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ABSTRACT: A gold cluster, Auy,(S-Eind),, was synthe-
sized by ligating the bulky arenethiol 1,1,3,3,5,5,7,7-
octaethyl-s-hydrindacene-4-thiol (Eind-SH) to preformed
Au clusters. Extended X-ray absorption fine structure, X-
ray photoelectron spectroscopy, and the fragmentation
pattern in the mass spectrometry analysis indicated that
formation of gold—thiolate oligomers at the interface was
suppressed, in sharp contrast to conventional thiolate-
protected Au clusters.

rystallographic structure determination of Au,q,(p-

MBA),, (MBA = mercaptobenzoic acid) by Kornberg’s
group’ has made a breakthrough in our understanding of the
structure of thiolate-protected Au clusters (Au:SR). It was
found that gold—thiolate oligomers, —SR—[Au—SR—] (named
“staples”) and —SR—[Au—SR—],, are completely coordinated
to a decahedral Auy, core.” Subsequently, similar interfacial
structures have been theoretically predicted and experimentally
observed in Au,s(SR);s (ref 3) as well as Ausg(SR),,.* The
formation of such oligomers has also been theoretically
proposed for other isolated clusters, including Aug(SR),,,°
Auzo(SR)16;5_7 Au24(SR)20,8 Au44(SR)28)9 and Au144(SR)60.10
Gold—thiolate oligomeric interfacial structures have a big
impact on the physicochemical properties of small Au:SR, such
as magnetism,"" photoluminescence,'” chiroptical activity,"
and catalysis."*

New properties can emerge from the construction of new
interfacial structures in Au:SR. In a previous study, we intended
to ligate the thiolates directly on the surface of the Au core by
reacting n-alkanethiol with preformed Au clusters weakly
stabilized by poly(N-vinyl-2-pyrrolidone) (PVP)."> However,
the structure of the Au core was substantially reconstructed in
the ligation process, and Au—SR oligomers were formed at the
interface. In this study, the bulky, rigid arenethiols
1,1,3,3,5,5,7,7-octaethyl-s-hydrindacene-4-thiol (Eind-SH) and
3,3,5,5-tetraethyl-1,1,7,7-tetramethyl-s-hydrindacene-4-thiol
(MEind-SH) (Figure 1) were employed as protecting
ligands."®'” Two modes of the steric effect are expected for
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Figure 1. (a) Molecular structures of Eind-SH and MEind-SH. (b)
Space-filling model of Eind-SH. The green ball represents the sulfur
atom.

these bulky arenethiols. One is the steric repulsion between
adjacent ligands. This should reduce the coverage of the ligand
and/or the size of the Au clusters; Tracy and co-workers
demonstrated that Au clusters protected by bulky thiolate (1-
adamantanethiolate and cyclohexanethiolate) have slightly
smaller coverage of the ligands and that bulkier ligands
afforded smaller sizes of Au—thiolate clusters.'® The other
effect is the steric constraint around the sulfur group. This
should suppress the formation of Au—SR oligomers on the Au
cluster surface. Here we report the formation of a new binding
motif of the bulky Eind thiolate on a Au,; cluster.

Details of the synthesis of Au clusters protected by the Eind-
and MEind-thiolates (Au:S-Eind and Au:S-MEind) are
described in the Supporting Information (SI);'” only the
general synthetic method for Au:S-Eind is described below. We
initially attempted to prepare Au:S-Eind by the Brust method."?
However, this method yielded precipitates and nanoparticles
larger than ~2 nm as major products. Next, the ligand exchange
approach was employed; Au, clusters stabilized by PVP
(Au,:PVP) were allowed to react with Eind-SH in toluene
(Scheme 1)."” An aqueous dispersion of Au,:PVP (n ~ 38;
Figure S1 in the SI) was mixed with a toluene solution of Eind-
SH by either batch or microfluidic mixing at 90 °C. The intense
dark-brown color of the water phase was transferred to the
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Scheme 1. Synthesis of Au:S-Eind (1 and 2)
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toluene phase, indicating the efficient formation of Au:S-Eind.
The yield of Au:S-Eind obtained using the micromixer was
higher by ~10% than that prepared by batch mixing (Figure
S2). This indicates that ligation proceeded more efficiently by
microfluidic mixing than by batch mixing, probably because of
more homogeneous and rapid mixing of the two phases. The
size distribution of the crude Au:S-Eind extracted in toluene
(1) was focused® by incubating it in the presence of excess
Eind-SH in toluene. Au:S-Eind (2) was isolated by removal of
excess Eind-SH by size-exclusion chromatography (Figure S3)
and dried under vacuum. Clusters 2 did not decompose for at
least several days when stored at —20 °C in a powder form.
Clusters 2 were characterized in detail by various methods.
Transmission electron microscopy (TEM) observation (Figure
$4) indicated that an average diameter of the Au core was 1.3 +
0.3 nm. Powder X-ray diffraction confirmed the formation of
small Au(0) clusters (Figure SS). Figure 2 shows a matrix-
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Figure 2. Typical MALDI-TOF mass spectrum of Au:S-Eind (2).
The inset shows the mass spectrum of the crude sample of Au:S-Eind

(1).

assisted laser desorption ionization—time-of-flight (MALDI—
TOF) mass spectrum of 2 in the negative-ion mode recorded at
low laser power to minimize fragmentation. The mass spectrum
contains two sharp peaks, a and a’, at m/z 13117 and 12295,
respectively. On the basis of the power dependence (Figure
S6), we assigned peak a to the main species present in sample 2
and peak a’ to a fragment of a produced during the MALDI
process. An additional peak, b, at m/z 12680 observed in the
crude sample 1 (Figure 2 inset) disappeared upon etching with
excess Eind-SH.

The parent peak a was assigned to Auy(S-Eind),, by
comparing the mass spectra of Au:S-Eind and Au:S-MEind
(Figure S7); the number of ligands was determined from the
mass difference between the corresponding peaks, and the
number of Au atoms was then determined from the molecular
weight of the cluster. The formation of the Au, core was
confirmed by the detection of an intense fragment peak of
Auy,” in the MALDI-TOF mass spectrum recorded at high
laser power (Figure S8) and is consistent with the average size
determined by TEM (Figure S4). Thermogravimetric analysis

(Figure S9) indicated that the Au ratio was 63.2 + 1.0%, which
is consistent with that calculated for Au,;(S-Eind);, (61.9%).
Peak a’ was assigned to Auy,(S-Eind),,, which is produced by
release of two Eind-S ligands (probably in the form of a
disulfide) from Auy;(S-Eind),,. Peak b was assigned to Auy;(S-
Eind);o. The poorer stability of Auy;(S-Eind),, compared with
Auy,(S-Eind),, against etching is associated with lower
coverage. The formation of Auy, (S-Eind);, and Auy(S-
Eind),, in the crude sample 1 was confirmed by the observation
of Au,,” and Auy;~ in the MALDI-TOF mass spectra (Figure
S8). However, we note that the observed masses for a and a’
were larger than those calculated for Au,(S-Eind);, and
Auy,(S-Eind) ;o by ~80 Da (Table S1 in the SI). This result
implies that the clusters contain additional species such as
oxygen or sulfur.

The gold—thiolate interfacial structure of Au,,(S-Eind),, is
significantly different from that of conventional Au:SR, as
discussed below. First, the thiolate coverage of Au,(S-Eind);,
is remarkably smaller than those of other Au:SR reported to
date. Figure 3 compares the thiolate-to-Au ratio in Auy,(S-
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Figure 3. Comgpositions of Auy(S-Eind),, Au,,(SAd), and
Au,,(SC,H,Ph),.'5*!

Eind),, with those in Au clusters protected by n-alkanethiolates,
phenylethanethiolates, and 1-adamantanethiolate (SAd).'®*'
The much smaller thiolate-to-Au ratio for Auy,(S-Eind),, is due
to steric repulsion between the ligands. Second, Eind-S and Au
do not form oligomers at the interface of Au, (S-Eind),,, in
sharp contrast to conventional Au:SR. Extended X-ray
absorption fine structure (EXAFS) analysis (Figure 4a)
revealed that the Au—Au coordination number (CN) of
Auy(S-Eind), was 4.1 + 0.4, which is much larger than that
of Aus(SCigHy),s (1.7 + 0.2) but comparable to that of
Au_43:PVP (4.4 + 0.4).>* This result indicates that all of the
constituent Au atoms of Au,;(S-Eind);, create a core, as in the
case of Au,_,; stabilized by PVP. The average CN for the Au—S
shell of Au,(S-Eind);, was 0.9 + 0.4, indicating that an S-Eind
is bound to three Au atoms on average (0.9 X 41/12 = 3.0)
through p3like bonding.”® Third, the Au(4f,,) electron
binding energy of Au, (S-Eind);, was determined by X-ray
photoelectron spectroscopy (XPS) to be 83.9 eV (Figure 4b),
which is significantly smaller than those of conventional
Au:SR*' and comparable to that of bulk Au (84.0 eV). Fourth,
the fragmentation pattern of Auy,(S-Eind),, was different from
those of conventional Au:SR (Figure 4c). The loss of (S-Eind),
was observed for Auy (S-Eind);,, whereas the loss of
[Auy(SCigH;;), + CisHy,] is the major fragmentation channel
for Ausg(SCigHy,),,.~* The above discussion suggests that the
12 Eind-S ligands are directly bound to the Au,, core. Recently,
Jiang and Walter theoretically predicted two types of stable
structures for Auy, having twisted pyramid motifs: one has C;
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Figure 4. (a) Fourier transforms of the Au Ly-edge EXAFS spectra,
(b) XPS spectra, and (c) MALDI-TOF mass spectra of Au,(S-
Eind),, (red), Au_,;:PVP (blue), and Auss(SR),, (black). Cy, and Cy
represent the C,,H,s and C gHj;; groups, respectively.

symmetry with a missing atom at the corner, and the other has
C; symmetry with a missing atom at the core.”® On the basis of
these results, we proposed that the Au,, core has a twisted
pyramid structure with a Au, core (Figure S10). To test this
hypothesis, we studied the structural motif of the Au core by
TEM. We frequently observed angular particles (triangles and
squares), whereas only spherical particles were observed for
Augg(SCi,Hys )4 (Figure S11). This observation supports the
formation of the twisted pyramid structure shown in Figure
S10, although the structures could not be determined
unambiguously because of electron-beam-induced structural
fluctuations during the measurement.

In summary, we obtained size-selected gold clusters
protected by the bulky Eind-thiolate ligand having the formula
Auy (S-Eind),. The thiolate coverage is remarkably smaller
than those in conventional Au:SR because of steric effects.
EXAFS analysis, XPS, and the fragmentation pattern in the
mass spectrometry analysis suggested that the formation of
Au—thiolate oligomers is suppressed in Auy (S-Eind),, in
sharp contrast to the hitherto-known Au:SR. Further studies of
the structure and physicochemical properties are in progress.
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