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uantum-sized metal nano-

particles, also called nanoclusters

(or clusters for short), have be-

come one of the important types
of nanomaterials being extensively pursued
in current nanoscience research.'* Metal
nanoclusters often undergo drastic changes
in the atomic packing structure when the
particle size is shrunk to the ultrasmall size
regime (typically <2 nm); this is in contrast
with semiconductor clusters whose atomic
packing structure is typically similar to that
of semiconductor nanocrystals.* This dis-
tinct difference is partly caused by a
strong quantum confinement effect in
metal nanoclusters® and also by the fun-
damental differences in the nature of the
electronic structure between metals and
semiconductors.

Although some theoretical work had
been done long before on the prediction
of the electronic structure of quantum-sized
metal nanoparticles, experimental work
has long been hampered by the unavailabil-
ity of well-defined metal nanocluster sys-
tems for in-depth studies, and current un-
derstanding on the optical and electronic
properties of metal nanoclusters (e.g., Au
and Ag) is still quite limited. Another major
issue in the research of metal nanoclusters
is the need to solve their crystal structures
since the cluster’s electronic and optical
properties are structure sensitive or highly
dependent on their atomic packing struc-
tures.®> A prerequisite to structure determi-
nation of nanoclusters is to grow high qual-
ity single crystals for X-ray diffraction
analysis; this, however, has long been diffi-
cult due primarily to the insufficient mono-
dispersity of metal nanoclusters in most
syntheses. Therefore, it is of paramount im-
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ABSTRACT We report a facile, high yielding synthetic method for preparing truly monodisperse

Ausg(SCH4Ph),4 nanoclusters. The synthetic approach involves two main steps: first, glutathionate (—SG)

protected polydisperse Au, clusters (n ranging from 38 to ~102) are synthesized by reducing Au(l)—SG in acetone;

subsequently, the size-mixed Au, clusters react with excess phenylethylthiol (PhC;H,SH) for ~40 h at 80 °C,

which leads to Auzg(SC;H4Ph),, clusters of molecular purity. Detailed studies by mass spectrometry and UV —vis

spectroscopy explicitly show a gradual size-focusing process occurred in the thermal etching-induced growth

process. The formula and molecular purity of Ausg(SC;H4Ph),, clusters are confirmed by electrospray ionization

(ESI) and matrix-assisted laser desorption ionization (MALDI) mass spectrometry, and size-exclusion

chromatography. The optical and electrochemical properties of Ausg(SC;HsPh)y4 clusters show molecule-like

behavior and the HOMO—LUMO gap of the cluster was determined to be ~0.9 eV. The size focusing growth

process is particularly interesting and may be exploited to synthesize other robust gold thiolate clusters.
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portance to develop synthetic chemistry
that permits the synthesis of monodisperse
nanoclusters if the full potential of this new
type of nanomaterial is to be realized.
Among noble metals, gold nanoclusters
have received particular research interest
due to their chemical stability and elegant
optical properties, and tremendous work has
been done in the past decade.’ % It is quite
surprising to realize that even after more than
a century’s intense research on gold nano-
particles since Faraday’s time (~1850s),?' the
size-dependent properties of gold nano-
particles are still not fully understood to date,
especially in the ultrasmall size regime (<2
nm). The scientific research on gold nano-
particles will apparently last longer. For
chemists, one of the major tasks is to de-
velop synthetic strategies for preparing mon-
odisperse Au, nanoclusters with control over
size and structure, and ultimately to under-
stand and utilize the material properties of
these clusters for practical applications.?2~%
Unlike gas phase (bare) gold clusters, 2%

monodispersity - stability
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solution phase clusters need to be protected by appropri-
ate ligands. Since the mid-1990s, stimulated by the re-
search on self-assembled monolayers (SAM) of thiols on
gold surfaces, the gold-thiol chemistry has been pursued
in Au nanoparticle synthesis.”~? One of the major goals is
to prepare quantum-sized, well-defined gold thiolate
nanoclusters.’®"* A series of distinct gold thiolate clus-
ters, such as the 29 kDa, 22 kDa, 15 kDa, 8 kDa, and

~5 kDa species reported earlier by Whetten and
co-workers,®273% have started to be unraveled with re-
spect to their molecular formula as well as crystal struc-
tures. Among them, the 5 kDa species (initially assigned
Au,s(SR)16 clusters?®?® has been determined to be
Au,5(SR);g clusters.'®3! By running high resolution electro-
phoresis, Tsukuda and co-workers isolated a number of
size discrete Au,(SG), species and determined their sizes
by electrospray ionization (ESI) mass spectrometry.'® In
their early work, Murray and co-workers and Quinn et
al,**3 reported the synthesis and electrochemical prop-
erties of Au—_140 and Ausg(SR),4 clusters (the latter has been
corrected as Auys(SR);g clusters®¥). We have recently re-
ported a high yielding method for synthesizing Au,s(SR)s
clusters via kinetic control.'3>3¢ This approach has also
been extended to the synthesis of Auy(SR);s clusters.’”
The chiroptical properties of Au, thiolate clusters have
been extensively investigated by Yao and Burgi and their
respective co-workers®3° since the initial work by
Whetten et al.?®

Recently, Jadzinsky et al. reported the crystal
structure of a Au;02(SPhCOOH)44 nanocluster.®® The
AU102(SR)44 cluster should be relevant to the 22 kDa
species. A second gold thiolate cluster structure is
[Auys5(SC,H4Ph)15] " TOA™, independently reported by
Zhu et al.> and Heaven et al.* Shortly after that, Zhu
et al. also succeeded in crystallization of an air-
oxidized product of the [Au,5(SC,H4Ph) 5] TOA™
cluster and this product was determined by X-ray
crystallographic analysis to be a charge-neutral 25-
atom [Au,s(SCoH4Ph) 1510 cluster.®? This neutral cluster
possesses an essentially identical structure with the
framework of the anionic cluster but with some ap-
preciable differences.>*? An interesting aspect of the
charge-neutral [Au,s(SCoH4Ph)16]° cluster is its in-
trinsic paramagnetism, which can be reversibly
switched on and off by controlling the charge
state of the cluster.* The observed magnetism of
[Au,5(SC,H4Ph)16]° was found to originate from an
unpaired electron in the highest occupied molecu-
lar orbital (HOMO, approximately triply degener-
ate).*> The results provide proof that the Auys(SR)1s
clusters may be viewed as superatoms since they
bear some resemblance in the electronic structure
with simple atoms.**

With respect to the Ausg(SR),4 cluster, this cluster
pertains to the 8 kDa species reported earlier by Schaaff
et al.®* but at that time the exact composition was
not confirmed by mass spectrometry since the early
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LDI-MS analysis often resulted in fragmentation of the
clusters and thus complicated the cluster composition
determination. Recently, Toikkanen et al.* isolated
a relevant species that was determined to be
Ausg(SCeH13)2, by LDI-MS (note: this formula per-
haps should be corrected as Ausg(SR)24). Tsukuda et
al. reported chromatographic or solvent-extraction
isolation and electrospray ionization (ESI) MS deter-
mination of Ausg(SCioH3s),4 clusters, but the yield
was quite low.*’~*° Very recently, Qian et al. devel-
oped an improved synthetic method and largely im-
proved the Ausg(SCqyH3s),4 yield (up to ~10%), and
the Ausg(SCi3H,s)24 composition was verified by LDI-
MS, ESI-MS, and other characterization.>

Despite the substantial effort in synthesizing
Ausg(SR),4 clusters, the mechanistic studies still sig-
nificantly lag behind. It is certainly of great impor-
tance to gain insight into the growth mechanism of
Ausg(SR),4 clusters. Thus far, the best synthetic
method for Ausg(SR)24 in terms of yield and purity
seems to be the one reported by Qian et al.>® In this
method, a crude mixture of glutathionate-capped
Au,(SG),, clusters was first made; then, the mixed
clusters were subject to a thermal thiol exchange/
etching process in a two-phase (water/organic) sys-
tem. After the —SG to —SC;,H,s ligand exchange on
the Au,(SG),, clusters is completed, the subsequent
etching process (using neat dodecanethiol) causes
gold core etching, and eventually the starting poly-
disperse clusters convert to monodisperse
Ausg(SCioH2s),4 clusters in high purity. This method
eliminates nontrivial postsynthetic separation steps
involved in previous work.* An important advantage
of the improved method is that it can be readily
scaled up to synthesize large quantities (e.g., > 0.1 g)
of Ausg(SCi2H2s),4 clusters since the yield was im-
proved to 5—10%.>°

In this work, we report the synthesis of phenyl-
ethylthiolate-capped Ausg(SC;H4Ph),4 clusters with a
modified approach on the basis of the previous ap-
proach®® for Ausg(SCi,H;5)24 and also a preliminary
mechanistic study on the growth mechanism of the
Ausg clusters. Some potentially important factors for
the synthesis of Ausg clusters have been investigated
in details. The synthetic yield of Auszg(SC;H4Ph)y4 has
been raised to ~25% (Au atom basis). More impor-
tantly, mechanistic studies on the conversion pro-
cess provide important insight into the growth
mechanism of Auszg(SC;H4Ph),, clusters. We found
that Ausg(SC,H4Ph),4 clusters are indeed gradually
converted from larger clusters in the thiol etching in-
duced growth process. This “size focusing” process
is remarkable, and may be extendable to the synthe-
sis of other stable Au,(SR),, nanoclusters since the
growth process is primarily driven by cluster stabil-
ity, thus, making the approach of potential broad
utility.
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RESULT AND DISCUSSION

High Yield Synthesis of Monodisperse Aug(SC;H,Ph),4 Clusters.
In early work, Schaaff et al. reported glutathione-
protected Au, clusters.?® In subsequent research,
Negishi et al. isolated a series of Au,(SG),, clusters by
running high resolution polyacrylamide gel electro-
phoresis (PAGE).'® The formula of these Au,(SG),, clus-
ters (ranging from Aujso to Auso) were successfully deter-
mined by improved ESI mass spectrometry analysis."
It is worth noting that those Au,(SG),, clusters were pre-
pared in methanol by NaBH, reduction of polymeric
Au(l)—SG complexes. We recently found that the sol-
vent plays a critical role in size control of Au,(SG),,
clusters.

In regards to the conversion of Au,(SG),, to
dodecylthiolate-capped Ausg(SCiyHas),4 clusters, an im-
portant advantage of our previous method is that it
solely produces Ausg(SCiyH,s),4 clusters,®® instead of a
mixture (i.e., Ausg and Auq44).% If a mixture is resulted,
the isolation of Ausg would be complicated and nontriv-
ial.* In our effort to increase the yield of Ausg(SR)4 clus-
ters, we found that the size distribution of the initial
Au,(SG),, mixture indeed has a major effect on the fi-
nal yield of Ausg(SR).4. Also, we found that the solvent
used in the preparation of Au,(SG),, mixture affects the
size distribution of the Au,(SG),, clusters, which subse-
quently influences the final yield of Ausg(SR),4 clusters.
Motivated by these observations, we have modified the
previous synthetic procedure®® by replacing the reac-
tion solvent (methanol) with other solvents, and found
that acetone is a good solvent for high yielding synthe-
sis of Ausg(SR),4 clusters.

Below we focus on the acetone-mediated synthesis
of Au,(SG),, clusters and conversion into
phenylethylthiol-capped Ausg(SC,H4Ph),, clusters with
molecular purity through a size-focusing process. The
synthetic method still involves two main steps as the
previous protocol, (1) to prepare the starting Au,(SG),
clusters in acetone (rather than in methanol), (2) conver-
sion of mixed Au,(SG),, clusters into monodisperse
Ausg clusters via thermal etching (Scheme 1). For etch-
ing with phenylethylthiol, we found that a 50% (vol)
PhC,H,SH solution (diluted by toluene) gives rise to the
best Ausg yield. The reaction of PhC,H,SH with the
Au,(SG),, mixture was conducted in a two-phase sys-
tem and was allowed to proceed for ~40 h (see Experi-
mental Section for details). Through this improved ap-
proach, we have reproducibly obtained Ausg(SC;H4Ph),4
clusters with a significantly improved yield of ~25%
(Au atom basis). This is particularly important for fu-
ture pursuit of their practical applications. Note that the
remaining ~75% was lost to Au(l)—SR polymers, which
was also identified in our previous work on the synthe-
sis of Ausg(SCq2H15)24 clusters.®® The Au(l)—SR formed
from decomposition of Au,(SC;H4Ph),, cannot be rer-
educed to clusters to increase the yield.
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Scheme 1. A two-step procedure for synthesizing monodisperse
Ausg(SC,H4Ph)y, clusters in high yield.

The monodispersity of clusters is a major issue in
the synthesis of Au clusters. Herein we employed size
exclusion chromatography (SEC) to perform initial char-
acterization on the monodispersity of the as-prepared
Ausg clusters. A typical SEC chromatogram of Au clus-
ters is shown in Supporting Information Figure S1a
(monitored at 630 nm by a diode array detector, DAD).
The UV—vis spectra of eluted Au clusters were online
recorded by DAD. In the chromatogram (Figure S1), a
sharp peak was observed at 14.43 min (fwhm ~0.40
min); the UV—vis spectra at different time points of the
peak are perfectly superimposable (Supporting Infor-
mation Figure S1b), indicating high purity of the
clusters.

To further analyze the cluster monodispersity, we
employed both MALDI and ESI mass spectrometry to
characterize the as-prepared clusters. For MALDI analy-
sis of phenylethylthiolate-capped gold clusters, Dass et
al. previously reported the observation of intact
Auys(SCH4Ph)1g ions when trans-2-[3-(4-tert-butyl-
phenyl)-2-methyl-2-propenyldidene] malononitrile
(DCTB) was used as the matrix and when the laser pulse
intensity was kept low enough (just above the thresh-
old intensity).”’ We followed Dass’s method and charac-
terized Ausg(SCH4Ph),4 clusters by MALDI-TOF. As
shown in Figure 1a (top spectrum), a clean MALDI spec-
trum was observed with an intense peak at ~10780
Da (assigned to the intact Ausg(SC,H4Ph),4 ion, theoreti-
cal value: 10778.05 Da). Note that fragmentation still oc-
curs and a peak at ~9342 Da, together with a few oth-
ers, was found. To confirm these peaks arise from the
fragmentation of Ausg(SC,H4Ph),, clusters rather than
being present in the original sample, we investigated
the effect of laser pulse intensity on the mass distribu-
tion. With decreasing laser intensity (Figure 1a, from top
to bottom), the peak at ~9342 Da was found to dra-
matically decrease relative to the 10780 Da
Ausg(SCH4Ph),4 peak (used as the reference), which
means that the 9342 Da peak comes from fragmenta-
tion of Ausg(SC,H4Ph),4, otherwise, the relative intensi-
ties of the two peaks would be retained. Other small
peaks of fragments observed in the mass spectrum are
assigned (Supporting Information Figure S2 and Table
S1). It is worth noting that a similar fragmentation phe-
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weight loss (30.5%). On the
(b) basis of the TGA result, the ra-
tio of Au-to-ligands can be
calculated (i.e., 1.53:1), which
is consistent with the theo-
retical value of Au/SR (38/24
= 1.58, experimental error
~3%).

Molecule-like Optical and Electro-
chemical Properties of Ausg(SC;H4Ph),,
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Figure 1. (a) Positive MALDI-TOF mass spectra of Ausg(SC;H4Ph),4 nanoclusters corresponding to dif-
ferent laser intensities (decreasing from top to bottom). (b) ESI mass spectrum of Ausg(SCHsPh),s; in-
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set shows the zoomed-in spectrum.

Figure 2. (a) UV—vis spectra of Ausg(SC,H4Ph),4 clusters; the inset shows the spectrum
on the energy scale (eV). (b) Differential pulse voltammogram (DPV) at room tempera-
ture (measurement conditions: pulse cycle, 0.2 s; scan rate in either direction, 0.05 V/s).
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nomenon was observed in the case of MALDI analysis
(DCTB as matrix) of Au,5(SC,H4Ph);s: The intact ion of
Auys(SCoH4Ph) g and its fragment Auy(SR)q4 were both
observed, and the fragmentation becomes more severe
under stronger laser intensities. Compared with MALDI,
electrospray ionization (ESI) is a much softer ionization
technique and typically it can generate mass spectra of
unfragmented Au clusters.*>>253 Alkali acetate salt
(MOAc, M = Na, K, and Cs) was found to enhance clus-
ter ionization by forming adducts of clusters and alkali
ions.>2%3 Herein, we use ESI-MS to further characterize
the Ausg clusters. As shown in Figure 1b, only one in-
tense sharp peak at 10910.69 Da was observed in the
ESI spectrum, indicating the high purity of the clusters.
The 10910.69 Da peak is assigned to the adduct
[Ausg(SC,H4Ph),4Cs]™ (theoretical value: 10910.95 Da).
A small peak at 10777.54 Da is also observed (Figure 1b
inset), which corresponds to plain Ausg(SC;H4Ph),, (ion-
ized form, theoretical value: 10778.05 Da). The absence
of any signals at ~9342 Da confirms that the 9342 Da
peak observed in the MALDI spectrum arises from a
fragment of Ausg(SCH4Ph),s.

Taken together, both MALDI and ESI results con-
firm the high purity and the composition of
Ausg(SCyH4Ph),, of the clusters. Thermogravimetric
analysis (TGA) of the Au clusters shows a weight loss
of 31.2% (Figure S3), very close to the theoretical

Clusters. An interesting aspect of
Ausg(SC,H4Ph),4 clusters is their
molecule-like properties, such as
HOMO—LUMO gap and single
electron charging.**>* These ef-
fects are manifested in the opti-
cal absorption and electrochemical properties of the
clusters.>

Figure 2a shows the UV—vis—NIR spectrum of
Ausg(SCH4Ph),4 clusters. A series of peaks appear at 1050
nm (1.18 eV), 750 nm (1.66 eV), 620 nm (2.00 eV), 560
nm (2.21 eV), 520 nm (2.39 eV), and 490 nm (2.53 eV);
peaks <400 nm are not included. Among them, the most
distinct peak is the one at 2.00 eV, which may serve as a
distinct feature of Ausg. These peaks are indeed almost
identical to those of dodecanethiolate-capped
Ausg(SCi3H25)24 clusters, 54850 indicating that the optical
absorption of the Ausg(SR),4 clusters is not affected by the
tail groups in the thiolate. The optical energy gap is deter-
mined to be 0.92 eV by extrapolating the lowest energy
absorption peak to zero absorbance (Figure 2a inset),
which is close to the previously reported 0.9 eV.5490

We have also performed differential pulse voltam-
metry (DPV) and cyclic voltammetry (CV) analysis of
the Ausg(SCoH4Ph)y4 clusters (Figure 2b). The first oxida-
tion wave (ox1) and the first reduction wave (re1) lie at
+0.48 and —0.71 V (versus the quasi-reference Ag elec-
trode), respectively. These values are consistent with
the previous electrochemical work on Ausg clusters by
Quinn et al.*® The CV was shown in supporting Figure
S4. The ~1.2 V electrochemical energy gap of
Ausg(SCyH4Ph),4 clusters, after subtracting the charg-
ing energy (estimated from the difference
of ox2 and ox1, i.e.,, 0.68—0.48 = 0.2 V),

1 (b)
-1/0

Abs (E)

Intersity (a.u.)

05 1.0 1.5 20 25 3.0 3.5 40
Energy (eV)

:m

converts to the actual HOMO—LUMO gap of
1.0 V for the Ausg(SC,H4Ph),4 cluster, which is
close to the optical energy gap (0.92 eV).
This HOMO—LUMO gap is smaller than that
of Auys(SR)sg (Eq = 1.3 eV),° implying a gen-
eral trend that the larger the clusters are, the
smaller is the gap.

Mechanistic Investigation of the Growth of
Ausg(SC;H4Ph),, Clusters. A major issue is to un-

400 600 800

10 05 00 05
E(V) VS. Ag/ AgCl

1000 1200 1400 1600 15
Wavelength (nm)

10 15

derstand the mechanism of the high yield-
ing growth of monodisperse Ausg(SC;H4Ph),,
clusters. In this work, we further investi-
gated the conversion mechanism. The differ-
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Figure 3. MALDI mass spectra of Au clusters obtained from
ligand exchange of Au,(SG),, with PhC,H,SH (reaction for 10
min). The starting Au,(SG),, clusters were made (a) in metha-
nol and (b) in acetone.

ent solvent (acetone vs methanol) used for the synthe-
sis of the Au,(SG),, mixture has been found to be
primarily responsible for the different yields of
Ausg(SCyH4Ph),4 clusters in the two syntheses. The Au,-
(SG), mixture prepared in acetone and methanol may
be different in their size distributions. However, it is
complicated and time-consuming if one tries to sepa-
rate each Au,(SG), species and to determine their for-
mula and proportion, as was done by Tsukuda et al. in
their PAGE work on Au,(SG),, clusters.' If the Au,(SG),
mixture is not separated, the multiply charged anions of
each size in the Au,(SG),, mixture will lead to very com-
plicated ESI mass spectra that are difficult to analyze.
Without attempting to identify the components of the
Au,(SG),, mixture, we employed MALDI-MS (DCTB as
the matrix) to analyze the size distribution of
Au,(SCH4Ph),, clusters (mixture) that was produced
from glutathionate-to-phenylethylthiolate exchange of
the starting Au,(SG),, clusters. We found that in the two
phase system, —SG capped Au,, clusters are readily
transferred from the water phase to the organic (tolu-
ene) phase in less than 10 min in the presence of
PhC,H,SH. The toluene solution was then sampled for
MALDI-MS and UV—vis analysis to gain insight into the
ligand exchange/etching process. The sample was first
purified by wash with methanol to remove excess thiols
and then dissolved in CH,Cl, for MALDI-MS and UV—vis
characterization.

To compare the difference between the Au,(SG),
mixture synthesized in different solvents, we have pre-
pared Au,(SG),, clusters in methanol and acetone, re-
spectively. For the methanol system, we simply fol-
lowed the literature method.'%%2%50 Previous work by
Negishi et al. has identified the components of the Au,-
(SG), mixture (ranging from Au;, to Ausg). For the phase
transferred Au,(SC;H4Ph),, mixture at the initial stage
(reaction time t = 10 min), the MALDI mass spectrum
(Figure 3a, bottom panel) indeed shows that a range of
different sized clusters, the largest cluster being
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close to ~38 or 39 Au atoms, are present in the
Au,(SC;H4Ph),,, mixture, consistent with the previous re-
port.'® The smaller Au,(SG),, clusters (n < 25) were pre-
viously found to be unstable under thiol etching and
decompose to form Au(l)—SG.>” We found that under
the harsh conditions (thermal etching with excess thiol
at 80 °C), even the relatively robust Auys clusters decom-
pose into Au(l)—SR (see Supporting Information, Fig-
ure S5). For the starting clusters made in the methanol
system, the majority of Au, clusters are smaller than 38
atoms and were found to decompose into Au(l)—SR in
our system, thus, limiting the final Ausg yield since all
these smaller clusters are wasted without converting
into Ausg clusters. To raise the Ausg yield, one needs to
prepare relatively larger Au, clusters with n > 38 but
not too large, and these size appropriate clusters may
convert to Ausg by a down-conversion process (i.e., size
reduction).

In this work, we modified the previous method>®
for preparing the starting Au,(SG),, mixture by replac-
ing methanol with acetone as the reaction solvent. In
the acetone system, a significant portion of higher mass
clusters was generated, ranging from Ausg to Au_s, as
well as a small portion of Auy, (Figure 3b). After thiol
etching induced conversion of these starting Au,(SG),
clusters, a high yield (~25%) for Ausg was attained. We
attribute the high yield of Ausg(SC;H4Ph),4 to the down-
conversion of those higher mass Au,(SG),, clusters (38
= n = 102), that is, these clusters reacted with
excess PhC;H,SH and were gradually converted to
Ausg(SCyH4Ph),4. To provide evidence for that, we inves-
tigated the evolution of the reaction mixture by moni-
toring the UV—vis spectrum and MALDI mass spectrum
of Au clusters. At different reaction times the solution
was sampled for spectroscopic analyses (Figure 4). As
aforementioned, the GS— to PhC,H,S— thiolate ex-
change process on Au,(SG),, is fast and typically done
in ~10 min according to our observation. The similar
UV —vis spectra of the original Au,(SG),, mixture and of
the transferred Au,(SC;H4Ph),, clusters at the initial
stage (t = 10 min) (Figure 4a) imply that during the ini-
tial ~10 min of reaction, the glutathione-capped
Au,(SG), clusters are merely transferred from the aque-
ous solution to the toluene phase with their core sizes
essentially unaltered. The size retaining character of
thiolate-to-thiolate exchange is in contrast to the
phosphine-to-thiolate exchange?®' in which a size
change often occurs.

After the —SG to —SC,H,Ph thiolate exchange pro-
cess is complete, the Au,(SC,H4Ph),,, mixture further re-
acts with excess PhC,H,SH at 80 °C; during the period
the initial polydisperse Au,(SC,H4Ph),, clusters gradually
convert to a monodisperse product (Ausg in our case)
over a 40 h period. This size focusing process is explic-
itly demonstrated in Figure 4a and b. The UV—vis spec-
trum of the initial Au,(SC;HsPh),, (t = 10 min) shows a
decay curve, which typically implies a mixture of Au,
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clusters. As the reaction goes on, the peak at 620 nm
and other absorption bands characteristic of Ausg(SR).4
clusters become distinct. These observations imply that
the size distribution of Au, clusters is gradually “fo-
cused” during the thermal thiol-etching process. The
corresponding MALDI mass spectra (Figure 4b) provide
strong evidence for this remarkable size focusing pro-
cess of conversion of mixed Au,(SC;H4Ph),, to monodis-
perse Ausg product. MALDI shows that the initial
Au,(SCH4Ph),, (t = 10 min) is composed of a mixture
of Au clusters ranging from Ausg to Auyg,. With the in-
crease of reaction time, those relative large Au clusters
(like Auqp; and Au-5) decompose and convert to Ausg.
After 2 h of reaction, almost no Au;p; and ~Auys were
found present in the mixture (Figure 4b). However, Au
clusters in the range of 38 = Au, < ~75 were still
present with the original Ausg clusters. After a longer re-
action time (~40 h), only Ausg clusters were left in the fi-

nal solution. The final product

shows a distinctive opti-

cal spectrum characteristic of Ausg clusters (Figure 4a).
Note that the 1050 nm absorption peak of Ausg clusters
is not prominent in the spectra (compare with Figure
2a) due to the insensitivity of Si-based photodiode ar-
ray detector at wavelength >1000 nm. In the corre-

[T 7 7 7 7 7 7 7 7 7 7 7
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5. UV—vis spectra of Ausg(SC;H4Ph),,4 clusters converted from various Au,(SG),, mixtures
that were prepared under different conditions: (a) corresponding to Au,(SG),, mixtures prepared
with different molar ratios of HAuCl,/GSH (the molar ratio of HAuCl,/NaBH, was fixed at 1:10);
(b) corresponding to Au,(SG),, mixtures prepared with different molar ratios of HAuCl,/NaBH,

(the molar ratio of HAuCl,/GSH was fixed at 1:4).

(b)

possibility is that the initial Au, mixture al-
ready contains ~25% Ausg, and those larger
Au clusters (38 < n = 102) are merely de-
composed into Au(l)—SR. Another possibil-
ity is that those larger Au clusters (38 < n =
102) are etched by excess thiol and the frag-
ments further grow into Ausg since Ausg seems the
most stable cluster in the size range of 38 = n < 102 un-
der the current experimental conditions. In the MALDI
mass spectrum of the initial Au,(SC;H4Ph),, (t = 10 min),
one indeed finds the existence of Ausg; at first glance
this might support the first mechanism. However, MS
cannot be used for quantitative analysis; therefore, in
order to estimate the content of Ausg in the initial
Au,(SCH4Ph),,, mixture, we performed size exclusion
chromatography analysis of the initial Au,(SC;H4Ph), (t
= 10 min). The peak area corresponding to Ausg is iden-
tified by the online-recorded UV—vis spectra. By inte-
grating the area, the proportion of Ausg is estimated to
be ~ 6%, which is much less than the 25% yield ob-
tained. Therefore, the first mechanism can be ruled out,
and it comes to the conclusion that those larger Au,
clusters (38 < n = 102) should be converted to Ausg
during the thiol etching-induced growth process.

Overall, these above discussions only provide a
“macroscopic” mechanism on the formation of
Ausg(SR),4 from a mixture of Au,(SR),, (38 = n = 102).
As for the molecular level details on how the etching
process occurs and how the fragments or different sized
clusters grow into Ausg(SR),4 clusters, substantial work
still needs to be carried out.

Robust Synthesis of Ausg(SC;H,Ph),,
under Various Conditions. Gold cluster
synthesis by the modified Brust

Au:NaBH, method’ is typically quite sensitive
1: 2-5J to the reaction conditions.®3%>8 Pre-

viously, Murray et al. reported that
the mean size of Au nanoparticles

could be tuned from 1.5 to 5.2 nm

by adjusting the Au-to-

/ dodecanethiol ratio, temperature,

[T T 7 77 7 T 7 7 7 7
400 500 600 700 800 900 1000

Wavelength (nm)
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and reaction rate at which the reduc-
tion is conducted.'® Zhu et al. re-
ported a high yielding synthesis of
Auys(SCH4Ph)4g by kinetic control
over the formation of the Au(l)—SR
intermediate."’ All these reports
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demonstrate the sensitivity of the Au cluster synthesis
to reaction conditions. But we found that Ausg clusters
can be reproducibly formed under various conditions,
that is, quite insensitive to the experimental conditions.

We investigated the reaction conditions such as the
ratios of HAuCl,/GSH and of HAuCl,/NaBH, in the for-
mation of Au,(SG),, in acetone. The second thiol etch-
ing step was the same as the above protocol. Our re-
sults demonstrated that Ausg(SC;H4Ph),4 clusters are
reproducibly formed irrespective of the HAuCl,/GSH ra-
tio from 1:0.5 to 1:4, and the ratio of HAuCl,/NaBH,
from 1:2.5 to 1:15, Figure 5. Supporting Information Fig-
ures S6 and S7 show the MALDI mass spectra of the ini-
tial Au,(SC;H4Ph),, mixtures obtained from ligand ex-
change of Au,(SG),, mixtures with HSC;H,Ph. Under all
the reaction conditions investigated, there are more or
less Au clusters in the Ausg to Au;g, range (Figure S6 and
S7); these clusters are converted into Ausg in the ther-
mal thiol etching process, hence, Ausg clusters are re-
producibly obtained in all the reactions, albeit with dif-
ferent yields. This robust synthesis demonstrates
excellent tolerance of our improved synthetic method
to the reaction parameters, hence, providing a facile
synthetic method for preparing monodisperse
Ausg(SCH4Ph)y4 in high yield and on a large scale.

The structure of Ausg(SC;H4Ph),4 remains to be un-
raveled in future work as crystallization has not been
successful thus far, albeit some theoretical work has al-
ready predicted the atomic packing structure of this in-
teresting cluster.”*~% It should be noted that Pei et al.

EXPERIMENTAL SECTION

Chemicals. Tetrachloroauric(lll) acid (HAuCl, - 3H,0, 99.99%, Al-
drich), 2-phenylethanethiol (PhC;H,SH, 99%, Aldrich), glu-
tathione (G-SH, 98%, Acros Organics), sodium borohydride
(NaBH4, 99.99%, Aldrich), acetone (HPLC grade, 99.9%, Aldrich),
tetrabutylammonium hexafluorophosphate (TBAPF) (98%,
Fluka), toluene (HPLC grade, 99.9%, Aldrich), ethanol (HPLC
grade, Aldrich), methanol (HPLC grade, 99%, Aldrich), and dichlo-
romethane (HPLC grade, 99.9%, Aldrich) were used as received.

Synthesis of Monodisperse Ausg(SC;H,Ph),, Nanoclusters. Acetone-
Mediated Synthesis of Glutathione Protected Au, Nanoclusters. In a typical ex-
periment, 0.5 mmol HAuCl, - 3H,0 and 2.0 mmol GSH powder
were mixed in 20 mL of acetone at room temperature under vig-
orous stirring for ~20 min. The mixture (yellowish cloudy sus-
pension) was then cooled to ~0 °Cin an ice bath. After ~20 min,
a solution of NaBH, (5 mmol, dissolved in 6 mL of cold nano-
pure water) was rapidly added to the suspension under vigor-
ous stirring. The color of the solution immediately turned black
after addition of NaBH,, indicating the formation of Au nano-
clusters. After ~20 min, the black Au,(SG),, nanoclusters were
found to precipitate out and stick to the inner wall of the flask.
The clear acetone solution was decanted and 6 mL of water was
added to dissolve the Au,(SG), clusters. For the preparation of
the Au,(SG),, mixture, we have also tested the molar ratios of
HAuCl, - 3H,0 to GSH (including 1:4, 1:2, 1:1, 1:0.5), and of HAuCl,
to NaBH, (including 1:15, 1:10, 1:5, 1: 2.5).

The method to prepare Au,(SG),, mixture in methanol was
reported in our previous work.*® The solvent (acetone vs metha-
nol) was found to greatly affect the Au,(SG),, size distribution
(vide infra).
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recently predicted a reasonable theoretical structure
composed of a face-fused bi-icosahedral core.®

CONCLUSION

In summary, we have developed a two-step syn-
thetic method that permits the synthesis of
Ausg(SR),4 clusters in high yield and of molecular pu-
rity through conversion of polydisperse Au,(SG)n,
clusters into monodisperse Ausg(SR),4 in a two phase
system. A key modification to our previous ap-
proach® is to replace the solvent methanol with ac-
etone in the first step of making Au,(SG),, clusters.
The acetone-mediated synthesis leads to a signifi-
cant portion of clusters larger than Ausg (the main
portion is in the range of Ausg to Au_;g;). In the sub-
sequent step of thermal thiol etching at 80 °C, these
Au, clusters (38 < n = 102) are converted to mono-
disperse Ausg(SR),4 clusters through a size-focusing
process. Our work demonstrates that size-focusing
seems an important process in gold cluster synthe-
sis, and monodisperse clusters can be attained by
control of the size range of the starting material.
Overall, the importance of this work is two-fold: (1)
It provides a facile method for high yielding synthe-
sis of Ausg in high purity and this method can be
readily scaled up for large quantity synthesis. (2) The
mechanistic insight into the thiol-etching induced
growth process may allow the size-focusing ap-
proach to be extended to the synthesis of other ro-
bust Au clusters since the process is primarily driven
by cluster stability.

Conversion of Polydisperse Au,(SG),, to Monodisperse Aus5(SC;H,Ph) 4
Nanoclusters. Monodisperse Ausg(SC,H4Ph),4 nanoclusters were ob-
tained by reacting Au,(SG),, with excess PhC;H,SH. Typically, a
solution of Au,(SG),, (200—300 mg, dissolved in 6 mL of nano-
pure water) was mixed with 0.3 mL of ethanol, 2 mL of toluene,
and 2 mL of PhC,H,SH. Here, ethanol is added to prompt the
phase transfer of Au,(SG),, from water to organic phase. The
diphase solution was heated to and maintained at 80 °C under
air atmosphere, the Au,(SG),, clusters were found to transfer
from the water phase to the organic phase in less than 10 min.
The thermal process was allowed to continue for ~40 h at 80 °C.
Over the long time etching process, the initial polydisperse Au,
nanoclusters were finally converted to monodisperse
Ausg(SCoH4Ph),4 clusters. The organic phase was thoroughly
washed with ethanol (or methanol) to remove excess thiol. Then
the Ausg(SCoH4Ph),4 nanoclusters were simply separated from
Au(l)—SG (poorly soluble in almost all solvents) by extraction
with dichloromethane or toluene. The yield of Ausg nano-
clusters was ~25% (Au atom basis), and this yield can be repro-
ducibly obtained.

Characterization. Matrix-assisted laser desorption ionization
(MALDI) mass spectrometry was performed with a PerSeptive-
Biosystems Voyager DE super-STR time-of-flight (TOF) mass
spectrometer. trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenyldidene] malononitrile (DCTB) was used as the matrix
for MALDI. Typically, 1 mg of matrix and 0.1 mg of analyte stock
solution were mixed in 100 pL of CH,Cl,. A 10 pL portion of so-
lution was applied to the steel plate and then air-dried. UV—vis
spectra of the Au clusters (dissolved in CH,Cl,) were acquired on
Hewlett- Packard (HP) Agilent 8453 diode array spectrophotom-
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