Frontiers of Nanoscience
Series Editor: Richard E. Palmer

Volume 9

Protected Metal Clusters:
From Fundamentals
to Applications

Edited by
Tatsuya Tsukuda
Hannu Hikkinen



Frontiers of Nanoscience

Volume 9

Protected Metal
Clusters: From
Fundamentals to
Applications

Edited by
Tatsuya Tsukuda

Department of Chemistry,

w, ;’u.v_‘,..iz,; i b
School of Science, iy ?T’ ’j\"f; ' J WT*/ '
The University of Tokyo, T4 d _,.}a% b "

Hannu Hakkinen
Departments of Chemistry armfPhyshes—
Nanoscience Center,

University of Jyvaskyla,

Jyvaskyla, Finland

AMSTERDAM e BOSTON e HEIDELBERG = LONDON = NEW YORK ¢ OXFORD
PARIS » SAN DIEGO © SAN FRANCISCO = SINGAPORE » SYDNEY « TOKYO



Elsevier

Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK
225 Wyman Street, Waltham, MA 02451, USA

Copyright © 2015 Elsevier Ltd. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by

any means, electronic or mechanical, including photocopying, recording, or any
information storage and retrieval system, without permission in writing from the
publisher. Details on how to seek permission, further information about the Publisher’s
permissions policies and our arrangements with organizations such as the Copyright
Clearance Center and the Copyright Licensing Agency, can be found at our website:
www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright
by the Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional
practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge
in evaluating and using any information, methods, compounds, or experiments
described herein. In using such information or methods they should be mindful of
their own safety and the safety of others, including parties for whom they have a
professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or
editors, assume any liability for any injury and/or damage to persons or property as a
matter of products liability, negligence or otherwise, or from any use or operation of
any methods, products, instructions, or ideas contained in the material herein.

ISBN: 978-0-08-100086-1
ISSN: 1876-2778

For Information on all Elsevier publications
visit our website at http://store.elsevier.com/

qa Working together
m —4M8 o grow libraries in
asvis | Pack A developing countries

www.elsevier.com « www.bookaid.org

Printed in the United States of America



Frontiers of Nanoscience
Volume 9

Protected Metal Clusters: From
Fundamentals to Applications



FRONTIERS OF NANOSCIENCE

Series Editor: Richard E. Palmer

The Nanoscale Physics Research Laboratory,
The School of Physics and Astronomy,

The University of Birmingham, UK

Vol. 1 Nanostructured Materials edited by

Vol.

Vol.

Vol.

Vol.

Vol.

Vol.

Vol.

Vol.

4

7

Gerhard Wilde

Atomic and Molecular Manipulation edited by
Andrew ]. Mayne and Gérald Dujardin

Metal Nanoparticles and Nanoalloys edited by
Roy L. Johnston and J.P. Wilcoxon

Nanobiotechnology edited by
Jesus M. de la Fuente and V. Grazu

Nanomedicine edited by
Huw Summers

Nanomagnetism: Fundamentals and Applications edited by
Chris Binns

Nanoscience and the Environment edited by
Jamie R. Lead and Eugenia Valsami-Jones

Characterization of Nanomaterials in Complex Environmental
and Biological Media edited by
Mohammed Baalousha and Jamie R. Lead

Protected Metal Clusters: From Fundamentals to Applications
edited by Tatsuya Tsukuda-and Hannu Hakkinen



Contributors

Christopher J. Ackerson, Department of Chemistry, Colorado State University, Fort
Collins, CO, USA

Christine M. Aikens, Department of Chemistry, Kansas State University, Manhattan,
KS, USA

Yuxiang Chen, Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA,
USA

Nirmal Goswami, Department of Chemical and Biomolecular Engineering, National
University of Singapore, Singapore

Hannu Hiikkinen, Department of Physics, and Department of Chemistry, Nanoscience
Center, University of Jyviskyld, Jyviskyld, Finland

De-en Jiang, Department of Chemistry, University of California, Riverside, CA, USA

Rongchao Jin, Department of Chemistry, Carnegie Mellon University, Pittsburgh, PA,
USA

Wataru Kurashige, Department of Applied Chemistry, Faculty of Science, Tokyo
University of Science, Shinjuku-ku, Tokyo, Japan

Jingguo Li, Department of Chemical and Biomolecular Engineering, National
University of Singapore, Singapore

Yuichi Negishi, Department of Applied Chemistry, Faculty of Science, Tokyo
University of Science, Shinjuku-ku, Tokyo; Photocatalysis International Research
Center, Tokyo University of Science, Noda, Chiba; and Department of Materials
Molecular Science, Institute for Molecular Science, Okazaki, Aichi, Japan

Thomas W. Ni, Department of Chemistry, Colorado State University, Fort Collins, CO,
USA

Yoshiki Niihori, Department of Applied Chemistry, Faculty of Science, Tokyo
University of Science, Shinjuku-ku, Tokyo, Japan

Richard E. Palmer, Nanoscale Physics Research Laboratory, School of Physics and
Astronomy, University of Birmingham, Birmingham, UK

Shinjiro Takano, Department of Chemistry, School of Science, The University of
Tokyo, Bunkyo-ku, Tokyo, Japan

Qing Tang, Department of Chemistry, University of California, Riverside, CA, USA

Marcus A. Tofanelli, Department of Chemistry, Colorado State University, Fort
Collins, CO, USA

Xi



xii Contributors

Tatsuya Tsukuda, Department of Chemistry, School of Science, The University of
Tokyo, Bunkyo-ku, Tokyo; Elements Strategy Initiative for Catalysts and Batteries
(ESICB), Kyoto University, Katsura, Kyoto, Japan

Yu Wang, Collaborative Innovation Center of Chemistry for Energy Materials, State
Key Laboratory for Physical Chemistry of Solid Surfaces, College of Chemistry
and Chemical Engineering, Xiamen University, Xiamen, China

Zhi Wei Wang, Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy
of Sciences, Beijing, China

Jianping Xie, Department of Chemical and Biomolecular Engineering, National
University of Singapore, Singapore
Huayan Yang, Collaborative Innovation Center of Chemistry for Energy Materials,

State Key Laboratory for Physical Chemistry of Solid Surfaces, College of
Chemistry and Chemical Engineering, Xiamen University, Xiamen, China

Nanfeng Zheng, Collaborative Innovation Center of Chemistry for Energy Materials,
State Key Laboratory for Physical Chemistry of Solid Surfaces, College of
Chemistry and Chemical Engineering, Xiamen University, Xiamen, China



Acknowledgments

We would like to express our appreciation to Professor Richard Palmer
(Birmingham University), the series editor of Frontiers of Nanoscience, for
giving us an opportunity to edit a book on the currently hot topic of nano-
materials. We are grateful to all our colleagues for their significant efforts in
writing the chapters. We thank our Editorial Project Manager, Derek Coleman
(Amsterdam), and Acquisitions Editor, Susan Dennis (Oxford), for their
guidance and patience throughout this project. H.H. thanks the Wihuri
Foundation for supporting a sabbatical leave during which part of this project
was completed.

June 2015
Tatsuya Tsukuda/Tokyo, Japan
Hannu Hikkinen/Jyviskyléd, Finland

xiii






Contents

Contributors

Acknowledgments

1. Introduction
Tatsuya Tsukuda, Hannu Hadkkinen

1.1
1.2
1.3

Protected Metal Clusters: A Brief History
The Aims of the Book

The Outline of the Book

1.3.1  Synthesis

1.3.2  Characterization

1.3.3  Application

References

2. Controlled Synthesis: Size Control
Shinjiro Takano, Tatsuya Tsukuda

2.1
2.2

2.3

2.4

2.5

Atomically Precise Size Control: Why?
Atomically Precise Size Control: How?

2.2.1  Template-Mediated Synthesis

2.2.2  Fractionation

2.2.3  Size-Focusing Synthesis

Isolated Gold and Silver Clusters

2.3.1  Gold Clusters Protected by Thiolates
2.3.2  Gold Clusters Protected by Other Ligands
2.3.3  Silver Clusters Protected by Thiolates
Size-Dependent Evolution

2.4.1  Electronic Structures

2.4.2  Geometric Structures

Summary

References

3. Controlled Synthesis: Composition
and Interface Control

Yuichi Negishi, Yoshiki Niihori, Wataru Kurashige

341

Composition and Interface Control: Why?

xi
xiii

G b WwWwwh =

11
12
12
17
19
19
24
26
27
27
29
30
31

39

39



Contents

3.2  Composition Control 40

3.2.1  Controlled Synthesis of Intermetallic Clusters 40

3.2.2  Synthesized Intermetallic Clusters 46

3.2.3  Effects of the Mixing of Different Elements 51

3.3  Interfacial Control 58
3.3.1  Controlled Synthesis of Au Clusters Protected by

Other Ligands 58

3.3.2  Synthesized Au Clusters 61

3.3.3  Effects of the Use of Each Ligand 63

3.4  Summary and Perspective 66

References 66

Structural Engineering of Heterometallic Nanoclusters 73
Yu Wang, Huayan Yang, Nanfeng Zheng

4.1  Introduction 73
4.2 Synthetic Strategies Toward Heterometallic Nanoclusters 76
4.2.1  Coreduction of Metal Precursors to Heterometallic

Nanoclusters 77
4.2.2  Preparation of Heterometallic Nanoclusters from
Premade Clusters 78
43  Ligand-Induced Structural Engineering of Heterometallic
Nanoclusters 79
4.3.1  Phosphine-Stabilized Heterometallic Nanoclusters 79
4.3.2  Thiolate-Stabilized Heterometallic Nanoclusters 85
4.3.3  Heterometallic Nanoclusters Costabilized by
Phosphines and Thiolates 90
4.4  Properties of Organic-Protected Heterometallic
Nanoclusters 93
4.5  Summary 95
References 96

Structure Determination by Single Crystal
X-ray Crystallography 103

Thomas W. Ni, Marcus A. Tofanelli, Christopher J. Ackerson

5.1  Introduction 103

5.2 Structure Determination by Single Crystal X-ray
Crystallography 106
5.2.1  Preparing Homogeneous Material 109
5.2.2  Growing Crystals 110

5.2.3  Collecting Single Crystal X-ray Diffraction Data 114
5.2.4  Solving Single Crystal Structures of Protected

Metal Clusters 116
5.3  Examples 119
5.4  Summary and Prospects 119

References 121



Contents

6. Atomic-Scale Structure Analysis by Advanced
Transmission Electron Microscopy

Zhi Wei Wang, Richard E. Palmer

6.1
6.2

6.3

6.4

Introduction
Transmission Electron Microscopy
6.2.1 Aberration Correction

6.2.2 3D Structural Determination with Atomic Resolution

Atomic Structure and Dynamics of Small Nanoclusters
6.3.1  Size-Dependent Structure and Dynamics

6.3.2  Thiolate-Protected Gold Clusters

Summary and Prospects

References

7.  Structure Prediction by Density Functional Theory
Calculations

Qing Tang, De-en Jiang

7.1
7.2

7.3

Introduction

Structural Search

7.2.1  Staple Hypothesis

7.2.2  Staple Fitness

7.2.3 Interlocked Feature

7.2.4  Longer Motifs and Ring Hypothesis

7.2.5  vdW Interaction or Steric Effect on Structural
Prediction

7.2.6 Fcc Core

Summary and Prospects

Acknowledgments

References

8. Electronic Structure: Shell Structure and the
Superatom Concept

Hannu Hakkinen

8.1
8.2

8.3

8.4

Introduction

Electron Shells

8.2.1  Noninteracting Electrons in a Potential Well

8.2.2 Interacting Electron Gas—The Jellium Model

Concept of a Superatom

8.3.1 Little History

8.3.2  The Superatom Concept for Monolayer-Protected
Metal Clusters (MPCs)

8.3.3  The Story of Auzg(SR)24—from an Interesting but
Obscure Object to One of the Best Understood
Clusters

8.3.4 A Brief Overview of Known MPC Structures

Summary and Prospects

Acknowledgments

References

vii

127

127
129
132
134
136
137
148
154
154

161

161
163
163
167
169
172

175
177
181
182
182

189

189
190
190
192
199
199

201

206
210
215
216
217



viii

10.

11.

Contents

Optical Properties and Chirality 223
Christine M. Aikens
9.1  Introduction 223
9.2  Background 224
9.3  Optical Properties 225
9.3.1  Fundamental Origin 225
9.3.2  Accuracy Considerations 229
9.3.3  Effect of Doping on the Optical Absorption
Spectrum of Aup5(SR)1g™ 232
9.3.4  Other Nanoparticle Stoichiometries 235
9.4  Nonlinear Optical Properties 248
9.5  Chirality and Chiroptical Properties 248
9.5.1  Fundamental Origin 248
9.5.2  Gold—Thiolate MPC Chirality 250
9.5.3  Computed CD Spectra for MPCs 251
9.5.4  Silver MPCs 253
9.6  Summary and Prospects 255
References 255

Atomically Precise Gold Nanoclusters Catalyzed

Chemical Transformations 263
Yuxiang Chen, Rongchao Jin
10.1  Introduction 263
10.2  Overview of Au,(SR),, Nanoclusters 265
10.2.1  Size-Focusing Syntheses and Determination
of Atomic Structures 265
10.2.2  Thermal Stability 270
10.2.3  Reactivity with O, 271
10.3  Catalytic Properties of Au,(SR),, Nanoclusters 272
10.3.1  Catalytic Oxidation 272
10.3.2  Catalytic Hydrogenation 280

10.3.3  Catalytic Carbon—Carbon Coupling Reactions 288
10.3.4  Catalytic Effects of Heteroatom-Doped

Nanoclusters 291

10.4  Summary 291

Acknowledgment 292

References 293

Functionalization and Application 297
Nirmal Goswami, Jingguo Li, Jianping Xie

111 Introduction 297

11.2 Functionalization 299

11.2.1 Metal Core Modification 299

11.2.2  Surface Modification 309

11.2.3 Surface Functionalization 315



Contents

Index

11.3

11.4

Applications

11.3.1  Sensing

11.3.2  Bioimaging

11.3.3  Antimicrobial Activity
11.3.4  Cancer Radiotherapy
Summary and Prospects
Acknowledgment

References

317
317
329
333
333
335
336
336

347






Chapter 1

Introduction

Tatsuya Tsukuda*®" and Hannu Hikkinen®!

*Department of Chemistry, School of Science, The University of Tokyo, Bunkyo-ku, Tokyo, Japan;
SElements Strategy Initiative for Catalysts and Batteries (ESICB), Kyoto University, Katsura,
Kyoto, Japan; *Department of Physics, Nanoscience Center, University of Jyvdskyld; Jyvdskyld,
Finland; 'Department of Chemistry, Nanoscience Center, University of Jyvdskyld, Jyvdskyld,
Finland

' Corresponding author: E-mail: tsukuda@ chem.s.u-tokyo.ac.jp

Chapter Outline
1.1 Protected Metal Clusters: 1.3.1 Synthesis
A Brief History 1 1.3.2 Characterization
1.2 The Aims of the Book 2 1.3.3 Application
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1.1 PROTECTED METAL CLUSTERS: A BRIEF HISTORY

Metal clusters composed of less than a few hundred atoms are located between
the bulk and atomic states of the corresponding metal and have attracted
physicists over the last four decades. The central subject of the early stage of
the cluster research was to observe the finite-size effects on physical properties
of metal clusters and to understand their microscopic origins. Development of
new experimental and theoretical methods has led to a discovery of a variety of
remarkable size-specific phenomena and physicochemical properties. For
example, the development of versatile methods of cluster production such as
laser ablation coupled with mass spectrometry has unveiled magic numbers of
clusters due to the closure of electronic and/or geometric structure(s)." These
observations have led to the establishment of the concepts of electron shell
closing based on the jellium model® and superatoms.” It has been widely
recognized that various physicochemical (magnetic, optical, chemical, and
thermal) properties of metal clusters deviate significantly from their bulk
counterparts and evolve dramatically as a function of size, as exemplified by
the metal—insulator transition.* During this development, the community has
come to be convinced that metal clusters are promising functional units of

Frontiers of Nanoscience, Vol. 9. http://dx.doi.org/10.1016/B978-0-08-100086-1.00001-4
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2 Frontiers of Nanoscience

novel materials and has made an effort to develop cluster-based materials
under catchphrases: “small is different”>® and “every atom counts.””*

Chemical synthesis has been a challenge to be overcome to initiate,
accelerate, and deepen materials science of metal clusters, as evidenced by the
explosive growth in materials science of nanocarbons after the large-scale
production of Cg.” In the field of inorganic chemistry, phosphine-protected
small Au cluster compounds have been long studied with a special focus on
the synthesis and structural determination. One of the most famous examples
is Schmid’s Auss compound.'® However, variation of the systems and scope of
the application were limited due to the instability and structural and compo-
sitional ambiguity. It was in 1994, when the first chemical synthesis of thiolate
(RS)-protected Au nanoparticles was reported by Brust and Schiffrin.'" This
simple but inventive method allowed us to treat the metal clusters as con-
ventional chemical compounds. In the late 1990s, these monolayer-protected
clusters have been viewed as nanocrystal gold molecules by Whetten'? and
gold nanoelectrode by Murray.'>'* The structure models based on hollow-site
or bridge-site absorption of thiolates on nanocrystals have been theoretically
developed by Landman.'’ Garzén was the first who suggested a strong
deformation of the core structure by the thiolate adsorption.'® Hikkinen
proposed a concept of “divide and protect”!” in which the Au clusters are
protected by Au—thiolate oligomers. The first report on the mass spectrometric
determination of molecular formula of Au,(SR),, in 2005 by Tsukuda has
opened a door to the atomically precise synthesis.18 In 2007, Kornberg made a
breakthrough in structure determination of protected metal cluster
(Aujg2(SR)44) using single crystal X-ray diffractions.'® Research interest in
basic science and practical applications of the ligand-protected metal clusters
has been explosively growing in the last decade, including many other ligand
types than thiols and many other metals than gold.?~**

1.2 THE AIMS OF THE BOOK

It is an opportune moment after 20 years since the first report on the wet
chemical synthesis to write a book concerning ligand-protected clusters in
order to provide vivid snapshots of current research trends and innovative
applications. This book entitled Protected Metal Clusters: From Fundamentals
to Applications is included in a series entitled “Frontiers of Nanoscience
(Elsevier; series editor, Richard Palmer)” and is aimed to survey development
in the last decade in the fundamental concepts and potential applications of
atomically precise metal clusters protected by organic ligands. This class of
materials is now emerging due to breakthroughs in synthesis and character-
ization that have taken place during the last few years. This book on these
exciting novel nanomaterials has two major aims depending on the audience. It
is not trivial for the students and newcomers in this research field to system-
atically understand the fundamentals from a huge body of literature. Thus the



