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G
old nanoclusters have attracted
particular research interest in re-
cent years owing to their interest-

ing optical properties,1�3 intrinsic magne-

tism for specific size and charge state,4

structural transition in gas phase clusters,5

enhanced luminescence,6�13 redox

properties,14�20 as well as potential applica-

tions in many fields such as catalysis,21�24

optics,25�27 sensing,28�30 and

biomedicine.31,32 The significant advances

in nanochemistry have permitted the syn-

thesis of atomically monodisperse gold

nanoclusters (Aun, n ranging from a dozen

to about a hundred, typically �2 nm).33�45

These nanoclusters possess a well-defined

metal core with a specific number of metal

atoms (n) and a monolayer ligand shell with

a precisely controlled number of protect-

ing ligands. Such nanoclusters provide a

unique model system for in-depth investi-

gation of their physical and chemical prop-

erties since the heterogeneity of nanoparti-

cles is not present in such systems.

Among the well-defined gold nanoclus-

ters, thiolate-protected Au25(SR)18 nanoclus-

ters have been extensively studied.46�49

Tsukuda et al. reported the particular stabil-

ity of glutathione-capped Au25(SG)18.50 We

have previously reported the synthesis of

atomically monodisperse

Au25(SCH2CH2Ph)18 nanoclusters through a

kinetic control approach,49 as well as

Au25(SR)18 functionalized with other types

of thiolates, including 11-mercapto-1-

undecanolate, glutathionate, hexylthiolate,

and dodecylthiolates, etc.51,52 Among them,

the Au25(SCH2CH2Ph)18 nanocluster’s crystal

structures of their anionic and charge neu-

tral forms have been determined by us;1,53

note that the anionic structure was also in-

dependently reported by Murray and co-

workers,54 and the theoretical structure of

Au25(SCH3)18
q was described by Akola et al.55

For Au25 clusters capped by other types of

thiolates, we have confirmed, by means of

nuclear magnetic resonance (NMR) in con-

junction with laser desorption ionization

mass spectroscopy (LDI-MS) and other char-

acterization, that Au25(SR)18 nanoclusters

(where SR � glutathionate, hexylthiolate,

and dodecanethiolate) indeed adopt the

same structure as Au25(SCH2CH2Ph)18,52 that

is, the Au25 nanocluster features a centered

icosahedral Au13 kernel (Scheme 1A), which

is further encapsulated by an exterior gold

shell composed of the remaining 12 gold at-

oms, hence, a two-shell structure that can

be dissected into Au1(center)/Au12(shell 1)/

Au12(shell 2). By taking into consideration of

the 18 thiolate ligands, the exterior Au12

shell can be viewed as six �S�Au�

S�Au�S� staples, which bond to and pro-
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ABSTRACT This report presents a detailed investigation on the structural stability of the Au25(SG)18

nanoclusters (where, �SG represents glutathionate) with a focus on the oxidation resistance and thermal stability

of the Au�S bonds in the cluster. Two types of Au�S binding modes were previously indentified in the crystal

structure of phenylethylthiolate-capped Au25 clusters, and the Au25(SG)18 nanoclusters have been confirmed to

adopt the same structure as Au25(SCH2CH2Ph)18 in our previous works. Herein, NMR in combination with optical

spectroscopy revealed some distinct differences in both antioxidation and thermal stability of the two Au�S

binding modes in the Au25(SG)18 nanocluster, that is, the mode I thiolate ligands (total 12 ligands) exhibit a much

higher stability than the mode II ligands (total 6 ligands). Upon the basis of this major observation as well as an

abundant [Au25S12]� species detected in laser desorption ionization (LDI) mass spectrometry analysis of Au25(SG)18

clusters, a metastable species similar to Au25(SG)12 (i.e., a loss of six type II ligands of �SG) may exist in the

processes of oxidation and thermal treatment. Overall, this work provides a deep insight into the intriguing

structure of thiolate-capped Au25 clusters, which will benefit future studies pertaining to the potential applications

of such nanoclusters.
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tect the Au13 kernel (Scheme 1A,B). The Au25(SR)18 par-
ticle is quite unique in that, except the central gold
atom in the icosahedron, all of the 24 gold atoms in
the two shells are bonded to thiolates. In terms of their
chemical environments, two types of thiolate binding
modes are identified: (i) the 12 �SR ligands that join
Au12 shells 1 and 2 (for the convenience of discussions
below, this triangular binding mode is designated as
mode I, Scheme 1B); (ii) the six �SR ligands located at
the Au12 shell 2 (this V-shaped binding mode is desig-
nated as mode II, Scheme 1B).

Given the two-shell structure of Au25(SR)18 particles
and the two binding modes of surface thiolates, some
interesting questions naturally arise: (1) Is there any dif-
ference in the stability of the two Au�S binding
modes? If so, which one is more stable? (2) Are there
any stable intermediates if the Au�S bonds are at-
tacked, for example, by oxidants? Answering these
questions is particularly important for understanding
the structure�property correlation of the Au25 nano-
clusters as well as for practical applications of such
nanoclusters in catalysis and optics. In this work, we em-
ploy NMR and optical spectroscopy to investigate the
oxidation and thermal stabilities of glutathionate-
capped Au25(SG)18 nanoclusters. Our results clearly
show distinct stability differences between the two
types of Au�S binding modes in terms of their oxida-
tion resistance and thermal stability. These results are
important for gaining a deep insight into the ligand sta-
bility and understanding the intriguing structure of
Au25(SR)18 nanoclusters.

RESULTS AND DISCUSSION
The glutathione-capped Au25(SG)18 nanoparti-

cles were made via a previously reported ap-
proach (see
Experimental Section for details).51,52 Herein, we
focus on the investigation of their oxidation and
thermal stabilities of such nanoclusters. In the
oxidation experiment, Au25(SG)18 (4.0 mg, 0.38
�mol) was dissolved in 0.4 mL of D2O in a NMR
tube and a spectrum was taken (as the start).
Then, cerium(IV) sulfate Ce(SO4)2 (1.5 mg, 4.5
�mol) was slowly added to the ice-cold solution,
and the solution was monitored by NMR as a
function of reaction time. Note that Ce(SO4)2,
rather than H2O2, was used in the oxidation ex-
periment because Ce(SO4)2 does not interfere
with NMR signals, while H2O2 does; in addition,
one can easily control the amount of Ce(SO4)2,
but H2O2 tends to self-decompose over a long re-
action time (e.g., a few days in this work). Never-
theless, the overall oxidation processes involving
Ce(SO4)2 or H2O2 are similar.

Prior to the addition of oxidants, the NMR
spectrum of Au25(SG)18 nanoclusters shows broad
peaks in the range of 2�4.2 ppm (Figure 1, spec-

trum a). In our previous work,52 we have fully assigned

the NMR peaks of �SG ligands with the aid of two-

dimensional NMR correlation spectroscopy (see labels

in Figure 1); note that the 6-CH signal is merged with

the broad water peak at 4.8 ppm52 (beyond the range

shown in Figure 1). Of particular importance to this

work are the NMR signals of the �-H (relative to S atom,

labeled as 7; see inset of Figure 1); signal splittings

were observed: a doublet at 3.6 and 3.8 ppm (over-

lapped with 2-CH) corresponds to �-H for the triangu-

lar Au�thiolate binding mode (I), and another doublet

at 3.3 and 3.4 ppm corresponds to �-H for the V-shaped

Au�thiolate binding mode (II). Note that the splitting

in the doublet is caused by the chirality of the ligands.52

The triangular mode I thiolates join the Au13 kernel

and the exterior Au12 shell (total 12 such �SR ligands,

Scheme 1B), while the V-shaped mode II ligands locate

at the exterior Au12 shell (total six such ligands, Scheme

Scheme 1. Structure of thiolate-protected Au25(SR)18 nanoclusters
(Au, purple; S, yellow; �-C of thiolate ligands, gray). A portion of the
structure is shown in (B), in which two types of thiolates are labeled as
I and II.

Figure 1. Time-dependent NMR spectra of Au25(SG)18 (in D2O) over the course of
oxidation by Ce(SO4)2: (b�d) after adding 1.5 mg of Ce(SO4)2 (step 1) and (e�h) af-
ter adding additional 1.5 mg of Ce(SO4)2 (step 2). The sharp peak at 3.3 ppm re-
siding on a broad peak (assigned to 7=-CH2 of thiolates) arises from residual
CH3OH in the sample.
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1B). The ratio of mode I (downfield in NMR) to II (up-

field) is 2:1. Note that the sharp peak residing on the

broad signal at 3.3 ppm arises from residual MeOH

present in the Au25(SG)18 sample, but it does not affect

our spectral analysis.

After the addition of Ce(SO4)2, the doublet at 3.3/

3.4 ppm became broadened and eventually hardly ob-

servable after 6 h (spectra a�c, Figure 1). This indicates

that the thiolates of model II were first attacked by the

oxidant, and the gold�thiolate linkages and accord-

ingly the NMR signals were affected. In contrast, the

doublet at 3.6/3.8 ppm, which corresponds to the

ligands in the Au�S binding mode I, is not affected

even after 5 days (Figure 1, spectrum d) and their sig-

nals are almost identical to the starting 3.6/3.8 ppm

doublet. This indicates the particular stability of the

mode I thiolates.

The extraordinary oxidation resistance of mode I

thiolates compared with that of mode II thiolates is

also indicated by UV�vis spectroscopic measurements

(Figure 2). After the oxidation for 5 days (longer time

was not investigated), no changes were found in the ab-

sorption spectra (Figure 2). Note that the Au25 struc-

ture consists of a Au13 kernel and an exterior shell of

12 gold atoms (Scheme 1). The optical properties of

Au25(SG)18 are primarily contributed by the Au13

kernel;1,56 The six mode II thiolates exclusively bind to

the exterior gold shell and do not significantly contrib-

ute to the optical absorption peaks, thus, even when

these ligands were attacked in the first step of oxida-

tion (1.5 mg of Ce(SO4)2 added), no apparent changes

in the UV�vis spectrum were observed. The close re-

semblance of the optical spectrum to the starting spec-

trum indicates that the Au25 frame structure should be

preserved during the oxidation reaction (step 1).

Interestingly, after addition of an additional amount

of Ce(SO4)2 (1.5 mg, 4.5 �mol, step 2, Figure 1), the

mode I ligands can no longer resist oxidation and the
cluster structure starts to change, evidenced by the
splitting of the 3.6 ppm NMR peak into two weak broad
peaks at 3.55 and 3.65 ppm, and the 3.8 ppm signal
was also found to shift downfield and merged with the
peak at 4.0 ppm. These spectral changes indicate that
thiolates in mode I, albeit resistant to a low dose of
Ce(SO4)2 (1.5 mg, 4.5 �mol, �12 equiv of Au25), start to
be oxidized under a high dose of Ce(SO4)2 (total 3.0 mg,
9 �mol, �24 equiv of Au25). The optical spectroscopic
measurement also showed large changes to the clus-
ter’s absorption spectrum (Figure 2): those initially
prominent absorption peaks, in particular, the one at
680 nm (a spin-forbidden electronic transition), disap-
peared and a featureless decay was observed.

Taken together, these data clearly demonstrate the
oxidation resistance difference in the two types of sur-
face thiolates; the V-shaped binding mode (II, total six
ligands; see Scheme 1) located at the second Au12 shell
is much less stable and was first attacked by oxidants,
while at a higher dose of oxidants, the triangular bind-
ing mode (I, 12 ligands) will be attacked, as well. It is
worthy of noting that, when the oxidant is exceedingly
in excess, the surface ligands will be fully oxidized to
sulfonic acid (G-SO3H, detected by ESI mass spectrom-
etry), and the nanoclusters start to aggregate into large
particles revealed by TEM (data not shown).

Herein we further investigate the thermal stability
of the Au25(SG)18 nanoclusters. For the thermal experi-
ment, we used dried powders of Au25(SG)18 instead of a
solution sample. The experiments were performed
with a TGA instrument under a programmed tempera-
ture increase to a designated temperature at a heating
rate of 5 °C/min in a N2 atmosphere.

The UV�vis spectra (Figure 3) show that Au25(SG)18

is stable up to �160 °C (kept at this temperature for
2 h), evidenced by the resemblance of the spectral pro-
file to that of the starting Au25(SG)18 nanoclusters, in
which all the characteristic peaks are retained. On the
other hand, NMR analysis shows quite complex behav-
ior of the thermally treated sample. We found, even
when heated at a slightly elevated temperature (45 °C)
under a N2 atmosphere (for 6 h), the NMR spectrum of
Au25(SG)18 clusters already exhibited some changes
compared with that of the original sample; that is, the
3.95 ppm (assigned as 9-CH2) and 3.8 ppm (assigned as
2-CH) merged into a broad peak at �3.85 ppm, which
smeared out the nearby 3.6/3.8 ppm doublet peaks;
note that the 3.6/3.8 ppm doublet is from the 12 thi-
olates in the triangular mode I. The two side chains of
glutathionate bear �COOH groups and are hydrogen
bonded, hence, they are quite sensitive to thermal
treatment. The changes in the NMR signals for the 45
°C treatment should only reflect changes to the car-
boxyl groups and/or the amine in the �SG ligands; the
Au�S linkages and the Au25 core should not be af-
fected. MALDI mass spectrometry analysis showed an

Figure 2. UV�vis absorption spectra of Au25(SG)18 (in D2O) after
the addition of Ce(SO4)2 in steps 1 and 2, respectively. The spectra
are shifted for the ease of comparison.
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almost identical MALDI pattern to that of the starting
material (Figure 5), indicating that no changes occurred
to the core of Au25(SG)18 after thermal treatment at 45
°C, even at 145 °C. Therefore, the thermal treatment at
45 up to 145 °C only causes changes to the side chains,
which affects the 2-H and 9-H NMR signals. Since such
changes solely occur to the side groups of the thiolate
ligands and do not affect the Au�S linkages and the
Au25 core structure, the optical properties of the clus-
ters are retained for thermal treatment below �160 °C
(Figure 3).

When the Au25(SG)18 clusters were treated at 160 °C
(for 1 h), the doublet at 3.3/3.4 ppm disappeared, indi-
cating possible desorption of six mode II ligands (Figure
4, spectrum d). Note that the disappearance of the dou-
blet is not because of its merging with nearby peaks; in-
deed, extra sharp peaks were found at 4.1, 2.3, 2.0, and
�1.4 ppm, which should arise from the desorbed
glutathione-related compound. Further heating for an-
other hour at 160 °C does not lead to further changes in
NMR spectra (Figure 4, spectrum e), which indicates
that the intermediate product is quite stable at 160 °C.

When the Au25(SG)18 clusters were treated at 180
°C, dramatic changes in the NMR spectrum occurred
(Figure 4, spectrum f). The original NMR peaks were al-
most completely lost, and many new sharp peaks be-
came prominent, indicating that the �SG ligand shell
starts to collapse, but no mass loss was found at this
temperature, evidenced by the TGA analysis. In the
UV�vis spectra, the characteristic peaks for Au25(SG)18

also disappeared at 180 °C and a featureless decay
curve was observed (Figure 3). By comparing the NMR
peak areas at 1.99, 2.36, and 4.13 ppm (Figure 4, spec-
tra e and f), we estimated the ratio of dissociated
ligands at 160 °C to those at 180 °C to be roughly 1:2.
This again indicates that the six mode II ligands were
first dissociated at �160 °C (Figure 3, spectra e), fol-
lowed by the 12 model I ligands at �180 °C. Since the
optical properties of Au25(SG)18 are primarily contrib-
uted by the Au13 kernel rather than by the exterior shell
of 12 gold atoms, the thermal desorption of the six
mode II thiolates at 160 °C does not affect the optical
spectrum (Figure 3). Only when the mode I ligands were
desorbed at 180 °C did the optical spectrum start to
collapse.

Taken together, both the oxidation and thermal ex-
periments explicitly demonstrate the distinct stability
differences for the two binding modes of surface thio-
late ligands. In both processes, the triangular binding
mode I seems more stable than the V-shaped mode II
(Scheme 1B); the six mode II ligands are first attacked by
oxidants or also first desorbed when thermally treated
at 160 °C. Interestingly, the LDI-MS spectra of Au25(SG)18

showed a most abundant peak at 5314 (Figure 5), cor-
responding to the [Au25S12]� species (5308 Da, note
that the 6 Da deviation from the theoretical mass of
Au25S12 is caused by the default mass calibration; in situ

calibration was not done). This observation is consis-

tent with the oxidation and thermal stabilities of the

two Au�S binding modes in the Au25 nanocluster; that

is, the six mode II ligands are first dissociated under la-

ser excitation in LDI-MS analysis.

Previous theoretical calculations by density func-

tional theory55�57 reveal an interesting electron distri-

bution in the Au25 core: the Au13 kernel seems to hold

eight valence electrons (but highly delocalized among

the 13 atoms in the Au13 kernel), that is, 1S21P6 in the su-

peratom picture; in contrast, the Au12 shell (i.e., the sec-

ond shell) forms strong covalent bonds with thiolates,

but mode I and mode II thiolates show some distinct

differences. Compared with the free thiol (H-SG) in

which electron transfer from H to S occurs to a signifi-

cant extent, NMR also indicates similar electron

Figure 3. UV�vis absorption spectra of Au25(SG)18 after thermal
treatment at different temperatures (powders redissolved in H2O
for UV�vis spectral measurements). The spectra are shifted for the
ease of comparison.

Figure 4. NMR spectra of Au25(SG)18 after thermal treatment at
different temperatures (powders redissolved in D2O for NMR
measurements). The sharp peak at 3.3 ppm marked by an aster-
isk (*) arises from residual CH3OH in the Au25(SG)18 samples.
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transfer effect from Au to S but with different magni-

tudes for modes I and II; the mode I shows a larger

chemical shift of �-H from 2.9 ppm (in free H-SG) to 3.6/

3.8 ppm (average �� � 0.8 ppm), while mode II shows

a much smaller downfield shift from 2.9 ppm in free

H-SG to 3.3/3.4 ppm in the cluster (average �� � 0.45

ppm). These results reveal some bonding differences

between Au12,shell 1�thiolates (mode I) and

Au12,shell 2�thiolates (mode II); the mode II thiolates are

more electron-rich compared with mode I ligands and,

hence, are easier to be attacked by oxidant. The result is

consistent with electron shell closing in the Au13 kernel

(1S21P6), that is to say, the electron transfer from the

Au13 kernel to S in mode I thiolates is more difficult and,

hence, has less electron density on mode I thiolates

compared with mode II thiolates. Upon the basis of the

observations in the oxidation and the thermal experi-

ments as well as the most abundant [Au25S12]� species

detected in laser desorption ionization (LDI) mass spec-

trometry analysis of Au25(SG)18, a metastable species

similar to Au25(SG)12 (i.e., a loss of six mode II ligands)

perhaps exist in the processes of oxidation and ther-

mal treatment.

CONCLUSION
In summary, this work provides an important in-

sight into the stability differences of the two Au�S

binding modes in Au25(SG)18. Specifically, our data ex-

plicitly reveal that the triangular gold�thiolate binding

mode (I) is more stable than the V-shaped binding

mode (II). On the basis of the stable fragment of

[Au25S12]� observed in the LDI-MS laser-induced ioniza-

tion process, as well as on the evidence from NMR and

optical spectroscopic analyses, we believe that a meta-

stable intermediate close to Au25(SG)12 may exist in the

oxidation and thermal processes. Overall, the conclu-

sions from this work help in understanding the interest-

ing structure of Au25(SR)18 nanoclusters and provide

useful information for their future potential applica-

tions such as catalysis.

Figure 5. MALDI mass spectra of Au25(SG)18, (A) starting material and (B) after thermal treatment at 45 °C. The peak at m/z
5314 is assigned to [Au25S12]� (theoretical mass 5308 Da, the 6 Da deviation is due to mass calibration). Spectra were ac-
quired in the negative mode.
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EXPERIMENTAL SECTION
Chemicals. Tetrachloroauric(III) acid (HAuCl4 · 3H2O, 	99.99%

metals basis, Aldrich), L-glutathione, reduced (�99%, Aldrich),
methanol (HPLC, �99.9%, Aldrich), tetrahydrofuran (HPLC grade,

�99.9%, Aldrich), and deuterium oxide (99.8 atom % D, Acros)

were used. All chemicals were used as received, except THF was
bubbled by N2. Nanopure water (resistivity � 18.2 M
 · cm) was
produced with a Barnstead NANOpure DIwater system. All glass-
ware was thoroughly cleaned with aqua regia (HCl/HNO3 � 3:1
vol %), rinsed with copious Nanopure water, and then dried in
oven prior to use.

Synthesis of Au25 Clusters. For the details of synthesis Au25(SG)18,
see refs 51 and 52. In the oxidation experiment, Ce(SO4)2 was
used to oxidized Au25(SG)18 (in D2O); the reaction was monitored
by both NMR and UV�vis spectroscopy. Thermal stability of
Au25(SG)18 clusters was investigated on a TG/DTA 6300 analyzer
(Seiko Instruments) under a programmed temperature rise (5 °C/
min) to various temperatures (see main text) in a N2 atmosphere.

Characterization. All UV�vis absorption spectra were recorded
in the range of 190�1100 nm using a Hewlett-Packard (HP) 8543
diode array spectrophotometer; mass spectrometry analyses
were performed by laser desorption ionization (without matrix,
LDI) and electrospray ionization (ESI); nuclear magnetic reso-
nance (NMR) analysis was conducted on a Bruker AM 300 MHz
spectrometer. Transmission electron microscopy (TEM) images
were obtained using a Hitachi 7000 TEM operated at 75 kV.
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