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ABSTRACT: We report a facile, one-pot method for synthesizing
atomically monodisperse Au,4,(SR)so nanoclusters under ambient
conditions. In this method, gold salt precursor is first mixed with
excess thiol and tetraoctylammonium bromide (TOABr) in metha-
nol to form Au(I)-SR polymers. Then, Au(I)-SR is reduced by excess
NaBH, (aqueous solution) to form nanoclusters. Interestingly, the
initially formed, polydisperse Au nanoparticles are size-focused into
two monodisperse gold nanoclusters: Au;44(SR)¢o (major product)
and Au,s(SR) 5 (side product) over a ~5 h period. The side product
(Au,5(SR);g) can be easily removed by washing the product with
acetone, giving rise to pure Au; 44 (SR) o This method is applicable to
a number of thiol ligands, including PhC,H4SH and various
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C,H,, 1 1SH (where n = 4—8). Some critical parameters to obtain pure Au,44(SR)¢o have been identified, including the methanol
solvent (as opposed to toluene traditionally used), large thiol-to-Au ratios (= 4), the presence of O, and tetraoctylammonium halide
(TOAX, where X = Br, Cl). The facile synthetic method and the product made by this method should largely contribute to the

practical application of this new type of nanomaterial.
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B INTRODUCTION

Thiolate-protected gold nanoparticles have found important
applications in various fields, such as biology,' > catalysis,*
and sensors.” There are two interesting size regimes between the
atomic state and the bulk metallic state, i.e., semiconducting
nanoclusters and metallic nanocrystals.'®~'> When the size of
gold nanoparticles is larger than ~2 nm, the particles adopt a
face-centered cubic (fcc) structure and are in the metallic
state. The optical properties of Au nanocrystals are dominated
by surface plasmon resonance. On the other hand, when the
particle size becomes less than ~2 nm, distinct effects of
electron energy quantization occurs,' V13716 Interestingly,
these ultrasmall nanoparticles (often called nanoclusters or
clusters for short) do not adopt the fcc structure as in their
larger counterparts—metallic Au nanocrystals. Because of
quantum confinement effects, nanoclusters exhibit multiple,
step-like absorption peaks in their optical spectra. The
electrochemical experiments also indicate that these na-
noclusters have a size-dependent energy gap.'® In recent
years, great advances have been attained in the synthesis,
characterization and applications of metal nanoclusters.'® 3"
Significant breakthroughs in this field are the X-ray crystal
structure determination of Au;o>(SR) 44, Auys(SR)15” ' and
Ausg(SR),4 nanoclusters.>> ° The structural information is
critical for theoretical modeling and explaining the optical
properties, stability, and magnetism of specific size Au
nanoclusters.***”~* The discovery of Au(SR), and Au,(SR);
“staple” motifs in the crystal structures is also important to
understand the nature of thiol-gold surface bonding.*!
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Among the different sized nanoclusters, Au;44(SR)go has an
important role in the study of gold nanoclusters. It lies in between
smaller clusters (e.g., Au,s(SR);5) that exhibit a distinct HOMO
—LUMO gap and larger fcc crystalline Au nanoparticles that
exhibit distinct surface plasmons.*” In 1996, Whetten et al. first
isolated a gold cluster species of 28 —29 kDa core mass via solvent
fractionation and identified the core to be approximately Au-.;49
by laser desorption ionization (LDI) mass spectrometry.*’
Murray and Quinn et al. found that the Au- 4 nanoclusters
showed intriguing quantized double layer charging in solution,***
This cluster exhibits as many as 15 oxidation states with an even
spacing of electrical potential*® Because of fragmentation of
clusters and ligand loss in LDI and matrix-assisted laser desorp-
tion ionization (MALDI) mass spectrometry analyses, the purity
and the exact molecular formula of Au.,4 species was not
attained at that time.**® In 2008, Tsukuda et al. developed a
method of thermal thiol etching and solvent extraction to obtain
core mass of 29 kDa Au clusters and characterized the clusters
with electrospray ionization (ESI) mass spectroscopy; the for-
mula of this cluster was, for the first time, determined to be
Auy44(SR) 0. Tt should be noted that our group and Murray
group redetermined the formula to be the Au,4,(SR)4o by ESI-
MS.***® The one-ligand discrepancy still remains, which is
perhaps due to the oxidation pretreatment of the clusters in
Tsukuda’s work in order to impart charges to the cluster in ESI-
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MS analysis, while in our ESI analysis the cluster ionization was
attained by the formation of Cs™ adducts, the latter method is
generally much softer. The theoretical structure of Au;4,(SR)eo
has been predicated to be composed of a Au;y4 core and 30
Au(SR), staples.498 X-ray absorption sg)ectrometry analysis is
consistent with the theoretical model.*”® The exact structure of
Au;44(SR)go remains to be determined in future work.

To achieve the high purity and high yield of Au;44(SR)so
clusters, our group previously reported a two-step method to
prepare Au;44(SR)4 using phenylethylthiol.** In the first step, a
Au cluster mixture with core size near Au.. 40 was synthesized by
a modified Brust-Schiffrin method. In the second step, the cluster
mixture was converted to truly monodisperse Au;44(SR)eo
clusters by size focusing in the presence of thiols of high
concentration and at an elevated temperature (80 °C). This
method avoids the complicated size separation process and gives
rise to pure Aujuq(SR)go clusters with relatively high yield
(~20%). However, this method still has some limitations. First,
an elevated temperature (80 °C) is required for the size focusing
process. This process limits the use of low boiling point thiols as
the ligands. Second, the intense odor from thiol of high con-
centration*? (e.g., S0% PhC,H,SH) used for etching Au clusters
makes this procedure hard to handle. Thus, we are motivated to
develop a facile and straightforward synthetic that involves less
stringent experimental conditions and can be easily adapted by
researchers in many different fields. This is of particular impor-
tance in order to expand the practical applications of this new
type of nanomaterial.

In this work, we introduce a simple and robust method to
synthesize monodisperse Au, 44, (SR)¢ clusters at room tempera-
ture under ambient conditions. This new method uses only
microliters of thiols (hence, much less odored), and is applicable
to a range of thiols, including PhC,H,SH and various
C,H,,1SH (n = 4—8). The UV—vis spectra, electrochemistry
and powder X-ray diffraction (XRD) of various Au,4(SR)eo
(R = —C,HyPh and —C,H,,,, ;) are investigated. We have also
investigated those potentially important reaction parameters and
identified some critical factors for obtaining pure Au;44(SR)so,
including the solvent (methanol), large thiol-to-Au ratios (=4)
and the presence of tetraoctylammonium bromide (TOABr) and
O, in the reaction system. The ambient synthesis of high-quality
Au,44(SR)go nanoclusters is of practical importance for achieving
a wider range of applications of this new type of material.

B EXPERIMENTAL SECTION

Chemicals. All chemicals are commercially available and used as
received. Tetraoctylammonium bromide (TOABr, >98%), tetraocty-
lammonium chloride (TOACI, >98%) and tetrabutylammonium hexa-
fluorophosphate (TBAPFs;, 99%) were obtained from Fluka.
Tetrachloroauric(Ill) acid (HAuCl,-3H,0, 99.99%), 2-phenyletha-
nethiol (PhC,H,SH, 99%), sodium borohydride (NaBH,, 99.99%),
sodium bromide (NaBr, 99.0%), cesium acetate (CsOAc, 99.99%),
rubidium acetate (RbOAc, 99.8%), acetone (HPLC grade, 99.9%),
methanol (HPLC grade, 99.9%), toluene (HPLC grade, 99.9%) and
dichloromethane (HPLC grade, 99.9%) were purchased from Sigma-
Aldrich. 1-Butanethiol (C,HoSH, 98%), 1-pentanethiol (CsH;,SH,
98%), 1-hexanethiol (C4H;3SH, 96%), and 1-octanethiol (CsH,;,SH,
97%) were obtained from Acros Organics.

Synthesis of Auq44(SR)so Nanoclusters with PhC,H,SH and
C,H2,,1SH (n = 4, 5, 6, 8). All the reactions are conducted at
room temperature under air atmosphere. Typically, HAuCl,-3H,0

(0.3 mmol, 118 mg) and TOABr (0.348 mmol, 190 mg) are added to a
50 mL trineck round-bottom flask and mixed with 15 mL of methanol.
After being vigorously stirred for 15 min, the solution color changes from
yellow to dark red. Then, C4H;3SH or other thiols as mentioned above
(1.59 mmol, thiol/Au = 5.3/1) are added to the solution at room
temperature; the color of reaction mixture rapidly turns white. After ~15
min, a fresh NaBH, solution (3 mmol, dissolved in 6 mL of cold
Nanopure water) is rapidly added to the solution under vigorous stirring.
The color of solution immediately turns black and produces Au clusters,
which are then precipitated out of the methanol solution.

The reaction is stopped after ~S h, and the black precipitates are
collected by centrifugation (S min at ~5000 rpm). The black precipi-
tates are washed with excess methanol and collected by centrifugation
again. This step is repeated at least 3 times to completely remove the free
thiol residue. Then, CH,Cl, or toluene is used to separate the Au
clusters from Au(I)-SR polymers (poorly soluble in almost all solvents).
The as-obtained Au clusters only contain Au;44(SR)so (major product)
and Au,s(SR) ;g (side product see Results and Discussion section).
Then, acetone is used to separate the Au;4(SR)so and Au,s(SR);g
clusters. The Au,5(SR), 5 clusters are soluble in acetone, but Au;44(SR)eo
clusters are not, hence, they can be easily separated by centrifugation. The
yield of Au;44(SR)¢o clusters is 10—20% (Au atom basis) and the yield of
Au,5(SR) 5 cluster is ~5% (Au atom basis); note that the rest of gold is
lost to insoluble Au(I)-SR polymers.

Several variations of the above synthetic method are performed to
investigate the mechanism of this reaction. In order to study the role
of TOABr in the formation of Au;44(SR)eo, we use TOACI and NaBr
to replace TOABr. A control experiment (i.e., without TOABr) is
also performed. To examine the effect of O, in the reaction, the
entire reaction is also conducted under a N, atmosphere. Various ratios
of C4H;3SH/HAuCl, (4:1, 3:1, and 2:1) are investigated in the
experiments.

Characterizations. UV—vis spectra of the Au clusters (dissolved in
CH,Cl,) were acquired on a Hewlett- Packard (HP) Agilent 8453 diode
array spectrophotometer at room temperature. MALDI mass spectro-
metry was performed with a PerSeptiveBiosystems Voyager DE super-
STR time-of-flight (TOF) mass spectrometer using trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenyldidene] malononitrile (DCTB) as
matrix.>® Electrospray ionization (ESI) mass spectra were recorded
using a Waters Q-TOF mass spectrometer equipped with a Z-spray
source. The source temperature was kept at 70 °C. The sample was
directly infused into the chamber at S #L/min. The spray voltage was
kept at 2.20 kV and the cone voltage at 60 V. The ESI sample was
dissolved in toluene (1 mg/mL) and diluted (1:2 v) by dry methanol
(containing SO mM RbOAc or CsOAc to enhance cluster
ionization).**>' Thermal gravimetric analysis (TGA) (typically ~3
mg sample used) was obtained on a TG/DTA6300 analyzer (Seiko
Instruments, Inc.) under a N, atmosphere (flow rate ~50 mL/min).
The powder X-ray diffraction was conducted on a Panalytical X'Pert Pro
MPD X-ray diffractometer. Square wave voltammetry (SWV) and cyclic
voltammetry (CV) measurements of Au clusters were performed on a
CHI 620C electrochemical station at room temperature under N,
atmosphere. A platinum wire (counter-electrode), platinum working
electrode (2 mm dia,), and Ag/Ag™ quasi-reference electrode (QRE)
were used in the measurements. Au cluster solution (5—10 mg/ mL) was
prepared in a TBAPF electrolyte solution (0.1 mol/L) in anhydrous
CH,Cl,, and the solution was first bubbled with dry N, to remove O,
and then blanked under N, throughout the electrochemical measure-
ments to minimize O, and moisture interference.

B RESULTS AND DISCUSSION

1. Size-Focusing Synthesis of Au;44(SCgH13)s0 Clusters in
Methanol Phase. The two-phase Brust-Schiffrin method for
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Scheme 1. Synthetic Procedure for Monodisperse Au,44(SR)¢o in Methanol (solvent)
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Figure 1. Evolution of (A) UV—vis spectra and (B) MALDI mass spectra of Au,(SC4H,3),, clusters over the course of size focusing.

preparing thiolate-capped gold nanoparticles involves three
steps.” First, gold salt precursor (e.g, HAuCl) is transferred
from water phase to toluene phase under the aid of a phase
transfer reagent (e.g,, TOABr). Then, a specific amount of thiol
(RSH) is added, which reduces Au(Il) to Au(I)-SR. Finally,
the reduction of Au(I)-SR with NaBH, leads to the formation
of Au nanoparticles. In our previous work, we synthesized
[Au,5(SR)g) in high yield and high purity by carefully con-
trolling the reaction kinetics.”” The atomic monodispersity of the
as-obtained clusters led to straightforward crystallization of
[Au,5(SR)15]? (g = —1, 0) for atomic structure determination
by X-ray crystallography.>*** However, Au,44(SR)go can only be
obtained via a two-step, thermal thiol etching method prior to the
work presented herein. In this work, a one-pot method has been
developed to synthesize monodisperse Au;44(SR)4o clusters in
ambient environment. When methanol is used as the solvent in
the reaction, an intriguing size focusing process occurs after the
initial formation of Au cluster mixture. The final product only
contains Au,s5(SR);s and Auj44(SR)go clusters. Their large
solubility difference in acetone renders them easily separable
by simple solvent extraction with acetone. Moreover, this
procedure is quite versatile for various thiols, including
PhC,H,SH and C,H,, ;SH (n =4, 5, 6, 8). This new method
is more convenient and easier to handle compared to the
previous two-step method.* Below, we arbitrarily choose 1-hex-
anethiol (C¢H3SH) as an example for a detailed discussion of
the synthesis.

The synthetic procedure is shown in Scheme 1. Details are
provided in the Experimental Section. It is worthy of brief

discussions about several particular aspects of this procedure.
First of all, methanol is used as the solvent for the reaction, which
is important to achieve monodisperse Au;4(SR)g (main
product) and Au,s(SR) ;5 (side product). It is because that the
Au clusters precipitate from the methanol solvent, which pre-
vents the further growth of Au clusters into larger nanoparticles.
The relatively narrow distribution at the initial stage allows the
formation of monodisperse clusters after a spontaneous size
focusing process. If the synthesis is performed in toluene while
keeping other conditions the same, monodisperse Au;44(SR)s0
clusters cannot be obtained. Second, TOABr is intentionally
added to the methanol solution of gold precursor (HAuCl,)
despite the fact that gold salt is soluble in methanol in the absence
of TOABTr. The role of TOABTr is to be discussed below. Third, a
distinctive size focusing phenomenon is observed after the
formation of initial size-mixed nanoparticles (denoted as Au,-
(SCgH,3),,)- It is noteworthy that the size focusin Sphenomenon
has also been observed in other syntheses”>***”*** and con-
stitutes a universal process in the growth of atomically mono-
dispere Au,(SR),, nanoclusters.>®

The temporal evolution of UV—vis spectra of the Au,-
(SCgH,3),, product is shown in Figure 1A, and MALDI mass
spectra in Figure 1B. The UV—vis spectra of initial Au,-
(SCgH,3),, displays a decaying curve, often indicating a mixture
of Au,, clusters. As the reaction continues, a peak at 670 nm as
well as some other absorption bands gradually show up, which
implies that the size distribution spontaneously narrows down
over the reaction process. This size focusing process ends at ~5
h, for that the UV —vis spectra beyond 5 h show no more changes
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Figure 2. (A) UV—vis spectra and (B) MALDI mass spectra of the acetone soluble and insoluble Au,(SC¢H,3),, clusters.

(Figure 1A). The corresponding MALDI-mass spectra show the
conversion of polydisperse Au clusters to Au,s(SR);g and
Au_ 4 clusters. The initial Au,(SC¢H;3),, clusters (f = 5 min)
does not show distinct peaks in the mass spectrum, except for a
weak peak at m/z ~ 31 k (z = 1), which may be due to the wide
size distribution. The weak peak at 31 kDa indicates the existence
of Au. 4 clusters in the initial Au cluster product. After 30 min, a
sharp peak at m/z ~ 7033.9 and a set of peaks ranging from m/z
~5780.4 to 3500 occur in the low mass range, while the peak at
m/z & 31k become stronger in the high mass range. The peak at
m/z ~ 7033.9 is easily assigned to Au,s(SCsH3)5 (calculated
FW: 7033.8), and the peak at m/z &~ 5780.4 is a fragment
(Au,,(SCeH,3)14, calculated FW: 5777.1) of Au,s(SCsHi3)1s.
The fragmentation pathway of loss of Auy(SCgH;3), has been
observed in all types of Au,5(SR);s with different —R
groups.*”'7 As for the set of peaks from m/z 5780 to 3500, they
disappear under low laser intensities (see the Supporting In-
formation, Figure S1), indicating that they are also fragments
from Au,s(SCeH,3)1s; note that, in order to observe the high
mass peak at m/z & 31k, a relatively higher laser intensity is used,
which induces more severe fragmentation of Au,s(SCsH,3)5
clusters.

On the basis of the above MALDI-mass spectral results, the
final product (after size focusing) only comprises two species, i.e.,
Au,5(SCeH 3)15 and Au-iy clusters. To isolate them, the
reaction was stopped at ~S h and unreduced Au(I)-SR polymers
were removed (see the Experimental Section for details). We
found that Au,s(SC¢H;3)1s and Au-y4 clusters can be con-
veniently separated by acetone. Figure 2 shows the UV—vis
spectra and MALDI mass spectra of the acetone soluble and
insoluble components. The UV—vis spectrum of the acetone
insoluble species (Figure 2A, profile a) exhibits prominent
absorption bands at 517 and 700 nm, which matches well with
Auy44(SC,H,Ph)go clusters.*”*” The corresponding MALDI
mass spectrum shows only one peak centered at m/z ~ 32 k
(note that the peak position slightly shifts with the laser intensity
used in MALDI analysis), indicating the high purity of the
acetone-isolated Au clusters. The mass peak at m/z ~ 32 k
(Figure 2B, profile a) is close to the mass of Au;44(SCsH,3)60
(calculated FW: 35 397.0). The deviation of the mass from the
calculated value is due to partial loss of CsH,;3S— ligands under
the MALDI conditions. On the other hand, the UV—vis spec-
trum of the acetone soluble species (Figure 24, profile b) shows
three distinct peaks at 400, 450, and 670 nm, respectively, which
are characteristic of Au,5(SR)s clusters.>* The corresponding
MALDI mass spectrum shows two peaks at m/z ~ 7033.9 (i.e.,
Au,s(SCeH,3)15) and 5780.4 (i.e., A, (SCeH,3) 14, a fragment),

M*
11798.69

M
“ 17698.81
— L
N U v U v 1 v I v 1 1 | v 1 !
6000 8000 10000 12000 14000 16000 18000 20000
Mass (m/z)

Figure 3. ESI-MS of the acetone-insoluble component identified to be
Auy44(SCgHi3)g0 clusters. The asterisk shows small fragments of
Au144(SC6H13)60'

which confirms the composition and purity of the acontone-
soluble component. No additional peak at m/z ~ 32 kis found in
the mass spectrum, demonstrating the complete separation
between Au,s(SCgH3)15 and Au 4 clusters with acetone.
MALDI often causes fragmentation of Au clusters and hence
complicates the determination of cluster formula. In contrast, ESIis a
much softer ionization technique and allows for the observation of
the intact molecular ion peak. Herein we employ ESI-MS to
determine the composition of the ~32 kDa Au clusters (acetone-
insoluble). Two major peaks at m/z ~ 11798.69 (3+) and
17698.81 (2+) are observed (Figure 3), which can be easily
assigned to triply charged [Au;4(SCsH,3)e0] 3T (calculated:
11799.03) and doubly charged [Aup(SCeH13)60]* " (calculated:
17698.55). The zoom-in mass spectra and detailed assignment of all
the mass peaks are provided in the Supporting Information, Figure
S2 and Table S1. Of note, the small peaks near the main peak (m/z ~
11798.69) are the fragments from Au;44(SCgH 3) 6o after successive
loss of two -SC4H 3 ligands or a single Auy(SCgH,3)4 unit. The loss
of Au,L, seems ubiquitous, which is also observed in Au,5(SR) g,
Ausg(SR),4, and Augg(SR) 4 clusters in MALDI-MS analysis.***>"~°
Taken together, the high purity of the Au;44(SCeH3)go clusters
isolated by acetone is confirmed by the ESI-MS analysis because no
other Au clusters are found to coexist with Au,44(SCgH,3) o clusters.
2. Properties of Au44(SR)eo Clusters with Various Ligands.
The synthetic procedure to prepare Au,44(SR)g is quite versatile
in terms of the types of thiol ligands. With PhC,H,SH and
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Figure 4. (A) UV—vis spectra and (B) MALDI mass spectra of acetone-insoluble Au,4,(SR)4 clusters. (From top to bottom: RSH = PhC,H,SH,
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Figure 5. (A) TGA and (B) XRD of Au, 44 clusters with various thiolate ligands (R = —SC,Hy, —SCsH;;, —SC4H3, and —SC,H,Ph). The calculated

values of TGA are based on the formula of Auy44(SR ).

C,H,,1SH (n = 4, S, 6, 8), following the same synthetic
procedure, we have obtained Au;44(SR)g clusters. The Au,s-
(SR), g product is similarly isolated by acetone, and the insoluble
species is Au;44(SR)g0. Of note, longer chain thiols (n > 12) do
not lead to Au, 4, clusters; instead, only Au,; clusters in low yield
can be obtained.

Figure 4 shows the UV—vis spectra and MALDI mass spectra
of Au clusters with PhC,H,S-, CgH,-S-, C¢H;3S-, CsH,;S- and
C,4H,S- ligands, respectively. All the UV —vis spectra (except the
case of butanethiol) display absorption bands at 517 and 700 nm
that are characteristic of Aujyy clusters; thus, these optical
absorption bands are not influenced by the type of thiolate
ligands. Of note, the absorption peaks of C,HoS-protected Au; gy
clusters are not as prominent as other thiolate-protected Au;4q4
clusters. We deem that this is due to the existence of some
impurity in the acetone-isolated product. In the MALDI spec-
trum of C4;HyS-protected Au clusters, a small extra peak at
~23 kDa is observed, apart from the strong peak at ~30 kDa
(Figure 4B). This 23 kDa impurity may be responsible for
smearing out the absorption bands of Au;44(SC4Ho)go- In
contrast, PhC,H,S-, CgH,,S-, C¢H;5S-, and CsH;;S-protected
Auyyy clusters show a single peak at ~33—30 kDa, which
indicates the high purity of these Au,,4 clusters (Figure 4B).

Thermogravimetric analysis (TGA) is performed to further
confirm the purity and formula of Au;44(SR)¢o. The TGA data of
the acetone-insoluble Au;44(SR)go clusters are shown in
Figure SA. The determined weight loss of Au;44(SR)g (R =

2213

C,H,y, C<Hy;, C¢Hy5 and C,H,Ph) are 15.0, 17.6, 19.5, and
22.9%, respectively, which are consistent with the calculated
values (15.8, 17.9, 19.8, and 22.4%) based on the Au;44(SR)so
formula. From the TGA data, different thiolate protected Au
clusters show slightly different thermal stability. The Au clusters
protected by thiolate ligands with longer carbon chain show
slightly higher stability. For instance, Au;4,(SC4Ho)go clusters
start to lose organic components at 178 °C, whereas Aujyy-
(SCsH, )60 and Auy44(SCH  3)40 clusters start to lose ligands at
195 and 205 °C, respectively. The ESI-MS of C,HyS- and
CgH,,S-protected Au clusters are provided in the Supporting
Information, Figure S3, which are unambiguously determined to
be Au44(SC4Hs)s0 and Auy44(SCsH,7)s0-

The powder X-ray diffraction analysis of Aujy clusters
protected by various thiolate ligands is also performed. The
patterns display similar diffraction peaks at 26 = 39.5, 52, 67, and
77° (Figure SB), which indicates the core structure of Au,4, is
not affected by the type of thiolate ligand. The Au,44(SR)so
clusters does not adopt an fcc structure, for that the fcc structure
should show peaks at 38, 44, 65, and 77.5°, but the extra peak at
52° rules out the possibility of fcc structure in Au;44(SR)eo
clusters.

We have also investigated the electrochemical properties of
the as-prepared Au;44(SR)g clusters. Previously, Murray and
Quinn and their respective co-workers reported a number of
studies of electrochemical behavior of Au.., 4 clusters.*>*® The
Au. 4 clusters show quantized double layer (QDL) charging
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Figure 6. (A) Cyclic voltammetry and (B) square wave voltammetry of Au,44(SC,H,Ph)g, clusters at room temperature.
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Figure 7. (A) UV—vis spectra and (B) MALDI- mass spectra of Au,(SC4H,3),, clusters with various HAuCl,/C4H,3SH ratios (1:5.3, 1:4.0, 1:3.0 and
1:2.0). (C) UV—vis spectra and (D) MALDI-mass spectra of Au,(SCsH,3),, clusters with TOABr, TOAC], and NaBr, respectively. Note that the

control reaction involves no salts.

even at room temperature. The QDL charging of Au clusters occurs
because the capacitance of clusters (e.g. sub-aF) is so small that the
single electron charging energy (¢2/2C) becomes comparable or
larger than the thermal energy (kgT =~ 0.025 eV at rt.). Using
Auy44(SC,H,Ph)go clusters as an example, we performed cyclic
voltammetry (CV) and square wave voltammetry (SWV) analyses at
room temperature (Figure 6). The Aujq(SC,H,Ph)go clusters
clearly show QDL charging. The SWV of Au clusters (Figure 6B)
exhibits 12 distinct current peaks with an almost even peak spacing
(AV) of ~0.26 V, which is identical to the previously reports.*
According to the equation (Ccpy = ¢/AV) % where Cpy is the
double layer capacitance, the Au;44(SC,H4Ph)g capacitance
(Ccry) is calculated to be 0.62 aF.

3. Influences of the Gold-to-Thiol ratio, TOABr, and O, on
the Synthesis. To find out what parameters affect the synthesis
of monodisperse Au,44(SR) g clusters, we further investigate the
influences of the thiol-to-gold ratio, TOABr and O, on the
synthesis. We choose C¢H;3SH as an example for a discus-
sion below.

We first test the influence of gold-to-thiol ratios on the
synthesis. Various ratios (1:5.3, 1:4, 1:3, and 1:2) are investigated
in the synthesis of Au,,4 clusters (note: the other conditions are
kept the same as the typical protocol). As shown in Figure 7A and
B, only the gold/thiol ratios of 1:5.3 and 1:4 can lead to
Auy44(SR)go clusters. As for the gold/thiol ratio of 1:2, the
UV —vis spectrum (Figure 7A) starts to exhibit a surface plasmon
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Figure 8. (A) UV—vis spectra and (B) MALDI mass spectra of Au,(SCgH,3),, clusters made under N, atmosphere. (a) Crude product before

separation, (b) acetone-soluble fraction, and (c) acetone-insoluble fraction.

band at 520 nm, implying larger (metallic) nanoparticles formed
under this condition. Because of the large size of plasmonic Au
nanoparticles, no mass peak is observed in the m/z 10000—
60000 range. For the ratio of 1:3 (often used in previous
synthesis of Au,,(SR),, clusters), the UV—vis spectrum displays
a decaying curve without any pronounced peaks, neither does the
MALDI mass spectrum show any peaks. These results demon-
strate that a large excess of thiol (e.g,, thiol/gold >3) is critical
for the formation of monodisperse Au,44(SR)¢ clusters. In the
size focusing process, excess thiol plays an important role in
effecting decomposition of unstable Au,, clusters. Only the stable
Auys(SR) 15 and Au;44(SR)eo clusters survive the size-focusing
process and exist in the final product.

The second important parameter pertains to the role of
TOABr in the reaction. In the two-phase synthesis,”> TOABr
serves as the phase transfer agent. Recent reports indicate some
effects of TOABr in the formation of small gold nanoparticles.>”
Parker et al. found that TOABr can prevent the oxidation of
[Au,5(SR),5]  in the single-phase synthesis (THE as solvent)."®
An interesting question is whether the cation (TOA™) or the
anion (Br™) plays the role(s). Zhu et al. found that Br~ can
indeed effect the conversion of anionic Au,5(SR);s~ to neutral
Auys(SR);° and that TOA™' can protect Au,s(SR);s from
further attacks by Br~.>® The Br~ ions are found to result in
decomposition of Au,s(SR);s  clusters as demonstrated in
experiments using NaBr (as opposed to TOABr); this is due to
the fact that Na™ does not provide any steric protection for
Au,5(SR) 5~ while TOA™ does.>® The important role of Br™ in
Au nanorod synthesis has also been identified.>” Herein, we use
TOACI (or NaBr) to replace TOABr in the synthesis. A control
reaction without TOABr is also performed. The other conditions
are kept the same as the typical protocol involving TOABr. As
shown in Figure 7C, D, we obtained Au;44(SR)so with similar
yield (~15%) in the presence of TOACI; thus, the anion (Cl™ vs
Br™) is not critical in the synthesis, in contrast to the case of Au
nanorod synthesis in which Br ™ is critical;** note that Nal is not
tested herein as I™ often results in decomposition of Au
clusters,” though I~ was previously found to control the seed-
mediated growth of anisotropic gold nanoparticles.* With
respect to the synthesis of Au 44 clusters, interestingly, we found
that the replacement of TOAX (X = Cl or Br) by NaBr leads to
only a trace amount of Au, 4 clusters (yield <1%). Furthermore,
in the control reaction (i.e.,, without adding salt of TOAX or
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NaBr, X = CI~, Br ), no Au,4, clusters were obtained. These
results are somewhat unexpected and clearly indicate that, apart
from the excess of thiol (RSH/Au = 4), the TOA™" ions seems
also critical for the formation of Auy44(SR )¢ clusters. We assume
that TOA™ would affect the initial Au(I)-SR polymer structure
and renders the polymeric structure suitable for the formation of
Au clusters in the step of NaBH, reduction and subsequent size
focusing into Auy44 clusters; detailed mechanistic studies are still
underway.

The third parameter is in regard to the potential influence of
O, in the synthesis. Previous work has identified the important role
of O, in Ag nanoprism synthesis®' and the interactions of O, with Au
nanoparticles62 and Au,s(SR) s~ clusters.>>® Parker et al. found
that the presence of oxygen is important for the formation of
monodisperse Au,s(SR)g in the THF-mediated synthesis.'® In
the Auyy, synthesis, all the above reactions are conducted in air
atmosphere. We speculate that the oxygen in the air may Earticipate
in the reaction, particularly in the size focusing process,” and thus
affect the final products. To examine the effect of O, in the reaction,
we have conducted the entire reaction under N, atmosphere. Figure 8
shows the UV—vis and MALDI mass spectra of Au,(SC¢H,3),,
clusters made under a N, atmosphere. There is no obvious peak in
the UV—vis spectrum of the crude product, nor for the acetone
soluble or insoluble fraction, which implies that the product may be a
mixture of Au,, clusters. In the corresponding MALDI mass spectra,
the crude product and the acetone-soluble fraction contain clusters of
Auys(SCeH 3) 18 Auigy (m/z & 24 k), and less Auyyy (m/z ~ 31
k), whereas the acetone insoluble fraction contains Au-_;, (less) and
predominant Au,uy clusters. We assign the m/z ~24 k species to
Au g, since the calculated mass of “magic size” Au;o,(SCsH 3) 44
is 25,249; note that the m/z ~1000 deviation should be caused
by partial loss of ligands in MALDI analyses, as is observed in
Auy44(SR) 6.+ These results indicate that Au_ o, survives under the
inert atmosphere (without O,). However, the separation between
Au o and Au 4, is very difficult because of their very close size
and surface properties. In this work, we focus on the synthesis of
monodisperse Au;44(SR)¢ clusters, and therefore, all the reactions
are performed under air atmosphere to eliminate Au- ¢, clusters.

B CONCLUSIONS

In summary, we have developed a facile one-pot method for
synthesizing monodisperse Au,;44(SR)go clusters in an ambient
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environment. Furthermore, this synthetic method is demon-
strated to be quite versatile for various thiol ligands, inclu-
ding PhC,H,SH and C,H,,;SH (n = 4—8). The yield of
Au,44(SR)4 is about 10—20%, accompanied by a side-product
of Au,5(SR) 5 (~5% yield). The separation of Au,44(SR) o from
Au,s(SR) g is readily achieved by acetone extraction since
Au;44(SR)g0 is not soluble in acetone while Au,5(SR), g dissolves
in acetone. The UV —vis spectra, electrochemical properties and
powder XRD analyses of Au;44(SR)g with different types of
thiol ligands are performed to investigate the optical, electronic
and structural properties of Au4(SR)e. Furthermore, we
identified some critical synthetic conditions for obtaining mono-
disperse Au44(SR)go clusters in relatively high yield, including
the methanol solvent, performing the synthesis under excess
thiols (e.g., thiol to Au ratios =4), and the presence of O, and
TOAX (X = Br, Cl). The simple method developed in this work
is expect to boost the application studies of Au,44(SR)¢ clusters
in many fields, such as catalysis, biomedicine, and optics.
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