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Subnanometer-sized gold clusters protected by thiolates, which . = 670nm
we refer to asthiolated gold cluster$ exhibit unique physico- 8 . 600
chemical properties arising from a small core size and heavy ligation \ Hiae
by the thiolates-7 Synthesis of thiolated gold clusters with well- g |

defined chemical composition is crucial for fundamental studies
and applications. Recently, we demonstrated that a series of
thiolated gold clusters with well-defined compositions could be
synthesized by utilizing polyacrylamide gel electrophoresis (PAGE)
and electrospray ionization (ESI) mass spectrom¥Tiye clusters

we isolated included A(SGo, Auis(SGhs, Auig(SGha, Az
(SG)]_B, AU22(SG)_L7, AU25(SG)J_8, AU29(SGk0, AU33(SGk2, and Al
(SGr4, where GSH represents glutathiong-Glu-Cys-Gly)?!
Although this approach provides a versatile method of synthesizing
thiolated gold clusters, a major drawback is the small yields

obtained; typically, only a few milligrams of the purified clusters e e00 sto 1000

are obtained after elaborate and time-consuming workup procedures. Wavelength (nm)

An alternative synthetic method is to utilize the ligand exchange Figure 1. Optical absorption spectra dfin chloroform (blue) and the

reactions developed by Hutchison, where the phosphine ligands of ;|ysters transferred into the aqueous phase (red) at 328 K and [GBH]/[
undecagold A, clusters are replaced by thiolates without change 400. The spectra of undecagold ancb&8G)s (taken from ref 1) are shown

in the core sizé? In the present study, we show that the cluster in black for comparison. Inset shows the time course of the ODs at 600
size increases during the ligand exchange reaction @f(RRh)g- and 670 nm of the aqueous phase.
Clz by GSH and that thermodynamically stable,X&G),s can be
selectively obtained on the sub-100 mg scale under controlled
conditions.

Phosphine-stabilized gold clustef3 {vere prepared by reduction
of AuCI(PPhy) in ethanol by NaBl under N atmospheré:2 The
subnanometer gold clusters are barely discernible in the TEM image
of 1.° The optical absorption spectrum bfis similar to those of
undecagold purchased from Nanoprobe Inc. (Figure 1) and
Au;1(PPh)sCls reported in the literaturgjndicating that the Ay
clusters are the main ingredients of samhléndeed, the ESI mass
spectrum ofl exhibited peaks of [AU(PPh)sCl,] ™ and [Aw(PPh)e-
Cl]2".°® The mass peaks of Auand Augbased clusters were
concomitantly observed in the mass spectrum, suggesting the
smaller clusters are contained as an impurityl.oWe found that
Au;1(PPh)gCls isolated froml yielded the same ligand exchange
products as samplé. Thus, as-prepared clustetswere used as
the precursors in the present work.
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function of reaction time by optical spectroscopy, which is a
sensitive and convenient probe for estimating the quantity and
composition of the Au:SG clusters producetihe red curves in
Figure 1 represent the spectra of the aqueous phase at 328 K and
for [GSH]/[1] = 400. Under these conditions, the brownish color
of the organic phase was almost completely transferred to the
aqueous phase within 20 min, with concurrent formation of dark-
brown floccules at the biphasic interface (Figure 1). From this point,
the optical density (OD) of the aqueous phase continued to increase
gradually without any noticeable change in the profile. In parallel
with this, the floccules decreased in quantity and were scarcely
visible after 5 h. The optical spectrum of the resulting Au:SG
clusters exhibits some notable features: the absorption onset is red-
shifted significantly as compared with thatband a hump appears
at 670 nm. These features are characteristic of the spectrumef Au
(SG)s, which has been identified as one of the major products in
: . the chemical reduction of Au(l):SG specieddowever, close
The ligand exchange r(_aactlon was cond_u_cted as follows. To the comparison reveals that the OD of the Au:SG clusters is larger
top of a chloroform solu_tlon (7 mL) containing 4.7_ mg bfwa_s ' than that of the Ap(SG)s clusters in the region ok600 nm
added an aqueous solution (7 mL) of GSH under vigorous stirring. (Figure 1). This difference implies that, as well as the,£8G
Both_s_olutions were _deaerated by freepeimp-thaw cycles prior clusters, smaller AuSG clusters are formed during the phase
to mixing. The r_eg_ctlon was perfc_)rmt_ad urlder adtmosphere tq transfer. Similar spectra were always observed under the experi-
avoid the possibility of GSH oxidation into the corresponding mental conditions we employed (36828 K, [GSH]/[L] = 60—
sulfonate or disulfide. The aqueous phase was monitored as a400).9 On the basis of these optical measurements, we conclude
that phosphine-stabilized undecagoltj (indergoes aggregation

T Japan Advanced Institute of Science and Technology. ; : : . Lo .
#Institute for Molecular Science. during the reactlop Wlth GSH. This conclusion is further_conflrmed
§ University of Tsukuba. by product analysis using ESI-MS and PAGE as described below.
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clear at present, we speculate that removal of the Au species
_=—= §70m (probably in the form of Au(l)-thiolate)?® preferentially from the
smaller clusters plays a role in the cluster distribution narrowing
‘i 600 nm to give mainly Aus(SG)s Selective formation of Aw(SG)s
clusters in sampl@ was further confirmed by PAGE and ESI-MS
(Figure 2b,c):* Preliminary optical measurements suggest that the
Au,s clusters are also formed in the reactiond efith other thiols,
o such as,N-dimethylamino)ethanethiol hydrochloride, 3-mercap-
400 600 800 1000 tobenzoic acid, sodium 3-mercapto-1-propanesulfonate, and 16-
Wavelength (nm) mercaptohexadecanoic aéith
(b) © Finally, the scale of the reaction was enlarged by a factor of
B (0. m) ~14 in order to confirm that the protocol reported here is practical
itas, 24) for the large-scale synthesis of thiolated,Atiusters. After removal
. of the free GSH and byproducts, we obtained0 mg of Aus
- "WEE;;:E; (SQ)lg in a pure form. This yield is abogt 50 times larger than that
. e Aup5(SG)ig typically obtained by PAGE fractionation of the as-prepared Au:
P . . “ SG clusters using a single gel (8t160 x 160 mm)?!
sampie 2 AuSO 1000 1500 mm;; 2500 3000 To summarize, we have demonstrated that phosphine-stabilized
Aujy; clusters undergo aggregation and dissociation in reaction with
a water-soluble thiol, GSH. Under optimized conditions;£8G) g
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lon intensity (au)

Figure 2. (a) Optical absorption spectra ®{red) and Aus(SG)s (black).
Inset shows the time evolution of the ODs at 600 and 670 nm under aerobic

condition. (b) PAGE result and (c) ESI mass spectra ahd Aws(SG)s. clusters are selectively formed, reflecting their extraordinarily high
The progression of the mass peaks in the spectrum of safriplelue to stability. The large-scale synthesis of thiolated.£elusters by the
the partial hydrolysis of the GS liganés. ligand exchange strategy will enable us to promote a deep

understanding of their basic properties via multiple experimental

This finding is in sharp contrast to previous repditdn which S . L
napproaches and open up possibilities for various applications.

the undecagold core was thought to be preserved during the reactio
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