence are also given.
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UV-vis A7 L& W, &7/ K FD5y
BORBEEZ RT T XT3 K (A=525nm)
[ﬂ%r@ﬁéﬁ’ﬁﬂﬁ% BB L 72 2R & Figure 2
(T, ZRIGEESEIE. 105312 T HKI10% DL
FEOWAIZHEED | e b b Bl I ng
Molo, =T, Rl—5MFTIT o o ISR REdE
DA, FIFEE OUSHNE L D> D BB
#ﬁyb/m PRITITRIB0%IAD LTz, & 61T,
WS TR O BB RN FERICEL L
f:;kﬁl% (Figure 2, G-H.), FELEMGR 70k 1-
BEEE DS RIE S U7z, BRI, FEAREAL T4 X
D bR RPIRERE AR L, Zhig, 28
BEREN1IARAD 7o RY v h—L200—K

- 11
£ .
o - ® Crosslink
g 19 *
‘%’ ——
2 09
E [ ]
S 08 ®
é [ ]

0.7 ®
° .
N Non-crosslink
T 0.6 et
E
o
z

0.5 . : :

0 25 5 75 10

Time (min.)

Figure 2. Time courses of extinction at 525 nm of DNA-GNP
aggregation in a crosslinking and non-crosslinking fashion.
Final conc.; ssDNA = 0.5 uM, NaCl = 1 M, DNA-GNP = 2.5
nM. A photograph of each sample at 10 min was also shown.

FHDNA-GNP & 2 JR T ZE I RFE D J7 ) TIAFE L THIO TR S D5 DITxt LT, FEZREEHE
1T, 2250 “HEADNA-GNP MEE DM & THETIEFEESNL E VD, MEDATT=ALD

BEWAKLTWS EEXHND,

WIS, ZRABIRLBEER A & IEARB B R IR 2 B K > THO B S

7= (Figure 3), £ 7. i & ssDNA%Z & ip
DNA-GNPIFI % ZEE. T6053 Ff i S 1T, 4446
T L IFZRIGRL O 5 % e S 7= (Figure 3,
FEhEh B, RIT, ZNENDOEKZ50C T
1053 ML 72 & 2 A, BRRGHE Tl Zs
{BITfER SN TR FIEHE TR Lo Tz
(Figure 3, /2 F), BLBRZENZ LT, FE4E Tﬁ
ORI 2 TN L7253 TIRIER OGN E
DB AR~ & BRI LTz (Figure 3, ET)
ki1 E TR S D 16 Ik o — EE{DNA
OFMEIREE X, 1 M NaCIfF(E R T60 ‘CLLET
HDHZ b, BBIEEEIT T Eﬁmmm%ﬁ
LR TENEZ X o THABOIH S0
% LT, FLe *m%%Wi_EﬁmM®ﬁi

KifDr7aRY I —
D GMNE IR 2T,

(25 3CiK]

7o fiR B A P T
toiof\_ﬁﬁmmﬁﬁé%/ﬁ%@ﬁ%m
FBEE LD HIRETH Y . L EERNMEE THES T2 &

BEERAR D BNZEEME 2 Al L

Crosslink Non-crosslink

IncubationatR.T.
for 60 min.

Incubation at 50°C
for 10 min

(after incubation at
R.T. for 60 min.)

p—

Figure 3. Examination of the reversibility against thermal
changes for non-crosslinking (a) and crosslinking aggregation
(b). [ssDNA] = 0.5 uM, [NaCl] = 1 M, [DNA-GNP] = 2.5
nM.

CHHIFIC DT E 5 2 LAVREN

TR D IEBRGEREE DY — ARBHDNAE &7/

1) K. Sato, K. Hosokawa, and M. Maeda, J. Am. Chem. Soc. 125, 8102-8103 (2003).
2) For example, N. Kanayama, T. Takarada, and M. Maeda, Chem. Commun. 47, 2077-2079 (2011).
3) For example, N. L. Rosi and C. A. Mirkin, Chem. Rev. 105, 1547-1562 (2005).

—103—



Double-Stranded DNA-Functionalized Gold Nanoparticle Oligomers with a
Beads-on-a-String-Like Structure: Dependence of Interparticle Distance on
Ionic Strength
Yoshitsugu Akiyama, Hiroto Shikagawa, Tohru Takarada, and Mizuo Maeda

Bioengineering Laboratory, RIKEN

Linear arrays formed with gold nanoparticle (GNP) are gaining considerable interest because of their
unique properties that cannot be obtained from the solitary and amorphous states [1]. To construct the linear
GNP arrays, DNA-templated assembling approaches [2] are often straightforward; however, further
methodologies towards the achievement of their effective and reversible structural changes responding to
external stimuli have insufficiently been established. Here, we describe preparation of double-stranded (ds)
DNA-GNP oligomers with a beads-on-a-string-like structure and their interparticle distance changes induced
by increasing ionic strength [1].

To prepare ssDNA-GNP trimers, GNPs modified with two kinds of single-stranded (ss) DNA were
assembled with a DNA template (Scheme 1). Briefly, GNPs (5 nm in diameter) covalently functionalized
with one strand of 35-nucleotide (nt) ssDNA and five strands of 16-nt ssDNA were mixed with a 200-nt
ssDNA template having three binding sites. The feed number of GNP per binding site of the template was 4.
The mixture was incubated in 0.5X TBE buffer containing 75 mM NaCl for 10 min at 60 °C, followed by
further incubation for overnight at room temperature. The trimer was purified by electrophoresis on a 3%
agarose gel, and was characterized by dynamic light scattering (DLS) measurements (Zetasizer Nano ZS,

Malvern) and transmission electron microscope (TEM) observations (JEM 1230, JEOL).

For DNA template Non-crosslinking shrinkage induced by 10 mM MgCl.,
(1strand of 35-nt DNA) GN F;l nding sites{16-nt)
\/z‘ 5*3 (16-nt)
/ 6-nt T-spacer{51-nt) Full-match

1. 200-nt-DNA template
,ﬁ 2. Agarose gel isolation

> B
Terminal

For non-crosslinking shrinkage ssDNA GNP trimer mismatch

(5 strands of 16-nt DNA)
GNP:5 nm diameter dsDNA-GNP trimer

Scheme 1. Preparation of DNA-GNP trimers and their structural changes.

The ssDNA-GNP trimer purified with agarose gel electrophoresis was characterized by DLS
measurements. The ssDNA-GNP monomer without the DNA template and the trimer were 18.1 nm and 32.8
nm in averaged hydrodynamic diameter, respectively (Figure 1). This obvious increase in size indicates the
formation of the GNP assemblies. In addition, the formation of the trimer was directly confirmed by TEM

observations (Figure 2).
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Next, to evaluate an interparticle distance change induced by 2
Single ssDNA-GNP

non-crosslinking shrinkage of the trimers, we performed TEM _* e
observation and its statistical analysis. The ssDNA-GNP trimer was E“
treated with complementary ssDNA  (full-match) or its Em

terminal-base-substituted ssDNA  (terminal-mismatch) to form

dsDNA-GNP trimers. The mixture thus prepared was incubated in the 1

10 100 1000
Diameter (nm)

presence of 10 mM MgCl,. Typical TEM images are shown in Figure Figure 1. Size distribution of single

2a and 2b for dsDNA-GNP trimers having full-match and SSDNA-GNP  without the DNA
template and its trimer measured

terminal-mismatch sequence, respectively. Each image showed that a ‘(’:"c')t:cdy;‘sarr:‘,\'/cl’ 't'grr:psecrszrgngs@g)':
significant portion of GNPs can be identified as trimers. We evaluated

the interparticle distance between GNPs within the trimer using an in-house software. For triangle structure
in the images, the observed interparticle distance
longer than the contour length of 51-nt T-spacer
in the DNA template (ca. ~25 nm) was excluded
to avoid bias in a statistical analysis. From these
coordinates, average interparticle distance was

then calculated. As shown in Figure 2 ¢ and 2d,

histograms revealed that an effective shrinkage

of the trimer having the full-match sequence

took place by adding 10 mM MgCl, (the g
average interparticle distance: 9.6 + 2.7 nm).  z, o4 (s) R
Interestingly, this shrinkage was strongly gm gm

inhibited when a terminal-mismatch was located a2 B2

at the outermost surface of dsDNA-AuNP (14.0 0':) 0'; —H Hﬂr]
£3.9 nm). This is probably due to an increase in pwpibdedMacei)  Iiibeiscl dshnte il

entropic repulsion between the particles Figure 2. Non-crosslinking shrinkage of dsDNA-GNP trimers
induced by 10 mM MgCl,. A TEM image and a histogram of

induced by micro Brownian motion of the interparticle distance for the full-matched trimer (a and c) and
the terminal-mismatched trimer (b and d). Scale bars are 100
unpaired mononucleotides. nm.

In conclusion, we have demonstrated the efficient construction of ssDNA-GNP trimers with a
beads-on-a-string-like structure based on DNA-templated methodology, as well as the effective shrinkage of
the trimers induced by increasing ionic strength. The present approach will allow for creation of

stimuli-responsive materials with controlled morphological features.
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DNA##R) v — I LS

FRHHESL, SFZ5 A, Pan Pengju, AijH ik

PR « BT NA A TEETIEE

RUWN-A Y7777 3 R) (PNIPAAm) [ZRESEHES L LTamb, ZDK
FRIRIE32 °CHHTIC T RRER SRR EE (LCST) 24 L, LCSTUL B CKREEIRIZ AT %, PNIPAAm
IZ—AREDNA (ssDNA) 77 77 k&7 LEEA (PNIPAAm-g-DNA) HLCSTZ 7R3, DNA
DB ALRIZH D 2, LCSTLLE THKIMEDOPNIPAAME 7' A hEH LINEAE L, TORBIZH
KYEDODNASHN A L= 7 J&'/v (DNAHEF T 2R 1) BRSNS, D) R FIXEE
BINZAKFTHET D720, RIFEAFEHAOETETHD, T/ i 1FEODNAIZK L, 7ERITHH
HI7eDNASHZ RHICHSII L C EHEER S E D &
b HMRELL ETF 2R HIXE BICEE  GEZEEEE
) L, RFAwT 25, —FH., Kinlc—HEEZTE
BN EAN SN FME E “EHBEER ST EAIC
X, AERE TS 2L R IXREIC R RS
Rt BaFHOETETHDL (K1), ZOREBIS
DA B =ARLOEFE S IT L R TIE
3 0 B Fle 72 PNTIPAAm-b-DNA L B A K 2 A% L. 1 R BRI IG5 DNA $#5
FOIEERNORD T /RO, Mk pon BT OTEEERE
W EPEIZ DWW CERMINIZ A L TV [1,2),

RREGIZT ¥ REZ AT HPNIPAAmZ 1L 787 U U VES (ATRP) {EIZEV AL, %
D%, TORFRLI=S KIGICT X 2 BT 598 5V ITISEEOA Y IDNAE B v 7 ) v
7 S, PNIPAAmEssDNAE D7 1w 7 IHEA(K (PNIPAAmM-b-DNA) Z157-, — kA D%
ZIRDHTOIZ, flix OPNIPAAmMY 1 > 7 B 1EH1% (AB AR 5 ONCABR 7 7 — AR
) Mo AIRESEEZFH L2, b EAKICK L, GPC-MALS, 4&4b [ #0 YEt

(UV-Vis) LCEFPDEEGELE (DLS) 72 & TR 21T > 72, 2 TORIEIX, 10 mM U > Feik i
i (PB) (pH 7.4) TIT\, & L TNaNO:& AV 2, X512, 2 BAEASRLT-NE O D
FEMEIE. RIBUHUR s SPring-8  (BL45XU) TO/NMIXHRELEL (SAXS) {EIZ XLV kT L7z,

WL 27 N7 — BRI O PNIPAAmM-b-DNA . 0 FEOHIE S =00k 0T
&H o7z, PNIPAAm 7' 1 v 7 OEAFED 150~400 F2E OILE SR TIE, £ 50 LCST BLE T
BB IZFE T mm I EORIR I B 2B L=, PNIPAAMm 7' 17 v 7 EOHEKIZEN, 2 B4
A RIFIKE L Fpo 7z, DSC RFEEHZRHPEIZ L Y PNIPAAm-b-DNA /KIFIH DL 2 #5295 & |
DSC H%E Tl 35~40CHHT (LCST) TWAAE —7 27T H D00, FHERIT 100%D £ £ TE{L
BT T/ I BMILZENTKF TR L TWD Z ERbroT,

IR SAXS HIE TlX, LCST LA RIZ72 % &/ AmEI T OBELIRE N T BRI 5 & & HITH
PR K DMBIEE S 4, LCST TO I BAAIRZ 52 &N TE L, F=ofriciko 0TIk
VBRI IZ 31T % PNIPAAmM-b-DNA A8 % 7 fi9 % & . PNIPAAm 7' 1 v 7 R L T

(FEZRER) SRR
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D25 200 431 FREE O PNIPAAmM-b-DNA $HOESEIC L 0 —oDF ki v (R '|V) 2T 500N
bhote, BEARSINZT7 0y 7 HEAERN LR DERIR I B, A AR — CHEE O HE
72H DT o1z, PNIPAAm ZBUKEE & L CTEDORBIZDNA BEALTEL S 7ear - = VO
WiEa & 573, PNIPAAm 7 2w 7 S{ENEKRT 2 L SAHPHER L, ZHITiE U TEUKEZREN
MR L7, S5, MUEEAERO O DRI HIZHR, 27 N7 — A BRSLEAS KN LIRS
DRA CIEBKERDIER T2 RT DD, MEELZAETLZERELW LN LT,

LCST (40°C) LA ETI BB A SH2ZIC, ERMAMHZ R HIEA L T DNA “HEHEHZ P
R EHTHRFIXLEMNC LI EETH LR, HEMZLs FlxiE, 1 MNaNO;) EEHIZ
RITAET D, 2O X D72k E SAXS JIET 2 &R OEEIZ X DT ED > 7 V3 EH)
St (K2), BELRET —% L0150 DHEER 7 OfENT OFE R, DNA B EWICERS BA
LM BRIT-E ) LBEEEL TS Z LAV L7z, DNA KO R % v %> JHHAEAEH O
BEZ T Tnnk s Th o,

TOWERESZ 1M & L, S2MfHZ LCSTIRM U= RICBE L TH, ZOIRESEMEZ B L
oo ZORERO—HFIZK 312777, LCST LT Tt EAMRIZIMNIREICH S EE 2 b, &
FADNA 71 v 7 & mE LIS ARERITED b o7-, LCST LLETRNT O +26
DB S T=23, B3F 5 UL PNIPAAmM 7' 1 v 7 4% & LTz 2 BIVIBAL & Z D% DR EREE 33
RXONZELTE D EZZBIND, I LITNEAT 5 & SAXS 7’1 7 7 A JVITKLF DOFIRK - D %
KL=t Db, “HEOMRIZEZD I BLOSBPELTWDZ EBbiroT,

ErrTT

PNIPAAM gq-b-dsDy / 0.1 M NaNO, |3
L PNIPAAM gg-b-dsDg / 1.0 M NaNO;

I(g) [au]

S— T ;5 Ve .
X2 () #T vy s KESEPHRD I B 3 FRBRICBILIMIT vy 7 LBEEED
5?0 SAXS a7 7 A )V (40°C) : (F) [NaNOs] = 0.1 SAXS 7u 7 7 AL (20-65°C) . 1M NaNOs, 5
M, (JR) [NaNO;]=1.0M. () xHiad 2 iR 1. EFMSTIFE FIicTiThh .
(&% k]

[1] Pan, P.; Fujita, M.; Ooi, W. Y.; Sudesh K.; Takarada, T.; Goto, A; Maeda, M. Polymer 2011, 52,
895-900.

[2] Pan, P.; Fujita M.; Ooi, W. Y.; Sudesh K.; Takarada, T.; Goto, A; Maeda, M. Langmuir 2012,
28, 14347-14356.
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BFTHRARAE— L — N ay 2 arA oD
7 IinA FREHERE~DEE
JE AR, BN, Karin Sorgjerd, i S

FRHFF « B SNA A T

L RIFIFIRIRT FRELTH RSN %, iz Z eI LV ECSIRE BAO e LR 1S 2 Tk L C
WD THABEMRZ A5, —J7 il R LR U ST F RESCE M L T2 o 7 E 05 HEa N
TUHERELU CEREL ., IO ELZL IO T ZENITFESD - TEZ, TN, — ORI %
DEITHD. ZNHDIRR TIEILIEL TT I ARERKE L XD H S B BERAR D RIR DR IK L4
TWo. TET AN —ROFRRME LS TNDETIRARR—% (A ) DT A RERMEF A
BT, GFvXarZo 080 1 fiiThHhD sHsp(small heat shock protein)® B 523 RILEIV T
%. sHsp 3Ky 1 & (12~40kDa) DFE /~—7 " EfR(dimer) L % &R (multimer) D 572> DA AR HE
TlD, #x 25y 1B D sHsp DMFAEL, HBL T a ZVAX VS EA 5, sHsp (F3@ % multimer T
TFAEL, APV ASAET T dimer (ZEBES S, 20D dimer fRBEDSEREMHIENEICEEZLE 2 BTV
%o sHsp DD THZD HSP2T [T DB B #1728 NRDEE 2 7285 B0 oo TEY, 7V A
~—IRDBE DPNIZHIFEL TS, UT4E HSP27 1118 H multimer JREEZ EDA, VU ER{bESNDZE
T dimer HRFEIZ/2 DT LA S0, FEVR{E HSP27 (multimen) 2S5BRE N T A B DEHEZ LS
ZEDHIENTWS. — T A TN ETICEEREF 2D sHsp 28 dimer JRHES multimer JRAET A B &
BRI DR EE H 2 52 L2 RN T D[2]. LinL, BERESE sHsp T#HD HSP27 @ dimer JRAEH A
BUHEIZ B 2 DI RTZFREN TR, ZZTANFZETIE MAPKAP ) —ETUU kL7
HSP27 & A B & /~—% AL Fa_X—hL 72V 7O, BEER O BECRS2 T L7-.

HSP27 DUV R LT dimer {ki phos—tag SDS PAGE, HPLC THERRL7=. VBRI iiz
HSP27(p~HSP27) & N AL STV iely HSP27 fF7E FIZBWT AB42 £/~— (25 uM)% 37C
T 24 FEALFaX—RL, SRR EERO =
S HSP27 D4R BE(dimer, multimer) <& A |2 AB?;;S&TE lnCUbatE@ydegmmurS:m
Lo TEALT 503890 % ThT assay T~ 7= HSPa7E  mancars I ?
(X2a) . ZDfEH: p~HSP27 (dimer) 137 & (multimer)[w P::;;;E‘?;le‘f::;:l JUS—
FEOZ A B EHEZINHIL., 0.2 u M PLETIZ A ".’:‘ ‘. by MTT@ssayd
B BRHEIREEEETE A AT S22 I 322 88
oot Fi=. IEVER{E HSP27 (multimer) %

AWZSEEBFEERZ 0.2 1M ELET A B#MHEIREEETZ A RT 2 RITIHI T2 03 bnoTe .

WIZ HSP2T & AB E/~—%ALFaX—K 7oV TN FIChD ARy D A B D5y 1%
Native-PAGE/WB TaEffiL7= ([X 2b) . p-HSP27 (dimer)Z W =354, 0.5 uw M LL_Eo HSP27 T
E, B/ =TT UABBIESNI. — 57, 0.2 oM LUF IR o 3B S e o T
728 A BIIARNAEMED REREEREE-> TWDZEMIRIER ST, RILY 7 V% HSP2T HUk Tt
L72&2A,0.5 uM LLEdD HSP2T LA Fa_X—hLizh o 7ML C, e CRT D@ o 8D
TahT 47U E OIS/ N RIZ HSP2T PBUIEESN-ZEM D A B & HSP2T OB A IRIE A RIEE
iz, Fi2, FEV UL HSP27 (multimer) ZHWEIBABREBROFE RSO, 372 bIEV L

1. BEED R D HSP27 12 X 5 A B EHEE~ DRI

—108—



HSP27 (multimer)?® 0.5 uM LA EDEX|ZE /) ~—o7 ah 747 VL EBONA NSRRI, &5
IZ A B & HSP2T DS IRTERL DV RE ST,

HSP27 L A B E/~—% A FaX—R 727 % PC12 MBI Z 7= s D iR Fe e %
MTTIEIZEYFHE L7 (K] 2¢) . HSP27 IEAFAE N CREALTZ A B B R (Fibri) 2 N 2 7= & Z D
N AEAEZRITH 50% Tho7-. FIUTKIL 0.2 w M LA o p-HSP27(dimer) f#7E F TIX A B H
TN OEMHIIE T L. F2, FEVBR{E HSP27 (multimer) & W56 FIERIZ, 0.2
pM ELED HSP2T FAE R CTIZ AB o7V OFmMIFIK TFL W e, DLEDORERLY, ek
® sHsp TdD HSP27 (ZBIL T, Vo f{bL7= HSP27(dimer)iZFEV (k. HSP27 (multimer)[F]
BR IR A B ORHEIREEE AT A K O 2 i 32 2 & A3 on - 72 [3].

allll = s
40000 - 40000
E 3 }
< 30000 - } < 30000 }
z g 3
g 20000 { § 20000
£ £ +
E 10000 - :_g 10000 -
o RS S o S PP S
0.01 0.1 1 10 0.01 0.1 1 10
p-HSP Concentration (uM) HSP Concentration (uM)

=

E —_ g AP.p-HSP27 AB,HSP27
§258 2T & HsP27
E8ag SEEp| tenseen [HsP27]
F<dd E%FE neo 3 ne 8
< & mnmNoooe nNoOooOo

=

100 100
- *s1 3 - = st
£ t ® 2
60 } z 60 3 }
E e s o+, } 2 B3 ¢+ %
£ 40 H 40
3 ]
o
o 20 e 20 -
T T T 1 0— ’ ’ ’ !
0.01 0.1 1 1 on 0.1 1 10

p-HSP Concentration (uM) HSP Concentration (uM)

B 2. multimer « dimer (U > f&{k) O HSP27T DAFAE T, FEAFA(E FIZI61T 2 A B KEEEFHM. a) ThT #%. 450nm O
R YEIZ & % 482 nm DA BE. b) Native PAGE/western blot. (Bt : 7wm v 47U L)

T AR BUKRTY A5 : HSP2T HURTYufa o) MARFEME. PC12 MUMEIZ ¥ o 7V & N A T2 BR O MR AAE S & MTT
B &0 A

[ k]
[1] Hayes D.; Napoli, V.; Marukie, A., Stafford, W.F.; Graceffa, P. J. Biol. Chem. 2009, 284, 18801. [2] Sakono, M.;

Utsumi, A.; Zako, T.; Abe, T.; Yohda, M.; Maeda, M. Biochem Biophys Res Commun. 2013, 430, 1259. [3] & H %
Wk PR WY VY — R - BT EaR. 513 [ HARE BERS. 2013, 1P090

—109—



Biostructure Interaction Analysis using strong Metal-based Nanomagnets
Tamotsu Zako', Aline Rotzetter'?, Christoph Schumacher'?, Wendelin Stark®, Mizuo Maeda'

Bioengineering Laboratory, RIKEN', Institute for Chemical and Bioengineering, ETH Zurich?

Magnetic nanomaterials offer high specific surface areas, ease of separation and the opportunity of
application-tailored surface modifications. They have been proposed for use in catalysis, drug-delivery or as
contrast agents. Beside high chemical stability and advantageous properties of ferromagnetic cores,
carbon-coated cobalt nanomagnets offer a simple platform for chemical functionalization and rapid physical
movement. Previously, the selective removal of large biomolecules (e.g. inflammatory mediators) using
non-oxidic nanomagnets in protein-rich media such as human whole blood by immobilized FAB-fragments
has been shown [1]. This highlights the importance of specific surface-structure interactions under
competitive adsorption conditions. However, the complex binding characteristics of a specific antibody
usually restricts its use to broader target ranges. Beside structural selectivity, affinities of large biomolecules
can also arise from basic physical surface properties including hydrophobicity, topology or electric charge.
This concept is successfully applied in phosphopeptide enrichment.

Amyloid fibrils are complex strain-shaped protein structures which are formed from smaller peptide
monomer units. Their physiological presence and tissue deposition is associated with neurodegenerative
diseases such as Alzheimer’s disease (AD) and different types of amyloidosis. Thioflavin T (ThT) or Congo
Red can access the beta-sheet structure of a large variety of amyloid fibrils and are therefore widely used in
their analytics. The binding of amyloid fibrils to ultra-strong metal-based nanomagnets offers a convenient
base to examine the interaction of a family of complex biological structures with different basic physical
surface characteristics (i.e. electrostatic properties, hydrophobic interactions). Here, we systematically
investigate surface adsorption of AP fibrillar aggregates on carbon-coated cobalt nanomagnets which were
functionalized with various polymers revealing different physical characteristics (charge, hydrophobicity). To
afford a better understanding on biologically more relevant competitive adsorption, the surface affinities
were also examined in solutions containing an excess in bovine serum albumin (BSA) (100-fold excess in

weight regarding fibrillar aggregates). This simulates an environment similar to blood plasma.

Carbon coated nanoparticles were functionalized with amyloid B 42 catching
polyethyleneimine (PED), polyacrylic acid or with nanomagnets
poly(diallyldimethylammonium chloride) (polyDADMAC). oo

%o
Irreversible attachment of polymer coatings was confirmed with

|
elemental microanalysis and diffuse reflectance Fourier transform
infrared spectra (DRIFTS). Adsorption of AP fibrillar aggregates on % - % —>
functionalized nanomagnets was determined by the amount of D

addition of collection

aggregates remaining in the supernatant after collection of nanomagnets with a magnet

nanomagnets (Fig.1). Concentrations of A fibrillar aggregates were

determined by staining the fibrils with amyloid specific dye ThT. Fig.1 Amyloid catching procedure

using nanomagnets
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Figure 2 shows adsorption isotherms of d ColC nanoparticles b coiyetnylenimine

AP fibrillar aggregates on blank as well as g '™ g'®
PEI-coated nanomagnets at different particle % 75 % |
concentrations. Both particle types exhibit a % % ?gf %0
similar adsorption behavior in solutions with % % % 3
PBS only. At the highest tested particle s ’

nanoparticles (mg ml) nanoparticles (mg ml-'}
concentrations we found almost complete
C polyacrylic acid d polydiallyldimethylammonium
fibril extraction (>95%). All adsorption chloride
100 100

isotherms reveal a curved shape, which is

likely to be a dilution effect of the fibrillar

75 75

50

concentration in the extracted medium.
25 25

Adsorption isotherms on charged polymer

extracted amyloid fibrils (%)

extracted amyloid fibrils (%)

=
* . .
0 2 4 6
nanoparticles (mg ml) nanoparticles (mg ml-')

surfaces  (negative charge at neutral

conditions: polyacrylic acid; positive charge:

poly diallyl(dimethylammonium ~chloride): Fig.2 Adsorption isotherms of AB amyloid without

polyDADMAC) show a significantly lower (squares) and with BSA (circles) on a) blank

carbon-coated nanomagnets b) PEI functionalized c)

polyacrylic acid functionalized d) polyDADMAC

binding affinity.
The presence of large concentrations of

. . . o
BSA compared to the target species functionalized nanomagnets (broken lines, 60%

establishes a strongly competitive extraction)
environment for selective extractions. Such situations are frequent in natural systems such as blood. As
expected, all particles adsorbed amyloid fibrils in a lower extent when BSA was present (Fig. 2a-d). Despite
from this, the PEI-coated nanomagnets still revealed a considerable ability to bind amyloid fibrillar
aggregates (75% extraction extent at highest particle concentration). As found earlier, BSA is not able to
rapidly bind onto PEI functionalized particles. This enables a favorable adsorption environment to fibrils
within the conducted extraction time frame, despite much higher BSA concentration compared to fibrils
(100-fold). These findings highlight the possibility of selective extractions from complex media when

advantageous basic physical surface properties are chosen [2].
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Microscopic Detection of Single—nucleotide Polymorphism
Using Nucleic Acid-conjugated Gold Nanoparticles
Tong Bu, Tamotsu Zako, Masahiro Fujita, Mizuo Maeda

Bioengineering Laboratory, RIKEN

Metal nanoparticles (NP) have attracted much attention due to their special optical, electronic and catalytic
properties. Among various metal particles, gold nanoparticles (AuNP) have been extensively investigated.
Particularly, the AuNPs assemblies give rise to high-order structures with potential applications in sensors for
bio diagnosis, heavy metal and protein sensing.

Early and accurate detection of DNA mutation is crucial for identification and diagnosis of various
diseases Aggregation of probe DNA-modified AuNPs and its application to DNA detection has been
attracting considerable interests. It was discovered that formation of fully complementary duplexes on AuNP
surfaces induces the aggregation, while the single-base mismatches at the distal ends greatly stabilize the
colloidal dispersion; the color difference between which can be distinguished by naked eyes and
UV-spectroscopy, which enables easy detection of single nucleotide polymorphisms (SNPs) [1]. One of the
drawbacks of the current measurements is low detection sensitivity (DNA detection limit = 60-500 nM
range). In this study, in an aim to achieve highly sensitive detection of SNPs, we employed dark field
microscopy (DFM), which can detect scattered light from individual single metal nanostructures to examine
AuNP aggregations at single particle level.

The 15-mer single strand DNA (ssDNA) was immobilized as probe on surface of 40 nm AuNPs as
previously described. Solution of complementary DNA (target DNA) was mixed with AuNP-DNA probe
solution. Aggregation of AuNPs was induced by addition of 1.0 M NaCl. Olympus microscopy BX53 with
oil immersed dark-field condenser (U-DCW) was used to examine the dispersed or aggregated AuNPs
immobilized on silane coated slide glass. Scattered lights from AuNP-DNA were captured by high sensitive
camera (Olympus DP73). The aggregation can be estimated by the brightness of each spot, which informs
the degree of aggregation caused by DNA hybridization. Figure 1a showed images of dispersed (left) and
aggregated AuNPs (right) taken by DFM. It is clearly seen that the dispersed AuNPs scatters less light than
aggregates because bigger size results in higher scattering efficiency, which showed the size difference
between dispersed and aggregated AuNPs.

The intensity of particles/clusters on the image was determined for drawing intensity histogram. The
change of the intensity histograms was used to determine the detection limit. To determine the detection limit
of DFM, increasing concentrations of complementary DNA ranging from 0 to 500 nM were added to AuNP
colloids. As shown in the Fig. 1b, the peak of the histogram shift from left to right gradually, indicating that
the intensity of scattered light from each particle/cluster increased due to the enlargement of each clusters
with increased complementary DNA concentration. The percentage of aggregates, which showed brighter
intensities than the monomer, at each target DNA concentration was estimated and plotted (Fig. 1c). As
shown in the figure, the percentage of aggregate increased at higher target DNA concentration. The LOD was

evaluated to be 100 fM by the 3o criterion method.
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Taking advantage of single particle analysis by DFM measurement, the AuNP aggregation model was
investigated by studying the assembly dynamics using DFM. Two growth models of NP aggregates have
been proposed based on theoretical studies: the particle-cluster aggregation model in which aggregates grow
via the addition of individual particles, and the cluster-cluster aggregation model in which aggregates grow
by the combination of aggregates of any size (Fig.2a). The aggregation time scale was roughly estimated by
DLS (Fig.2b, open triangle). The aggregation process is still in progress after 2 hours of incubation. In
contrast, the change of the ratio of monomer AuNPs over time after the addition of 50 nM of target ssDNA
estimated with DFM showed that the ratio of monomers decreased relatively quickly to 20% at the first
15min, and to 2% of all particles after 60 min. Therefore, the monomer-cluster aggregation model is unlikely
to account for our results, indirectly suggesting that cluster-cluster aggregation is the dominant model for
dsDNA-AuNP aggregation at the early stage [2].

In conclusion, the presented results indicated that measurement of scattering intensity from dark-field
imaging allowed us to visualize and quantify the AuNPs aggregation with respect to the amount of target
DNA with high sensitivity, which can be applied as the base for highly sensitive bio analytical tool

development.
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Cell
+ glycopeptide

Fig. 1. Microscopy images of HeLa cells conjugated to FITC-labeled disialoglycopeptide using the amino-glue
molecule 1; bars indicate 100 um. (a, b) Cells treated with FITC-labeled disialoglycopeptide (green) in the
absence (a) or presence (b) of 1. From left to right: phase contrast, DAPI (blue), and FITC.
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Interaction of Pyridine with Water in Aqueous Solution Studied by Soft
X-ray Absorption Spectroscopy in C and N K-edges

M. Nagasaka, H. Yuzawa and N. Kosugi
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Pyridine is liquid and is soluble in water at any concentration. In aqueous pyridine solution, the formation of
hydrogen bond (HB) between the N site of pyridine and the H site of water is proposed by the vibrational
spectroscopy [1]. But the local structure of pyridine-water mixture is unknown. Soft X-ray absorption
spectroscopy (XAS) is an element specific method applicable to the local structure study. In the present work,
we have measured the C and N K-edge XAS of pyridine-water mixtures at different concentrations, and
investigated the interaction of the C and N sites of pyridine with water in the binary solutions.

The experiments were performed at BL3U. XAS of liquid samples were measured by a transmitted-type liquid
cell at room temperature [2]. The liquid layer was sandwiched between two 100 nm-thick Si;N, membranes. The
thickness of the liquid layer is controllable between 20 and 2000 nm by adjusting the He backpressure.

Figure 1(a) shows the C K-edge XAS of pyridine gas and pyridine-water solution (CsHsN)x(H,O),.x. The
transition C 1s — w* shows two peaks: First peak (C1) is derived from the meta- and para-C sites of pyridine.
The second peak (C2) is the ortho-C sites. From gas to liquid pyridine (X=1.0), both the C1 and C2 peaks are
shifted to the lower photon energy. Figure 1(b) shows the N K-edge XAS of pyridine gas and pyridine-water
solutions. The N 1s — n* peak shows the higher energy shift from gas to liquid. These energy shifts are
consistent with those of the pyridine clusters with an antiparallel structure [3] but are smaller than in the cluster
case.

By increasing the molar fraction of water in pyridine-water solution, the XAS peaks are shifted as shown in
Fig. 1. Table 1 shows the peak shifts of pyridine-water mixtures from that of liquid pyridine. The C1 peaks
related to the meta- and para-C sites are not changed at different concentrations. The C2 peaks related to the
ortho-C sites are slightly shifted to the higher photon energy by increasing the molar fraction of water. The N
peaks are more evidently shifted to the higher photon energy. The interactions of both the N and ortho-C sites
with water are increased, and the interactions of the meta- and para-C sites with water are not increased because
these sites are apart from water. These energy shifts are reasonable, assuming that the energy shift arises from
the HB with water and the HB is formed between the N site of pyridine and water in the pyridine-water binary
solutions.

@ Cls o SCHMNHONx|  E pyNts o (CHNNHO)x
2 — Gas 2F @ — Gas
Er Cl —X=1.0 g L —X=1.0
5 i - .
o [ X=0.8 e Qy/b\y" X=0.8
St X=0.5 2t g X=0.5
By — a0 2 —X=03
. a0 2 —X=0.05
gt 8
= | \ =

\7/ -
283 284 285 286 287 398.0 399.0 400.0

Photon Energy / eV Photon Energy / eV

Fig. 1. XAS spectra of pyridine-water mixtures at different concentrations in (a) C and (b) N K-edges. The XAS
spectra of pyridine gas are also shown. The peaks are shifted to the direction of arrows by increasing the molar
fraction of water.

Table 1. Peak energy shifts (eV) of pyridine-water mixtures from liquid pyridine (X=1.0).

(CsHsN)x(H,0),x  Cl C2 N
Gas 0.11 0.02 -0.07
X=1.0 - - -
X=0.8 0.01 0.00 0.02
X=0.5 -0.01 0.02 0.08
X=0.3 -0.01 0.02 0.08
X=0.05 -0.01 0.05 0.13

[1] S. Schliicker et al., J. Phys. Chem. A 105 (2001) 9983.
[2] M. Nagasaka ef al., J. Electron Spectrosc. Relat. Phenom. 177 (2010) 130.
[3]I. L. Bradeanu et al., J. Phys. Chem. A 112 (2008) 9192.
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Interaction of Acetonitrile with Water in Aqueous Solution Studied by Soft
X-ray Absorption Spectroscopy in C and N K-edges

M. Nagasaka, H. Yuzawa and N. Kosugi
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Acetonitrile is liquid and is soluble in water at any molar fraction. In aqueous acetonitrile solution, two
models of the acetonitrile-water dimer were proposed [1]: One is a hydrogen bond structure between the N site
of acetonitrile and the H site of water. The other is a dipole-bonded structure that water is parallel to the C=EN
group of acetonitrile by the dipole interaction. Huang et al. measured the O K-edge X-ray absorption spectra
(XAS) [2] and proposed that the dipole-bonded dimer is abundant compared to the hydrogen bond structure.
However, the interaction has not yet been studied from the acetonitrile side. In this study, we have measured the
C and N K-edge XAS of acetonitrile-water solutions at different concentrations, and revealed the interaction of
the C=N group of acetonitrile with water.

The experiments were performed at BL3U. XAS of liquid samples were measured by a transmitted-type liquid
cell [3]. The liquid layer was sandwiched between two 100 nm-thick Siz;N4 membranes. The thickness of the
liquid layer is controllable between 20 and 2000 nm by adjusting the He backpressure.

Figure 1 shows the C and N K-edge XAS spectra of acetonitrile gas and acetonitrile-water solution
(CH;3;CN)x(H,0),.x. From gas to liquid acetonitrile (X=1.0), both the C 1s — C=N zn* and N 1s —-C=N n* peaks
are shifted to the higher photon energy. It is because liquid acetonitrile shows the antiparallel structure between
the C=N groups of acetonitrile by the dipole interaction.

Table 1 shows the peak shifts of acetonitrile-water mixtures from that of liquid acetonitrile. The C peak is
shifted to the higher energy by increasing the molar fraction of water. On the other hand, the N peak is shifted to
the lower energy. The interaction of the C site of the C=N group is increased by water, and that of the N site is
slightly decreased. These results suggest that the acetonitrile-water solution may have the dipole-bonded
structure, in which the oxygen site of water is close to the C site of the C=N group of acetonitrile. It should be
also noted that the peak width at X=0.05 is narrower than those at different molar fractions, suggesting that in
dilute aqueous solutions acetonitrile may be isolated by the dipole interaction with water.

C ()N Is — (CH,CN)x(H,0),
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Fig. 1. XAS spectra of acetonitrile-water mixtures at different concentrations in (a) C and (b) N K-edges. The

XAS spectra of acetonitrile gas are also shown. The peaks are shifted to the direction of arrows by increasing the

molar fraction of water.

e
286.0

Table 1. Peak shifts of acetonitrile-water mixtures from that of liquid acetonitrile (X=1.0).

(CH;CN)x(H,0),x _C N
Gas -0.09 -0.09
X=1.0 - -

X=0.8 0.02 -0.02
X=0.5 0.02 -0.02
X=0.3 0.02 -0.03
X=0.05 0.05 -0.03

[1] 1. Bakod, T. Megyes and G. Pélinkas, Chem. Phys. 316 (2005) 235.
[2] N. Huang et al., J. Chem. Phys. 135 (2011) 164509.
[3] M. Nagasaka ef al., J. Electron Spectrosc. Relat. Phenom. 177 (2010) 130.
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Soft X-ray Absorption Spectroscopic Study of Solid-Liquid Interface

H. Yuzawa, M. Nagasaka, N. Kosugi
Institute for Molecular Science, Okazaki 444-8585, Japan

Detailed understanding of the interface interaction is important to clarify physical and chemical phenomena
such as molecular adsorptions, catalytic reactions and so on. However, the solid/liquid interface is difficult to
measure because it involves two different condensed phases. We generally use particle (electron, ion etc.) or
light (IR, X-ray etc.) probe to investigate geometric and electronic structures, but the former interacts too strong
with both phases to observe the interface. The latter only gives average information of the interface and bulk,
where the information of the interface (minor component) get covered up by that of the bulk [1]. Thus, new
approaches are required to measure the solid/liquid interface.

We developed a transmission-type liquid XAS (X-ray Absorption Spectroscopy) cell with SizNy or SiC
windows, which is able to control easily the thickness of the liquid thin layer (20-2000 nm), for the soft X-rays
[2]. From the other point of view, this liquid cell contains solid/liquid interfaces and can strengthen the
information of the interface for light probe by controlling the liquid thickness. Thus, we tried to detect the
interaction of solid/liquid interface in the liquid XAS cell, whose surface is modified to objective structures.

The experiments were carried out in BL3U. Two Au (thickness: 20 nm) and Cr (5 nm) deposited Si;N4 (100
nm) membranes were used as liquid cell windows. The model surface in this study was prepared by the
modification (chemisorption) of 1H, 1H, 2H, 2H -perfluorodecanethiol (F-thiol) monolayer on the gold surface
(Scheme 1). Then, the cell was filled with liquid (water or benzene) and C K-edge XAS was measured at room
temperature as shown in Fig. 1.
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Scﬁeme 1. Modification of gold surface by F-thiol monolayer.
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Fig. 1. Schematic (side view) of soft X-ray XAS measurement to detect the interaction at the solid/liquid interface.

Fig. 2. C K-edge XAS spectra of the modified liquid cell filled with water (blue line) or benzene (red line) and that of the
unmodified one filled with benzene (black line). Green line corresponds to the spectrum of the red line subtracted by that of
the blue line to remove the influence of the absorption of F-thiol.

Figure 2 shows the C K-edge XAS spectra of the modified liquid cell filled with water (blue line) or benzene
(red line). In both cases, three absorption peaks (> 290 eV), which correspond to the excitation from C 1s to o*
of F-thiol, were observed. It was confirmed that this system could detect the soft X-ray absorption of molecule at
the solid/liquid interface. Nevertheless, the energy positions of each absorption peak were consistent regardless
of liquid phase.

On the other hand, when the absorption peak (285.1 eV, 1s—xn*) of benzene (green line) extracted from the
red line was compared with that without the liquid cell modification of F-thiol (black line), the width of the
absorption peak broadened. This would be because the electronic state of benzene molecule was influenced by
the interactions between the F atom in F-thiol and the benzene molecule at the interface, e.g., -F-:-H- interaction
[3] and -F---m interaction [4]. Thus, the trace of the interface interaction could be detected in the liquid side

Through the above experiments, we can conclude that the transmission soft X-ray XAS approach has a
potential to detect the interaction of solid/liquid interface.

[1]F. Zaera, Chem. Rev. 112 (2012) 2920.

[2] M. Nagasaka et al., J. Electron Spectrosc. Relat. Phenom. 177 (2010) 130.
[3] M.D. Prasanna et al., Cryst. Eng. 3 (2000) 135.

[4] B. Brammer et al., New J. Chem. 23 (1999) 965.
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In-situ Observation of Electrochemical Reaction by Soft X-ray Absorption
Spectroscopy with Potential Modulation Method

M. Nagasaka, H. Yuzawa, T. Horigome and N. Kosugi
Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

For understanding the electrochemical reaction, it is most important to investigate local structures of
electrolytes including electric double layers at different potentials. Soft X-ray absorption spectroscopy (XAS) is
an element specific method to study local electronic structures of solutions and interfaces. Recently, we
developed a liquid cell for XAS in transmission mode [1], in which the thickness of the liquid layer is
controllable between 20 and 2000 nm. In addition, we successfully measured XAS of electrolytes in
electrochemical reaction by using a liquid cell with built-in electrodes [2]. From the Fe L-edge XAS spectra of
aqueous iron sulfate solutions in electrochemical reaction, we revealed change in the valence of Fe ions at
different potentials, where each XAS spectrum was measured at a constant potential and the scanning rate of the
potential (0.08 mV/s) was quite slower than that in regular cyclic voltammetry (CV) (typically 100 mV/s). In this
study, we have developed a potential modulation method to make possible in-situ XAS observation of
electrochemical reaction at the same scanning rate of CV.

In the XAS measurement with a potential modulation method, the electrode potential is swept at a fixed
photon energy, and soft X-ray absorption coefficients at different potentials are measured at the same time. After
repeating the potential modulation at different photon energies, we can get XAS of electrolytes in
electrochemical reaction at the same scanning rate of CV.

The experiments were performed at BL3U. XAS spectra of electrolytes were measured by using a liquid cell
with built-in electrodes [2]. Figure 1 shows the Fe L-edge XAS spectra of aqueous iron sulfate solutions in
electrochemical reaction at 100 mV/s. By increasing the potential from 0.0 to 1.0 V, the peak intensity of Fe(II)
(708 eV) is decreased and that of Fe(IIl) (710 eV) is increased by the oxidation of Fe(Il). By decreasing the
potential from 1.0 to -0.4 V, the peak intensity of Fe(Il) is increased, and that of Fe(Ill) is instead decreased by
the reduction of Fe(III).

To obtain the fraction of Fe(Il) and Fe(III) ions, the Fe L-edge XAS spectra at different potentials are fitted by
superposition of the reference XAS spectra of Fe(Il) and Fe(IIl) ions. Figure 2 shows fractions of Fe(Il) and
Fe(Ill) ions in electrochemical reaction at 100 mV/s. By increasing the potential, the fraction of Fe(IIl) is
increased and that of Fe(II) is decreased. The Fe(II) ions are partially changed to the Fe(III) ions by the oxidation
process. It is because a thick liquid layer is necessary for XAS of dilute Fe ions in transmission mode. As shown
in the inset of Fig. 2, the XAS spectra includes both the solid-liquid interface that occurs the Fe redox reaction
and the bulk electrolyte of Fe(II) that does not involve the electrochemical reaction. The mechanism of these Fe
redox process will be discussed by correlating the XAS results with those at the different scanning rates.
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Fig. 1. Two dimensional plots, photon energy and potential (versus Ag/AgCl), of the Fe L-edge XAS spectra in
electrochemical reaction of aqueous iron sulfate solutions at the scanning rate of 100 mV/s.

Fig. 2. Fractions of Fe(Il) and Fe(Ill) ions as a function of potential (versus Ag/AgCl) in electrochemical
reaction at 100 mV/s. The inset shows a partial oxidation model in a liquid cell.

[1] M. Nagasaka ef al., J. Electron Spectrosc. Relat. Phenom. 177 (2010) 130.
[2] M. Nagasaka et al., J. Phys. Chem. C 117 (2013) 16343.
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Electrochemical hydrogen production from water has attracted considerable attention due to the potential
toward highly efficient energy conversion. This reaction consists of two half reactions of hydrogen and oxygen
evolution. However, the efficiency of oxygen evolution reaction (OER) is insufficient for many electrode
materials because of the high overpotentials. Recently, Bediako et al. reported that a nickel-borate thin film can
function as an efficient electrocatalyst for OER and the activity was likely to be dependent on the concentration
of potassium borate (KB,) in electrolyte aqueous solution [1]. Therefore, in this study, the nickel-borate thin film
was investigated by in situ O K-edge XAFS measurements under potential control conditions with changing the
electrolyte aqueous solution.

The soft X-ray electrochemical XAFS measurements were performed with the transmission mode at BL3U of
UVSOR, according to the previous works [2]. Au/Cr/SiC thin film substrates were used as working electrodes. A
home-made electrochemical cell was used with a Pt mesh counter electrode and a Ag/AgCl (saturated KCI)
reference electrode.

O K-edge XAFS spectra were taken for the electrodeposition reaction of nickel-borate thin film at 1.0 V vs.
Ag/AgClin a 0.1 M KB; aqueous solution containing 0.4 mM Ni(NO3),, as shown in Figure 1. A peak associated
with oxygen species was observed at ca. 528.5 eV and kept to grow for 90 min. Next, the electrolyte solution
was changed to 0.5 M KB; aqueous solution without nickel ions and the XAFS measurements were tested with
changing the applied electrode potential (Figure 2). The peak at ca. 528.5 eV disappeared at lower potential (0.5
V) and regenerated at higher potential (1.0 V) accompanying with the OER activity. In previous works of Ni
K-edge XAFS [1], it is indicated that the nickel borate electrocatalyst forms u—oxo/hydroxo nickel centers
organized into higher-order domains of edge sharing NiOg octahedra at higher potential. Thus, our present study
demonstrated the presence of the NiOg octahedra domain by the direct observation of oxygen species in the
nickel borate thin film. When the concentration of KB; in electrolyte solution decreased, the XAFS peak was not
observed even at 1.0 V accompanying with the decrease of the OER activity, which indicates that the formation
of the NiOg octahedra domain was suppressed. Therefore, we found that the high activity of nickel borate thin
film for OER is derived from the formation of the NiOg octahedra domain and related with the KB, concentration
in the electrolyte aqueous solution.
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Figure 1. Time course of in situ O K-edge XAFS during electrodeposition reaction of nickel-borate thin film.
Figure 2. In situ O K-edge XAFS spectra under electrochemical control in 0.5 M KB; aqueous solution.

[1] D. K. Bediako et al., J. Am. Chem. Soc. 134 (2012) 6801., 135 (2013) 3662.

[2] M. Nagasaka ef al., J. Electron. Spectrosc. Relat. Phenom. 177 (2010) 130.,
J. Phys. Chem. C 117 (2013) 16343.
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Nitrogen doped TiO,, which is one of most promising visible-light-response photocatalysts, has been
extensively studied to understand the mechanism of its visible-light-response. Although many structural studies
on nitrogen dopants in TiO, have been conducted with various techniques, neither doping site nor chemical state
of the nitrogen dopant is known in detail. In this work, we measured polarized NEXAFS spectra for nitrogen
doped rutile TiO,(110) to elucidate its structure.

The samples were prepared by heating rutile TiO,(110) substrates under NH; atmosphere at 1.0 Torr.
Polarized NEXAFS measurements were performed at BL3U with using the partial electron yield method. The
photon energies were calibrated by the energy of the first peak (530.6 eV) at O-K edge.

Fig. 1 shows O-K edge NEXAFS spectra of rutile TiO,(110) with different polarization directions. For
example, NI [001] indicates that x-ray incidence angle is 90° from the surface parallel and its electric vector is
lying along the [001] direction (see Fig. 2). In the grazing incidence (GI) geometry, the incidence angle was 30°.
For the O-K edge spectra, we observe five peaks (a-e) and they are seen in the typical spectra of rutile TiO,(110).
Considering the previous assignments for these peaks [1,2], peaks a and b can be attributed to excitations to
unoccupied states: (Ti 3d + O 2pmn) and (Ti 3d + O 2po), respectively. Peaks c-e are assigned to (Ti 4sp + O 2p).
In NI[001] spectrum, peak b exhibits different polarization dependence from the other peaks. It might be because
part of peak b is associated with a surface oxygen species shown in Fig. 2. Considering its bonding direction, the
excitation to an unoccupied state of (Ti 3d + O 2po) character should be observed only in the [001] direction and
particularly strong in NI[001]. Therefore, it can be said that the N doped rutile TiO,(110) has a similar structure
to pristine TiO, and the surface oxygen species bridging two Ti atoms remain after doping reactions. Fig. 3
shows N-K edge NEXAFS spectra of the nitrogen dopants in the rutile TiO,(110), where the incidence angle was
15° for GI and 90° for NI from the surface parallel. As a result, seven peaks (a’-d” and X, Y, Z) were observed.
Peak a’ and b’ can be attributed to excitations to unoccupied states: (Ti 3d + N 2pn) and (Ti 3d + N 2po),
respectively. Peaks ¢’ and d” are assigned to (Ti 4sp + N 2p). From these results, the doped N species are likely
to occupy the lattice oxygen sites via substitution. It
should be noted that peaks X, Y, Z appear exclusively in surface oxygen
the N-K edge spectra. Based on the results of XPS, DFT _2
calculations and a previous report [3], it is proposed that ~ [110]
the nitrogen dopants are not only in the form of N but plane
also in the form of NH. Thus, peaks X and Y can be
attributed to excitations to NH-derived unoccupied states. Fig. 2. Structure model for rutile TiO»(110) surface.
Peak Z could be associated with an edge structure.
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Fig. 1. O-K NEXAFS spectra of N doped rutile  Fig. 3. N-K NEXAFS spectra of nitrogen dopants in
TiO,(110). rutile TiOx(110) .

[1]J. G. Chen, Surf. Sci. Rep. 30 (1997) 1.
[2] E. Filatova et al., Phys. Status Solidi B 246 (2009) No.7, 1454.
[3]1 Y. Kim et al., J. Phys. Chem. C 115 (2011) 18618.
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The uptake of drugs, such as dexamethasone, topically applied onto human skin is investigated by soft X-ray
spectromicroscopy. Dexamethasone is a widely used for the treatment of inflammatory skin diseases such as
atopic dermatitis. It is aimed to study the depth profile of dexamethasone, so that specific information on the
uptake process is derived. Dexamethasone was dissolved in ethanol and this 0.5% solution was applied onto the
skin sample for 4 h. Subsequently, the sample was fixed and sliced into 300 nm thick sections.

The experiments were performed at the BL4U beamline at UVSOR III using a scanning X-ray microscope
(STXM) [1]. Chemical selectivity is obtained from excitation at the O 1s-edge (525-560 eV). Figure 1 shows a
comparison of the O Is-absoption of fixed human skin and dexamethasone. Both spectra are similar in shape,
showing an intense O 1s— m* resonance dominating the pre-edge regime. This resonance occurs at slightly
lower energy in dexamethasone (E=530.5 eV) than in skin (E=532.2 eV), providing chemical selectivity for
probing the drug uptake into skin.

Figure 2 shows a comparison of a skin sample exposed to dexamethasone probed by optical microscopy and
soft X-ray microscopy. Figure 2(a) clearly shows the layered structure of the stratum corneum, the outermost
skin layer, probed by optical microscopy. It is followed by the viable epidermis and the dermis. Figure 2(b)
shows for the same section of the skin sample the spatial distribution of absorption, which is obtained from a
difference image in X-ray absorption measured at 528 eV (pre-edge regime) and on the O 1s—m*-transition
(530.5 eV) of dexamethasone (cf. Fig. 1) providing chemical selectivity. The spatially resolved results indicate
that highest absorption contrast is found in the stratum corneum, as indicated by red color. In contrast, lower
concentration is observed in the viable epidermis and no change in absorption contrast occurs in the dermis. It is
also evident that the cells nuclei in the viable epidermis (circular structures in Fig. 2(a)) do not show any
evidence for drug uptake.
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Fig. 1. O 1s excitation of fixed human skin (black curve) and dexamethasone (red curve).

Fig. 2. (a) optical microscopy image of human skin; (b) spatial distribution of dexamethasone in the same skin
section, as shown in (a). See text for further details.

[1]1 T. Ohigashi, H. Arai, T. Araki, N. Kondo, E. Shigemasa, A. Ito, N. Kosugi, and M. Katoh, J.
Phys.: Conf. Ser. 463 (2013) 012006.
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To observe the structure of biological samples, an electron microscope and a fluorescence microscope are
extensively used. However, the former requires specimen in vacuum and the latter has relatively lower spatial
resolution. Moreover, the electron microscope usually requires several preparation processes for the samples,
such as fixing, slicing and staining. On the other hand, a soft X-ray microscopy is applicable to relatively thick
specimen even under hydrated condition at high resolution, and is expected to be complementary to these two
types of microscopes. A scanning transmission X-ray microscope (STXM) must be a powerful tool for this
purpose [1]. The STXM has high spatial resolution, high transmittance and lower radiation damage than the
electron beam. Especially, chemical analysis combined with near edge X-ray absorption fine structure
(NEXAFS) enables us to obtain 2-dimensional chemical information of the sample [2]. In this study, nuclei of
cultured human cells were observed with the STXM installed on UVSOR BL4U to image the distributions of
DNA and protein separately.

NEXAFS spectra of the DNA and histone, a nuclear protein, were measured by the STXM as reference data.
Their suspensions were dropped onto 100 nm-thick silicon nitride membranes and were dried in the air. Their
NEXAFS spectra around nitrogen 1s are shown in Fig. 1. In these spectra, a remarkable feature to discriminate
the DNA from the protein is seen on a peak at 400.8 eV as nitrogen 1s—n* resonance arising from C=N double
bonds in the DNA.

Human A549 cells derived from lung cancer were cultured directly on the silicon nitride membrane, fixed with
glutaraldehyde, and dried in the air. The sample was placed in the STXM chamber, which was then evacuated
and was filled by helium to 30 mbar. The 51 X-ray transmission images (an energy stack) were acquired with
changing the X-ray energies from 399 to 404 eV. The dwell time and the scanning pitch of the specimen were 5
ms and 0.2 pm step, respectively. The reference spectra of the DNA and the histone in Fig. 1 were fitted to the
energy stack by using aXis2000 software [3] and their distributions are shown in Fig. 2. Figures 2 (a) and (b)
show distributions of the DNA and the histone (protein), respectively. Fig. 2 (c) shows the distribution of
constant profile with no spectral feature, suggesting that in the nucleolus molecules other than the DNA and/or
the histone (protein) are densely accumulated. The results show that the DNA was distributed over the nucleus,
while the histone was poorly distributed in the nucleolus. Considering that RNA is rich in the nucleolus, the
RNA may be present with less protein in the nucleolus.
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Fig. 1 X-ray absorption spectra of the DNA and the histone (protein) around nitrogen 1s resonance.
Fig. 2 Distributions of the DNA (a), the histone (protein) (b) and constant (c) in the cell.
Bright color corresponds to high density. Scale bars are 2 um.

[1] 7. Kirz et al., Nucl. Instr. and Meth. B 87 (1994) 92-27.

[2] T. Ohigashi et al., J. Phys. Conf. Ser. 463 (2013) 012006.
[3] http://unicorn.mcmaster.ca/aXis2000.html
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In present report, efforts have been made to elucidate the origin of @’ magnetism'? in ZnO nanocactus (NC)
and nanowires (NW) using X-ray-based microscopic and spectroscopic techniques. The magnetic hysteresis curve
obtained in an applied field revealed that the saturation magnetization in ZnO NC exceeded that of the NW. Fig. 1
shows the O K-edge scanning transmission X-ray microscopy (STXM) and corresponding x-ray absorption
near-edge structure (XANES) spectra of the ZnO nanostructures. The experiments were performed at the 4U
beamline. The O K-edge STXM stack mappings were recorded at two randomly selected regions in ZnO NC (NC-1
and NC-2) and NW (NW-1 and NW-2) respectively (see Figs. la-d). The insets in the figures also present
corresponding scanning electron microscopy images that help to identify the regions and can be used to verify the
STXM images. To overcome the signal-to-noise ratio of the XANES spectra obtained from specific mapping areas
in the STXM images, the O K-edge STXM-XANES spectra in Fig. 1(e) were obtained as the sum of the XANES
spectra in the regions that are bordered by yellow dashed lines, as shown in NC-1, NC-2, NW-1 and NW-2.
According to the dipole-transition selection rule, the features at ~535-550 eV are attributed to the electron
excitations from O 1s-derived states to 2p, -derived (along the bilayer) and O 2p.-derived (along the ¢ axis) states,
which are approximately proportional to the density of the unoccupied O 2p-derived states.” The intensities of the
O K-edge STXM-XANES spectra of NC-1 and NC-2 are clearly higher than those of NW-1 and NW-2. The
STXM-XANES results consistently demonstrate that the population of defects at the O sites in ZnO NC is larger
than in the NW and confirming the enhanced density of states of O 2p-derived states, as the population of defects
and dangling bonds at/above Ecpm or  (a) (b) (¢)

Er in ZnO NC exceeds that in the %

NW. The experimental results are
also consistent with the
measurements of extended X-ray
absorption fine structure spectroscopy,
X-ray excited optical luminescence
spectroscopy and X-ray magnetic
circular dichroism. The
STXM-XANES resesult strongly
support the arguments that the origin
of magnetization is attributable to the
O 2p orbitals rather than the Zn 3d
orbitals.
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Figs. 1 (a)-(d) O K-edge STXM images of two selected regions in ZnO NC (NC-1 and NC-2) and NW (NW-1 and
NW-2), respectively. (e) corresponding O K-edge XANES spectra of regions bordered by yellow dashed lines in
ZnO NC (NC-1 and NC-2) and ZnO NW (NW-1 and NW-2). The insets show the corresponding SEM images.

References
[1] T. A. Dietl et al, Nat. Mater. 9 (2010) 965.
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Revealed by Precise Band-Dispersion Measurements
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Solid-state functionalities of organic molecules are governed not only by individual molecular properties but
also by their intermolecular interactions. This concerted interplay dominates a key process of the electric
conduction in functional molecular systems. In this work, we have investigated the intermolecular
energy-vs-momentum E(k) relation, originating from the molecular stacking periodicity, of sub-100-meV scale
in metal phthalocyanine (MPc) crystalline films. The small E(k) relation of MPc with different terminal groups
and central metals are sensitive and essential to characterize the intermolecular interaction in terms of the
intermolecular distance, the molecular conformation, and the orbital symmetry.

Figure 1 shows the emission angle (¢) dependence of the angle-resolved photoemission (ARPES) spectra and
its intensity map for the flat-lying monolayer and crystalline films of ZnPc on Au(111) at 15 K. For the
monolayer, the dispersive and non-dispersive peaks appear around the binding energy (Ey) of 0~0.32 eV and
0.74 eV, respectively. The parabolic dispersion at E, = 0~0.32 eV is derived from the Shockley state (SS) of the
Au(111) surface, which is modified by the complex interplay of molecule-substrate interactions. The
non-dispersive peak at E, = 0.74 eV is derived from the highest occupied molecular orbital (HOMO) of C 2p (m)
character in ZnPc. The observed HOMO- peak intensity shows a sharp 6 dependence with the maximum at § =
34°. This is due to the reflection of the spatial electron distribution of HOMO. For the ZnPc crystalline film, the
SS band of Au(111) is suppressed and the HOMO peak is stabilized as Ey, ~ 1.3 eV. Since the ZnPc molecule
deposited on Au(111) shows the Stranski-Krastanov growth, the quite weak substrate signal of Er appears and is
utilized for the energy calibration for the precise E(k) measurement. The 6 dependence of the HOMO-peak
intensity in the ZnPc crystalline film is almost the same as that in the ZnPc monolayer film; that is, the molecular
orientation indicates the layer-by-layer growth in the crystalline domain and induces orbital delocalization.
Indeed, the HOMO peak of the ZnPc crystalline film shows a small dispersive behavior with 6. Such a dispersive
behavior is not observed in the monolayer film and is related to the delocalized band formation.

In order to investigate the k component along the m-m stacking direction (k.), we measured the normal
emission ARPES as a function of the photon energy (hv) for crystalline films of various MPc (H,Pc, MnPc,
CoPc, ZnPc, and F;sZnPc) on Au(111) at 15 K. From this systematic experiment, we revealed quite small but
different E(k.) relations. The transfer integral (z.) of the C 2p band is found to be dependent on the intermolecular
distance (a.) with the 75+5 meV/A relation (see, Fig. 2). Furthermore, we observed the different dispersion phase
and periodicity, depending on the terminal group and central metal in MPc, which originate from the
site-specific intermolecular interaction induced by substituents [1].

As described above, precise and systematic E(k) studies provide deeper insights into the nature of the
intermolecular interaction, which further represents the importance of the site specificity in the inter- molecular
interaction as a possible origin of unique molecular electronic properties.
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Fig. 1. The 6 dependence of the ARPES spectra (hv = 45 eV) and its intensity map for the monolayer and
crystalline films of ZnPc on Au(111) at 15 K.
Fig. 2. The t-vs-a. relation for the C 2p band in MPc crystals at 15 K, with ¢./a. = 75 meV/A line.

[1] H. Yamane and N. Kosugi, Phys. Rev. Lett. 111 (2013) 086602.
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Observation of Interface State and Intermolecular Band Dispersion
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Study of organic/metal interfaces is essential to investigate electronic phenomena derived from the complex
interplay between van der Waals interaction and exchange-correlation interaction. Previous studies on
organic/metal energetics have been performed mainly for non-ordered or multi-domain systems due to
experimental difficulties. In this work, we applied the precise angle-resolved photoemission spectro- scopy
(ARPES) to the single-domain monolayer of coronene weakly physisorbed on Au(111).

The present experiments were performed at BL6U. The cleanliness of the Au(111) surface was confirmed by
the low-energy electron diffraction with a micro channel plate (MCP-LEED) and the Shockley surface state in
ARPES, as obtained from the repeated cycles of the Ar” sputtering ( ~ 2 pA) and the subsequent annealing (7 =
700K). The total energy resolution in the present ARPES measurement was 16 meV.

Figure 1 shows (a) the LEED image and (b) the surface Brillouin zone (SBZ) of the coronene mono- layer on
Au(111). The observed LEED spots show the (4x4) single-domain superstructure with respect to the Au(111)
hexagonal surface lattice.

The energy-vs-momentum FE(k) contour maps of the clean Au(l111) surface and the coronene/Au(111)
superstructure, obtained from ARPES, are shown in Fig. 2(a) and 2(b), respectively. Upon the formation of the
coronene/Au(111) superstructure, some new electronic states are observed. The free-electron-like dispersive
bands are weakly appeared near the Fermi level Ef (£, = 0~0.4eV) and the Au5d band (£, = 1.7~2.4¢eV). The
inflection point of these parabolic dispersions appears at the I' point of the monolayer's SBZ (krx = 1.08 A™).
The parabolic dispersions at the low and high E}, side may originate from the Shockley- and Tamm-type interface
states, respectively, both of which are induced by the surface potential due to the presence of the coronene
superstructure. Here, the E\, position of the parabolic dispersions are almost the same for the original Shockley
and Tamm surface states of the clean Au(111) surface. Therefore, the interface interaction between coronene and
Au(111) is considered to be quite weak.

At E, ~ 1.6eV, a highest occupied molecular orbital (HOMO) peak is observed. The energy distribution curve
at krg = 1.40 A™' shows a sharp HOMO line shape with the high-E, satellite due to the hole- vibration coupling.
This observation also suggests the weak physisorption between coronene and Au(111). Note that, the HOMO
peak shows a quite weak but non-negligible dispersion of ~20 meV. The in-plane band dispersion of molecular
electronic states has been observed for strongly chemisorbed interfaces with larger dispersion of 0.2~0.3 eV due
to the interfacial orbital hybridization [1,2]. Judging from the present experimental evidence, the observed
in-plane band dispersion is ascribed to the genuine intermolecular interaction in two-dimensional sheets of
aromatic hydrocarbons.
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Fig. 1. (a) The MCP-LEED image of the coronene monolayer on Au(111) at 15 K, taken with the 70-eV incident
electron beam. The red spot indicates the substrate's spot. (b) The surface Brillouin zone (SBZ) of the monolayer
superstructure of coronene on Au(111). The black and blue solid lines indicate the substrate and monolayer
SBZs, respectively. The red dashed line indicates the scan region of ARPES.

Fig. 2. The E(k) map at T = 15 K around the 2" I point in the monolayer's SBZ [cf. Fig. 1(b)]; (a) The clean

Au(111) surface. (b) The coronene monolayer on Au(111) with the energy distribution curve at (i) krg = 1.08
A" and (ii) krg = 1.40 A™'. The molecular structure of coronene is also shown.

[1] H. Yamane et al., Phys. Rev. B 76 (2007) 165436.
[2] M. Wiefner ef al., Nat. Commun. 4 (2013) 1514.
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Linearly-Dispersive Electronic States at the Interface of
Organic Monolayers on Graphite

H. Yamane and N. Kosugi
Department of Photo-Molecular Science, Institute for Molecular Science, Okazaki 444-8585, Japan

Organic monolayers on solid surfaces show various electronic states and complex electronic phenomena,
depending on electronic interactions at their interface. Some interfacial electronic phenomena, such as the charge
transfer, have been applied to the control of interface energetics in functional molecular systems. In this work, by
using angle-resolved photoemission spectroscopy (ARPES), we succeeded in observation of a linearly-dispersive
electronic state at the interface of organic monolayers on graphite.

The present work was performed at BL6U. The single-crystalline graphite (Gr) was obtained by the direct
resistive heating of a 6H-SiC(0001) wafer at 1500°C [1], as confirmed by the low-energy electron diffraction
(LEED) and the valence band dispersion. In order to obtain the well-ordered organic monolayer, the Gr substrate
was heated at 100~120°C during the deposition at 1~2 A/min. The energy resolution in the present ARPES
experiment was 16 meV at 15 K.

Figure 1(a) shows the LEED image of the metal- free phthalocyanine (H,Pc) monolayer on Gr at 15 K. The
observed LEED image indicates the well-known multi-domain structure for Pc molecules on six-fold symmetric
surfaces. The molecular unit cell of H,Pc on Gr determined from LEED [Fig. 1(b)] corresponds to the previous
STM study [2]. Considering the symmetry of the molecular unit cell, we measured the
azimuthal-angle-dependent ARPES.

Figure 1(c) shows the energy-vs-momentum E(k) map and its energy- and momentum-distribution curves
(EDC and MDC) at hv = 45 eV, for the mono- layer of H,Pc on Gr at 15 K along the b, direction. The highest
occupied molecular orbital (HOMO) peak appears at the binding energy (E,) of 1.4 eV. In addition, the
linearly-dispersive feature appears weakly but undoubtedly at £y, = 0~2.2 eV, like Dirac cone, as indicated by the
dashed line in the E(k) map and MDC. This is the interface-specific state, which is observable for neither the
clean Gr substrate nor the thick multilayer film. In general, the Dirac cone in a honeycomb structure, such as
graphene, is appeared not at the edge but at the corner of the Brillouin zone. In the present case, we found that
the linearly-dispersive interface state appears at all azimuth direction. Therefore, the observed linearly-dispersive
interface state could be due to the Umklapp scattering from the Dirac band of the underlying Gr substrate.

In order to elucidate the origin of the linearly- dispersive interface state in more detail, we measured ARPES
as functions of temperature, substrate, and molecule. We found that the linearly-dispersive interface state is
getting weak at the higher temperature (e.g., 300K), and is not observable at the H,Pc/Au(111) interface. These
results suggest the importance of the interfacial electronic coupling between organic monolayers and the Gr
substrate.  Furthermore, the linearly-dispersive
interface state is observed also for other monolayers of (
pentacene, coronene, and Cg on Gr with different
dispersion parameters such as the Fermi momentum
(k¢) and the Fermi velocity (vg). On the other hand,
both kr and vg at the CoPc/Gr interface are almost the
same as those at the H,Pc/Gr interface, suggesting the
importance of the molecular unit cell.

Judging from the present observations, the linearly-
dispersive interface state is governed by both the size
of the molecular unit cell and the molecule-Gr
electronic coupling. The Dirac band of the Gr substrate
could be scattered and modified by the intermolecular
phonons of adsorbates as a result of the surface
Umklapp process, which plays a crucial role in the ’

. . . . I R T N B | 1.58
charge/spin extraction in molecule- graphene hybrid 02 0 02
systems. Momentum k / A~1
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—
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Fig. 1. (a) The LEED image of the H,Pc monolayer on Gr at 15 K, taken with 20-eV incident electron beam. (b)
The molecular unit cell of H,Pc on Gr, where b; = 13.8 A, b, = 13.1 A, and 8 = 87.6° [2]. (c) The E(k) map
along the b, direction with the energy- and momentum-distribution curves (EDC and MDC) of H,Pc on Gr at 15
K (hv=45¢V).

[2] I. Forbeaux ef al., Phys. Rev. B 58 (1998) 16396, and references therein.
[3] K.Nilson et al., J. Chem. Phys. 127 (2007) 114702.
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Electronic structure of epitaxial, metallic germanium nanofilms on
zirconium diboride thin film substrates —
Identification of a new form of crystalline germanium

R. Friedleinl, H. Yamanez, N. Kosugiz, Y. Yamada-Takamura'

ISchool of Materials Science, Japan Advanced Institute of Science and Technology, Nomi, Ishikawa 923-1292,
Japan
’Dept. of Photo-Molecular Science, Institute for Molecular Science, Okazaki 444-8585, Japan

While Si and Ge are right below C in the periodic table of elements, valence orbitals for Si and Ge do not sp’
hybridize as easily as for their smaller counterpart. However, considering the experimental evidence for the
existence of the largely sp’-hybridized form of silicon called “epitaxial silicene” mounting [1-3], the verification
of layered, hexagonal germanium structures with Dirac-cone like electronic signatures — in analogy to graphene
and silicene conveniently coined “germanene” - would represent another important step towards novel
two-dimensional nano-materials.

In this context, recently, in our home laboratory, we have succeeded in preparation of nanofilms of
germanium on the surface of ZrB,(0001) thin films grown on Ge(l111) wafers. These epitaxial,
single-crystalline-like Ge nanofilms are formed by surface segregation at elevated temperatures and oxidize upon
exposure to air.

However, the native oxide can be removed by an annealing procedure under ultra-high vacuum conditions
upon which again Ge nanofilms are formed. At BL6U, these films have then been studied in situ by
angle-resolved valence band (ARPES) and core-level (XPS) photoelectron spectroscopy as well as by
low-energy electron diffraction (LEED).

The measured electronic and structural properties of the films are consistent with a layered structure of
hexagonal symmetry and a (1x1) in-plane lattice constant that is about 20 % smaller than that of bulk germanium
in the diamond crystal structure.

Figure 1 shows the valence band structure along the I'-K direction of the (1x1) diboride Brillouin zone, as
obtained at 15 K. A manifold of well-defined states with upwards curvature are observed. These states are likely
thin film slab states that are related to the layered structure of the nanofilms. Some of these states cross the Fermi
level indicating that the films are metallic. This behavior is expected for highly-strained germanium layers in

K < T > K which o states are partially pushed above Er [4].

»

<

At room temperature, the films are (w.r"'g X yﬁ)—reconstructed;
on the other hand, below about 100 K, the films undergo a phase

transition into a 3 w.r-"g %3 w.r-"i structure. This phase transition is
connected to a significant change in the low-energy band structure
which may be associated with a charge-density wave ground state
related to an electronic instability characteristic of low-dimensional
systems. This may indicate that the interlayer coupling is weaker
than anticipated.

At present, the results are compared with those of
quantum-chemical calculations in order to understand both the
structural and electronic properties.

Binding energy (eV)

-0.25 0 0.25 0.5 Fig. 1. ARPES spectrum of a Ge nanofilm on ZrB,(0001) thin
K, (A1) films on Ge wafers, along the I'-K direction, with the sample held
at 15 K. The photon energy of 43 eV was used.

[1] P. Vogt, P. De Padova, C. Quaresima, J. Avila, E. Frantzeskakis, M. C. Asensio, A. Resta, B. Ealet, G. Le
Lay, Phys. Rev. Lett. 2012, 108, 155501.

[2] A. Fleurence, R. Friedlein, T. Ozaki, H. Kawai, Y. Wang, Y. Yamada-Takamura, Phys. Rev. Lett. 2012, 108,
245501.

[3] R. Friedlein, A. Fleurence, J. T. Sadowski, Y. Yamada-Takamura, Appl. Phys. Lett. 2013, 102, 221603.

[4] Y. Wang, Y. Ding, Solid State Commun. 2013, 155, 6.
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Hydrogen Interaction on MoS, Surface

S. W. Han"?, Hiroyuki Yamane’, Nobuhiro Kosugi®, and Han Woong Yeom'?
!Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science, Pohang 790-784, Korea
‘Department of Physics, Pohang University of Science and Techonlogy , Pohang 790-784, Korea
*Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Recently, it has been reported that the hydrogenated MoS, induced a weak ferromagnetism persisting up to
room temperature (RT) with the improved transport property [1]. It is important to understand the interaction
between the H, molecule and the MoS, surface.

Angle-resolved photoemission (ARPES) experiments were performed at the 6U beamline of UVOSR-III in
the Institute of Molecular Science. Natural and single crystalline MoS, samples were cleaved in the UHV. The
orientation of samples was confirmed by a hexagonal pattern in low-energy electron diffraction and the band
structure from the ARPES data, which were collected at 140 K in the main chamber with a base pressure of
1x10"° torr. The energy and angular resolutions of the ARPES apparatus were better than 25 meV and 0.1°. The
MoS, surface was exposed to hydrogen gas at RT by back filling the chamber with a pressure of 1x10° torr and
postannealed in the preparation chamber.

Figure 1(a) shows the ARPES data of a cleaved MoS, surface along the I'-K high-symmetry line of the
hexagonal Brillouin zone. ARPES data were recorded with a photon energy of 100 eV and scaled by the
maximum intensity. A valence band maximum (VBM) is located at the I'-point with a binding energy of 0.34 eV.
Below the VBM at I, there exists a strong band dispersing down (red rectangle) from the binding energy of 0.60
eV. This state is known to be a surface state, with the main contribution from the S 3p, orbital on the top sulfur
layer above the Mo layer within a topmost layer of bulk MoS,, while the VBM originates mainly from the Mo
4d,” orbital [2]. On the other hand, the top of the valence band dispersion at the K point (1.325 A™, vertical
dashed lines), stems from the mixed states of Mo 4d,(y/,(2_y2 and S 3p,, orbitals and is located at a higher binding
energy of 0.80 eV than that of VBM. This confirms the indirect bandgap of bulk MoS,.

Figure 1(b) exhibits the band structure of MoS, surface after an exposure to hydrogen gas for 600 s,
corresponding to 600 L (1 L = 10 Torr-s). Despite of the hydrogen exposure, band structure remains unchanged.
Instead, the VBM slightly shifted toward Fermi energy (Er) and it is located at 0.26 eV with a quite obvious
band dispersion. The VBM further shifts to 0.20 eV in the case of a longer exposure of a new MoS, surface to
hydrogen gas for 3600 s (3600 L) as shown in Fig. 1(c).

In contrast, after postannealing at 300 °C for 1 h [Fig. 1(d)], the VBM is located at the binding energy of 0.75
eV, which reversely shifted away from Eg.

In order to elucidate the hydrogenation, another MoS, sample was cleaved and annealed at 300 °C and then
exposed to hydrogen gas for 1.5 h (5400 L). In Fig. 1(e), the VBM is obtained at a much higher binding energy
of 1.24 eV with slightly broadened spectral features. Especially S p, derived bands are enhanced at the higher
Lov == Hioh ) 2Lt () 2o M binding energy side.

0 0 Figure 1(f) represents the shift of
valence-band spectra, which were integrated
from the ARPES data and normalized by the
intensity of the first peak indicated by the
(red) lines. Without a significant change of
band structure, the hydrogen exposure leads
to shift the VBM toward Ey while the
annealing shifts the VBM away from Ep.

These results suggest that the thermal
annealing promotes the dissociation of H,
molecules on the MoS, surface and then the
atomic hydrogens are intercalated between
van der Waals gaps.
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Fig. 1. ARPES intensity maps along the I'-K
direction of the Brillouin zone for three
MoS, samples.
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S. W. Han et al., Phys. Rev. Lett. 110 (2013) 247201.
[2] S. W. Han et al., Phys. Rev. B. 86 (2012) 115105.
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DTOAET NI =T MMEEMTHLZLE2HEL @ % o (®) .
22 L7z (Figure 1a), DFT HEIZ L > TILAY 4 ' 'T’LT‘ ‘ b\ﬁ'ﬁ"‘/\. ;\,)?\<
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BELEINTND Z ERNyhot-, BEIERENT & w/ ¢ <N

2, 7 =0 L EOESI A Tob J & LAk

b7 =TT L EDORIETHE, 4 &Rk

DY T AR —E Bbp.  Bbp Bbp

N R |
A=Al pr A ph

Figure 1. Crystal structures of (a) 4 and (b) 5.

MOERITR LR N A= =L Jran et

. . q Bbp™~
PLZOWEREE A A A A . o

) A-Al _R— |
WZH=514-7 )L = hexane, rt I\ 7 TR=R Hexane
N ’ . Megsi” 'SiMe; R=SiMes 1a: Ar=Bbp R=Ph Tbb Tob Ph  Ph
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Scheme 1. Reactions of adducts 1a and 1b with alkynes.
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CT[P(PCy3),] 2 1EH S ¥ UG % *'P NMR A7 MUC K-> GBI L= Z A, Fil-iy 7%
B LB A A5 6a 38 LN 6b DA /RIE STz, KUNMEEW Z~F b T 5 2
ET, TV LU AR 6a B LT 6b 222K - AKITH LD TR ERIBR AR & L C Bk
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Ar gr  [PtPCya)l PCy,
Weal — KCs | 6a: Ar = Bbp
7 \ mesitylene 6b: Ar = Tbb
Br Ar it
7a: Ar = Bbp
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Scheme 2. Syntheses of complexes 6a and 6b.  Figure 2. Crystal structures of complexes (a) 6a and (b) 6b.
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Laser desorption supersonic jet spectroscopy of octopamine
and m-octopamine hydrochlorides

Shun-ichi Ishiuchi and Masaaki Fujii

Chemical Resources Laboratory, Tokyo Institute of Technology

Catecholamines are one of the typical neurotransmitters and their conformations have been investigated
by using gas phase spectroscopic techniques from a curiosity about the molecular recognition between the
neurotransmitters and their receptors. Figure 1 shows structural formulae of catecholamines and their
relevant molecules. We applied laser desorption supersonic jet spectroscopy to dopa, which is a precursor
of dopamine and a tyrosine derivative having two neighboring phenolic OHs, i.e., catecholic OHs. As a
result, it was found that dopa has a single conformation in gas phase.[1, 2] This result is quite surprising
because tyrosine has 12 conformers.[3] Difference between dopa and tyrosine is that the former has a
phenolic OH at meta-position with respect to the alkyl amine (amino-acid) chain while the latter does not.

Thus the small number of conformers in dopa may be explained by some interaction between the m-OH

group and the amino-acid chain. If the m-OH group wtanol
amino-acid ethyl amine ethanol amine methylamine
. . , .
contributes to the reduction of dopa’s conformation, ....[ . = Ne /Y© @
HN HN SNH
OH OH
the small number of conformers should be observed ; o MAPE
. B . . . . . NHy H H H H
also in m-tyrosine which is an isomer of tyrosine and  pehenol| ,, Han@ H,N/Y©/O \"“/T©ﬂ
. .. <} OH H
has a phenolic OH at meta-position. However, at least tyrosine tyramine octopamine B
OH OH OH OH
14 conformers are observed in m-tyrosine.[1] This metena| ,, |" /\,@ /Y© /T©
HN HN NNH
o] OH H
result clearly demonstrates that the conformational mtyrosine rtyranine » ‘
OH H H H
. . . . NHp H /\/@)M H H
reduction occurs only when two neighboring phenolic  satechol| 4 | O " " \NH/Y(éB”
0 OH OH
OH groups exist in spite of no direct interaction, such dons doparine roradrenaine adrnaiine

as intra molecular hydrogen bond, between the Fig. 1 Structural formula of catecholamines and their
phenolic OH and the amino-acid chain. relevant molecules

Such tendency, i.e., p-phenolamine has multi conformations, m-phenolamine has more and
catecholamine has quite few, can be seen also in adrenaline and its derivatives. Numbers of conformers of
synephrine, phenylephrine and adrenaline are 6, 12 and 4, respectively.[4] The numbers of conformers of
synephrine and phenylephrine can be rationalized by considering the conformations of the alkyl amine
chain and orientations and substitution positions of the phenolic OH. In 2-methylamino-1-phenylethanol
(MAPE), which has the same alkyl amine chain as adrenaline and no phenolic OH, 3 conformations are
observed in gas phase.[5] This means that the alkyl amine chain of adrenaline can adopt 3 conformations.
By substituting the para-position of MAPE by a phenolic OH, which corresponds to synephrine, twice
number of conformers can be expected because of 2 orientations of phenolic OH with respect to each
conformation of the alkyl amine chain. In addition, by relocating the p-OH to meta-position, which
corresponds to phenylephrine, the number of conformers should double because there are two choices to
relocate the phenolic OH, left-side or right-side.

Also in noradrenaline, the number of conformers is quite few, actually 3 conformers are observed.
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However, numbers of conformers of its relevant molecules except no phenolic OH analog,
2-amino-1-phenyl-ethanol (APE), have not been reported yet. The number of conformers of APE has been
reported to be 2,[6] so if the same conformational evolution pattern as the adrenaline analogs can be
adapted, 4 and 8 conformers should be observed in octopamine and m-octopamine which correspond to p-
and m-phenolamine, respectively. The reason why these molecules have not been measured may be due to
their chemical unstability. Actually, these amines are easily oxidized with air. To avoid the oxidization,
these molecules are commercially available as hydrochloride salts. The hydrochloride can be eliminated
by chemical preparations, however, the deacidification and subsequent preparations should be performed
under anoxic conditions.

Recently, however, we found that such chemically fragile molecules can be laser-desorbed even if the
hydrochloride is not eliminated, i.e., if hydrochloride salts are prepared for the laser desorption target
without any chemical preparations, mass peak of molecular ion without hydrochloride can be observed.[7]
Thus troublesome chemical processing is not necessary to prepare the laser desorption target.

Figure 2 and 3 show resonance enhanced multiphoton ionization (REMPI) and UV-UV hole burning
(HB) spectra of octopamine and m-octopamine which were vaporized by laser desorption of their
hydrochlorides. In each spectrum, the burn laser was fixed to

each alphabetized bands of REMPI spectrum. In octopamine,

Depletion rate

4 different HB spectra were observed, while 8 in
m-octopamine, which means that 4 and 8 conformers coexist

in each molecule. This result coincides with our prediction

lon current / a.u
A
>

®
?

mentioned above. Namely, the propensity doubling rule was

T T T T T
35650 35700 35750 35800 35850
Wavenumber / em!

confirmed also in the series of APE, octopamine and Fig 2 REMPI (bottom) and HB (upper) spectra
m-octopamine. If this rule is applied to noradrenaline, the of octopamine

same number of conformers as 0
m-octopamine, i.e. 8, should be
observed in noradrenaline. However,

only 3 conformers are observed in

Depletion rate

noradrenaline, which is still much
less than 8. Thus, also in
noradrenaline, it is true that the small 1

number of conformers coexist in the

lon current
o

35900 36000 36100 36200 36300 36400
Wavenumber / em™!

catecholamines.

Fig. 3 REMPI (bottom) and HB (upper) spectra of m-octopamine

[References] [1] H. Mitsuda, et al., J. Phys. Chem. Lett., 2010, 1, 1130. [2] S. Ishiuchi, et al., PCCP,
2011, 73, 7812. [3] Y. Shimozono, et al., PCCP, 2013, 15, 5163. [4] S. Ishiuchi, et al., J. Phys. Chem. A,
2011, 7115, 10363. [5] P. Butz, et al., J. Phys. Chem. 4, 2001, 105, 1050. [6] R. J. Graham, et al., J. Phys.
Chem. A,1999, 103, 9706. [7] S. Ishiuchi, et al., Chem. Lett., 2013, 42, 1166.
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