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Z�;�s
ü�«�;�+�p�w�U	Z�›�D�ó�t�b�”�‘�O�s�=�¶

�·�ï�³�ï�¬�P�‰
É� �‰
C�w�,
Å�$�Z�€�t�m�M�o	\�‚�o�M�”�{�›�t 1 nm �Ž�<�w�×�µ�Ñ�Ÿ�ï
�

�•�±�Ò�Æ�Ê �Ý�”�Ä�ç�±� �¶�w�Ú�«�å�µ�»�”�U�z�Æ�Ê�{� �w�‘�O�s
z�±�$�G�V�M�{� �q�Ÿ�s
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C�«�›�Ô�b�:�•�z 2) 	��M Au-Au

�A�ù�t�‘�l�o�0�›�t
Ê�ˆ�õ�Q�›�I�\�b�:�z 3) �Ï���$�s�Œ�_�U�m�T�ˆ�•�b�M�:�t�£�è�`�z��

�¥��
›
ú�í�t�0�`�o	í�w�!�=�•�«�u	)
C�«�§�S�w�§�M�t�‘�l�o
Q���U�D�ó�s�z�«�é�Þ�´�£

�Ç�¿�«�s�=�¶�·�ï�³�ï�¬�%�w�Ï�™�w�,
k�q�s�”�º�0�›�è�¦�`�h�{�Z�€
ü�ú�x�z���¥�J�¶�¢�=

�¶�£�z�«�å�µ�»�”�J�¶�z�h�.�=�¶�z�Ò
ü� �=�¶�z
ü
s�=�¶�t
ì�p�b�”�{�Š���x	‚	·�T�’�’�m

�w�¤	·�q	4	·�w�-�ã	· �p�Ï
R�`�h�{  

�� 	‚	·�x�Z�€
�� �t�m�M�o	\�‚�h�{���¥�ð�J�t�S�Z�”�=�¶�·�ï�±�”�w�þ�Â�t�x�a�‡�“�z�™


R�x�Ú�«�å�µ�»�”�w�º�™�t�m�M�o	î�•�h�{  

�� �H 1 	·�x�z 1,2-bis(diphenylphosphino)ethane (dppe)�z1,3-bis(diphenylphosphino)propane

�¢ dppp�£�s�r�w�´�× �µ�Ñ�Ÿ�ï
��•� �t�‘�”�©�è�”�³�ã�ï�®�L�›
u�Ã�$�t�b�;�b�”�\�q�p�z

�ã �©�w[Au7(dppp)4]
3+�z
@�©�w[Au8(dppp)4]

2+�z[Au8(dppp)4Cl2]
2+�s�r�w	ý�F�s�±�Ò�Æ�Ê�Ú�«�å

�µ�» �”���›�ù
R �`�z�‰���x�o�A	¥ X 
¢�Ï���r
s�z NMR�z ESI-MS �t�‘�l�o�æ�l�h�{  

�� �H 2 	·�p�x�z�\�•�’
‡�•	Ý�«�å�µ�»�”�w�µ�Ž�D�¹�u	)�µ�Ö�«�Ä�ç�����›�æ�l�h�q�\�–�z

�\�•�’�«�å�µ�»�”�U�Ô�b�›�Ÿ�s�u	)�~
C�«�›
Q�U�f�w�›�Ø�.�â�Ç�¿�Ä�q exo �•�t�K�”�Ú�q

�w�‘�m�t�|�z�f�w exo Au �w
:�w�§�M�t�� �R�`�o�M�”�q�M�O�\�q�›�Ô�`�h�{�\�w�µ�Ö�«�Ä�ç

�x�z�7�Œ�w�•	Ý�Ï���›�q�”�«�å�µ�»�”�U�D�¹�¬
¶�¬�t�˜�h�”�Ò�é�”�Å�s�u	)�›�Ô�b�w�q�0

	°�$�p�K�“�z�ž�‰�Z�€	��t � ‘ �“�ù
R�^�•�h [core+exo]���w�Ï�� �›�q�” Au11 �«�å�µ�»�”

�¢ [Au11(dppe)6]
3+�£�t�‹�ž�è�b�”�\�q�T�’�z exo �•�t Au �j� �›�‹�m
‡�•	Ý���«�å�µ�»�”�t

�›���w
Q�í�p�K�”�q�A�æ�n�Z�h�{�‡�h�z�\�w�Ž�o�U
C�«�µ�Ö�«�Ä�ç�p�x 
ž�c�`�‹ �°�•�`�s

�M�:�t�m�M�o�^�æ�›�æ�l�h�{  

�� �H 3 	·�p�x�z 
‡�•	Ý 
@�©�«�å�µ�»�”�U�Ë	��¨�w�Ÿ
Q�.�Ï���›�‹�m�\�q�z�f�•�’�w�u	)�~


C�«�›
Q�t�§�M�U�_�’�•�”�\�q�t 	¯�:�›�p�o�z�9�÷�¤�p�w�Ž�=���i�t�‘�l�o�D�o�t�!�õ�p

�V�”�\�q�›�Ì�’�T�t�`�h�¢ [Au8
2+]! [Au8

4+]�£�{�^�’�t�\�•�›�?�>�=�¶�����t�‘�“	Ä�`�X�Ð�‚
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Fig. 1-1 Magic numbers, outer diameters, edge and corner sites for 
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Figure 3.  Illustrations of icosahedrons and table of surface, edge, corner % in metal 
cluster with icosahedral core geometry.  This figure is modified the configuration of the 
table in ref [27]   
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reducing agents to control the size of gold colloids.4 Turkevitch prepared monodis-
perse colloids by choosing suitable stabilizers.5 Haruta found that gold was catalyt-
ically very active for CO oxidation when dispersed on base metal oxides as
nanoparticles (NPs) below 5 nm.6 Brust succeeded in preparing tiny Au NPs smaller
than 2 nm by using alkanethiol as a stabilizer.7 Schmid8 and Briant9 synthesized
55 atoms and 13 atoms clusters bonded with organic ligands, respectively. Hutchings
reported that cationic gold could be theoretically the most active catalyst for the hy-
drochlorination of ethylene10 and later experimentally conÞrmed.11

2. Catalysis by gold leading to green chemistry

Japanese industries have made tremendous efforts to save energies since 1973, the
year of the Þrst oil crisis. In particular, chemical industry was a top runner in energy
saving and succeeded in reducing the standard unit energy consumption by 50%
within ten years.12 However, since 1983 the unit energy consumption has remained
almost steady, implying that further energy saving is hard to achieve by technolog-
ical improvements alone. In Japan, chemical industry consumes the largest fraction
of energies, 34% of the total industrial consumption. Because the situation of chem-
ical industry can be assumed to be similar in Europe and USA, if technological
ÔÔinnovationÕÕ in chemical industry happens, the impact would be very great all
over the world.

Fig. 1 An overlook on the major contributions to gold chemistry in view of size.

Fig. 2 E-factors for the production of chemicals as a function of annual production (Produced
from the data given in ref. 13).

12 | Faraday Discuss., 2011,152, 11Ð32 This journal is» The Royal Society of Chemistry 2011
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Figure 5.  An image of Au55(PPh3)12Cl6 cluster (characterized by Mass 
spectra) and history of size-controled synthesis of Au clusters / 
nanoparticles with particle-diameter. 

Fig. 6.  Parts of crystal structures of Au11(P(C6H4F)3)7I3 

(Left) and [Au9{P(p-tol)3}8]
3+ (Right) from ref [42, 43] 
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Figure 9.  Structure of [Au102(p-MBA)44] (ref 
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Thiol-stabilized gold nanoparticles, including nanocrystals and
nanoclusters, have attracted signiÞcant research interest in
nanoscience in recent years due to their importance in both
fundamental science1Ð11and technological applications such as
catalysis,12 optics,13 biomedicine,14 and chemical sensing.15

When the size of gold nanoparticles approaches the de Broglie
wavelength of the conduction electrons (! 1 nm diameter), the
quasicontinuous electronic bands in bulk gold or large nano-
particles (> 5 nm) evolve to discrete levels. Small gold nano-
particles (< 3 nm) lose their bulk-like electronic properties; for
example, they no longer support the plasmon excitation
characteristic of relatively large gold nanocrystals (3- 100
nm).16,17 In addition, the atomic packing mode in small metal
nanoparticles (also called clusters) plays an important role in
their structure- property correlations and their size dependent
properties.18Ð22 The transition from the cluster state to the
nanocrystalline state raises a number of fundamental questions,
such as how the discrete electronic states develop into the
collective plasmon state as the cluster size increases and what
kind of atomic packing modes may exist in clusters. For the
latter, a ubiquitous structural motifs the centered icosahedron,
and a golden rule of Òcluster of clustersÓ have previously been
discovered in a series of Au/Ag-containing alloy clusters
stabilized by phosphines.23

With respect to thiol-protected gold clusters, despite the great
advances that have been achieved in the past decade in the
synthesis of such clusters,1Ð11,24Ð27signiÞcant challenges still
remain, such as the unambiguous determination of the cluster
size (i.e., the number of gold atoms) and atomic packing in the
cluster. To determine their exact size and structure via X-ray
crystallography, the ultimate approach is to grow single crystals
of gold-thiolate clusters; this unfortunately has long been a big
challenge. Thus far, there has been only one example of an Au-
thiolate cluster, Au102(p-mercaptobenzoic acid)44, that has been
crystallographically determined.28 The Au102 clusters have a 49-
atom Marks decahedral core, which could also be considered
to be a Þve-twinned face-centered cubic or hexagonal close-
packed core. To explore the potential unique structure and
physical and chemical properties of gold clusters, clusters
comprising a few dozen atoms should be further pursued.

Herein we report the unusual single crystal structure of a
phenylethanethiol-capped, 25-atom gold cluster.36 We have
correlated this structure with its optical absorption spectrum by

performing time-dependent density functional theory (TDDFT)
calculations. The structure of the Au25 thiolate cluster has been
long sought since the initial synthesis of this cluster nearly a
decade ago.24Ð27In our work, attainment of the crystal structure
was facilitated by an improved kinetically controlled synthesis
method that leads to monodisperse cluster formation29 (see
Supporting Information for crystallization details).

X-ray crystallographic analysis shows that the Au25 cluster
is based on a centered icosahedral Au13 core (Figure 1A), which
is capped by an exterior shell composed of the remaining twelve
Au atoms, and the whole cluster is encapsulated by eighteen
thiolate ligands. The best way to appreciate the symmetry of
the Au25 cluster is to view them along the 2-fold axes of the
icosahedron (x, y, andz, Figure 1A). If one takes three mutually
perpendicular 2-fold axes of the icosahedron (theD2 subset of
the Oh symmetry), one can readily deÞne how the remaining
twelve Au atoms are situated, that is, they are in six pairs around
each 2-fold axis (Figure 1B); overall, the twelve exterior Au
atoms form an incomplete shell, leaving eight Au3 faces of the
icosahedron uncapped (note that an icosahedron possesses 20
triangular faces). For each exterior Au atom, there is one shorter
Au- Au contact (3.02- 3.12 •) to the Au13 icosahedron and
two longer ones (3.14- 3.27 •) to the other two Au atoms on
the face it is capping. Bond distances on the surface of the
icosahedron obey approximateD2h symmetry with the three
unique bonds being signiÞcantly shorter (2.80- 2.81 •) than
the others (average 2.95 •).

The bonding between the thiolate ligands and gold atoms is
also particularly interesting, Figure 1C. For clarity, the phenyl-
ethyl groups are omitted. All the thiolate ligands adopt a bridging
bonding mode rather than a terminal one as is the case with
monodentate phosphine ligands.18Ð23 Each of the exterior
Au- Au pairs (six in total) is bridged by an- SR ligand and
with two other- SR ligands bridging between the exterior Au

  Carnegie Mellon University.
à Kansas State University.
¤ University of California at Berkeley.
| Northwestern University.

Figure 1. Crystal structure of a Au25(SR)18 cluster (R is phenylethyl group):
(A) the icosahedral Au13 core; (B) the Au13 core plus the exterior 12 Au
atoms; (C) the whole Au25 cluster protected by 18 thiolate ligands (for
clarity, only S was shown, magenta, Au; yellow, S).

Published on Web 04/12/2008

10.1021/ja801173r CCC: $40.75 ! 2008 American Chemical Society J. AM. CHEM. SOC. 2008, 130, 5883Ð5885 9 5883

Figure 10.  Structure of [Au25(SR)18].  A shows 
centered icosahedral Au13 core and B shows added 
attaching-Au atoms to A and C shows full-capped 
structure by Au(I)-thiolates. This figure is from ref [49, 
51], JinÕs report. 
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Figure 13.  Cationic moiety of 
[Au9(dpph)4]3+ (left) and [Au11(dppp)5]

3+ .  
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Figure 13.  Isolated Au:SR composition with total 
valence electrons of the clusters.  From ref [58] 

as-prepared Au:SR. Size focusing of preformed Au:SR by thiol
etching is currently the general method for size-selective synthesis
of magic Au:SR.38Ð45 By using this approach and ESI and
matrix-assisted laser desorption ionization (MALDI) mass
spectrometry, several groups have established a series of
magic Au:SR: Au19(SR)13,46 Au20(SR)16,47 Au24(SR)20,48

Au25(SR)18,37,38,41,43,49Ð58 Au36(SR)23,59 Au38(SR)24,40,44,60Ð63

Au40(SR)24,61,64 Au44(SR)28,65 Au55(SR)31,66,67 Au68(SR)34,41

Au102(SR)44,68,69 and Au144(SR)60.70Ð72Very recently, the groups
of Dass and Jin independently reported the selective synthesis of
Au:SR with core masses of as large as 76, 118 and 207 kDa.73,74

Jin formulated the compositions of 76 and 118 kDa clusters as
Au333(SR)79 and Au530! 5(SR)100! 5, respectively.74 Fig. 2 shows
a plot of the chemical compositions of the magic [AuN(SR)M]Z

isolated to date. There is clearly a strong correlation between the
numbers of Au atoms and thiolates.

2.2.2 Origin of stability. The total number of valence elec-
trons (n*) of [Au N(SR)M]Z can be expressed as follows (assuming
that one thiolate group takes one valence electron from a Au
cluster):32

n* " N # VA $ M $ z (2)

The blue numbers in Fig. 2 are then* values calculated for iso-
lated Au:SR. In many cases, then* values are equal to those
expected for free Au clusters. For example, then* values are 8,
18, 34, 58 and 254 for [Au25(SR)18]$ , [Au44(SR)28]2$ ,
[Au68(SR)34]0, [Au102(SR)44]0, and [Au333(SR)79]0, respectively.
This suggests that electron counting is a primary determining
factor of the stability, especially for the small Au:SR. However,
other n* values, such as 14, 16, 26, 84, and 430 (Fig. 2), do not
match those expected for spherical electronic shells. This may be
ascribed to the non-spherical core geometry, which gives rise to
closed electronic shells that have different numbers of electrons
than those for spherical geometry.

The geometric structures of magic Au:SR clusters had long
been thought to consist of thiolates bound to bridged or hollow
sites on the facets of highly symmetrical Au nanocrystals75Ð78

based on the conventional structural model for the self-assem-
bled monolayer of thiolates on an extended Au surface. Garz!on

et al. were the Þrst to point out that thiolate ligation can signif-
icantly distort the structure of an Au core.79,80 H"akkinen, Walter,
and Gr"onbeck extended this idea by proposing the ÔÔdivide-and-
protectÕÕ concept in which thiolates form cyclic tetramers
Ð[Au(I)ÐS(R)Ð]4 on the surface of the Au14 core.81 Iwasa and
Nobusada proposed a ÔÔcore-in-cageÕÕ model for Au25(SR)18 in
which the planar Au7 core is caged by two cyclic Ð[Au(I)ÐS(R)Ð]3

and one cyclic Ð[Au(I)ÐS(R)Ð]12.82 KornbergÕs group made
a breakthrough in 2007 by elucidating the structure of
Au102(SR)44 using single-crystal X-ray diffraction by showing
that the ÐS(R)Ð[AuÐS(R)Ð] oligomers (ÔÔstapleÕÕ) are formed at
the interface.68 Subsequently, the groups of Murray and Jin
experimentally determined the structure of Au25(SR)18,53,54 while
H"akkinen et al. theoretically predicted the structure of this
cluster.83 A recent theoretical prediction for the structure of
Au38(SR)24,84Ð87 namely that it is composed of a face-fused
bi-icosahedral Au23 core capped by three ÐS(R)Ð[AuÐS(R)Ð] and
six ÐS(R)Ð[AuÐS(R)Ð]2 ligands, was conÞrmed by a single-crystal
X-ray crystallographical study by JinÕs group.63 In summary,
Au102(SR)44, Au38(SR)24, and Au25(SR)18 have a common
structural motif and consist of two components: a Au cluster
core and ÐS(R)Ð[AuÐS(R)Ð]x oligomers of different lengths (n " 1
and 2). Table 1 lists the number of these structural subunits.88

Based on these datasets, the following empirical principles were
proposed for constructing magic Au:SR:60

(1) The Au cores form highly symmetric and stable geometric
structures.

(2) All the surface atoms on the Au core are anchored by
thiolates at both ends of ÐS(R)Ð[AuÐS(R)Ð]x.

(3) The relative population of longer ÐS(R)Ð[AuÐS(R)Ð]n is
higher for smaller clusters because smaller Au cores with larger
curvatures prefer protection by longer ÐS(R)Ð[AuÐS(R)Ð]x,
which has a bent structure.

The geometrical structures of other magic clusters, such as
Au20(SR)16,89,90 Au24(SR)20,91 Au44(SR)28,92 and Au144(SR)60,93

have been predicted theoretically in the framework of the above
model. For example, H"akkinenÕs group proposed that an Au114

core is fully protected by 30 ÐS(R)ÐAuÐS(R)Ð staples in
Au144(SR)60.93 Longer ÐS(R)Ð[AuÐS(R)Ð]3 oligomers have been
proposed to protect the smaller Au8 cores in Au20(SR)16.89,90

Fig. 3 shows a plot of the populations of Au atoms in the core
and ÐS(R)Ð[AuÐS(R)Ð]x oligomers (x " 1Ð3) as a function of the
total number of Au atoms. This plot shows that the populations
of the core atoms and shorter oligomers increase with increasing
number of Au atoms.

Based on the above discussion, we conclude that the magic
stability of Au:SR depends on both geometric and electronic
factors. Namely, the stability of magic Au:SR can be explained in
terms of the complete coordination of highly symmetrical Au
cores by ÐS(R)Ð[AuÐS(R)Ð]x oligomers and the preferred charge
state is determined by closure of the electronic shell.

2.2.3 Mixed clusters.The groups of Murray, Negishi, Jin,
and Dass have succeeded in incorporating another metallic
element (Pd and Ag) into several magic Au:SR clusters without
altering the metal-to-thiolate ratio. For example, mixed clusters
with the same metal-to-thiolate ratio as Au25(SR)18 have been
synthesized, including Au24Pd(SC2H4Ph)18,94,95 Au24Pd(SCn)18,96

and Au25ÐnAgn(SCn)18.97 Other mixed Au clusters that have been
Fig. 2 The chemical compositions of magic Au:SR isolated so far. The
blue numbers represent then* values calculated using eqn (2).
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Figure 1-1.  Picture of Top-do- 
wn/ Bottom-up method 
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1-2-2.  Turkevich �O5�z Frens �O6�z Brust -Shiffrin �O7 
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Figure 1-2.  Preparation method of thiolate 
modified Au clusters.  (Top) Brust-method, 
(Middle) Ligand exchange, (Bottom) Modifi- 
cation with thiolates.    
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Figure 1-3-1.  Illustration of schemes in conventional synthetic method  
and post synthetic method.  
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  Table 1-1.  Growth and Etching reactions of Au:PR3 cluster systems 
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Etching reaction    Reactant    Product  Ref 

[Au9(PPh3)8]
3+   PPh3 [Au8(PPh3)8]

2+ 14 

[Au9(PPh3)8]
3+   Na2S2C2(CN)2)  [Au8(PPh3)7]

2+ 15 

[Au9(PPh3)8]
3+ [RhCl(cyclooctene)2]2 [Au8(PPh3)7]

2+ 16 

[Au9(PPh3)8]
3+   dppp 

[Au6(dppp)4]
2+, 

[Au8(dppp)4]
2+ 

  17 

[Au13(PMe2Ph)10Cl2]
3+   PMe2Ph [Au11(PMe2Ph)]3+   18 

[Au8(PPh3)8]
2+   K[Ag(CN)2] [Au6(PPhR2)8]

2+  19 

    

Growth reaction    Reactant    Prod uct  Ref 

[Au8(PPh3)7]
2+ Au(NO3)(PPh3)    [Au9(PPh3)8]

3+   20 

[Au9(PAr3)8]
3+ 

  4-pyridinethiol  

  in alkaline methanol 
Au11(PPh3)7(4-pyS)3 21 

[Au9(PPh3)8]
3+  [Au11(PMe2Ph)10]

3+ 
  [Au13(PMe2Ph)10Cl2]

3+.  

  [Au9(PPh3)8]
3+ 

  22 

[Au11(PPh3)8Cl2]Cl Ethanethiol [Au25(PPh3)10(SEt)5Cl2]
2+ 23 

[(AuPPh3)3NNR2]BF4    decomposition [Au6(PPh3)6]
2+ 24 
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         Figure 1-4.  Structural diagram of hexanuclear gold cluster with ligandÕs bridge 

 

 

 

 

 

         Figure 1-5.  Au-P structural diagrams of octanuclear gold clusters with ligands 

 

 

 

 

 

 

 

 

 

 

            Figure 1-6.  Au core structural diagrams of nonanuclear (a~c) and  
         decanuclear (d), undeca nuclear (e) gold clusters  

To date, there is only one case of a pentanuclear gold cluster [Au5(dppm)3(dppm-
H)][NO3]2 [7] in which the metal atoms display a spiked-tetrahedral arrangement.
Four of the gold centers form a tetrahedral cluster while the! fth is bonded to one of
the former metal centers. Each dppm and (dppm-H)! ligand acts as a bridging ligand
between two gold atoms. This cluster was prepared using a metal evaporation
technique in solution and in the presence of (dppm-H)! ligand.

Among phosphine-stabilized hexanuclear gold clusters, two interesting structures
have been analyzed. The! rst is the cationic [Au6(PPh3)6]

2" cluster, prepared through
decomposition of the hydrazido complex [R2NN(AuPPh3)3]BF4 [8] or through
degradation of the cluster [Au8(PPh3)8]

2" in the presence of [Ag(CN)2]
! [9]. The

cluster structure displays an edge-sharing bitetrahedral arrangement of the gold
centers with a phosphine ligand bonded to each gold atom. In this case, the shortest
AuÐAu distance corresponds to the gold atoms sharing the tetrahedral units. The
second example is the cluster [Au6(dppp)4]

2" (dppp# diphenylphosphinopropane),
synthesized through degradation of cluster [Au9(PPh3)8]

2" with an excess of dppp
ligand, in which four gold atoms form a tetrahedron while the two remaining gold
centers are placed in a trans-edge bridge arrangement surrounded by four dipho-
sphine ligands [10] (Scheme 3.4).

The structure of the heptanuclear cluster [Au7(PPh3)7]OH has been characterized
through X-ray diffraction studies. The gold centers display a pentagonal bipyramid
geometry with a phosphine ligand bonded to each of them. This cluster was prepared
through the reaction of gold vapor with PPh3 in toluene as solvent [11, 12].
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Three octanuclear gold cluster structures must be mentioned, namely [Au8-
(PPh3)8]

2! , [Au8(PPh3)7]
2! and [Au8{P(C6H2Me3-1,3,5)3}6]

2! showing eight, seven
or six arylphosphine ligands, respectively [4, 13Ð15] (Figure 3.1).

Cluster [Au8(PPh3)8]
2! can be prepared by reaction of the nonanuclear cluster

[Au9(PPh3)8]
3! with two equivalents or excess of triphenylphosphine [13], by photol-

ysis of the azide complex [AuN3(PPh3)] in THF [16] or by addition of triphenylpho-
sphine to the [Au8(PPh3)6]

2! cluster [4]. Two crystal structures with different anions
(PF6

" and alazarinsulfonate) [13, 15] have been determined and both display a core of
gold atoms in a centered chair arrangement with an additional gold atom bonded to
three of the metal atoms of the chair and a central gold atom. The inner AuÐAu
distances lie between 2.587(5) and 2.771(5) • for the alazarinsulfonate salt and
between 2.64(1) and 2.72(1) • for the PF6

" one. Each gold atom is bonded to a
triphenylphosphine ligand.

Cluster [Au8(PPh3)7]
2! can be synthesized through two unusual pathways. The

! rst pathway consists of the reaction of cluster [Au9(PPh3)8]
2! with Na2S2C2(CN2)

salt [17] and the second consists of the reaction of cluster [Au8(PPh3)8]
2! with the

rhodium compound [RhCl(C8H14)2]2 through elimination of one PPh3 ligand [14].
The crystal structure of this octanuclear cluster displays a butter" y shape with four
gold centers and another three metal atoms bridging the opposite atoms of the
butter" y part. An eighth gold atom lies in the center of the cluster and seven
triphenylphosphine ligands are bonded to the peripheral metal atoms. The central-to-
peripheral AuÐAu distances are shorter (2.63(1)Ð2.72(1) •) than the peripheral ones
(2.80(1)Ð2.94(1) •).

Octanuclear cluster [Au8{P(C6H2Me3-1,3,5)3}6]
2! is prepared by reduction of the

oxonium salt [O{Au{P(C6H2Me3-1,3,5)3}3] in the presence of 3 atm of CO [4]. The
structure shows a cluster core composed of a distorted Au4 tetrahedron in which two
of the gold vertexes are also bonded to two other gold atoms. Six phosphine ligands
are linked to the gold atoms of the unshared vertexes.

The synthesis of nonanuclear gold clusters is carried out mainly through the
reduction of a mononuclear gold(I) complex. Using NaBH4 as reducing agent
against [Au(SCN)(PCy3)] or [Au(NO3)(PPh3)] precursor complexes the gold clusters
[Au9(SCN)3(PCy3)5] [18] and [Au9(PPh3)8][NO3]3 [19] are obtained, respectively.
Also, when the molecular gold precursor is complex [AuCl(PPh3)] and the reducing
agent is the titanium compound [Ti(h-C5H5Me)2] the cluster [Au9(PPh3)8]

3! can be
synthesized [20]. Finally, synthesis of cluster [Au9(PPh3)8]

3! can also be afforded
by an aggregation reaction of the octanuclear cluster [Au8(PPh3)8]

2! with complex
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[Au(NO3)(PPh3)] [21]. Similar clusters with different triarylphosphines, such as P
(p-C6H4Me)3 or P(p-C6H4OMe)3, have also been described [22, 23].

The structure of the heteroleptic cluster [Au9(SCN)3(PCy3)5] [18] displays a six-
membered ring of metal atoms with one gold atom in the center of the chair and two
other peripheral gold atoms each bonded to three metals (Figure 3.2a). Interestingly,
cluster [Au9{P(p-C6H4OMe)3}8]

3! displays two different structural arrangements
depending on the counteranion. When the anion is PF6

" and the phosphine is P
(p-C6H4Me)3 [22] or the anion is NO3

" and the phosphine is P(p-C6H4OMe)3 [24], the
cluster structure can be de! ned as a centered chair of gold atoms with two additional
edge bridging gold atoms with phosphine ligands linked to all gold centers with the
exception of the central one. (Figure 3.2b) If the anion is BF4

" [23] or NO3
" [24] and

the phosphine is P(p-C6H4OMe)3, the cluster structure adopts a centered crown
arrangement of gold atoms. (Figure 3.2c)

The decanuclear cluster [Au10(PCy2Ph)6Cl3]
! can be synthesized by reducing the

mononuclear precursor [AuCl(PCy2Ph)] with NaBH4 [25]. Other decanuclear gold
clusters such as [Au10(PPh3)3(C6F5)4] [26] and [Au10(PPh3)7{S2C2(CN)2}2] [27] can be
obtained through aggregation reactions to the nonanuclear cluster [Au9(PPh3)8]

3!

and three equivalents of [Au(C6F5)2]
" or one equivalent of [S2C2(CN)2]

" , respectively.
The gold cluster core is similar in the three decanuclear clusters and consists of three
trigonal bipyramidal Au5 clusters that share a gold central atom and an edge
(Figure 3.2d).

There are several synthetic pathways that permit the synthesis of undecanuclear
clusters. The reduction of the mononuclear precursor [AuI(PPh3)] or the dinuclear
precursor [Au2X2(BINAP)] with NaBH4 leads to clusters [Au11(PPh3)7I3] [28]
and [Au11(BINAP)4X2] [29] (X# Cl or Br; BINAP# 2,20-bis(diphenylphosphino)-
1,10-binaphthyl), respectively; reaction of gold vapor with complex [Au(SCN)(PPh3)]
in ethanol leads to cluster [Au11(PPh3)7(SCN)3]

3! [30]; the photolytic reduction of
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Figure 3.2Core structures of nonanuclear (a, b, c), decanuclear
(d) and undecanuclear (e) gold clusters.
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Figure 1-7.  Structure of Au20 clusters. Left 
one is calculated structure but the right one is 
experimentally obtained structure. Ref [33] 

Figure 1-8.  Crystal structure 
of Au14(PPh3)(NO3) ref [35] 
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   polydisperse mixture 

Au9, Au11, Au12, Au13, Au15 
HCl 

Au PR3 ! + 

! Ð 
Au

PR3

Cl

H

11 9 12 

13 15 

[Au13LÕ5Cl2]Cl3 

HCl weakens Au-Au 
bond 

Y. Shichibu, K. Konishi, Small, 
2010, 6,1216-1220!

< Proposed mechanism > 

NaBH4 

Polydispersed  clusters Au(I)LÕ-complex 

Figure 1-10.  Acid-induced nuclearity convergence into Au13 cluster.  First step, reduce 
Au(I)-complex with NaBH4, resulting in production of polydispersed clusters.  At second 
step, add HCl (acid) to the mixture, then this step allows the mixture to convert into Au13.  

Figure 1-9.  Cationic stru- 
cture of [Au6L4]

2+.  Each 
edge-positioned gold atoms 
is coordinated by 2 P 
atoms, respectively  
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Ph2P PPh2

L =

L! =

Ph2P
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Figure 1-11.  Facile synthetic schemes of diphosphine coordinated non-spherical Au 
clusters.  The details are described in Section 1-2. 
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Figure 1-12.  UV-vis spectral changes of [Au6L4]
2+ (25.6 µM) after addition of Au(PPh3)Cl 

(20 mol eq.) in methanol at room temperature.  Inset: Time course of the formation of 
[Au8L4Cl2]

2+ estimated from the !  values of authentic samples. 
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 Figure 1-13.  ESI-MS of monodisperse [Au8L4Cl2]
2+ in MeCN.  

The isotopic pattern is shown in inset.   
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Fig.X. ESI-MS spectra of monodisperse solution of [Au8(dppp)4]2+ in 
CH2Cl2 (m/z ! 1612.5) (upper), [Au6(dppp)4]2+ in CH2Cl2 (m/z !  1415.2) 
(middle) and [Au8(dppp)4Cl2]2+(m/z !  1647.2) (lower) in MeCN. Isotopic 
patterns of [Au8(dppp)4]2+ and [Au8(dppp)4 Cl2]2+ are shown in inserts, 
respectively
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Figure 1-14.  ORTEP structure of [Au8L4Cl2](PF6)2.  Hydrogen 
atoms, counter anions and solvent molecule are omitted for clarity. 
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Figure 1-16.  (a) ESI-MS and (b) UV-vis monitoring of the reaction of [Au9(PPh3)8]
3+ with 

L in dichloromethane.  (i) [Au9(PPh3)8]3+; (ii) the reaction mixture after 15 min; and (iii) 
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Fig.X. ESI-MS spectra of monodisperse solution of [Au8(dppp)4]2+ in 
CH2Cl2 (m/z ! 1612.5) (upper), [Au6(dppp)4]2+ in CH2Cl2 (m/z !  1415.2) 
(middle) and [Au8(dppp)4Cl2]2+(m/z !  1647.2) (lower) in MeCN. Isotopic 
patterns of [Au8(dppp)4]2+ and [Au8(dppp)4 Cl2]2+ are shown in inserts, 
respectively
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Figure 1-17.  ESI-MS of [Au8L4]
2+ solution in CH2Cl2.  A set of 

signals at <”1612.5 (m/z) was found.  The isotopic pattern 
showed good agreement with simulation.    
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(a) 

(b) 

Figure 1-18.  ORTEP structure of (a) [Au8L4](NO3)2 and (b) 
[Au6L4](NO3)2.  Hydrogen atoms, counter anions and solvent 
molecule are omitted for clarity. 
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Figure 1-19.  UV-vis absorption spectra of before (blue) and after (green) the 
reaction of [Au6L4]

2+ with Ag+.  The spectrum for crystal of [Au7L4](BF4)3 is shown 
with pink line as a reference.   
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Figure 1-20.  ESI-MS of crystal of [Au7L4](BF4)3
 in methanol.  The set of signals 

was found at $1009.1 m/z. 
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Figure 1-21.  The ORTEP structure of [Au7L4](BF4)3.  The counter anion, 
hydrogen atoms and solvent molecules are omitted for clarity. 
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III.  Results 
 

A. ESI mass spectrum 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1  Positive-ion ESI mass spectrum of 1-(SbF6)3.  The inset shows a comparison of the experimental 
data with the calculated isotope pattern. 

 

 

B. 31P NMR spectrum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2  Proton-decoupled 31P NMR spectrum of 1-(SbF6)3 (CD2Cl2) at room temperature. 
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Figure 1-22.  ESI-MS of crystal of [Au11LÕ6](BF4)3
 in 

methanol.  The set of signals was found at $1519.5 m/z.  
The insert figure shows isotopic pattern of the signals. 
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Figure 1-23.  The ORTEP structure of 
[Au11LÕ6](SbF6)3.  The counter anion, hydrogen 
atoms, solvent molecules and some phenyl rings 
are omitted for clarity. 
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Figure 1-24.  31P{1H}-NMR spectra of non-spherical Au clusters ([Au11L6]3+,  
[Au8L4Cl2]

2+, [Au8L4]
2+, [Au7L4]

3+, [Au6L4]
2+).  The integral lines and value were 

shown in red and the assignment of �� signals were depicted with the alphabet. The 
signal a in NMR spectrum of [Au7L4]

3+ could be assigned to smaller Au complex.     
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1-6.  
$�å  
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�‡�h�z [Au6L4]
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+���ù�9
� �´�«�›�;�M�”�\�q�p�z Au7 �«�å�µ�»�”	� �w�×
C�$

�s
\
R�U�I�\�”�\�q�U�'
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Synthetic method of nonspherical Au clusters 

�� �Î Synthesis of [Au 8(Ph2P(CH2)3PPh2)4Cl2](PF6)2 

 Au(PPh3)Cl in chloroform (67 !mol/1 mL) was added dropwise over ~1 min to a methanol solution 

of [Au6L4](NO3)2 (20 mg, 6.7 !mol) and the mixture was stirred at room temperature.  After 60 

min, diethyl ether (30 mL) was added to the reaction mixture, and the resulting solid was collected 

by filtration and washed with 2-propanol (2 mL " 10) to give [Au8L4Cl2](NO3)2 as a pinkish solid 

(19.3 mg, 83%).  The [Au8(Ph2P(CH2)3PPh2)4Cl2](NO3)2 thus obtained was mixed with NaPF6 (112 
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Figure 1-S1.  UV-vis monitoring of the self-conversion of [Au8L4]
2+ in methanol under the 

aerobic condition.  The cluster concentration was abt. 30�� M.  Absorption maxima at 
558 nm indicated the formation of Au7 cluster species.  This result also suggested the 
instability of [Au8L4]

2+ in methanol.   
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!mol) in methanol/ethanol (40 mL each).  After 30 min, the resulting precipitate was collected by 

filtration and washed with ethanol (2 mL " 20) to give crude  [Au8(Ph2P(CH2)3PPh2)4Cl2](PF6)2.  

Crystals suitable for X-ray analysis were grown by vapor diffusion of ether into a solution of the 

cluster in dichloromethane.  Elemental analysis: calcd (%) for [Au8(Ph2P(CH2)3PPh2)4Cl2](PF6)2 

(H2O)4 (C108H112Au8O4P10F12): C 35.46, H 3.09, Cl 1.94; found: C 35.49, H 3.14, Cl 1.79.  No 

nitrogen was found. 

 

�� �Î Synthesis of [Au 8(Ph2P(CH2)3PPh2)4](NO3)2 

 To a dichloromethane solution (10 mL) of [Au9(PPh3)8](NO3)3 (3) (100.0 mg, 24.7 !mol) was 

added a dichloromethane solution (5 mL) of (Ph2P(CH2)3PPh2) (61.0 mg, 148 !mol), and the mixture 

was stirred at room temperature for 1 h.  To this solution was added toluene (300 mL), and the 

resulting red precipitate was collected by filtration.  Washing with toluene and ether gave crude 

[Au8(Ph2P(CH2)3PPh2)4](NO3)2 as a purple solid (30.2 mg, 59%).  Crystals suitable for X-ray 

analysis were grown by vapor diffusion of ether into a solution of the cluster in DCM.  Elemental 

analysis: calcd (%) for [Au8(Ph2P(CH2)3PPh2)4](NO3)2�w(CH2Cl2)1.5 (C109.5H107- Au8O6N2P8): C 

37.83, H 3.10, N 0.81, Cl 3.06; found: C 37.66, H 3.28, N 0.82, Cl 2.84. 

 

�� �Î Synthesis of [Au 7(Ph2P(CH2)3PPh2)4](BF4)3 

 Excess of NaBF4 was added to solution of 400 µM [Au6(Ph2P(CH2)3PPh2)4](NO3)2 (11.4 mg in 

MeOH 10 mL).  After standing for 5 min, added 20 mL of diethylether to cluster solution then 

filtered off and washed the residue with ether and water.  The solid was dissolved in MeOH 10 mL 

(less soluble).  20 µL of 100 mM AgBF4 in MeOH was added into the cluster solution in MeOH 10 

mL, and then stirred.  The solution color immediately changed from intense blue to bright 

reddish-purple.  After 5 min., purple precipitation was observed by addition of 30 mL diethylether.  

The precipitation was filtered and washed with water and ether.  Crystals suitable for X-ray 

analysis were grown by vapor diffusion of ether into a solution of the cluster in MeOH at room 

temperature.  Needle-like reddish-brown crystal was obtained after 1day (Yields: 8.2 mg, <”65 %).  

ESI-MS showed a set of signals at # 1009.1 and the isotopic pattern was same as the result of 

calculation.  Elemental analysis didnÕt show good agreement to calcd. CHN values. This method 

was less reproducibility.  

 

�� �Î Synthesis of [Au11(Ph2P(CH2)2PPh2)6](SbF6)3  

 To an ethanolic solution (75 mL) of Au2(Ph2P(CH2)2PPh2)Cl2 (172.7 mg, 200 ! mol) was added an 

ethanolic solution (5 mL) of NaBH4 (15.1 mg, 400 ! mol), and the mixture was stirred at 0 ¡C.  

After 1 h, NaSbF6 (excess) was added to the reaction mixture, which was then mixed with acetone 

(25 mL) / ethanol (100 mL).  The resulting precipitate collected by filtration was washed with 

ethanol to give [Au11(Ph2P(CH2)2PPh2)6] (SbF6)3 as a dark green solid (32.1 mg, 17%).  Crystals 

suitable for X-ray analysis were grown from ethanol/dichloromethane (1:1).  Elemental analysis: 

calcd (%) for [Au11(Ph2P(CH2)2PPh2)6] (SbF6)3 (C156H144Au11F18P12Sb3): C 35.59, H 2.76; 

found: C 35.46, H 2.99; no nitrogen and chloride were found. 
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solution mixed with dodecanethiol (0.6 mmol) in toluene (20
mL) for 10 min at room temperature, a freshly prepared aqueous
solution (60 mL) of sodium borohydride (6 mmol) was added
to the vigorously stirred solution. The resulting solution im-
mediately turned from orange to deep brown and continued to
be stirred for more than 12 h. The organic phase was then
separated, evaporated in a rotary evaporator at 40¡C, and dried
in vacuo at 30¡C for 1 day. Octadecanethiol (ODT) was also
used as a protective agent in place of dodecanethiol.

The crude solid that was obtained was heat treated at a
prescribed temperature of 150- 250¡C with the heating rate of
2 ¡C min- 1 and was held for 30 min in air. The heat-treated
product was dissolved in 30 mL of toluene and mixed with 300
mL of methanol to remove excess alkanethiol and TOAB. The
dark-brown precipitate was filtered off, washed with methanol,
and redispersed in toluene. The purified products were confirmed
by XPS measurements to be free from TOAB and excess
alkanethiol (i.e., no peaks originating from N 1s (401.5 eV),
Br 3d5/2 (67.5 eV), and S 2p3/2 (167.8 eV) were observed).

Characterization. The consumption of [AuCl4]- ions and
the formation of DT- Au nanoparticles were confirmed by UV-
vis spectroscopy with a Hitachi U-3310 UV- vis spectropho-
tometer. The weight ratios of Au and DT of DT- Au nanopar-
ticles before and after heat treatment were estimated by
thermogravimetric analysis (TGA) on a ULVAC-RIKO TGD9700
from room temperature to 600¡C with a heating rate of 2¡C
min- 1 and were held at 600¡C for 30 min. The elemental
composition of DT present on Au nanoparticles before and after
heat treatment at various temperatures was estimated by using
an elementar Vario EL III. Fourier transform infrared (FT-IR)
spectroscopy (HORIBA FT-720) was applied to investigate the
conformation of the DT ligands on Au nanoparticles in the solid
state by a KBr method.

The alkanethiol-protected Au nanoparticles were observed by
transmission electron microscopy (TEM) at 125 kV on a Hitachi
H-7100. The specimens for TEM were prepared by placing a
few drops of a toluene solution of Au nanoparticles onto the
flat amorphous carbon-coated copper grids. The mean diameters
and standard deviations of Au nanoparticles were calculated by
counting 200 particles with a loupe from TEM images of
400 000! magnification. The crystal structure of the DT- Au
nanoparticles was determined by both high-resolution TEM
(HRTEM) at 300 kV on a Hitachi H-9000NAR and X-ray
powder diffraction (XRD) on a MAC Science M18XHF-SRA
with Cu KR radiation. Atomic force microscopy (AFM)
measurements were carried out with a Digital Instruments
Nanoscope III with a multimode head. Tapping mode was
employed in this study by using NANOSENSORS silicon tips.
The Au nanoparticle specimens for AFM were prepared by
evaporating a few drops of toluene solution containing DT-
Au nanoparticles on mica and highly oriented pyrolytic graphite
(HOPG).

Results and Discussion

Heat-Induced Size Evolution of Au Nanoparticles in the
Solid State.The toluene solution containing [AuCl4]- before
reduction shows a peak at 350 nm in its UV- vis spectrum due
to the ligand-to-metal charge-transfer transition of the [AuCl4]-

ions, as shown in Figure 1a. After the reduction of [AuCl4]-

with sodium borohydride, the solution changed from orange to
deep brown, and very weak surface plasmon absorption appeared
at around 520 nm (Figure 1b), suggesting the formation of quite
small particles.25 This was confirmed by TEM observation (i.e.,
as-prepared DT- Au nanoparticles had a mean diameter of 1.5

nm with a standard deviation of 0.2 nm (see Figure 2a)). The
mean diameter of as-prepared octadecanethiol-protected Au
(ODT- Au) nanoparticles is also 1.5 nm. These small nanopar-
ticles do not form 2D superlattices on a flat carbon-coated
copper grid probably because of weak van der Waals attractive
forces between the Au nanoparticles. Using a ligand with
functional groups to induce the interaction between the ligands
has a large effect on the ordering of Au nanoparticles smaller
than 2 nm.12

To evolve the size of DT- Au nanoparticles, the crude solid
prepared by evaporating toluene from a 1.5-nm DT- Au

Figure 1. UV- vis spectra of solutions (a) containing [AuCl4]- before
reduction and (b) immediately after reduction and DT- Au nanoparticles
after heat treatment at (c) 150, (d) 190, and (e) 230¡C.

Figure 2. TEM images and size distributions of DT- Au nanoparticles
(a) as-prepared and after heat treatment at (b) 150, (c) 190, and (d)
230 ¡C and (e) ODT- Au nanoparticles heat treated at 250¡C.

2720 J. Phys. Chem. B, Vol. 107, No. 12, 2003 Shimizu et al.
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Figure 2-2.  Size dependent Au 
plasmonic absorption specra.  (a) 1.5 
(�œ0.2) nm, (b) 3.4 (�œ0.3) nm, (c) 5.4 (�œ
0.7) nm, (d)6.8 (�œ0.5) nm (e) 9.7(�œ0.9) 
nm (from ref [3] ). 

Figure 2-1.  A picture of Ars Vitraria 
Experimentalis, Oder Vollkommene 
Glasmacher-Kunst written by J. 
Kunckel in 1679 
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Figure 2c. This is crucial because the ESI process often yields
gas phase analyte ions with a counterion adduct. For example,
Au25(SR)18 ions were observed with Cs, Rb, K, Na, and Li
alkali-metal ion adducts32 or tetraoctylammonium ion
adducts,33 in positive mode, while the negative mode
exclusively yields the native Au25(SR)18

! ion.34 Similar results
(not shown here) were also observed for the case of
phenylethanethiolate protected nanomolecules.

Having established that the ESI mass spectra re! ect parent
molecular ions that are free of counterions, we used the 20-Da
mass di" erence between 2-phenylethanethiolate (137 Da) and
n-hexanethiolate (117 Da) protected nanomolecules to
calculate the number of ligands. As detailed in Figure 2d, a
mass di" erence,! m of 350 Da/z for thez = 2 peaks would
correspond precisely to 35 ligands.35

The unique composition (67,35) thus explains both the
calibrated total masses observed and the di" erence (700 Da)
arising from the two distinct thiolate ligands. One may
henceforth regard this as a direct determination of the de#nite
composition underpinning the 14-kDa class of cluster
compound, much as the compositions (25,18) and (38,24)
have de#ned the respective lower mass-ranges.

However, unlike the smaller nanomolecules, the new mass
spectral results shown here donot indicate a de#nite charge
state for the compound as produced in the solution-phase
synthetic procedure. From the mass spectra shown in Figure 2,
it is clear that charge states such as 2+, 3+, and 2! are observed
for the Au67(SR)35 nanomolecules. [Other ESI! MS experi-
ments with added cesium acetate electrolyte (not shown here)
detect the compound in other charge states, including 1+ and
the otherwise undetectable neutral,z = 0.] Therefore, we
conclude that as the size of the nanoparticle gets larger, a
number of di" erent charge states can exist; these may be
attributable to redox processes, as has been shown in detail for
Au25(SR)18 (refs 32 and 33).

The optical spectroscopiccharacterization of the puri#ed Au67
compounds has principally involved linear absorption spectros-
copy of the dilute solutions in the UV! vis! NIR regions,
covering the wavelengths ranging from 300 to 1100-nm, or
1.1! 4.0 eV photon energy, with additional measurements to
1500 nm. In Figure 3, a typical UV! visible! NIR spectrum of
Au67 is compared to that of a smaller Au38 and also a larger gold
particle containing about 330 atoms. Under these conditions,
the UV! visible spectrum of Au67 appears as a nearly
monotonically rising curve, other than minor step-like features
and a shoulder around 590 nm (2.1 eV). The expected onset of
enhanced absorption is observed around 800 nm (" 1.6 eV).4,36

These features were also observed in Au67 protected by
hexanethiol (see the Supporting Information). The spectrum is
Figure 3 is in substantial agreement with that reported by
Alvarez et al.36 as analyzed further in Chen et al.2 and Wyrwas
et al.5

The electrochemical characterizationof the puri#ed Au67
compounds was performed by cyclic voltammetry (CV) and
di" erential pulsed voltammetry (DPV). Figure 4a shows typical
DPV results for Au67(SCH2CH2Ph)35 and the corresponding
CVs are shown in Figure S1, Supporting Information. Six
distinct features are noted, each corresponding to reversible
single-electron redox waves; these are neatly spaced around a
large central gap. Taking the charge-state in this region as a
reference state, these transitions may be regarded as three
oxidation peaks centered at {+0.48, +0.70 and +0.95 V} and
three reduction peaks centered at {-0.26,! 0.53, and! 1.03 V}.

The potential di" erence between the#rst oxidation and#rst
reduction peaks, approximately 0.74-V, pertains to the central
electrochemical gap. The potential di" erence between
successive oxidation peaks and two reduction peaks (0.22 and
0.27 V respectively), provides an estimate of theÒcharging
energyÓ. Subtracting the electrochemical potential gap for
charging energy, one obtains an estimate for theÔelectronic gapÕ
for this molecule-like compound to be" 0.5 eV. This analysis of
the electronic and capacitive charging energies is (i) consistent
with earlier results of Chen et al. obtained from samples where
the 14 kDa species is not well isolated;2 (ii) consistent with that
deduced from optical analysis (see below); and (iii) less when
compared to the energy gaps of its smaller counterparts Au25
and Au38, but much larger than for Au144(refs 37 and 38). The
Au67 species thus#ts the size dependent trend in the calculated
HOMO! LUMO gaps as reported by Murray.3 As the core size
of the nanomolecule increases, the electrochemical gap
disappears leading to (Coulomb staircase) quantized charging
behavior.37,39! 43

Evidence pertaining to theligand environmentsof the
pheynylethanethiolate groups of the highly puri#ed
Au67(SCH2CH2Ph)35 has been obtained by1H and13C NMR
spectroscopyin dilute solutions. The1H NMR spectrum of the
free PhCH2CH2SH shows distinct peaks at 2.9 ppm due to
methylene protons and near 7 ppm due to aromatic protons.
Corresponding features are observed in the1H NMR of Au67.
This indicates that these thiolate ligands are bound to the gold
core. The methylene proton peaks at around 3 ppm are
broadened, which is expected for a larger compound. The
broadening of the peaks increases with increasing proximity of
the methylene proton to the sulfur headgroup bonded to the
gold surface.44 The 13C NMR spectrum similarly strengthens
the case for chemisorption of thiolate groups on the gold
surface. Figure 5 shows the carbon peaks of the compound
Au67(SCH2CH2Ph)35 in comparison with that of the reference
PhCH2CH2SH. (The triplet at around 80 ppm is due to the
solvent CDCl3.) The peaks in the 130 ppm range are due to the
aromatic carbons. The peaks between 20 and 40 are due to the
methylene carbons. These methylene carbons are the ones
which interact strongly with the gold surface and are therefore

Figure 3.UV! visible optical spectrum of Au67(SR)35 nanomolecules
(red) in toluene compared with a smaller cluster Au38(SR)24 (dotted)
and a larger Au" 300,76.3 kDa cluster (dashed).

The Journal of Physical Chemistry A Article
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Figure 2-3.  UV-vis absorption spectra of 
thiol protected Au38 (small dotted), 
Au67(red), Au~300 (dotted).   
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Figure 2-4.  UV-vis absorption spectra 
of several small Au clusters.   
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Figure 2-5.  Absorption spectra of nonsph- 
erical small gold clusters.  A spectrum of 
spherical Au11Õ (bottom) is shown as a 
reference. 
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Au11 �p�x�z�¯�ž�w�¤	ú�t�Ú�j� �›�Ë�m�¤	ú�-�Ë���p�K�“�z�z�\�•�x���w�‹�w�t�x�_�’�•�s

�M�{ Au8Cl 2 �t�S�M�o�x�z P �Ž�Ž�w Cl 
��•� �›�Ë�l�o�M�”�:�p�›�Ÿ�$�p�K�”�{ Au8 �x�›�Ø�.

�~�”�.�p�K�”�U�z�¯�ž�w�Ž���t
ˆ�|	Z�`�h exo �•�w Au �›�Ë�h�s�M�{ Au7 �x Au6 �q Au8 �w

�¤�� �w�‘�O�s�Ï���›�‹�j�µ�¯
��M�{�‡�h Au6 �x�z 2 �m�w exo Au �t�0�`�o P �U 2 �m�c�m�A

�ù�`�o�M�”�h�Š�z Au8Cl 2�z Au8 �z Au7 �q�‰�a
��•� �w
:�z�m�‡�“�Ú�j� �w
:�‘�“�‹ 2 �m��

�M 8 �x�w P �j� �t�‘�l�o�¯�ž�Ï���U��
R�^�•�o�M�”�¢ Au7 �x 8 �x�w P�£�{�\�w�‘�O�s �§�M

�U�z
ü�«�¶�$
Q�í�t�è�¹�›�)�Q�o�M�”�x�c�p�K�”�{  
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2-3-1.  �Ë�2�×�µ�Ñ�Ÿ�ï
��•
‡�•	Ý�«�å�µ�»�”�w�Ï��  

 

�� �o�A	¥ X
¢�Ï���r
s�t�‘�l�o�˜�’�•�h Au11 �z Au8Cl 2�z Au8 �z Au7 �z Au6 �w�§�½�¦�ï�Ï��

�› Figure 2-6�t�Ô�`�h�{�¤�Ï���w�Í�å�Ý�”�»�”�x�z Table 2-S1�¢ 2-6
…�£�t�‡�q�Š�h�{  

 

Side view Top view 
[Au11LÕ6]

3+�¢ Au11�£ 

[Au8L4Cl2]
2+�¢ Au8Cl 2�£  [Au8L4]

2+�¢ Au8�£  

[Au7L4]
3+�¢ Au7�£  [Au6L4]

2+�¢ Au6�£  

Figure 2-6.  The cationic structures of non-spherical gold clusters.  Hydrogen atoms 
were omitted for clarity.  The abbreviations were denoted in the side of each formula. 



 

 64 

2-3-2.  
‡�•	Ý�«�å�µ�»�”�q�•	Ý�«�å�µ�»�”  

�� �\�w
…�x�z
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�â�Ç�¿�Ä�p�Ï
R�^�•�”�«�q�`�o�z�%�›�ž���`�h�›�Ø�. 2 �m�p�Ï
R�^�•�” [Au6(PAr3)6]
2+�¢ Au6Õ�£�z

�U�C���^�•�o�M�”�{�f�•�x 
‡�•	Ý Au8 �• Au8Cl 2 �w�‘�O�s�%�ž���w�›�Ø�.�›�Ë�m�q�M�O�Ï

���$�›�Ã�›�Ô�b�U�z�î�í�$�t�x 2 �s�s�8�à�› 3 �m�Ž	Í�‹�m
z�±�$�ô�M�0	¶
Q�›�Ô�`�z�¤��

�w�ž���^�•�h�%�w�¤	ú�t�V�Å�$�s�«�å�µ�»�”�w�¤	ú�›�Ë�l�o�M�”�q�ß�Q�”�\�q�‹�p�V�”�{

�Š�¶�•�æ���t�S�M�o�x�z �\�•�’�›�s�8�`�o�˜�’�•�”�s�8�.�U�•���T�•���p�x�s�M�T�t�‘�l

�o�•	Ý�«�å�µ�»�”�q
‡�•	Ý�«�å�µ�»�”�›�à�� �`�o�M �” �{ Figure 2-7 �t�S�M�o�z (b)�x�•	Ý  
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Figure 2-7.  Bodies of rotation (solid and dotted lines) of typical spherical or 
nonspherical structures, (a) [Au6(PPh3)6]

2+, (b) [Au9(P(p-tol)3)8]
3+and (c) [Au6L4]

2+.   

(a) 

(b) 

(c) 
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(c)�x
‡�•	Ý�p�K�”�{�°�M�z (a)�x�z�•	Ý�q
‡�•	Ý�w�¤���w�‘�O�s�Ï���p�K�”�{  

  �\�w��	Ý�t�m�M�o�w�Ž�o�q�0� �b�”�‘�O�t�z Figure 2-7(a)�w�«�å�µ�»�”�w�u	)�µ�Ö�«�Ä�ç

�x�z
‡�•	Ý�Ï���›���`�h�«�å�µ�»�”�w�u	)�µ�Ö�«�Ä�ç�w�‘�O�t�z�y�þ�Õ���w�u	)�3�T�’
~

�“�m�^�•�h�–�¬�t�u	)�3�›�Ô�`�o�M�”�:�p �¨�Å�`�o�M�”�¢ Figure 2-9, 
z�x Bitetrahedron6�w

Au6�z���U Octahedron7,8�w Au6�£�{�°�M�p�{�c�œ�i
@�Ø �.�Ï���w Au6 �«�å�µ�»�”�x�z�o�Ð�s

�(	Í�U�“�w�u	)�µ�Ö�«�Ä�ç��	Ý�›�Ô�`�o�M�”�:�T�’�z �•	Ý�«�å�µ�»�”�q�¨�Å�`�h�?� �Ï��

�›�‹�m�\�q�U�'
Ý�^�•�”�{ �™	\�b�”�U�z Au8 �x�›�Ø�.�~�”�.�Ï���›�q�l�o�S�“�z exo Au �›

�Ë�h�s�M
‡�•	Ý�«�å�µ�»�”�p�K�”�{�\�w Au8 �q�›�Ø�.�Ë�”�.�Ï���w Au6 �«�å�µ�»�”�x�z �¨

���Ï���›�`�o�S�“�z�†	��q�‹�t�z�§�S�w�)�\�f�K�•�r�D�¹�¬�w�u	)�3�t�³�ã�ç�¼�”�Ð�”�«

�›���`�o�M�”�\�q�T�’�z�'
Ý�` �h�‘�O�t�Ï��	Í�w�›�Ã�x�z�f�w�«�å�µ�»�”�U�Ô�b�u	)�µ�Ö

�«�Ä�ç�t
S�é�^�•�o�M�”�q�ß�Q�”�\�q�U�p�V�”�{  

 

        

 

 

 

 

Figure 2-8.  Bodies of rotation (right) of Au6 cluster.  Horizontal rotations with top and 
side views of the clusters were applied on Figure 2-7.   

Figure 2-9.  Cationic structures of bitetrahedral and 
distorted octahedral Au6 clusters.  Hydrogen atoms 
are omitted for clarity. 
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2-4.  �Ï���q
ü�«�¶�›
Q�w�0�  
 

�� �°
`�$�t�Æ�Ê�{� �w�J�¶�p�x�z�Ï
R�Ú��
:�t� �a�o�K�”���S�F���$�t�!�=�b�”�x�c�p�K

�”�U�z 
‡�•	Ý�«�å�µ�»�” �¨�U�Ô�b�Ã�G�u	)�x�©
:�t�‘���`�o�M�s�M�{�•	Ý�«�å�µ�»�”�q�w


z�±�T�’�‹�‹�T�•�h�‘�O�t�z�Ï
R�©
:�‘�“�‹�‰�`�–�z�2�?�Ï���t�‘���`�o�M�”�q�M�O�\�q

�U�z
‡�•	Ý�«�å�µ�»�”�‰�œ�w
z�±�t�S�M�o�‹�&�p�s
†�Ì�p�K�”�q�ß�Q�’�•�”�{�m�‡�“
²
…

�t�o	\�‚�h�‘�O�t�z
‡�•	Ý�«�å�µ�»�”�q�•	Ý�«�å�µ�»�”�w�G�V �s
ü�¨�w�<�t�z
‡�•	Ý�«�å

�µ�»�”�w�¤�p�w
ü�¨�‹�K�”�q�M�O�\�q�t�s�”�{�f�`�o�f�w�A �L�z�u	)�3�w�q�•�”�•�”�t�§

�M�U	Z�o�X�”�\�q�U�0�›�t
Ý
þ�p�V�” �{�h�q�Q�y�z���Ø�. Core �w�ˆ�w�«�å�µ�»�”�x Au8

�i�Z�p�K�”�{�\�•�x�z���w�M�c�•�‹�U�Ô�^�s�M�³�ã�ç�¼�”�Ð�”�«�›�‹�m�\�q�T�’�z�›�Ÿ�s

�?� �Ï���›�‹�m�x�c�p�K�”�{�‡�h�z Au8Cl 2 �x�×�µ�Ñ�Ÿ�ï�i�Z�p�x�s�X�z Cl �›
��•� �q�`�o

�Ë�l�o�M�”�h�Š�z�×�µ�Ñ�Ÿ�ï�w�ˆ�w	Ô�ù�q�x�Ÿ�s�”�?� �Ï���›�Ë�m�q�ß�Q�’�•�”�{ Au7 �x

exo Au �U 1 �m�p�K�”�w�p�z���w�«�å�µ�»�”�w�‘�M
z�±�0	Å�q�s�”�{  

�� 2013 �å�t Y. Shichibu �’�x�z���Ø�.�p�Ï
R�^�•�h [Core �w�ˆ ]�w�«�å�µ �»�”�q�z exo-Au �U

�A�ù�`�h  [Core + exo]���«�å�µ�»�”�w�«�=�¶�›
Q�¢�?� �›
Q�£�w�§�M�U exo-Au �t�‘�”�è�¹

�p�K�”�\�q�›�z�Ï���S�‘�|�u	)�µ�Ö�«�Ä�ç�q TD-DFT �w�-�‰�T�’�Ì�’�T�t�`�h�{ [Core-exo]

�»� �Ó�w�«�å�µ�»�”�q�`�o [Au8L4Cl2]
2+�¢ Au8Cl 2�£�q [Au6L4]

2+�¢ Au6�£�q [Au11LÕ6]
3+�¢ Au11�£

�›�•�[�o�M�”�{�›�t�g�æ�-�‰�t�‘�l�o�˜�’�•�h�Œ�_�›�‡�q�Š�”�q�z�Í�w�è�“�p�K�”�¢ (1)�™

(4)�£�{  

�� �°
`�$�t [Core �w�ˆ ]�w�«�å�µ�»�”�¢ [Au6(PAr3)6]
2+�£�p�x�z�Ú�j� �w�?�Y�x
Û�p�K�“�z�×�µ

�Ñ�Ÿ�ï�w P �U
Y�?�Y�›�3�|�o�M�”�q�M�O�\�q�U�Œ�’�•�o�M�”�U 9�z(1) [Core-exo]�»� �Ó�t�S

Figure 2-10.  UV-vis absorption spectrum of 
bitetrahedral (red line) and distorted octahedral 
(black line) [Au6(PPh3)6]

2+in CH2Cl2 

Entry Cluster Geometry Core-exo ( ! ) Core-Core ( ! ) ! max (nm) Solvent " �¢ ! "#�~ $%"#�£

1 [Au6L4](NO3)2
tetrahedron

+2 exo
2.790-2.815 2.609-2.971 586 DCM 8.9 !  104

2 [Au7L4](BF4)3
bitetrahedron

+exo
2.901, 2.949 2.652-2.878 557 MeOH 2.5 !  104

3 [Au8L4](NO3)2 tritetrahedron Ð 2.607-2.854 521 DCM 3.0 !  104

4 [Au8L4Cl2](PF6)2
bitetrahedron

+2 exo
3.072, 3.053 2.779-2.872 509 DCM 2.7 !  104

5 [Au11L6](SbF6)3
butterflyAu9

+2 exo
2.778-2.826 2.629-2.971 663 DCM 8.9 !  104

6 [Au6(PPh3)6](BF4)2 bitetrahedron Ð
2.71-3.05

476 DCM Ð

7 [Au6(PPh3)6](BF4)2 octahedron Ð
2.71-3.05

364 DCM 0.6 !  104

8 [Au11(PMe2Ph)10](BPh4)3
deficient

icosahedron Ð Ð 422 DCM 2.2 !  104

! " #$%!

Photophysical properties of hexagold cluster 9 
 
The hexanuclear gold(I) complex shows room-temperature luminescent both in a 
dichloromethane solution and in a solid state under excitation at 355 nm. The UV-Vis 
spectrum measured in dichloromethane (Fig. 2) displays intense absorption ranging 
from ca. 220 to 300 nm that can be assigned to an IL (!  "  ! *) transition localized at 
the phosphine ligand and less intensive band with the maximum at ca. 364 nm, that is 
likely a combination of the metal-centered 5d "  6s/6p transition due to the Au-Au 
interactions in the Au6 core and the LM charge transfer transition. 

 
Figure 2. The absorption spectra of 9 in dichloromethane at room temperature 
 
Table 5. The absorption spectrum data of 9 

! , nm " , 10-5mol-1lcm-1 
239 0.4 
320 0.1 
364 0.06 

 
Complex 9 shows emission at room temperature in a degassed dichloromethane 
solution with the maximum at ca. 460 nm, the origin for this band can be proposed as 
an intraligand (IL) or/and metal-to-ligand transitions (Fig. 3) The lifetimes of the 
transition indicate a singlet origin of the emissive excited state (#1 = 1.93 ns, #2 = 6.10 

ns). In the solid state the gold cluster 9 displays a more intense emission, which is 
substantially red-shifted with the maximum at ca. 550 nm, the origin for this band can 
be proposed as transitions in Au6 core. 

 
 

Figure 3. The emission spectra of 9 in solid state and in degassed dichloromethane at 
room temperature 
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�M�o�‹�¤	ú�w���Ø�. Core �w Au �x
Û�w�?�Y�›�‹�m�{�`�T�` exo-Au �j� �x�˜�c�T�t
Y�t�s

�l�o�M�”�q�M�O�\�q�U Mulliken �w population �r
s�t�‘�l�o�Ì�’�t�^�•�h�{ (2) Cl �j� �U�m

�M�h exo Au �›�‹�m Au8Cl 2 �p�‹�z���w Cl �›�Ë�h�s�M Au6�z Au11 �q�„�…�‰�a���S�w�?�Y�›

�‹�m exo Au �p�K�l�h�\�q�T�’�z Cl 
��•� �w� �¦�ï�$�s�è�¹�‘�“�‹ [Core + exo]�w�2�?�Ï��

�t�‘�l�o�?� �Ï���t�§�M�U	Z�o�M�”�q�ß�Q�’�•�” �{ �î�M�z Core-exo ���w�‘�m�x Au8Cl 2 �p


z�±�$�Õ�X�s�l�o�M�”�{ (3) �Ñ�é�ï�Â�Ÿ�ž�¦�”�Ï�»�ç�t�m�M�o�w�U�|�T�’�z HOMOs �q

LUMOs �x�z Au �¯�ž
¶�.�t�¿�U�l�o�M�”�\�q�U�˜�T�l�h�¢ Au �w 6 sp �J�“�U 50%�Ž	Í�/�) , 

Figure 2-11�£�{�‡�h Au6 �q Au11 �x�f�w
ü
Í�U�Å�o�S�“�z Au8Cl 2 �x�G�V�X�Ÿ�s�l�h�{�\�•

�x Cl �w�?� �$�s�/�)�t�‘�”�‹�w�i�q�ß�Q�’�•�o�M�”�¢�`�T�`�z Cl �w 3p �J�“�T�’�x 30 %�°

�¬�w�/�)�p�K�”�h�Š�z Core + exo �Ï���U�§
��$�p�K�”�:�x�!�˜ �“�s�M�£�{ (4) Au11 �x Au6

�U�Ö�:�›�ž���`�h�Ë�”�.�Ï���q�‹�ˆ�”�\�q�U�p�V�”�{�‰�a�?� �Ï���w�
�`�ù�˜�d�w�‘�O�t

�s�“�z�ÿ�¤�É�ç�ª�”�Ì�ï�Å�U	Z�q�`�h�A�L�z�u	)�µ�Ö�«�Ä�ç�t�S�M�o�‹�‘�“�ÿ�¤�É�ç�ª�”

�w
­� �t�I�¼�`�h�Ì�ï�Å�U�q�•�h�{ exo �•�w Au �U�«�å�µ�»�”
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Q�w
��•�›�‹�h�’

�`�z�A�L�q�`�o�ÿ�¤�É�ç�ª�”�Ì�ï�Å�›	Z�q�^�d�z�u	)�µ�Ö�«�Ä�ç	Í�p�}�q�`�h�u	)�Ì�ï�Å

�U�
�o�^�•�h�q�ß�Q�’�•�h�{  

�� 	Í�w (2)�t�m�M�o�x�z Au7 �p�‹�°�•�`�h�{ exo Au �j� �›���`�z�b�‚�o�×�µ�Ñ�Ÿ�ï�p
ô�˜�•

�o�M�” Au7 �¯�ž�w Core-exo �w Au �j� ���‘�m�x�z 2.901, 2.949 �©�p�K�“�z Au11 �S�‘�| Au6

�q�‰�a���S�z Au8Cl2 �‘�“�‹�y�M�q�M�O�A�L�t�s�l�h�{�u	)�§�S�t���È�`�o�M�”�q�ß�Q�’�•

�”�U�z Au6 �• Au11 �t
z�‚�o�Þ�ç�u�«��
:�U	–�^�M�w�x�z exo Au �U 1 �m�w�ˆ�p�K�”�h�Š�i

�q�ß�Q�’�•�”�{�°�M�z �×�µ�Ñ�Ÿ�ï�p�b�‚�o
ô�˜�•�o�M�” Au8 �t�m�M�o �x �z�g�æ�-�‰�q�î�g

�A�L�U�ù�˜�s�M�h�Š�z
Æ�Ì�s�:�U���M�w�U�î	Ø�p�K�”�{���w [Core + exo]�»� �Ó�w�Ï���T�’

�¨
*�b�”�q�z
Y�w�?�Y�›�‹�m exo �• Au �t Au(0)�‡�h�x Au(Ð1)�U�A�ù�`�o�?�Y�U 
‡�Á�O�=�`

�h�‹�w�q�ß�Q�”�\�q�‹�p�V�z�f�w�A�L�z�j�•�O�r�¤���$�s�Þ�ç�u�«��
:�›�q�”�\�q�t�s�l

�h�q�M�O�\�q�U�ß�Q�’�•�”�{  

 

 Figure 2-11.  Schematic illustration of HOMO and 
LUMO of  [Au11(dppe)6]

3+   
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2-5.  
‡�•	Ý �±�Ò�Æ�Ê�Ú�«�å�µ�»�”�w
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Figure 2-12.  Core structure of Au8Õ 
without hydrogen atoms. Ref [12] 
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� • �‡ �p � t �è �9 �9 �÷ �¤ � t �S �Z � ” 
C�« � • � ˆ � t �m�M�o �C� � �^ � • �o �M�” � ‹ �w�x 	—�s �M�{ I. O. 

Koshevoy �’ �x�ž�·�½�è�ï
æ�•�›���b�”�M�®�×�µ�Ñ�Ÿ�ï
��•� �p�¯�ž�Ï���›
M�š�`�h 8 �©�«

�å�µ�»�”  (Au8Õ) �p�x �z�9�÷	Ý�6�p�9�÷	Ý�6�q�{�.	Ý�6�p�º
æ�”� �®�p 100%�w�•�«�›�Ô�b

�\�q�›�C���`�h �¢ Figure 2-12�£12�{ �«�™�`�s�Z�•�y�s�’�s�M�:�x�z�\�•�’�w �Ú�w�Ž�=
:�U�b

�‚�o +1 �w�‹�w�p�K�“�z�\�•�‡�p�^�æ�`�o�V�h Au(I)�q Au(0)�U���ù�`�h�«�å�µ�»�”�q�x�Ÿ�s

�” �q�M�O�:�p�K�” �{ Au-Au �‘�m�x 2.88 ~ 3.09 �©�q �z �è	×�w �Ú�«�å�µ�»�”�q�„�q�œ�r�T�˜�’
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�Ÿ�ï�p�M�®�`�h Au13 �«�å�µ�»�”�x�z �Ù
z�Ž�¬ (360 nm �­�I�z 735 nm �t
C�« )�t�™ 6.2%�w�”

� �®�p�w�9�÷
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2-5-2.  
‡�•	Ý�±�Ò�Æ�Ê�Ú�«�å�µ�»�”�¨�w
C�«�›
Q  

�� �H 1 	·�p�ù
R�^�•�h Au6�z Au7�z Au8Cl 2 �t�S�M�o 
C�«�•�ˆ�U�
�o�^�•�h�{ Au11 �t�m�M

�o�x�Õ�þ�Õ���w�U	Z�+�w�ò�S�t
Æ�¬�T�^�U�K�”�–�¬�p
C�«�`�o�M�”�‘�O�p�K�l�h�{ Au11 �Ž

�Ž�w	Í�G 3 �m�w�«�å�µ�»�”�t�m�M�o�w
C�«�µ�Ö�«�Ä�ç�›�‡�q�Š�h�¢ Figure 2-13�£�{�­�I�þ�Õ

�x�z�¤�«�å�µ�»�”�w�u	)�µ�Ö�«�Ä�ç	Í�w�D�¹�u	)�Ã�G�þ�Õ�p�K�”�¢ Au6: 586 nm�z Au7: 557 

nm�z Au8Cl 2: 509 nm�z Au11: 662 nm�£�{�f�•�g�•�w
C�«�þ�Õ�x�f�•�g�• Au6: 640 nm (very 

weak)�z 837 nm�z Au7: 637 nm�z Au8Cl 2: 599 nm�z Au11: �™870 nm �p�K�l�h�{�\�•�’�w
C

�«�3�x 100 nm �Ž�º�w�µ�Ä�”�«�µ�³�Ñ�Ä (%&s (Au6) : 55 nm�z 251 nm�z %&s (Au7) : 80 nm�z

%&s (Au8Cl 2) : 90 nm�z�ö�� s (Au11)�•<”210 nm )�›�Ô�`�o�M�”�:�p�z�°	O�ò�­�I	Ý�6�T�’�w


C�«�p�K�”�q�M�O�\�q�U�Ô�&�^�•�”�{ Au6 �q Au11 �x
z�±�$�³�Ñ�Ä�U�G�V�M�U�z�\�•�x�g

�æ�-�‰�T�’�‹�§�Ë�^�•�o �S�“ 15�z�†�«�å�µ�»�”�w LUMO 	j�•�x Au8Cl 2 �t
z�‚�o�ÿ�¤�É�ç�ª

�”�p�K�”�¢ Figure 2-13, from Ref [14]�£�{  

 

 

Figure 2-13.  Excitation and Emission spectra of (a) Au6 in MeCN, (b) Au7 in DCM, 
(c) Au8Cl 2 in MeCN at room temparature.  The excitation wavelength was 
 each �� max .  
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their di! erent transition energies. The observed band positions
for 1! 3 were at 587, 508, and 663 nm, respectively. That is, the
" rst excitation energy increased in the order Au11 (3, 1.87 eV)
< Au6 (1, 2.11 eV) < Au8 (2, 2.44 eV), not matching the order
of nuclearity. Therefore, the optical properties of [core+exo]
type clusters depended on geometry rather than size
(nuclearity). Table 1 summarizes the optical absorption data
of 1! 3 and relevant core-only isomers (4! 6), together with the
molar extinction coe# cients (! ) of 1! 3. The lowest-energy
bands of the core-only clusters (4! 6) were observed at
de"nitely higher energies than those of the core+exo type
clusters (1! 3). The! values of the all-phosphine type clusters
(1 and3) were similar to each other, but noticeably larger than
that of2 with the anionic coordinating ligands.1 and3 gave
similar! values (8.9! 104), which was roughly three times
larger than that of2 (2.7 ! 104).

Electronic Structures.The above-mentioned experimental
data clearly demonstrated that the electronic structures of these
clusters depend more strongly on geometric structure than on

nuclearity (size). To understand the relationship between
geometric and electronic structure, we performed DFT
calculations on nonphenyl models of1! 3, namely, [Au6(H2P-
(CH2)3PH2)4]

2+ (1!), [Au8(H2P(CH2)3PH2)4Cl2]
2+ (2!), and

[Au11(H2P(CH2)2PH2)6]
3+ (3!). Kohn! Sham molecular orbi-

tals (MOs) for the three clusters are shown in Figure 3 (ii), in
which it can be seen that they showed similar distributions, with
the highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbitals (LUMOs) appreciably separated
from their closest orbitals (HOMO! 1 and LUMO+1,
respectively). The atomic orbital contributions revealed that
unoccupied orbitals, the HOMO, and certain high-energy
occupied orbitals (HOMO! 1 for1! and HOMO! 1 and! 2 for
3!) were predominantly constituted by Au(6sp) atomic orbitals,
thus forming sp-bands. The contributions from P (3p, red) and
Cl (3p, yellow) of the coordinating ligands were not signi"cant
(less than" 20%). On the other hand, the lower-energy
occupied molecular orbitals were predominantly composed of
the 5d atomic orbitals of gold (blue), constituting d-bands.

Table 1. Solution Absorption Spectral Data of 1! 6a

lowest-energy band

entry cluster nuclearity structure type solvent band wavelength [nm]d energy [eV] ! [M! 1 cm! 1]

1b 1á(NO3)2 6 Au4+2Au CH2Cl2 587 (1.00), 432 (0.05), 326 (0.43) 2.11 8.9! 104

2b 2á(PF6)2 8 Au6+2Au CH2Cl2 508 (1.00), 390 (0.25), 322 (1.78) 2.44 2.7! 104

3b 3á(SbF6)3 11 Au9+2Au CH2Cl2 663 (1.00), 471 (0.19), 390 (0.44), 316 (1.00) 1.87 8.9! 104

4c 4á(NO3)2 6 core-only CH2Cl2 476 (1.00), 452 (0.78), 330 (4.29), 319 (4.50) 2.60 nde

5c 5á(BF4)2 8 core-only CH2Cl2 460 (1.00), 412 (1.21), 370 (1.41) 2.69 nde

6c 6á(BPh4)3 11 core-only CH2Cl2 422 (1.00), 374 (0.46) 2.94 2.2! 104

aIn 10-mm quartz cell at 25¡C.bThis work.cFrom ref 15.dShown for the bands at >300 nm. The numbers in parentheses are absorbances relative
to the lowest-energy band.eNot shown in ref 15.

Figure 3. (i) Geometric structures of (A) [Au6(H2P(CH2)3PH2)4]
2+ (1!), (B) [Au8(H2P(CH2)3PH2)4Cl2]

2+ (2!), and (C) [Au11(H2P-
(CH2)2PH2)6]

3+ (3!) with Au, P, and Cl atoms highlighted in yellow, magenta, and light blue, respectively, and H atoms omitted for clarity. (ii)
Kohn! Sham (KS) orbital energy level diagrams. (iii) Theoretical absorption spectra (solid lines) and experimental spectra (dotted lines). Each KS
orbital energy is relative to the HOMO energy and is drawn to indicate the relative contributions (line lengths with color labels) of the atomic
orbitals of Au (6sp) in green, Au (5d) in blue, P (3p) in red, Cl (3p) in yellow, and others in gray.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic4005592| Inorg. Chem.2013, 52, 6570! 65756572

Figure 2-13 (from ref [14]).  Geometric structures of (A) [Au6(H2P(CH2)3PH2)4]
2+�z (B) 

[Au8(H2P- (CH2)3PH2)4Cl2]
2+�z (C) [Au11(H2P(CH2)2PH2)6]

3+ and (ii) Kohn'Sham (KS) 
orbital energy level diagrams. (iii) Theoretical absorption spectra (solid lines) and 
experimental spectra (dotted lines). Each KS orbital energy is relative to the HOMO 
energy and is drawn to indicate the relative contributions (line lengths with color labels) 
of the atomic orbitals of Au (6sp) in green, Au (5d) in blue, P (3p) in red, Cl (3p) in 
yellow, and others in gray. 



 

 72 

2-6.  �A�æ 
 

�� 
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Figure 2-S1.  Absorption spectra of several phosphine-stabilized gold clusters.  
(a) [Au20(P(Phpy2)3)10Cl4]

2+�� in DCM, (b) [Au22(dppo)6]
2+ in DCM, (c) 

[Au24(PPh3)10(SC2H4R)5Cl2]
+ in DCM, (d) [Au25(PPh3)10(SEt)5Cl2]

2+ in CHCl3,  
(e) Au11(PPh3)7Cl3  (experimental), (f) [Au11(dppp)5]

3+, (g) [Au13(PPhMe2)10]3+  
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(a) �x 6 �m�w�Ö�:�›�ž���`�h Au11 �w�Ë�”�.�Ï���z (b) �x 4 �m�w�Ö�:�›�ž���`�h Au11 �w�Ë�”

�.�Ï���z (c) �x 5 �m�w�Ö�:�›�ž���`�z�¤	ú�w�j� �›	†�ˆ�`�h Au13 �w�Ë�”�.�Ï���z (d) (c)�w�¤

	ú�Ú�j� �›�‹�m�Ï���z (e) �â�Ç�¿�Ä���¨�w Au11�z (f) �Ë�2�×�µ�Ñ�Ÿ�ï
��• �¢
��•�j� �U�b�‚

�o P�£�w Au11�z (g) �â�Ç�¿�Ä���¨�w Au13�� �p�K�”�{ �\�•�’�w�Ï���q�u	)�µ�Ö�«�Ä�ç�›�0� �^

�d�”�q�z�Š	·�w
‡�•	Ý Au11 �p�‹ �'
Ý�^�•�h�‘�O�t�z Au11 �• Au13 �U�f�•�g�•�S�“�M�t�%

�ù�`�h�Ï���w�«�å�µ�»�”�p�x�z�‘�“�ÿ�¤�É�ç�ª�”�w�u	)�Ì�ï�Å�U�q�•�o�M�” 16,17,18,19,20,21,22�{ 

 

 

 

(a) (b) 

(c) (d) 

(e) (f) (g) 

Figure 2-S2.  Cationic structures of phosphine-stabilized gold clusters.   
(a) [Au20(P(Phpy2)3)10Cl4] 

2+, (b) [Au22(dppo)6]2+, (c) [Au24(PPh3)10(SC2H4R)5Cl2]
+, (d) 

[Au25(PPh3)10(SEt)5Cl2]
2+, (e) Au11(PPh3)7Cl3, (f) [Au11(dppp)5]

3+, (g) [Au13(PPh2Me)10]3+ 
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Table 2-S2.  Electronic absorption and photoluminescence spectral data of 
crystallographically characterized centered PGCs and related clusters.a 

N Cluster formula Solvent 
Abs bands 

[nm] b 
(  

[M-1 cm-1] 
PL &em 

 [nm] c 
8 [Au8(PPh3)8](BF4)2 

  MeOH 460 412 370 nd nd 

9 [Au9(PPh3)8](NO3)2 MeOH 
443 375 352 
314 

1.6 ) 10 4 

(443 nm) 
NP 

9 [Au9(P{p-MeOC6H4}3)8] 
(BF4)3  DCM 

456 379 342 
316  

1.6 ) 10 4 

(456 nm) 
nd 

11 [Au11(PPh3)8Cl2]Cle MeOH 
~500 (sh) 421 
380 308  

4.0 ) 10 4 

(421 nm) 
NP 

11 [Au11(dppp)5](NO3)3 

 
DCM 

~500 (sh) 425 
370 301  

nd NP 

11 [Au11(PMePh2)10](BPh4)3
 e 

 
DCM 

422 374, 298  2.2 ) 10 4 

(422 nm) 
nd 

11 [Au11(PMePh2)10](CB)3  

 
DCM 

425 378 302 3.8 ) 10 4 

(425 nm) 
nd 

11 [Au11(PMe2Ph)10](BPh4)3 
e 

 
DCM 

412, 368, 293 3.0 ) 10 4 

(412nm) 
nd 

13 [Au13(PMe2Ph)10Cl2](PF6)3 

 
DCM 

428 338 1.0 ) 10 5 

(338 nm) 
nd 

13 [Au13(PMePh2)8Cl4](CB) e 

 
DCM 

425 (sh) 341 1.2 ) 10 5 

(341 nm) 
nd 

13 [Au13(dppe)5Cl2]Cl3  

 
MeCN 

493 359 304  9.3 ) 10 4 

(359 nm) 
766 

13 [Au13(dppp)4Cl4]Cle MeCN 430 340 nd ~780 

20 [Au20(PPh{4-Py}2)10Cl4]Cl2  

 
DCM 

493 344(sh) 
nd nd 

22 Au22(dppo)6  
 

DCM 
456 

nd ~700 

24 [Au24(PPh3)10(SC2H4Ph)5

X2]
+  

 
DCM 

560 383 
nd ~818 f 

25 [Au25(PPh3)10(SEt)5Cl2]
2+  

 
DCM 

670, 415 
nd ~1000 

a NP: no photoluminescence; nd: no data given.  b Shown for the bands at > 290 nm.  

c Excitation at lowest-energy absorption band.  d CB: C2B9H12.  e Not identified by 

single crystal X-ray diffraction but the purity was checked by mass spectral and/or 

elemental analyses.  f &ex = 500 nm. 
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3-1.  �Š	·�w�“�A  
��  

�� Au8 �w�9�÷�¤�p�w�Ž�=���i�Ÿ
Q�=�t�m�M�o�z�É�°�%�p�w�=�¶
S� �z
Æ�É�°�%�p�w�?�>�=�¶


S� �t�‘�“�U�|�›�C�Q�h�{ 
‡�•	Ý 
@�©�«�å�µ�»�”�U�Ë	��¨�w�Ÿ
Q�.�Ï���›�‹�m�\�q�z�f�•

�’�w�u	)�~
C�«�›
Q�t�§�M�U�_�’�•�”�\�q�t 	¯�:�›�p�o�z�9�÷�¤�p�w�Ž�=���i�t�‘�l�o�D

�o�t�!�õ�p�V�”�\�q�›�Ì�’�T�t�`�h�¢ [Au8
2+] ! "[Au8

4+]�£�{�^�’�t�\�•�›�?�>�= �¶�����t�‘�“

	Ä�`�X�Ð�‚ �h�q�\�– �z �±� �«�æ�¿�«�Ø�ç�»�ï�Ý�Ä�æ�”�p�x�†�«�å�µ�»�”�x�Ÿ�s�”�Ø�ç�»�Þ

�¬�å�Ü�›
Q�›�Ô�b�U�z�q�‹�t 
z�±�$�G�V�s�Ù�Â�ï�³�ß�ç�ª�ß�¿�Ó�›�Ô�b �D�o�s�Ž�=���i�þ

�›�Ô�b�\�q�U�˜�T�l�h�{  in situ �w�u	)�µ�Ö�«�Ä�ç�����T�’�x�z�\�•�’�w�Ž�=���i�þ�U  

[Au8
2+] ! "[Au8

4+] �t�<���^�•�”�\�q �U�Ì�’�T�t �s�l�h �{
��•
Q�ž�Ç�¦�ï	��p�K�” ClÐ�w�#��

�î�g�z ���w�«�å�µ�»�”�q�w
z�±�t�‘�“�z �Ø�ç�»�Þ�¬�å�Ü�t�S�M�o�_�’�•�” �¤�É�ç�ª�”�ª�ß

�¿�Ó�U�Š�í�$�s [Au8
2+]�S�‘�| [Au8

4+]�w�Ž�=���i�?�• �t���R �`�o�M�”�\�q�›�_�M�i�`�h�{  

�� 3-2 �x�z�\�•�‡�p�w�Ú�«�å�µ�»�”�t�S�Z�”�Ž�=���i�•�ˆ�x�r�w�‘�O�s�‹�w�T�z�?�>�=�¶�t

�‘�”�U�|�x�r�•�i�Z�^�•�o�M�”�w�T�q�M�O�
�:�T�’�z
�� �›�‡�q�Š�h�{ 3-3 �x�Š�Z�€�t�S�M

�o�˜�’�•�h�A�L�p�K�”�{�É�°�%�p�w Au8 �«�å�µ�»�”�w�Ž�=���i
S� �z�Ÿ
Q�=�t�m�M�o�G�`

�h�{�H 1 	·�z�H 2 	·�p�~�•�h [Au8L4]
2+�z [Au8L4Cl2]

2+�x�Ÿ�s�”�Ž�=
:�w Au �¯�ž�›�‹�j�z�f�•

�U�=�¶�$�t�D�o�s�‹�w�p�K�”�\�q�›�É�°�%�p�w Cl �4�C�z���i�N�t�‘�”���i	r�g�t�m�M�o�z

ESI-MS �• UV-vis �p�Ð�‚�”�\�q�t�‘�“�Ì �’�T�t�`�h�{���X 3-4 �x�z
Æ�É�°�%�p�w�Ž�=���i

�•�ˆ�t�m�M�o�?�>�=�¶�$�t�Ð�‚�h�{ 1 �S�‘�| 2 �w�±� �«�æ�¿�«�Ø�ç�»�ï�Ý�Ä�æ�”�x�z Au8

�¯�ž�w�Ž�=���i�x�D�o�p�K�”�\�q�›�Ô�`�h�U�z�™ 700 mV �w�¤�É�ç�ª�”�$�s�ª�ß�¿�Ó�›
P�O

�‹�w�i�l�h�{�\�•�x�z�¤	ú�›�Ë�h�s�M Au �¯�ž�w�Ÿ
Q�=�t�q�‹�s�O�Ÿ
Q�=�¤�É�ç�ª�”�U
S�é

�^�•�h�‹�w�p�K�”�\�q�U
*���^�•�h�{ 3-5 �x�Š	·�w�A�æ�q�`�z���™�w�2�l�‡�p�Ô�`�h�{ 3-6

�t�x 3-3�z 3-4 �p�~�•�s�T�l�h�?�>�=�¶�����w�î�g�Ã�”�»�›���L�`�o�K�”�{���o�s�r
†�›�m

�«�t�Ô�`�o�K�”�{ 3-7 �x�€�ß���Y�q�`�z
¶ 7 
…�T�’�Ï
R�`�h�{  
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3-2.  �Ú�«�å�µ�»�”�q�Ž�=���i  
  
�� �Ú�w�Ž�=
:�x�— 1 �T�’ +5 �‡�p�q�“�O�”�U�z�q�î�t�x�Ú�w�=�ù
ú�x +1�z0�z+3 �w	Ý�6�›�q�l

�o�M�”�‹�w�U�„�q�œ�r�p�K�”�{�q�X�t Au-P �h�.�t�S�M�o�x�Ú�w�Ž�=
:�w�„�q�œ�r�x +1 �A

�p�K�” 1, 2�{  

�� �«�å�µ�»�”�w�ù
R�t�S�M�o�x�z 1 �A Au �h�.�›���i�N�t�‘�“���i�b�”�\�q�p 0 �A Au �›
\


R�^�d�”�{�f�w�A�L 0 �A Au �U�j�‰�w +1 �A Au �q
S� �`�o 2 �©�z3 �©É �q�©
:�›
ÿ�•�`�o�M

�X�q�ß�Q�’�•�” 3�{
²	·�‡�p�t�ˆ�o�V�h�«�å�µ�»�”�U�z�«�Q�y [Au9(PPh3)8]
3+�w�‘�O�t�§�½�¦

�ï
Q�›�3�|�o�M�”�‹�w�w�z�©
:�q�f�w�?�Y�U�0� �`�s�M�\�q�T�’�z�«�å�µ�»�”�¤�t�x +1 �A

Au �q 0 �A Au �U���O�`�o�M�”�\�q�x�0�›�t
Ý
þ�p�V�”�{�í�”
ü
s�t�S�M�o�x�z
��•� �‹��

�Š�h	Ý�6�p�§�½�¦�ï�q�`�o�
�o�^�•�”�h�Š�z���Ü�$�s�Ž�=
:�›�'���b�”�t�a�W�s�M�U�z	—

�s�X�q�‹�q�Ì�:�p�x +3 �A�•�—1 �A�p�K�”�\�q�U�Ì
(�q�ß�Q�’�•�”�
���A�L�x�˜�’�•�o�M�s

�M�¢�«�å�µ�»�”�¤�w Au �j� �w�Ž�=
:�w	Ø�C�›�˜�”�h�Š�t X 
¢�«�?� �µ�Ö�«�Ä�ç�¢ XPS�£��

���›�U�|�`�h�U�z�’�æ�s�U�’�z���¥�J�¶�Ã�t
ƒ�”�^�•�o�M�”
÷�”�w�����t�S�M�o�x Au �«�å

�µ�» �” �w�–�;
²�™�w	í�U�G�V�X�!�=�`�o�`�‡�M�z�&�p�s�A�L�U�˜�’�•�s�T�l�h �£�{  

�� �\�w�‘�O�s�\�q�T�’�z�Ú�«�å�µ�»�”�w�Ž�=���i�x�z�«�å�µ�»�”�¤�t���O�b�”�Ú�j� �w�Ž

�=
:�w�!�=�t�,�n�X�x�c�p�K�”�{�`�T�`�s�U�’�z�î�M�t�x�«�å�µ�»�”�¤�w�?�Y�x�K�”�Ú��

�j� �t�Á�O�d�c�z
‡�Á�O�=�`�o�M�”�q�M�O�\�q�U�g�æ�-�‰�s�r�T�’
*���^�•�o�S�“ 4�z�Ì�¬

�s�à���›�b�”�\�q�U�p�V�s�M�{�`�h�U�l�o�z�Ú���«�å�µ�»�”�›�°	��w�?�Y�0�”�¢
ó
:�w�?

�Y�£�›�‹�l�h�©�ß�Í�³�»�w�‘�O�t�q�’�Q�”�\�q�p
†�Ì�U�m�Z�’�•�”�q�ß�Q�’�•�”�{�\�•�x

�Ú���«�å�µ�»�”
¶
`�t�t�Q�”�\�q�p�K �“�z�f�•�’�w�Ž�=���i�›
Q�t�m�M�o�?�>�=�¶�$�t�Ð
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they simply act as distance holders. Still more interesting is
the high resolution of the blockade region by using dI /dV
instead of I (B). The arrows indicate conductivity signals
which coincide precisely for both positions. For the very
first time the existence of discrete energy levels inside the
Au55 core could be proven. The occupied as well as the
unoccupied levels are visible, due to conductivity oscil-
lations. The average level spacing in vicinity to the Fermi
level is about 170 meV.

Figure 11. A) I ! V characteristic of an individual Au55(PPh3)12Cl6
cluster at 7 K under UHV conditions; a and b indicate equivalent
Coulomb blockades although measured at different positions on
the clusterÕs surface; B) dI /dV characteristic of the same particle
indicating discrete electronic energy levels (arrows) in the Au55 clus-
ter core

This experiment now justifies the expressionÔÔartificial
atomÕÕfor those quantum dots and proves the assumptions
of paragraph 4.1 that on the way from bulk to molecule
at some point a situation arises where the electronic band
structure begins to form discrete energy levels.

As a consequence of these unique properties it seems
interesting to study the electron-transfer processes between
the quantum dots. This was done for three-dimensionally
organized Au55 clusters with variable distances.[69] However,
as it turned out, it is not only the distance between the
nanoclusters which determines the activation energy for the
charge transfer, but also the nature of the interlinking spec-
ies and the kind of linkage. If the clusters are simply sepa-
rated from each other by ligand shells of different thickness
or by non-covalently binding spacer molecules (ionic inter-
actions), there is indeed only a simple linear relation be-

! 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem.2003, 3081! 30983088

tween cluster-cluster distance and activation energy to be
observed. On the contrary, if spacer molecules linking the
particles via covalent S! Au bonds are used, it is not the
distance that contributes decisively to the activation energy,
but the chemical nature of the spacers. Figure 12 illustrates
these results.

5. Approaches to Two-Dimensional
Organizations

The two- and in some respect also the one-dimensional
organization of metal nanoparticles is very relevant since
one can think about the use of these particles in nanoelec-
tronics only in an organized form. This is why numerous
groups worldwide are dealing with this problem. It is again
gold that plays an important role because of the easy avail-
ability of gold nanoparticles and their resistivity to air. So,
there is a vast amount of reports, mainly on regular 2D
arrangements of gold nanoparticles, most of them in the
size regime of a few, up to 15 and 20 nm. Here we will only
focus on recent results of organized Au55 clusters, since they
are of promising electronic nature, as has been discussed in
section 4.

After numerous attempts, rather extended self-assembled
monolayers of Au55(Ph2PC6H4SO3H)12Cl6 and of
Au55(PPh3)12Cl6 became available.[70! 72] The acidified clus-
ter gives hexagonal and square structured 2D arrangements
on poly(ethyleneimine) (PEI) films, whereas the neutral
species is best organized at the phase transition between
water and dichloromethane, supported by a layer of poly-
(vinylpyrrolidone) (PVP) or, still better, of poly(p-phenylene
ethynylenes) (PPE). Although there is no doubt that PEI
acts as a basic surface towards the SO3H-modified Au 55

cluster, the role of PVP and PPE in connection with
Au55(PPh3)12Cl6 is somewhat more delicate. Relatively
strong interactions, like those between the acidified cluster
and PEI, prevent formation of extended ordered layers due
to the lack of flexibility of the particles. On the contrary,
PVP and PPE interact only weakly with the PPh3-covered
cluster, probably via hydrophobic-hydrophobic and ! -! in-
teractions, respectively. These weak forces between the clus-
ters and the supports enable the formation of perfect ar-
rangements since the particles are only weakly attracted and
are allowed to find the best order. Figure 13 shows TEM
images of cut-outs of square planar (a) and hexagonal (b)
arrangements of Au55 clusters, generated on PEI and PPE,
respectively.

An interesting electrical behavior of these ordered mono-
layers was observed when conductivity measurements were
carried out.[73] Monolayers deposited between two tungsten
electrodes on silica surfaces, 50! 150 nm apart and 25 nm
in height, and prepared on PVP films, as described above,
were checked by scanning electron microscopy (SEM). Due
to charging effects of the electron beam (10 keV, 10 s) the
layers become conductive in the pA region in contrast to a
not measurable conductivity without irradiation. However,
if irradiation occurs on only one of the electrodes and part
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Thiol protected gold nanoparticles, so-calledmonolayer protected
clusters(MPCs), can behave as multivalent redox species as charge
injection to the core is quantized.1 Resulting single electron-transfer
events are termed quantized double layer charging (QDL).1b Here,
hexanethiol-capped Au (C6S-Au) particles were prepared by the
Brust method2a using the modifications proposed by Murray and
co-workers2b to obtain particles of small core radius (r ) 0.81 nm,
Au147)2c and improved monodispersity. Following a recent report
by Hicks et al.,3 four preparations were subsequently annealed in
an attempt to further improve dispersity. MPC redox properties were
investigated using electroanalytical techniques (cyclic voltammetry
(CV), differential pulse voltammetry (DPV), and chronoamperom-
etry) at a Pt microelectrode (diameter 25µm). Results shown here
are representative of more than 10 MPC preparations over a 2-year
period.

A typical DPV response for the as-prepared Au147MPCs showing
15 evenly spaced (! V) peaks characteristic of charge injection to
the metal core is given in Figure 1. The peak potentials can be
taken as the formal redox potentialE0! for each MPCz/z ( 1 Òredox
coupleÓ.1b Here, as-prepared Au147 particles are assigned charge
statez ) - 1;5 thus, the first oxidation and reduction peaks are for
the 0/- 1 and- 1/- 2 redox couples, respectively. This is the first
report of 15 QDL peaks at room temperature (T ) 295 K) and is
a clear confirmation that MPCs are indeed multivalent redox
species. The number of observable charge states was limited by
the size of the available potential window, and additional QDL
peaks are anticipated in controlled atmosphere and reduced tem-
perature conditions.

The reason for the increased current response for 0/1 and 1/2
and- 4/- 5 & - 5/- 6 peaks became clear after particles of smaller
core size were isolated.6 An example of a DPV for the smaller
MPC fraction given in Figure 1 shows a clear HOMO- LUMO
gap with two and four QDL reduction (! V ) 0.27 V) and oxidation
(! V ) 0.3 V) peaks, respectively, on either side of a central gap.
Such a response is typical for MPCs with a nonmetallic core.1a,c,2d,e

Allowing for the charging energy (estimated as the difference
between the two oxidation peaks),1a,c the HOMO- LUMO gap is
0.9 V, in excellent agreement with that obtained for Au38 (r ) 0.55
nm1c) from spectroscopic data.1a It can be seen that the first and
second oxidation peaks for C6S-Au38 overlap with those for the as
-prepared C6S-Au147, giving rise to a characteristic increase for
the 0/1 and 1/2 current peaks. The level of interference is dependent
on the relative mole fractions present in the as-prepared particles
and this varied from slight (as in Figure 1) to severe (Supporting
Information). Concentrations and diffusion coefficients of both C6S-
Au38 (D ) 2 ! 10- 6 cm2 s- 1) and C6S-Au147 MPCs (D ) 1.8 !
10- 6 cm2 s- 1) were determined by chronoamperometry using the
method proposed by Shoup and Szabo.7

The Z-plot for C6S-Au147 whereE0! is plotted vs redox couple
charge (z/z( 1) was linear (R2 > 0.999) as expected (Figure 2a).1b

However, plotting! V vs z (Figure 2b) reveals that although the
voltage spacing is extremely regular at positive electrode potentials

Figure 1. DPV responses for MPC solutions measured at a Pt microelec-
trode; as-prepared 177µM C6S-Au147 (upper) showing 15 high-resolution
QDL peaks and 170µM C6S-Au38 (lower) showing a HOMO- LUMO gap.
It can be seen that the as-prepared solution contains a residual fraction of
Au38 that smears out the charging response inE regions where QDL peaks
overlap. The electrode potential scanned negative to positive.4

Figure 2. (a) Z-plot of E0! vs redox couple charge (z/z( 1) and (b) peak
voltage spacing! V vs charge statez for (0 ) 177 µM (O) 760 µM C6S-
Au147. Values were obtained from the DPVs given in Figures 1 and 3. The
dashed line is the predicted theoretical response.

Published on Web 05/10/2003
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Figure 3-1.  Results of Differential Pulse Voltammetry of Au147 (left top), Au38 (left 
bottom) and Au55(PPh3)12Cl6 from ref [8], [12].   
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Figure. S5  UV-visible absorption spectra of [Au8(dppp)4](NO3)2 (4á(NO3)2) in MeOH 

(25 µM, 4 mL) before (green) and after the addition of NEt4Cl in MeOH (2 molar equiv / 

10 µL) (10min, red; 60 min, blue) at room temperature under aerobic condition.  The 

blue shift of the band at 500 - 550 nm and disappearance of the band at 590 nm were 

observed, and the spectrum after 60 min was quite similar to that of 2. 
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Figure S6   UV-visible absorption spectra of [Au8(dppp)4Cl2](PF6)2 (2á(PF6)2) in CH2Cl2 

(52 µM, 3 mL) before (soild) and after (dotted) the addition of NaBH4 in EtOH (1.2 molar 

equiv / 6 µL) at room temperature.  The red shift of the band at ~500 nm and the 

appearance of a shoulder at ~590 nm indicate the formation of [Au8(dppp)4]
2+ (4).  
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Figure 3-2.  UV-visible absorption spectra of 1 in MeOH (25 *M, 4 
mL) before (green) and after the addition of NEt4Cl in MeOH (2 moleq. 
/ 10 *L)  (10min, red; 1 h, blue) at r.t. under aerobic condition.   
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blue shift of the band at 500 - 550 nm and disappearance of the band at 590 nm were 

observed, and the spectrum after 60 min was quite similar to that of 2. 
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Figure S6   UV-visible absorption spectra of [Au8(dppp)4Cl2](PF6)2 (2á(PF6)2) in CH2Cl2 

(52 µM, 3 mL) before (soild) and after (dotted) the addition of NaBH4 in EtOH (1.2 molar 

equiv / 6 µL) at room temperature.  The red shift of the band at ~500 nm and the 

appearance of a shoulder at ~590 nm indicate the formation of [Au8(dppp)4]
2+ (4).  
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Figure 3-3.  UV-visible absorption spectra of 2 in CH2Cl2 (52 *M, 3 
mL) before (soild) and after (dotted) the addition of NaBH4 in EtOH 
(1.2 moleq. / 6 *L) at r .t. 

Figure 3-4.  ESI-MS of (a) the purified sample after addition of the 
NEt4Cl to 1 in MeOH and (b) 2 after the reduction by NaBH4 in CH2Cl2. 

The TOF value was Ð2150 V, the rate of syringe pump = 240 µL/h 
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Figure 3-5.  Electrochemical cell diagram in voltammetric measurements.   
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Figure 3-6.  Cartoon showing the configuration of the electrodes 
during measurements of voltammetry (Left) and 
Spectroelectrochemistry (SEC, Right).      
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(a) Figure. 1.  Cyclic Voltammograms of 
(a) 1  and (b) 2  in 0.1 M TBABF4 
DMF solution.  The cluster 
concentration was 800 µM in 5 mL in 
both case.  Scan rate was 0.1 V/s.  Scan 
direction was represented by arrows.
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Epa  (V) Epc (V)

1 Ð0.23 Ð1.26, Ð1.53

2 Ð0.63, Ð0.38 Ð1.54

Table. 1.  Standard peak potentials for 1 and 2 in the CVs. 

Figure 3-7.  Cyclic Voltammograms of 
(a) 1 and (b) 2 in 0.1 M TBABF4 DMF 
solution.  The cluster concentration was 
800 µM in 5 mL in both case.  Scan 
direction was represented by arrows. 
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Table. 1.  Summary of the peak potentials on the CV data in this article.

Entry Condition Epa  / V Epc / V

1 and 21 and 21 and 21 and 2
1 1 Ð0.23s Ð1.25w, Ð1.53w
2 2 Ð0.47w, Ð0.24w Ð1.36s

Titration of ClÐ to 1Titration of ClÐ to 1Titration of ClÐ to 1Titration of ClÐ to 1
3 0 eq. - -
4 1 eq. Ð0.53w Ð1.43
5 2 eq. Ð0.57w Ð1.43
6 3 eq. Ð0.58 Ð1.43
7 4 eq. Ð0.58 Ð1.43

Titration of ClÐ to 2Titration of ClÐ to 2Titration of ClÐ to 2Titration of ClÐ to 2
8 0 eq. Ð0.47w Ð1.36s
9 1 eq. Ð0.48w Ð1.37s
10 2 eq. Ð0.48w Ð1.37s
11 3 eq. Ð0.49w Ð1.38s
12 4 eq. Ð0.51w Ð1.38s

Anion effectAnion effectAnion effectAnion effect
13 TBAPF6 Ð0.25s Ð1.28w, Ð1.55w
14 TBABF4 Ð0.25s Ð1.26w, Ð1.52w
15 TBACF3SO4 Ð0.24s Ð1.26w, Ð1.52w

w:  weak current wave, s: sharp current wave

Figure. 1.  Cyclic Voltammograms of (a) 1  and (b) 2  in 0.1 M 
TBABF4 DMF solution.  The cluster concentration was 800 µM in 
5 mL in both case.  Scan rate was 0.1 V/s.  Scan directions were 
represented by arrows.
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Figure. 2.  Absorption spectra under applying potential for 1 in 0.1 M 
TBABF4 DMF solution.  The cluster concentration was !  200 µM. 
The applied potentials were at  -0.25 V for 8 min. ((a) "  (b)) and  Ð1.60 V 
for 10 min ((b) "  (c)).  The #max /nm was changed as follows, (a) 520 "  
(b) 512 "  (c) 520.  The shoulder peak at 590 nm was decreased after the 
reduction (b) and then increased after the re-oxidation (c).  
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Figure 3-8.  Cyclic Voltammograms of (a) 1 and 
(b) 2 in 0.1 M TBABF4 DMF solution.  The cluster 
concentration was 800 µM in 5 mL in both case.  
Scan direction was represented by arrows. 
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14 TBABF4 Ð0.25s Ð1.26w, Ð1.52w
15 TBACF3SO4 Ð0.24s Ð1.26w, Ð1.52w

w:  weak current wave, s: sharp current wave

Figure. 1.  Cyclic Voltammograms of (a) 1  and (b) 2  in 0.1 M 
TBABF4 DMF solution.  The cluster concentration was 800 µM in 
5 mL in both case.  Scan rate was 0.1 V/s.  Scan directions were 
represented by arrows.
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Figure. 2.  Absorption spectra under applying potential for 1 in 0.1 M 
TBABF4 DMF solution.  The cluster concentration was !  200 µM. 
The applied potentials were at  -0.25 V for 8 min. ((a) "  (b)) and  Ð1.60 V 
for 10 min ((b) "  (c)).  The #max /nm was changed as follows, (a) 520 "  
(b) 512 "  (c) 520.  The shoulder peak at 590 nm was decreased after the 
reduction (b) and then increased after the re-oxidation (c).  

400 500 600

Wavelength / nm
400 500 600

Wavelength / nm

(a)

(b)

(c)

512

520

590

Table 3-1.  Summary of the peak potentials on the CV data in this section 
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3-4-4.  �Ø�ç�»�ï�Ý�Ä�æ�”�t�S�Z�” 1�q 2�w�§�M  

�� 3-3-3 �p	\�‚�h Au8 �w�=�¶�$�s�D�o
Q�x�z�±� �«�æ�¿�«�Ø�ç�»�ï�Ý�Ä�æ�”�t�S�M�o�z 15

�s�±� �«�ç�^�d�h�™�p�‹�z 1 �q 2 �w CV �Í�»�”�ï�U�„�q�œ�r�?�v�w�é�µ�s�`�t�¡�Ë�^�•�h�\

�q�T�’�Ì�’�T�p�K�l�h�{ �\�•�’�w CV �Í�»�”�ï�w�›�Ã�q�`�o�z (i) �f�•�g�•�w�Ž�=�Ð�”�«�q

���i�Ð�”�«�?�•�U
z�±�$�G�V�X�m�•�o�S�“�z�?�>�=�¶�$�t
Æ�D�o�s�Ó�é�·�µ�p�K�”�{ (ii) �f

�•�g�•�w�Ø�ç�»�Þ�¬�å�Ü�t�S�M�o�z�Ž�=�Ð�”�«�q���i�Ð�”�«�x�?�v�‹�U�G�V�X�Ÿ�s�l�o�


�o�^�•�h�{ (iii) 1 �w�Ž�=���i�Ð�”�«�Í�»�”�ï�q�z 2 �w�Ž�=���i�Ð�”�«�Í�»�”�ï�x �“�M�t �Ÿ�s

�”�‹�w�p�K�l�h �¢�=�¶�$�s�D�o
Q�U�ì
¶�p�K�•�y�z�Ð�”�«�Í�»�”�ï�›�Ô�`�o�S�T�`�X�s�M

�x�c�£ �{  

�� �«�Q�y (ii)�t���`�o �z1 �w�Ž�=�Ð�”�«�q���i�Ð�”�«�w�?�v�‹�w �§�M�x�z�?�Ã
¯�Ø	Í�p�w�¦�„

�w�è�¹�T�’�ß �Q�”�\�q�U�p�V�” �{1 �w�?�>�=�¶�$�Ž�=�p
\
R�b�”�Ž�=	��w�?�Ã�Ù�%�p�w�ñ�S

�U�z 
‚�“�&�`�µ�©�ß�ï�t�‘�“�í�l�o�X�” �� �¢ Ð1.0 ~ Ð0.3 V�£ �t �n	—�`�z�A�L�q�`�o�¾�V��

�X���i�Ó�é�·�µ�t�/�)�b�”�Ž�=	��w�”�U
ì�0�$�t	—�s�X�s�l�h�‹�w�q�¥�˜�•�”�{�î�M�z�µ

�©�ß�ï���S�› 0.02 V/s �‡�p�—�X�`�h	Ô �ù�t�x�z���i�Ð�”�«�x�„�q�œ�r�
�o�^�•�s�T�l�h�{

�o�w ���² �U 2 �t�S�M�o�
�o�^�•�z���i�Ð�”�«�p�w�?�v�‹�¢ 110 µA�£�x�z�f�w�™�Ž�=�`�h�Ì

�w�?�v�‹�‘�“�‹�x�”�T�t�G�V�M�‹�w�p�K �l�h�{  

�� (iii) �t�m�M�o	Ä�`�X	\�‚�”�q �z1 �›�Ž�=�`�o 
\
R�^�d�h [Au8
4+]�›���i�`�h	Ô�ù�t�x Ð1.23 V

�f�`�o Ð1.58 V �t�
�o�^�• �ž�Í�$ �s 1 �?� �c�m�w���i�Ó�é�·�µ�U�Ô�&�^�•�”�w�t�0�`�o�z 2

�›�Ú
€���i�`�h�Ì�t�x�z 1 �T�’�µ�»�”�Ä�`�h	Ô�ù�t�
�o�^�•�h 2 �m�w���i�Ð�”�«�w�¤���t�o

�°�w���i�Ð�”�«�U�
�o�^�•�h�¢ Ð1.41 V�£�{�°�M�z 1 �›�Ú
€�Ž�=�`�h�Ì�t�x�z�o�°�w�Ž�=�Ð�”

�«�U  Ð0.28 V �t�q�•�”�w�t�0�`�o�z 2 �›���i�™�t�Ž�=�`�h�Ì�t�x 2 �m�w�Ð�”�«�U�q�• (Ð0.46 

V, 0.23)�z�f�w�Ì�w�ô�?�•���w�Ð�”�«�x�z 1 �p�ˆ�’�•�h�Ð�”�« �t�Ù�M �?�•�›�Ô�`�h�{  

 

 

3-4-5.  ClÐ�w�#��  

�� 
Œ�t	\�‚�h�‘�O�t�z�\�•�’�w�Ž�=���i�Ó�é�·�µ�x�M�c�•�‹�z [Au8
2+]�q [Au8

4+]�w���w
ì�“�!

�õ�t���R�`�o�M�” �x�c�p�K�”�T�’ �z	Í�G�w �®
Æ�°�• �¯ �x 1 �q 2 �w�§�M�t�I�¼�b�”�‹�w�q�ß

�Q�’�•�”�{ �m�‡�“ 2 ([Au8L4Cl2]
2+)�w���i�t�‘�“�L	Z�^�•�” Cl �ž�Ç�¦�ï�U�Ž�=���i�Ó�é�·�µ

�t�S�M�o	O�A�s�þ�Â�›�L�h�`�o�M�”�q�ß�Q�’�•�”�{  

  �\�O�`�h�É�°�%�w
S� �›���‰�?�Ã
S� �Ó�é�·�µ�t�m�M�o�w�Z�€�t�x�z CV �O�x���—�s�À�”

�ç�q�`�o�w�þ�Â�›�L�h�b 9,10�{  

�� �f�\�p�z Cl �ž�Ç�¦�ï�w���O�<�p�w CV �t�‘�” �Ž �=���i�•�ˆ �›�Ð�‚�h�{ Fig. 3-2 �t�Ô�b�‘�O

�t�z 1 �w�Ž�=�q�f�•�t���X���i�a���› 1 �Þ�ç�p�”�w TBACl �w���O�<�p�æ�l�h�q�\�–�z -0.5 V
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Ç�Ù�t�S�M�o	ý�h�s �Ž�=�þ �w�q�j	Í�U�“�U�
�o�^�• �h�{ �f�• �q�q�‹�t Ð0.23 V 
Ç�Ù�w�Ž�=�Ð

�”�«�w �n	—�U�
�o�^�•�h�{ 2, 3, 4 �Þ�ç�p�”�q ClÐ�w�ñ�S�U
ÿ�C�b�”�t�`�h�U�l�o�z Ð0.23 V

�w�Ð�”�« �U�n
0 �`�z�E�˜�l�o�z Ð0.5 V 
Ç�Ù�w�Ð�”�«�w
R�Õ�U�_�’�•�h�{ �\�•�’�w�•�ˆ�T�’ �z

ClÐ�w[Au8
2+]�q�w
��•�$
ì�“�^�;�U Au �¯�ž�w �Ž�=�›�0�›�t�`�o�z�Ž�=�?�•�›�ÿ�<�^�d�”�‹�w

�q�ß�Q �’�•�”�{  

�� �\�\�p�z�ß�Q�’�•�”�?�Ã
S� �Ó�é�·�µ�› Scheme 3-1 �t�‘�l�o�Ô�`�h�{�o� �w 1 �w�?�Ã
S

� �x Scheme 3-1. (c) �t�Ô�`�h�‘�O�s [Au8
2+]�T�’ [Au8

4+]�•�w�Ž�=�z���X���i�t�S�M�o�x�z (a), 

(b)�p
¯�^�•�h�z [Au8
4+]�T�’ [Au8

3+]�z [Au8
2+]�•�w 1 �ˆ�Š���i�Ó�é�·�µ�U�
�o�^�•�h�{  ClÐ�› 1

�p�”�C�Q�”�q�z (c), (d)�p�Ô�`�h�‘�O�t�z Au8 �¯�ž�q ClÐ�w
ì�“�^�;�›�è�a�o�˜�’�•�h [Au8
2+Clx]

�w�Ž�=�z�f�`�o�Ì�ç�«�¤�t�[
Ë�t���O�`�¦�„
Ú�¤�t�‹�‘�“���X���O�b�”�q �ß�Q�’�•�” [Au8
2+]

�w�Ž�=�Ó�é�·�µ�U�
�o�^�•�h�{  

�� �°�M�z���i�Ð�”�«�t�m�M�o�ˆ�”�q�z 1 �Þ�ç�p�”�w ClÐ�w�4�C�t�‘�l�o�z ClÐ�U�s�M	Ô�ù�t�_

�’�•�h 2 �m�w�Ð�”�«�U �°	y�t�s�“ 1 �Š�w�Ð�”�« �q�`�o�
�o�^�• �z�f�w�?�•�x 2 �w���i�Ð�”

�«�q�‰���S�p�K�l�h�{ �\�•�x�z ClÐ�U�s�M	Ô�ù�t�°�?� �c�m�w���i�Ó�é�·�µ�U�I�\�l�h�w�q

�x�0	°�$�t�z ClÐ�q
ì�“�^�;�b�”	Ô�ù�t�x �ë�ï�µ�Â�¿�Ó �p�w 2 �?� � �ˆ�U�I�\�l�h�\�q�›�Ô

�`�o �S�“�z �Ž�=�Ó�é�·�µ�p�Ý� �ï�t
\
R�`�h
‡ Cl 
Ç�C�� [Au8
4+]�x�^�; �Ã�w�Ù�c�t���O�b�”

Cl �q�h��
R�`�h	Í�p�z���i�^�• �h �‹�w�q�¥�˜�• �”�{�m�‡�“ ClÐ�›�C�Q�h	Ô�ù�w���i
S� �p�x�z

Scheme 3-1 �w(e), (f)�t�‘�l�o�Ô�`�h�‘�O�t�z ClÐ�U
��•
ì�“�^�;�`�h�A�L�w�=�¶	� [Au84+Clx]

�U�°�>�t���i�^�•�z Cl �U�d�m�b�”�q�M�O�Ó�é�·�µ�›�™�¯�`�o�M�”�q�ß�Q�’�•�”�{�s�S	Í�G

�Ó�é�·�µ�t�S�M�o�x Cl �w
��•
:�x
Æ�Ì�p�K�”�h�Š�z [Au8
4+Clx]�K�”�M�x [Au8

2+Clx]�w�‘�O�t�G

�`�h�{  

�� �µ�¯
��M�\�q�t�z�«�å�µ�»�”�ñ�S�‘�“�‹	—�s�M�”�w Cl �ñ�S�w���O�<�p�‹�z�o�°�w���i�Ð

�”�«�U�
�o�^�•�h�{�\�•�x�z Cl �U	î
��$�t�^�;�`�h�\�q�›�Ô�&�`�o �M�”�{�b�s�˜�j�z Cl 
Ç

�C���w [Au8
4+]�U���i�^�•�h�™�t�L	Z�^�•�h ClÐ� �¦�ï�U�z
‡ Cl 
Ç�C�� [Au8

4+]�q�6�S�?�Ã�Ù�%

�p�A�ù�`�z���i�^�•�”�q�ß�Q�’�•�”�{�î�M�z
��•�—�U�„�q�œ�r�s�M TBACF3SO4�z TBAPF6

�›�;�M�h	Ô�ù�t�x�z TBABF4 �›�–�l�h�q�V�q�„�…�‰�a�Ø�ç�»�Þ�¬�å�Ü�›�Ô�`�h�{  
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3-4-6.  ���w Au �«�å�µ�»�”�q�w
z�±  

�� 	–�^�M�±� �¶�w Au�«�å�µ�»�”�w�?�>�=�¶�›�Ð�‚�’�•�o�V�h�«�t�x Au25�«�å�µ�»�”�•

Au11�«�å�µ�»�”�z Au9�«�å�µ�»�”�U�K�” 11�{�\�•�’�x�M�c�•�‹ Au38�• Au67�z Au147�U 

�Ô�b�‘�O�s Quantized double layer charging�q�x�Ÿ�s�”�z ÓMolecule-likeÓ�s �Ø�ç�»�Þ�¬�å�Ü

�›�Ô�b�\�q�U�˜�T�l�o�M�”�{ �›�t Au9�«�å�µ�»�”�t�m�M�o�x�z���i�?�•�t�S�M�o�?�r�™�w X


¢�A	¥�Ï���r
s�t�‘�” Au�¯�ž�Ï���t�m�M�o�w�C���U 30�å
²�t�s�^�•�o�S�“�z 3�A�§�½�¦�ï

�U�Ô�b�z 20�Ø�.�Õ�”�µ�w�Ì�»�Ñ�å� �����¨�T�’�z 1�A�§�½�¦�ï�w�©�á�”�Ï�¿�«���t�Ù�M�¯

�ž�Ï���•�w�!�õ�U�I�\�”�q�^�•�o�M�”�{�\�•�x�z�Š�%�t�S�M�o�‘�M�Â�ï�Ó�è�”�Ä�q�s�”�q

�ß�Q�’�•�h�U�z�9�÷�¤�p�w�Ï���!�=�t�m�M�o �x�K�‡�“	Ä�`�X�Ð�‚�’�•�o�S�’�c�z�u	)�µ�Ö

�«�Ä�ç�t�m�M�o�w	Ø�C�U�=�X�`�o�M�h�h�Š�z Au9�wCV�S�‘�| SEC�t�m�M�o�U�|�`�h�q�\�–�z

Figure 3-4�t�Ô�`�h�‘�O�s�?�>�=�¶�$�t�D�o�s�Ø�ç�»�Þ�¬�å�Ü�¢ �ö Ep <”137 V�£�t�S�M�o�z  

2�?� ���i�w���i�Ð�”�«�?�•�p�w�?�r�w�A�L�z Au9�t�›�Ã�$�s 443 nm�w�u	)�3�U	«�æ�`�z


z�±�$�s�i�’�T�s�µ�Ö�«�Ä�ç��	Ý�•�w�!�=�U�
�o�^�•�h�{  

 

�`�T�`�z
¶�.�$�s���²�q�`�o�x�f�•�„�r�G�V�X�!�=�d�c�z�y�þ�Õ���t�M�X�t�`�h�U�l�o�u

�«�S�U
ÿ�G�b�”�z�°
`�$�s�•	Ý Au�«�å�µ�»�”�w�µ�Ö�«�Ä�ç�� 	Ý�q�¨�Å�`�h�‹�w�p�K�l�h�{

�\�•�x�z Au9�t�v�’�c 20�Ø�.�Õ�”�µ�w�•	Ý�«�å�µ�»�”�t�S�M�o�x�¤	ú�Ú�j� �U�?� �Ï���›

�§
��`�o�S�“�¢�«�Q�y Au13�t�S�M�o�¤	ú�w�Ú�� �j� �U�!�˜�”�q�µ�Ö�«�Ä�ç��	Ý�s�r�t�G�V

�s�!�=�U�q�•�”�z	‚	·�z�H 1	·�€	°�£�z Au9�w���i�t�‘�l�o�‹�¤	ú�-�Ë���w�¯�ž���¨�›��
R

�`�o�M�”�\�q�t�I�¼�`�o�M�”�q�ß�Q�’�•�”�{�b�s�˜�j�z 1�A�wAu9�wX
¢�Ï���t�S�M�o�‹�¤

	ú�x�æ�˜�•�c�z�f�w	*�“�w 8�x�w�Ú�j� �w�¯�ï�Ñ�¥�Ý�”�³�ã�ï�¢
��2�£�U�!�=�`�o�S�“�z

A
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SEC  Au9(PPh3)83+ in DCMAu9(PPh3)83+  in DCMFig. 4
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Figure 3-10.  CV (left) and absorption spectra of electrolysis of [Au9(PPh3)8]

3+ at 
the reduction potential (Ð0.65 V).  The first spectrum and the last spectrum are 
shown by black and red line, respectively.        
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�?�Y�×�.�x�!�=�`�h�‹�w�w�z�G�V�s�?� �Ï���w�!�=�U�s�X�z�A�L�$�t�u	)�µ�Ö �«�Ä�ç�p�‹

�•	Ý�«�å�µ�»�”
¶
`�t�ˆ�’�•�”�(	Í�U�“�w�µ�Ö�«�Ä�ç��	Ý�U�
�o�^�•�h�q�ß�Q�’�•�”�{  

�� �‡�h�Ž	Í�w�‘�O�t�z�Ž�=���i�™�w�?� �Ï���w�§�M�q�M�O�:�p�x�z Au25�t�m�M�o�‹�G�V�X

�x�!�=�U�s�M�‘�O�p�K�”�{�î�M�t�?�>�=�¶�$�t Au25�«�å�µ�»�”	��w�Ž�=���i�•�ˆ�q�u	)�µ

�Ö�«�Ä�ç�›�0� �^�d�h�C���«�p�x�z�Ž�=���i�™�t�G�V�X�!�=�`�o�S�’�c�z���‘�t�o�m�`�h

�q�^�•�” X
¢�Ï���t�S�M�o�‹�z Au13�¯�ž�›	��“�“�‰ Au-S�¦�æ�°�Ú�”
æ
ü�w�!�=�U�I�\�”�U�z

�f�¶�s�!�=�q�M�O�‹�w�x�C���^�•�o�M�s�M�{	Í�G�w�\�q�T�’�z�Š�%�t�S�Z�”�›�Ã�$�s�\�q

�x�z Au8�«�å�µ�»�”�U�¤	ú�Ú�j� �›�Ë�h�s�M
‡�•	Ý�«�å�µ�»�”�p�K�“�z�f�w�¯�ž�Ï���w�!

�=�¢�Ÿ
Q�=�£�t�‘�l�o�z�?� �Ï���U�G�V�X�!�=�b�”�q�M�O�\�q�t�K�”�{�^�’�t�z�\�w�?� 

�Ï���w�!�=�U�z�Ÿ
Q�=�t�A�b�”�¤�É�ç�ª�”�›�ô�Š�h�A�L�z�Ø�ç�»�Þ�¬�å�Ü�t�S�M�o 700 mV

�w�Ù�Â�ï�³�ß�ç�ª�ß�¿�Ó�U�
�o�^�•�h�q�ß�Q�’�•�”�{  

�� �\�w�‘�O�s�¤�É�ç�ª�”�$�s�ª�ß�¿�Ó�›�Ø�ç�»�Þ�¬�å�Ü	Í�p�Ô�b�«�x�z�É�°�%�w�Ž�M���w


S� �›
P�O�%�t�S�M�o�_�’�•�”�{�Ó

�é�Ä�ï� �ˆ
S� 12�•�z�o
ü� �h�. 13�•

�Ò
ü� �%�w�¤	ú�Ú���j� �U�z�Ž�=��

�i�t�‘�l�o�Ÿ�s�”
��•�7�Ü�›�q�”�‘

�O�t�s�“ �z�f�•�t
P�M
��•� �›���Š

�h
¶�.�w�Ï���w�!�=�›�¾�V�I�\�b�q
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reduction of [3!Cu(II )]2+ is observed at the same potential as
the irreversible reduction on the reverse scan of [3!Cu(I)]+ .

The large potential shift observed between the irreversible
Cu(I)- and Cu(II )-centered processes is directly related to the
important reorganization process coupled to the electron
transfer and highlights the ability of this novel versatile ligand
to stabilize both states in completely di! erent environments
(Fig. 2).

Moreover, the irreversible features observed at all accessible
CV scan rates highlight the substantial celerity of the switching
process attributed to the availability and proximity of the
implicated binding subunits. Insights into the reversibility of
the switching process can be seen in the inset saw-tooth graph
depicted in Fig. 3, obtained by successive bulk oxidation/
reduction cycles followed by UV-Vis spectroscopy.

As mentioned in the introduction, the long term stability of
both states involved in a switching process is of utmost
importance for the consideration of any potential applications
in molecular electronics. The stability of [3!Cu(I)]+ and
[3!Cu(II )]2+ in the solid state and in solution was estimated
by UV-Vis spectroscopy. Samples of both species could be
stored without precaution for months without noticing any
degradation, and the solid state absorption spectra of
[3!Cu(I)]+ and [3!Cu(II )]2+ recorded in the UV-Vis range did
not evolve within 6 months. In acetonitrile solutions, UV-Vis
absorption spectra were recorded every day for one month
without observing signiÞcant changes. These studies conÞrm
the great stability of [3!Cu(I)]+ and [3!Cu(II )]2+ both in the
solid state and in solution.

In conclusion, we have designed a novel copper centered
bistable redox switch displaying exceptional stabilities of both
Cu(I) and Cu(II ) states, a large potential shift, as well as high
conversion rates. These features make it a good candidate in
the worldwide race for molecular-based memories. Attach-
ment of this novel redox responsive material onto conducting
supports with the introduction of grafting fragments on the

free upper rim of the calixarene should produce molecular
ÔÔdevicesÕÕ displaying fast ÔÔwrite-eraseÕÕ cycles and long term
information storage capability.

The authors thank the ÔÔRe«gion Rhoöne AlpesÕÕ for Þnancial
support (Cluster Nano program) as well as Audrey Fournier,
Christian Duchamp and Catherine Belle for their general
contributions.
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(Dd(CH2Im) = +0.7 ppm) and increased broadness, whereas
the signals corresponding to the quinoline part remain almost
unchanged, attesting that, in solution, only imidazole groups
are involved in complexation of the copper ion (Fig. 1).

These results led us to hypothesize the formation of a
[3!Cu(I)]PF6 complex in which the calixarene adopts a cone
conformation with one copper ion complexed by both
imidazole moieties. This assumption was conÞrmed by X-ray
di! raction analysis conducted on crystals obtained by slow
di! usion of methanol in a [3!Cu(I)]PF6 chloroform solution. 8

As shown in Fig. 2, the calixarene skeleton displays the
expected conformation with both imidazole arms oriented
toward the cavity center and both quinoline-like fragments
lying at the periphery. In full agreement with the NMR
analysis, the Cu(I) ion is pinched between two imidazoles
and presents a digonal coordination geometry with NÐCu
bond lengths of 1.82(2) and 1.87(2) Aû, in agreement with those
previously reported.9 These results thus clearly put forward
the ability of the calixarene3 to stabilize a Cu(I) ion, even in
oxygenated media. The preorganization of the calixarene core
can explain this remarkable behavior. First, the geometric
constraints force both imidazoles to complex the copper ion
in a digonal geometry, which is known to be relatively stable
toward oxygen.10 On the other hand, the proximity of one
oxygen atom from the calixarene sca! old to the copper(I)
center (d = 2.60(2) Aû) undoubtedly further stabilizes this
oxidation state by preventing the approach of oxygen. Similar
ligand e! ects were already observed with air-stable Cu(I)
complexes formed with calixarene8a and also with cyclam.5b

The interaction with Cu(II ) was similarly investigated in
solution. Upon addition of Cu(ClO 4)2!6H2O to the free ligand

3 dissolved in acetonitrile, the solution gradually turned from
colorless to blue (l max E 635 nm) and the electrospray mass
spectrometry analysis of the mixture showed one major signal
corresponding to the mono-metallic ([3!Cu(II )]ClO4)

+ species.
After removing the solvent under reduced pressure, the crude
solid was collected and washed with diethyl ether to a! ord the
target complex [3!Cu(II )](ClO4)2 in 82% yield. Slow di! usion
of diethyl ether into an acetonitrile solution of the complex
a! orded green crystals, which were submitted for XRD
analysis.11 The reÞned structure, corresponding to the
[3!Cu(II )H2O](ClO4)2 complex, revealed the calixareneÕs cone
conformation, and the presence of only one hexacoordinated
copper(II ) cation bound to both alkoxyquinoline fragments,
one imidazole and to a water molecule. The metal ion displays
a N3O3 square bipyramidal coordination scheme with two
relatively long CuÐOquino bonds (2.563(3) and 2.456(3) Aû) and
four shorter ones (d(CuÐNquino) = 2.006(3) and 2.019(3) Aû,
d(CuÐNimid) = 1.989(6) Aûand d(CuÐOw) = 1.983(3) Aû). The
similarities between the UV-Vis spectra of [3!Cu(II )H2O](ClO4)2,
recorded in the solid-state (di! use reßectance) and in aceto-
nitrile solution, which both exhibited a broad symmetrical
band at l max = 635 nm, suggested conservation of the square
bipyramidal coordination scheme in solution, although it is
suspected that the labile water molecule might be easily
replaced by the remaining free imidazole.12 Further informa-
tion on the copper redox state and coordination mode came
from EPR measurements showing an anisotropic signal,
in agreement with axial symmetry around the Cu(II ) center
(see the ESIw).

The opportunity to trigger a reversible conversion between
both stable copper complexes [3!Cu(I)]+ and [3!Cu(II )]2+ was
checked and demonstrated by cyclic voltammetry conducted
at room temperature in acetonitrile and tetra-n-butylammonium
hexaßuorophosphate (0.1 M) as the electrolyte. The voltammo-
gram of the [3!Cu(I)]+ species displayed one copper-centered
irreversible oxidation wave atEpa = +0.47 V ( vs.Ag+ /Ag1),
associated with a reduction peak atEpc = " 0.42 V observed
on the reverse scan. This oxidation process proved to be fully
irreversible at all accessible scan rates, and a bulk one electron
electrolysis carried out on a carbon felt electrode atE =
+0.8 V quantitatively produced a new species showing an
irreversible reduction wave atEpc = " 0.42 V, associated with
a re-oxidation signal atEpa = +0.47 V on the reverse scan. In
accordance with a hypothesized copper-centered electron
transfer, the solution turned from light yellow to blueish,
and the UV-Vis spectrum of the electrolyzed solution showed
a broad signal atl max = 635 nm attributed to electrogenerated
Cu(II ) dÐd transitions. All these features thus clearly point to
the existence of an isomerization step coupled to the electron
transfer, leading to a novel Cu(II ) species in which the metal
coordination scheme has drastically evolved.

The cyclic voltammogram recorded with [3!Cu(II )]2+

dissolved in acetonitrile electrolyte similarly displayed only
irreversible signals with a reduction wave atEpc = " 0.42 V,
associated with a re-oxidation process atEpa = +0.47 V. This
behavior correlates with that of the Cu(I) complex described
above, since the direct oxidation of [3!Cu(I)]+ and the
re-oxidation wave of [3!Cu(II )]2+ are observed as irreversible
systems at the same potential,Epa = +0.47 V. Conversely, the

Fig. 1 Dual display of partial 1H NMR spectra (300 MHz, CDCl 3) of
compounds3 (top) and [3!Cu(I)]PF6 (bottom).

Fig. 2 Crystal structures of [3!Cu(I)]PF6 (left) and [3!Cu(II )H2O](ClO4)2
(right). Hydrogen atoms, counter anions and solvent molecules were
omitted for clarity purposes.

This journal is#c The Royal Society of Chemistry 2009 Chem. Commun.,2009, 6774Ð6776| 6775
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Figure. 3-11.  Crystal structures of Cu(II) complex (top 
left) and Cu(I) complex (top right).  Hydrogen and anions 
were omitted for clarity.  CV (solid line) and RDE  
(dashed line) of Cu(II) complex (bottom left) and Cu(I) 
complex (bottom right). The insert line explains 
absorbance change in the potential sweep cycles.  
(Ref14) 
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Figure 3-12.  Simple thin-film electrode with coating gold 
clusters on ITO coating glass.  Two Au8 clusters were 
deposited on the ITO by simple dropcasting method.          
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4-1.  �Š	·�w�“�A  
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“�t�‹���Š� �‹�=�w
ž�A
Q�t�m�M�o
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4-2.  � �‹�=�w�M�²
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��  

�� 
²	·�p Au8 �w�Ÿ
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��•
ì�“�^�;�`�h�q�ß�Q�’�•�”�{�\�w	Ý�6�p ESI-MS
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÷�”�º�p���ù�`�h�\�q�t�‘�”�‹�w

�p�x�s�X�z�ž�Ç�¦�ï	��w
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Figure 4-2.  UV-vis absorption spectra of halide 
Au8 clusters in MeOH after the recrystallization 
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Figure 4-4.  UV-visible absorption spectra before (black) and after (red) the 
reaction of [Au8L4]

2+ with PhSH in MeOH.  The disappearance of the shoulder 
peak at 590 nm indicated that the Au core oxidized into [Au8

4+]. 
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Fig. 2 -18. Cationic structure of [Au8(dppp)4(C! CPh)2]2+
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Fig. 2 -19. Abs spectra of Au8-Cl (pink) and Au8-PA (black)

Wavelength / nm

A
bs

0

3

1

2

700400 500 600

A
bs

Wavelength [nm]

0h

65h

400 600

A
bs

Wavelength / nm

700500

1

2

3

0

Figure 4-6.  UV-visible absorption spectra before (green) and after (blue) the 
reaction of [Au8L4]

2+ with HC! CPh in MeOH.  The disappearance of the shoulder 
peak at 590 nm indicated that the Au core oxidized into [Au8

4+]. 
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Figure 4-8.  UV-visible absorption spectra of time course (0�à 5h) in the reaction 
with irradiation of visible light (400 ~ 700 nm).  UV-light obviously assisted the 
alkynylation reaction.    

Figure 4-7.  UV-visible absorption spectra of time course (0�à 5h) in the reaction 
with irradiation of UV light (250 ~ 300 nm).  UV-light obviously assisted the 
alkynylation reaction.    
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exo �• Au �t�A�ù�`�h�ž�Ç�¦�ï
��•� �U�)�Q�”�Ï���$�s�¼� �q�z�u	)�µ�Ö�«�Ä�ç�w�0� �t�m

�M�o�Ð�‚�h�{  

 

4-4-1.  � �‹�.�w�Ï���q 
ü�«�¶�$
Q�í  

�� 	Í�G�t�Ô�`�h� �‹�. �t�m�M�o�E
¯�$�«�›�•�[�o�z�f�w�Ï���q
ü�«�¶�$
Q�í�w
ì���t�m�M

�o�^�æ�b�”�{�o	m�s�«�q�`�o Cl �q SPh�z C<‡CPh �›
��•� �q�`�o�;�M�h	Ô�ù�w���¨�Ï���t

�m�M�o	\�‚�”�{
��•�b�”�h�Š�t�–�˜�•�o�M�”
��•� �w�J�“�t�m�M�o Atomic orbitals �›�–�l

�o�ß�Q�”�s�’�y�z�Ë�å� �Å�t�m�M�o�x p �J�“�U�–�˜�•�o�M�”�\�q�x�z�?� �Ï���T�’�ß�Q�’

�•�”�{�‡�h�z ÐC<‡CR 
��•� �x�z sp ��
R�J �“�›�–�l�o
��•�`�o�M�”�\�q�U�Ì�’�T�p�K�”�{�°

�M�z�½�¦�è�”�Ä�w	Ô�ù�«�å�µ�»�”�•�w
��•�Ï���›�ˆ�”�q�z S �w
��•�t�x 3p �J�“�U�–�˜�•�o

�M�”�i�–�O�q�ß�Q�’�•�” �{�í�”
ü
s�T�’�‹ RS�z�´�µ�ç�Ñ�Ÿ�Å�q�‰�a�Ž�=	Ý�6�q�s�“�z
��•

�t�–�˜�•�”�J�“�‹�‰�a�p�K�”�\�q�U�'
Ý�^�•�”�{�m�‡�“�z spx�z spy�z spz�z �w�~�m�w
��•��

�¥�U�K�“�z
ü� �º�p�s�8�U�p�V�”�q�Ô�&�^�•�”�{�î�M�z�Å�Ã�§�ï�½�¦�”�ç�›�;�M�o�ù
R�^

�•�h [Au8L4(SC12H25)2]
2+�w�A	¥�Ï���p�x�z�¯�ž�‘�“�Ž���t�²�T�O�M�²�t�ž�ç�©�ç�/�U	ó�|�o

�M�”�i�Z�p�s�X�z�¯�ž�w�º���t�²�Z�o
��•� �U	ó�|�o�M�”�q�M�O�Ã�Ÿ�µ�¦�”�¼�”	Ý�6�U�ˆ

�’�•�h�{  

 

�� �Ž�<�t 4-2 
…�p	\�‚�h Au8 � �‹�.�w�§�½�¦�ï�Ï���›�Ô�`�h�{�½�¦�è�”�Ä�t�m�M�o�x�E
¯�«

�q �`�o�z -SPh �U�A�ù�`�h�‹�w�q -SC6H4CO2H�z -SC6H12 �w�Ï���›�Ô�`�h�{�ž�·�½�æ�Å�x -C<‡

CPh�z -C<‡CC6H5N �w�Ï���›�Ô�`�h�{  
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  �»�Ë�å� �Å�¢ -Cl, -Br, -I�£�¼ 

 

 

 

 

 

 

 

 

�»�½�¦�è�”�Ä�¢ -SPh, -SC6H4F3, -SC6H4�£�¼ 

 

�»�ž�·�½�æ�Å�¢ -C<‡CPh, -C<‡C4py�£�¼ 

 

 

 

 

 

 

 

 

�� �Í�t�¤	��Ï���w�Í�å�Ý�”�»�›�Ô�`�h�{�¤	��A�ù� �̄¢ Table 4-1�£�z�A�ù�‘�m�¢ Table 4-2�£�t

�0� �`�o�M�”�{ Entry p ~ u , a ~ k �t�K�” 22Õ/2 �S�‘�| 44Õ/2�x�z 2 �q 2Õ�K�”�M�x 4 �q 4Õ�w�¤

	ú�t�K�” Centroid �› �™�¯�`�o�M�”�¢ Figure 4-10 �¤�w
(���t
ì�p�£  

[Au8L4Cl2]
2+ [Au8L4Br2]

2+ [Au8L4I2]
2+ 

[Au8L4(C<‡CPh)2]
2+ [Au8L4(C<‡CC5H5N)2]

2+ 

[Au8L4(SC6H4NO2)2]
2+ [Au8L4(SPh)2]

2+ [Au8L4(C6H12)2]2+ 
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 T
h

e selected atom
s are d

epicted on 
the co

rrespo
nding

 atom
s 

E
ntry

S
electe

d atom
s

A
u8-C

l
2

A
u8-B

r
2

A
u8-I

2
A

u8-(S
P

h)
2

p
22Õ

/2-1-X
, 44Õ

/2-5-X
2

86.15
73.01

69.99
79.95

q
22Õ

/2-1-P
1, 44Õ

/2-5-P
5

106.27, 106.29
112.54

123.95
111.98

r
2-1-2Õ

, 4-5-4Õ
52.00

51.43
50.05

52.37

s
1-3-P

3, 5-3Õ
-P

3Õ
99.61, 99.23

96.99
88.81

98.95

t
1-3Õ

-P
3Õ

, 5-3-P
3

112.19, 110.15
112.83

119.88
111.31

u
1-22Õ

/2-3Õ
, 5-44Õ

-3Õ
162.78

167.01
175.53

156.31

E
ntry

S
electe

d atom
s

A
u8-(S

-p
N

O
2 )2

A
u8-(S

H
ex)

2
A

u8-(C
!

C
P

h)
2

A
u8-(C

!
C

4py)
2

p
22Õ

/2-1-X
, 44Õ

/2-5-X
2

82.16
79.86

85.31
85.59

q
22Õ

/2-1-P
1, 44Õ

/2-5-P
5

109.20
107.73

108.00
107.30

r
2-1-2Õ

, 4-5-4Õ
52.04

51.13
53.20

52.96

s
1-3-P

3, 5-3Õ
-P

3Õ
93.59

97.48
100.34

110.45

t
1-3Õ

-P
3Õ

, 5-3-P
3

111.73
111.18

110.30
99.94

u
1-22Õ

/2-3Õ
, 5-44Õ

-3Õ
161.22

166.30
150.12

149.56

A
u8-(S

P
h)

2

79.95¡

111.98¡

52.37¡

98.95¡

111.31¡ 

156.31¡

A
u8-(C

!
C

P
h)

2
A

u8-(C
!

C
4py)

2

85.31
85.59

108.00
107.30

53.20
52.96

100.34
110.45

110.30
99.94

150.12
149.56
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E
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S
electe
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s

A
u8-(S

-p
N

O
2 )2

A
u8-(S

H
ex)

2
A

u8-(C
!

C
P

h)
2

A
u8-(C

!
C

4py)
2

a
1-2, 4Õ

-5
3.003

3.132
2.932

2.942

b
 1-2Õ

, 4-5
3.035

2.880
3.019

3.030

c
22Õ

/2-X
, 44Õ

/2-X
2

3.318
3.234

3.210 (3.621)
3.232 (3.634)

d
22Õ

/2-1, 44Õ
/2-5

2.713
2.747, 2.757

2.660
2.673

e
C

oreA
u-A

u (2-3Õ
, 4-3 etc.)

2.819 -2.868
2.828-2.883

2.864-2.823
2.823-2.875

f
2-2Õ

, 3-3Õ
2.627, 2.649

2.607, 2.641 
2.628

2.664, 2.615

g
1-X

, 5-X
2

2.316
2.305

2.026 (2.617) 
2.034 (2.612)

h
1-P

1, 5-P
5

2.274
2.265

2.294
2.293

i
C

oreA
u-P

 (2-P
2, 3-P

3 etc.)
2.305~

2.328
2.296-2.326

2.303~
2.330

2.327-2.333

j
P

-P
 (P

1-P
3, P

2-P
4 etc.)

5.033, 4.872
4.991, 4.896 

5.444, 4.970
5.450, 4.957

E
ntry

S
electe

d atom
s

A
u8-C

l
2

A
u8-B

r
2

A
u8-I

2
A

u8-(S
P

h)
2

a
1-2, 4Õ

-5
3.072, 3.053

3.065
3.128

3.019

b
 1-2Õ

, 4-5
2.970, 3.008

3.028
3.069

3.004

c
22Õ

/2-X
, 44Õ

/2-X
2

3.340, 3.378
3.024

3.105
3.242

d
22Õ

/2-1, 44Õ
/2-5

2.715, 2.724
2.794

2.808
2.703

e
C

oreA
u-A

u (2-3Õ
, 4-3 etc.)

2.779-2.872
2.828-2.851

2.857-2.900
2.811-2.890

f
2-2Õ

, 3-3Õ
2.648

2.644, 2.613
2.622, 2.577

2.624

g
1-X

, 5-X
2

2.286, 2.291
2.303

2.598
2.324

h
1-P

1, 5-P
5

2.259, 2.240
2.261

2.272
2.280

i
C

oreA
u-P

 (2-P
2, 3-P

3 etc.)
2.308~

2.333
2.298-2.320

2.314~
2.330

2.310-2.327

j
P

-P
 (P

1-P
3, P

2-P
4 etc.)

4.983, 4.810
5.063, 4.870

4.987, 5.373
5.427, 4.927
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�� �Ž	Í�w 2 �m�w
¯�T�’�z�¤	��Ï���w
z�±�›�æ�l�h�{�Ë�å� �Å�»� �Ó�w�A�ù�¯�w
z�±�¢ Table4-1�z

�˜�£�T�’�z Cl �‘�“ �‹�ô�M	*�8�¢ Br, I�£�t�s�” �t �`�h�U�l�o�z 2-2Õ or 4-4Õ�w Centroid �q Atom 

1 or 5 �q X1 or X2 �w
R�b�¯�¢ Entry p�£�U	–�^�X�s�l�o�S�“�z X1 or X2 �p�x�s�X P ���q�w
R

�b�¯�¢ Entry q�£�x�G�V�X�s�l�o�M�” �{�^�’�t�z Entry c �t �G�`�h�¯�ž�w Au �T�’ exo Au �‡

�p�w�‘�m�¢ Entry a, b �t���R�£�U�z Cl < Br < I �w	q�t�Õ�X�s�l�o�M�”�{�\�•�x�Ë�å� �Å�U�‘

�“�¯�ž���t�Ù�n�V�z�{�c�œ�p�M�”�\�q�›�Ô�`�o�M�”�{�‡�h�z 2-2Õ�z 4-4Õ���w�‘�m�¢ Entry f�£

�U�‰�a�‘�m�›�-�l�o�M�”�t�‹�T�T�˜�’�c�z Entry r �t�Ô�`�h exo Au �U�^�”�¯  2-1-2Õ or 4-5-4Õ

�x�z	*�8�U�ô�X�s�”�t�m�•�o	–�^�X�s�l�o�M�”�\�q�T�’�z exo Au �U Br�z I �q�s�”�t�m�•�o

�Õ�X�s�l�o�M�”�q�M�O�\�q�U�Ì�’�T�p�K�”�{�m�‡�“�ž �Ç�¦�ï	��w�?�>�Ä
Q�S�U	–�^�X�s�”

�h�Š�t�z���Ø�.�¯�ž�›�è�a�o
i�?�$�s
ì�“�^�;�U Core 
æ�q exo �• Au �w���p	��X�s�“�z
¶

�.�$�t Core�à exo �M�²�w�A�ù�‘�m�U�Õ�X�s�l�h�‹�w�q
*���^�•�”�¢ Entry a ~ c, e�£�{  

�� �è	×�z	*�8�U�ô�X�s�”�t�m�•� �¦�ï
R���‹

�G�V�X�s�”�{�«�Q�y �z Cl' �p�x  181 pm �p�K

�”�U�z BrÐ�p�x  196 pm�z IÐ�x  220 pm �p�K�”

(ref)�{�\�w� �¦�ï
R���T�’
*���b�”�q�z exo

�• Au �w
æ
ü�w�!���~�{�c�ˆ�x�z�\�w
i�? �$

� s 
 S 
 C � t � ‘ � ” � ‹ � w � p � K � ” � T � ‹ � ` � • � s � M

�¢ Entry p, q, c�£�{  

�� �\�w�‘�O�s�Ï���w�]�X�˜�c�T�s�§�M�w�è

�¹�x�z�u	)�µ�Ö�«�Ä�ç�t�S�M�o�‹�K�’�˜�•�o

�M�”�{�Ã�G�u	)�w�þ�Õ�›
z�±�b�”�q�z Cl < Br 

< I �w	q�t�Õ�þ�Õ���t�K�”�¢ 509, 523, 538 

nm�£�{�f�•�t�q�‹�s�l�o�z�µ�Ö�«�Ä�ç�w�Ò�é

�”�Å�Ç�ï�¬�‹�I�V�o�M�”�{�Ž	Í�w�\�q�T�’�z exo �• Au �t�A�ù�`�o�M�”�ž�Ç�¦�ï	��U�Ï���t

�)�Q�”�è�¹�U�G�V�M�\�q�U�Ì�’�T�q�s�l�h�{  

�� �°
`�$�t�z�u	)�µ�Ö�«�Ä�ç�w�Ð�”�«�Ò�é�”�Å�Ç�ï�¬�x�z	ü�ˆ	j�•�q�?� �¤�É�ç�ª�”	j�•

�q�w	ü�ˆ
ì�“�^�;�U�I�\�“�•�b�X�s�”�\�q�t���R�`�o�M�”�U�z�Š�%�t�S�M�o �‹�z�A�ù�`�h

�Ë�å� �Å�U Br �• I �t�s�”�t�`�h�U�l�o
ü�Ã�`�•�b�X�z
ì�“�^�;�p�V�”�J�“�w
c�“�U�¿�U�”

�\�q�p	ü�ˆ�U�I�\�“�•�b�X�s�“�z�A�L�q�`�o�u	)�µ�Ö�«�Ä�ç�w�Ò�é�”�Å�Ç�ï�¬�U
\�a�h�q


*���^�•�”�{
C�«�µ�Ö�«�Ä�ç�x
$�å�t�Ô�`�h�¢ Figure 4-x�£�{  

�� �\�w�Ë�å� �Å�w	��¨�t�‘�”�è�¹�›�Õ�”�µ�q�`�o�z���w�½�¦�è�”�Ä�•�ž�·�½�æ�Å�w
z�±�‹

�æ�l�h�{�f�•�g�•�w�Ï���Í�å�Ý�”�»�T�’�x�z�Í�w�\�q�U�˜�T�l�h�{  

Figure 4-10.  Illustration of zoomed [Core- 
exo] type structure with entry p and c. 
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�~ �� Entry f, h, i �x�M�c�•�w�Ï���t�S�M�o�‹�„�…�°���‹�›�q�”  

�~ �� exo-Au �t�0�`�o�‘�“�?�>�Ä
Q�w�§�M�‹�w�U�A�ù�`�o�M�”	Ô �ù�z Core-exo �w�‘�m�f�`�o

exo Au-X ���‘�m�U�y�M�¢ Entry c, g �£  

�~ �� Entry s, t, u  �x�¤�Ï���t�‘�l�o�§�M�U�ˆ�’�•�”�U�z�%�w�$�p�s�X�z�q�.�$�s�A�¼�‹�ß�€

�b�”
ž�A�U�K�”�{  

�~ �� exo-Au �t�0�`�o�‘�“�?�>�Ä
Q�w�§�M�‹�w�U�A�ù�`�o�M�”	Ô�ù�z Entry p �t
ì�p�b�”�¯�S

�x�G�V�X�z Entry q �t
ì�p�b�”�¯�S�x	–�^�M�{  

�«�Q�y�z�ž�·�½�æ�Å
��•� �x 3 	O�A�ù�t�‘�l�o�§�M�{�?� 
Q�›�Ô�b�h�Š�z Entry d, g �t
ì�p

�b�”�A�ù�‘�m�U�y�X�s�l�o�S�“�z Entry p �t
ì�p�b�”�¯�S�U�G�V�X�z Entry q �t
ì�p�b�”�¯�S

�U	–�^�X�s�l�o�M�”�{�½�¦�è�”�Ä�t�S�M�o�‹�z�§�M�?� �{�¾
Q�w�Ç�Ä�é�,�U�m�M�h�U�ó��

�›�‹�m	Ô�ù�t�z�G�V�M  p �q�˜�c�T�t	–�^�M q �U�ˆ�’�•�h�{�`�T�`�z�ž�ç�§�ï�½�¦�è�”�Ä�w

	Ô�ù�t�‹ -SPh �%�q�K�‡�“�§�M�U�ˆ�’�•�s�T�l�h�{�ž�·�½�æ�Å�w	Ô�ù�t�‹�Ñ�£�Ç�ç�q�Ð�æ�´

�ç�w�§�M�x�K�‡�“�s�M�{�`�h�U�l�o�z Au �t�Ú
€�A�ù�b�”
��•�j� �t�‘���`�z�f�•�‘�“�m�•

�h�?� �$�s
ì�“�^�;�x�Ï���¼� �t�K�‡�“�è�¹�›�)�Q�s�M�q�M�O�\�q�U�ß�Q�’�•�”�¢ 4-5 
…�£

�t���w�½�¦�è�”�Ä�z�ž�·�½�æ�Å�w�Ï���Í�å�Ý�”�»�t�m�M�o�‡�q�Š�h
¯�›���L�`�h�£�{�\�•�q

�‘�M �°�•�›�`�Š�b�‘�O�t�z�u	)�µ�Ö�«�Ä�ç�t�S�M�o�‹�z�½�¦�è�”�Ä�»� �Ó�z�ž�·�½�æ�Å�»

� �Ó�x�f�•�g�•�S�‘�f�Å�h�•�”�t�Ã�G�u	)�U�q�•�”�\�q�U�˜�T�l�o�M�”�{�/���«�q�`�o�z

�¤�½�Ç�ç�Õ�ï�¸�ï�»� �Ó�z�Ý�ç�§�Ó�Ä�Õ�ï�¸�ï�»� �Ó�z�«�é�ç�»� �Ó�w�u	)�µ�Ö�«�Ä�ç�›

�Ô�`�h�¢ Figure 4-11�£�{ ��  

  �\�w�‘�O�s�Ï���¼� �q
ü�«�¶�›
Q�w�����x�z
C�«�µ�Ö�«�Ä�ç�t�S�M�o�‹�ˆ�’�•�o�M�”

�¢ Figure 4-S1�£�{�Ë�å� �Å�»� �Ó�w
C�«�§�S�w	‚�»�x Cl > Br > I �q�s�• h �S�l�o�S�“�z I �w

	Ô�ù�t�x�„�q�œ�r
C�«�›�Ô�^�s�M�¢�Î�¹�p�Ô�`�h�³�¬�Æ�ç �x�Ë�Í�«�p�K�”�£�{�‡�h�z�½�¦�è

�”�Ä�p�x�M�c�•�t�S�M�o�‹ Cl �q
z�‚
C�«�§�S�U	��X�z�?� �{�¾
Q�,�w�Ç�Ä�é�,�›�Ë�m

Au8-(NO2)2 �w�ˆ
C�«�§�S�U
z�±�$�ô�T�l�h�{�ž�·�½�æ�Å�x�z Cl �”�õ���‘�“�‹�z	��ï
C�«�§
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Figure 4-11.  UV-visible absorption spectra of 1, 2 and 3.  
The cluster concentration was 12.5 µM in DCM-MeOH 
mixed solvent.  
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Figure 4-12.  Emission spectra of 1, 2 and 3.  The 
cluster concentration was 12.5 µM in DCM-MeOH mixed 
solvent.  
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Figure 4-13.  UV-vis absorption spectra of thiolate modified 
Au8 clusters (-SPh, -SC6H4NO2, -SC6H12 (-SHex)).   
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Figure 4-S1.  Emission spectra of halide-type Au8 clusters 
in MeOH.  I-type didnÕt show any peaks.  The intensity 
order  was Cl>Br>I.   
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Figure 4-S3.  UV-vis absorption spectra after the addition 
of benzenethiol to the cluster solution in Methanol.  
Degradation of Au6 cluster would be observed in longÐtime 
monitoring by UV-vis. 
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Figure 4-S2.  UV-vis absorption spectra after the addition of benzenethiol to the 
cluster solution in Methanol.  Degradation of Au13 cluster would be observed in 
longÐtime monitoring by UV-vis. 
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Figure 4-S4.  UV-vis absorption spectra after the addition of benzenethiol to 
the cluster solution in Methanol.  Degradation of Au9 cluster would be 
observed in longÐtime monitoring by UV-vis. 
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Figure 4-S5.  UV-vis absorption spectra before (black) and 
after (blue) the addition of Thiol Y and Thiol Z solution in 
methanol.  After reprecipitation with ether, the crystalline 
precipitate (red line) was obtained.    
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Figure 4-S6.  UV-vis absorption spectra before (black) and 
after (blue) the addition of Thiol Y and Thiol Z solution in 
methanol.     
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Figure 4-S8.  UV-vis diffuse reflectance spectrum of 
[Au8L4(SC12H25)2](NO3)2 (red line).  K/M is Kubelka-Munk 
absorption coefficient and the UV-vis absorption spectrum 
of [Au8L4(SC12H25)2]

2+ in methanol is shown by dotted line 
as a reference.   
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Figure 4-S9.  Absorption spectra of Thiolate modified Au8 clusters in 
methanol and dichloromethane with 50/50 v%.  The absorbance at 700 nm 
was setted as zero for each spectrum. 




























































