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京都大学 化学特別講義 (2025/11/27, 28)

【到達目標】
クラスターの構造・基礎物性の理解を通して、ナノ物質の機能発現の
起源に迫る。

【授業概要】
原子や分子が会合したクラスターの構造や物性を解明することは、凝
縮相での諸現象の微視的な理解を深めるだけでなく、機能性ナノ物質
を開発するための合理的な設計指針を与える。本講義では、さまざま
な独創的な実験方法を通して確立されつつあるクラスター科学の基礎
から、近年急激な進展をみせるナノ物質化学の最先端までを概説する。

【内容】
§1. 孤立金属クラスター
§2. 安定化金属超原子：精密合成と構造評価
§3. 安定化金属超原子：物性

講義概要
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京都大学 化学特別講義 (2025/11/27, 28)

§1. 孤立金属クラスター

1.1. 研究の動機

1.2. 一般的特徴
1. 幾何構造
2. 電子構造
3. まとめ

1.3. 研究事例
1. 実験方法
2. 安定性
3. 電子構造
4. 幾何構造
5. 化学反応性
6. その他（融点、磁性）
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クラスターとは？

ファンデルワール He, Ne, Ar, Xe, ...

水素結合 H2O, CH3OH, ...

共有結合 C, Si, …

イオン結合 NaCl, …

金属結合 Au, Pd,.. C60

クラスター

1.1. 研究の動機
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京都大学 化学特別講義 (2025/11/27, 28)

Lycuurgus Cup (リュクルゴスの杯)

大英博物館収蔵
1,600年前古代
ローマ時代

電子材料・無電解メッキ

低温焼成で金属並みの伝導度達成

分散することができる。図2（a）に示すように、これらの
ナノ粒子の平均粒径は5nmであるが、長時間放置しても
凝集や沈殿を生じない。粘度を高くすればスクリーン印刷、
粘度を低くすればインクジェット印刷用のインクとして扱
うことができる。例えば銀ナノペーストの場合、金属含有量
が60wt%であってもその粘度は約10mPa・sであり、図2（b）
に示すように液体として扱うことができる。

4
焼結後の銀ナノペーストの内部構造

　金・銀ナノペーストは基板に印刷後、加熱するだけで容
易に金属膜を形成することができるが、焼成温度は分散剤
の分解・脱離温度に大きく依存する。図3に示すように銀
ナノペーストの場合、10μΩ・cm以下の金属膜を形成させ
るためには、180℃以上の温度で60分間の加熱が必要であ
ることがわかった。200℃以上に焼成温度を高くすると、
焼成膜の体積抵抗値は約2μΩ・cmとなり、バルク銀（1.6μΩ・
cm）とほぼ同等の導電性を示していた。導電性と焼結構造

5
銀めっき代替用途への応用

　図5に示すIC・LSIパッケージでは、半導体チップとリー
ドフレームを電気的に接合するワイヤボンディングのボン
ディングパッドを形成するため銀めっきが利用されている。
インクジェット印刷によるボンディングパッドの形成は、
デバイスの微細化に伴うボンディングエリアの狭ピッチ化
に対応できるだけでなく、シアン化銀（AgCN）のような人
体に有害な化合物を使用しないという点で、銀めっきに代
わる新しい技術として注目されている。
　銀ナノペーストと銀めっきの性能を比較するため、銀ナ
ノペーストを使用して200μm角の銀パッドを銅板上に形
成し、直径30μmの金ワイヤを超音波接合した（図6）。接合
した金ワイヤのプル強度試験結果を図7に示す。金ワイヤ
接合したすべてのポイントで、14kgf以上のプル強度を示
しており、銀めっきと同等の高い接合力が均一に得られた。

の相関性を解析するため、焼結体の内部構造をFIB（Focused 
Ion Beam）装置によって観察した。それぞれの焼成温度で
形成した銀ナノペーストの断面SIM像（Scanning Ion Micro 
scope Image）を図4に示す。180℃で焼成した銀膜では10μΩ・
cmの体積抵抗値が示すように個々の金属結晶が大きく成
長しておらず、比較的多孔質な焼成構造が確認された。し
かし、200℃以上で焼成した銀膜は低い体積抵抗値が示す
ように緻密な内部構造が形成されていた。同じ2 μΩ・cmの
体積抵抗値でも、220℃で焼成した場合は200℃で焼成した
膜よりも金属結晶が大きく成長していることが確認された。

図 2： (a) 金ナノ粒子の粒度分布、(b) 銀ナノペーストの外観

図 3：銀ナノペーストの焼成温度と体積抵抗値の関係

図 4：焼成後の銀ナノペーストの断面 SIM像

図 7：金ワイヤ接合のプル強度

図 6：ナノペーストによって形成した銀パッドへの金ワイヤ接合試験

図 5：プラスチックパッケージICの断面形状

 (a) (b) 

 (a) 180℃ /60 分 (c) 220℃ /60 分(b) 200℃ /60 分
1μm 1μm 1μm

Silver NanoPaste

2

220 ℃

ナノ触媒

金をナノ粒子化する
ことで、低温酸化触
媒として機能

春田ゴールドHPより

ハリマHPより

DNAセンシング
近赤外光イメージング
フォトサーマル治療

DNAセンシング

金属ナノ粒子1.1. 研究の動機
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金属ナノ粒子から金属クラスターへ1.1. 研究の動機

物
性

バルク 原子クラスターナノ粒子

12
直径 (nm)

100 10 1

構成原子数（サイズ）

・スケーリング則からの逸脱
・構成原子数に劇的に依存

スケーリング則

There's plenty of room
at the bottom.
(1959, R. P. Feynman)

融点
MP(R) = MPbulk – A/R
イオン化ポテンシャル

IP (R) = WF + B/R
電子親和力

EA (R) = WF – C/R
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京都大学 化学特別講義 (2025/11/27, 28)

1. 金属クラスター固有の性質やサイズ依存性の理解
2. 新しいナノ物質の探索
3. クラスターを利用した物質開発の設計指針の構築

【動機】

1.1. 研究の動機 真空中に孤立した金属クラスター

Metcars 多層サンドイッチ 多成分複合クラスター

慶應大・茅幸二、中嶋敦

Ti8C12

A.W. Castleman, Jr.

超原子
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第三層の位置

Xの場合 (ababab…)
六方最密充填
hexagonal closed-packed structure

yの場合 (abcabc…)
立方最密充填
cubic closed-packed structure
面心立方
face-centered cubic structure

最近接原子数＝ 12．

第一層 (a)

第二層 (b)

最密充填構造

1.2. 一般的特徴 幾何構造
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fccナノ結晶
（最密充填構造）

立方八面体
cuboctahedron

切頭
truncation

典型的な構造モデル

切頭による安定化

1.2. 一般的特徴 幾何構造
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立方八面体の場合 (100) (111)
【１】表面積の割合が大きい

1.2. 一般的特徴 幾何構造

クイズ 1

空欄を埋めよ。

10



2025/11/26

6

【11】

京都大学 化学特別講義 (2025/11/27, 28)

コーナー エッジ

面内B
面内A多種多様な

配位不飽和な
サイトの出現

中心
12配位(配位飽和)

【２】配位不飽和度が大きい

1.2. 一般的特徴 幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

クイズ 2 下線部、空欄を埋めよ。

1.2. 一般的特徴 幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

O.D. Haberlen, et al., J. Chem. Phys. 106 (1997) 5189. 

結合距離の低下 結合エネルギーの低下

1.2. 一般的特徴 幾何構造
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Au

融点の低下

温
度

ポテンシャルE 拡散係数

C.L. Cleveland et al. Phys. Rev. Lett. 81, 2036 (1998) 

Au459

固
液
共
存

クラスターはどこから融解し
始めるか？なぜか？クイズ 3

1.2. 一般的特徴 融点の低下
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立方8面体
cuboctahedron

正20面体
icosahedron

M13 M55

M13 M55

魔法数自体は共通

5回対称性

最密充填

非最密充填

異性体の出現

1.2. 一般的特徴 構造異性体
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京都大学 化学特別講義 (2025/11/27, 28)

S. Iijima and T. Ichihashi, Phys. Rev. Lett. 56, 616 (1986). 

A:切頭五角十面体
多重双晶

B:切頭八面体 C:双晶切頭八面体 D:正二十面体
多重双晶

C C

C

D

D

B B

B BA

構
造
異
性
体
の
出
現
・
構
造
ゆ
ら
ぎ

1.2. 一般的特徴 構造の揺らぎ
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京都大学 化学特別講義 (2025/11/27, 28)

電子構造の離散化

原子
クラスター

バルク

HOMO

LUMO

Fermi準位 HL gap

久保効果

ナノ粒子

1.2. 一般的特徴 電子構造
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京都大学 化学特別講義 (2025/11/27, 28)

機能性物質の構成単位としての潜在能力

1.2. 一般的特徴 まとめ

1

2

直
径(nm

) ナノ粒子 DE < kT

Fermi level

◀立方八面体 (fcc)

バルク金属の性質からスケーリング可能

電子構造幾何構造

接頭による
安定化

100

クラスター

原子

DE > kT

HOMO-LUMO 
gap

◀正二十面体

バルク金属の性質からは予想不可能

原子再配列による
安定化

10

1

構
成
原
子
数

18
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京都大学 化学特別講義 (2025/11/27, 28)

1. 不安定なので、真空中で作り、扱う必要がある
2. サイズ(構成分子数)を揃える必要がある
3. 微量なので、超高感度な評価法が必要

研究者の独創性と創意工夫が凝縮されている実験装置の基本構成

1.3. 研究事例 実験方法

課題と対応

19

【20】

京都大学 化学特別講義 (2025/11/27, 28)

光電子分光装置

生成部

選別部

1.3. 研究事例 実験方法

20
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京都大学 化学特別講義 (2025/11/27, 28)

ガス中凝集法
Gas aggregation method

成長室

金属ターゲット
（ディスク，ロッド状）

パルス
バルブ

パルスレーザー光

高圧ガス
(He, 10atm)

高沸点金属：金 (mp 1064℃) など

レーザー蒸発法
Laser ablation method

R.E.Smalley
ノーベル化学賞
（C60の発見）

低沸点金属：ナトリウム (mp 98℃) など

熱電対

金属試料

ヒーター

K. Sattler,  et al. Phys. Rev. Lett. 45, 821 (1980).
T.P. Martin, et al., J. Chem. Phys. 90, 6664 (1989). 

V.E. Bondybey, et al., J. Chem. Phys. 76, 2165 (1982).
R.E. Smalley, Laser Chem. 2, 167 (1983).

1.3. 研究事例 実験方法：生成

21
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京都大学 化学特別講義 (2025/11/27, 28)

Knight et al PRL 52, 2141 (1984) de Heer, Rev. Mod. Phys.  65 1993 611

8

20

40

58

92
調和振動

電子シェルモデル
1.3. 研究事例 魔法数の起源

Naの電子配置：[Ne](3s)1

井戸型中間

22
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京都大学 化学特別講義 (2025/11/27, 28)

I. Katakuse et al., Int. J. Mass Spec. Ion. 
Proc. 67 (1985) 229.

H. S. Kim et al., Chem. Phys. Lett.
224 (1994) 589.

魔法数の発見

(Au)n+ (Au)n−

1.3. 研究事例 魔法数：金クラスター

Auの電子配置：[Xe](4f)14(5d)10(6s)1

23
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京都大学 化学特別講義 (2025/11/27, 28)

超原子 superatom

1.3. 研究事例 魔法数の起源

24
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京都大学 化学特別講義 (2025/11/27, 28)

(Na)n+
W. D. Knight 
(1986)

Superatoms（超原子）とは?

n = 8

20

40

58

Cluster size

電子親和力の
大きいマト
リックス

電子ドナー
を含む球状
コア

量子化された準位

はじめての提案

Superatom: A Novel Concept in Materials Science
H. Watanabe and T. Inoshita
Optoelectronics, 1986, 1, 33.

電子配置の模式図

–– ––

–
–

–
–

––

–

11+

原子核
K殻(2)

L殻(8)

M殻(1)：価電子

Na: [Ne](3s)1

1.3. 研究事例
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京都大学 化学特別講義 (2025/11/27, 28)

魔法数クラスターは電子親和力が小さい．

電子シェルモデルの実証

1.3. 研究事例 電子親和力と魔法数の関係

26
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京都大学 化学特別講義 (2025/11/27, 28)

J. Li et al., Science 299 (2003) 864.

HOMO-LUMO gap:
1.77 eV

全原子が表面
FCC構造

実験

計算A 最安定で
実験結果
を再現

構造異性体

光電子分光＋理論計算

魔法数クラスターAu20

1.3. 研究事例 電子構造と幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

M.M. Kappes., ACIE 46 (2007) 2944.

最安定で
実験結果
を再現

キラルな構造

光電子分光＋理論計算

構
造
異
性
体

魔法数クラスターAu34

1.3. 研究事例 電子構造と幾何構造

28
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京都大学 化学特別講義 (2025/11/27, 28)

魔法数クラスターAu58

Au1+Au11 Au46

Au59 Au60 Au61
W. Huang et al., ACS Nano 2 (2008) 897.球状の電子の入れ物

光電子分光＋理論計算

R. Ouyang, Y. Xie, D. Jiang, Nanoscale 7, 14817 (2015). 

1.3. 研究事例 電子構造と幾何構造

29
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京都大学 化学特別講義 (2025/11/27, 28)

アモルファス

光電子分光法+理論計算

H. Hakkinen et 
al., PRL 93 
(2004) 093401.

Au55

Au55はア
モルファス

1.3. 研究事例 電子構造と幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

H. Hakkinen et al., J. Phys. Chem. A107 (2003) 6168.
U.Landman
(Gorgia Tech)

光電子分光＋理論計算

Au2–A14： 2次元構造から3次元構造へ

1.3. 研究事例 電子構造と幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

光電子分光＋理論計算

Au16–Au20

J. Li, X. Li, H. J. Zhai, L.S. Wang, Science 299, 864 (2003).
W. Huang, S. Bulusu, R. Pal, X.C. Zeng, L.S. Wang, ACS 
Nano 3, 1225 (2009). 

1.3. 研究事例 電子構造と幾何構造

32
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京都大学 化学特別講義 (2025/11/27, 28)

光電子分光＋理論計算

S. Bulusu, X. Li, L.S. Wang, X.C. 
Zeng, J. Phys. Chem. C 111, 4190 
(2007).
N. Shao, W. Huang, Y. Gao, L.M. 
Wang, X. Li, L.S. Wang, X.C. Zeng, 
J. Am. Chem. Soc. 132, 6596 
(2010). 

Au20–A35

1.3. 研究事例 幾何構造の変遷
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京都大学 化学特別講義 (2025/11/27, 28)

I/I0 = exp(-ecL) 

気相に生成できるクラスターの濃度が希薄なので，
光強度の減衰は観測できない．

II0

濃度c

光路長L

e

波長 (nm)

光の減衰から吸光係数をもとめる．Lambert-Beerの法則

光吸収分光法

1.3. 研究事例 電子構造の評価：光励起エネルギー
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京都大学 化学特別講義 (2025/11/27, 28)

電子遷移に共鳴したエネルギーの光を吸収すると，
クラスター内の振動モードにエネルギーが再分配さ
れ，量子収率１で解離 (蒸発evaporation) がおきる．

電子基底状態

電子励起状態

hn
可視紫外光

解離イオン
娘イオン

中性分子

結合
エネルギー

蒸発

光解離分光法

1.3. 研究事例 電子構造の評価：光解離分光法
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京都大学 化学特別講義 (2025/11/27, 28)

振動基底状態

電子励起状態

結合
エネルギー

メッセンジャー法

蒸発

Arなどの希ガスを付着し
てもクラスターの構造に
影響しない (spectator)

hn
赤外光

身代わりとなって
蒸発する

(messenger)

1.3. 研究事例

hn
赤外光

A. Fujii M. A. Johnson

電子構造の評価：光解離分光法

36
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京都大学 化学特別講義 (2025/11/27, 28)

M. L. Alexander et al., J. Chem. Phys. 88 (1988) 6200.
W.C. Lineberger

タンデム質量分析装置

解離イオン検出器

中性種検出器

リフレクトロン

1.3. 研究事例 電子構造の評価：光解離分光法

37

【38】

京都大学 化学特別講義 (2025/11/27, 28)

Au7Xe–

S. Gilb et al., J. Chem. Phys. 121(2004) 4619.

Au8Xe– Au9Xe–

Au7–11：2次元平面構造

光解離分光＋理論計算

Xeの役割？クイズ 6

1.3. 研究事例 電子構造と幾何構造
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京都大学 化学特別講義 (2025/11/27, 28)

P. Dugourd et al., Rev. Sci. Instrum. 68 (1997) 1122.

€ 

mobility K0

=
L (m)
td E

P (Torr)
760

273
T (K)

€ 

collision cross section 

Ω =
1
K0

構造情報

イオン移動度

1.3. 研究事例 電子構造の評価：衝突断面積
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【40】

京都大学 化学特別講義 (2025/11/27, 28)

平面（２D）から
立体（３D）構造
への遷移

イオン移動度＋理論計算

Au1–Au13
–

1.3. 研究事例 幾何構造の変遷

S. Gilb et al., J. Chem. Phys. 116 
(2002) 4094.

40



2025/11/26

21

【41】

京都大学 化学特別講義 (2025/11/27, 28)

J. H. Parks @ Roland Institute at Harvard

Schooss D et al. Phil. Trans. R. Soc. A 
2010;368:1211

電子線回折

1.3. 研究事例

s  ＝ electron momentum transfer

40 keV

電子構造の評価：電子線回折
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【42】

京都大学 化学特別講義 (2025/11/27, 28)

X. Xing et al., Phys. Rev. B74 (2006) 165423.

2D
2D(54%)
+3D(46%)

2D(20%)
+3D(80%)

3D

3D cage

cage
fcc

fcc fcc

elongated 
cage

empty 
tube

電子線回折＋理論計算

Au11–Au24

1.3. 研究事例 幾何構造の変遷
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【43】

京都大学 化学特別講義 (2025/11/27, 28)

T.M. Bernhardt, Chem. Phys. Solid Surf. 12, 2007, 53-90.

化学反応性の評価：衝突誘起反応法

衝突誘起反応法

1.3. 研究事例

Mn– + 分子X→ MnX–
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【44】

京都大学 化学特別講義 (2025/11/27, 28)

負イオンの場合、14量体以下の偶数サ
イズと魔法数クラスター（Au18

–, Au20
–）

のみ反応する．

金クラスター正イオンと酸素は反応し
ない

3 4-1
5

6-1 7

8-1
9

14-1 18-1 20-1

◀ 金クラスター負イオンと酸素の反応後
の質量スペクトル

衝突誘起反応法

電荷状態とサイズに依存した反応性

Aun– + O2

1.3. 研究事例 金クラスターとO2の反応
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【45】

京都大学 化学特別講義 (2025/11/27, 28)

R. E. Smalley 
JCP 96 (1992) 1992.
L. S. Wang 
Science 299 (2003)864.
U. Landman
JPC A107 (2003) 6168.
M. M. Kappes
ACIE 46 (2007) 2944.

R. L. Whetten
JACS 2002, 124, 7499.
G. Ganteför
JACS 125 (2003) 2848.

10
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2.0
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Cluster size, n

EA
 (e

V)

20

3418
8

Aun– + O2 → [Aun…O2]–

O
2

re
ac

tiv
ity

電子親和力の小さいクラスターは活性が高い．

衝突誘起反応法
＋光電子分光法

反応性と電子構造の相関

1.3. 研究事例 特異的な反応性の起源

Au34
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京都大学 化学特別講義 (2025/11/27, 28)

LUMO

HOMO

Au18
–

Au20
–

Aun
–

(n>20)
Aun

–

(14<n<18)
Aun

–

(n<14)

HOMO-LUMO
ギャップ

O2 (p*)

電子移動

金クラスター負イオンによる分子状酸素の活性化機構

1.3. 研究事例 特異的な反応性の起源

46



2025/11/26

24

【47】

京都大学 化学特別講義 (2025/11/27, 28)

n=2

n=4

n=6

n=8

n=10

n=12

n=14

n=20

R. Pal et al., J. Am. Chem. Soc. 2012, 134, 9438.

酸素は分子状吸着

superoxo

peroxo

D. Stolcic et al., J. Am. Chem. Soc. 125 (2003) 2848.

O-O伸縮振動
80-120 meV; superoxo O2–

135-150 meV; peroxo O22–

酸素分子の吸着構造

1.3. 研究事例 生成物の構造評価：光電子分光法
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【48】

京都大学 化学特別講義 (2025/11/27, 28)

R. L. Whetten
J. Am. Chem. Soc. 2002, 124, 7499.

 

Au6–

孤立金クラスターによる触媒的CO酸化の実証

L. Wöste
J. Am. Chem. Soc. 2003, 125, 10437.

1.3. 研究事例 孤立金クラスターの触媒作用
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【49】

京都大学 化学特別講義 (2025/11/27, 28)

衝突誘起反応装置

豊田工大・市橋正彦

制御因子 1. クラスターサイズ
2. 衝突エネルギー
3. 反応回数

観測量 1. 生成物
2. 反応断面積
3. 反応分岐比

1.3. 研究事例 化学反応性の評価：衝突誘起反応法
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【50】

京都大学 化学特別講義 (2025/11/27, 28)

M. Ichihashi et al., J. Phys. Chem. A, 2012, 116, 8799.

低反応性：Cu9
+(8e), Cu21

+(20e)
→ 閉殻電子系

hollow site where an O atom can adsorb. The formation of
Cu3O

+ is likely to be preferred rather than that of Cu3O2
+.

Most of the small Cun
+ clusters (n ≤ 16) are more reactive

with O2 than CO at the collision energy of 0.2 eV, but the small
odd-sized clusters with n = 3, 5, 7, and 9 show the small cross
sections toward both molecules. The Cu clusters adsorb O2
with the following Cu release, whereas they adsorb CO without
the Cu release except for Cu4

+. Observation of the Cu release in
the reactions with O2 implies that the adsorption energies of O2
are larger than the Cu−Cu bond dissociation energies as well as
the adsorption energies of CO. Jellinek and co-workers have
studied bare Cun (n = 8−20) clusters and O2-adsorbed species,
Cun(O2) (n = 2−10), by use of the density functional theory
(DFT),57,58 and their results show that the adsorption energies
of molecular oxygen are smaller than the bond dissociation
energies of Cun. Padilla-Campos has theoretically investigated
the adsorption of atomic/molecular oxygen and CO on small
neutral Cun (n ≤ 8) clusters.59,60 He has shown that the
adsorption energies of molecular oxygen are almost equal to
those of CO, but that those of atomic oxygen are significantly
larger than them. The experimental findings and the previous
theoretical results suggest that an oxygen molecule adsorbs on
small Cun

+ clusters (n ≤ 16) dissociatively rather than
molecularly.
On the other hand, the large Cun

+ clusters (n ≥ 17) adsorb
O2 and CO molecules without the Cu release. In this size
region, the reaction cross sections of Cun

+ toward O2 are
significantly large compared to those toward CO (see Figures 4
and 6). The difference in the reaction cross sections of Cun

+ +
O2 and Cun

+ + CO may be explained in terms of the lifetime of
Cun

+(L) (L = O2 or CO) which is temporarily formed. Most of
the Cun

+(L) intermediate undergo the desorption of the
adsorbate, and return to the initial state (Cun

+ + L) before mass
analysis. To give a consistency between the theoretical and the
experimental results, we assume that the adsorption energies of
CO are smaller than those of O2. The unimolecular dissociation
rate of Cun

+(CO) is estimated to be higher than that of CunO2
+.

As a result, the formation cross section of Cun
+(CO) turns out

to be smaller than that of CunO2
+.

To examine thermochemistry of Cun
+ + O2, we calculated the

optimized structures of Cun
+, Cun(O2)

+, and Cun(O)2
+ (n =

13−17) by use of the DFT (BPW91)61,62 with the LanL2DZ
basis set in the GAUSSIAN 03 program package.63 Initial
geometric structures of Cun

+ were based on those of neutral
clusters obtained through extensive survey.57,64 For example, an
icosahedral and three layered structures obtained by Yang et
al.57 and Itoh et al.64 were used as initial structures in the
geometry optimization of Cu13

+. The most stable layered and
compact (icosahedral or capped icosahedral) isomers of Cu13

+

and Cu17
+ are shown in Figure 7a. The energies of Cun

+ having
the compact structures are higher than those of the layered
structures in the size range of n = 13−15, while lower at n = 16
and 17. This structural transition is consistent with the recent
calculation by Chu et al.65 The optimized structures of
Cun(O2)

+ and Cun(O)2
+ were calculated by adding atomic

and molecular oxygen to 3-fold hollow sites and a bridge site,
respectively, of the most stable Cun

+. Figure 7b shows the most
stable structures of Cun(O2)

+ and Cun(O)2
+ (n = 13 and 17).

The O2 adsorption energies and the Cu−Cu bond dissociation
energies for these species are listed in Table 1. The adsorption
energies of Cun(O)2

+ are larger than those of Cun(O2)
+ by 2−3

eV and D(O2Cun−1
+−Cu) by about 1 eV. Then the calculations

show that the formation of Cun−1(O)2
+ + Cu from Cun

+ + O2 is

exothermic by 0.5−1.0 eV while that of Cun−1(O2)
+ + Cu is

endothermic by 1.0−2.1 eV. The formation of the former
species will proceed if not considering an activation energy
barrier. Actually, the formation of Cun−1O2

+ proceeds in n ≤ 16
even at low collision energies, and this result suggests that an
oxygen molecule adsorbs on small Cun

+ clusters dissociatively.
In addition, the formation of Cun(O)2

+ (n ≥ 17) is consistent

Figure 7. (a) Optimized structures of Cun
+ (n = 13 and 17). Two

isomers having compact (icosahedral or capped icosahedral) and
layered structures (top and side views) are shown. The darker circles
correspond to the Cu atoms in the icosahedral 13-atom core of the
compact structure and those in the bottom layer of the layered
structure. (b) Optimized structures of Cun(O2)

+ and Cun(O)2
+ (n = 13

and 17). The oxygen atoms are shown as open circles.

Table 1. Calculated Adsorption Energies (Ead) of O2 and
Cu−Cu Bond Dissociation Energies [D(O2Cun−1

+−Cu)] for
CunO2

+ (in eV)

Ead

n Cun(O2)
+ Cun(O)2

+ D(O2Cun−1
+−Cu)

13 0.95 3.17
14 0.98 3.69 2.93
15 0.69 3.02 2.36
16 2.01 4.04 3.47
17 1.48 3.64 2.71
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hollow site where an O atom can adsorb. The formation of
Cu3O

+ is likely to be preferred rather than that of Cu3O2
+.

Most of the small Cun
+ clusters (n ≤ 16) are more reactive

with O2 than CO at the collision energy of 0.2 eV, but the small
odd-sized clusters with n = 3, 5, 7, and 9 show the small cross
sections toward both molecules. The Cu clusters adsorb O2
with the following Cu release, whereas they adsorb CO without
the Cu release except for Cu4

+. Observation of the Cu release in
the reactions with O2 implies that the adsorption energies of O2
are larger than the Cu−Cu bond dissociation energies as well as
the adsorption energies of CO. Jellinek and co-workers have
studied bare Cun (n = 8−20) clusters and O2-adsorbed species,
Cun(O2) (n = 2−10), by use of the density functional theory
(DFT),57,58 and their results show that the adsorption energies
of molecular oxygen are smaller than the bond dissociation
energies of Cun. Padilla-Campos has theoretically investigated
the adsorption of atomic/molecular oxygen and CO on small
neutral Cun (n ≤ 8) clusters.59,60 He has shown that the
adsorption energies of molecular oxygen are almost equal to
those of CO, but that those of atomic oxygen are significantly
larger than them. The experimental findings and the previous
theoretical results suggest that an oxygen molecule adsorbs on
small Cun

+ clusters (n ≤ 16) dissociatively rather than
molecularly.
On the other hand, the large Cun

+ clusters (n ≥ 17) adsorb
O2 and CO molecules without the Cu release. In this size
region, the reaction cross sections of Cun

+ toward O2 are
significantly large compared to those toward CO (see Figures 4
and 6). The difference in the reaction cross sections of Cun

+ +
O2 and Cun

+ + CO may be explained in terms of the lifetime of
Cun

+(L) (L = O2 or CO) which is temporarily formed. Most of
the Cun

+(L) intermediate undergo the desorption of the
adsorbate, and return to the initial state (Cun

+ + L) before mass
analysis. To give a consistency between the theoretical and the
experimental results, we assume that the adsorption energies of
CO are smaller than those of O2. The unimolecular dissociation
rate of Cun

+(CO) is estimated to be higher than that of CunO2
+.

As a result, the formation cross section of Cun
+(CO) turns out

to be smaller than that of CunO2
+.

To examine thermochemistry of Cun
+ + O2, we calculated the

optimized structures of Cun
+, Cun(O2)

+, and Cun(O)2
+ (n =

13−17) by use of the DFT (BPW91)61,62 with the LanL2DZ
basis set in the GAUSSIAN 03 program package.63 Initial
geometric structures of Cun

+ were based on those of neutral
clusters obtained through extensive survey.57,64 For example, an
icosahedral and three layered structures obtained by Yang et
al.57 and Itoh et al.64 were used as initial structures in the
geometry optimization of Cu13

+. The most stable layered and
compact (icosahedral or capped icosahedral) isomers of Cu13

+

and Cu17
+ are shown in Figure 7a. The energies of Cun

+ having
the compact structures are higher than those of the layered
structures in the size range of n = 13−15, while lower at n = 16
and 17. This structural transition is consistent with the recent
calculation by Chu et al.65 The optimized structures of
Cun(O2)

+ and Cun(O)2
+ were calculated by adding atomic

and molecular oxygen to 3-fold hollow sites and a bridge site,
respectively, of the most stable Cun

+. Figure 7b shows the most
stable structures of Cun(O2)

+ and Cun(O)2
+ (n = 13 and 17).

The O2 adsorption energies and the Cu−Cu bond dissociation
energies for these species are listed in Table 1. The adsorption
energies of Cun(O)2

+ are larger than those of Cun(O2)
+ by 2−3

eV and D(O2Cun−1
+−Cu) by about 1 eV. Then the calculations

show that the formation of Cun−1(O)2
+ + Cu from Cun

+ + O2 is

exothermic by 0.5−1.0 eV while that of Cun−1(O2)
+ + Cu is

endothermic by 1.0−2.1 eV. The formation of the former
species will proceed if not considering an activation energy
barrier. Actually, the formation of Cun−1O2

+ proceeds in n ≤ 16
even at low collision energies, and this result suggests that an
oxygen molecule adsorbs on small Cun

+ clusters dissociatively.
In addition, the formation of Cun(O)2

+ (n ≥ 17) is consistent

Figure 7. (a) Optimized structures of Cun
+ (n = 13 and 17). Two

isomers having compact (icosahedral or capped icosahedral) and
layered structures (top and side views) are shown. The darker circles
correspond to the Cu atoms in the icosahedral 13-atom core of the
compact structure and those in the bottom layer of the layered
structure. (b) Optimized structures of Cun(O2)

+ and Cun(O)2
+ (n = 13

and 17). The oxygen atoms are shown as open circles.

Table 1. Calculated Adsorption Energies (Ead) of O2 and
Cu−Cu Bond Dissociation Energies [D(O2Cun−1

+−Cu)] for
CunO2

+ (in eV)

Ead

n Cun(O2)
+ Cun(O)2

+ D(O2Cun−1
+−Cu)

13 0.95 3.17
14 0.98 3.69 2.93
15 0.69 3.02 2.36
16 2.01 4.04 3.47
17 1.48 3.64 2.71
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Cu13+ Cu13 (O)2+

O2

解離吸着

1.3. 研究事例

MPPMS source. The aggregation cell in the present cluster ion
source was cooled to 100 K, whereby cold cluster ions tend to
be formed in the cell. The size distribution of the ion intensity
of Cun

+Ar is discussed later in this section.
By introducing O2 gas effusively into the region between the

exit aperture of the cell and the collimating aperture, the ion
intensities of O2-adsorbed Cun

+ cluster cations, CunO2
+, were

increased in the mass spectra (Figure 1b,d). Because of the
lower collision energy (0.04 eV) in the present experiment, it is
expected that the following reaction proceeds:

+ →+ +Cu O Cu On n2 2 (1)

As shown in Figure 1b,d, the ion intensities of the CunO2
+ (n

= 15, 21, 41, and 49) clusters were quite low compared with the
other n. A measure of the relative reactivity (Rn) of Cun

+ toward
O2 adsorption was estimated to discuss the size-dependent
reactivity of Cun

+ with O2. For this estimation, a large excess of
O2 molecules compared with Cun

+ was assumed, so that the
former did not change before and after the reactions, although
the O2 concentration was carefully controlled to avoid two or
more molecules adsorbing on Cun

+. Equation 2 was then used
to estimate the Rn values as a measure of the reactivity under
the pseudo-first-order approximation:

= = −
+

+R k t[O ] ln
[Cu ]
[Cu ]n n

n

n
2

0 (2)

where [Cun
+]0 and [Cun

+] are the number densities of Cun
+

cluster cations before and after the reaction, respectively. [O2]
represents the number density of O2 molecules, and t is the
reaction time (ca. 10 ms). The [O2] and t values were also
assumed to be independent of the Cun

+ cluster size, and thus
the reactivity Rn was a relative rate constant proportional to kn.
[Cun

+]0 was calculated by the sum of [Cun
+] and [CunO2

+]
under the assumption that the evaporation of Cu atoms from
the cluster ions did not occur after the reaction. The Rn values
for n = 20−60 deduced from the ion intensities in Figure 1d are
plotted in Figure 2. For n = 13−25, the Rn values were deduced

from the mass spectrum measured under lower power
condition for discharge (Figure 1b). These Rn values deduced
from the mass spectrum were connected by overlapping at n =
20−25. In this plot, Rn was normalized at n = 16 and is denoted
as relative reactivity. The relative reactivities of the n = 15, 21,
41, and 49 clusters were clearly lower than those of the other n
clusters, as shown in Figure 2. In the previous study on the
reaction between Cun

+ (n = 3−25) and O2, a small O2
adsorption cross section was only observed for Cu21

+.13

In the previous study on the reaction of Cun
+ with O2, two

reaction products, CunO2
+ and Cun‑1O2

+, were observed for n =
3−25 at a collision energy of 0.2 eV in a single collision
condition.13 The total cross sections for these reactions showed
an even−odd alternation; high cross sections for even n, and
low cross sections for odd n, where n = 3−16.13 The Cun−1O2

+

ions formed by release of a Cu atom were dominant reaction
products, especially for even-sized n between n = 6−16, with
the same even−odd alternation. However, the even−odd
alternation was not observed for n = 13−16 in the present
study (Figure 2). Therefore, the Cun

+ ions probably reacted
with O2 without the release of a Cu atom in the present
experiments, although it is difficult to discuss the reaction
pathway because the parent ions were not mass-selected before
the reactions. In the present experimental setup, multiple
collisions between cluster ions and background gas can occur in
the reaction region. Therefore, the CunO2

+ product ions may
lose their excess energy, which comes from the O2 adsorption
energy. This simple adsorption reaction without the elimination
of Cu was also rationalized by the low collision energy (0.04
eV) and the low temperature of the cluster ions. This
presumption is consistent with the reaction of Cu16

+ with O2,
where the reaction cross section for the formation of Cu16O2

+

gradually increased as the collision energy was decreased from
2.0 to 0.2 eV.12

To discuss the low reactivity of Cu15
+ with O2, equilibrium

structures (EQs) of Cun
+ (n = 13−17) were first calculated at

the M06-2X/def2-SVP level using the Gaussian 09 package.20

The GRRM14 program21−23 was used to search several EQs
without intuition at the HF/6-31G level. Structures of the
obtained EQs were reoptimized with the M06-2X/def2-SVP
level. More than a few EQs were obtained for Cun

+ by this
procedure; the numbers of obtained EQs were 13, 13, 13, 9,
and 6 for n = 13−17, respectively. Among these EQs, the most
stable structures of Cun

+ are shown in Figure 3. These
structures have C2 symmetry for n = 13, Cs for n = 14, D3 for n
= 15, C1 for n = 16, and C1 for n = 17. In previous density
functional theory calculations (GGA/PBE/[7s5p4d] level) of
Cun

+ (n = 2−20), the most stable structures were slightly
different from the present results, with Cs, C2, C1, C1, and C1
symmetries for n = 13−17, respectively.24 Optimized structures
of Cun

+ (n = 13−17) were also calculated with the BPW91/
LanL2DZ level.13 However, to the best of our knowledge, a
structure of Cu15

+ with high symmetry (D3, Figure 3) has not
yet been determined.
The most stable structure of Cu15

+ is an oblate bilayer
structure, which is similar to the Ag15

+ structure calculated by
Khanna and co-workers.14 The electronic shells of these cluster
ions are not closed within the spherical jellium model, because
these clusters have 14 valence electrons. However, for the
oblate structures of Cu15

+ and Ag15
+, the spherical jellium

model is not appropriate because the superatomic 1P and 1D
orbitals are split in the oblate structures. As a result, the
electronic shells are closed with 14 electrons in Cu15

+ and Ag15
+

using the oblate jellium model.14 The energy level of orbitals in
the DFT calculation is consistent with the Clemenger−Nilsson
model, as explained in the Supporting Information. The
reactivity of free metal clusters with O2 is shown to be low in
clusters with filled electronic shells and large HOMO−LUMO
gaps.25 For the calculated HOMO−LUMO gaps of the most
stable structures of Cun

+ (n = 13−17), the Cu15
+ ion has the

largest energy among these ions, as shown in Table 1. The large
HOMO−LUMO gap of Cu15

+ is consistent with both the

Figure 2. Plots of relative reactivity for O2 adsorption on Cun
+ (n =

13−60). The relative reactivities were normalized with respect to that
at n = 16.
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electronic shell closing and the low reactivity with O2.
However, Cu13

+ and Cu17
+ have larger HOMO−LUMO gaps

than Cu14
+ and Cu16

+, whereas the former two cluster ions have
higher reactivities than the latter ions in Figure 2. This inversed
correlation between the HOMO−LUMO gap and reactivity is
difficult to explain so far.
Without introducing the reactant O2 gas, Ar-tagged Cun

+

ions, Cun
+Ar, were observed for n ≤ 30 in the mass spectrum

(Figure 4). The size distribution of the integrated ion intensity
for Cun

+Ar is shown in Figure 5. The ion intensities of Cun
+Ar

(n = 13, 14, and 16−19) were relatively higher than those of n
= 15 and n ≥ 20. By using the Mulliken population analysis, we
estimated the charge (q) on each Cu atom in the most stable
structures of Cun

+ (n = 13−17). There are some atoms with
high atomic charges (q ≥ +0.15) in Cun

+ except Cu15
+. Atomic

charges of all atoms were less than +0.10 in Cu15
+ due to high

D3 symmetry. Therefore, high reactivity of Cun
+ (n = 13, 14, 16,

and 17) in the Ar-tagging is related with the interaction
between high atomic charge on Cu and induced dipole on Ar.
In Figure 2, the relative reactivities of Cu21

+ and Cu41
+ with

O2 were significantly lower than those of the adjacent sizes.
These low reactivities can be explained by the electronic shell
closing of 20 and 40 electrons in the Cu21

+ and Cu41
+ cluster

ions, respectively. In a previous study of reactions of Cun
+ (n =

3−25) with O2,
13 the reactivity of reaction 1 with Cu21

+ was
lower than those of the adjacent n. In addition, in the reactions
of neutral Cun clusters with O2, Cu20, and Cu40 have low
reactivities due to electronic shell closing.1,2 Large HOMO−
LUMO gaps were already reported for Cu20 and Cu40 from
photoelectron spectroscopy measurements of copper cluster
anions, Cun

− (n = 6−41).26 The electronic shell closing and
large HOMO−LUMO gaps of these clusters are consistent
with the inertness of Cu21

+ and Cu41
+ toward O2. Although the

electronic shell closes with 58 electrons, the relative reactivity of
Cu59

+ was not lower than those of Cu58
+ and Cu60

+ in Figure 2.
However, neutral Cu58 exhibited low reactivity with O2, which
was explained by the closed electronic shell.1,2 The reason for
this discrepancy between neutral and cationic system is unclear
so far. This question may be unveiled by the study of O2-
adsorption on Cun

− cluster anions.
The relative reactivity of Cu49

+ with O2 was also strikingly
low, as shown in Figure 2. However, a closed electronic shell is
not expected for the cluster with 48 valence electrons within
the spherical jellium model. It should be noted that Cu48 also
exhibited low reactivity in the neutral Cun + O2 reaction

1,2 and
that the ionization potential of neutral Cu49 is lower than those
of other clusters,27,28 even though the authors did not offer a
reason for this. The present study determined that the 48-
electron clusters are inert because of the electron shell closing
of such axially symmetric distortion systems, as noted in the
previous discussion of Cu15

+. The Clemenger−Nilsson diagram
was developed to discuss electronic structures of axially
distorted clusters.29 The Clemenger−Nilsson diagram showed
that a degenerated level of electronic shells is split into
sublevels due to the axially symmetric distortion.29 In the
diagram, sublevels differing only in the sign of Λ are degenerate
with each other, making these sublevels (including spin) 4-fold
degenerate, where Λ is the projection of the orbital angular
momentum along the axis of symmetry. In addition, sublevels

Figure 3. Most stable structures of Cun
+ (n = 13−17) calculated by

using the GRRM program with the M06-2X/def2-SVP level. The
symmetry is shown in parentheses. Only the high Mulliken atomic
charge (q ≥ + 0.15) is shown in blue in parentheses. The spin
multiplicity is doublet and singlet for even and odd n, respectively. For
n = 15−17, (a) top and (b) side views are shown.

Table 1. Energies (eV) of HOMO, LUMO, and HOMO−
LUMO Gaps of Cun

+ (n = 13−17) Calculated at the M06-
2X/def2-SVP Level

HOMO level LUMO level HOMO−LUMO gap

Cu13
+ −8.50 −5.66 2.84

Cu14
+ −8.10 −5.72 2.38

Cu15
+ −8.63 −5.19 3.44

Cu16
+ −7.98 −5.61 2.37

Cu17
+ −8.16 −5.40 2.76

Figure 4. Typical TOF mass spectrum of copper cluster cations
(Cun

+) and Ar-tagged Cun
+ (Cun

+Ar) formed in the ion source with
the pulse power of 1080 W.

Figure 5. Size distribution of integrated ion intensities in the mass
spectrum (Figure 4) of Cun

+Ar.
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that the number of reactive sites differs for each cluster
size.

3. The reaction mechanism

Turning our attention to the reaction mechanism, for
the CO oxidation reaction on gold clusters supported on
MgO films, two main characteristics are notable. The
TPR spectra shown in figure 3, were obtained for the
CO oxidation reaction catalyzed by Au8 clusters sup-
ported on defect-poor and defect-rich MgO films. These
spectra show first that the reactivity is strongly depen-
dent on the number of defects on the support (see
below). Secondly, for reactive gold clusters (see also
figure 2), two temperature ranges may be distinguished,
i.e. roughly T<250 K and T>250 K. Concerning the
two temperature ranges, two different reaction pathways
may contribute to the oxidation of CO. We note here
that due to the reaction conditions [18] peaks in the TPR
spectra may be associated with Langmuir-Hinshelwood
(LH) reaction mechanisms. Indeed, two different
LH-type mechanisms were predicted by first-principles
simulations of the reaction [18]. With the observed
formation of CO2 at 140 K (figure 4(a–c)), we associate
a reaction where the two reactants are co-adsorbed
initially on the triangular top facet of the Au8, hence the
name LHt mechanism. The distance between the carbon
atom and one of the peroxo oxygens in this local
minimum energy state is equal to d(CO1) = 3.11 Å.
Through mapping of the potential energy surface along
the C–O1 reaction coordinate, a rather low energy

barrier DEb (LHt) = 0.1 eV occurring at
d(CO1)! 2.0 Å was determined for the LHt oxidation
channel, with the end product being a weakly adsorbed
carbon dioxide molecule ("0.2 eV). The LHt low-tem-
perature oxidation mechanism was found by these the-
oretical studies (with similar energetics), for reactions on
the gold cluster deposited on either a defect-free
MgO(100) surface, or one containing an F center (FC)
defect site [18] and both are expected to be relatively
insensitive to the Aun cluster size, correlating with the
experimental results (figures 2 and 3).

As shown in figure 3, the higher temperature channel
is strongly enhanced for Au8 supported on a defect-rich
(compared to a defect-poor) MgO(100) support. This
trend correlates with the prediction obtained from the
simulations pertaining to a LH-periphery (LHp) reac-
tion mechanism, starting with a CO molecule adsorbed
on the top-facet of the Au8 cluster and an oxygen mol-
ecule in a peroxo-like state that is bonded to the
periphery of the interfacial layer of the cluster, where the
distance between the C atom and the oxygen marked O1

is d(CO1) = 4.49 Å. Indeed, mapping of the potential
energy surface along the C–O1 reaction coordinate
revealed for Au8/MgO(FC) a rather broad reaction
barrier DEb(LHp)" 0.5 eV at d(CO1)" 2.0 Å (figure 4),
while for the defect-free substrate a significantly higher
barrier was found, DEb(LHp) " 0.8 eV; the reaction
product is shown in figure 4(f) for the Au8/MgO(FC)
catalyst. This change in activation energy is at the origin
of the observed change in reactivity, as for the
defect-poor substrate the CO molecule desorbs prior to
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Figure 2. (a) Temperature programmed reaction experiments for the CO-oxidation on selected Aun clusters on defect-rich MgO(100) films. The
model catalysts were saturated at 90 K with 13CO and 18O2 and the isotopomer 13C18O16O was detected with a mass spectrometer, as function of
temperature. (b) The reactivities for Aun expressed as the number of formed CO2 per cluster.
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