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We report a new synthetic protocol of the Augy(SPh)y,
nanoclusters with good efficiency (~15% yield based on the
HAuCl,), via a combination of the ligand-exchange and “size-
focusing” process. The purity of the as-prepared gold
nanoclusters is characterized by matrix-assisted laser
desorption ionization mass spectrometry and size exclusion
chromatography.

Atomically precise gold nanoclusters have emerged as one of the
most important types of nanomaterials that are being extensively
explored in nanoscience and nanotechnology research."* The
gold nanoclusters, formulated as Au,(SR), (SR represent the
thiolate ligand), are ideally composed of an exact number of gold
atoms (n, ranging from ten to a few hundred of atoms) and
protecting thiolate ligands (m); their size typically ranges from
subnanometer to ~2 nm (core diameter). Due to quantum size
effects of this extremely small size regime, the gold nanoclusters
possess unique physical and chemical properties, making this
type of nanomaterial very promising in optical properties and
photovoltaics, as well as applications in fields such as catalysis
and biology.” "

There are main two protocols for the wet chemical
synthesis of the atomically precise gold nanoclusters: “size-
focusing” and ligand-exchange. In respect of the “size-
focusing” process, a proper distribution of polydispersed
gold nanoclusters, the key point, is made by kinetically
controlling the reduction of gold precursor (typically Au(l)-
SR polymer) with NaBH, reducing agent. The as-prepared
polydispersed gold nanoclusters are subjected to “size-
focusing” under relatively harsh conditions (e.g., at 80 °C
and in the presence of excess thiol). During the “size-
focusing” process, the unstable gold nanoclusters
decompose/convert to the thermostable gold nanoclusters,
and eventually give rise to only the most thermostable gold
nanoclusters."*"” On the other hand, in the ligand-exchange
method, the new gold nanoclusters was synthesized via
replacing the protecting thiolate ligands on the parent gold
nanoclusters with other ligands; of note, some of the size of
the new formed nanoclusters (i.e., the number n) would be
changed.'®?’ Although major advances in the wet chemical

This journal is © The Royal Society of Chemistry 2012

synthesis (e.g., size-focusing processes and ligand-
exchange) of the gold nanoclusters at the atomic level have
been achieved (such as Auys(SR);s, Ause(SR)z4, Ausg(SR)y,
Au,44(SR)g0, etc),u’26 only a few can be obtained in bulk
quantity with high purity and high yield by facile synthetic
methods.””"” For example, Shichibu et al. reported the
synthesis of Au,5(SG);3 nanoclusters from the parent
phosphine-capped Auy; clusters (i.e., Au;;(PPh;3),Cl;) by
ligand-exchange at 55 °C."”” Meanwhile, Murry and
coworkers obtianed the Au_;5(SR)_4 (where, SR = SC¢H;
and SC,H,Ph) nanoclusters by ligand-exchange of
Au55(PPh3)12C16.17 And in very recently, Zeng et al. also
reported the synthesis of Auss(SPh'Bu),, nanoclusters by
ligand-exchange of Au;(SC,H,Ph),, in the presence of
excess HSPh'Bu ligand under a thermal condition.” Qian et
al. synthesized Ausg(SC,Hjs),,4 nanoclusters via ligand-
exchange of the polydispersed Au,(SG), (SG =
glutathionate, 38< n <102) with dodecanethiol (HSC,,H,s)
at 80 °C overnight.” In all, to obtain bulk quantity and high
yield, the polydispersed gold nanoclusters with narrow and
suitable mass distribution are the key step in the synthesis of
the atomically precise gold nanoclusters.

In our previous work, we reported the synthesis and
catalytic application of the Augy(SPh),, nanoclusters.”” The
Auge(SPh)y, nanoclusters showed very high catalytic
performance in the chemoselectivity hydrogenation of
nitrobenzaldehyde into nitrobenyl alcohol, however the
yield of the Augy nanoclusters is relative low (~1% based on
the HAuCl, salt). Of note, the synthesis of Augg(SPh)y,
nanoclusters was via only “size-focusing” of the
polydisperse Au,(SPh),, in the presence of excess thiophenol
(H-SPh) without ligand-exchange.”’ In this work, we report
a bulk solution synthetic protocol that permits facile, large
scale synthesis of monodisperse Augy(SPh)s, nanoclusters
with high purity. This new protocol explores a ligand-
exchange process in which #n-hexanethiolate-protected
polydispersed  Au,(SC¢H,;),, nanoclusters  (the  mass
distribution of the clusters mainly focus on m/z ~25k) are
utilized as the starting material. Then thiophenol causes the
gold core etching and secondary size-focusing of gold
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nanoclusters, ultimately resulting in monodisperse
Augy(SPh),, nanoclusters in high purity with a good yield
(~15% based on HAuCl,;-3H,0).

In a typical experiment, the synthesis of
Augy(SPh),, nanoclusters involves two major steps, 1)
synthesis of the polydispersed Au,(SC4¢H,3),, nanoclusters
and ii) thiol ligand-exchange induces growth of the
Aug(SPh)y, nanoclusters from the Au,(SC¢H,;3),, mixture.
Briefly, the polydispersed Au,(SCeHi;),, nanoclusters are
obtained via the NaBH, reduction of the THF solution of
the Au:(SC¢H;3) polymer at the thiol/Au ratio of 3.0. The
Au,(SC¢H;3),, nanoclusters is then subject to ligand-
exchange using neat thiophenol (see the ESIT for details). In
this work, we use excess thiophenol to effect core etching of
Au,(SC4H3),, nanoclusters during the ligand exchange
process, and finally attain highly pure
Augg(SPh),, nanoclusters. The other sized clusters in the
original materials should be decomposed or change to
Augyg(SPh)y, nanoclusters; for example, the Au,ys(SR)g
nanoclusters was decomposed under thermal etching (e.g.,
80 °C) in an air atmosphere, although it was relatively stable
under N, atmosphere.
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Figure 1. (A) The MALDI mass spectrum of the starting materials (i.e.,
the polydispersed Au,(SC¢Hi3), nanoclusters). Aus(SCeHiz)is
nanoclusters (m/z: 7,035) was found in the mass spectrum; of note, the
peak marked with an asterisk (*) is a fragment (i.e., Aux(SCeHi3)14
species) of Aus(SCeHiz)is. (B) UV-vis spectrum of the as-prepared
Augy(SPh)4, nanoclustsers.

A decay curve is observed in the UV-vis spectrum,
indicating that the starting materials (i.e., Au,(SC¢Hi3),
nanocluster mixture) are polydispersed, in consistent with
the matrix-assisted laser desorption ionization mass
spectrometric (MALDI-MS) analysis (Figure 1A). A single
peak centered at m/z 7,035 is belonged to Au,s(SCeHis)is
nanoclusters (theoretical mass: 7,034.4); of note, the weak
single peak at m/z 5,777 is a fragment (Au,;(SCsH3)14
species, losing one Auy(SCgH3)4 unit) of the Au,s(SCyH 3) 15
nanoclusters due to the MALDI method, in consistent with
the previous reported literatures.”> Another strong broaden
peak centered at m/z ~25k (k = 1,000) is found in the mass
spectrum, assigned to Au_jo:SC4H;3 nanoclusters.
Additionally, some other weak broaden peaks (m/z from 10k
to 20k, and 30k to 35k) also existed in the Au,(SC¢Hi3),
nanocluster mixture (Figure 1A). After 8h etching in the
presence of the excess thiophenol at 80 °C, a new gold
nanoclusters with a characteristic feature is obtained; same
multi-bands are shown at 730, 600, 490, and 400 nm in the
range from 300 to 1100 nm (Figure 1B), in consistent with
the reported Augyg(SPh),, nanoclusters.”’*
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Figure 2. (A) LDI and (B) MALDI mass spectra of the as-prepared
Augy(SPh)4, nanoclusters.
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To identify the purity of the as-prepared Au
nanoclusters, we first check the sample by laser desorption
ionization (LDI) and matrix-assisted laser desorption
ionization (MALDI) mass spectrometric analysis. Of note,
the sample, special large molecules (e.g., the molecular
weight reaches to 20K), tends to be fragile and fragment
under the high laser intensity in both of the LDI and
MALDI analysis. As shown in Figure 2A, the LDI mass
spectrum shows a series of peaks with equal spacing of
~20k. The first peak is at m/z 20.5k (singly charged), which
is mainly from the cluster core (in the ionized form,
~AugS,, species: theoretical m/z 20,845). The peaks at m/z
40.7, 60.6, 80.5, and 100.4k (and so on) are corresponding
to the dimer, trimer, tetramer, and pentamer ions (and so on,
all singly charged) of the 20.5k primary ion, respectively;
note that these oligomers are only formed in gas phase
during the LDI process, rather than being present in the
original product. Further, we performed the MALDI-MS
analysis using trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB) as a matrix; note that
the MALDI method is much softer than LDI. Unlike in the
LDI, only one dominant peak at m/z ~24.0k is found (Figure
2B) and assigned to the Augy(SPh),, or Auge(SPh),; species
(theoretical m/z 24,084 or 23,975); note that one —SPh loss
also was observed in the case of the Ausq(SPh)y,
nanoclusters.”” The 24.0k value is much higher in mass than
the LDI-determined m/z 20.5k, implying that the loss of the
tail of thiolate ligand (i.e., -Ph) occurrs in the LDI process,
which is due primarily to the breaking of S—C bonds and
loss of -Ph fragments (even some Au—S bonds also are
ruptured). There is no gas-phase dimer, trimer, tetramer, and
pentamer species in the MALDI
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Figure 3. Size-exclusion chromatogram of the as-obtained Augy(SPh)s,
nanoclusters (monitored at A = 500 nm using CH,Cl, (0.5 mL/min) as

This journal is © The Royal Society of Chemistry 2012

Page 2 of 5



Page 3 of 5

the eluent). Inset: online-recorded UV—vis spectra corresponding to the
different retention times.

process (Figure 2B), consistent with our precious work.”’
Thus, DCTB matrix can largely suppress the loss of -Ph tail
from the ionized nanocluster as well as the gas-phase
oligomerization. Nevertheless, both the above wide-range
LDI and MALDI mass spectra clearly demonstrate that the
as-synthesized Augy(SPh)4, nanoclusters are highly uniform.

Size exclusion chromatography (SEC) has been
successfully applied in the confirmation of the purity of
gold nanoclusters.’**> A diode array detector (DAD) in
situ monitors (at A = 500 nm) the UV-Vis spectra of eluted
Au nanonclusters. Figure 3 shows only one single
symmetric peak; the inset shows the optical spectra (300—
950nm) corresponding to the eluted components at 4.2 min
(left side of the peak), 4.4 min (the peak position), and 4.7
min (right side of the peak), respectively. The three optical
spectra are indeed superimposable, further indicating high
purity of the as-prepared Augy(SPh)s, nanoclusters. And
further, thermal gravimetric analysis (TGA) is also tested
(Figure 4), which shows a weight loss of 18.9 wt%
(corresponding to the losing of the surface thiolate ligands),
consistent with the expected value (19.0 wt%) according to
the Augg(SPh),, formula and the previous work.”” In all, the
above characterizations also strongly indicate that the as-

obtained Augy(SPh),, nanocluster samples are highly
uniform.
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Figure 4. TGA curve of the as-prepared Au nanoclusters in N,
atmosphere.
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Figure 5. UV-vis-NIR spectrum (range from 300 to 1600 nm) of
Augg(SPh)4, nanocluster. (Inset) The spectrum on the energy scale (eV);
the HOMO-LUMO gap of the Aug(SPh)s, nanoclusters is ~0.71 eV
(see red intercept).

Further, we investigate the UV-vis-NIR spectrum (range
from 300 to 1600 nm) of the pure Augy(SPh),, nanoclusters,
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and found that a new broad peak appeared at ~920 nm (1.35
eV), as shown in Figure 5. Therefore, five optical peaks, 920
(1.35), 730 (1.70), 600 (2.07), 490 (2.53), and 400 nm (3.10
eV), are observed in the Aug(SPh)y,, nanoclusters. By
extrapolating the optical absorbance to zero, the HOMO-
LUMO gap of Augy(SPh),, nanoclusters is determined to be
~0.71 eV (Figure 5, inset).
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Figure 6. Powder XRD of the Aug(SR)4, nanoclusters.

We perform powder X-ray diffraction (XRD) analysis to
investigate the atomic structure of the Augy(SPh)y, nanoclusters.
As shown in the Figure 6, a peak centered at 26 ~39° is observed,
which is similar with that of Au,y,. Therefore, it is predicted that
the Augy cluster exhibits a similar Marks decahedral core and
should be composed of Ausg(Au(SR),)y or
Auy;(Au(SR),)13(Au,(SR);), as only the [-SR—Au—SR—] and [-
SR—Au-SR—-Au—SR-] type staples are found in the large Au
nanoclusters (e.g., Au;p(SR)u, Aur(Au(SR),)1o(Auy(SR);),). >
Noted that theoretical calculations and growth of single crystal of
the Augy(SR),, nanoclusters can facilitate the understanding of its
structure.
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Figure 7. Time-dependent UV—vis spectral evolution of thiophenol
(PhSH) reaction with Au,(SC¢Hi3),,» nanoclusters.

Finally, we investigate the conversion process from the
starting material-Au,(SC4H3),, to the pure Augy(SPh),,
nanoclusters by monitoring with UV-vis spectroscopy in the
toluene solution at 80 °C for 420 mins (other conditions: 0.1
mg Au,(SC¢H3),, and 5 pL PhSH in a closed cuvette). As
seen in the Figure 7, the multi-bands at 730, 600, 490, and
400 nm are appeared after ~150 mins, and the relative
intensity of these bands gradually increase, indicating that
the other sized gold nanoclusters disappeared (e.g.,
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decomposed or change to the Augo(SPh)y, nanoclusters) and
the sample finally gives rise to the thermstable Augg(SPh)g,.
The UV-vis spectra of the sample at 360 and 420 mins are
superimposable, clearly suggesting that only the Augy(SPh),,
nanoclusters is survived under the harsh “size-focusing”
conditions.

In summary, we successfully synthesize the atomically
precise Aug(SPh)s, nanoclusters with good efficiency (~15%
yield based on the HAuCl,). The synthetic protocol is mainly via
two steps: i) the ligand-exchange and ii) the ‘“size-focusing”
process from the starting materials (polydispersed Au:SC¢H;;
nanoclusters with a mass at m/z ~25k) in the presence of excess
thiophenol at 80 °C overnight. The whole process further is
monitored by UV-vis spectroscopy. The as-prepared Augy(SPh),,
nanocluters is fully checked by laser desorption ionization and
matrix-assisted laser desorption ionization mass spectroscopy,
thermal gravimetric analysis, and the size exclusion
chromatography. Multi-bands, ~920 (1.35), 730 (1.70), 600
(2.07), and 490 nm (2.53 eV), are observed in the optical
absorption spectrum of Augy(SPh),, in the range from 300 to
1600 nm. The HOMO-LUMO gap of the Augy(SPh),,
nanoclusters is approximately 0.71 eV.
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