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Subnanometer-sized gold clusters protected by thiolated �-
cyclodextrin (HS-�-CD) were successfully isolated using poly-
acrylamide gel electrophoresis. Thermogravimetric measure-
ments reveal that two �-CD ligands are bound to the Au clusters.
One-dimensional assemblies of the �-CD-modified gold clusters
are formed through binding interactions with ferrocene dimers.

Hybrid systems composed of metal clusters and organic
monolayers have attracted considerable attention, because they
exhibit novel and tunable physicochemical properties arising
from the core-size effect and functionalities of the organic moie-
ties. Among others, metal clusters capped by thiolated cyclodex-
trins (HS-CD) developed by Kaifer’s group are appealing, espe-
cially because of the molecular recognition ability of the protect-
ing layers.1 By utilizing binding interactions between the CD re-
ceptors and the complementary guest molecules, large network
aggregates of Au:S-CD clusters (>3 nm) have been successfully
constructed.2 However, the clusters were not assembled in well-
ordered arrangements in the aggregates, and this was probably
due to the large number (ca. 10) of CD receptors.3 One may an-
ticipate that smaller gold clusters, having a limited number of
binding sites, may be assembled in predetermined and low-di-
mensional patterns. With an aim to develop a fabrication of or-
dered arrays of clusters and to study their collective properties,
we report the preparation of subnanometer-sized gold clusters
modified with two thiolated �-CD molecules (1; HS-�-CD), in
addition to their assembly into one-dimensional arrangements
via the interaction with ferrocene dimers (2).

The thiolated �-cyclodextrin 1 and ferrocene dimer 2
(Scheme 1) were synthesized by the methods reported previous-
ly2a,4 and characterized by 1HNMR and FAB (Fast atom bom-
bardment) mass spectrometry. The gold clusters protected by
thiolated �-CD (Au:S-�-CD) were prepared by reduction of
AuCl4

� with NaBH4 in the presence of 1 in DMSO at ambient
temperature:5 the concentration ratio of [1]/[AuCl4

�] was fixed
at 1 (see ref 6 for details of the preparation). The ligation of
cyclodextrin to the Au core via Au–S binding was confirmed
by the absence of the peak at �ðS{HÞ ¼ 2526 cm�1 in the FTIR
spectrum of the Au:S-�-CD clusters. Figure 1a shows a repre-

sentative TEM picture of the as-prepared Au:S-�-CD clusters.
The size distribution of the gold cores is presented by a histo-
gram in Figure 1b. Interestingly, the Au:S-�-CD clusters exhibit
bimodal core-size distribution centered at ca. 1.0 and 2.4 nm.
The smaller Au:S-�-CD clusters (ca. 1 nm), not reported hither-
to, are formed preferentially because of the shorter reaction time
(2 h)6 compared with previous studies (24 h).2 These two com-
ponents were successfully separated using polyacrylamide gel
electrophoresis (PAGE), which has been demonstrated as a pow-
erful technique for the size separation of metal clusters protected
by hydrophilic thiolates.7 The Au:S-�-CD clusters are negative-
ly charged in a buffer solution (pH ¼ 8:3), because some of the
secondary hydroxyl groups of the S-�-CD ligands are deproto-
nated. As a result, the Au:S-�-CD clusters are fractionated using
PAGE, into two bands colored yellow and brown (Figure 2a); the
clusters contained in these bands are hereafter referred to as
Au-1 and Au-2, respectively. The low-mobility clusters Au-2
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Scheme 1. Structures of the compounds used in this work.
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Figure 1. (a) TEM image and (b) size distribution of the as-pre-
pared Au:S-�-CD clusters.

(a)

D
is

tr
ib

ut
io

n 

1.0 2.0 3.0 4.0
D / nm

1.0 2.0 3.0 4.0
D / nm

D
is

tr
ib

ut
io

n 

(d)(b)

(e)(c)

400 600 800 1000200
nm

A
bs

or
ba

nc
e

400 600 800 1000200
nm

A
bs

or
ba

nc
e

(f)

(g)

Au-2

+

-

Au-1

x5

exc.

Figure 2. (a) PAGE separation of the as-prepared Au:S-�-CD
clusters. TEM images of (b) Au-2 and (c) Au-1. The scale bars
represent a length of 20 nm. Size distributions of (d) Au-2 and
(e) Au-1. Optical absorption spectra of (f) Au-2 and (g) Au-1
(green). Red curves in (g) represent photoemission spectra of
Au-1 excited at 340 nm.
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contain Au cores with an average diameter of 2:3� 0:4 nm
(Figures 2b and 2d). The optical absorption spectrum of Au-2
exhibits the surface plasmon band peaked at ca. 520 nm, as
shown in Figure 2f. The Au-2 clusters are essentially similar
to the Au:S-�-CD clusters reported previously by Kaifer2,3,5

and Chechik.8

In contrast, the Au clusters with a size of ca. 1 nm are barely
discernible in the TEM image of the high-mobility clusters Au-1
(Figure 2c). XPS measurements ofAu-1 show that the small par-
ticles in the TEM image are not Au(I)–thiolate complexes, but
Au(0) clusters: the Au(4f7=2) and Au(4f5=2) peaks were observed
at 84.4 and 88.1 eV, respectively. From the TEM image, the
average core size is determined to be 1:0� 0:2 nm (Figure 2e).
However, this value is only regarded as an estimate, owing to
the difficulty in determining the core sizes from the poorly con-
trasted subnanometer-sized clusters in the TEM image. More re-
liable information for the core size (distribution) of Au-1 can be
derived from a comparison of the optical absorption spectrum
(Figure 2g) with those of thiolated Aun clusters (n ¼ 10, 12,
15, 18, 22, 25, 29, 33, and 39).7d,9 The peak structure at
400 nm suggests that thiolated Au12{15 clusters are the main
components. The absorption onset at ca. 650 nm suggests the
Aun clusters with sizes up to n ¼ 22 are present as minor species.
The photoemission observed at 420 and 830 nm, upon photoex-
citation at 340 nm (Figure 2g), supports the formation of subna-
nometer-sized Au clusters.7d

The number of S-�-CD ligands attached in Au-1 is an im-
portant quantity to be determined. The chemical compositions
of Au-1 were examined using thermogravimetry (TG). The
weight percentage of organics (S-�-CD) and Au were deter-
mined to be 51.2 and 48.8%, respectively. This result suggests
that two S-�-CD ligands are contained in each cluster, based
on the assumption that the gold core is composed of 12–15
atoms. The diameter of the ring formed by the seven sulfur atoms
of S-�-CD is ca. 0.8 nm,4 and this is comparable to the size of the
Au core. This implies that two S-�-CD ligands are attached to
the Au core so that the hydrophobic cavities are oriented toward
opposite sides. To confirm this structural hypothesis, assemblag-
es of Au-1 and a ferrocene dimer 2 were prepared as follows.
Addition of an aqueous solution of Au-1 (0.1mM, 10mL) on
top of a CH2Cl2 solution of 2 (0.1mM, 10mL) caused the com-
plete bleach of the aqueous phase and formation of a transparent
film at the biphasic interface within 15min. In the TEM images
of the film (See: Supporting Information), one-dimensional
arrays of Au-1 with the interparticle distances of ca. 2 nm are
frequently observed (Figure 3). We believe that these structures
are formed as a result of a host–guest interaction between the
two S-�-CD receptors of Au-1 and 2, because the interparticle

distances are comparable to the length of 2 (ca. 1.7 nm) and such
structures are rarely observed in TEM images of Au-1 in the ab-
sence of 2 (Figure 2c). On the basis of on these results, it was
concluded that Au-1 is composed of Au12{15 clusters capped
by two S-�-CD ligands. The results given in Figure 3 clearly
show that protection with small numbers of S-CD ligands is a
promising method to assemble clusters in low-dimensional
arrangements without using a template.10

Finally, we offer a discussion for the reason why a bimodal
distribution of the gold cores was observed for the Au:S-�-CD
clusters. It was found that the Au:S-�-CD clusters with core
diameter dimensions between those of Au-1 and Au-2 could
not be prepared, even when preparative conditions such as the
[1]/[AuCl4

�] ratio and the reaction temperature were changed.
This implies that the Au clusters missing from this size region
cannot be stabilized by HS-�-CD ligands. The seven thiol
groups of 1 aligned in a ring with a diameter of ca. 0.8 nm cannot
bind to small facets of the gold nanocrystals. Thus, our interpre-
tation is that the gold clusters with a core size of 2.3 nm are the
smallest clusters whose facets are strongly ligated. On the other
hand, when the core size is reduced to ca. 0.8 nm, two HS-�-CDs
can be bound to the equatorial areas of the clusters in order to
stabilize them.

To summarize, subnanometer-sized gold clusters protected
by two thiolated �-cyclodextrin ligands were synthesized. These
Au:S-�-CD clusters can be arranged in one-dimensional arrays
via binding interaction with a ferrocene dimer. By use of tailor-
made molecules as linkers, the Au:S-�-CD clusters would be
assembled in well-ordered arrangements with desired symmetry
and interparticle distance.
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Figure 3. Portions of TEM images of the film formed at the
biphasic interface in the reactions of Au-1 and 2.
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