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Since the pioneering work by Brust and co-workers in 1994,1

monolayer-protected metal clusters (MPCs)2 have gained much
attention in various areas of science and technology. Main interests
of the MPCs are focused on their optical,3 electronic,4 and catalytic5

properties which deviate significantly from those of their corre-
sponding bulk metal. Because such a deviation becomes prominent
when the core dimensions are reduced to a subnanometer range,
the small MPCs will provide promising candidates for a new class
of cluster-based materials. However, the reports on the subnanom-
eter-sized MPCs are rather limited due, in part, to the fact that their
preparative methods have been virtually unexplored.6,7 The sub-
nanometer-sized gold MPCs have been prepared by exchanging
the phosphine ligands of the Au11 cluster compounds8 for various
thiols.6 In a previous work, we have demonstrated that subnanom-
eter-sized palladium MPCs are formed via the reactions between
PdII salts with alkanethiol RSH molecules; RSH acts as both the
reducing agents of the PdII ions and the stabilizing ligands of the
resultant clusters.7 We report herein a one-pot preparation of the
gold clusters composed of∼10-13 atoms by using a dithiol
molecule,meso-2,3-dimercaptosuccinic acid (DMSA,1), as the
reducing and stabilizing agents.

Figure 1a shows a representative TEM micrograph of the Au:
DMSA clusters which are produced by mixing HAuCl4 and DMSA
with a molar ratio of 1:2 in water (see Supporting Information for
more details). The mean particle diameter is 2.6 nm with a standard
deviation of 0.6 nm (Figure 1b). The Au 4f7/2 binding energy of
the Au:DMSA clusters was determined to be 84.7 eV by X-ray
photoelectron spectroscopy (see Supporting Information); this value
is slightly larger than that of bulk Au (83.8 eV) and similar to those
of the Au:SR clusters (83.9-84.4 eV).9 These findings clearly
illustrate that1 can reduce the AuIII ions, and the gold(0) clusters
result. To shed light on the origin of the reducing ability of1, the
yields of the gold clusters were compared by using mercaptosuccinic
acid (2) or succinic acid (3) instead of1. Qualitatively speaking,
the formation of the clusters is enhanced in the order of1 . 2 >
3, where no clusters are formed in the case of3. Thus, the SH
moiety plays a crucial role in the reduction of the AuIII species via
2AuIII + 6RSHf 2Au0 + 3RSSR+ 6H+. In addition, the cluster
formation is greatly suppressed by using mercaptoacetic acid (4)
instead of DMSA. The higher reducing ability of1 as compared to
that of4 suggests that intramolecular S-S bond formation promotes
the reduction. The resultant disulfides and/or unreacted DMSA may
passivate the cluster surfaces through the Au-S bond formation.
FT-IR spectroscopy confirms that a peak associated with the S-H

stretching vibrational mode of1 disappears when DMSA molecules
are adsorbed on the Au cluster surface (Supporting Information).

The optical spectrum of the Au:DMSA clusters exhibits absorp-
tion onset at ca. 550 nm and peak structures at ca. 300 and 390 nm
(Figure 1c). These features are completely different from that of
the nanometer-sized gold MPCs (>2 nm), which is composed of a
broad background rising continuously toward shorter wavelength
and an additional band at ca. 520 nm (surface plasmon band). Figure
1c rather reminds us of the spectra of the thiolate-passiveted Au11

clusters, which show peaks in the range of 300-450 nm.6 Thus, it
is likely that the Au particles in Figure 1a are the assemblages of
extremely small Au:DMSA clusters formed by hydrogen bondings
between the COOH groups of the DMSA ligands.10 To test this
hypothesis and evaluate the core diameters of individual Au:DMSA
clusters, the pH of the solution was raised to 7.2, higher than the
pKa values of DMSA (2.71 and 3.43).11 In the solution of pH∼7,
most of the COOH groups of the DMSA ligands are dissociated
into COO-, leading to the disassembling of the Au:DMSA clusters
due to the Coulomb repulsion. Because we found these COO--
modified clusters are unstable against the electron beam irradiation
during the TEM observation, their surfaces were subsequently
modified into hydrophobic layers via ion-pair formation with the
tetraoctylammonium (TOA) cations.12 Figure 2a shows a TEM
photograph of the Au:DMSA clusters extracted into the toluene
phase by the action of TOABr (BrN(n-C8H17)4). The dispersibility
of the clusters is dramatically improved, as is evident from the
comparison with Figure 1a. It is important to note that the optical
spectrum of the Au:DMSA-TOA clusters is essentially the same
as that of the Au:DMSA clusters, showing the core structures are
not altered by the disassembly treatment (Figure 2b). The sizes of
the Au cores appear to be less than ca. 1 nm, although we cannot
determine the core sizes precisely due to the poor contrast for the
small particles and limited resolution of a CCD detector of the TEM
apparatus.

The core size distributions of the Au:DMSA-TOA clusters were

Figure 1. (a) TEM image, (b) size distribution, and (c) optical spectrum
of the Au:DMSA clusters prepared by mixing HAuCl4 and DMSA with a
molar ratio of 1:2 in water (pH∼4).
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examined in detail by mass spectrometry. Figure 3 represents a
negative-ion laser desorption ionization (LDI) mass spectrum. The
ions formulated as AunSm

- are detected as a result of the
UV-induced cleavage of S-C bonds of the DMSA ligands; the
AunSm

- ions have also been observed in the LDI mass spectra of
the other Au:SR clusters.13 The TOA molecules are released
concurrently with the S-C bond breaking. Even when the laser
fluence was increased up to 40µJ cm-2 pulse-1, we found no signs
of dissociative loss of Au and/or S atom(s) but the enhancement
of population of the larger clusters (n ≈ 25) with respect to the
smaller ones (n ≈ 13); this behavior is probably due to the fact
that more photons are needed to dissociate all of the S-C bonds
of the larger clusters. Thus, the size distributions of the AunSm

-

ions closely reflect those of the Au:DMSA-TOA clusters formed
in the reaction. It is concluded from Figure 3 that the gold clusters
composed of∼10-13 atoms are dominantly produced in the
reactions, being consistent with the TEM measurements (Figure
2a). It is noticeable that the ions with the formula of Au13S8

- are
extraordinarily abundant in the mass spectra, suggesting the greater
stability of the parents as compared to that of the neighbors. Because
DMSA can possibly be adsorbed onto the cluster surface by using
one or two sulfur site(s), the parents of the Au13S8

- ions could be
either Au13(DMSA)8 or Au13(DMSA)4. Elemental analysis of the
Au:DMSA clusters supports the former composition; energy

dispersive spectroscopy (EDS) gives a ratio of [S]/[Au]) 1.25. A
possible structural model for the Au13(DMSA)8 cluster is such that
eight (111) facets of the cuboctahedral Au13 cores are fully
passivated by eight DMSA ligands. Preferential adsorption of
DMSA on the (111) facet is supported by a recent theoretical study
on the Au13(SCH3) cluster;14 the bonding of SCH3 to the (111)
hollow site is energetically more favorable than that to the (111)
bridge site and (100) hollow site.

In summary, we report herein a simple method for preparing
gold MPCs by utilizing the reducing and stabilizing abilities of the
DMSA molecules. Mass spectroscopic analysis reveals the core
sizes of the Au:DMSA clusters are rather monodisperse and are
distributed mainly in the range of 10-13 (ca. 0.8 nm). The reactions
between thiols and metal salts will provide a versatile, easy, and
unique method to synthesize subnanometer-sized MPCs.
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Figure 2. (a) TEM image and (b) optical spectra of the Au:DMSA-TOA
clusters in toluene (solid line) and the Au:DMSA clusters dispersed in water
of pH 7.2 (dotted line). The core size of the cluster indicated by the arrow
in (a) is 1 nm.

Figure 3. Negative-ion laser desorption mass spectrum of the Au:DMSA-
TOA clusters. Third harmonics of a Nd:YAG laser (355 nm) was used in
the ionization.
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