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ABSTRACT: A new core size protected completely by an
aromatic thiol, Au36(SPh)23, is synthesized and character-
ized by MALDI-TOF mass spectrometry and UV�visible
spectroscopy. The synthesis involving core size changes is
studied by MS, and the complete ligand coverage by
aromatic thiol group is shown by NMR.

Gold nanomolecules are entities in the nanometer size regime
that contain a specific number of gold atoms and passivating

organic thiolate ligands with distinct chemical and physical
properties. It can be synthesized reproducibly, in large quantities,
and characterized precisely by commercially available mass
spectrometers, and its size dependent properties studied by
spectroscopic methods.1�3

Among the various nanomolecules, Au25(SR)18 and Au144-
(SR)60 are the most studied experimentally due to their greater
stability.4�9 Other reports on Au38, Au68, and Au102 have also
been published.10�12 Theoretical studies have greatly aided in
understanding the stability and electronic transitions of these
nanomolecules.13�17

Au38 nanomolecules are unique in their synthetic preparation;
an etching step18 is invariably used as opposed to the more
common two phase synthesis.19,20 First reported by Schaaff,
et al.18 and identified21 by Tsukuda as Au38(SR)24, more recent
work by several other groups document its synthesis,10,22

structure,23 and electrochemical24 properties.
Passivating ligands can be varied to obtain nanomolecules of

desired solubility based on the end application. They can also
impart functionality such as fluorescent, electrochemical, and
chiral signature.25 Ideally, an aromatic group attached directly to
the nanoparticle can aid in fast electron transfer and also facilitate
in the tuning of the properties of the nanomolecules by inductive
effects. Here we report the synthesis of Au36(SPh)23. It was
synthesized by etching a polydisperse nanocluster mixture in
excess thiophenol, and its composition was identified by mass
spectrometry and further characterized by optical and NMR
spectroscopic data, all pointing to its molecular nature.

AMALDI TOF spectrum of Au36(SPh)23 is shown in Figure 1
using a DCTB matrix26 in positive linear mode on a Bruker
Autoflex mass spectrometer. Au32(SPh)19 and Au32(SPh)20
fragments are seen even at threshold laser intensity. Au4(SR)4
loss due to fragmentation has been observed before.27 The
MALDI spectrum attests to the monodisperse nature of Au36-
(SPh)23. ESI-MS analysis of the sample was not successful to date
possibly due to the neutral charge state.

Nanoparticles in the 10�50 nm size range show a surface
Plasmon peak centered around 530 nm, which is size inde-
pendent.28However, gold nanomolecules that are <2 nm show

distinct electronic features in the UV�visible region.29,30 Au36-
(SPh)23 shows a peak at 566 nm and two shoulders at 430 and
370 nm (Figure 2).

Similar to other Au38 synthesis, the preparation of Au36
involves two stages. The first stage is the preparation of a mixture
that contains Au68 and Au102 as major species. The second stage
is an etching process in large excess of thiophenol. Briefly,
in stage 1, 0.1 g (0.25 mmol) of HAuCl4 3 3H20 was dissolved
in 10 mL of THF. While stirring rapidly (500 rpm), 210 μL of
(0.5 mmol) of phenylethanethiol (HSCH2CH2Ph) were added
at room temperature. After 1 h, as the solution turned colorless,
0.1 g of NaBH4 dissolved in 2 mL of cold water was added to the
reaction instantaneously. The reaction mixture turned black
indicating formation of <2 nm Au particles. After 10 min, the
reaction was stopped, solvents were removed by rotary evapora-
tion, and the product washed with methanol. In stage 2, a mixture
of the purified product in 1.5 mL of THF and 1mL of thiophenol
(HSPh) fitted with a reflux condensor was maintained in an oil
bath at 80 �C under vigorous stirring (500 rpm).

Figure 3 shows the MALDI-TOF spectra of samples taken
during the etching step that describes the size evolution process
leading to the formation of Au36(SPh)23 nanomolecules. The
purified product after stage 1, the 0 min plot in the figure, con-
tains a mixture of Au68 and Au102 product with �SCH2CH2Ph
ligands. Upon etching at 80 �C for 1 h, a major portion of the
sample mixture has already converted to a 10 498 Da species.

Figure 1. MALDI-TOF mass spectrum of Au36(SPh)23 using DCTB
matrix in positive linear mode. The fragment peaks denoted by A andΩ
are Au32(SPh)19 and Au32(SPh)20 respectively.
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After 2 h, the ∼10 400 peak further continues to evolve into a
9601 peak. At the end of 3 h, the sample mainly contains a 9601
peak that corresponds to Au36(SPh)23.

Two points are notable in this figure that corresponds to the
new core size (Au36) formation and its complete ligand coverage
by an aromatic thiol,�SPh. The precursors containing Au68 and
Au102 are completely protected by�SCH2CH2Ph ligands. First,

the peak at 10 498 Da is Au38(SCH2CH2Ph)14(SPh)10. So, Au38
is an intermediate species with special stability associated with
the 14�10 combination of ligand mixture. As the number of
aromatic ligands exceeds 10, it appears that the aromaticity
imparted to the Au38 nanomolecules by the thiophenol ligands
reaches a threshold value that leads to change of core size to Au36
instead of Au38. The conversion of core size to Au38 occurring in
∼1 h is relatively fast compared to other reported syntheses. This
is due to the higher reactivity of thiophenol (pKa = 6.6)31

compared to other aliphatic ligands. Second, of the 23 ligands
in Au36(SPh)23, the final two or three ligands are extremely
difficult to exchange. These final two or three ligands can be effec-
tively exchanged without compromising yield, if a second etching
is repeated again with fresh thiophenol to drive the reaction to
completion (see transition from orange to green plot in Figure 3).

The 1H NMR spectra in CDCl3 of the purified Au36(SPh)23
are shown to confirm the complete coverage by aromatic thiol.
The starting material is a mixture of Au68 and Au102 denoted as
Aux(SCH2CH2Ph)y in Figure 4. The aliphatic, �CH2CH2�
protons are seen at 2.84 and 2.96 ppm in phenylethanethiol. In
the starting material, these are seen as broad peaks between 2.4
and 5 ppm. On etching, the product shows a completely flat
baseline in the 2.4�5 ppm region, indicating complete exchange
by the all-aromatic thiophenol. Other peaks denoted by an
asterisk are due to residual solvents. In the aromatic region,
6�8 ppm, the broad peak in the starting material has become
several narrow peaks in the final product. This suggests formation
of a smaller core size in the final product in agreement with the
MALDI-TOF data. The multiple peaks in the final Au36 product
attest to its purity and molecular nature.

Au38(SR)24 nanomolecules have a Au23 core protected by six
[�SR�Au�SR�Au�SR�] long staples and three [�SR�Au�
SR�] short staples.16,23Wepropose that the structure ofAu36(SR)23
has Au23 core atoms protected by three [�SR�Au�SR�Au�
SR�] staples and seven [�SR�Au�SR�] staples. As the core

Figure 2. UV�vis spectrum of Au36(SPh)23 nanomolecules in toluene.
Inset shows a photograph of the toluene solution of the nanomolecule.

Figure 3. MALDI-TOF spectra of the etching step in excess thiophenol
at 80 �C showing the size evolution process involved in the formation of
Au36(SPh)23 nanomolecules. Inset shows the expanded view of the Au36
peak at 9601 Da. Peaks marked by ‡, †, and * indicate Au38(SR1)14-
(SR2)10, Au36(SR)23, and Au32(SR)20 fragment.

Figure 4. 1H NMR spectra of Au36(SPh)23 nanomolecules, starting
material and neat thiols in CDCl3. The red region of the curve in the
starting material and product show change of size to smaller clusters.
The blue region of the curve shows a complete loss of the original
aliphatic protons in the 2.4 to 5 ppm region.
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size of the nanomolecules decreases, the number of longer staples
increases to account for the spherical nature. The proposed
structure for Au36(SR)23 does not follow this trend. Efforts to
confirm the molecular formula with other aromatic thiols are
underway, and single crystal XRD will ultimately reveal the
structure. Assuming a neutral charge state, Au36(SR)23 has 13
free electrons. The stability of 13 e�s is not predicted by a
spherical jellium model and may be attributed to the nonsphe-
rical nature of the related class of ∼Au38 size clusters.

Au36(SPh)23 is the first report of (a) 36 core sized gold
nanomolecules and (b) a fully aromatic thiol passivation with a
well-defined core and ligands. Aromatic groups provide good
electronic coupling with substitutent groups and fast electron
transfer characteristics.31�33 Theoretical studies may explain why
an aromatic passivation leads to a stable 36 core instead of 38 and
the particular stability of the Au38(SCH2CH2Ph)14(SPh)10
intermediate.
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