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Fundamental Principles Underlying the Hierarchy of Matter:

A Comprehensive Experimental Study

* Organization

This project is being carried out as a collaboration involving eight participating laboratories, in which we
treat the hierarchy of matter from hadrons to biomolecules with three underlying and interconnected key
concepts: interaction, excitation, and heterogeneity. The project consists of experimental research conducted
using cutting-edge technologies, including lasers, signal processing and data acquisition, and particle beams
at RIKEN RI Beam Factory (RIBF) and RIKEN Rutherford Appleton Laboratory (RAL).

Shiro (Univ. | 8
of Hyogo) ‘

' {8 Molecular Maeda (ILs)
Kato (ILs) ‘- Brvstal e
M

‘Atom/moleculef 4

{on surface
Tahara (ILs) .
Ef/}g Nucleus g Azuma (ILs)
Ueno (RNC)

. Hadron -
' | Iwasaki (RNC)

* Physical and chemical views of matter lead to major discoveries

Although this project is based on the physics and chemistry of non-living systems, we constantly keep all
types of matter, including living matter, in our mind. The importance of analyzing matter from physical and
chemical points of view was demonstrated in the case of DNA. The Watson-Crick model of DNA was
developed based on the X-ray diffraction, which is a physical measurement. The key feature of this model is
the hydrogen bonding that occurs between DNA base pairs. Watson and Crick learned about hydrogen
bonding in the renowned book “The Nature of the Chemical Bond,” written by their competitor, L. Pauling,
who was a leading authority on chemical bonding. This important lesson in history teaches us that viewing

matter from physical and chemical perspectives can lead to dramatic advances in science.
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* Hierarchy of Matter: Universality vs. Diversity

We believe that the behavior of matter, including biological systems, can be understood through physical
laws. P. Dirac, a great physicist, stated this universality as follows: “once we know the underlying physical
laws, the rest is chemistry.” On the other hand, P. W. Anderson, another great physicist, claimed that the
interactions among multiple components in complex systems create entirely new properties in each layer of
the hierarchy, with his famous phrase “More is different”. This means that the science governing each layer
is different, and it is not until we understand this diversity that we understand the universal principles
completely. Therefore, we have selected “interaction” as the first key concept of this project. In addition, we
selected “excitation” and “heterogeneity” as the other important key concepts to understand diversity in the
hierarchy.
e The rest is chemistry

The underlying physical laws necessary for the mathematical
theory of a large part of physics and the whole of chemistry are
thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too
complicated to be soluble.

The behavior of matter including biological systems
P. Dirac can be understood through physical laws.

» More is different

The behavior of large and complex aggregates of elementary
particles is not to be understood in terms of a simple
extrapolation of the properties of a few particles. Instead, at
each level of complexity entirely new properties appear.

EZE4k3

The interactions among multiple components in
complex systems create entirely new properties in
each layer of the hierarchy.

P. W. And_erson

» Three Key Concepts: Interaction, Excitation, and Heterogeneity

The importance of these three key concepts is well illustrated by the photochemical reaction system,
involved in photosynthesis. First, the photosynthesis proceeds in the thylakoid membrane, which has a
heterogeneous structure. This fheterogeneity is essential for the emergence of the functionality of the

membrane. Excitation by light is the most important step in photosynthesis. Finally, important processes,
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Important functions, including electron transport and ATP synthesis,
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including electron transport and ATP synthesis, are controlled by various interactions.



* Three Key Concepts and Sub-projects

The three key concepts are associated with three sub-projects: “Interaction in matter” lead by Dr. Ueno,
“Excitation in matter” lead by Dr. Azuma, and “Heterogeneity in matter” lead by Dr. Kim. As mentioned,
the “Interaction” sub-project is the core of this project. To comprehensively understand the nature of
interactions that take place in each layer, it is essential to collaborate with theory groups. The knowledge
obtained by the “Interaction” sub-group will be applied toward the basic science of excitation. The
“Interaction” sub-project investigates the ground state of systems, and the “Excitation” sub-project focuses
on the excited states of systems. The results obtained by these two sub-projects will be expanded towards the
development of functional materials by the “Heterogeneity” sub-group. A unique point of this project is that
almost all members participate in more than two sub-projects, which enhances comprehensive understanding

of these concepts.
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* Interaction in Matter

The “Interaction” sub-group investigates the diversity of phenomena caused by interactions that occur in
each level in the hierarchy of matter. The strong interaction and the electromagnetic interaction give rise to a
variety of phenomena depending on many-body effects, geometry, dimensionality, external conditions and so
on. The interactions studied by each team range from the strong interaction between quarks to the van der
Waals interaction between single-stranded DNA molecules, with a focus on how interactions in systems with
multiple degrees of freedom lead to a diversity of phenomena. This means that many-body effects and

multiple degrees of freedom are key issues in every layer of the hierarchy.

* Excitation in Matter

Excitation is a key step for the emergence of functionality, but knowledge on this topic is surprisingly
limited. Thus, in this sub-group, we carry out three types of research on excitation, “Exploration of
undetected excited states” in deformed nuclei, “Verification of fundamental principles through excited
states” in kaonic nuclei, and “Observation of excited state dynamics” in excited molecules in liquids, on
surfaces, and in vacuum. We study excitation over a wide range of energies, sizes, and time scales. At the

same time, we study universality as indicated by the large-scale deformations observed in both excited-state



nuclei and proteins.

* Heterogeneity in Matter

Heterogeneity is an important spatial property for the emergence of functionality as well as a challenging
research target that drives the development of cutting-edge measurement technologies. This sub-group will
apply the results of the “Interaction” and “Excitation” sub-groups toward the development of functional
materials. In this sense, the “Heterogeneity” sub-group is closely tied to practical applications. The main
topics investigated are superconducting doped diamond (as “Heterogeneity by Atomic Scale Doping”),
electrical double layers in the field effect transistors (as “Heterogeneity at Molecular Interfaces”), and lipid
membranes in solution (as “Heterogeneity in Biological Systems”), which are tackled through a wide range

of collaborations.

* Goal of the Project

The most important goal of the project is the construction of a new cross-disciplinary research network
based on the bottom-up style research activities at RIKEN, which will drive a dramatic evolution of science
and lead to unpredictable by-products. This network includes ExpRes Dojo where we share, learn, and report
information on cutting-edge experimental technologies, primarily laser and signal processing and data
acquisition technologies. This consists of school-type meetings and workshops. An important output of the
ExpRes Dojo is the application of new technologies developed thorough the physics and chemistry research
to biological systems. At the same time, we nurture young researchers with wider and deeper views of matter.
We believe that the scientific community is one where innovative discoveries are frequently achieved by
newcomers in different research fields. The present project will maintain the diversity of science at RIKEN
and ensure an environment in which young researchers with high ambitions can easily cross over the

boundaries between disciplines.

Lead researcher

Dr. Reizo Kato
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Heterogeneity at Materials Interfaces

+ Goal of the project

This project aims at understanding and controlling structures and functions originated in heterogeneity at a
variety of interfaces that encompass (A) interaction of a single dopant with surroundings in solid and liquid

materials, (B) structures, functions and reactions of molecular interfaces and (C) development of new

functional devices by controlling interface charge carries.

* Organization

The corresponding three sub-projects, such as (A) Atomic-scale interfaces, (B) Molecular interfaces
and (C) Device interfaces, make it realized by entanglement of research concepts and research resources

among world-leading laboratories in RIKEN Cluster for Pioneering Research (CPR) and top-level research

infrastructures in RIKEN Nishina Center (RNC).
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* Heterogeneity at the interfaces

Heterogeneity at the interface between two different materials plays pivotal roles in transport of charge,
matter, and energy across the interfaces, chemical reactions and interactions, functions of materials and
devices, and biological activities in living systems. The heterogeneity is frequently associated with functions
of the materials systems. For example, the doping that effectively modulates electrical properties of various
solids (semiconductor, metal, and superconductor) induces heterogeneous distribution of atoms/molecules.
The heterogeneity is also a key concept in the evolution of matter from non-living matter to life. Field effect
transistor and biological membrane are artificial and natural examples of functional heterogeneous systems,
respectively. The heterogeneity, where the periodicity is missing to reveal gradients, is a challenging
research target of the cutting-edge measurement technology, mainly due to its structural and phenomenal
complexity. Especially, we focus on the heterogeneity at interfaces in various kinds of materials systems,

regarding how it affects the functions accompanying with the peculiar chemical/physical properties.

HETEROGENEITY
at

Atomic-scale
Interfaces

Molecular
Interfaces

Device
Interfaces

Lead researcher

Dr. Yousoo Kim
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Sub group: Interaction in matter (1)

M. Maeda
Van der Waals interaction
_| between single-stranded DNA molecules

Coulomb (covalent) interaction
between molecules

T. Azuma
Van der Waals (induced dipole)
interaction between ion and atom

H. Ueno
Strong (nuclear) interaction
between proton and neutron

@I

M. Iwasaki
| Strong interaction (QCD)
between quarks

h 4

Sub group: Excitation in matter (2)

! Y. Shiro
Excited molecule in protein
structure change of proteins by excitation

H. Ueno
Excited deformed nucleus
search for unexplored excited nucleus

ﬁf’ll

Large-scaled
deformation

T.Tahara
Excited molecule in liquid
fast chemical reaction of
excited molecules

M. Iwasaki
Excited nucleus with K-meson
kaon (meson) bound state in

nucleus

i Excited molecule on surface
dissociation of vibrationally/electronically-
N excited molecules

T~

ol Excited molecule in vacuo
. Y cooling of vibrationally/electronically-excited molecules




Sub group:
Atomic-scale

Interfaces (3) H. ekis
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Superfluid
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protein
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K. Maeda Molecular

Interface Interfaces (4)

fabrication
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Device

Sub group: Device
Interfaces (5)

Research Category
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HiRE 2018/5/11(4)13:00—-22:00, 5/12(1)9:30-15:20

BT InAAEDNE BEAEE (RIIREGETTK AR 2-12-3) SaE=, V1T

Time table (May 11)

13:00 - 13:05

IZC®IZ
g AL= (ERLFWEET L =20 TP ERFIEE)

13:05—-13:15 ~7 v SR
& Ak G Kim 2R e Earse=s)
Chair— & Ai%
13:15-13:55  0-01 FESHOARE PRI KBRS 2 — 3858
it BEUEAIFIERT P AARERE A Rl LA IE =)
13:55-14:25  0-02 EXULFHE ORMRIERIZ AT 72 In situ KON Ex situ THEDBASE
R e BEMEFEET  Kim £ E A aESr =)
14:25-14:55  0-03 R StHEmTAR I EIEE W2 AR RS 0+ OREETE RS OMF5E
A HE EMEFEEET BIES 70 EgE=)
14:55-15:15  Coffee break
Chair — =l Hrez
15:15- 1555 004 L—H—mAIRT « A A ARE R TR T DR E
M A ORBORS: Jei TAroeRh
15:55-16:25  O-05 EyiE~Y 7 A CEE DRI A A4 OfpEt
A SRt R0 B EE)
16:25-16:55  0-06 HEEI~Y 7 AHFE- O EAEIC X DR AAER &R aEse
R AR (RBORFELTS)
16:55-17:15  Coffee break
Chair— InjgE  He—ER
17:15-17:55  Panel discussion
NRT— AR S (G TREEESERT
g B (BMEFEFERT A RUILEESR I v 2 — B eAgEE)
R &z BEYEFAEET Kim £l A ki ee=s)
HEEF Kl (FEERFRF B LR
A FRKES (BMEFAITET A RHIEESR s o & — PR TREER)
4 SR (BYESAREET R SA A TEARE=E)
17:55-18:00  Break
18:00-20:00 ERAHS (at KA
20:00- 22:00  Poster session (at > LF)
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9:30- 1010

10:10- 10:40

10:40-11:10
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Chair — [

11:30 - 12:10

12:10- 1240

12:40- 13:30

Chair — HJi

13:30 - 1410

14:10- 1440

14:40- 1510

15:10- 15:20

0-08 REREEIIEIC X 5 ABE — AR RN 2 B A B ARIRONZE
PE Bz EUEEOEET L= ArEtIEsE)

0-09 Room-temperature single photon emission from carbon nanotubes

FHE R CMEFEIIEET IR BT b =2 AWEE)

Coffee break

Fbt

0-10 B\ —7 %283 E LT FUNED Y +— 7 OEhE 2885
g 1 (RIOKSY: EEMirstt o %—)
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e s BMEIgeRT RISyt o 2 —  HlEsEE)

Lunch

P

0-12 oW LiiliEr v hU—7BRED THEFiIUH)
MR Kl (FEERE R T ioehe)

0-13 Laminar flow dendritic amplification-assisted microRNA detection

&

on a power-free microfluidic chip
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P-01 Studying Negative Ions in Cryogenic Electrostatic Ion Storage Rings
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Molecular screening effects on trion binding energies and electronic band gaps

in air-suspended carbon nanotubes
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B Ok #L=)

(5« 5 i)

13:40—14:25

14:25—14:55

14:55—15:20
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I-1 TBA
miff B (T EREIERT AL )

O-1 ZoTHNFHMMAEDNIZED RNA URAAL v F DO~ A 7 afhi
10 BHHEME
HE R (BJRSF5 e 7EE)

0-2 TBA
BB (BRI SERE, HO T2 K7F)
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WOBIT GRE 5 T ERar o =)

10:30—10:45  {RE#H

[EEK : 5 217]
10:45—11:15 0-6 TBA
LBy s (LB )

11:15—11:45 0-7 TBA
ey HEZ Cale ot b o ] 1-BF 72 =)

11:45—12:10 0-8 TBA
B T2 (ERTZE Y > % — / KRBRKR)

12:10—13:35 BA&

[Fef : npg HE—ER)
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F 7T AT NI KD E A2 BO0 Ol
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g AL= Ok 2t =)

16:00—16:30 0O-12 DNA RBIHAEAERIZHES < F 7 ki Db
AT Ei (R SA A TR R =)

16:30—16:40 PASHE (hE TR #HE)

16:40—16:45 b bviz (& ALk






PErE % 3B ExpResiE i

A Joint Workshop of Pioneering Projects,
“Fundamental Principles Underlying the Hierarchy of Matter: A
Comprehensive Experimental Study”
MMEERORELZERT SMENERTAR] &

“Heterogeneity at Materials Interfaces” AT O R E#HZ

201846 H8H (&)
AR ABR—IL

13:00 - 13:10 [(ZLBHIZ (& Fik)
13:10 - 14:00 HFHER L TEHOABEFIVE21—4—)
KB ES (RBEMT NNARATEREE)
14:00 - 14:30 RENRHARENSOBMEHP GHT 2 ART—IEBAAIZDOLNT)
14:40 - 16:10 X O E (R, ATEB. BERBE. KimB) O R%E
14:40-15:20 1% round
15:30-16:10 2™ round
16:30 - 18:00 FAZRAAE (hnk (&%) §F . B&t. ). L——(EH. LB . CRH(EHHORE
16:30-17:10 1% round (LEFFHFILRIBFDA)
17:20-18:00 2™ round (LHBRIEL—F—HDH)
18:00 - B (B HE®H)

REPHHRUELSE
EHH (/) EE  WERGL B (MER) XS HRBWMER): B3 ATEH G  #RE
k() B (BARAE) . BHF  SEHEREE) FE  RE(L—FR) A  EHEBRBFER, L—F—8)  HS

2018/6/8 13:00 ExpResi& 5@ X EBR7—)
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%4E ExpRes Dojo &1% “Precision Detection / Detector”

A Joint Workshop of Pioneering Projects,

“Fundamental Principles Underlying the Hierarchy of Matter: A

Comprehensive Experimental Study”
MIERBROREZERT SMEHUERRHE] &

“Heterogeneity at Materials Interfaces” [~ 0O EH17% )

Date: October 5 (Fri.), 2018

13:00 - 17:10 P
Venue: RIBF Conference Room (2F) RIKZH EXpReS

13:00—-13:10

ER] L2

1310 - 13:50

13:50 — 14:30

14:30 — 15:10

15:10 - 15:40
(e £e] Jn ()
15:40 - 16:20

16:20 - 17:00

17:00 - 1710

17:30—19:30

XLBHIT (Gl HEE)

[Non-destructive detection of a single antiproton in a Penning trap]

BT v 7P ORBGF R OIEEELFH I
R 5LF (B KCNS)
&R —FHBERIZ AV SRR

“X-ray and gamma-ray detectors for high energy astrophysics”
EJ)I & EF - BRI —FHYBEREE)
BEEBREE —IC X 5 XERREEB O & RE P F3IE )

Precision spectroscopy of X-ray & cold—neutral molecule via
Superconducting Transition Edge Sensor (TES)

ME f§= (EHF - JRAT5FHEpR=)

(A 70k orF L 3—% RO EEERIE)

Physical properties measurement with micro—cantilever

K& BE (B - gD FoHEprEsE)

[Tmaging of nanoscale electron dissipation via THz fluctuation]

THzfE O XL DT ) R — NV BEFHEBA A—D T
Qianchun Weng (BK)

#Kbviz (g =)

BRXZHBE B—REIZT
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[EIGEswm P+ E]
1. ['Superconducting Gap Symmetry in Organic Superconductor A-(BETS),GaCl, studied by uSR and DFT |
Dita Puspitasari [+t (2l LERT HLHEE)
20187 H 27 H

[ EB & R =/ RNC B AR =]
1. [Si/CdTe Y& (ka7 F o 1 AT ORI & FRUE MeV o~ #BLURAISEELIZ T 7o B2 )
M R i (AT ZEBR R FH RN SRR BhE)
201849 H 27 H
2. TREAR S 7 R CHED TR D LW AAEH |
M 52 it CRBRORFERFRE BRI R MBS si I Bh)
20194FE 1 H 24 H

[REF50FmER=E]
1. [Test of Quantum Electrodynamics and Fundamental Physics with Stored Highly Charged Ions |
Prof. Paul Indelicato (Director of Research CNRS, Laboratoire Kastler Brossel)
201845 H 14 H
2. [Chemical Dynamics Studies by State-Resolved Particle Imaging: Photochemistry of Transition-Metal
Complexes and Amines |
mA EE (KB RFPREBELFAVER o RIMEFEmE HEHIR)
2018 411 A 16 H

[BFESF o RE]
1. rlnjectlng electrons into dendritic networks of acceptors: Fast vs slow and hot vs cold |
Piotr Piotrowiak &1 (Professor, Rutgers Univ., Newark, U.S.A)
201845 H 15 H
2. [Ultrafast electrons and molecular dynamics induced by short wavelength novel free-electron laser |
Ei%L =] {1 (JSPS Special Postdoctoral Fellow, RIKEN, Japan)
201846 H 22 H
3. [Large Spontaneous Emission Enhancement by a Plasmonic Nanocone Antenna |
FAIRE  HE{S  fH 1 (Special Postdoctoral Researcher, RIKEN, Japan)
201847 H 2 H
4. TAmyloid oligomers: membrane interactions and its dependence on membrane properties |
Mr. Ankur Gupta (Tata Institute of Fundamental Research, Mumbai, India)
2018 -9 H 4 H
5. [Application of Raman Spectroscopy from Condense Matter to Biology |
Chandrabhas Narayana 1% 1: (Professor, Jawaharlal Nehru Centre for Advanced Scientific Research,
India)
20189 H 14 H
6. [Jones-Ray effect can be explained by charged impurities
Fafs  #iEE f#+ (JSPS Research Fellow, Kyushu Univ., Japan)
2018 -9 H 26 H
7. I'Trajectory based on-the-fly nonadiabatic ab initio molecular dynamics with Zhu-Nakamura surface
hopping algorithms |
Le YU f#+: (JSPS Foreign postdoctoral fellow, Tohoku Univ., Japan)
2018410 H 3 H
8. [Finding an intrinsic reaction coordinate in excited state by nuclear wave packet spectroscopy and
molecular dynamics simulation |
Wooseok Heo f#1: (Postdoctoral fellow, Postech, Korea)
2018 4E 10 H 4 H (K)

9. 'Water mediated ion pairing at aqueous surfaces |



Heather Allen {# 1 (Professor The Ohio State University, USA)
2018 4F 10 H 25 H
10. Life, decoded a few photons at a time |
Steve Press 8  (Associate Professor, Arizona State University, USA)
20184 11 H 2 H

[ Kim 3 &5 @ # 2Ea R =]

1. Multilayered Opportunities in Defective Nanocarbons |
Prof. Byeong-Su Kim (Department of Chemistry, Ulsan National Institute of Science and Technology
(UNIST), Korea)
2018 4+ 6 H 18 H

2. ['Visualization of Acoustic Vibration of Plasmonic Single Nanorods in Real Space and Time |
Prof. Oh-Hoon Kwon (Department of Chemistry, Ulsan National Institute of Science and Technology
(UNIST), Korea)
2018 /-6 H 18 H

3. ['Scanning Tunneling Microscopy as a Magnetic Probe |
Dr. Soo-hyon Phark (Center for Quantum Nanoscience (QNS), Institute for Basic Science (IBS), Korea)
2018 - 10 H 26 H

4. [Ab initio approach based on the Mulitpole Hamitonian toward optical responses beyond the dipole
approximation |
Prof. Takeshi Iwasa (Department of Chemistry, Faculty of Science, Hokkaido University, Japan)
2018 /£ 12 H 18 H

5. Nanoscale Surface Chemistry Studied by SPM — Single-Molecule Tautomerization and Near-Field
Chemistry/Physics |
Dr. Takashi Kumagai (Department of Physical Chemistry, Fritz-Haber Institute, Germany)
2018 4 12 J1 21 H.

6. [Introduction of pulsed laser deposition system and its applications |
Dr. Seungran Lee (Max Planck POSTECH/Korea Research Initiative, Korea)
201941 H 28 H

7. TQuantum simulation of semiconductor-based materials for THz and power device applications |
Prof. Mary Clare Escafio (Research Center for Development of Far-Infrared Region, University of Fukui,
Japan)
201942 H 22 H

[Inge s+ iarFaE]
1. 'The Quest for Molecular Spin-Ladders |
R. A. L. Silva 1#+ (Postdoctoral Researcher, Universidade de Lisboa, Portugal)
2018 45 H 22 H
2. [Kitaev Honeycomb Model and New Quantum Liquid Material H;Lilr,O¢ as a Candidate |
AENEERER - CROUR BRI TR R B B Gl
201846 H 5 H
3. INH---S AR AAEH 23 & 2 [Pd(dmit),], HE T O & EIRAED B |
EmEE At GROCEER R T2 B 2R B
2018426 H 15 H
4. [Signatures of Quantum Dipole Liquid in an Organic Mott Insulator |
Natalia Drichko f# 1= (Associate Research Professor, Department of Physics and Astronomy, Johns
Hopkins University, USA)
201812 H 11 H
5. TExciton Condensation: History and Recent Progress |
JEETE Bt (R M RZEESENIEET B2
201942 H 12 A
6. [Counterion Polarity-Induced Novel Electronic States in Organic Conductors |

RIS it CRER R FEANT R E R R BT IR TE R HE#IR)



20192 H 19 H
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Interaction: Merged-beam experiments of ions and neutrals at RICE
M. Iizawal’z, S. Iida1’3, Y. Nakanol’z, R. Nagaokal, S. Kuma', T. Azuma'
'AMO Physics Laboratory, RIKEN, 2Department of Physics, Rikkyo University,
3Departrnent of Physics, Tokyo Metropolitan University

The low energy (less than eV) collisions of charge ions with neutral atoms play an important role in the
chemical evolution of matters in space. This type of collisions is also very interesting from the view point of
dynamical behavior and resonance processes in fundamental quantum physics. Nevertheless, related experimental
studies have been long unfeasible because of technical difficulties in the low energy collisions at cryogenic
temperatures. Recently this situation has been overcome by the emergence of cryogenic ion traps and ion storage
rings. The RIKEN Cryogenic Electrostatic Ion Storage ring (RICE) operating at cryogenic temperatures down to
4.2 K is an ideal tool for this purpose, and a program of the ion-neutral merging experiments are currently running
at RICE. A critical part of this experiment is development of the neutral beam sources with the sufficient intensity
and of a good quality. Neutral beams will be introduced to RICE to be merged with the stored ion beam at the
straight section of RICE. The neutral beamline was constructed and off-line tests with negative ion sources and a

photo-detachment laser were performed at Rikkyo University.

1. Negative ion sources

The neutral beams are to be generated by a laser-induced electron detachment of negative ion beams. The
beamline was constructed with duoplasmatron and Cs sputter ion sources for the off-line testing. The cesium
sputter ion sources (SNICS II, National Electronics Corp.) was prepared for solid targets, such as carbon, silicon,
and sulfur, and tested with '>C at different extraction energies from 5 to 20 kV. Figure 1 shows the beam line
constructed for testing the neutralization of negative carbon (C’) beam extracted from the Cs sputter source. The
beam is mass-analyzed by a dipole magnet and transported to the photo-detachment chamber through the XY slit,
steerer, and quadrupole triplet lenses. The horizontal (X) and vertical (Y) profiles of the beam are shown in Figure
1. By increasing the Cs sputtering energy to 8 keV, the maximum C™ beam current was obtained to be 2.0 uA at
the Faraday cup installed at the end of the beamline. The initial test of photodetachment was successfully

performed by a single-pass configuration of the laser described below. At the maximum laser power of 3 kW in

Beam profile monitors .
Mass analysis \ o0 |
section & Photo-detachment -

chamber
£ 7T\ Detectors

Cs sputter
ion source

Beam size / mm

Figure 1 A schematic view of the neutral beamline with the Cs sputter ion source. The graphs show horizontal (X) and

vertical (Y) profile of the 10 keV C beam measured using the beam profile monitor.



the test, we achieved the neutralization efficiency of 3.7x10™, which is in a good agreement with an estimated

value of 4.1x10™. The rate neutralization by collisions with residual gas was measured at different pressures of the

beam line. The neutralization cross section determined by this pressure dependence reasonably agreed with the
charge-transfer cross sections from literatures.

The  duoplasmatron  ion

I~ source (High Voltage

Engineering Model 358) was

. . j o ._ also set up as an injector for

- S11H 1 | gaseous targets like hydrogen,

. _J{ Hitt 1 \ 1 . II \ deuterium, and oxygen. The

source was mounted on a

Figure 2 (Left) A photograph of the Pt mesh filament made for the duoplasmatron  high voltage platform with
source. (Right) Mass spectrum from the duoplasmatron source operated with Ar gas. . .

driving  power  supplies

controllable via a wireless network, and connected to a 100-mT dipole magnet followed by an XY slit and a

Faraday cup for mass analysis. The filament for the arc discharge was made with a Pt mesh coated by Br, Sr, and

Ca carbonates (Fig. 2 left). The source operation was tested with He, Ne, Ar and their mixtures as source gas at

different discharge voltages. Figure 2 (right) shows a typical example of mass spectrum obtained from the

duoplasmatron source with Ar gas.

2. Photo-detachment laser

An 808 nm high-power diode laser array was utilized to neutralize the negative ion beam by photo-detachment.
The laser head is a stack of 60 diode bars with a
continuous output power of 5 kW in total. A 15
kW DC power supply and deionized water
circulating system with a cooling power of 7 kW

were installed to drive the laser. The power supply

is securely interlocked by water flow and

temperature monitors. The output power of the

Multi-path amplification factor ~ 8.0
laser was calibrated with respect to the electric

Figure 3 A prototype laser cavity (left) and the result of the
ray-tracing simulation (right). current to the diode bar using a plano-convex lens
and high-power laser power meter. Although the

diode array has a large emission area of 100 mm” mm and a large angular divergence of 40 and 5 degrees in the
fast and slow axes, use of a micro lens array and additional convex cylindrical lenses allows to collimate the laser
beam to around 1 mm x 10 mm. The neutralization of the 10 keV C beam by a single-path laser irradiation was
tested at different laser powers, and the neutralization efficiency of 3.7x10™ at the laser power of 3 kW was
attained, as already described above. In order to increase the neutralization efficiency, we designed a new optical
cavity system. Figure 3 (left) shows a sketch of laser cavity (multi-pass system) consisting of three rectangular
mirrors in a triangle configuration. The negative ion beam passes through the cavity along the center axis. A
ray-tracing simulation using a Zemax Optic Studio (Zemax, LLC) showed that an amplification factor of ~ 8
would be realized using a triple lens system to focus the laser beam into the input slit. A special care to avoid
heating of the mirrors were taken. We designed a water-cooled mirror mount system for the cavity. The whole
setup was installed in the detachment chamber, and the alignment of the cavity is underway and the measurement

of the thermal response of the cavity with the laser is scheduled.



[Category 1,4]
Self-Assembly of Triptycene-Based Tripod Molecules on Ag(111)
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The self-assembly of thiol molecules has been widely researched for its potential applicability to
molecular electronics and interfacial functionalities, but suffers from lack of control over adsorption
orientation. A trithiol approach, which chemisorbs to surfaces via three contact points, is a reliable way to
achieve upright orientation [1]. Utilizing the trithiol ‘tripod’ approach along with a well-defined intermolecular
interaction, we demonstrate a long-range self-assembly comprising purely of upright oriented molecules. In
this work, trimethylthiol-triptycene (Trp-(CH,SH);) adsorbed on Ag(111) was investigated by using a scanning
tunneling microscope (STM) under ultrahigh vacuum conditions at 4.8 K. The chirality of Trp-(CH,SH);
molecules adsorbed on the silver surface leads to the formation highly-ordered two dimensional self-
assemblies consisting of chiral and racemic domains. By analyzing the STM images an adsorption model is

postulated revealing the self-assembly to be stabilized by the balance between S-S and m-m interactions
between neighboring molecules.

Figure 1(a) shows the chemical structure of a
trimethylthiol-triptycene (Trp-(CH,SH);) molecule. The
three thiol anchors were added to three equivalent positions
to enable uniform adsorption of the molecule. The methyl
groups were added to account for lattice mismatches with
the substrate. Triptycenes are highly stable three

Figure. 1 (a) Chemical structure of trimethylthiol-triptycene (Trp-  dimensional 7-electron systems which facilitates uniform
(CH,SH)). (b) STM image of Trp-(CH,SH); on Ag(111) (0.1 V, 100 ) . . ) i )

pA) and (c) area in dashed lines with assignment of trigonal units ~ tight packing via m-w interactions [2, 3]. Figure 1(b) shows
and unit cells of hexagonal and rectangular domains (10 mV, 100 gy image of the self-assembled Trp-(CH,SH)s
molecules at a monatomic step edge of Ag(111). For all observations, freestanding islands or isolated
molecules were not observed. From Figure 1(b) it can be seen that there are two distinguishable domains, both
of which are commensurate with the underlying Ag(111) lattice. Figure 1(c) shows an enlarged STM image of
the area encircled in Figure 1(b), showing high resolution within the molecular islands. By analyzing the
observed periodic patterns and taking into account the shape and size of the Trp-(CH,SH); molecule, we find
that the smallest repeating unit is of a trigonal shape, which can be ascribed to the upright molecule owing to
its three-fold symmetry. The assignment of molecules and the two different types of domains are indicated in
Figure 1(c). The rectangular domain, indicated by dotted
lines, consists of alternating rows of molecules with opposite
3
6
hexagonal domain, indicated by dashed lines, consists of

orientations, and has a unit cell of ( (3)) In contrary, the

molecules with similar orientation, and exhibits a unit cell of

((3) (3)) Upon closer inspection, it is found that the

appearance of the individual units of adjacent rows in the

Figure. 2 (a) Asymmetry within rectangular domain. (b) Chiral
patterns formed by hexagonal domain.

rectangular domain are mirror images of one another (Figure 2(a)). Also, a chiral triboomerang shape is
observed in the hexagonal domains (Figure 2(b)). These observations clearly indicate the existence of
chiralityin the self-assembled structure despite the molecule itself being achiral.



Figure 3(a) shows an atomically
resolved STM image of Ag(111) with the
Trp-(CH,SH); island acquired by changing the

tunneling conditions while scanning. Trigonal

shapes were assigned in a similar way with

Figure 1(c). By overlaying the Ag lattice onto

Figure. 3 (a). Trp-(CH,SH); island overlaid with trigonal shapes and Ag lattice (10 mV, 1 :
nA), (2 mV, 100 nA for Ag lattice). Adsorption models for (b) enantiomers A and A’ (c) the whole STM 1mage, the center of the

(A)—hc?(agonal aqd (d) rcctangulgr domain.l Dotted lines }ndicatq S-S interactions. (e) trigonal shapes is revealed to be located at the
Side-view of area in dashed square in (d) denoting S-S and n-7 interactions.

top sites. By superimposing the Trp-(CH,SH);
model onto the Ag lattice with the triptycene centered on top of the surface atom, the simplest adsorption model
would bring the S atoms to be located at bridge sites. However, although this adsorption model explains the
existence of hexagonal and rectangular domains, it does not explain the observed chirality, since the isolated
Trp-(CH,SH); molecule is achiral, and there is no chiral organization of the self-assembly [1]. Thus, given that the
triptycene structure is not distorted upon adsorption, we can infer that the molecule is slightly rotated from the
[110] direction, which would result in the emergence of chirality. This brings the S atoms to be located between
the hollow and bridge sites. However, taking into account the steric hindrance between the aromatic ring and the
methylthiol group, it is more likely that the latter is slightly rotated. This brings the S atoms to be bonded to
bridge sites, while the triptycene unit is slightly tilted from the |'110] direction. The adsorption models of the two
enantiomers are shown in Figure 3(b), referred to as A and A’. From its homogeneous appearance, it can be
inferred that the hexagonal domain is enantiopure, consisting entirely of either A or A’ enantiomers. The
rectangular domain, in contrary, consists of alternating enantiopure rows, as evident from The mirror-image
appearance of neighbouring rows in Figure 2(a).

Adsorption models of the (A)-hexagonal and rectangular domains are shown in Figure 3(c) and (d)
respectively. In both cases this brings the S atoms or neighbouring molecules to within one lattice constant (2.89
A of each other. This results in a strong interaction between S atoms, which has been shown to be attractive, [1, 4]
and is evident by STM imaging as elongation of the molecule along the S-S interaction direction. As highlighted
in Figure 3(c), the slight rotation of each molecule brings three S atoms closer at every alternating triple point.
The three-way S-S interaction thus results in the chiral triboomerang shape observed in the STM image (Figure
2(b)). Similarly, in the rectangular domain, there is S-S interaction between molecules in neighbouring rows, as
highlighted in Figure 3(d). Due to their slight rotation, there is also S-S interaction between molecules in the same
enantiopure row, as evident from the asymmetric appearance observed in STM (Figure 2(a)). Due to close
proximity between the aromatic groups, substantial n-m interaction can be expected. In fact, a threefold aromatic
molecule without chemical binding groups has been shown to exhibit a tight-packing configuration similar to the
rectangular domain [3]. In this study, the balance between S-S and n-m interactions are thus the underlying reasons
stabilizing the molecular assembly. A side view of the adsorption model, highlighting the intermolecular
interaction forces is shown in Figure 3(e).

To summarize, by STM imaging, we can conclude that the Trp-(CH,SH); molecules are chemisorbed
upright onto Ag(111). The absence of isolated islands or individual molecules indicates that upon adsorption the
molecules have sufficient mobility to diffuse along the surface, which is highly plausible since the substrate was
maintained at room temperature during molecule evaporation. As the diffusing molecules reach an existing island,
they are stabilized by S-S and n-m interactions. These results show that by designing the molecule to have three
equivalent anchor points attached to a strong rigid body, we can create highly uniform self-assembled monolayers
with high controllability over the adsorption orientation and lateral intermolecular interaction.
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T EEFE LR, £, FFEFE TR, FREO, B8, KEEGYE HOMO 75
o TR MDA RINBHMIL LTV, 260 Z &%, 5K £ TORRTES, HOMO-HOMO
FHEAEROR % B 2 7= BRGNS, A THHZE2EBR LTS, /-, FHFEHEND
1%, (BEH D partial DOS (PDOS)D KA, ST D p BN L2 > TWe, BFA v - T =
F UM OFAEAERIZOW TR L7223, EtMe;Sb @ C Ji11Z, 0.015 /eV LLF L7 PDOS (2% 5
LCEBLT, T4 DOETFOBEERF~DORMKITE IV, —FT, T4y - 7=F /I
i, 77 T AT LR EROAF LD EW, SHC O#EfiAW o b, b DT
kX, v F A -7 =F CROBFIMHEERT L6 SRV b 0D, Z&#IKD Pd(dmit), 77
FTOREED D, HEENRELEL T, EEEREICEE LSO ENbhoTe,

2.0

40T . e 1.0,

Me,Sb Et,Me,As

% EtMe;Sb

EtMe;Sb . [}
0.8 ® &
iy <
0.7p
0.6 1
R o T 00 300 % 100 200 300 “o 100 200 300
T/K T/K T/K
3. EtMesSb ¥ 0 — (K[ 4. t/t DB AN 5. Tal W DR FE R IFIE
DEENFE Sy D IR E R TFIE
(&% k)

[1] R. Kato, Bull. Chem. Soc. Jpn., 87, 355 (2014). [2] S. Yamashita, T. Yamamoto, Y. Nakazawa, M. Tamura and
R. Kato, Nature Commun., 2, 275 (2011). [3] M. Yamashita, N. Nakata, Y. Senshu Y, M. Nagata, HM, Yamamoto
and R. Kato, T. Shibauchi, Y. Matsuda, Science, 328,1246 (2010). [4] T. Itou, A. Oyamada, S. Maegawa and R.
Kato, Nature Phys., 6, 673 (2010). [5] Y. Shimizu, K. Miyagawa, K. Kanoda, M. Maesato, G. Saito, Phys. Rev. Lett.,
91, 107001 (2003). [6] T. Isono, H. Kamo, A. Ueda, K. Takahashi, M. Kimata, H. Tajima, S. Tsuchiya, T.
Terashima, S. Uji, H. Mori, Phys. Rev. Lett., 112, 177201 (2014). [7] K. Ueda, T. Tsumuraya and R. Kato, Crystals,
8, 138 (2018).



[Category 1]
BEETICBIT 5 BE— ks o T &L [Ni(ddds),]
(ddds=5,6-dihydro-1,4-dithiin-2,3-diselenolate ) D & & fH i B

BLM=EME

HEZU !, Yeung Hamish?, Coates Chloe?, fNFEHL ="

PR - RS 41 Y, Oxford Univ.”

B0 FIERERORREICE T, PF 4 L &R ERITHOMO & LUMO® = 1L % — 2273 — 12
#10.5 eVIRIE & 23 7p D /h & < SR AERTT K OTPL SR O BRI &0 BIE TR0 CamiRiEA %
ﬁ?%éouﬂoit\%%@%%m%%ﬁi%ww@f JEJTENINDSH LW E— R o TS B H 5\
(TSR OIEF AN e TIEL D, FEIRIL, A4 YT F7 et (DAC) %M/l
S EBERIEPIEE IR 2% B U, TESEINC £ 2 H—l i TR OB 21T, [Ni(ptdt),] (ptdt =
propylenedithiotetrathiafulvalenedithiolate) [3].  [Cu(dmdt),] (dmdt = dimethyltetrathiafulvalene dithiolate) [4]73 %
NZEN194 GPa, 47 GPaDE /) FTa&BIZ/HR D T L &2 R L7z, %2, [Ni(hfdt),] (hfdt =
bis(trifluoromethyl)tetrathiafulvalenedithiolate) | % i J - TIT FER TH 523, 8.1 GPalZMET 5 £ 5.5 KIZHE W T
BBARERIZ 72 5[5], B D X 9 2 KRE WS T2 5 H—pl oy TR R 720 T < |l Tllz/h &
53T B 70 D BH— 4y FHERE B T & % [Au(Me-thiazdt);] (N- Methyl-1,3-thiazoline-2-thione-4,5-dithiolate) [6]7%°3
WETERIC/RD Z NG Sz, £z, £DH
&I Td D [Au(Et-thiazdt)y] [7]. EALFH# O AR
D S % Se ~ELEBITEM L2 [Au(Et-thiazds),] [8]
& [Ni(dmit),] (dmit = 1,3-dithiole-2-thione-
4,5-dithiolate) [9]23 L€ 41.3 GPa, 0.6 GPa, 15.9
GPaDJE ) FTaBIZ/R 5, F£7-. [Pd(dddt),] (dddt=
5,6-dihydro-1,4-dithiin- 2,3-dithiolate) {3 & J& T I # %
KTHDH, ENZHINT % L 42 GPaDE S/ Bl
TERTRE & 72 V) | SIRHRHT & E ML = L & —(E) 23N
JEL & BRI L 12.6 GPadD £ T TIET «
7y BFROFETH D WEERFEDORVER
BB SN2, TOULEORES T TIREIREH
REENHO EA L, FEAIRRERIC A o 7o, 55—
Ny REFREZIT T4 58, 8 GPallBWTT 4 7 v 7
BARICMRD T LA LTz, st N REE
HFEEZHWTZORRFIZCOWTEL LR, 7 [ 1. [Ni(ddds),] D55 FH 1 & i il I
4Ty 7 a— ik, ExBRLEERICET S




HOMO/X > R ELUMO/N Y R & DAZZEN BTG S 4L, AmE MmN & Az 8 ) 2 #% 3 2 HOMO-LUMO #H A.
TER RN EE 2% E &2 Fei2 LD 2 E v bio 72, [1014 8], [Pd(dddt),] D BT 1-dddt % Sedk AR ELL 1-ddds
i L 72 [Ni(ddds),] O HPEERE S 2 ERL L. DACE W CTIES FCoMRmESIGUNE & X5k ERE L
WERRNT 21T T2,

[Ni(ddds),] HifEshix, 7& b=k U LHT [(n-CH,),N][Ni(ddds),] % (n-C,Ho),N ClO,% K FFEME & LT
BRI THZ LKV ER L7z, [Ni(ddds),] 5> — 2236 S RIS TH D | 4y 7 BIZ 38V Ni-Se
(2496A) A EFES “BEZBHR L, “EEZJAFICEBTS (K1) . [11] M2 ICESIESTROR
FERIFMEZRT, 1.9 GPaTORELEEE (0, 1Z8x10*Sem™, {EMALT R /L ¥ —E13203 meVThH - 7=,
IRVE D REIR i, BRI L EJINE & & BRI L, 10.8 GPaTIE, oy 133 S em™| E,1$20 meV
Thole, LL, TR EDEITlHo L E, I3 EMEICEIELZE, 3L A EEIMREMEE RIS 720,
nJth@%&a@%n%ﬂmSmﬂ\meT%otoit\mw%%mt%EFﬁﬁﬁﬁﬁﬁﬁ%
IToTefbiR. on &L ENBWICEALT HET) (=3 GPa) 128\ T BN DONI-Sefti & 23H K L, Ni-Nifh & 23
B AR T DS Z 5 Z M L2, (X3)

5

10°F
0°] 19 GPa
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s 102]
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10
10?126 GPa
" 14.1 GPa
+ 155 GPa
10t | 1 | 1 |
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T (K)
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DR KA . .
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[Category 1]
FERFR KT —231E5L 9 5 Bilayer # 1 " +HEKRD G E EFW1E

b, TR, R
FRAF - INEES THHE

SRR, o FREHCE S E AT F 5 .
PA VT SRR I EE LV SR T RE 2 GE%':(SI ]OISHSI ]
EHTHZENTES7H, ZHETICEL DIk S 37y S 877s
AMBEESNTOS, ZORTH, HTEEO it I
JERIFRELT & % BLDK VBV SRS & T 1C X1 FEsp RS =5 TMET-STF &
DWTHRD 2O, FROIEXFR K — % & hk
L7=. #lz1X. TMET-STF &\ 9 EX# K —545
FIE, MR T LR R EEEE S ) T v
HMTSF %3 1-& 2 Wiy TEAIZ & 0 ed
BEDT-TTF 73 7O A 7 U v REITH 5 (X 1), FF
I, 241D BF, i, (TMET-STF),BF, O ’
. RN L 2 2O F A TV h L

J&%4A L TRV, Bilayer i & N TV D, N e /;;L

Y REREICE D & Fa OEEEIL, #E 1 ROC @ f ! : o*
T 7 b S & RO 2 KET =L S A A “ .
THZENDb Mo TWD (K 21.2].
(TMET-STF),BF, |35 JE F#14.1 KIC 3\ Tl 5 2 (TMET-STF);BF4 D i & 7 = /L X i
& 725, BIREEBIEEL FIZBW T, 100 K

FHEIZ3 T /0 S 7P R & 13 KAHTIck

TMET-STF BF,

Two-dimensional Quasi-one-dimensional

J 5 & BB LB S THY . 20 o [i[%=fﬁ:>
BHE 2 FERARE IR D IR D #E V3 Bilayer #1512 s” S  se

HS < B IRIEICERE LTV 3 HAHR S 1 10°2 TMETSTF

TW5 (X 3), & 512, TMET-STF 43 11% ClO, " {,

Hi75 BF, Hi & MBS Bilayer #3624 L. g 107 i N

Au(CN), i TIE HMTSF (2872 1 R IE T T Lk - ;

% . PF¢ ¥ CIX(BEDT-TTF),PF, & {Ll7- 2 & o

TEEE AT HRED T U H—T =4 D&

WISk D SRR R AT B 5 T )

EAER ST, 22 U B VE T F-IR o "MET&"”V&
MBE Lz, 3 (TMET-STF)2BF 0 )+ 8 K HEHT R 0 i B (K 77



ZIZ T, T OIEMNFENRFE T D

Bilayer i % -0y F-MEEIK &g P _*  TMET-TTF BF, P
(G k& %4 % 72, TMET-STE %) P ol P e R e &
. e _ o P Voo wew L . L T,
FONMOE LT R TR TR Jwﬂff T
e b TS sess & & Nomenn S
# L7z TMET-TTF 43 & 2D H F v fr}? B ™ ¥,
TN EAR LK 1), 2 E T,
N . b
BARFUAERF A A R=AH, O AL GO, THERTTE o
vV ANKR=VEERETHZENER v a1 ast SV :“‘—u.m% 3, S
DODRFP—za=v e, VB AT/ .i‘a_-_;b'm‘r Ay ST 3‘_.":“’\-;_“‘ H‘.ﬂ-;«e«:‘ﬁ'r'd"l‘.
- e o nl -
KT, #y 7Y 7 %EANT, B W N I T R
1 e faa ™ e P
DI R — B FRERENTE 7, i 2adl by Y

LirL, ZORMRRIETE, ERT S
ft&me LT, HROIERF R —&
TNZENOXFR F =2 FEIR/ LN D

—1bar

7o, BHONERIFKL 725 Lo K - <I§>=<:I:] —0.6GPa
BR®HD, T2, BV R = VA i TMET-TTF :%EEEEE
AW LEICIE, B OIS T, mrEOE _—— —35CPa
WELALKEE MO RER DD, A G —535pa
ElLUEBICE s THES SOk £

F—a=y FOTTF AR R R L = E ,

AT MEGWE MesAl 72 /LA A Rikfil Ll

BT T CHMOIERNH R —7210 % io2 r\f"’/, '

At B O[3] & VT, TMET-TTF 100 L

DFENRISER LTI, D%, Fkx ° * 1ﬁmw£;m 200 20 0
IR —=T =F BT DT A
> T DI VL O B 2 EE A A AR
B KR U7, 15 Do B 126 L C X B IEMEAT 21T\ BFy SR & Cl04 3723 (TMET-STF),BF,
L [AIERIC Bilayer #1E A A5 Z L W 60T LT2(K 4), F72. BF,HEICI3 Bilayer ##i& & 13512 1 Kot
T LMEEEAT DR bR, PRIEIX 1 Roch 7 MEiEE A Lz, £ E 4 TMET-TTF 431
BF, #i. ClOs #i, PFs HiO W HEBRIEIELZWEL, R THEERTHLZ EnbhroT, 51
(TMET-TTF),BF, i D E /1 FESIEH IR Z /77, (TMET-TTF),BF,; OESKEGTRITME & & b2 L,
2.9 GPa TlE, @RIRAEIZ72 D | 100 K i CaEikBafrko7c, £72. 4.6 GPa LL LDJES) FTIL,
RKiEE T@&RETH o7,

Stki%. Bri=72 Bilayer &4 AT 2WE O L FTHBILE RO L B L T, MM AEEH
ERELT D20, BLUVETFEAEANLLHBIEN R —010a0 s, e 2—7 =74
YEDHFF T IAINEEEER L MHEEETETH D,

¥ 5 (TMET-TTF),BF, O£ /) 8 AR HTH O IR AR A7

(2% k)

[1] R.Kato K. Yamamoto, Y. Okano, H. Tajima, H. Sawa, Chem. Commun., 947 (1997).

[2] S. Uji, C. Terashima, Y. Okano, R. Kato, Phys. Rev. B, 64, 214517 (2001)

[3]J. Yamada, S. Satoki, S. Mishima, N. Akashi, K. Takahashi, N. Matsuda, Y. Nishimoto, S. Takasaki, H. Anzai,
J. Org. Chem., 61,3987 (1996)



[Category 1]

BTAVYUHEBIZL D L -(BETS) ,FeCl, ®
F 528 R M R e A4 FE D AT 28

KEFELE! Lee Taehoon”, Wﬁ?ﬁl DL =1
VA - hnEESy , bk

510 54, I HEERICBNCdBTOMMEAY 28 AL, nd HAEERZRHAT 2 HEIC
LV HHDMEE RIS T X D LT 5R_AEBITOILTE 72, 1 -(BETS),FeCly %, D n-d fHA/EH N
G O THBEECMEZ R TYEREO 1 > Th b, ZOWEIIS 258 m S AIcHMT 25 & 17T
PLECHBEBEREICZ2ENISHMOLNTW DML, KRBT 2 EERE S BBEREN, 2
-(BETS),FeCly 1%, HRMEMN 2R ThH A ERM (LT, PMHH) 2L, Ty,=83 K T&E-MixK
Hnfs LSO L (DL, AFIAE) 95, 20 AFIFHOEEREIZOWTIX I E TITE < D
MR ENTEN, BRIRELL T TRl SN 7 o — KRR 4T ONEES CE—~ v
DU 6 WOV 3y hF—lEBTT v b TX5FENS, BUECIIRBMEMRZIET 2 D1E 0
BADOHT, Fe O dBFITHHWENREETTHDEEZLNTWS (LT, Fe BRMETT V) [2],
L L7226 2V E TR 2 KIZH 1T 2 ESRIE Tl M 3L IG(EPR)IZBLM = 1Tk & §7[3-7].
Z® Fe HHWMEET NV EDOR—BIIRIROBE & 72> T b, —F5 T, AFIfH & PM FHOBESR Tl
HEARE ﬁﬁ%<$iénfwé*&ﬂ65q7MuT®AHﬁfin%%ﬁ*A’%fMLf
BOT, TORABIZREAAL TRV BN dETOBMEICEEL2 B JIE LARILAORIRIC
orwé@fiﬁww&&ﬁiﬁszéo%_f\%ﬁiEmamﬁﬂﬁﬁE@ﬁékmE@ﬁ
PEAEFARDZ EICLY, 2o OMEORAZRAAL TN D,

WEAEFE|X, PM FHIZ 31T B aEfl 72 EPR IE 217\, EPR O g fifl & #RIEIT R DR n-d FHEAVE %
RO U7 RS 72 A EARAF M 2 R D 2 E AR L 72 [7]. £72. T ORE 2 A RN D | KR
WeMER Gyl & (I8 N 3 2 FiEE RS Lic, AFEIL, ZOFEEZHNTESHMEZRE L, 7
A 72 pOR B E LIS (AFMR) JIE AT > 7O TIhz i+ 2,

M1iZAE 7 ey 7HEEU FOMEETES p——

HHIT 5 O AFMR O BRI Z R~ T2/ R Th momwfwm"
%o WIEIE X /N> R ESR #E % H\ -, X 3

K (%) 10 GHz) O X 5 iR\ E #0856
AFMR OEGHHE— R LA 71w 7IHIEHR
BUHISH D72, AFMR JLIBREEE O 4 JE A7
THEM1IDOE ) AR TAEENBH S S, &
W NTNAEED BN A Y T a y TR
TEHNESEE— RN TH D, £z, N7
DO A ERE YT 5, - R

REBETEO A 7oy 7F4eng (X7 )L 45 50 55 60 65 70 75 80
% EEB) 1350 1150 mT CEBShTH Y. oh ¢ (degree) c=90°
ETOREL AL VAT N THDB] T2y 1 ASMEEICHIT 5 A -(BETS)FeCly 3
KRIHE—F (N7 AHETH) b, RED L PELENEARMR) O £ 5 (471
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WIT, ZJEM ESR #EE A VW, 27 my 7R ER
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oy b ORFREE 2 IR, WA S IE— RO
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SOEHCHET Do ZOHENE a Bh=° ¢ BT 1012 g
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RN BB AR AT L LT\ B = & AR LT

Wh, E7. 4T ETAFMR £— FAZn AL, ¢ %01 2 3 4 s s 7 s
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WTLBESEO YT B ARMRERONEREN S 200 e — ek
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[Category 1]
DNA & #fi 7 / kL5 A 5 O BL [\ &l

R KRR Y, BRI, E AL, Al R
VBRI - BT SA AT, PR R, SRR T

T MEFOREEHIENC DNA 2MEA<IER SN TW5, 72 & 21X, DNA © "~ E#HEMZ FH\ T
JRIFEARMMERIINCTEY, SEIERFHEOF VR 2 BRI O IEMICHAGDED Z &
NTEXDLEITHERD D, SHICT R TEAEREHEEERL, TOSARELZHIETLZ T
XL, T TS ADOBERERYEIC SRR L T ERIGTE S, YHIEETIIINE T
HH DNA [Effi4:7 /b1 (dsSDNA-AuNP) O HIEMZpEREZRRE) GEAGEEE) # R L[1]. =
R A SN NPV S Ak /At

X _ \ _ . Full-match
T&EH L E®ELE (1) (Complementary)
241, ABHETIE, AmB X —
VK I 2~ v F D dsDNA-AuNP . NaCl
MBI D ~T B REERLL \‘

ssDNA-AuUNP . ) A,
T | Mismatch _
HRBEREBR R EZFIH L TEEEK Trimer erminal Mismatc o~

DL Z HIH L7z, 738, ARRFFET
T R FREERDEELZ LA
24 (association) & EFd D,
dsDNA-AuUNP D ~F 1 3 BRZEERIC L= > TER L (M2) [2], Kifg 5 nm © AuNP D%
A2 59 #EHE D ssDNA % Au-S fi& CHEE L. 74 10— A VERKE T B2 oRER L7
[5]. RIZ. RUEA T OEEF DNA %2 —ki 7= 0 ¥ 7 KEE Lz, [ UHET, B2 ER
5| % F5OE E Fl DNA &5 H DNA THIFE 15 nm @ AuNP Z# REEA L=, Z OELEH DNA 1T,
FifE 5nm O AuNP O XK EERICEEH L72BAORGE —HEZ T 20 AICE#R LD TH D, 15
DAL 2 FEFEORL 12855 DNA ICEE LT, ~7 a2 3&REZEM L7, BEA DNA O Rimi i
ICHEB LT, T-A-T E£T LI

X1 & DNA CTERMEEEM LT /K1 3 &Ko B RBH
PR A A S A

T5, ZO T-A-T OHEIRIZ. R Anchor DNA (59 nt}é) Cover DNA (16 nt) §
Ei HsMg ™A
WS A OFRREEE AN &, mE /) O Pr— >

SR A e (F) & L, (sii)z-rA:SN:m] electrophoresis
O L ERRORE R IT RS
MAAIAYYTF (M) IZ725,

Agarose gel
ZDF R 3 EK%E F-M-F & &% electrophoresis
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DNA  As~ DNA

TS, FEEIC. Ky T OFEA Complementary- A/ Complementary -T
NaCl

HEMXT-GET, DSR2
M, KEZWH -2 FIZ72 Y M-F-M
NELND, ZO2FBEO~T 1
SEENENENHCEAT D
% ZW A E ST (TEM) T
B LT, 2 H#H DNA &fifid ) /R D~7 1 3 Bk R E




£, ssDNA-AUNP 3 AT [ = (b) (c) :
&% T-A-T % TEM THIZ LT= & 731‘-"' e y‘f
A, B bicawm Lo | e o .. SO,
SRR SN (W3a), K | S0am S0mm  sonm_

2. Kb A O Z N2 T
7= F-M-F [\ TlE, KX
3 A~y FRTFOMITN S0
Ty TR BNERENTE A

L BlEsnz (K3b), £

MR LT, K8 T O % X3 (a) —A$#H DNA Effix) / ki1 3 &K T-A-T, (b) _HH
A TTET ME-M Gl K DNA f&#fid: 7/ Ki¥ 3 ffk F-M-F, (c) —##H DNA {Effic: 7/ ki
BTy FRIFNEST L. 2 1 3 B M-F-M O HU ) 72375 8 B 7S 1 SR 8 5 1T

DREFHZ /NS NI A~y TR0 AATESER
PO (M3c), EHL0MEL, e @)
FAAH D dsDNA Z RIAZ & DR DRI DI 5] S8
ELDHZEEBSAEBLTND,
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ﬁ%wﬁ%@%mméwﬁ%ﬁﬁﬁémtaA (b) ‘
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IR 2 DIFAE L TV D DT Interior REKE 4y
I, AlX Exterior 25K L7725, 2D X5/
SWVHRLF DIFEMEIZ L > T, TXTOEERN
Interior & 721& Exterior [Z/0FHTE %, 50 DGR 4 @M DNA Effic) /R 7 3 BIKD 2
COWTHEGHFEIT LIZE 25, FM-F OB mEoaa kgD ) DEEL (b) FEk
92%7)3 Interior & 72 ¥ | Exterior [X D37 8% ThH - 7=,
—J7. M-F-M O ERITWIZ 96% 28 Exterior, 4%7° Interior ThH-7= (X 4b), {EHT XX, N
AT AR O R — M EERN R 27217 T, 2RERHBEOHEEVNRELTLZ L ThHD, T~y
FhifE I ATy TR FORE S, AT, BMEEZ THREROEZRIHER I N,

L)LL%:i L5 &, DNA O ZEHBREFIH L TA~T 0 2kED AuNP EAEREZER L, K

—HIED BN BRI HAMEHE N2 COHRBERELFHET D L. AuNP ESERNEOEREL R L

TA/—\Lf:O ZORIZ, T dsDNA 75:2%@ bR A DN D HBI BRI T D LRES
% EBIFICHATE 5, RiT-OROME 2L X T-EARIZOW T [REEEOEL M HIE 23 T X 2 AHE
PER DV | RAFIED FIERP S £ & iiﬁ%/ T ZADWERERIEIC SR 5 Z E R HfFFE D,

QO

gaﬁ'//
oD UG

N =50 N =50

(£ ik

[1] K. Sato, K. Hosokawa, M. Maeda, J. Am. Chem. Soc., 125, 8102 (2003). [2] Y. Akiyama, H. Shikagawa, N.
Kanayama, T. Takarada, M. Maeda, Small, 11, 3153 (2015). [3] S. Shiraishi, L. Yu, Y. Akiyama, G. Wang, T. Kikitsu,
K. Miyamura, T. Takarada, M. Maeda, Adv. Mater. Interfaces, 5, 1800189 (2018). [4] G. Wang, L. Yu, Y. Akiyama, T.
Takarada, M. Maeda, Biotechnol. J., 13, 1800090 (2018). [S5] A. P. Alivisatos et al., Nature, 382, 609 (1996).



[Category 1]
Kty MEIZ X D ERHE SRR 7 DNA B+ B AEH O 71 %53

A LEA e, FNER Y, RS, AT AR
VERRF - BiTESA AT, PEMNK

(5] EMOBBERORGEBEICEDLIIFEME TH LT A X2 U AR (DNA) 2 [H
‘*bwﬂd & LTHER SR O—2I2, HEERSIHKFRIICET T oIS (B CAlfkbae) 2
2P b b, DNA $H0 B Okt e Tl RS F"ﬂTODi"ﬁéxT/\% L7 ZEHHERK
(Hybridization) (2%, @/ A 4 <° pH 72 EDOFUEREEIC L W FE RSN D, HEx 72 DNA
MM EAERA KBS LD, BIZIE, FIERmO A Y 2 DNA gﬁf‘é X, RIEBREE TR IS RS A
HERYAEW, FERMEZ AR L LEBPREE (RS 2 BEMICERT 2[1]. ZAUTHHFREE T
e S 5 il oRIEE D24 (Blunt-end stacking) [2]2338 < KBS N-FERTH Y . I, [FEE
7 DNA HAHAEEM 7Y DNA 7/ #E A OREER 2 EA LI S TE TV 5 [3],

Fxldhlr, bPav A R7e—7 AFM EEZ AW T, B-RAEICT 7 RICERB LAY 2
DNA #4 (DNA 77 ) [BTHE U M EIER O )5 %ﬁofco Kii G-C XTBLVCC I A
~YYTFDDNAT T2 EMRE LT+ — A —THEIZE DT KD NaCl JREIZ LV EES
5B 153K G-C X7 @ DNA 7 7 V] TO HBH| éﬁ/b\ Z OfESL LAk @ Blunt-end stacking, 5
(ZIEFR 2 DPUER A L C & 72 DNA F /R O ISR G AL 22 8) & o BH M & Fadi L 72[4,5].

AR TIL, Z ORMESEIRA 72 DNA BIFH AAEH OB OB E2 EET 5 FBe e LT,
vt b (Optical Tweezers: OT) JE[61IZFEH L=, OT &, RKEAD LU X CHENHLIZL—HF—
DB EZFIH L, WRT OB INYEZBEMBEBET TN v 7 - BIET28ETHY . Hl2iE
MR D & 5 72 3 & WU IME DK FIZ I 1T 2 IFHEfil - IR BRI~ =t 2 b — 3 VIZEH émé
Flo. V= —RICKDMUNRIED T > 7 h3, b—HF =AM 0 OB AT S Z L A2 FIH
LT, WD TNSRARRESE O NET o —T L LTI AR (~pN L-UL) &5
WZHISHTE D, AFEEIE, OT IC K 2 H—KH/ER ATRE Z2um YA XD KL F-RKE~DA Y =
DNA SO EELZ R L. & IR G-C X7 B LU C-C I A~ v TF D DNA [HELRL 1% % 5
IZ OT ¥£I2 & 5 DNA RIfH BEAEH O 7155+ 247 - 7=,

[528%] Carboxylate Latex $7 1 (d=2um) (2. KIGEHIDF7 2 2 FEFEHD Stem-loop & kAU =
DNA (SL-DNA-NH,) % Amino linker Z /I L T/L*A[EE L, DNA [#HE L~ A 7 mhif (DNA-MBs)
A L7 (Fig.1), AFiETIE, DNA-MBs EJEIZ G-C T H LWL CC I A~ v FREGHIER
S DHHEL T DNA $H25 8 E &5, DNA-MBs 23R (5.5 x 10° particles/mL) %, #ifli® OT ¥ A
7 2 (NanoTracker™ 2, JPK Instruments £1:)

R Code Sequence (5" to 3') ° 0
Q:VIZ 4 ]\ L/\ 2 zlza)zElL L/?L:_ IR ]/\_—-]j-\—— SL(GC) GAC AGC TGG TTXTT CCA GCT GTC X= |j\ ] X C‘g’\/\/\/’“‘b
(7\ = 1064 nm, T@J/.Hﬂiﬁﬁﬂﬂ) T DNA-MB SL(CC) CAC AGC TGG TTXTT CCA GCT GTC o) AminoCe-dT
Wita4%2 8Ty 7 Ulc, WEIINC R T > ¢ cc "’ck'y\O
9.0r8 b =N Fal ™ j
7'L7= DNA-MB (71 —7) O/ARER { + o . A
(k) % Power Spectrum i 2 0 K 1:00,, % S camon e e
inker arboxylate - DNA-MBs
Eh D DNA-MB (2% L 100 nm/sec D iH " sLonany, Latex ovemant (SL(GC)MB, SL(CC)-MB)
THHI (approach) - #%fh (contact) =4, Fig.1 Base sequences and preparation procedure of DNA-MBs.



BEUS TI3 5 pNICEE LT & ZATH HmIcBE ¥/ (retract), ZD— BWRETELD Y v—
TOL—YF—EmNLOFT I (x) % quadrant photodetector CE=%—L, Y u—7\Z/EHT2 )
\ZHaF (F=—-kx) LT Force-Displacement (F-D) % 157, i, Displacement (. contact point %
PrpglER LR,

[#5F - B22] 4R L7- DNA-MBs @ DNA [EEL&iX, Cy3 7 {b& 4 Y = DNA %
WO ERTEIC L V. SL(GC)-MB: 2.2 x 10° strands/particle (57 nm?/strand) , SL(CC)-MB: 2.7 x 10°
strands/particle (36 nm*/strand) & RAE SV, [EE(LEREIERIT 5T 2 KEHELS O BN I L 2
& R U=, FTEREE O NaCl (150, 300, 500 mM) 33 1 T8 0.01 wt% Tween20 % 7 ¢ Tris-HC1 % &
W (10 mM, pH 7.4) 2B S 72 DNA-MBs @, IR L'—%— (1.5W) I[ZXDHE—Ki+ b7 v 7B
IR D ARER kL, EIRESRBESNK ST k=2.0-3.0x 10" N/m O TH -7,

T, I a—7hi 1% #/E L DNA-MBs Wi {2115 F-D éan’ﬁ@vﬁu/l:%ﬁof:o 500 mM
NaCl fF4E F Tl L 7=, SL(GC)-MBs 4]0 Approach i@F2(Z8+ %5 F-D #ifi % Fig.2(a)llmd, Hi
FHBINEERT D2 FTREOE—7 BRI L. 0O — 27X NaCl BEICx L TR Z 7R
L7= (Fig.2(b)), F7= Retract i8FE TH FIERIZ, F-D #ifR LIZh #5171 (BEE) ITHY 325 T
B — 7 PR S AU, NaClEEIZXd 5 B — 7 B OERFMENRO b=, —J7. SL(CC)-MBs [T
I%. Approach, Retract 2312 NaCl S (500 mM) 2BV TH, B AEEICER T
HE—7 N F-D R TIE R o o72 (Fig2(c)), TN ORERIL, Fx NLaisE Lzt =
2A R7'm—7 AFM ETO N FFHRE R4 AR R < —H L TWb, £72. F-D fif THR
ZEMN R 57 [NaCll =500 mM (281 5 DNA-MBs O — X EALA, SL(GC)-MB, SL(CC)-MBs 3t
IZ -35mV EFREENEN-T-Z L 2B FE 2D L Fig2(a), () F-D HifR D 7RI FEA 2 EN T
1372 < . DNA-MBs K@ Z[EE Z 4172 DNA #5000 Kl A IR B9 2> S BL K 777 72 DNA [E 8 A.AFH
T& % Blunt-end stacking |2 K L TWDH Z ENREZX HILD,

(4 -
(a) 6 Approach ( ) 6
(b) | Approach
®e sl 11
3t - (_, 7 H H
— 4.1 pN) = L )
z & 0l <33r>N> I g | \
~ < 5| [0)
= 0 F----\--
g ° 5 af 5 |
5] £ g
e g 31 (1.5 pN) | Retract
>
3 g 2| L 3 &4
2 40 L P
< I .
6 U _6 ||||||||||||
100 50 O 50 100 150 200 [NaCl] (mM) = 150 500 100 50 0 50 100 150 200
Displacement (nm) Displacement (nm)

Fig.2 (a) Representative F-D curve of SL(GC)-MBs in 10 mM Tris-HCI buffer (pH 7.4) containing 0.01 tw% Tween20 and
500 mM NacCl on approach process (100 nm/sec). (b) Boxplot of attractive strength observed between SL(GC)-MBs in the
presence of various concentrations of NaCl on approach process (n = 30). (c) Representative F-D curves of SL(CC)-MBs in
10 mM Tris-HCI buffer (pH 7.4) containing 0.01 wt % Tween20 and 500 mM NaCl on approach (red) and retract (blue)
process.

[ 3CHR]  [1] M. Nakata, G. Zanchetta, B. D. Chapman, C. D. Jones, J. O. Cross, R. Pindak, T. Bellini, N. A. Clark,
Science 318, 1278 (2007). [2] C. Maffeo, B. Luan, A. Aksimentiev, Nucleic Acids Res., 40, 3812 (2012). [3] #ziX
(a) S. Woo, P. W. K. Rothemund, Nature Chem., 3, 620 (2011). (b) F. Kilchherr, C. Wachauf, B. Pelz, M. Rief, M.
Zacharias, H. Dietz, Science 235, aaf5508 (2016). [4] N. Kanayama, T. Sekine, K. Ozasa, S. Kishi, T. Nyu, T. Hayashi,
M. Maeda, Langmuir 32, 13296 (2016). [5] T. Sekine, N. Kanayama, K. Ozasa, T. Nyu, T. Hayashi, M. Maeda,
Langmuir 34, 15078 (2018). [6] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, S. Chu, Optics Lett., 11, 288 (1986).



[Category 1]

EBMEEMRIZR T 2ABRE~DIZED~ A 7 afiET A 2% H
W RBRIRAE & RIBEZ AR —ERICETIET VHEE

JRAE—R !, AT R
VEREF - RIS A A TR

AT N A F~ ADEE L REHFL ) — I AN —OBR LV RERFHEZED T
W5, 22— 7 LI RENLRHEECTH Y . DNA 81T X D HEE & PEY O B PE LR ]S O B
FAX Y NT—7 OISO TEE S OB EITH CTH 5, Kifi, EMECHEKIZRE & o 7AW
WEL R0 BLET 1970 FERICEA TH TR AIRF L A EITORTE LT, JLED LV - T4
BRI IS Ly s L2 BRI A E X T2V T A=A LIRMBHAOEE IR > TS, S
RSB T 2% R/MBIEZ T 3T THY . TORF~ONFNEIT 7 + N ORI BIEE D |
B R K DT & SRR OTR AL, BB EY E O ARk & SR8 % 8 L CRe & BN RE 2
FOENEEFTNC OB LM R 72 T AT AOWMM N2 5,

Fxida—r v roEHCEEZERIL L TR TE 2MBE O~ A 7 ot 27 A x4
L CET, ZOHINE IO S A TRIRERBIERZ MG DEIUL, EICCLRRMEEZ & O
TeANERIBUSZE DA ) = AL ZBN D AR E W, 2= LR ED LI RGF AN =ALT
BEDOINBRPLNHT DIEE ZFHH L TWD O, £ & SHEMEORIFITZ E ZICH D00, 4+
HEREE O 72k L COIRE ENAISIZE 9 72> TN D D) Vo T2 72 VW 2 BRI L - T
HONZTHZ LT EMORENRED LIV AT LOEEX Yy NT—27 L LTA 7Y R
YEERTWEONEERL TS,

2— 2 L J X chloroplast ZF;FHL AR EZIT-> THEZTTWAHTEH, HAHAHPHNONIRE & CO2
FEOBRBEZIFTe, LU, BRI 28 2 5 YR B W CIEEmi Iz & - THA Lcib
ET2 ATP BRRICHIHTE T, EEMEOBEICORN D20, Ke#EEERT, =2—7 L
FTOHBHRIGE L LTI, SO FH MNP BRI NA D &FT 2ADNENE L HIRE DN K > TilFk
Fi% T v RMIEZDHEHNMOENT NS, ELLDIEEIZBNTH, KZARKE L TEHL X
/N7 43§ & L C photoactivated adenylyl cyclase (PAC)23 A E &AL TV 5 [1], PAC 73 I HF &tk &
VDUV I E > THIE &4, ATP % cAMP (28T 5, 2O cAMP 23RS E DR R L R D15 75
DT THDLN, TNLUBEDRERIZI DN/ > TR, cAMP O E & 7 R RE O FH B
BRRDHI0D, A 7 a KR4V LiAD = — 7 LB LIS HEEN B SH D FANICATAEE
JEHREE NN D OIS R AAER L (K1), B/ D&)X % tracking L7z (X 2) [2,3],

(K1, /) BB AGAATZEN
BIHR L~ 7 aF v —

(K2, ) BALOEEO® tracking,
T AATIEIR D B E > D J7 [ i )
LT, JHRE O @O EIRIC trap S
TL% I,




B TORIRD B S D F ISR L, R o TR O @ W EEIRIC A > CEfERIERICfE > 72, 2D
Z L XV, PAC NERET D cAMP K E & HITHIR L THBMIEDH NSRS, & 5 B
Z iz o BeBE CRIEREBNC R D Z L b D,

EBHIZ2 2D LED #~A4 7 0F v N \—OEAICERE i@%@ﬁﬁ%%%ﬁofﬂw%%
R & AONENE REBE RFEIICTRT (K3), t%%%%ﬁﬁfitw HE R 5
%0)75‘34’< JISEIINEE & E 2 G DA, REREIRGE & & BTSSP D 05 HMIciEKRT 5 &

2720 . ADNEME~LEFICELT D, Z0Z ik, TADNEME EEETIL HIT cAMP
%F@Lﬂ X o TIRlAES)| léﬂ*@mﬁjfﬁw[%wf?4@ﬁﬁ@%’iofﬁﬁﬁ
BT 2 EAONEME, MR L THMENEMEE TE 572 EEF RS 2 L EE)) Lo T\
ZEERLTWVS,

FE D5y 1 F 2 3R LEE° RNA T X o TIEAAE L7 R E AT L, ZOIRE 2R~ 72,
TS HOBELEOIRBIREZ 7 — V) fffi 95 Z LI Ko TOREMDORE Z ke, E/LOiES)
RO BBV FE T L3 Y X ASNIC K > Tlaliise L O E2 B o8 & L7z (X 4), chloroplast
RABKRIZ P AERE & Rk O e ENE & LB 27~ L7z, Z#uiZ chloroplast 753‘5&@2@%%@0 TW5HDT

Ev AN &%rbfméImckhﬁitii%ﬁ%%%réﬁ#otpﬂ DIZHELDBESE &
VR BRBEEEEREE AT L CGHIE TS5 Z Lz . KRG DSy %&%@ﬁ%%

MLTWSFETH D,

Y A M3 H B
500
—
> 400 i
) -
g a0o NWW““A | i “ E——
S W) U - SHK
5 200 [ YEOMEE | g I
| C 0
8 100 M‘\W— PAC LT'_
LEHE I
0 ! Il 1
0 10 20 ( 3)0 40 50 00 02 04 06 08 10 12
T. [ . . . . .
e mn Oscillation Amplitude, Rotation Ratio
(3) x4 % LED O RS (30s 22H) ([ XHEAD (X 4) B4 # (wild) . chroloplast /X 8 #
TONLE O & EThE, A3 A RSB AR EE N E Z (SM-ZK), £ U PAC KIBHPAC)D A DA
D, FOBADNKAENIZL > TEE LT\ 5, iRk PRk LT (Ef) OTRE O,
IEBESMET LTV D, JEAEFIT 0.3 23— A,
(&% k]

[1] M. Iseki, S. Matsunaga, A. Murakami, K. Ohno, K. Shiga, K. Yoshida, M. Sugai, T. Takahashi, T. Hori, M.
Watanabe, Nature 415, 1047-1051 (2002). [2] K.Ozasa, J.Lee, S.Song, M.Maeda, Plant Cell Physiol., 55 (2014)
1704-1712. [3] K.Ozasa, J.Won, S.Song, M.Maeda, Sci. Rep., 6 (2016) 24602. [4] K.Ozasa, J.Won, S.Song, S.Tamaki,
T.Ishikawa, M.Maeda, PLoS ONE, 12 (2017) e0172813. [5] K.Ozasa, J.Won, S.Song, M.Maeda, Appl. Soft Comput.,
70 (2018) 539-549. [6] K.Ozasa, J.Won, S.Song, M.Maeda, Algal Res., 35 (2018) 98-105.



[Category 1]

WREDO~NLE Y —F X7 H PefR ;
NLERILBEINIEEL/LDEN & DNABER/FHEORBT

Pk B RPTABES MRS, HOARRET?, FEFEF
SRR AR ek
VIREERROK - B - b, PR - T o aE. P EREFRRES

REIINLEAEAR TE W=, BE EORMERPICE TN D ~ET v B 20 L, 8
e LTALZEGET 5, ZONLEERTIE L EORMERDSHIZE VK 12 B 1 H DO~
B EN D70, BENICKEONLANFTALTLE S, WFREITHA Lz~ X 5 3% A6
T 50, WIKNORFIIRA~LZEI L, WIRNASTEE T 272D L7 AR —F — 2 J B S
LI EDRMOBNTND, AFFETIE, EENOREIIRANLZEINT D [ Nbe o= NI H)
W, EDEHITLTALZ T AR—F —BIEFDORELE G T 2GR 1 & L THEET 200
O 2 2 L2 HE LT,

1. NLADFEEICHESBEELDENR

REEEE N BrAER OB - ik « BULIE 72 £ DR E Streptococcus agalactiae H D~ L
BRTHET 2L BT —F NI H PefR iR E L, [~NLFEERL) 725 NT TEER) DNA
B D X RS RS ARAT 21TV REE 1.7A 22 HONC 2.5A THENIAMEE A RIE LT, PefR 1T
TEAREZEHRLTEY ~AATIR OV 7 a=y RO Hisl4 &b 9 —HO% 7=y F® Metl %
BN & LT PefR OFICHEGT 5, 2D KD RALOMERKRNUT. ZHETITHE ST
B ETH D, ~NLOREAITHEN, — O LEEANL 7 Metl 2GRN v 7 ANAT A
NL., £DMEIZH D DNA fEH R A A ORRNENT S Z & T, PefR 23ER DNA 7 b fERET 5
ZEEHLMNI LT, AEEIX, ZOX D REELEBMICE T2 LA NS L., ZOF
EE LT, PefR FONLIZCNZRH N CO ZELEE, ZN 60U I REGMRES S - #% Ik
Z DR A R EI D 5y JEHE 7 & QNS X FRfS i ST CIBI 2 Z L 2B LT, ZO5A.
Uy FEGHITA~LGEM L I1TR 72D DNA IS IVWEEZ L 2UNERH D, N E MR
2721, CN72 5 TNZ CO #EG L PefR O X Mik da G M 217 o 72 (M 1), PIE L 72 LRI )
O, UHY RiE Metl EEEZHD S TALBRITENLT D2 LR LN Ton, BEEEITA L
OB, 2R DNAIZBHEE Lo Te, L7 -> T, CN & CO ZHWT, o akotE
WEELZFETHZLILTERNEEZE R NS, L, 2L DERDLALGESE PefR 13 CO
R AERTEDL Z ENboTz, Streptococcus JEDIRIFE X COBENEHLS 2D ERIRLTLE
V7D, REONLEZNLAX T T =R H5WETAHEL D CO ML RIS 20w
X 912, FERY DNA 2> BREE L 7=~ L6557 PefR 23 CO scavenger & L CHERET A D LiL7aw,

2. DNA #E 543 D&ES



PefR |X MarR A—/X—7 7 3 1] —
BT R GMEIR - Ch DH, MarR
DOFFHEIL, DNA FEG KA A V&AL
9% helix-turn-helix (HTH) ©F—7
DRI DNA @ pseudo-palindrome Ec %]
% Te major groove, = DITFIZH D
wing EF—7 L FHIN DL — T
23 AT Y v F 72 minor groove & #H A.1E
H+25Z&TH5, UL, MarR [
THEM) DNA FLFIFEBRMEN & E R
FENTWRNZ®, PefR IZBIT5
DNA i & Ot A R DV TR~ 72,
DNA #54&7 PefR O SLIKHEE 2 5
DNA AR 27 2/ ko
AR RAREZRR L (K 2),
TNy T NT vl A & EREE D =
UZAKY—IZkVY DNA FEiGHREZ
Rz, ZOFEFR, HTH £F—7 Lo
Arg72 & wing EF—7 D Arg89 HIE
DNA & DOFGICHEATH D Z LML
M2 > 72, MarR IZ8BWV T, wing EF
— 70 Arg FEEITEIRFEINTEY
DNA & OFEE %D 5 12 DITHFET S
ERIBEINTWAS, HTH £EF—7 D
BEHPRAFPEI ARV, L7228 > T, PefR
13> MarR % > /37 & L [AlkkIZ .DNA
BLA OFRFRITHTH £ F— 7 D7 2 /i
P L DNA & O EAERICKTEL, £
@ DNA fE& X wing €F —7 D Arg &
DNA O L DMAEERIZ L > T
ElbEhTnWs EEZ LN,

1.CN#5EE (A) HLUIZCOMEE B)PefRDIAEE EbbH 44
Y—EBE L ALEEFAT—DRFOHT1=y MMZH B His114ZN LT,
BKMERT Y FRIZEALTWS, (C) 2 EENERAHLE., CNEEEREZE
STUBLER. COMEREFLUCBLER, YAV REHELTLEN
ANLEEREEV)BEREVABDY RV TRELT,

Helix-Turn-Helix Wing
~

Major groove

5! ~TAAAATAGTTCTCACGATAACTATTAAA-3’
37 -ATTTTATCAAGAGTGCTATTGATAATTT-5’

Bl 2. PefRMODNABES FA ALV LIRHI DNA LDHEEER, PefRD
DNA#ES FA A VIEHZE. EMDNAEA LB TRLE, RIDOTIZ,
HERETHERALIZZA DNA OB ZFRT ., XKENOIMHH
pseudo-palindrom 251 T#H 5,



[Category 1]

FAXBIAEEHKRBERERE VP — AT A FixL/Fixd IZBIF5H FA AV
[ 48 & 1 R B A D 7 B

PeEEwe 1. AT NFAREE L B H L A 2 EF R
VIR « B - Aedn, 2 BEWMR B

AL R R EZER(TCS) E FEIN S . A OREZ(LICHEIST D7Dt —2 27 A
ZHLTWD, TCS v —bAF Vo FF—EEHK) E VAR AL F 2 L—X (RR)D DD
S UNRTE TSN 7T IRERTH Y | HAEMIICII A>T RN Enb, HiE
KR 7K O X — 7 v M EloTWD, RFRTIE, XA XAHKWRKLE Bradyrizhobium
Japonicum DEFEE o — A7 A FixL/Fix] % —7%5 > MZ L, X #f5mEEfIT & NMR 5561k
Z T FixL O T v 2 v 71T D SERREE Z AL ORI 2 )5 L~ L TH B 20T %,

1. BjFixL @ X #R¥E @& ST

B. japonicum B2k FixL |%, #J¥MED sHK TR
EHXAv—E L THFEL. B — FA A 2
ZOD PAS T A —IVT 4 T REI o TN D

(PASA & PASB: ¥ 1 &), Zd 5% PASB
IZANLBTETE L BN OB RIREN L7450 &
NACBEDEET D ETXF ST —EB AL
DAREEZAL L, 8D ) R RS 2N S
%o ZIVETIT, PASB R A A DHD X Kk dh
REXEREAT M Th, U T RiEAIC L A EEE(L B1. Fixt @ KA VERER
AL DT o TE M, Z ORI e tfiE
BB EDEHITHFF—F RAL BT 50, =
BRI ARSI RMBEACTH D,

% Z TARMIZE Tl BjFixL O 2 FEA% <> PAS-AB & v
TF IR E CEEATE I A N7 FO X b
B A IE AT IZHL D $LA TV D, A4EEEIX, FixL @ 1-275
FTrOT I VIR E TEE T PAS-AB R A A DK
ST ISR Lz, £ PAS-AB R A A v B
ZVER% L. SPring-8 ® BL41XU (28T X #rE 6
ZiTolc, THETOHENG, PAS-AB KA A D
B 7 — 21350 FEHE TR ENNETH D Z &
Do TN, ~LgE0REEEAZFIH L~
SAD VEIT K O ALARDEIT RED L 7o, A& 3.0A D4y
fERE T PAS-AB R A A L OSRREEZRE LT, FEd
M ICB VT PAS-AB X ~ &A% ZK L T \PASA B 2. FixL 0 PASA-PASB D&

~- PASA domain

~- PASB domain

- Signal propagation region

- Kinase domain




& PASB [Zo~V v 7 A (al, [M2) 12X 0
L. BV R ZBELZ D Z LRI
o7 (K 2), al~V v 7 A[F O EAEH T
X, AWVOANY v 7 ZAR b3 < AL T Val,
Leu & W o 7mBiKMET X BEECE S 4L, Z VLA
SR OFEIE TIE Glu = Arg & W o 72k E S A FTRE 22
TR BRBEAENEE SN BERERICHES LT
Wb Z eI (¥3), £72, PASB R4
A NTHEWVICEEIIHEAEERE T, al~U v 7
ZA L CHAER LTV, PASB RAA VinD
fe< a2~ v 7 2 (a2, M2) 1%, ZREZ
TSR 20D, U W > RREAICRE D v 7 vis
MICBWTEHIETH Y, FrlZo2~U v 7 ADEH]
(ZAZET D Arg254 OIS 2 K48 L 7= Arg254Ala 28
BART, VT FREEITHED U BRALTE PRSI 23
Ko d Z ENRHLNITR>TWS[L], A X
R S AEITIC X 0 . R254 X T BRICBW TN
ME ML, S bIZkHE T 5 PASB HkoD
Aspl54 LKFEREGATREfIEICH -7 (K4), 2
o OE L > T VBRI OBEEZ S 5
FRDIoD, 5%, @maEL O B FiEa T
D X B A E AT, Arg254, Aspl54 ZRIKEZ N ma PASB L+ —1 KAL L OERAY v o RBHOHE
W BESBERRAT 24TV, 7 T UGS 2 B 5 e &
ICLTWEZWNWEEZ TS,

2. BjFixJ @ NMR #IE

FixJ (35 ST IS B W T, D KA A VBN ZELD 2 E RO MR > TWAH[L], £2 T
ABFFETIL, NMR 3HIEIC L0 | IRECIREE CHREEMIIT 21TV, & R AL COREZH LT 5
VENRHDH L EZTZ, NMR JIEDTOICIE, X0 E a2 RNAEGSRT D LERND DD, 54
FETX B/ RS CEE 2 L 72 FixJ 28 1 mg/L O E THE LAV NMR JIE IS L B2 ERMER TE D 2 L
IHICEDOY TN CEBEREBROGEEE AT 5 2 L 2R Lz, BUERMRERLY 7
ZHE L, NMR JIEZT B TH D,

2Bk
1. Wright G. S. A., et al., Sci. Signal. 11, eaaq0825 (2018)
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TRIRE D ~NLBOAKR AR 7 (Importer) O B A8 3 AZAT

A b mRTEE— 2 RTEsREEs L KA B !
'R - B . Ay, 2 EREF

g - Y - AW T DIZET X TOEWIL, BRERERL L THIR T 2XLERDH D, ek
O, AR TITEESR OO 2 A BEEDE OEEHK, = /LX—2LH, DNA A W\olz
RSB T 252 < O 2 R T EREA A 2 2GR OICRE L TR IZRIA L T b 72
HTHDH, b MUEETIHEEOEZ LT, HEORMERNO~NEIT B U NEA~NLEEH Z LT
BaET LI ENMONTWD, JREED B S OMIEN~E~LEZIY AT IO DS X7 B
ThHNLA VR —F =, BRIV —WE TH D ATP DMK IS %Z BRE ) & L CTHIH
9% ATP-binding cassette (ABC) k7 LV AR —2—7 7 I U —IZ@T 5, Y7 L—71%2016FI2%
AIMERE T 2 /N— 2 BT VT - 7 /80 TREBEEAS LA VR — 2 —O X Sk i i 2k
ILTWD, ZOHETIENLA VR —4—BhulUV (2N 7T XL~ LfEE X 878 (BhuT)
EEAWREREK L TR KE@EY 7 2= B NBH & (inward-facing) 2> 7 4+ A —3 a3V ThH
END, R OREEZRZ LD THD, LML, ABC TV AR—F—OFET L ICEMET S
AHZAEAMRRT LHIHEBEL TV ARNE WD Z LA T, ke A 7 VDO{E AT v 7 Ol ik
O EZLOBMEERLZ D ENTE TWNRWNTZD, ~AA VR—X —OEER#. ATP OFEE - N
RS & B DI &9 AW IR A T = X LD T O BRI E TE > TV
VW, £ZT, WEEIRED LA R —4 —BhuyUV-T |2 ATP 23 fEA L T/ & (outward-facing)k
RROMEICET 2BRIZOVWT, S FEIFHREICE ARy Iab—Ya vz —7

(BWF) LR TITo7c, ZORER, FHIREE L LT LT v 2L O Wb 23 PA U 72 IR &

(Occluded state) OffEx THITHZ ENTE7, EHIT, X7 VAF RiEEY72=y NMZd D
ABC signature motif |25 £ 115 Ser 7% J&1X ATP DMK OBIIZIL y-U U BRIKITKBEREETHZ &
TEBREZLZTEN L TND ERERNLEZ LTV, Ser FEILOEN 72 MEE 2% Occluded state
281D ATP MAKGIEMEDOIH & X 7 VAT R 7 2=y F® 2 BERLIZELS b T
D2 MR O N E IR oo, 0, 7 A FTEFBMBIC LD ~LEEREONLA VR
— X —EE RO SNLAREEIRAT 21T 2 72012, WIEIZHE LR ERREBHM AT TE e, ~La%%
JIET X 2RI ETHD BT 2L ZFEE S 72REET BhuUV IS SE 25720 Okt %
AHELTEY, SBIFSNLOEHEED LY G 2D L5 ICRBRR A EO K 2 D TF — Z X
L2179,



inward-facing (IF)

B, ALEAHRLTDIDORENDL T aL—Y 3 UigE
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WEIRE O~ LEBEYEH R 7 (Exporter) O 4y TS A7

HAE R AR ERE . AKESET . Md. Mafhuzur Rahman®, ¥ ‘ECf 2
VERAF, 2 InE LR - - Ay

ANLFEMIZE 5T, FEREBIETH LD, —FH THRWHIRENEEZ o, BT RUKERED
77 KGR IR S £ O L ST D ERICHERI OB~ LB I D & ~ARERAHEH AR
7 (HrtBA) IZ X o> TL&flfast~< AL, ZOHEEEERET 5, ~LHEHAR 7T BIE T2 X
B UZZHEE TR~ LTk L ORI 2 s, MEMREREICH DX /78 E LT
HrtBA [ZIEFIBRFE DO X — 57y L7205 5, AR 2381 D~ L5350 % B 5 HEH
R 7O THEEZHERT 222 HNET S, 2NETIZ, Y77 Y THEED HitBA DL
FIMEEZB S L, ATP 7 ZfEER, ~A7 Fa Zf#EEH. BLOT RE O HtBA Offh
BB L OREEMNT 21T > C& T2y 2D OEE T~ LHBSBERICB T 2 EEHRRT v 7O LD TH
Do TNHDT =20 REYEHAR 7 O RE s A2 500 L, 1ERIEE SN TE 72 ABC
NTZUVAR—=EZ—=DHLDEIFTRLD LD THDZ N7,

ANAPEH AR IR
By~ ==y b HrtB
L ATPase 7 2=
NHrtA 67256 ~7 1
4 BIKDABC b7 v A s
AN—H—Th%, HrtB (TMD subunit)
FAKRDEEE~Y v
7 A PO E R B A
A v (TMD) & Lk
IR & 72l sk R A A
> (ECD) (1 7 275&H) HrtA

(ATPase subunit)
EROL NI KE 70k
EWRER S (K1),
TMD T 2 &K% ik
L C8ARDIEEEANY v 7 A%Alio CTHEWMEZIT O, BEEWEICBW T, 377 RREOHEH
R TIZANBDFEE L (NLFEAT) . I ATP A HrtA ([ZHEAT 5 2 & TNLNRREEST S (ATP
fEOH) . ATP IR fEESID & ADP & U CHRBEL . 7 AR BLUC R 5, TERIEB SN TE 2T
IR EREIR I E A Y AT 2O DX ¥ BT ¢ BNEERE OSBRI W TER SIS, A
AR > 7 CIEERER AR UAME R ST BEE KA A O 2 BEBROHEAEEAKELRNEZ KE <A
25D L THERELTRoTnz (K2), T72bb, 7AATIEITMD © 1 KDY v 7 ZA[EL:
MEALT2ANY v 7 ZMHEMERICLY TMD 2 BIEZ KT 5, Z O~ LGESEENS TF
R LASNLDT 7B A LT WVIREBE 2D (3 FRICF Y ET 41T SLRW),, 222
LAMFEETHE, 2RO v 7 AFELIZL DAY v 7 AN RIVEEIZE D72 TMD 2 &R

Extracellular domain
(ECD) (172 aa)

| The heme-binding site

Transmembrane domain
(TMD) {172 aa)

1. ALBHAR Y TOHREE



L7, ATP fEARICIX 4
U w7 AR RV S
DHERF S NS 3, ATP 5 &
(2 X % HrtA @ 2 BIKEK
WX omEEIT KD
TMD D~V 7 ZAEED
RELSEDY  ~LOHPEH
& IRIT A LG E I 4

Uy 7 AZEoTHDDL mﬁﬁ
NTHXxy BT I XELIN

TL% 9, ATP DANKSLYfiF
IZX > T ADP & L CHiggf
+7% & HrtA :%{Zﬁﬂ%ﬁiﬁi M2 ~NLHERYTOZELLDOZEL

R S, TMD O~ v 7 AREE S TR > TT R L 25, 4~V v 7 AR RAAEGE T~
LERTEIETH D /N A I VEBREEIIAAEICH E ST LIV, ~AEXT 7B ATERWVR, TR
MDY HIz2~) v 7 ASAERICENT DI ETANLBRNLIEEEIIZT 7 EATEDL X HIC
5,

NDFEB T OREERNT I D~ DFEBENE L O DHEAHERDNA S L o To, ~ LRI
Fig 8 — B ISR K SRS > B B PEREUEANR 9 A BN 7= S AT IE R S ., ~ ABRDBELNL - 1X 7V & R
VIR (Glu219) ThDHZ EWfloTe, Fho, T~ mtlEIC Ko TALEKIT 5 BN EE Th
HTEDRBENT, TORKEOEEMEEZHEND DO, TIT=VEBIORTAZ I U ZEBR LA
W o Ry LT, ATPase {EMHEZHIE LT & 2 A, ~LENMA DHRETON—HLIEHE IR
BEFRETHST=N, ~a2x2Mz s e, BAMTITIEEALT 20 LT, WTIWOERX X7
BHIEMELENRD G- b 7V I U O BEME N RE S LT,

ATP Heme

Apo Heme-bound ATP-bound



[Category 1, 4]
W IR T FH R — R b 22 838 JU % R O IS RE AR AT

Muhamad Arif Mohamad Jamali'. ARPIEERES ' e 2,
o . ArAFnpE !
VR ROR - B - Ay, 2 PRAFRG R

BERE S B ok O — (b2 R o EsE (NmgNOR) (X3 /

— N EBFHGH L LT M EHR (NO) B ICHE % bl T N0
L, Zh ek L7 e hoBE 2RSS (K1),
ATl NmqNOR 12 & % NO 3% 5t S5 hts D 3 FE 5 () AT
Z1To7,

B A NmgqNOR B/KIEMED ¥ /) — T Fa 75+ Th
% ubiquinol-1 (UQ1H,) & menadiol (MDH,)DEE{LIEMEZ 7~
L7=DIZHk L, D729A & H304A OZEFRMF E A LIEME
EREIRMoT=Z £, D729 & H304 8% J — LGB
MNO—ETHDHZ RTINS (X2), E308A DR
IZ UQIH, & MD (2435 Ky % EH &, UQIH, IZxf
T D ki REML TS, 2O L1, E308 3%/
TRE CHMRECERTHL L L EARLTN D B gy (k) gNoROBTEERS. (T) &4
AR BBIROT — X &R 1ICE L O, HERZ AW BFH5HLEEROME
R AR AT O 8L . benzoquinone (BQ)IZ L 5 FHE IX
UQIH, & MDH, (2% L CTIiE# &1 Td 5 2. phenazine

methosulfate (PMS)IZxt L TIXFFEHEERI TH D Z RS, Z ¢ 1 TN
M= &%, UQIH,, MDH,, BQ 113 / — LR RM R EITHE A g mwO“;
THM, PMS BIERRMICHEAT S L EER LTS, ) QU
2-heptyl-4-quinolinol 1-oxide (HQNO)Z L % BHEZFIL, PMS XL h - % JL 3

% UQIH, & MDH,IZxf L TR&EL, HHEH THoTZ, ZDZ
E1X. HQNO DOFERALITT / — VEEGEAL & IT WV AS,
ICRAR>TNWAHZ L &R LTS, E308A ZBRIT K% E5H
S, BQIZXAMHFEMZIEH SR DI EL, D2 1
EIX B308 8% ) — LRSI AR R e ETE R ICEE CThH D 4
TLERBLTVD, EDROTF— 22X 2ICE LD, \ A9
NmgNOR & KI5 H 2K cytochrome bo; (Cyt bos) =%/ —)L ) k}fﬂ
P bR ORIE DI 2N & | MR & HITF / — VR G EALIL 2 J
RKDo~Y v 7 ATHERINDD, Tivb~Y v 7 AONE TR
RAHZENTRENTE (K2), LoT, ¥/ —hbAb b ~D  E2. BEHHONO D& EHELO
B TE RS OHEYEABIE GNOR & Cyt. boy & CRAA Tz e () GsINOR. () NmaNoR
EEZ HIVD, i, Liverpool K% & Leeds K2 & D [RAFFEIC
X D ARIRE T B AEAT 2 5. NmgNOR @ 2 &K N 9 A 4




it

ey
He

TR

(B13),
3. CryoEM IZ& Y 1§ 5 117= NmgNOR D =
EiREE
&1 NmgNOR DHARB LUEERD NOETEMN
Electron .. -1
NmgNOR Activity (s7) Percentage (%) K (UM)
Donor
DTT/UQ, 37+2 100 15
WT DTT/MD 45+3 120 7.0
DTT/PMS 36 +2 99 17
DTT/UQ, 33+04 9.1 40
E308A DTT/MD 14+1 39 23
DTT/PMS 31+2 85
DTT/UQ, 0.15+0.02 0.40
D729A DTT/MD 0.05+0.01 0.14
DTT/PMS 24 +£2 66
DTT/UQ, 0.01 £0.04 0.27
H304A DTT/MD 0.5+0.1 1.4
DTT/PMS 22 +1 61
%2 NmgNOR M NO ZT;EHDEERR
NmgNOR Donor Inhibitor Type of inhibition K; (uM)
HQNO Non-competitive 2.2
DTT/UQ, o
WT BQ Competitive 8.0
HQNO Non-Competitive 2.4
DTT/MD »
BQ Competitive 10
HQNO Non-Competitive 11
DTT/UQ, o
BQ Non-Competitive 12
E308A .
HQNO Non-Competitive 24
DTT/MD .
BQ Non-Competitive 40
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AR Rt 2 O T2 Bh R IR BB A% ™Fe ' — A D BE 3
JIHACOR, K, POmpeds ', R

FRAIF - K24 EAE !, B CNS?

ITXF I RAE Y T A AEVIRE., BIZIEEA L RRETE T TR SN 5 £ T —
R7e EOWFIEITIE, HERITON CEIZEORRETIX <, BiEkEEs Y e —7 L3258 4
T WA i 2 W= i 72 72 TR OB BN CTH 5, £ D L 9 EISZEIE Los L, FHam ol
KD ORIEIRREICH DA IEN L L THET D Z ENREER - DIRIERTRETH 5, T 2 TANFSE
TiX, HHPoFHmazRr> Rl OWEZEMLRIE (71 YV ~—) O —LOKISAR R O BRfiF %
WU, ZhRICT A V~—bE—L L LTAEKRLE ET, ZhEERRRFREICHE S WhIE =
e —2) &L THWOH FIEZET 5, AR TIERIC, =¥ —2 E =7 MeV & &
WIZHE DL PF RV 46 WEAET S Fe DT A V~—IREEICER T 5, Z DIRREIT A%
HPET R OB (vfon ) (rlfsn), OH—RLFHEN 2 5D TRV, EFICENVAE L J=12" (7
HIZENHETHD,

7 A V==Lt Ry (= Nisomer/ (Nisomer + Neroundstate)) & 22 b — /L L@ A T A Y~ —RI E— A
ZONRANZ AR T H DI, Ry A, RIE—LAAERKICEGT 50 9D TF A—Z 128D &
S IRMRAEE R O ETRILENRH S, RI E— A ERKRICHW SIS 5T RV X — K C B i
IR SOS TIX, 2 =5y MIE L7242 RS L2 o (BUSER Th 5 RI
E—A) ZEY T2, R IR OB & L AESEOMBE s R TRIND, £
ZC, BAETHMEZIRED R A\ ESWED-0, AFETIEET i) EEEBIT, i) AFEE
DAE Y i) BEKE (ANEZLEHHEOER&EDE) ORFEEZRIE L, fl 7 /4 E 8 & O
BbEERND, BB, LITHFRICB W T ®Ni — “Fe + 2p4n FUG TILEB BT 0 MeVie D
BT PFe (127 DT A YV ~—Hl3 03% FRJEE [1] & Hd TRUVME & vo TWDH Z &b AHFSE
TIEMO E— Ao TH EBREIT o7,

FERIT T IEIRC & 2 SRR R A S0 T O I S a% R TR 23 AU TR EEE (HIMAC) % A
THTo72. Z—4 v MiE’Be T1l-14mm O b D2, WA OOBEL 2 H O PR ERA & A
TAToTz, MIEMAE FTORAY v hTE—LAZEY | EEIEAERO, HIOKRZ 83 5 MRE
MABETFORAY v hTE—ALZY)Y | EEELZRO, BOBMEEZRT 5, BB o FET
Time-of-Flight (ToF)-AE 7£ (RI OFRATRER & Si g RE o = L X — RNV E &5, B3
MO L 72D DR
RN FB 3 5 FiE) ZH W,
ToF 13455 D 9 5, F2-F3 O~
T AF v 7 kAR O W 2 & AE
(L XF—4%) 1 Si Ritisz
HWiz, F3 £ T\t — A% Al
MOV —FT 4 J L —HF—T
TARNLFX—FHEE L. T TAF V7
ARy /N—=NTIEE D, EF 72
T B D IRIE v # % Ge AR X1 RI 74 V~—AElSICEET 587 2 =% —D5E




THRHT 5, E#EIL DI UMRERMAO CTERSIENTED, EFBRTIHIANAEEZEZ D LIZL
o THRRERIZHE Upy) ERE (Up) ZODORS OEBNEBITE 52 7-, 25 LTl OEdh &%
BT ETCHMHRICEZONTEBEBITEE X, R LERE L,

AHHEZ1E 3504 MeV @ *Ni, PCo, KO ¥Kr O 3 #H% AV 72, **Ni OB & D) Tt & o
TODEBEBAITIRIENE AR LT, 31T R, D REEEN BT IRAANE &2 R, Mt B2 Co.
PFe DF{EANIEE T L TO R, HeaR L, TN PFe ® Ry b or L, A3 510 TORGES BT
TR, MOEBEIC LT IR MEFEMEEZ R L TWAD, YCo & *Ni 2260 PFe @ Ry HITiR7#E0%
FANT—E L, A&REFLLNRN-oT2, BERBIZZNEFNOEED R, I L TRE 22K
FE R LT,

41X Ry LLORGEB BRI TIRFIEE R, TNEN 0-1°F TANAEEX RO ERED R %
e, BRE A A EE ERATICE L2 3, F CHEEEEBITOLA T TRELE L O 72
RAAMEIIR BT, HEES & & B0 BI7e R kOB iT o7z,

LRIXTND ORNT %2 S DICFEICHED . LV AEEIR 727 — &0, HEEBEBITOR % 728

TOT—XEWNETDHE L LI, R OEFBERITEEERBIEGFEZH LT S,

A F1
l.\» H 3 Plastic
F2

Swinger D1 Plastic
Magnet target

F3 Energy
degrader

ro " iz
N decay
BNj 14 mm 0,0.5,0.7,1deg slit ¥ pper PP
%9Co 15 mm 0deg Xe 9+ 930 keV
AEcounter
82Kr 11 mm 0deg F3622 keV g,|
Ge

ToF=>F2-F3 1416 keV' 2037 keV
AE =>Si 7+

P acceptance@F1  £0.25%(+5 mm) 870keV .

6 acceptance after target + 8 mrad(£12.5 mm) 2Mn(6+)

2 RO Sy EEEE & 52Fe(12+4) 0 LR

0.6 82, 53 — 08F FE S
- Kr->""Fe(19/2- “Co7¥)P,,, 760 MeVic
0.5E- e ) 'I' 58Ni->5400(7+) = “Fo(192]F,_=-1010 MeVic
E 590 0554 0.6V
0.4 0->""Co(7+) \ 4 v
3 1 v
0.3 04— A T
E A A A
e 5 BNi->Fe(19/2-) 0.2l
— 0.1 _ 0 05 0.7 1
= osE w = -
E- Fe(12+) Isomer Ratio | 0.06— g~ ool muTi Wit : .
04: azK : *F:un:P::--!uen MeVic 0.7 1
0.3 r o
= 0.04— 0
0.2E +
01F 8o l sy 0.02 —? o
O C 1 3 1
-3000 -2000 -T000 0 0 . . . L . , A :
Longitudial Momentum Transfer(MeV/c) U 100 200 300 400 T?;,%QW,SQ%PWZEQ Tm%RE,(Me%’
X3 IR & fEEE) BT ¥4 IR &ROESEBAT
(&% k]

[1] K. Minamisono ef al., Phys. Rev. Lett.171, 252501(1986).
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Interplay between nuclear shell evolution and shape deformation
revealed by magnetic moment of >Cu’

Y. Ichikawal, H. Nishibatal’z, Y. TsunodaS, A. Takaminel, K. Imamura1’4, T. Fujital’z, T. Satol’s,
S. Momiyamaé, Y. Shimizul, D. S. Ahnl, K. Asahi® 5, H. Babal, D.L. Balabanskil’7, F. Boulayl’s’g,
J. M. Daugasl’g, T. Egamilo, N. Fukudal, C. Funayamas, T. Furukawa“, G. Georgievlz,

A. Gladkovl’B, N. Inabel, Y. Ishibashil’M, T. Kawaguchilo, T. Kawamuraz, Y. Kobayashils,

S. Kojimas, A. Kusoglu7’12’16, I. Mukul”, M. Niikuraé, T. Nishizakalo, A. Odaharaz, Y. Ohtomol’s,
T. Otsukal’3’6’18, D. Raletlz, G.S. Simpsonlg, T. Sumikamal, H. Suzukil, H. Takedal, L.C. Taol’zo, Y
. Toganos, D. Tominagalo, H. Ueno', H. Yamazaki' and X. F. Yang18
'NSL/RIKEN Nishina Center, RIKEN, ’Osaka Univ., 3CNS, 4Meiji Univ., 5Tokyo Tech.,
Univ. of Tokyo, 7ELI—NP, SCEA, 9GANIL, Hosei Univ., 11Tokyo Metropolitan Univ., lzCSNSM,
ISKNU, “Univ. of Tsukuba, ISUEC, Istanbul Univ., ""Weizmann Institute of Science, Bru Leuven, 19LPSC,
2OPeking Univ.

Condensed from a letter in Nature Physics published online (DOI: 10.1038/s41567-018-0410-7)

Exotic nuclei are characterized by a number of neutrons (or protons) in excess relative to stable nuclei.
Their shell structure, which represents single-particle motion in a nucleus, may vary due to nuclear force and
excess neutrons, in a phenomenon called shell evolution. This effect could be counterbalanced by collective
modes causing deformations of the nuclear surface. We studied the interplay between shell evolution and
shape deformation by focusing on the magnetic moment of an isomeric state of the neutron-rich nucleus ">Cu
(P™Cu), where low-lying states of the Cu isotopes exhibit an intriguing behavior involving the shell
evolution.

The magnetic moment measurement was carried out at RIKEN RIBF. The spin alignment as large as
30% was achieved in "™Cu by the two-step scheme incorporating an angular-momentum selecting proton
removal from "°Zn. The magnetic moment was determined with the time-differential perturbed angular
distribution (TDPAD) method. Owing to the high spin alignment realized with the two-step scheme, the
oscillation for the 66.2 keV v rays in the TDPAD spectrum was observed with a significance larger than 5
sigma, as shown in Fig. 1. The magnetic moment of the 66.2-keV isomer with spin parity 3/2° was
determined for the first time to be ©=1.40(6)ux.

The magnetic moment, thus obtained, shows a considerable deviation from the Schmidt value, 4=3.05un,
for the ps/, orbital. Figure 2 shows the systematics of magnetic moments of the 3/2" and 5/2" states, where
deviation from the Schmidt values appears to be maximal at >Cu. The analysis of the magnetic moment with
the help of Monte Carlo shell model (MCSM) calculations reveals that the trend of the deviation corresponds
to the effect of the core excitation, and the low-lying states in ">Cu are of single-particle nature on top of a
correlated "*Ni core, elucidating the crucial role of the shell evolution even in the presence of the collective

mode.
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Fig. 1. TDPAD spectrum for 66.2-keV vy ray. The solid line represents the oscillation function after fitting

to the experimental R(?) ratio.
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Fig. 2.  Systematics of the magnetic moments for odd-A Cu isotopes. Filled and open circles represent

experimental data for the 3/2" states and the 5/2° states, respectively. The filled red circle represents the result
obtained in this work. The solid green and blue lines represent the MCSM calculations for the 3/2" states and
the 5/27 states, respectively, with the 20 < (N, Z) < 56 model space. u(zps,) and u(zfs») denote the proton

Schmidt values for ps,, and f5,,, respectively.
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“EBEEE Sn s Sn BEREBOBKET— AV MEIE

G.Georgiev™>"?, wiJllf— "2, WMIpEAT 2, JIIHHCK *12, A. Gladkov>,T. Gray ',
G. J. Lane 6, A. Kusoglu 7, R. Mihai 8, C. Sotty 8, C. Mihais, A. Turturica 8, S. Pascu 8,
R.Lozeva’, G. Haefner”, A. Andreyev '°, T. Kibedi ®, A. Stuchbery ', g%+ 1,

b

PRI 2, I, R, BRI, WO
$AZE S, DS Ah’, MY S, BRARS, RERY S, Ham e, NEEE T 12, (LR
L3 INBRAL 13, SRS, ko S e 1,
Vi e gt 1303 Fkb g oRER R N acdE B AL B

VBRAF - B4 HE, 2CSNCM, * BRA R o & —, * BTk CNS, *KNU, *ANU, "ELI-NP, *NIPNE,
’CNRS, "York Univ., " SRKERSAEE, 12 KBOK, P EBOKR, Y BE K

TEREEE Sn i CTH D Sn DT A Y~ —iIREEOR T — A v MEEFT o T2,
P9Sn 1% 2435keV D FhELRABIC YIS 1.61us DT A Y~ —REEZFOZ LEBRMOLNTWVWE, ALV
NUT AITEEMIZI0 THDLZ ENRBINTEY, ZOHAE DD hyy il F8%F 23 WA T I
B UM A XEINCAe D & PREN TS, TOBRNLO THE] 1% Sn Tfici i 5 ZEEEE
PEDBWRIE & 72 D72 BUNL Z i@ WKL TR 5 8Ll & Th MR E— A~ FORIEZIT -
776

FERITXFLAF RIBF iz @ BigRIPS B — AT A » & AW TIT o 72, BhlREEOES T — A > b
VEIRE Ao B FE B /4 43 A 75 (Time Differential Perturbed Angular Distribution 7%, TDPAD £) (2 X -
TRET DN, ZOFEEEMAT 272012017 A Y~ —IRRE) S ORI B o~ 87O ikt £ IE%
YA EBBTEAY VEIIOERPARTIR TH D, RERTIIYET AV ~—REBICBIT LAY
VEIN BT D00, RS CRELEEEA L - A E T o, R E— LA PPU O
— RIS BRI TH D P2Sn & "k B — Lk L, & bICHBERAE A F5 2B 5 R
(ChPEF R E R RIS 1ICE 0 B BSn B — 2 &4 L7z, P'Sn 1% F5 HE SR S F7 £ A0
FCTOMEICBOTOBREBEASMLEZMIZ LTS 2 E 2B LFT A Y v T RS HKOES
BIEGEIR 21T - 72, &7 =k e — 4 POSn (2B L CIRBREE 30cps, ML 15% ThH -7, 29 L
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Excitation: Laser spectroscopy of isolated molecular ions at RICE

R. Igosawa'”?, Y. Nakano'?, M. Lindley', T. Yamaguchi’, S. Kuma', and T. Azuma'
'AMO Physics Laboratory, RIKEN, 2Department of Physics, Saitama University,
3Department of Physics, Rikkyo University

The RIKEN Cryogenic Electrostatic Ion Storage ring (RICE) has been operated at cryogenic temperatures
down to 4.2 K [1], which enables the storage of the atomic and molecular ions for the long period of the order of
1000 s or longer. RICE opened a new opportunity to study excitation and de-excitation dynamics of molecular
ions through observation of the time evolution of the populations at the specific vibrational and rotational levels,
which is one of the cutting edge topics in the present atomic and molecular physics. Such behaviors of diatomic
molecular ions of CH™ and OH™ have been recently reported at CSR, Heidelberg [2][3] and DESIREE, Stockholm
[4]. Here we report our first observation of these dynamics of triatomic molecular ions. Our choice is nitrous
oxide cation (N,O") as a target ion. N,O ™ is an intermediate in the important atmospheric reaction between O" and
N», and it has been extensively studied both experimentally and theoretically over the past decades, leading to
accumulation of the detailed spectroscopic information. This molecule is known to produce neutral fragments by
photodissociation via the pre-dissociation process after the bound-bound state transition, and thus, it is ideal for
action spectroscopy of vibrational and rotational states. The spectral structure of the electronic transition of AT
XTI dramatically changes reflecting the populations of the imbedded vibrational and rotational levels, and thus,

N,O" is regarded as an excellent thermometer molecule.

| Tunable VIS laser |

Beam
Chopper

ECR lon Source

Figure 1 Schematic view of the experimental setup showing the ion beam trajectory and the laser beam under the merging
configuration

=
| MCP & Phosphor Screen ‘

We produced N,O" ions in an ECR ion source under the low microwave power condition of 5 W. After mass
selection, we transported and injected the ion beam of about 10 nA to RICE. After the specific period of the ion
storage, we introduced a visible laser light provided from a narrow-band pulsed (10 Hz or 100 Hz) dye laser
(Sirah Cobra Stretch) to the straight section of RICE for merging with the stored ion beam. Laser-induced
dissociation of molecular ions was identified by detecting the neutral fragments that travel straight to the outside
of the ring. A dynode surface was prepared to detect them, and a channel electron multiplier (CEM) in front of the
dynode detects accelerated secondary electrons produced by the energetic neutral fragment bombardment. For
spectroscopy, we monitored the neutral fragment yields as a function of the laser wavelength, and its storage time
dependence was measured to study the cooling dynamics. A microchannel plates (MCP) was also used as
detectors for charged N,O" particles extracted intentionally from the ring to evaluate the intensities of the stored

ions.
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Figure 2 Observed sequence of the Ay = +2 transitions for the symmetric
stretching vibration of v, at the 8.5 ps storage

First, we observed the cooling
process of the vibrational states by
measuring the transitions of the
different symmetric stretching modes.
Figure 2 shows a typical example of the
vibration spectrum measured at the ion
storage of 8.5 us, showing a sequence of
four Av = +2 transitions for the
symmetric stretching vibration of v;. By
tracing the evolution of the relative
intensities of these yields, as a function
of the ion storage time, we succeeded in

observing the remarkable radiative

cooling behavior of the isolated molecules in vacuum in the time constant of several seconds. It is noted that such

time-dependence is not easily accessed by the conventional cooling technique using a supersonic jet.

Secondly, by extending the ion storage time, we also checked the cooling process of the rotational states. We

measured the high-resolution spectra showing the detailed rotational level population as shown in Fig.3(b).

(a)

ormalized Intensity

2500 —
2000 —| (b)
1500 —
1000 —

500 —

CEM counts

3233 3234 3235 3236 323.7
Wavelength [nm]

Figure 3 (a) Simulated spectrum using the PGOPHER software at the rotational
temperature of 300 K (b) measured spectrum at the 9 ms storage

The comparison  with  our
simulation shows an excellent
agreement between experimental
and theoretical spectrum. It was
concluded that we established the
experimental approach to the
information of the temperature of
isolated molecules; at the storage of
9 ms, the rotational temperature of
N,O" was evaluated to be about 300
K. We further measured the

spectrum up to at the 200 s storage,

however, significant changes were not revealed. This is indeed consistent to our evolution simulation adopting

molecular constants of N,O" including its dipole moment. Namely, it is natural that the rotational cooling rate is

very slow and the cooling requires much more longer time scale than 1000 s in contrast to the diatomic molecular

ions with large dipole moments. Our strategy for overcoming this difficulty is preparation of pre-cooled ions by

cryogenic ion traps before introducing them to RICE as well as active control of the level population by the

additional laser pumping.
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Vibrationally-resolved Raman imaging of a single molecule
Rafael Jaculbia, Hiroshi Imada, Kuniyuki Miwa, Bo Yang, Emiko Kazuma Norihiko Hayazawa,
and Yousoo Kim

Surface and interface science laboratory, RIKEN

Raman spectroscopy is a powerful spectroscopic technique capable of
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Lasar

identifying chemical species in a heterogenous system. However, Raman

spectroscopy have low spatial resolution owing to the diffraction limit of light g
which restricts the spatial resolution to half the wavelength (~300 nm) making it
inappropriate for studying nanoscale materials. To break this restriction,

Tip-enhanced Raman spectroscopy (TERS) have been invented which combines

the chemical sensitivity of Raman spectroscopy and the atomic scale spatial
It has been predicted that TERS
can provide vibrationally resolved maps of a single molecule down to

. . . 13
resolution of a scanning probe microscope . . ;
D g '.
16 P o i A
subnanometer spatial resolution. Although subnanometer scale TERS maps

£ 100 counts
have been experimentally demonstrated previously, the results show identical jELf ul\'ma JM\J.M‘\
Raman maps regardless of the vibrational modes".
In this work, we demonstrate single molecule scanning tunneling microscope , -
i 800 1200, 1400

‘Wavenumber

(STM) based TERS (STM-TERS) mapping of a single molecule with
unprecedented vibrational sensitivity. All measurements were performed on an

{em §

Fig. 1 (a) Schematic of the experimental
configuration. (b) Wide area scan of the
sample showing an individual CuNc
molecule on 3 ML thick NaCl and on
Ag(111), (Sample bias voltage V, = 1 V;
tunnelling current I, 5 pA). (d) STM
image of the molecule on Ag (V, =1V, I, =
5 pA) (e) High resolution STM image of the
molecule on NaCl. The image was
scanned with Vi, = 50 mV, I, = 30 pA at the
NaCl area and V, = 1 V, I, = 5 pA at the
CuNc area to investigate the adsorption
geometry. (f) STM-TERS data collected
when the tip is placed near a molecule on
NaCl (red dot) and a molecule on Ag(111)
(cyan dot) using identical tip conditions.
Also included is data collected when the tip
is more than 3.5 nm further away from the

ultrahigh vacuum (1 x 10" torr), low temperature (< 5 K) STM manufactured
We copper
naphthalocyanine (CuNc) molecule supported on a three monolayer (ML) thick
NaCl film on Ag(111) substrate (Fig 1a and 1b).
tunable Ti:sapphire laser operated in continuous wave mode.

by Scienta Omicron GmbH. investigate an isolated

Excitation is provided by a
The laser is
focused by an aspheric lens placed about 1.4 cm from the STM junction and the
Raman signal is collected by an achromatic lens placed about 1.4 cm on the
other side of the STM junction. Figure 1c shows the STM image of CuNc
molecules adsorbed on Ag(111) and 3 ML thick NaCl. When the CuNc is on

the NaCl film, it adsorbs on top of the Cl atom with its molecular axis oriented
45° with respect to the [010] direction. There are two other adsorption geometry
observed which were unstable especially under illuminated conditions. Thus, we

molecule on NaCl (green dot). Inset shows
the tip locations during data collection
(STM tunnelling conditions: V, =1 V, [,
=100 pA: exposure time: 30 s, Excitation:

focus on the 45° molecule for this study.

Figure 1f shows STM-TERS spectra measured with 738 nm (1.68 eV) excitation from individual CuNc
molecules adsorbed on NaCl and on Ag(111). This excitation wavelength was chosen as it matches with the
molecular absorption of the molecule as measured from single molecule absorption. From the figure, we can see
that when the tip is in the vicinity of a molecule lobe (about 2 nm from molecule centre), several Raman peaks
appear. These peaks originate from the CuNc molecule as confirmed both by density functional theory (DFT)
calculations and micro-Raman measurements of purified CuNc powder measured at room temperature.
The

absence of peaks when the tip is away from the molecule shows that the tip is free from contaminations and that

Meanwhile, when the tip is placed about 3.5 nm further away from the molecule, all peaks disappear.

the spatial resolution is comparable to recently reported STM-TERS measurements.

To do this, we
Three
representative spectra are shown in figure 2a, namely when the tip is at the center, lobe and in between lobes of

Next, we performed Raman imaging of the single CuNc molecule on the NaCl surface.
obtained the full Raman spectrum while moving the tip around the molecule with 1 A steps.
the molecule (figure 2b). From the figure, we can observe distinct differences between the spectra, the most
striking is the absence of any Raman signals from the center of the molecule. The absence of the signals can be
understood with the concept of the plasmon-exciton coupling. Since our STM-TERS experiments are obtained
with resonance excitation to the molecular absorption, excitons are formed upon illumination. In order to get

enhanced Raman signals, these excitons must couple to the plasmonic field generated under the tip apex.



Calculations show that the plasmon-exciton coupling goes to zero at (EJ
the center of a centrosymmetric molecule like CuNc'.  This

the molecule. Next, comparing the Raman spectrum obtained when "

the tip is at the lobes and between two lobes, first, both spectra show
strong 680 and 688 cm™ peaks. Meanwhile, the peaks at 735, 1389 "”"‘”"‘\""‘*'“”f'"” L “'“’“'f'“”"“‘”"“,‘,';"‘”’“"““,,,

and 1520 cm™ are only strong when the tip is placed at the lobes,

therefore explains the absence of the Raman signals at the center of

Intensity

while 1182 cm’™ peak is more pronounced when the tip is between
lobes. All these observations show the high tip position dependency

of the vibrational signals even within the molecule itself which was
not observed before at the single molecule scale.
. L. . L. Figure 2. (a) Three different STM-TERS spectra at positions
In order to gain more insight with the position dependency, we indicated in (b). (b) STM-topography and (c) - (¢) TERS
. . . . images obtained simultancously under constant current mode
made a 2d plot of the signal intensity of a particular Raman peak "y 1t= 50 pA, TERS maps: 40 x 40 pixels, 1 A Jpixel,
versus the tip position. We did this for all Raman peaks with high ! s exposure time/pixel). The TERS images show three
. . . . . ” distinct patterns: circle, plus and cross.
signal to noise ratio and three representative images are shown in
figures 2c-2e.  Three different patterns of the TERS images were
observed and we identify them as circle for the 680 cm ' mode
(Figure 2c), plus for the 1182 cm ' mode (Figure 2d), and cross for
the 1389 cm ' mode (Figure 2e). First, we note that all patterns
have a hole at the center which as discussed previously is a
consequence of the plasmon-exciton coupling.  All the Raman
images of the different modes exhibit only these three patterns. We
then assigned these vibrational modes based on gas-phase DFT
calculations and found that patterns correspond to the vibrational

symmetry of the molecules. That is, a perfect one-to-one

correspondence of the mode symmetries to the three patterns were
found, i.e., circle (Ay,), plus (By,) and cross (Bi,), as categorized in Figure 3. Dircction of the induced dipole moment vector
the observed TERS maps. rcprcscn’gcd by the green  arrow for different vibrational

L. . symmetries when the tip is placed at near the lobes (a,c) and

The origin of this one to one correspondence between the Raman  between two lobes (b).
images and the vibrational symmetries understood in the following
way. The scattered radiation is produced by an oscillating dipole with dipole moment vector given by: py(op+
®y) = apsBEo(wr). Where Eg is the vector representing the plasmonic nanocavity and a,; are Raman tensors.
Three different Raman tensors correspond to the three different vibrational symmetries for a molecule with D4h
symmetry such as CuNc. The position of the tip with respect to the molecule and o, for the different mode
symmetries govern the direction of the induced dipole, p,, that generates the Raman signal. Moreover, for the
Raman signal to be enhanced, the induced dipole has to couple with the plasmonic nanocavity (i.e. p, has to be
parallel to the plasmonic nanocavity). In figure 3, the vector of the plasmonic nanocavity at three different tip
positions (red dot) is represented by the gray arrow while the dipole moment vector is represented by green arrows.
From the figure we can see that for A;, symmetric modes, p,is always parallel to E;hence a circular pattern can
be expected as observed in the experiments. For B, and By, modes, when the tip is placed over one of the
molecular lobes (figure 3a, 3c), p, would be perpendicular (parallel) to E; for By, (Big) modes leading to
suppression (enhancement) of the Raman signal for By, (Bi;) modes. And the opposite is to be expected when the
tip is placed in between two lobes (figure 3b). This could then produce the Raman images observed in the
experiment. We therefore attribute the shapes of these patterns to the vibrational symmetries.

In summary, our study shows that the single molecule Raman images can be understood by considering the
symmetry of the molecule and its interaction with the axial and radial component of the plasmonic nanocavity.
Apart from the technical contribution to nanoscale metrology, our study on a well-defined system provides a
unique platform for understanding the interaction of a molecular system with a plasmonic nanocavity.

[References] : 1) Stockle, R. et.al, Chem. Phys. Lett. 2000, 318, 131-136. 2) Hayazawa, N., et.al, Opt. Commun. 2000, 183,

333-336. 3) Anderson, M. S. Appl. Phys. Lett. 2000, 76, 3130. 4) Zhang, R. et al. Nature 2013, 498, 82—-86. Neuman, T. T. et al.
Nano Lett. 2018, 18, 2358-2364.
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Exciton formation by charge injection is an essential process in organic light emitting diodes (OLEDs). The
injected charges form singlet excitons (5)) and triplet excitons (77) in a 1:3 ratio according to the spin statistics m
thus effective utilization of 7 is the primary strategy for increasing quantum efficiency of OLEDs. T has lower
energy than S due to the exchange interaction. The energy difference, in principle, enables selective formation of
Ty at low voltage. Such selective 7 formation would realize low driving voltage of OLEDs, which can reduces
power consumption and improves device lifetime. However, the way to achieve the selective and direct T
formation has not been established yet.

In this work, we demonstrate a simple way for the selective 7; formation which utilizes a charged state of
molecule by the investigation of a single-molecule electroluminescence using a scanning tunneling microscope
(STM) *°!. We measured scanning tunneling luminescence (STL) and its bias voltage dependence of a
3,4,9,10-perylenetetracarboxylicdianhydride (PTCDA, Fig. 1A) molecule adsorbed on three atomic layer (3ML)
thick NaCl film grown on the Ag(111) surface. Only phosphorescence is observed at low applied voltage, which
shows that 7 is selectively created without forming S;. Based on the differential conductance (d//d}) measurement
reported in the previous paper 6] the selective T, formation is explained by &
spin-selective electron removal from the highest occupied molecular orbital
(HOMO) of a negatively charged PTCDA. w

Fig. 1B shows an STM image of PTCDA/NaCl(3ML)/Ag(111) that
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appear as double-lobe structure with a nodal plane along the long axis of the
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molecule. The STL spectrum (Fig. 1C) obtained with the tip located on
PTCDA shows a broad peak spread from 1.5 eV to 3.0 eV and several sharp
peaks around 1.3, 2.25 and 2.4 eV (Fig. 1C). The broad peak is attributed to

Photon intensity (10° counts)
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the radiative decay of the plasmon localized between the STM tip and " i
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substrate. To reveal the detail structures of the sharp peaks, STL spectra are Photon enaimy (eV]
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measured with higher energy resolution in the range of 1.25-1.40 eV (Fig. g f==_tosa=e %
§ 2 . 28|
1D) and 2.37-2.52 eV (Fig. 1E). In Fig. 1D, main peak is at 1.33 eV and £ 5™ 2a
i
smaller peaks are around the main peak. Similarly, main peak is at 2.45 eV~ £ ; é':
5 ‘ g
in Fig. 1E. Based on the good agreement with Time dependent density £ 9% ) m'rgﬁev.”“u 0 Tow AR ARG

functional theory (TD-DFT) calculation, the observed main peaks at 1.33 E;g). ;,[olecular structure of PTCDA (brown, C:

. red, O; beige, H). (B) An STM image showing
and 2.45 eV are assigned to the phosphorescence and fluorescence,  two PTCDA molecules on NaCl(3 ML). (25 x 25
nn, V=1.0V,I=10 pA). (C) An STL spectrum
of PTCDA (V' =-3.5V, I =50 pA, 120 s). (D-E)
STL spectra (V;=-3.5V, [, =50 pA, t = 180 s).
D: energy range: 1.25-1.40 eV (blue region in C),
and E: 2.37-2.52 eV (red region in C).

respectively.
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To investigate the exciton formation mechanism, we examine the %16' * - - 4§
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. Fig. 2
dlfference, 1.12 CV, measured from the STL SpeCtra" Sample voltage dependences of the intensities of
6 fluorescence (blue circle) and phosphorescence

Based on the previous report | PTCDA is expected to be negatively  (red square).

charged on NaCl/Ag(111) due to the high electron affinity of the molecule A0S Ao RS
and low work function of the substrate [7], thus an electron occupies the yansitionenergy -382ev 530V 646V
lowest unoccupied molecular orbital (LUMO). When further voltage is samplevotage  -0.35V 73V 289V

applied, the electron occupying HOMO can be pulled out from the ;::é:eiical malysis for the clctron transpor
molecule from -1 charged states. Assume that electron removal occurs from  throughan isolated PTCDA molecule

the -1 charged state, the two electrons in HOMO have different energies owing to the exchange interaction with the
electron in LUMO. If we increase the applied voltage under this situation, the electron in HOMO whose spin is
“anti-parallel” to the spin of the electron in LUMO is first pulled out to exclusively form 7. When further voltage
is applied and the removal of the other “parallel-spin” electron from HOMO turns into possible, both 77 and S; are
formed. This process can reasonably explain the observations of the voltage dependence of STL.

Theoretical analysis for the electron transport through an isolated PTCDA molecule adsorbed on
NaCl(3ML)/Ag(111) is conducted with the basis of the many-body state representation of molecule. In our system,
electron transports accompanying molecular many-body state transitions from the N-electron initial state [pV) to
the (V = I)-electron final states |pNE!) occur (8] 1t was demonstrated that the peak positions in d//dV spectra
correspond to the energies for molecular many-body state transitions in the previous report, in which the transition
energies defined by the difference between the total energies of |pV) and |PpNEY), ENE1 and EVN, were
evaluated with the aid of DFT/TD-DFT calculations and corrected by considering the image interaction o1,

Since a PTCDA molecule is negatively charged on the NaCI(3ML)/Ag(111) surface 6] an electron transfer

from the molecule to the tip associated by the [YNfLl o) = |1/1?i’nal) transition is considered here. The transition

energies of |[YNfl o) = |ll)§g>; W’% ), |1,l)_<)1~v1 ) are calculated as shown in Table 1. The Fermi energy of the tip is
assumed to be given by Ep = —¢gy, + eVs, where ¢, is the work function of substrate (3.57 eV [7]). According
to the equation, the threshold voltages for |Vl .0) = |¢£{,)' |1/J¥1), |1/J§V1) transitions are calculated as shown in
Table 1, which are in good agreement with the experimental results (Fig. 2).

In this work, we demonstrated selective 7} formation by spin-selective electron transport through a single
molecule. We prepared a charged molecule by tuning the energy level alignment between the LUMO and the Fermi
level of the substrate. Various combinations of molecules and substrates are thus available for realizing selective T}

formation, which would propose diverse ways of developing OLEDs with higher energy efficiency.
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Plasmon-induced chemical reactions on metal nanostructures have been attracting attention because the plasmon
can promote highly efficient conversion from solar energy to chemical energy. However, the reaction mechanism
is still controversial (Fig. 1) because the direct observation of the chemical reactions in the plasmonic field is
difficult due to strong localization of the plasmon near,, ®) ©

) ) Plasmon excitation Hot carrier generation Heat dissipation
the metal surface. Figure 1 illustrates the decay t=0s 1=1-101s t>10ps
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process of the plasmon and the excitation
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Plasmonic field
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nonradiative decay of the plasmon (Fig. 1b).
Figure 1 (a) Excitation and (b, c¢) decay processes of the localized

Finally, heat dissipation to surrounding media surface plasmon of a metal nanostructure. (d—f) Excitation
. . . mechanisms of molecules adsorbed on the metal surfaces during the
occurs via thermal conduction (Fig. Ic). excitation and decay processes of the plasmon. (d) (i) Direct

intramolecular excitation mechanism and (ii) charge transfer
mechanism. (e) Indirect hot-electron transfer mechanism. (f) Local
heating mechanism. (Ref. 1)

During the excitation and decay processes of
the plasmon, the strong electric field,
electron—hole
pairs, and heat can be used as excitation sources of the molecules. Plasmon-induced chemical reactions have been
explained mainly by an indirect hot-electron transfer mechanism (Fig. le).z’ 3. The hot electrons are transferred to
form a transient negative ion (TNI) state of the adsorbed molecule. In this study, we propose a direct
intramolecular excitation mechanism (Fig. 1d(i)), on the basis of direct observation of a plasmon-induced
chemical reaction at the single-molecule level with a scanning tunneling microscope (STM).4

Dimethyl disulfide, (CH3S),, was selected as a target molecule. Our previous work revealed that
visible-light-induced photodissociation of the S—S bond in (CH3S), molecules adsorbed on Ag(111) and Cu(111)
surfaces occurs through direct electronic excitation from highest occupied molecular orbital (HOMO)- to lowest
unoccupied molecular orbital (LUMO)-derived molecular orbitals (the anti-bonding S-S (c%*ss) orbital).5

A Ag tip with a curvature radius of ~60 nm was positioned over the metal surface to excite the plasmon
optically at the STM junction (Fig. 2a). The S-S bond in (CH3S), was dissociated by the plasmon preferentially
under the tip, which was revealed by the spatial distribution of isolated (CH3S), molecules before and after the
excitation of the plasmon (Fig. 2b). From comparison of the simulated electric field intensity, the
plasmon-induced dissociation has a strong correlation with the electric field intensity of the plasmon. The

wavelength (A) dependence of the dissociation yield (Y) was also examined, which indicates the plasmon



efficiently induces and enhances the

dissociation reaction through the same reaction pathway as
photodissociation (ng — o%*ss). The tails in the Y-A spectra
extending to longer wavelengths where photodissociation never
occurs suggest that the direct intramolecular excitation from the MOs Metal substrate
in-gap states near the Fermi level to 6*ss (MOipgap — 6*ss) is also
available. The density of states of the in-gap states is much smaller
than that of the frontier electronic states, and thus the excitation of
MOjp.ep — 0%*gs is expected to be a much less efficient process.

However, the electric field of the plasmon would be enough strong to

enable dissociation even through inefficient excitation pathways.

Figure 2 (a) Schematic illustration of the
experiment. (b) Topographic STM images of
(CH3S), molecules on Ag(111) before and after
irradiation with p-polarized light at 532 nm. The

elementary reaction pathways. Tunneling current (7)) is highly tip was positioned at the center of concentric
rings during light irradiation. (Ref. 4)

Real-time observation with the STM in plasmon-induced

chemical reactions of single molecules provides insights into the

sensitive to the change in the gap distance, and thus dissociation of a

single (CH3S), molecule can be detected from change in /; when the n — .

STM tip is positioned over the molecule under light irradiation (Fig. 30 50.10
OFF Light ON
3). 2518 J0.08
The reaction pathway initiated from the TNI formed b £ 1ol r fi° =
c 154 = ] 49
e reaction pathway initiated from the states formed by < B , doos 2
electron transfer from the metal to the molecule via an inelastic 05 =] mmsns VIL«[E 0.02
electron tunneling process should be the same regardless of the 09, 5 T T T
time (sec)

excitation source: hot electrons or tunneling electrons. Rotation and . .
Figure 3 Current trace for detecting the

dissociation of (CH3S), on Ag(111) were induced through vibrational ~ dissociation event of the target molecule (STM
images) on Ag(111) induced by the plasmon

excitation with inelastically-tunneled electrons at higher energy than  excited with light at 532 nm. (Ref. 4)

~0.28 eV and ~0.36 eV, respectively. Moreover, dissociation induced

with tunneling electrons is accompanied by rotation, which results in small changes of /, followed by its sudden
drop even at 2.3 eV, which is almost equal to the light energy at 532 nm. Therefore, we concluded that the energy
of TNI states is dissipated to the vibrationally-excited states resulting in both rotation and dissociation of (CH3S),
and rotation is a precursor for dissociation. On the other hand, the plasmon-induced dissociation proceeds through
vibrational excitation, current changes due to rotation should appear prior to the dissociation. However, changes in
I, before the sudden drop were not observed (Fig. 3). This excludes indirect hot-electron transfer mechanism for
the plasmon-induced dissociation of (CH;3S),.

In conclusion, the plasmon-induced dissociation of the S-S bond in a single (CH;3S), molecule on Ag(111) and
Cu(111) surfaces occurs by the direct intramolecular excitation to the LUMO state of the anti-bonding S-S (c*ss)
orbital through a decay of the optically-excited LSP in the nanogap between the Ag tip and the metal surface. The
present results underline that the plasmon-induced chemical reactions of the molecule with the electronic states
less hybridized with metals are explained by the direct intramolecular excitation mechanism, but not by the

indirect hot-electron transfer mechanism.
[References]
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Superconducting proximity effects in the heterostructure of Nb(110)/RE(0002)
(RE=Gd, Tb, Dy and Ho)

H. Yamazaki

Nuclear Spectroscopy Laboratory, RIKEN

The properties of artificially fabricated superconductor/ferromagnet (SC/FM) heterostructures have
been studied intensively during the last two decades, in view of practical applications such as
superconducting spintronics. The interest of these systems lies in the possibility of mixing
superconducting and ferromagnetic correlations in a controlled way. In particular, the proximity effect
allows Cooper pairs to penetrate from SC into FM, where they experience a large exchange field. It is
predicted that the superconducting order parameter decays in FM and acquires a periodic oscillation (in
position) originally predicted by Fulde, Ferrel, Larkin, and Ovchinnikov in the context of bulk
ferromagnetic SCs [1, 2]. Predictions that Fulde-Ferrel-Larkin-Ovchinnikov (FFLO) oscillations, or rather
FFLO-like oscillations, occur in the superconducting order parameter [1, 2] were confirmed spectacularly
by experiments on SC/FM/SC trilayers, in which the superconducting proximity effect drives a
superconducting order with oscillating (0-r) phase within the FM layer [3, 4]. For SC/FM bilayers, though
the transitions between 0 and n phases are impossible, the order parameter oscillations in FM induce a
nonmonotonic dependence of the superconducting transition temperature (7)) on the thickness of the FM
layer. This is due to the commensurability effect between the FFLO-like oscillation period and the
thickness of the FM layer [3].

We present a systematic study of Nb/RE bilayers for 10<tre<20 nm (frg: the RE-layer thickness),
where RE stands for Gd, Tb, Dy and Ho, i.e. the first four heavy rare-earth (RE) elements in the periodic
table. The thickness of the Nb layer (40.0 nm) was chosen to be of the same order as the superconducting
coherence length ~41 nm in bulk Nb at 0 K [5]. The element Nb is a superconducting metal with 7.=9.2 K
in bulk, while the heavy rare-earths from Gd to Tm, including the above four elements, are known to
exhibit rich magnetic phases at low temperatures [6]. A particular focus of interest in this work is the
dependence of 7, on frg. We investigate the existence of oscillations in 7¢(#rg), T¢ as a function of rg, due
to factors such as the FFLO-like oscillations, the magnetic structures in REs, and the finite-size effects in
the RE layer. We also expect that the spin-triplet pairing components are generated besides the intrinsic
spin-singlet pairs in the Nb/RE heterostructures.

A series of Nb(110)/RE(0002) bilayers (RE=Gd, Tb, Dy and Ho) were prepared using a
molecular-beam-epitaxy (MBE) machine (Eiko Co., Japan). In order to make a single-crystal layer of the
RE metal with its c-axis perpendicular to the sample plane, we used the epitaxial growth of the
ALO;(11 2 0)/Nb(110)/RE(0002) structure [7-9]. During the sample growth, RHEED patterns were
measured for the surface of each layer. Ex sifu structural characterization was performed at room
temperature by X-ray diffraction measurements with Cu Ka radiation. We comprehensively characterize
the structure of the RE layers: when compared with bulk RE, the RE(0002) layers on Nb(110) are



compressed by approximately 0.5% in the directions parallel to the c-plane, while their c-axis lattice
parameter is concomitantly elongated by less than 0.4%, because of a persisting misfit strain at the
interface. An average-sized single-crystal domain in the RE layer can be approximated as a cylinder that

has a diameter of the order of 10 nm (parallel to the surface) and a height of g (perpendicular to the

surface).

Magnetization measurements were carried out 8.6
to confirm the magnetic phases of the RE layers and 841 ¢
measure the 7. of each bilayer using 8.2r '
superconducting quantum interference device 80t

magnetometer (Quantum  Design  MPMSXL). 781

Typical temperature dependence of the normalized 5‘;7.6

K .
magnetic susceptibility ¥,=x/|Xs k)| is shown for 8er
each Nb/RE in the insets of Fig. 1(a)-(d), where ¥ s 84
k) is the susceptibility at 1.8 K. For all the samples, B2 g
8.0l

a clear indication of superconductivity can be seen

7.8k

in the diamagnetic response below the onset
50%
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temperature 7.. In this report, 7. " is defined as tre (nm)

the temperature at which  has a 50% value of xus  Fig | Superconducting transition temperature T :

x)- The dependence of T.s (7.”* and 7.7°) on trg is T (circles) and T (triangles). as a function of
ammasied i i 10110, The No G (. 0] ks a5t e T e
and Nb/Tb [Fig. 1(b)] bilayers show an overall

decrease in T, as trg increases. The fitting results of the expression 7.=T: 0 exp(-tre/E) to the experimental
data are indicated by solid and dotted curves. The long-range variations in 7, shown in Fig. 1 are not only
due to the fluctuations induced by experimental errors, but also to the superposition of a set of oscillations
having different periods, which are specific to each RE. Similar types of long-range multiple oscillations
in T, were observed in Nb/Ho/Cu trilayers [10] as a function of the Ho layer thickness, and the results

were explained by the presence of both singlet and triplet pair correlations in a clean system.
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Periodicity analysis of the superconducting proximity effects in the
Nb(110)/RE(0002) heterostructures (RE=Gd, Tb, Dy and Ho)

H. Yamazaki

Nuclear Spectroscopy Laboratory, RIKEN

We present the results of periodicity analysis on the 7.(¢zg) data obtained for Nb/RE (RE=Gd, Tb, Dy
and Ho) heterostructures, where 7, is the superconducting transition temperature and frg the thickness of
the RE layer. We carried out the analysis using a quantitative fast Fourier transform (FFT) method. The
maximum entropy method (MEM) was also applied to the T.(frg) data, and the reliability and validity of

the FFT analysis are examined.

The calculation results of the FFT analysis are 015 “ l o 015
shown in Fig. 1. The interval in frg is 0.4 nm(=Atgg), oodll 4 Nb/Gd Nb/Tb Ty e
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FFT analysis (bars), especially Ars and Ags, are well 21 T FFT O MEM (7,50%)
reproduced by those of MEM (circles and triangles). 2 & MEM{TD
Taking the characteristics of FFT and MEM into ° I - A ]
consideration, we come to a conclusion that the results of E [ 5 o ]
FFT are confirmed by those of MEM. ;‘% T l |

Figure 3 shows the summary of the periodic analysis T ot :L 1
and the literature data. The results of FFT are the same as 2 | 4 ru o ]
those in Fig. 2. The open square indicates an oscillation - % N =§= 2 4
period (1.35 nm) for Nb/Gd multilayers [1], and the o . ; i .
hatched rectangle shows a range of “the ferromagnetic Gd o . Dy Ho
coherence length Ey” (2.1-3.2 nm) for Nb/Ho/Cu structure

Fig. 2 The results of FFT (bars) and MEM
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can explain the broad distribution of A. for Nb/Ho as an 6 . . . .
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picture of the RKKY interaction, the local exchange : e e Siayers Eﬁﬁ;;':f“ Wige |
interaction between the conduction electrons and the 4f 4 .
moments of the RE ions scales linearly with the 4f spin § N i|: |
moment. The spatial period of the FFLO-like oscillation, & o
MerLo, 18 therefore expected to show an increase from Gd to 2 F-- 'I’ - .
Ho, as long as the relation Appo*Vve/Eex holds (the I —E’—, -
quasiclassical result in the case of clean FMs [3]). In Fig. 3, T = = - ]
we actually recognize an increase of A from Gd to Dy. A 0 ' : ' '
Gd Tb Dy Ho

least-squares straight-line fitting (shown as a broken line) is RE
applied to the data, the line successfully reproduces the Fig. 3 Summary of the periodic analysis for
element dependence of A, from Gd to Dy. We notice that the the Nb/RE bilayers. Literature data are also

shown for Gd and Ho.

extrapolated value (2.45 nm) at Ho is close to the periods of

2.73 and 2.67 nm obtained by MEM on the T(t,) data (see Fig. 2). The values of the period AgrLo, Which
were estimated from the broken line, are 1.42, 1.76 and 2.11 nm for Gd, Tb and Dy, respectively. The
extrapolated value at Ho gives 2.45 nm.

A possible explanation for As would be found in the formation of the quantum well states (QWSs). In
general, resonance of QWS occurs when a film thickness fits to an integer multiple of Ag/2 (Ag: Fermi
wavelength). We emphasize that there is little information on the experimental Ar values for REs. We tried
calculating Ap/2 from the experimentally estimated ArrLo (the broken line in Fig. 3) and the literature data
of the effective exchange energy E [4], using Appo=mt ive/2E« [eq. (1)], where ve=2m ii/mAg (m: electron
mass). Using eq. (1), the Fermi velocities vy are calculated; and for m=9.11x107" kg (=m.; bare electron
mass), the resulting Ag/2 values are 0.291 (Gd), 0.251 (Tb), 0.273 (Dy) and 0.268 (Ho) nm. In our
experiments, however, because of the discrete sampling for fzg every 0.4 nm, these values should be
modified due to the effect of aliasing. In Fig.3, the apparent values created by aliasing are indicated as
open circles, which show good coincidence with the shorter oscillation-periods Ags obtained in the FFT
analysis. A possible simple explanation of Ag is consequently the formation of QWSs in the RE layers, but
it is still an open question why we can use the bare electron mass m. for the electrons in REs. The effective
mass of electrons in condensed matter is typically different from m.due to the electron-phonon coupling
and/or to the interaction with the spin waves.

In summary, two kinds of oscillation periods: Arr o and Ag/2, were identified in T.(zrg). The former is
due to the superconducting order-parameter oscillations and the latter most likely to the quantum well

states, in the RE layers.
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Heterogeneity: Molecular ions in superfluid helium droplets
A. Iguchil’z, S. Kuma', T Azuma'
'AMO Physics Laboratory, RIKEN,
*School of Science, Kitasato University

Helium droplets are nano-scale, superfluid clusters of liquid helium at a temperature of 0.4 K. Their
capability of capturing atomic and molecular impurities enables us to study the atomic/molecular scale
interactions of matter and superfluid. Since helium droplets are produced in a molecular beam, various established
experimental techniques of laser spectroscopy and mass spectrometry are applicable to this system. The impurity
captured by the droplet is rapidly cooled to the droplet temperature of 0.4 K in the time sale of microseconds. At
this low temperature, the impurity molecule is in the ground state of their vibrational motions and a very limited
number of the rotational states are populated. Due to superfluidity of helium droplets, the impurity molecule
behaves as a free rotator like in the gas phase, but with modified moments of inertia for the rotational motion. The
perturbation to the impurity by superfluid helium is thus observed most clearly in the rotational spectra. In this
study, we apply the helium droplet technique to molecular ions to explore the microscopic interface between the
impurity and the superfluid in this highly heterogenetic system. The control of a helium droplet beam by
electrostatic fields allows the slow temperature change of the droplet over seconds by injecting into our cryogenic
ion storage ring RICE. Our droplet source is operating with the optimized setup for this study, and the

photoionization experiment of pre-captured neutral molecules is being performed.

(a) ]High-efﬁciency generation of ions in He droplets] I Slow dynamics at 0.4 KJ (b)
- F Pulsed

Superfuid He droplet ] (4) Velocity control g 0" a He,': O 10Hz
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(1) Production of netural molecules by pulsed lasers {5) Storing in RICE

the droplet

Figure 1 (a) Schematic of the helium droplet setup (a, left) and the droplet size depending the valve temperature.

1. Helium droplet source

The helium droplet beam was produced by expanding a high-pressure, low-temperature He gas into vacuum
through a pulsed nozzle. The pulsed nozzle was a commercially available solenoid valve (Series 9, General Valve)
operated by a pulse driver (IOTA-ONE). Its low temperature operation was optimized by modifying the channel
shape [1] . The droplet beam thus produced passed through a skimmer into the main chamber where the pick-up
cell and ionization/detection setup are equipped as shown in Fig. 1 (a). We prepared a vapor of phthalocyanine in
the pick-up cell by a heater system. The phthalocyanine molecule captured by the droplet was successfully
detected by laser induced fluorescence (LIF), that is, laser excitation of its electronic transition and detection of
the following fluorescence. The embedded phthalocyanine was confirmed to be cooled down vibrationally to the
ground state and rotational temperature was also below 1 K . The droplet beam was monitored by a quadrupole
mass spectrometer at the downstream. In the study described here, we controlled the droplet nozzle temperature to
13 K at a stagnation pressure of 2 MPa, which corresponds to an average droplet size of 10° He atoms/droplet and

a dimeter of 50 nm (Fig. 1 (b)).
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2. Photoionization

For ion preparation in helium droplet, we adopted photoionization of pre-captured neutral molecules, because the
direct pick up of molecular ions has a difficulty to prepare a large number of bare ions in the pick-up stage.
Photoionization requires the photon energy larger than the ionization potential. To improve the photoionization
efficiency, we utilized the resonance-enhanced two-photon ionization (R2PI) method. The first (resonant) photon
was produced by a tunable nanosecond OPO laser in the visible range (Sunlite EX OPO, Continuum) whose
wavelength was set to 663 nm of the S;«S; electronic transition. The second (ionization) photon at 266 nm was
generated by a BBO crystal as SHG of a 532-nm output of a nanosecond Nd:YAG laser (GCR, Spectra-Physics).
By optimizing the SHG setup, we achieved a high conversion efficiency of 40%. The two laser lines were
combined by a dispersion prism to introduce them into the photoionization region of the chamber with the same
timing. Stray lights were minimized by placing light baffles in the laser path. The photoionization was analyzed
by a secondary electron multiplier (channeltron) (Fig. 2). The input aperture of the channeltron was aligned to the
droplet beam perpendicularly. The photoionization process in the droplet generates a photoelectron flying away
and a molecular cation in the droplet. Due to the large mass of the droplet containing the ion, the efficiency of
secondary electrons is quite low in the channeltron. Therefore, we added a Daly dynode, which efficiently emits
secondary electrons even for large masses. This ion detection setup is under test with a feedback from ion optics

simulations.

Photoions / photoelectrons

Top view

He droplet
beam

Channeltron

Figure 2 Main chamber equipped with laser ports and a channeltron.
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Molecular mechanism of charge inversion revealed by polar orientation of
interfacial water molecules: A heterodyne-detected vibrational sum frequency
generation study.

Matthew M. Sartin, Woongmo Sung, Satoshi Nihonyanagi and Tahei Tahara
Molecular spectroscopy laboratory, RIKEN

“Charge inversion” is a phenomenon in which multivalent counter ions overcompensate for interfacial charges
and invert the sign of the net charge near a surface. This phenomenon is believed to be relevant to biologically
important processes such as DNA condensation, and hence it has attracted much attention. Although prior
experimental and theoretical studies provided important information about the ion distribution near charged
interfaces, there is almost no information about the hydration structure at the interface and the orientations of
interfacial water molecules upon charge inversion. For this pupose, heterodyne-detected vibrational sum
frequency generation (HD-VSFQG) spectroscopy, which we developed previously, is ideally useful because it can
directly determine the up/down orientation as well as hydrogen-bond strength of interfacial water molecules [1-2].

In the present work, we use HD-VSFG to
determine the structure and orientation of water at (a) DMPA
negatively-charged interfaces in the presence of Q Na’

trivalent La>" ions, as well as that of monovalent Na"

ions which serve as a control [3]. Two different

/\/\/\/\/\/\/U\
O/(?\/O\ p’o
\/\/\/\/M G

OH

monolayers of lipid and surfactant, namely, DMPA (b) SOS ; 5

(Figure 1a) and SOS (Figure 1b) were used to clarify /\\S//O
the effect of headgroup specificity on charge (I)\Ia‘ o
inversion. DMPA is a prototypical phospholipid with Figure 1 Chemical stuctures of (a) DMPA:

1,2-dimiristoyl-sn-glycero-3-phosphatidic acid and (b) SOS:
sodium octadecylsulfate.

a phosphatidate headgroup, which is abundant in
biological membranes. SOS is a surfactant with a
sulfate headgroup, which is a common headgroup in synthetic detergents.

We first measured second order nonlinear susceptibility (x'”) spectra of each interfaces using HD-VSFG
spectroscopy. Then the intensities of the imaginary part of % signals (Imy'”) are integrated between 3100 and
3300 cm™', which corresponds to OH stretch vibration of hydrogen bonded water. The integrated OH-band
intensities are plotted against the ionic strengths of the aqueous NaCl and LaCl; sub-phases for the DMPA and
SOS interfaces as shown in Figure 2. For all the interfaces, the OH band intensity is largest at the lowest salt
concentration examined. For charged interfaces, water molecules not only at the interface but also in the electric
double layer (EDL) can be oriented along the electric field and this orientation of water makes X(z) signal large [4].
For NaCl solutions, the integrated OH-band intensity shows the same concentration-dependence for SOS and
DMPA. This simple and non-headgroup-specific decrease in the OH band intensity in mM concentration range
can be attributed to the screening of surface electric field, which reduces the number/degree of oriented water in
EDL. However, the response to LaClj is clearly different for the two monolayer interfaces. The OH-band intensity
at the DMPA monolayer / H,O solution interface changes its sign at concentrations above 5 uM La’” (= 30 mM in

ionic strength). This sign inversion indicates that orientation of water changes from H-up to H-down, which is
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considered the signature of charge inversion at the interface. For SOS, although the integrated OH-band intensity
does not become negative, it decreases with increasing LaCl; concentration and approaches 0 at much lower ionic
strength than it does for NaCl. Further experiments with isotopically diluted water indicated that at the SOS/HOD
interface the OH band in the lower frequency side becomes negative while the higher frequency side remains

positive. This implies that a part of interfacial water

change the orientation from H-up to H-down but the 1.5[—= DMPA/LaCl, o~ DMPA / NaCl

other part of interfacial water remains H-up _ —8— SOS/LaCl; —#— SOS/NaCl
orientation. ﬁg’ Ao

Based on these observations described above, £ 05f
we derived interfacial model as depicted in Figure 3. 2 -
For the DMPA monolayer (Figure 3a), the phosphate
moiety forms a contact ion pair with La’" ions, and i67 l i6® 10° iy
the adsorbed La®" ions overcompensate for the lonic strength (M)

. £ h . .. Figure 2 IOIllC strength dependence of the integrated 1ntens1ty
negative surface charge, creating a net posifive of the Im)f signal in the OH stretch region of 3100-3300 ¢cm™

at the surfactant/H,O solution interface. (green: DMPA/NaCl;

: 3+
clectric field below the La™ layer. The water —; \ = ) " S08/NaCL blue: DMPA/ LaCly: red: SOS/LaCls.)

molecules under the DMPA / La’" interface are
H-down oriented in average due to the net positive (a) Phosphate
electric field, which gives rise to the negative OH
band of the H-bonded water. For the SOS monolayer
(Figure 3b), on the other hand, the sulfate headgroup

is strongly hydrated and does not form a contact ion

pair with the La’" ion. In this case, the water

molecules near the sulfate headgroup are still H-up

oriented. Nevertheless, the water molecules below (b) Sulfate

the adsorbed La’" layer seems slightly H-down
oriented.

xOH>0V VV ‘e’

Figure 3 Sketches of (a) DMPA / La’" and (b) SOS / La*"
interfaces. Possible variations of electro-chemical potential (¢)
of these interfaces are shown in the right-hand side.
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Fabrication of sharp gold tips by three-electrode electrochemical etching

Bo Yang, Emiko Kazuma, Yasuyuki Yokota, and Yousoo Kim
Surface and Interface Science Laboratory, RIKEN

Au tips have been used for a variety of local spectroscopies such as scanning tunneling microscopy (STM),
tip-enhanced Raman spectroscopy (TERS), electrochemical STM, because Au exhibits strong localized surface
plasmon resonance (LSPR). In addition, Au has higher chemical stability than other metals exhibiting LSPR such
as alkali metals, silver, and copper in air or an aqueous environment.

Several methods to fabricate Au tips have

been developed over decades. Electrochemical
etching, in which a metal wire is anodically
A rin ~
dissolved in an electrolyte, is widely used" .
|

because of its low cost and easy operation. In

previous studies, a two-electrode
clectrochemical system — consisting  of Figure 1 Schematic illustrations of (a) two- and (b) three-electrode
working electrode (WE) and a counter electrochemical etching systems for fabricating Au tips. (Ref. 3)
electrode (CE) has been applied to produce Au

tips (Fig. 1a).

However, etching conditions vary largely according to the electrochemical systems. In addition, although the
plasmon resonance wavelength and intensity strongly depend on the tip shape, the relationship between the tip
shape and etching parameters has not yet been well clarified. In other words, the conventional methods using the
two-electrode electrochemical etching system have problems in terms of controllability and reproducibility.

In this study, we applied a three-electrode electrochemical etching system consisting of a WE, CE, and a
reference electrode (RE) to fabricate Au tips for the first time (Fig. 1b).> The Au tips were prepared in a KCI
solution by etching the Au wires at a constant anodic potential, which was precisely controlled against the
potential of the RE. The sharpness of the tips was well controlled and reproduced by controlling the applied
potential.

Electrochemical reactions on the Au wire were analyzed

using the CV measurements (Fig. 2). The onset potential of
oxidation was 0.83 V and the anodic current increased nearly
linearly until 1.3 V. The onset potential nearly corresponds to

the reported value of the reaction: Au + 4CI" — AuCl + 3¢’.*

Current (mA)

Therefore, the Au wire is dissolved in the KCI solution in the

anodic potential range between ~0.83 and ~1.3 V (Figs. a—c).

In contrast, the decrease in the anodic current at >1.34 V (Fig. A i R e A A o8 1o 12 12 16

. . . . Potential (V vs. Ag/AGCI
2d) resulted from competitive reactions between the dissolution e AR

of Au and the formation of Au oxides which act as a passivation Figure 2 CV curves of an Au wire of 0.25 mm
in diameter obtained in the 2.79 mol/L KCl

layer to inhibit the dissolution process. In addition, a sudden aqueous solution in the potential region between
_ . ~0.4 and (a) 1.1, (b) 1.2, (¢) 1.3, (d) 1.4, and (e)

drop observed at ~1.45 V (Fig. 2e) was attributed to the surface 1.5 V, respectively. The CV curves were

successively obtained from (a—e) with the same

Au wire. The sweep rate was 1 V/s. (Ref. 3
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of the Au wire being fully covered with the oxide film.

The Au tips were prepared by applying a constant potential. The etching reaction of Au occurred under
applied potentials at 1.1-1.4 V. Notably, only the dissolution reaction is induced at <1.3 V; however, both the
dissolution and oxide formation reactions occur at 1.4 V. Figure 3 shows typical FE-SEM images of the fabricated
Au tips. The whole shape of the Au tips depends on the applied potential. The length of the etched part became
shorter as the applied potential increased from 1.1 to 1.4 V, and the shape of the wire did not change at 1.5 V. The
LSPR properties of plasmonic tips are evaluated by the radius of curvature (R) and the cone angle (¢). Figure 4
shows the applied potential dependence of the average values of R and  from six Au tips. The average value of R
of the Au tips is well-controlled by the applied potential and the sharpest tips were prepared at 1.3 V [R = (16 + 3)

nm]. On the other hand, the average values of 6 are almost constant and thus are not controlled by the applied

. l 10000 20
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1000 - ' 60
g [ " §
£ “8
= 100 ‘ 0 g—
L
10 - T f T
11 12 13 14

Potential (V vs. Ag/AgCl}

Figure 4 Applied potential dependence of
Figure 3 FE-SEM images of the Au tips fabricated under different applied the averaged values of R and 6. Each point
potentials. (a,f) 1.1, (b,g) 1.2, (c,h) 1.3, (d,i) 1.4, and (e) 1.5 V. (a—¢) Low- and (f—i)  is averaged from six Au tips. (Ref. 3)
high-magnification images. (Ref. 3)

Good controllability of the tip shape is mainly based on the high stability of the etching system, leading to
good reproducibility of the etching process. The stability of the electrochemical etching conditions was examined
by linear sweep voltammetry (LSV) measurements, comparing the three-electrode to the conventional
two-electrode electrochemical etching systems. In the three-electrode electrochemical etching system, the LSV
curves were nearly identical even after the preparation of nine tips. In contrast, the LSV curves gradually changed
for the two-electrode electrochemical etching system. Thus, the weak point of the two-electrode system is the
fluctuation of the electrochemical potential, causing instability in the etching condition. In other words, the
preparation of the Au tips using the two-electrode electrochemical etching system has a critical problem regarding
both stability and reproducibility, which diminishes the controllability of the tip shape. In contrast, the
three-electrode electrochemical etching system exhibits high stability, leading to good reproducibility because the
electrochemical potential is well-controlled against the RE.

In conclusion, Au tips fabricated using a three-electrode electrochemical etching system exhibit high
reproducibility and controllability. The curvature of the radius was controlled by the applied potential.
Electrochemical analysis showed that the stability of the three-electrode electrochemical etching system is much
higher than that of the conventional two-electrode electrochemical etching system. The Au tips with the sharpness
obtained at 1.3 V would be applicable not only as STM tips with high stability but also as probes exhibiting strong
field enhancement of the LSPR.

[References] 1) B. Ren et al., Rev. Sci. Instrum. 75, 837—841 (2004). 2) C. Lee et al., Sci. Rep. 7, 40810 (2017). 3) B. Yang, E.
Kazuma, Y. Yokota, Y. Kim, J. Phys. Chem. C 122, 16950 (2018). 4) S. Ye et al., J. Electrochem. Soc. 145, 1614 (1998).
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Development of Electrochemical Tip-Enhanced Raman Spectroscopy:
Systematic Assessment of Benzenethiol Self-Assembled Monolayers on Au(111)
as a Standard Sample
Yasuyuki Yokota, Norihiko Hayazawa, Bo Yang, Emiko Kazuma, Francesca Celine 1. Catalan,
Yousoo Kim

Surface and Interface Science Laboratory, RIKEN

Microscopic and spectroscopic studies on electrolyte/electrode interfaces provide the most
fundamental information not only for understanding the data from -electrochemical (EC)
measurements but also for designing novel electrochemical devices. Various types of in situ
techniques, performed without taking the electrode out of electrolyte solutions, have become
indispensable tools. To realize simultaneous measurements of SPM and vibrational spectroscopy,
tip-enhanced Raman spectroscopy (TERS) has been carried out under ambient conditions, where
Au or Ag SPM tips near the sample surface enhance the incident and scattered electric fields, which
enables the measurement of Raman spectra of molecules underneath the SPM tips. In this study,
we developed an original EC-TERS setup with a specially designed cell based on a commercially
available EC-STM
system (Figure 1).!
Prior to the EC-TERS
measurements of PhSH
SAMs on Au(111), we

performed a series of

4/

0.1 M HCIO.

Objective
lens

cyclic voltammetry Figure 1. Photographs of the EC-TERS cell in (a) front and (b) perspective views.

(CV), EC-STM and (c) Optical micrographs of the laser spot focused on the gap between the
EC-SERS paraffin-coated Au tip and Au(111) surface; the left and right images were captured

using the same configuration with and without external illumination, respectively.
measurements under

EC environments.

Figure 2(a) shows the CV results in the double layer region of the PhASH SAMs on Au(111) in
0.1 M HCIOy4 using the EC-TERS cell. The rectangular shapes, whose heights are proportional to
the potential scan rate, indicate that the PhSH SAMs can be regarded as a static dielectric
independent of the applied potential. Figure 2(b) shows the sequence of CV curves beyond the
double layer region. The large oxidation peak observed at 0.75 V for the first scan and a lower
current flow in the following scans indicate the oxidative desorption of PhSH SAMs. EC-STM
images revealed that many protrusions and jagged step edges were observed at 0~0.4 V (Figure
4(c)(d)), while these characteristic features disappeared after the oxidative desorption of PhSH

molecules (Figure 4(e)).
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Typical EC-TERS spectrum of PhSH W
SAMs is shown Figure 3(i). The tip was  ; o:f e
then oxidized while being retracted, 3:;
followed by EC-TERS measurements, as o~ Z3iVs t ity
shown in spectrum (ii). The almost A g © T TELE®

constant spectrum after tip oxidation is
proof that the EC-TERS signal indeed
originated from the PhSH molecules
adsorbed on the Au(l111) surface. As

expected, the EC-TERS signal derived

from the PhSH SAMs completely Figure 2. (a) CVs of PhASH SAMs on Au(111) in 0.1 M HCIO,
using the EC-TERS cell. (b) Sequence of cyclic

voltammograms for the oxidative desorption of PhSH SAMs
cycle of the sample (spectrum (ii1)). on Au(111). The inset shows double layer regions before and

In summary, we developed an after oxidative desorption. (c)=(e) EC-STM images (400 x
400 nm®) of the PhSH SAMs on Au(111) in 0.1 M HCIO,.

Eqampie = 0.0 V except that a 0.4 V was applied in the region
EC  measurements and  thoroughly sandwiched by the dotted lines in (d). Image (e) was taken

characterized PhSH SAMs on Au(l111) after applying Eqmpe = 0.9 V to desorb the PhSH molecules

using CV, EC-STM, and EC-TERS during a tentative tip retraction. The tunneling current and
Eqip were 0.4 nA and —0.1 V, respectively.

after 06V

disappeared after the oxidation/reduction

EC-TERS system suitable for quantitative

techniques. We found that these

techniques provide consistent results

*

regarding the stability within the double 200+ 305 (0.15 mW)
layer region and oxidative desorption at g i (i) after sample oxidation
high potentials, which implies that the &

2 100 (ii) after tip oxidation
PhSH SAMs can be used as a standard 2
sample for EC-TERS measurements, as = = () "YPEALECSTERS
in the cases of SERS and TERS in air.’ 03060 7200 ~ 1400 1600

Wavenumber (cm™)

Figure 3. Sequence of the EC-TERS spectra of PhSH SAMs on
Au(111) taken in 0.1 M HCIOy4. . The Egmpe and Ey, values were
—0.2 and —0.1 V, respectively. The tunneling current was 0.4 nA.
Oxidation of the tip and sample oxidations were performed by a
potential cycle to 0.9 V, as in the cases of Figures 2(b). The
asterisks indicate the bulk Raman signal of C10, .

[11Y. Yokota, et al., J. Phys. Chem. C., submitted, (2019).

[2] A.-A. Dhirani, et al., J. Am. Chem. Soc. 118, 3319 (1996).
[3]1 C. Blum, et al., J. Raman Spectrosc. 45,22 (2014).
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[Category 4, 1]
Redox-Dependent Electric Double-Layer Structures Probed in
Ferrocene-Terminated Self-Assembled Monolayers

Raymond A. Wong', Yasuyuki Yokota', Mitsuru Wakisaka®, Junji Inukai’, and Yousoo Kim'

'Surface and Interface Science Laboratory, RIKEN
*Graduate School of Engineering, Toyama Prefectural University
*Clean Energy Research Center, University of Yamanashi

Charge transfer in electrochemistry occurs with the addition (reduction) or removal (oxidation) of electrons
from electrochemically-active (electroactive) species. This so-called redox, induces electronic and structural
changes to the electroactive species. Understanding the nature of these electronic and structural dependencies on
potential and redox state is key to the rational design and optimization of bio(chemical) sensors, micro-mechanical
redox actuators, molecular electronics and energy storage/conversion devices. Amongst model systems,
ferrocene-terminated alkanethiol self-assembled monolayers (Fc SAM, Fig la-b) on Au are ideally suited for
fundamental studies of interfacial charge transfer with applicability to numerous practical applications.l’2 The
ferrocene/ferrrocenium (Fc/Fc') redox couple of the termini consists of single electron transfer and ion pairing

reactions with counter anions (Fcsam + X5 S Fc' X sam + e). Therefore, it is clear that within the Fc SAM, a

change in redox state will invariably change @ HS. -~ - \E-J ¢ "{o1mnacio, Sl
the structure of the electric double layer (i.e. Rt ~ 10: fe
—~ 5
interactions with the electrolyte, work b @ cﬁ e = & |
. e®e — o 0 0 : 9
function). % % %" 0 00 % <
In our work, we correlate the Fc SAM ‘ { -0
. { ‘ 3 4 154 : =
electrochemistry to the redox-dependent ¢ & s PR e e
Au Au E (V vs Ag/AgCl)

electronic and structural changes b
& y Figure 1. (a) Molecular structure of 11-ferrocenyl-1-undecanethiol used in

utilizing a setup that consists of an the present study. (b) Schematic representation of the structural changes in

. . . both oxidized ferrocenium (Fc¢*) and neutral ferrocene (Fc) redox states.
electrochemical cell combined with X-ray (c) Steady-state Fc SAM Cyclic voltammograms performed in 0.1 M
NaClOy4 at 10, 30 and 50 mV s, The vertical dashed lines indicate the
potentials at which the electrode was polarized for the subsequent

spectroscopy (EC-XPS/UPS).” This setup ~ XPS/UPS characterization.

is essential as oxidized moeities are known to decompose when exposed to the ambient oxygen. Electrochemistry

and ultraviolet photoelectron

of the Fc SAM is performed in an liquid environment inside an Ar-filled chamber which is subsequently
evacuated and transferred to the XPS/UPS analysis chamber.

The Fc SAM cyclic voltammograms (Fig. 1c) are consistent with a surface-bound redox reaction as seen by
the linear dependence of the CV peaks with scan rate. The integral charge transferred from CV show that the Fc
SAM coverage is 4.6 x 10"% mol em™ which is consistent with the theoretical coverage of 4.5 x 10" mol cm™."?
The subsequent XPS/UPS analysis was performed by polarizing (chronoamperometry) the Fc SAM electrode at
0.5 and 0.1 V, which corresponds to the oxidized (Fc') and neutral (Fc) states, respectively.

The pristine XPS spectra  (Fig. 2) is consistent with existing reports showing only the presence of Fe, C, and
S.’ The similarity of the pristine and Fc XPS/UPS spectra is consistent with the CV showing that our observations
are reversible. Upon conversionto Fc™ there is a drastic change in the spectra. There is a change in the Fe

oxidation state as seen in the shift toward higher binding energy in the Fe 2ps,; and 2p,, peaks at 709.4 and 722.5
eV. Concomitantly, the Cl 2p and O 1s spectra exhibit pronounced features which clearly indicate that the Fc'
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termini are interacting with the ClO4 anions.
Subsequent comparison of the relative atomic
ratios support the presence of predominatly 1:1
Fc'-ClO4 ion pairs. This is consistent with
existing reports where the presence of weakly
solvating (hydrophobic) anions results in the
preferential formation of 1:1 contact ion pairs
along with the negligble uptake of water.”* We
have also confirmed this with similar
observations when employing other hydrophobic
anions including PF¢. The change in monolayer
thickness and molecular orientation can be

observed in the Au 4f and C 1s spectra (Fig.

a [Fe2p b [Cl2p c|Ofs
Pristine Pristine

ot 8 roene
gl = 2073 = 5320
3 ‘ 5 2088 a '
.g? Fc* _g Fe* 2| ke
I 5 &
E i g e <

H 3 N —_
Fc i /_tf(. m nfwu¢m'w'w“ Fc
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Figure 2 XPS of the Fc SAM in the pristine, Fc" and Fc states. (a) Fe
2p. (b) C1 2p. (c) O 1s. (d) Au 4f. (e) C 1s and (f) S 2p spectra

2d-e). The attentuation of the Au 4f in the Fc' spectrum is caused by inelastic scattering which we interpret as

an increase in effective thickness caused by the presence of ion pairs, and when coupled with existing reports

reports can also be attributed to the tilting of the alkyl chain towards a more perpendicular position relative to the

electrode surface.” This is reinforced by the Fc¢' C 1s spectrum ascribed to the cyclopentadienyl ligands and alkyl

chain, where the broadening is attributed in part to the reoirentation of the alkyl chain.

The valence structure from UPS (Fig. 3c)
has a feature at 1.6 eV in the pristine and Fc
attributed to the highest occupied molecular
orbital (HOMO) of Fc.’ Upon oxidation to Fc'
the HOMO is expected to shift towards higher
binding energy with features evident from 2-5
eV with a pronounced feature at 4.4 eV. The
higher work function of Fc' (~5.2 eV) relative

a : b c
- 18
E Pristine Pristine Pristine
2 e P 3 =
g ‘ 8 C
| F 2 z
B g Fcr| £ Fc'
g E — E -
E / -
S Fc / Fc Fc
z /
.............. L
2019 18 17 16 156 14 13 12 108 8 7 6 5 4 3 2 1 0 5 4 3 2 1 0

Binding energy (aV) Binding energy (eV) Binding energy (&V)
Figure 2 XPS of the Fc SAM in the pristine, Fc" and Fc states. (a) Fe
2p. (b) C1 2p. (c) O 1s. (d) Au4f. (e) C 1s and (f) S 2p spectra

to Fc (~4.6 eV) is attributed to a reorientation of the molecular dipole owing to the presence of ion pairs and SAM

reorientation.

In conclusion, we have sucessfully probed the redox-dependent electronic and interfacial structures of Fc

SAM by using a setup consisting of an EC cell combined with XPS/UPS. Lastly, the finding that both the Fc and

Fc' redox states are stable following removal from the electrolyte and transfer to vacuum potentially opens the

door to other vacuum based techniques such as scanning probe microscopy.

References [1] Chidsey, C. E.; Bertozzi, C. R.; Putvinski, T.; Mujsce, A., J. Am. Chem. Soc. 1990, 112, 4301-4306. [2]

Wong, R. A.; Yokota, Y.; Wakisaka, M.; Inukai, J.;

Y.; Mino, Y.; Kanai, Y.; Utsunomiya, T.; Imanishi,

118, 10936-10943. [4] Valincius, G.; Niaura, G.;

Kim, Y., J. Am. Chem. Soc. 2018, 140, 13672-13679. [3] Yokota,
A.; Wolak, M. A.; Schlaf, R.; Fukui, K., J. Phys. Chem. C 2014,
Kazakeviéiené, B.; Talaikyté, Z.; Kazemékaité, M.; Butkus, E.;

Razumas, V., Langmuir 2004, 20, 6631-6638. [5] Ye, S.; Sato, Y.; Uosaki, K., Langmuir 1997, 13,3157-3161.
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[Category 4, 1]
DNA #HE T /R FDOo# - BE EMEDR

FREVHESL |, SOARMSE 2L ATE R !
VERRE - BTN A TR, U

BRI ORI DNA TR &2 HICEbiLiz ) 2 ki v (DNA HE5) 2 ki 1) (X, DNA #i&E D
EWZIS CTEDOSBEEENET D LWV R R RmBR 2", —A#H DNA (ssDNA) T
R FRENBEDNDGE . KPIC TR IS WO BZEEEZ R L, SERETICBOTHEE LR
Vo ZOBLEMIL. DNA ORABMICER T D FFEKIE I OIENT, #Hikg 1 & L ToFiRM
Zkb=rhuy Z 3 )) GLRRFET) ICHERLTWD, 20X 9 R T, £ &R
MFERIZHAN 72 DNA $& “ @88 (dsDNA) 2R EE 25 & K372 bIlicigE+d 2 (K1) .
Z AR DNA $I2 K 2K FRIOEBZRTICE 2 b O TIX AR WD T, FEZEBEAEEE L JiZh b,
L L7236, Ko —HEZ I HHN TR OWES E o “EHH (msDNA) FBEKIZ LD, KinoH
BRI RN 72 S22 T AU, KL X ZERINC B L2505 (K1) . &7 /ki+ (AuNP) Z =7
LLTHWESAE, HERETHRAEZ 2T S o~

sEEiEm SE24a#ARN (dsDNA)

P IR A T 5 L AL 2 (K 1), S )

DRV, RS OERE GRE L THE T - A 7

Bo TOT LMD, fiGEETRIE L LT .

DEMFMESNTOS, LinL, FEEEE L g e
(STRNETRATTN N,

ED AN =X LI RAREN LN EET o THERR R
7%, DNA —BESEIAM ORI T T A
LIZEDLZ LD, WEMMIZIETE < A X v K 1 DNA #E IS L7- DNA E & T/ K7 05

X VMEERICE 53 hMRICRERT 5 L TR

EZHZLELTED, &, RRICARY=F L2 U a— (PEG) ZHNT 5 L. LEICH B
THLEENT DNAEOHZATHREL )DL RE L, ZhiBsihicksbotix

HbID, AR TIE, 2 OKE5I 1 &2 IICER S8 % 2 & C DNA fHE57) /R 7 O 53 UL E M
R ED T L, ZHICE DWW TG REE A W = X L O Z BIE L T\ 5,

AWFIE T, BIFEA 15 nm 38 L V40 nm @ AuNPs (Z1LZ40 AulS, Aud0) % 7=, DNA 1T 15,
30 L4 AL (nt) EHROELR L =FHEO LD LM\, T HiT SR F A — VA%
ALTEY, &S LT AuNP KifilZ DNA S84 % [EEL S 72, 15 54172 DNA 1£f AuNPs % 0.1
M NaCl & 10 mM Y »ERkEE R (PB) (pH 7.0) Hic/odk &7, Z Ziz, MM (15, 30 %
L 45 nt DL & —EEI A~ v FH) ZRINL CEHEBPR S T, RO NaCl 1%
0.1, 0.5FBXV1.0M & L7-, DNA fLEF AuNPs IZHEVEM BE/ERH 7B S8 256121, &
5,000 ® PEG % HIDPREEIZ /2D X 5 WA L7z, DNA $H£F AuNPs OREREMAT I3, KB Y it 5%

(SPring-8) @ BL45XU B — AT A v AT —3 3 2T, W/ X BREELEE (SAXS) 2k 3E
fiti L 7=,

20T —H & LT, 15,30 & 45nt 725725 DNA Z#EF L7~ Aul5 (Aul5-ss15. -ss30. -ss45) .
SERFHMHE & ZHPTER SR (Aul5-dsl5, -ds30, -ds45) BIO—EEI A~y FHE &
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B R X7k 1 (AulS-ms15, -ms30, -msd45) OEFHELD L 5T 2T, ki -B0HIRREICH
HERITFEEZLTWDN, i EET L EFERA LD, EREY, HRELY FRHxES L
SERFIMSH CEBOIIRL T ITEEZ R L, — A8 DNA °— I A~ v FHE O ZHHEPR O
BT DEREOEETH T, L LR L EREBELRNE SN TEENLDRFTH,
PEG %ﬁﬁﬂjﬂé & 3?) 6¥%f§ui(@%%%% Au15-ss15 Au15-ds15 Au15-ms15
IF I EBbnols, B S D 0L o e B s W b o WREML
PEG WNEIZ, ML gRcbkrL, 3 GICEO0 GEOOON) St
[EHEIEE IR O %7 DNABSE AR VIZE LY SO0 Lo
%< O PEG NHETH >7=, PEG USHEIZ
I NG NGRS N B e §. 1T D
MBI TWD, DFE Y, PEG WINEITR T
WOBBEREIB LUK EHORE &
L TWS, £72, PEG O T BIZIK
FELTHIBARIEIET B 2 E DRI LTS e Nps 004 B L 1 PEG%\%ES,OOQ;
WiAIZ X DR TIE A< FBBI 1T L > T EEoshE. NaCl 2E1L 0.1, 05, 1.0M Th 5.
BT BEEENFR I N2 2 RT3
16 0)"('3?) 50 Aul5-s530 Aul5-ds30 Aul5-ms30
SAXS BIET b . PEG IIEICHAE L7 prilk  wjeiodsonm [ MO70IM g Medmodw
TEMELEBET S R TEE (¥ 3 -
W), PEG IRINC X 0 BEET 5 LR FET
WICERNT 2 E—7 BN Elllsn, 2o —
71X PEG RENEE KT DI 23 TRAMIC
7 b Ui, ZHUE, BRI 5I IS5 CT
B LTS (L 2o TWD) Z & a2 EK
LTW5,DNA “HIHDNA &9 LDOAXHZ v
XU HAEERIC K DR FEERBIZZ O
BRIIBE SN2V, FEEMEA DNA & 5
PR 5 & MIEA LI X 0 850 B MK
T 270 SMEKFENPMET L, fiRkE L
TRITEENRHR SN E VR D, —FH. K
S I A~y F OGS KT 72 B 0
L1 HTREINKE W=D KL Dok
EMEREWE DD, DFE D, DNA St b
IS AT LT B ERCRE O AL BT D 2578 B 3 Aul5-ss30, -ds30, -ms30 ® SAXS ##/% 7' = 7 7 1 /L. PEG
BRI E O RF R A RIL L TV D EFE (475 5000) JJEE NaCl IIE 2252 72705 67 — 4 2B L
I =
(2% k]
[1] Masahiro Fujita; Hayato Hiramine, Pengju Pan, Takaaki Hikima, and Mizuo Maeda: Langmuir 2016, 32, 1148-1154.
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[2] Chenlei Ma, Pengju Pan, Guorong Shan, Yongzhong Bao, Masahiro Fujita, and Mizuo Maeda: Langmuir 2015, 31,
1527-1536. [3] Masahiro Fujita; Yoshizumi Katafuchi; Kazuki Ito; Naoki Kanayama; TohruTakarada; Mizuo Maeda: J.
Colloid Interface Sci. 2012, 368, 629-635.
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G-quagruplex-grafted Gold Nanoparticles Based Sensor
for Small Molecule Detection

Surachada Chuaychob'?, Masahiro Fujita®, and Mizuo Maeda'”
'Graduate School of Frontier Sciences, The University of Tokyo
2Bioengineering Laboratory, RIKEN Cluster for Pioneering Research

Colorimetric sensors based gold nanoparticles (AuNPs) have been fabricated in board areas due to their
outstanding localized surface plasmon resonance (LSPR) property.' The plasomon resonance depends on
interparticles plasmon coupling of AuNPs in addition to particle size, so the tunability between the
dispersion state (a vivid red in color) and the aggregation one (a purple-blue in color) of AuNPs, resulting in
the color change observing with the naked eye, is a focusing point in sensor development. Generally, an
aggregation happens as crooslinking by a chemical reaction between the modified AuNPs, e.g., binding of
recognition element to target analyse such as sugar and cancerous cells.”” Our group reported another
aggregation behavior, called non-crosslinking aggregation, by the change of physical properties particle

surface grafted DNA.*’
)

In this work, we interested in G-quadruplex (G4)° or plenty

of guenines (Fig. 1A) sequence as a DNA probe on AuNP w 'g © Menovalent catlon (g K)
surface. By a network of Hoogsteen hydrogen bonding and —_— 8‘ ":;} =T
stabilization of a monovalent cation inserted between G-quartet

G-quatets (Fig. 1B), G4 folds higher-order structures that are

3

©
built around tetrads (Fig. 1C). Regarding quanine-rich o — [T Dammrml
. . [ . g
(G-rich) sequence of G4, a small molecule as antitumor drugs
— —~——e e
can specifically form an adducts with quanines such as z s 7 4 ¢
Chair type Basket type Propeller type

cisplatin and its delivertives may be a key to effectively Figure 1 Stmetres of guanine (A). G-quaret (B). and

treating cancer. The formation of cisplatin-DNA adducts — G-auadruplex (G4) (C). The yellow and green beads represent the
sugar-phosphate residue and the monovalent cation (K°),

cause necrotic cell death in high dose of cisplatin while the  respectively. In (C), three different G4 structures with three stacks

. . . . of G-quartet are illustrated: the chair-, basket-, and
low dose causes cell apoptosis. Because cisplatin is a  propelier-types, which correspond to 21CTA, 22 Ag, and 35B1

non-selective,” affecting both cancerous and noncancerous (Kras) investigated in this study.

cells, its side effect to patient have been well-documented. Hence, the reliable cisplatin sensor is need.
Herein, the oligonucleotide of 35B1 Kras was immobilized on the surface of AuNP of diameter 40 nm (1
0.D. at 520 nm) to form G4-conjugated AuNP (G4-AuNP).

In the absence of cisplatin, G4-AuNPs stably dispersed in 10 mM K phosphate buffer (PB) (pH 5.0)
including 1.0 M NaNQOs;, showing a vivid red solution. In the presence of cisplatin, however, the solution
color gradually changed to purple-blue solution, meaning that the aggregation of G4-AuNPs occurs (Fig. 2A).
Because the strands with the G4 structure deformed to cisplatin-DNA-intrastand adducts. The corresponding
UV-vis spectra shifted to longer wavelengths (Fig. 2B). The degree of aggregation depended on the
concentration of cisplatin. The variation in color was evaluated by the ratio of the absorption at 600 nm to
that at 529 nm. In this case, the aggregation of G4-AuNP had been considered to occur without
particle-bridging (non-crosslinking aggregation).

To get the high performance of the sensor, the involving parameters in preparation steps have been
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Figure 2 (A) The color change of G4-AuNPs solution by adding cisplatin. The particles were dispesed by 10 mMPB (pH 5.0) including 1.5 M NaNO;. The
concentration of cisplatin changed from 0 (a) to 50 pM (h). The reaction time was 10 min. (B) The correponding UV-Vis spectra. (C) The ratio of the
absorption at 600 nm (Agoo) to that at 529 nm(As,0) against the concentration of cisplatin.

investigated, including effect of particle size, G4-conformation, reaction time, and salt concentration. Under
the optimum condition of propeller conformation of 35B1 Kras-functionalized AuNPs with 10 min of
reaction time in 10 mM PB (pH 5.0) containing 1.0 M NaNOs, the result showed a linearity in the range of
15.0 to 30.0 uM with a correlation coefficient greater than 0.99 (Fig. 2C). The detection limit was 12.9 uM.
For specificity of cisplatin among its analogues, cisplatin is the most popular; it can be used alone or in
combination with other derivatives such as carboplatin and oxaliplatin (Fig. 3A). Even they share some

structural similarities and have the same treatment mechanism, no sensitivity and color change were

observed (Figs. 3B and 3C). This means that the
developed sensor can specifically detect cisplatin. This
must be due to the difference in the kinetics of adduct
formation. Compared with the formations of carboplatin
and oxaliplatin, the formation of DNA-cisplatin adduct is

9-11

much faster.” In summary, a simple, rapid and selective

colorimetric sensor for a hazardous small molecule,

(A) Ciaplatn
o m e AR e o Smatn”
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(B) 1573

Figure 3 (A) Structure of (left) cisplatin, (middle) carboplatin

and (right) oxaliplatin. (B) Absorption peak ratio (Aguo / Aszg) for
cisplatin, carboplatin, and oxaliplatin. UV-vis measurements of
35-nt G4-AuNPs (40 nm) in 10 mM PB (pH 5.0) including 1.5
mM EDTA and 1.5 M NaNO; were performed by varying the
drug concentration (¢) at 10 min. The data for the mixture with a
1:1:1 ratio (plaid-filled) are also shown. The values indicate the
slopes of the fitted lines, or the sensitivity. (C) The corresponding
image at ¢ =30 pM.

of
oligo-DNA-AuNP conjugate material can be applied as a

cisplatin, using non-crosslinking aggregation

new door for the detection of cisplatin in blood serum and
urine samples of a chemotherapy patient with no need for

any special instrument.
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DNA EE{t4&T /B F % A\ 7= DNA Bty o B HRER

AASFORE ", BKILAH] =0, EEEC, AT, A E
VBRI ALARE T, P RELORALAE TR, CET - BT S A A L

DNA % @EEICEE Liz4F / ki1 (DNA-GNP) %, ==—7 2 >Nz RuftEs b o
ZEnn, HEEELISHOME D S BELAFFENTWD, ZNE TIZ, Divbitid DNA-GNP [ZHHFf
L7 ZH#H (ds) DNA ORMGHE I G ITKAF LI IFREM R B EBR 2 M5 L C&2[1], T72b
5. DNA-GNP |[ZfHEF S 72 ZHEH DNA DNERMHMO & &, @A 4 U IRESFICB W THIERR
BENFE I, & /R TORE T 7 XAE /G (SPR) ¥ 7 MIES B2l (R—%)
DBERENDENI LD TH D, FRENT &I,
j{ﬁ%ﬁ§b‘a—i7§)¥ﬁ%f: U—ﬁfcﬁ 5 \: A= > %ﬁé%% Blunt end Dangling end
MUT=5E T, R IR T ORI A R oof 5 v
F %, G, dSDNA-GNP (78 75 —Hi 35 e Fraying motion
MG 2 b0 & & | I & D PR T IR L ’
ROVEIRER/STHND (K1) 2], ZoaaA KR
HERIL, b PEEF T LD A
(SNP) @ HE M HEAIZISH LT E72[3], | AR HHEE D S 7= B9 DNA EEAL

ABFZETIZ, DNA Ui &2 2 = X Kz b BT/ RIF O A ROy EREN
PULS VAN O EAE 7 HHRERR~ DB 2 B 5 L7287
T FEHIEF Lz, bbb, filEEiAEmE L L Tamond 7 LA ~4 v (BLM) i
EAROGIW (5'-GC-3") ¥ & ki 0> dsDNA I AT 5 Z &L Th 5D, BLM 1L, 5'-GC-3'EBL DR
(LHIEIWTIC L 0 . 23 UM D HE5E % FLEE 4 % DNA 8154 Th 5[4), BHE. = OIEMEIMIC A
PETEF#E (PP) THERRAL L 72 25 DNA %2 W 7= 7V ES KBNSk 7 v~ 7' 7 (HPLC)
[6] 12 X B BRI, & B\ WIFEE IS = ) L ¥ —BE) (FRET) 1283 < @EM[7]72 & TR+
ORI TH S, b L DNA BUFWEIEY O R R RAED R 2 B ORI T v, AlZEick
JAMBAT V—=0 T OMENRE L 7D, £ 2T, ABFSETIX, dsDNA-GNP D43 - BT
PE O FE AR AR L7- BLM OFEM L2 BBY & Lz,

BERIIZ L7228 o T JEMER BLM (Fe(11)-BLM)
DOYIWHAL (5-GC-3") #H 7 5 dsDNA (18 Mk

O - -

g &

4

%) Z GNP (Kif% 15 nm) ICEEMLZ, Z0D Main cleavage site
dsDNA-GNP ﬁj\ jFiﬂ( {17.5% &: N BLM ( % r‘ﬁé‘ /)i% }E 500 (a) ; E!‘g (b) ; E:;H } Activation step
umol/L) & Fe(NH.)x(SO4), KR (i 250 &NaC. - Nagl

umol/L) %Mz, =T 30 HE L7 (KM2),

B2, NaCl (&R EE 0.5 mol/L) ZWsIN L., 4
MikZ=R<T 10 pMBHELE, Hohi 3 v v
dsDNA-GNP i D 2 v A RZ2EME % SPR D/ Aggregation Dispersion

N7 MZEDS BFHZELTREME L7z, & DOf5 5. 2 (a) BLM # J U%b) Fe(Il)-BLM CALEL & 17~
Fe ZFf =72\ BLM Z & OBy 7 L%, dsDNA-GNP O BT v & A
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dsDNA-GNP DL IZH R T o8& arndlgsnc (¥ i ) © @
3-(a)-(c)), — T, IHMETLD Fe(I)-BLM 1%, 4y #H kD H,0 Fe(ll BLM | Fe(l)-BLM
HEAZERE LT (" 3-(d). £7o. ARG A Y |
ML G | T KA DS BOIRREIZ B 2R 2 MWL I _
£ (520 nm) % Fe(I-BLM O > 7 /LD IS S 7= 3 Fe(ll)-BLM -CILH S i i SDNALGNP
(data not shown), Z® & 9 72 dsDNA-GNP DEWIH o BEAZE ((2) HyO. (b) Fe?', (¢) BLM, and
LEMEIZ, DNA GIWTICfE - 72 b+ R IEE T O Mg (d) Fe(ID)-BLM)
DR, EHIEE FIZB W T HRDOEREZ il L7z
EFEZbND,
RIZ, Fe(I)-BLM TALEE L 72 dsDNA-GNP D3 & D Uk & & KL+ O EVEI k4 2 BRI 4
#EAf L 72, Fe(Il)-BLM 7% dsDNA (Z/EHI9 % & | B b r9 722 e 5L o i (X 4-(a)) J5 K OMGIIET (X 4-(b))

NH,

[ CGCT;A;G
CGCT,A;G c o Sn
o — OH | /&
HO N o
(a/ HO opG H
L opG -
5' CGCTTT A A C4'-hydroxy intermediate
3' GCGAAAA A NH,
(o]
DNA cleavage site HOO ! + 5'dGMP + NAO
L oG | 0=p-0" X
C4'-hydroperoxy intermediate OCH,COOH

4 Fe(I)-BLM IZ K 5 ~7 & /L— 7 DNA OFE(LAIUIWREEE () HIENIEE & (b) —A<$H DNA GII#r)

(2 & 2 TRE ORI TUIK A ETT 3 5 [8], Fe(I)-BLM (2 L 5 dsDNA O Ui i 2 1 -> dsDNA-GNP
DI ZEMEZTM Lz 2 A, RIEHEER L OB br 2 SRS (oM GC X # A7
% dsDNA-GNP |L, ERO GBI HERICEL LT-Doxt LT, mb7e —AR8 DNA S0 gz
Kt U7z 2 ¥k 2% 7 dsSDNA-GNP T3 R & (R FF

L7 (®5), 0O & hb, Fe(l)-BLM TALH S h }SZE‘SS os £

7= dsDNA-GNP 785Ny iz w47 L7201, g e BN BN pE—
{E/) 72 DNA BIWr 3 & 72 &9 2 AR 28 A& 12 Bk ' k i L & . %g‘%
THZ Enbrole, ZNETIT, SN EBIEL%E ‘ Aggregation %ﬂ‘-’ ----------

R TR RAO T DNA SEIROSOLRI IS 1y s gdnwonD (531 Er it o 51
INTVD[7,8], LLanb, UINRE A S0tk ((a) RN, (b) HEIEBIAE, (c) ssDNA BIir)
JECXRBITE DRWICIZTE->TE BT, A, Uik
R A2k e LTIELS BRI TE 5 2 L & FERE LTz,

LI EDRERI L, BLM @O X 9 72 DNA UIWHEME 295 DNA SAMEEY O BT v & A 1I2kzh
L7ce R TRELEFEZISNT L2 T, a S M TAGKRICEV1EH 5 DNA B
PEEEM O BRBRR DX v MEEEBIC AN ER R0 TEORBESIEFTE 5,

(2% ik

[11 K. Sato et al., J. Am. Chem. Soc., 125, 8102 (2003). [2] Y. Akiyama et al., Chem. Eur. J., 20, 17420
(2014). [3] Y. Akiyama et al., ChemistryOpen, 5, 508 (2016). [4] J. Chen et al. Nat. Rev. Cancer, 5, 102
(2005). [5] Q. Ma et al. J. Am. Chem. Soc., 131, 2013 (2009). [6] H. Sugiyama et al. J. Am. Chem. Soc., 107,
4104 (1985). [7] S. Hashimoto et al. J. Am. Chem. Soc., 123, 7437 (2001). [8] Y. Akiyama et al. Org. Lett.,
10,2127 (2008).
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[Category 4]

E FOEKAFTUVIRINICEADLBREY VNI E
SNAREEIZE D < A & - M T o EE LAl

Menega Ganasen', #EftE *, Xiaojing Yuan®, Iqbal Hamza®, A5 BFa—E %,
MAZ: Y, s !, B!
VIR - B - B, CIEESCER - 3K, A U —T > FR, BRI

ENE, SRR FEE T IR OSBRI bR M T 9528, B X B4 AT RE 22 8k o B
R BE DEIEL 72\ 2D | SR ORI FHEI 3 A (RN SRR FE O TE H VEHERFIC B T D BB AT v T L7025,
B R OERAF AE, R B R oo TR G R B R T 2 I Bl R g% e B% % Deyth 1IZXk-T
Fe’ 7D Fe B TEN-#%, &B b7 AR —%—DMTI 2/ L CHIBNICIRVIA NS, ZhbDEZ
R EOBERBA RIS R T O BEIK L7257 | HERE I B2 35 I C B T2 2 LI EE ThH D,
AHFFETIL, ERDOERA A LRI B DIEL L 7R 78 DX AR5 A 1 FRMT 12 D SE AR 3 O fif IR % S
EL HEEE W DR DT WA A ST (BRE TR R KR, B £ 7 VM) IR 35, 5
IR A OB REREA L2 20 W I U 7o MR A SRR DRI D1 528 C L B O#RA A L WU A
ot C R AL E HIEL T,

1. $kETEESR Deyth ITHERT 28 F L—42 —DIFEER
IHETIS, A4 ET AL E U EEDME A LTZE M 3K Deyth OSLIRREE %2 2.8A 43 iREETH B
IZLTCWD, ZOWHEEDD, Deyth O J5E AN 14

800 -
AT UG CRLT AN VIS HIBIICHEE L. £ 700 -
MBI T 2L E VD B NE S+ 57 L% 2600 - - ES

= 500 4
ONZLTo, ZORERNG, girF bl —Mb @ 400 -

AP E PN AETET D IRE Ry MRS AT 52 2 300 ~

ct

LIZED, Doyth (2 L ABRERIS MR/ BIHEND 2 a0g | ~
AREMEME 2 DT, AR EZ | HR IR 0 T e en '
LG IR B T LA T S A B ()2 8 o o
e, /U, LA ) R R, BB RS KRR &

Z W BERBIRAT RICIRINL . OO A MRETL 1. Deyth DSAETLRIGIZH T 5 HRBE DR HiBk

Foo ZORE, T IRBOREICABT SR T TR ROEEE A/ cslohoun

T T, AN FIET DL, A 12IT DRI

TSI 5~6 51 ELI=(K 1), LIA-T,

Deyth Dk M D ETRry ME BB AU B L — 57— DRE B . EROZRA A I D (I 2 =
R Y DA Tl H b\ DR F IR AN LA 4y TSR S 57 T,

2. E FEEETIVHIRRE RO - HEETERDBE
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PV —Z—DNRDIENIT, FiAA DR Assay buffer
TUAR—H—"TdDH DMT1 O EAERICE /’ —
Y Deyth |[ZXVIRTLENTZ Fe” A4 28, iEA>  Transwell with
AT DMTI 2k THllE ~Tiagn,  pore filter ]
DI ZIRE LT, T O AL, B ks
55 b R AEIZ JRFES 5 DMTI & Deyth DI
BB 72 CREZ D EHESR LT, ZHUCBIL
TE K2DIO5ReMBEET VHIAZHIVE  ®m 2 rSUry L OEIC—BICiAEEEERER -8 4
BERERFA A & I TRRGEL TV, BUE, B ;%ggfgfgzttr,tbﬁ%ﬁymﬁwmﬂmm%mﬂi
T LMD TESR SR FIZ Deyth 725 TN mu-,

DMTI Z 35 BLL . Deyth DEEREZ ZHAM 95 7

RN TE TS, A1, DMTL ICE-> CHIBENICEA TN Fe’' & B9 5, ZOMAETM A%
FT, Deyth-DMTI O AAEHIC EEARFEIR S O AUT 2 OFEIR O SR & D IEE T
IZDOWTELETED,

- Dcytb

Caco-2 cells — ™~ DMT-1

Medium + ascorbate

3. £ FEE DMT1 O IL{KEE R D

b b O+ AR R bR OB BN JRAES D DMTI IZ DWW T, A Z ) — /VEALMEBRE R Pichia
pastoris \Z X DA 2 B N DMT1 O R&EFRBLRZMEE L, HRYELZ G Lo, BERMEE D> © 5
DEMHL, 74X a— B THE L LIS E His #7757 a~ N7 77 4 —CRER L,
AL ORIEMZED Z LWL o7z, A% IBEF 2 — By Z A K DR bR 5 TNT
7 T A FEABAEIIEIC L D SLRHEERENT 21TV, DMTLIC X 281 A > Oliiib s & i1 L~ v
TR L7720,
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[Category 5,2]
Energy-level alignment of a single molecule on ultrathin insulating film

Miyabi Imai—Imadal’z, Hiroshi Imada’, Kuniyuki Miwa', Jachoon Jungl,

Tomoko K. Shimizu', Maki Kawaiz, and Yousoo Kim'

'Surface and Interface Science Laboratory, RIKEN,
? Department of Advanced Materials Science, Graduate School of Frontier Science, The University of Tokyo,

The alignment of the ionization and the affinity levels of a molecule with respect to the adsorbent, i.e., the
energy level alignment (ELA), at a molecular interface plays a crucial role in understanding the molecular and
interfacial phenomena, such as the catalytic reactions, molecular luminescence, charge transport, and charge
exchange through the interface [1,2]. The ELA has been extensively investigated mainly at the molecule/metal and
molecule/bulk-insulator interfaces. At molecule/metal interfaces, interfacial interactions, such as a charge transfer
between the molecule and the metal, shift the charge neutrality level of the molecule toward the Fermi level (Ef) of
the metal substrate [3,4]. In contrast, at the molecule/bulk-insulator interface where the ionization and affinity
levels of the molecules are located in the band-gap of the insulator, no charge transfer can occur. In such a case, the
energy levels of the molecule are not drastically changed upon the adsorption, and thus the energy differences
between the molecular energy levels and the vacuum level (E,) are preserved.

A different type of molecular interface, namely, a molecule/insulator/metal interface, is prepared by forming
insulating films of a few atoms in thickness on metal substrates, upon which the molecules are only weakly coupled
or decoupled with the underlying metal substrates. The molecules at this interface show novel phenomena that have
not been previously observed on metal surfaces, such as reaction pathway control, molecular luminescence, and a
manipulation of the charge states of the adsorbates. Molecule/insulator/metal interfaces are classified between two
extreme systems in terms of the degree of interaction between the molecule and metal, which can be varied
according to the thickness of the insulating film between them. Thus, to describe the ELA at a
molecule/insulator/metal interface, it is necessary to know the energies of the molecular levels with respect to both
Er and E, of the substrates as a function of the film thickness, which has yet to be quantitatively clarified.

In this study, we propose a general description of the ELA for an isolated single organic molecule adsorbed on
a thin insulating film grown on a metal substrate, which is rationalized through a systematic analysis of the d7/dV
spectra measured on free-base phthalocyanine (H,Pc) adsorbed on NaCl films of various thicknesses using
scanning tunneling microscopy/spectroscopy (STM/STS) (Figs. 1(a) and 1(b)) [5].

Figure 2(a) shows the d//dV spectra of a H,Pc on 1,2,4
monolayers (MLs) NaCl/Au(111) and on Au(111). The peak
positions show the thickness dependency. However, these
positions were found to shift depending on the tip-surface nauatc:r

distance resulting from a voltage drop within the NaCl films.

The energy of the ionization level (E[") and the affinity levels

(EF) from Ep were deduced by compensating the peak shift Fig. 1 (a) A schematic illustration of the

arising from the voltage-drop effect by modeling the sample and the experimental setup. (b) A

model of free-base phthalocyanine (H,Pc).
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tunneling junction as a parallel capacitor. Furthermore, these levels from E, (E/, EY), which are correlated with
E lF . through El" W = Os — ELF «» were determined based on the work functions (¢s) derived from the measurement of
the dZ/dV spectroscopy.

The intrinsic energy levels of the ionization and affinity levels from Er or E,, and the center of these levels (EY)
are plotted in Figs. 2(b) and 2(c). These plots show clear tendency. First, the energy gap (Ef — EZ) increases with
the thickness of the NaCl film. Second, the energy of EY is constant regardless of the work function of the
substrates, except for H,Pc/Au(111). The change in gap size can be explained by the screening of the electric field
around the tentatively ionized molecule from the underlying metal substrates, which reduces the Coulomb potential.
The screening effect is expected to decrease with the increase in the molecule-metal distance as determined by the
film thickness. The invariance of EY indicates the “vacuum-level alignment” of both the ionization and affinity
levels, which has been observed when the electronic states of adsorbates are decoupled from the metal substrates.
In contrast, average of ionization and affinity levels, EY of HyPc/Au(111) are shifted toward Er of the substrate,
5.31 eV, suggesting a considerable hybridization between the molecular orbitals and the electronic states of the
Au(111) surface. These results demonstrate that only a few atomic layers of insulating materials are sufficient to
decouple a molecule, and that the energy levels still receive a long-range screening effect from the metal.

In conclusion, the ELA at the molecule/insulating film/metal interface is described by a vacuum-level
alignment combined with the screening effect. When increasing the thickness, the ionization (affinity) level
originating from a tentative charged state shifts downward (upward) owing to the reduced screening from the metal.
The center of these levels with respect to E, remains unchanged from the bulk insulator to the ultrathin limit. Our
findings allow us to control the charge injection barriers using the energy levels of the molecule in the gas phase,

the work function of the substrate, and the thickness of the film.
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Fig. 2 (a) dI/dV spectra of a H Pc adsorbed on the Au(111) and on the NaCl(1,2,4 MLs)/Au(111).

(b, ¢) Plots of intrinsic ionization and affinity levels relative to £, (b), and E (c) of the substrate.
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[Category 5, 1]

BTy MEREBICBITDHE 7 o VI KB ZEE) &
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[Category 5, 1]
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[Category 5]

Organic Molecular Tuning of Many-Body Interaction Energies in

Air-Suspended Carbon Nanotubes

Shunsuke Tanakal’z, Keigo Otsukal’z, Kensuke Kimura3’4, Akihiro Ishiil’z, Hiroshi Imada’,

Yousoo Kim® , and Yuichiro K. Kato'*
"Nanoscale Quantum Photonics Laboratory, RIKEN, 2Quantum Optoelectronics Research Team, RIKEN Center
for Advanced Photonics, 3Surface and Interface Science Laboratory, RIKEN, 4Department of Advanced Material

Science, The University of Tokyo

Single-walled carbon nanotubes (CNTs) have attracted
considerable attention due to their remarkable physical and
electronic properties, and much effort has been devoted to
functionalize CNTs for expanding their capabilities. In particular,
non-covalent functionalization with organic molecules is a
powerful strategy for developing CNT based devices such as
photovoltaics and photodetectors. The interactions between the
organic molecules and CNTs are considered to be less perturbative
compared to covalent modification, and therefore the outstanding
properties of CNTs can be preserved. Organic molecules such as
porphyrin and phthalocyanine couple to nanotubes through m-m
interactions to modify the charge density of CNTs, while the
emission energy is reduced due to the molecular screening.
Furthermore, there are unique exciton dynamics at the organic
molecule/CNT interface including energy and charge transfer.

In the measurements performed for nanotubes in solutions,
however, the existence of solvent molecules inevitably complicate
the interpretation by influencing the interactions. Additionally, the
solvents themselves provide molecular screening, reducing the
dielectric effects of the organic molecules. Investigation of
molecular adsorption on air-suspended nanotubes would provide
invaluable information towards fundamental understanding of the
adsorption effects, as thermal evaporation techniques allow for
molecular deposition without introducing other molecules. The use

should further

modification for developing non-covalently functionalized CNT

of pristine tubes enable drastic dielectric

devices.
Here, we demonstrate control over many-body interaction
energies in carbon nanotubes by

air-suspended copper

phthalocyanine (CuPc) molecule adsorption (Figure 1). The
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Figure 1 Dielectric screening by organic
molecules can modify the many body
interaction energies significantly.
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Figure 2 (a) A schematic image of the sample.
(b) A scanning electron microscope image of a
CuPc/CNT hybrid. (¢), (d), and (e) PL
excitation map, PL image, and laser
polarization angle dependence, respectively,
for a (9,7) nanotube in the 26~nm sample
before CuPc deposition. (f), (g), and (h) PL
excitation map, PL image, and laser
polarization angle dependence, respectively,
for the same tube after the deposition. (b), (d),
and (g) The scale bars are 1 wm.



molecules are deposited on chirality-assigned CNTs by thermal
evaporation, and we perform photoluminescence (PL)
spectroscopy of the CuPc¢/CNT hybrid (Figure 2). From the
averaged PL and PL excitation (PLE) spectra for various chiralities,
we find that the E;; and E,, resonances redshift with increasing
deposition thickness due to the molecular screening (Figure 3 and
4). Furthermore, a new emission peak is observed at an energy
below the E; peak, which is attributed to trion emission (Figure 5).
The emergence of the trion emission is likely due to charge transfer
between CuPc molecules and CNTs. The spectra from individual
tubes show that there is a good correlation between the
exciton-trion energy separation and the exciton emission energy.
Data from individual tubes reveal a good correlation between
exciton-trion energy separation and the E;; energy, suggesting the
existence of a universal relationship. We consider a model
assuming power law scaling of the interaction energies with
dielectric constant to explain the observed correlation. A model
assuming power law scaling of the many-body interactions with
dielectric constant can quantitatively explain the observed
correlation, which should be able to describe nanotubes with
different surface conditions in a universal manner. Our findings
show that organic molecule adsorption significantly affects
many-body interaction energies of suspended CNTs, which opens
up a pathway to CNT devices utilizing noncovalent molecular

functionalization.
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Figure 3 (a) and (b) Ensemble averaged PL
and PLE spectra, respectively, for (9,7) tubes
of the samples before deposition (black), 3 nm
sample (red), 7 nm sample (green), 16 nm
sample (blue), and 26 nm sample (purple).
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Figure 4 Deposition thickness dependence of
the Ey; and E,, resonance energies for various
chiralities.
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Figure 5 (a) A PLE map for a (9,7) tube in the
26 nm sample. (b) and (c¢) PL images for T and
E;; exciton emission, respectively, for the
same tube. Scale bars are 1 um.
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Development of a High-Throughput, Trigger-Less Data Acquisition System for
the Charm Baryon Spectroscopy Experiment at J-PARC

R. Hondal, Y. Igarashiz, Y. Ma3, T. N. Takahashi* for the J-PARC E50 Collaboration
'"Tohoku University, ’KEK, "RIKEN, ‘RCNP, Osaka University

As a next generation high luminosity particle —— "
FrontEnd Electronics Load balancer
3 1 1 local
physics experiment, J-PARC ES50 requires o " ko - vooctR

measurement of multiple reaction channels

| Fiber F—)l PC

spill-by-spill

simultaneously with enormous amount of data

from detectors. Traditional counter experiments I s F«/H -
with hardware event trigger technique cannot | o™ \
gg q | e )I S IV]O{:.-’#OG Ethernet \. Monitor
. - InfiniBand 4
fulfill such requirements. Therefore, we propose i RN

to develop a high-throughput trigger-less data

. . Figure 1: Concept of the streaming DAQ system
acquisition system (DAQ) to face this challenge.
The proposed DAQ has the following features: 1) capability to handle MHz order event rate and a data
throughput of 10GB/s in average; 2) optimized online filtering and tracking algorithm to select physics event
effectively with 99% background suppression; 3) entirely implemented with general purpose computing

devices (CPU and GPU).
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Figure 2: In-Beam Setup and Data Flow in the Streaming DAQ system

The concept of the proposed DAQ is illustrated in Fig.1. There are four stages in the proposed trigger-less
DAQ: buffering, packing, tracking and storing. The digitized signals from detectors (TDC and ADC)

carrying global time stamp are sent to buffer stations first via fast Ethernet connection. Data from different
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detectors are merged and packed into event candidates at packer stations. The packed events are then fed into
tracker stations as shown in Fig.1, where data filtering and tracking are performed by software. Only charm
related physics events passed those filtering and tracking are saved into local storage devices for offline data
analysis.

We have developed FPGA based streaming TDC modules with synchronization capability. A prototype
DAQ software was prepared based on FairMQ [1]. We have carried out in-beam test for the idea of
streaming DAQ in December of 2018, at ELPH of Tohoku University, which clearly demonstrates the
feasibility of the proposed setup. The schematic setup used for the in-beam test is shown in Fig.2. In total,
128 channels of scintillation fiber, 14 channels scintillation counter and 30 channels of drift chamber are read
by six streaming TDC modules without trigger selection. All six streaming TDC modules (HUL [2]) worked
at their highest throughput (1Gpbs) without obvious data loss. This is an important evidence for the
transportation capability of TCP/IP technique in near real time condition.

During the in-beam test, we tested two types

: : : ¢ ' s ' "CPU | 10
of online processing algorithm to pack data et #— IMemory ¥
from different TDC modules together and ar |'|"-. I 8 g
) [} (1 4l
suppress random hits from detectors. The first R25¢ } | 11 M ‘'H 6 é
E L | I | A () \f .
method is to employ standard C++ algorithm w : A | l-—-‘!' \ | 1|| Il || ‘ “L.;
15 - 1 R ‘
(inplace merg()) to merge and sort the TDC ,l 0 A | ]' "Lu ' v
1r 1 ' i I 1 ]
data. The online performance was found that oo I P e o T e J 2
R
one needs ~25GB RAM and ~25 CPU cores to S £ e i i e 0
0 20 40 80 80 100 1
handle 6Gbps data throughput. However, the monitoring time [second]

performance is also strongly dependent on the Figure 3: CPU and Memory Consumption among 40 CPUs
data segment size: a smaller data segment to be 4756 GB Memories

processed the better performance can be

expected. There is still some possibility to optimize this method by fine tuning the data segment. Another
method we tested is named as fixed time window method. We divide the global TDC data into 1jis wide time
window, which is mapped to a fixed address in RAM space. By checking the multiplicity information of
each time window, we will be able to suppress the dark counts from hot channels. The performance of this
method is given in Fig.3. It is apparent that this method is more economic and allow us to perform further
online processing such as hit position finding by using pre-built look up table. In any case, we have achieved

an important goal by demonstrating the data processing capability of modern server machine and established

the feasibility of streaming DAQ.
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LTW5b, OO 13X /7' G ol L FEEl LT 1400 1500 1600
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