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ABSTRACT: We report a one-step route for the synthesis of highly luminescent and
water-soluble Au,4SG,, (SG- glutathione in thiolate form) in nearly pure form using a slow
reduction process. The cluster shows step-like behavior in its absorption profile. It emits
red light in both aqueous and solid state under UV illumination. Quantum yield of the
cluster is 0.053, nearly 25-fold higher than that of Au,;SG,4. The cluster exhibits distinct
features corresponding to multiply charged ions in electrospray ionization mass
spectrometry. This composition is also confirmed from MALDI MS along with other
quantitative analyses. The cluster makes closed shell molecular ions in the gas phase. The
possibility of making clusters of different core sizes is also demonstrated. The simplicity of
this method and identification of the cluster with exact composition may facilitate the
exploration of experimental and theoretical research on this material.
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SECTION: Physical Processes in Nanomaterials and Nanostructures

D evelopment of noble metal quantum clusters (QCs) of
atomically precise composition - is necessary to
explore their new applications in diverse areas such as
catalysis,u_15 biomedicine,'"*™** and nanoelectronics.” As
properties of QCs vary with each atom added, it is important
to obtain samples with high purity. However, several synthetic
methods produce mixtures of clusters, and subsequent
purification is necessary in order to separate a specific QC.*'
Direct synthesis of clusters of specific nuclearity in macroscopic
quantities is important to understand their unique properties.
Impressive achievements have been accomplished to obtain
Au,sSGys (SG, glutathione thiolate) clusters directly by a
variety of methods.”*>>® As a result, it is the most intensely
studied cluster in this category.”> >® However, single-step
methods to make sizable quantities of specific Au,SG,, (n = 10,
15, 18, 29, 33) clusters are yet to be developed so that their
properties can be explored. Herein, we report a one-step route
for the synthesis of an atomically precise cluster, Au;sSG,, in
the hundreds of milligrams scale. Besides characterizing the
clusters by diverse tools, we examine their closed shell
molecular ions in the gas phase. We show that the cluster
ions with their monolayers behave similarly to closed-shell
systems.”’30

We use the concept that the core sizes of the clusters are
generally determined by the relative rates of nucleation and
growth, controlled by the reducing capability of the reagent
used. In organic synthesis, sodium cyanoborohydride
(NaBH;CN) is used as a mild and selective reducing agent,
whereas the typical reagent, NaBH,, is strong and less
selective.”’ A mild and selective reducing agent can help slow
down nucleation and retard the growth of the nuclei, which
may result in the direct formation of smaller Au:SG QCs.
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Following this idea, an aqueous solution of NaBH;CN was
injected rapidly into a methanolic solution of Au'*-SG
polymers (details in the methods section). The resulting
precipitate was collected and washed repeatedly with methanol
to remove the remaining starting precursors, yielding a clear
solution showing well-defined optical absorption features
(Figure 1A) and characteristic color (Figure 1B). Excitation
and emission spectra of the solution are shown in the inset of
Figure 1A. The solution was freeze-dried to get a pale red
powder (insets of Figure 1B), characterized as Au;4SGyy4. Purity
of the cluster is the most important aspect of this direct
synthesis.

Polyacrylamide gel electrophoresis (PAGE, details in the
methods section) of the cluster showed principally one band
(Figure 1C), which confirmed the formation of a single cluster.
To ensure the absence of other clusters, high-resolution PAGE
was performed with 35% gel concentration. However, we did
not observe any additional band, suggesting that no other
cluster was formed in detectable quantities. The formula,
Au,¢SGy,, and the purity of the QC were confirmed based on
mass spectrometry (MS), including electrospray ionization
(ESI) and matrix-assisted laser desorption ionization (MALDI)
methods (presented below). The as-synthesized cluster is stable
for months in the solid state as well as in the aqueous medium
at ice-cold temperatures. The synthetic method is highly robust
and is reproduced without adhering to stringent conditions of
temperature, purity of materials, and so forth (which are
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Figure 1. (A) UV—vis spectrum of the as-synthesized cluster. The spectrum shows dominant step-like behavior. Arrows indicate the well-defined
optical features of the cluster. Inset: Luminescence spectrum (excitation and emission) of the cluster in water at 25 °C. (B) (I) photographs of the
cluster solution in water and solid powder obtained by lyophilization of the solution (inset), in visible light, and (II) the same photographs under UV
light. (C) (I) PAGE band of the cluster showing the presence of a single band, and (II) the same under UV light. The pink shade on either side of
the band is due to the band edges with reduced concentration and not due to another cluster. (D) Photoelectron spectra of Au and sulfur with
multiple components due to spin—orbit splitting. Peaks are fitted after background subtraction. Insets: Table presenting the BE values of gold and

sulfur.

important in several QCs). The yield of the cluster in terms of
Au is 61%, starting from 150 mg of HAuCl,-3H,0. Note that
the synthesis involves a lower Au:GSH (1:2.5) ratio than the
standard (1:4) used to make a mixture of clusters.”> The optical
absorption spectrum of the as-prepared cluster shown in Figure
1A shows a step-like, multiple-band spectrum, which is usual for
gold QCs. The most prominent absorption band is centered at
590 nm (2.1 eV); additional spectral features include a broad
band at 515 nm (2.4 V) and another band in the UV region at
290 nm (4.2 eV); all of these match with the recent results of
Tlahuice and Garzon, who reported first-principle calculations
on Au4SG,,, according to which the Aug core is decorated by
two —[S—Au—S—Au—S—Au—S]— and two —[S—Au—S—Au—
S]— staples in the lowest energy structure.*’The molecular
orbitals responsible for optical transitions are not purely from
the Aug core but formed due to the combination of atomic
orbitals of Au,,,, S, and Aumple.32 The higher wavelength peak
at 590 nm is blue-shifted compared to Au,s,” Au,s,>* Au,,,” and
Au,,® which show absorptions in the range of 600—800 nm, as
expected from its smaller core size. Cluster in aqueous medium
shows excitation at S90 nm (matching with the absorption
maximum) and emission at 745 nm (insets of Figure 1A).
AuSG,, exhibits observable luminescence in the aqueous
medium as well as in the solid state (images in Figure 1B).
Cluster in the aqueous medium exhibits enhanced lumines-
cence as compared to bigger QCs such as Au,, where emission
is difficult to be photographed in the aqueous medium. The
measured quantum yield of the cluster is 5.3 X 107> at room
temperature, using rhodamine 6G as the reference. This is ~25-
fold higher than that of Au,sSG (quantum yield, 1.9 x 107%).”

All the expected elements are present in the cluster, which is
confirmed from the XPS survey spectrum (Figure SI,
Supporting Information). The binding energy (BE) is
calibrated with respect to Cls at 284.6 eV. The photoelectron
spectra in the Au 4f and S 2p regions are presented in Figure
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1D. The expected Au 4f;, BEs of the Au(I)—thiolate complex
and Au(0) film are 86.0 and 84.0 eV, respectively. The
measured Au 4f,, BE of the cluster is 84.6 eV. This suggests
the presence of a nearly Au(0) core, which is expected for
smaller gold clusters.”*' The S 2p;, BE is 163.0 eV,
characteristic of thiolate ligand. It is important to note that
the luminescent Au,g thiacrown ether and similar systems are
different from the present cluster, and they belong to the
category of metal complexes.>**® Au;q thiacrown gave
absoaption features at 328 and 346 nm and emission at 500
nm.** As the core dimension is small, the clusters appear as tiny
dots of <1 nm and are barely observable in transmission
electron microscopy (TEM). Upon longer electron beam
irradiation, they aggregate to form nanoparticles (Figure S2),
which is already known in the case of clusters.**’

For finding the molecular formula of the cluster, we used ESI
MS. A 50% (v/v) water/methanol solution of the as-prepared
cluster with a concentration of 0.1 mg/mL was used for ESIL At
higher capillary temperatures, dissociation of the intact cluster
into smaller fragments occurred, and species such as [Au(SG)-
H]'" and [Au,(SG),-H]'~ were observed. In order to obtain
the spectrum, an optimized capillary temperature (ca. 150 °C)
was applied so that efficient solvent evaporation took place,
leading to the formation of desolvated clusters in larger
numbers.”' Detailed mass analyses were conducted with ESI
MS to know the composition of the cluster. It is known that
Au:SG cluster contains negative charge in the aqueous state
since most of the carboxyl groups of the GSH ligands tend to
be dissociated. The acid dissociation constants of the two
carboxyl groups of free GSH are 2.56 and 3.50.*® As expected,
the negative-ion ESI mass spectrum is comprised of a series of
peaks associated with multiply charged anions due to the
presence of the cluster (Figure 2). From an analysis of the mass
spectrum, a chemical composition of [Au;5SG4-nH]?™ could be
assigned for the molecular species obtained in this synthesis,
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Figure 2. ESI MS spectrum of Au;gSG,, in the negative mode, in the
region of m/z 1000—2000. The peaks observed are due to [Au;sSG,-
nH]?", where n is the number of protons ionized from the carboxylic
acid groups. The label g is the charge carried by the cluster. Red lines
represent the calculated values for the given charge states. Inset shows
the deconvoluted spectrum based on the multiply charged species
observed. Besides the molecular ion feature at m/z 7830, it shows
higher mass number shoulders due to sodium addition. In the spectra,
the red spectrum in the inset gives the expected isotope distribution.

where n represents the number of dissociated protons, and g
represents the charge of the cluster. Experimental distribution
of multiply charged peaks matches perfectly with the expected
pattern. Mass spectral peaks appear at the calculated positions.
For example, the peaks due to [Au;g(SG) ,-nH]?™ are at m/z
1956.2, 1565.2, 1304.3, and 11174 for q = 4, 5, 6 and 7,
respectively. The peaks match with the calculated isotope
pattern as well, although the instrumental resolution is not
adequate to resolve the components of the multiply charged
structure (Figure S3A). Deconvoluted spectrum shown in the
inset of Figure 2 matches with the mass of AuSG),. The
deconvoluted spectrum of the whole mass spectrum is shown in
Figure S3B, which also proves that only Au;4SG,, is formed in
the crude. No other clusters were detected. Deconvoluted
spectrum was obtained using MagTran software.

MS analysis was carried out using MALDI as well. The
matrix @-cyano-4-hydroxycinnamic acid (CHCA) was used.
The spectrum collected in the positive mode shows a bunch of
peaks with m/z values ranging from 100 to 10000 (Figure
S4A). Peaks at low m/z regions are very intense with huge
background signals compared to those at higher m/z values.
There is a pattern of peaks between m/z 1800 and 5400, and
another pattern from m/z 5500 to 10 000. The second set of
peaks is attributed to clustering of ions detected in the lower
m/z values. Clustering of clusters is observed in MALDI MS
studies of clusters.”® The mass spectrum is composed of several
groups of peaks with spacing of m/z 197 or 229 between the
major peaks, as shown in Figure S4B. These correspond to the
loss of Au (197) or AuS (229). The m/z spacing between
isolated peaks is 32 on account of sulfur (Figure S4C). These
results are consistent with the earlier reports of laser-desorption
MS of gold QCs protected with thiolates.”*>** Each bunch of
peaks can be assigned as [Au,S,]". Since laser irradiation,
especially at high laser powers can cleave the S—C bond of the
ligands, we observe only peaks due to Au,, cores covered with
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S, and not the entire ligand. The mass spectrum showed a
highest intense peak at m/z 3962. The peak matches with
AuS;" showing the presence of the Aujg core. In laser
desorption experiments, some ligand loss (especially the
bridged ones) is expected as in the case of Auy, apart from
the S—C bond cleavage, and as a result, Au,S,, is seen as the
maximum intense feature in the spectrum of Au,sSG > Intact
molecular ions are difficult to see in water-soluble clusters,
unlike in the case of organic soluble ones.

The Au:S ratio in the as-synthesized cluster powder using
energy-dispersive analysis of X-rays (EDAX) (1:0.76) further
supports the assignment of Au,;SG,, (expected Au:S = 1:0.78)
(Figure SS). The ligation of glutathione in the form of thiolate
(SG) attached to the Au core was confirmed by the absence of
the thiolate stretching peak at 2526 cm™' in the Fourier
transform infrared (FT-IR) spectrum of the cluster (Figure S6).

"H NMR spectra of GSH and Au,;SG,, were measured in
D,0, and the spectra are shown in Figure S§7. The strong signal
at 4.75 ppm arises due to the presence of residual water in D,O.
The H-7 (a-CH,) and H-6 (-CH,) protons are very close to
the gold core. For this reason, these proton signals shifted more
downfield. The signal for H-7 became very broad (and not
resolvable) and the signal corresponding to H-6 merged with
the strong water signal.”®

While exploring the mass spectrum of AugSG,, one aspect
of its electronic stability became apparent. Many of the ions
observed are closed shell electron species as in the case of
[Au;sSG4]*". Increased stability of closed shell ions is
exhibited in the mass spectrometry/mass spectrometry (MS/
MS) studies of many of the charged species. Table 1 below lists
all the ions satisfying the above case. MS/MS of
Au,s(SCH,CH,Ph) g was reported earlier.*'

MS/MS of m/z 1956 (4— charge) gave fragment ion peaks
with a separation of m/z 32.5. Therefore, the actual mass loss is
32.5 X 4 = 130. The only possibility to have this loss is the
fragmentation of glutathione, which is a tripeptide of glutamic
acid, cysteine, and glycine. There are two possibilities for it to
fragment, namely, at the two peptide bonds. Among them, the

Table 1. All the Ions Formed during (MS/MS) Analysis®

cluster formula m n q m—n+q
[AuSG4]* 18 14 4 8
[AusSG5SG]*™ 18 14 4 8
[Au,4SG3SGr -H,0]* 18 14 4 8
[AusSG,(SGp), v 18 14 4 8
[Au,4SG1,(SGg),-H,0]* 18 14 4 8
[AusSG,,(SGg);]v 18 14 4 8
[AuSG,,(SGp);-H,0]* 18 14 4 8
[AuSG1o(SG)4]* 18 14 4 8
[AuSG 4(SGg),-H,0]* 18 14 4 8
[Au;,SG5]* 17 13 4 8
[Au;,SG,(SGg) ]+ 17 13 4 8
[Au,SGy, ]+ 16 12 4 8
[Au,6SG,,(SGg) ]+ 16 12 4 8
[Au;SG,, ] 15 11 4 8
[Au,,SG )" 14 10 4 8
[Au,SGg]* 12 8 4 8

“Total electron count (m — n + q) shows that all the ions contain 8e~,
i.e,, they are forming closed shell molecular ions in the gas phase. Here
m, n, and q represent the number of gold atoms, thiolated ligands, and
charges on the ligand. The electron counting rule includes the charges

on the ligand also.
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fragmentation between glutamic acid and cysteine is facile.
Cleavage at Cgjuramic acia—Neysteine Produces two fragments of m/
z 130 (CsHgO;N) and 176 (CsHgO;N,S). The fragment m/z
176 contains the thiol group, and therefore it got attached with
the cluster and the other leaves. The CsHzO3N,S fragment is
labeled SGg.

[AuSG, ] — [Au,SG,;SGe]'™ + CHLO,N

There was systematic loss of CsHgO;N as the collision energy
was increased (Figure 3). Along with each fragmented peak,
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Figure 3. MS/MS spectra of [Au;3SG,]* with increasing collision
energy. Here n represents the number of glutathione ligands
fragmented and p represents the number of water losses. Inset
shows the fragmentation channel of glutathione. The mass spectra
from bottom to top are with increasing collision energy.

one more peak with m/z 4.5 loss was also observed. This loss
(4.5 X 4 = 18) corresponds to H,O, as shown in Figure 3,
indicating that glutathione existed as an anhydride at the cluster
surface (a schematic of anhydride formation is shown in Figure
S$8). With increasing collision energy, the fragments so formed,
derived from amide bond cleavage of glutathione, further lose
water, producing a series of pH,O losses (p = 1, 2,..).

It was observed that there was no water loss from the
unfragmented ion, [Au;gSG,]*". After fragmentation of one
glutathione group, it forms [Au;sSG3(SGg)]*, from which
water loss started. It is likely that after fragmentation, some
structural change happens on the cluster surface, which assisted
the water loss. At higher collision energy, a loss of 4 C;HgO;N
is observed.

At the same time, we have observed weak peaks at m/z 503
and 1006, which are due to the loss of AuSG (197 + 306) and
Au,SG, (197 X 2 + 306 X 2) (Figure S8). The ion Au,SG, is
prominent at a certain collision energy. The resultant peak
upon loss of AuSG and Au,SG, from [Au;SG3SGp]*™ (m/z
1924.3) gives ions at m/z 1799.0 and 1674.1, respectively
corresponding to [Au;;SG1,SGp]* and [Au;eSG,,SGg]*. A
peak at m/z 1704.9 appeared due to the formation of
[Au6SGy,]* from [AuSGy,]* (Figure S9). This is contrary
to the data at low collision energies, where fragmentation
happened from the already fragmented species
[Au;4SG;SG]*"; but it happened from the parent cluster
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[Au;SG4)* itself in the present case. The same trend was
continued for higher collision energies also. No other fragments
with other charge species except 4— were observed in the MS/
MS spectrum. All these species observed correspond to m — n
+ q = 8, where m is the number of gold atoms, # is the number
of thiolate ligands, and g is the charge on the ligand. This
increased stability of 8e- fragments is seen if we start from other
ions as well, which are not 8e” species to begin with. For
example, [AulSSGH]S_ produces a 4— species upon increasing
the collision energy (Figure S9). Similar “charge stripping” is
seen with other anions as well, as shown in Figures S10 and
S11. This kind of ion formation suggests increased stability of
the tetra anion. We believe that these results closely resemble
the increased stability of the Jellium core.*® However, in the
present case, the electron count includes the charges on the
ligands as well. Table 1 in the Supporting Information presents
the calculated and experimental masses of the ions observed,
and Table 2 presents the calculated mass of the cluster based on
the ion masses.

Variation of the concentration of NaBH;CN in the synthesis
produces other clusters. For example, Figure S12 compares the
UV spectra of three different samples prepared by the addition
of different concentrations of NaBH;CN to Au(I) glutathione
solution at a Au:GSH molar ratio of 1:2.5. It is clear that
various concentrations of the reducing agent can give different
QCs of gold, although optimization is necessary to make one
specific core. Close inspection of Figure S12 shows that the
absorption band maxima associated with the Au 6sp intraband
transitions are shifted systematically with change in core size.

In summary, a novel route to produce Au;gSG,, is reported.
We have made a highly pure and stable material, in large
quantities by the appropriate choice of synthetic parameters.
Since these clusters are highly fluorescent and biocompatible
due to the lower metallic content, they hold great promise as
ultrabright, biocompatible biolabels and light-emitting sources
at the nanoscale. These clusters can be readily conjugated with
several biological molecules, which further enhances their
application potential. We believe that essential properties of
AuSGy, reported here will generate further interest in this
class of materials. One-step synthesis of this material in large
quantities will enable the exploration of its properties. We
performed MS/MS of Au4SG,, which confirms that the
observed ions in the gas phase satisfy the model of closed
electronic shell. We show that it is possible to make several
other clusters of well-defined composition by the same route.
The factors responsible for selective formation of Au;gSG,
need additional studies.
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