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Magic-Numbered Au, Clusters Protected by Glutathione Monolayers (n = 18,
21, 25, 28, 32, 39): Isolation and Spectroscopic Characterization

Yuichi Negishi,? Yoshimitsu Takasugi,* Seiichi Sato,* Hiroshi Yao,* Keisaku Kimura,* and
Tatsuya Tsukuda**

Research Center for Molecular-Scale Nanoscience Institute for Molecular Science,
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The Graduate University for Advanced Studies, Hayama, Kanagawa 240-0193, Japan, and
Department of Material Science, Himeji Institute of Technology, Ako-gun, Hyogo 678-1297, Japan
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Monolayer-protected clusters (MPCs), especially with sub-
nanometer-sized metal cores,'~® provide us good opportunities to *:;E?' N w
study evolution of electronic, optical, and chemical properties as a - — —
function of a core size as well as to develop novel building blocks 1 2 LW 4 5 6
for various nanoscale devices. To attain these ends, preparation of { 5.
MPCs with well-defined compositions is of primary importance.

Although one can control the average core size of the MPCs et

prepared by the conventional chemical route based on nucleation
of zerovalent metal atoms in the presence of thiols,” such a method
inevitably produces a distribution in the core sizes due to statistical

. »
| I | =

J. Am. Chem. Soc, 2004.
Cited 504 times (Google scholar)
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Figure 1. Appearance of gels containing fractionated clusters 1—6.
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Glutathione-Protected Gold Clusters Revisited: Bridging the
Gap between Gold(l)—Thiolate Complexes and
Thiolate-Protected Gold Nanocrystals

Yuichi Negishi,t+ Katsuyuki Nobusada,$ and Tatsuya Tsukuda*+

Contribution from the Research Center for Molecular-Scale Nanoscience and Department of
Theoretical Studies, Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan,
and Department of Photoscience, School of Advanced Sciences, The Graduate University for
Advanced Studies, Hayama, Kanagawa 240-0193, Japan

J. Am. Chem. Soc, 2005.
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ACS Nano 2015
Research Highlight

To investigate, Niihori et al. (DOI: 10.1021/
acsnano.5b03435) probed the products from
ligand-exchange reactions of phenyletha-
nethiolate-protected Auy,Pd clusters (Au,,Pd-
(SC,H4Ph)4g) with thiol, disulfide, or diselenide
using reverse-phase high-performance liquid
chromatography. This method separated out
each coordination isomer from the reaction
with high resolution, enabling them to be
evaluated quantitatively, and provided more
information about the nature of the reaction.
The researchers found that the reactions ap-
pear to begin preferentially at thiolates that
are bound directly to the metal core. Because
the reaction occurred between clusters in the
cluster solution, this led to variations in co-
ordination isomer distribution of the clusters

in solution. Controlling the coordination
isomer distribution of the reactant clusters
enabled control of the distribution of the
products. The authors suggest that these
results could help optimize the creation
of desired metal clusters in other ligand-
exchange reactions.

s PSR (55
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J. Am. Chem. Soc 2015
Highlight in Nat. Nanotech.

research highlights

GOLD NANOPARTICLES
Metallic up to a point

J.Am. Chem. Soc. http://doi.org/zj7 (2014)

The chemical properties of gold nanoparticles change with size. In particular, as the size
of the nanoparticles gets smaller, their electronic structure changes from that typical

of ametal, with surface electrons that behave in a collective manner, to that typical of a
molecule, with discrete energy levels. But at what size exactly does this transition occur?

To find this out, Hannu Hakkinen, Tatsuya Tsukuda, Yuichi Negishi and colleagues have

now analysed the optical absorption and X-ray diffraction spectra of a series of thiolate-
protected gold clusters composed of precise numbers of atoms, from Au ;o to Auss

The researchers — who are based at the University of Jyvéskyls, the University of Tokyo
and the Tokyo University of Science — find that there is a clear transition in the optical
absorption spectra from a featureless plasmonic band, typical of metals, to a band with
vibronic structures, typical of molecules, when the size of the cluster reduces from 187 to
144 gold atoms. As confirmation of the loss of metallic behaviour at around this size, the
team show clusters with 144 atoms or fewer no longer have the face-centred cubic crystal
structure typical of metallic gold.

Furthermore, owing to the good agreement between the X-ray spectra and density
functional theory calculations, Hakkinen and colleagues are able to propose new structures
for several Au clusters with more than 100 atoms. These clusters can be thought of as
having core-shell structures in which the core Au atoms have a different geometry to the
shell Auatoms. AM

IECR 2017

IREC

research

Nanoscale 2015

PCCP 2016
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JPCL 2018
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Showcasing research from Prof. Yuichi Negishi's laboratory, As featured in:

Tokyo University of Science, Japan and Prof. De-en Jiang's

laboratory, University of California, Riverside, USA.
Hetero-biicosahedral [Au, Pd(PPh,) (SC H Ph),CL]" nanocluster: Nanoscale
selective synthesis and optical and electrochemical properties
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Photo/electrocatalysis and photosensitization
using metal nanoclusters for green energy and

medical applications

Tokuhisa Kawawaki, 2 Yuichi Negishi {2 *® and Hideya Kawasaki

*b

Owing to the rapidly increasing demand for sustainable technologies in fields such as energy, environmental
science, and medicine, nanomaterial-based photo/electrocatalysis has received increasing attention.
Recently, synthetic innovations have allowed the fabrication of atomically precise metal nanoclusters
(NCs). These NCs show potential for green energy and medical applications. The present article primarily

Received 15th September 2019
Accepted 17th October 2019

focuses on evaluation of the recent developments in the photo/electrocatalytic and photosensitizing

characteristics of metal and alloy NCs. The review comprises two sections: (i) photo/electrocatalysis for

DOI: 10.1039/c9na00583h

rsc.li/nanoscale-advances

1. Introduction

During the past few decades, photocatalysis and electrocatalysis
have received significant attention as a result of the increasing
demand for sustainable technologies in the fields of energy,
environmental science, and medicine.*” Photo/electrocatalytic
approaches rely on electronic excitation, and their perfor-
mance depends on the ability to create electron (e~ )-hole (h*)
pairs that successively undergo chemical reactions with other

“Department of Applied Chemistry, Faculty of Science, Tokyo University of Science, 1-3
Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan. E-mail: negishi@rs.kagu.tus.ac.jp
*Department of Chemistry and Materials Engineering, Faculty of Chemistry, Materials
and Bioengineering, Kansai University, Suita-shi, Osaka 564-8680, Japan. E-mail:
hkawa@kansai-u.ac,p

Assistant ~ Professor  of  the
Department of Applied Chem-
istry, Faculty of Science, Tokyo
University of Science, received
PhD degree (2015) in Applied
Chemistry from the University of
Tokyo. Since 2016, he worked as
Japan Society for the Promotion
of Science (JSPS) Postdoctoral
fellow (PD) at the University of
Melbourne. Since 2017, he
worked as JSPS super PD (SPD)
at Kyoto University. In 2019, he
moved to the current position. His current research topics include
ynthesis of metal particles and 1 's in solutions and
their applications for photoelectrochemistry.

green energy and (i) photosensitization for biomedical therapy applications. Finally, the challenges
associated with the use of metal NCs are presented on the basis of current developments.

compounds via oxidative (e.g., 2H,0(1) — O,(g) + 4H'(aq) + 4e")
and reductive reactions (e.g., 2H'(aq) + 2¢~ — H,(g)). Many
advanced nanomaterial-based photo/electrocatalysts have been
synthesized and reported, and their advantages include large
surface-to-volume effects, numerous catalytic active sites,
quantum size effects and high stability."” These catalysts are
considered to be promising for energy and environmental
applications, such as photo/electro water splitting to generate
hydrogen (H,) and conversion of carbon dioxide (CO,).
Furthermore, they are used in the fuel industry and in water
treatment and disinfection, air purification, and self-cleaning
surfaces.'® Usually, the term “photo/electrocatalysis” refers to
photo/electrochemical reactions, which involve an electron
transfer. Conversely, when energy transfer occurs in

Professor of the Department of
Applied Chemistry at Tokyo
University ~ of  Science. He
received his PhD degree in
Chemistry in 2001 under the
supervision of Prof. Atsushi
Nakajima from Keio University.
Before joining Tokyo University
of Science in 2008, he was
employed as an assistant
professor at Keio University and
\‘,e» ’ at the Institute for Molecular
Science. His current research
interests include the precise synthesis of stable and functionalised
metal nanoclusters and their applications in energy and environ-
mental materials.
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precursor of cocatalyst photocatalyst
Au,5(SG)4g BalLa,Ti,0,5

4 N
Prof. Kudo
(TUS)

Chem. Soc. Rev. 2009.
7,315 times cited

SG: glutathionate

A. Kudo, et al.,
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J. Am. Chem. Soc, 2005.
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TEM image Nanoscale, 2013.

Histogram
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(present method)
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Photocatalytic activity
Au,s—
H2 BaLa4Ti4015
0,
H2 AuNp—
02 BaLa4Ti4015
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Rate of Gas Evolution (pumol/h)

Water-splitting phtocatalytic activity of this material cannot be improved by mere
miniaturization of cocatalyst
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Miniaturization of cocatalyst improves not only hydrogen evolution
ability but also oxygen photoreduction reaction
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Auyp

—

Miniaturization of cocatalyst improves not only hydrogen evolution
ability but also oxygen photoreduction reaction

If oxygen photoreduction reaction can be suppressed, highly active water-splitting
photocatalyst can be created using high hydrogen evolution ability of small clusters
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H 20 H M. Yoshida, K. Domen, et al., J. Phys. Chem. C,
2 (2009), 113, 10151.

H+

Photocatalyst [STOu s.m(OH)2mxHz0

Formation of Cr,05 shell is powerful method to suppress only oxygen
photoreduction reaction
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K. Domen, et al., New Method
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TEM image HR-TEM image

We have succeed in embedding cocatalyst in Cr,0; while maintaining cluster size
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19 times

BalLa,Ti,05
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The photocatalytic activity was improved by about 19 times
by the formation of Cr203 shell
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J. Phys. Chem. C (2018).
Cr photodeposition adsorption

— wL v ; EE J
Cr203 cr 0
BaLa4T|4015 /\ \2 wj:matlon

o Q,
/\W

We have succeeded in creating highly activity water-splitting photocatalyst using
characteristics of small gold cluster cocatalyst by establishing new method for
the formation of Cr,05 shell.
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/7~ Bala,Ti;0;5

A. Kudo, et al.
J. Am. Chem. Soc. (2011)

Potential / eV (NHE at pH = 0)
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/ phenylethanethiolate \
Q7

dodecanethiolate

SH

glutathionate

HS
0 0] 0
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AU24Pt(SR) 18

Alloy cluster can be synthesized using only hydrophilic ligands
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Water-splitting activity
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