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T
hiolated Au nanoclusters (NCs) are a
family of ultrasmall (<2 nm) particles
stabilized by thiol ligands.1,2 They

have become a most important type of
nanoparticles in recent years owing to their
unique molecular-like properties, such as
quantized charging3�5 and luminescence.6�9

Due to the strong quantum confinement
effect in this size regime, the physical and
chemical properties of NCs are mainly
governed by the particle size.1,10 The large-
scale production of thiolated Au NCs in well-
controlled sizes (or atomically precise NCs)
is therefore a most pivotal step toward
utilizing their size-tunable properties (e.g.,
catalytic11�13 and optical14).
Thiolated Au NCs are generally synthe-

sized via the reductive decomposition of
thiolate-Au(I) complexes by a strong reduc-
ing agent (e.g., sodium borohydride,
NaBH4).

15�17 The fast reduction kinetics of-
ten leads to the formation of a mixture of
thiolated Au NCs in different sizes. A high-
resolution separation technique (e.g., poly-
acylamide gel electrophoresis (PAGE) and
size-exclusion chromatography (SEC)) is
therefore required to isolate thiolated Au
NCs of a particular size.18�21 For example, an
early successful preparation of atomically
precise thiolated Au NCs (10.4 kDa species)
reported by the Whetten group was based
on a PAGE separation.20 This Au NC species
was later identified as Au25(SR)18 by electro-
spray ionization mass spectrometry (ESI-
MS).14 Au25(SR)18 NCs are extremely stable
even under harsh reaction conditions, such
as in the presence of excess thiol ligands.22

Recently, several thermodynamic selection
(or size focusing) methods have been
used to synthesize Au25(SR)18 NCs,22�24

and their molecular structure has also been
resolved.25,26 The other two successful
syntheses of atomically precise thiolated
Au NCs were Au38 and Au144, which also
displayed excellent stability.27�31 The

synthesis of thiolated Au NCs in other sizes
is less attempted probably because of their
lower stability.22,32 More recently, several
kinetic control methods have also been
developed and demonstrated for a discrete
number of thiolated Au NCs, such as Au19,
Au20, and Au24.

33�35 Many of these meth-
ods, however, are constrained by relatively
complicated procedures, long synthesis
time, or difficulties in large-scale produc-
tion.24,28,29,36 There is evidently a need for
facile and scalable methods for the prepara-
tion of atomically precise Au NCs. The de-
sign of an efficient synthesis of thiolated Au
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ABSTRACT

The design of an efficient synthesis for large-scale production of atomically precise

nanoclusters (NCs) is pivotal in realizing the size-dependent properties of the NCs. A simple

and versatile method for producing atomically precise thiolated gold NCs (Au25(SR)18 NCs) in

large quantities (∼200 mg) is demonstrated in this study. It uses a gaseous reducing agent,

carbon monoxide (CO), to support a slow and size-controlled growth of Au25(SR)18 NCs.

Absorption measurements of the reaction solution, which underwent distinct color changes

(colorlessf yellowf orangef brownf red-brown), allowed the formation of thiolated

Au25 NCs to be reconstructed from several key intermediates. The unique reaction environment

provided by gaseous CO presents a new synthetic route to fabricate atomically precise metal

NCs in quantities large enough for application explorations.

KEYWORDS: gold nanoclusters . ultrasmall nanoparticles . monodisperse .
carbon monoxide . optical absorption
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NCs needs a very detailed understanding of the NC
growth process, which is presently lacking due to the
use of strong reducing agents (e.g., NaBH4) in the NC
synthesis. The very fast reduction kinetics therein
makes it a challenge to follow the NC growth process
(e.g., size evolution), which can reveal important
mechanistic insights.
Herein, we report a simple and versatile synthesis of

thiolated Au NCs using a gaseous reducing agent,
carbon monoxide (CO), to create a mild reduction
environment for the Au ions. A large quantity of
high-purity Au25(SR)18 NCs can be produced in a single
batch by this one-pot method. The slow growth of
Au25(SR)18 NCs in the presence of CO (∼24 h) enabled
the growth process to be followed for the first time
(to the best of our knowledge) by UV�vis spectroscopy
analysis of the reaction solution, which under-
went distinct color changes (colorless f yellow f

orange f brown f red-brown). Several key NC inter-
mediates were identified by their characteristic UV�vis
spectra and mass spectrometry analysis, thereby allow-
ing the formation of Au25(SR)18 NCs to be reconstructed.

RESULTS AND DISCUSSION

The Au NCs were protected by cysteine (Cys), a
common amino acid selected as themodel thiol ligand
for this study. In a typical synthesis of Au25(Cys)18 NCs,
an aqueous HAuCl4 solution (3.75mL, 40mM; or 60mg
of HAuCl4 3 3H2O) and a Cys solution (4.5 mL, 50 mM,
pH = 12; or 27 mg of Cys) were added to ultrapure
water (141.75 mL) under vigorous stirring, followed by
NaOH addition to bring the pH of the reaction mixture
to 11. The reaction vessel was then saturated with
1 bar CO for 2 min. The reaction mixture was sealed
airtight, and the reaction was allowed to proceed
under gentle stirring (500 rpm) at room temperature
for 24 h. The color of the solution changed from
colorless to yellow, orange, brown, and finally red-
brown (Figure 1a, inset).

Raw product was collected after 24 h of reaction and
examined by UV�vis spectroscopy. The resulting spec-
trum (Figure 1a) shows four distinct absorption peaks
at 400, 450, 670, and 770 nm, which are the character-
istic absorption of thiolated Au25 NCs.23,37 The well-
defined absorption spectrum suggests high-purity
Au25(Cys)18 NCs in the raw product. A very high yield
of Au25(Cys)18 NCs (∼95% based on the amount of Au
in the precursor) was determined by measuring the
optical density of the raw product at 670 nm and using
the reported molar absorption coefficient of thiolated
Au25 NCs

14 (see Experimental Section for details).
ESI-MS was used to determine the molecular com-

position of the as-synthesized thiolated Au NCs. ESI is a
soft ionization technique that allows the determination
of the intact NCmass.1,38,39 As shown in Figure 1b, only
one set of intense peaks at m/z ∼2380 is present in
the range 1500�3000, further corroborating the high
purity of the raw NCs. The base peak at m/z 2383.4
(#4, Figure 1c) is accompanied by a series of similar and
less intense peaks (#1�#3, #5�#7) spaced 22 Da apart,
which can be attributed to Hþ dissociation and Naþ

coordination [�HþNa].40 The isotope pattern analysis
(Figure 1d, blue (theoretical) and black (experimental)
curve) of the 2383.4 peak (#4) indicates that the ionized
NCs carried three negative charges (isotopic peak
spacing = 0.33). Thus the molecular weight of the
NCs could be determined as 7150.2 Da (2383.4 � 3),
consistent with the molecular formula of [Au25(Cys)18
� 6Hþ 3Na]3� (molecular weight of 7150.0 Da). Other
identifiable ionized species in the set include
[Au25(Cys)18 � 3H]3� (7083.2 Da, #1), [Au25(Cys)18 �
4HþNa]3� (7106.1 Da, #2), [Au25(Cys)18� 5Hþ 2Na]3�

(7128.1 Da, #3), [Au25(Cys)18� 7Hþ 4Na]3� (7193.1 Da,
#5), [Au25(Cys)18 � 8H þ 5Na]3�(7194.1 Da, #6), and
[Au25(Cys)18 � 9Hþ 6Na]3� (7216.2 Da, #7) (see Figure
S1 for their respective isotope patterns).
Matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) spectrometry was also used to

Figure 1. UV�vis spectrum (a) and ESI spectra (in negative ion mode; b�d) of the as-synthesized Au25(Cys)18 NCs. The blue
curve in (d) is the theoretical isotope pattern of peak #4 in (c).
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confirm the NC formulas. MALDI-TOF is another tech-
nique for determining the NC composition. Extensive
fragmentations could occur during analysis but could
be suppressed by optimizing the operating conditions
(e.g., a proper selection of matrix and laser pulse
intensity).32,41 The peak at m/z ∼7200 (Figure S2, in
negative ion mode) corresponds well with the molec-
ular formula Au25(Cys)18. The two smaller peaks at
approximately m/z 5900 and 6700 can be assigned to
Au21(Cys)14 and Au24(Cys)16, which are the residues of
Au25(Cys)18 clusters after the common dissociation of
a Au4(Cys)4 and a Au(Cys)2 fragment, respectively.41,42

No other peaks are found in the mass range up tom/z
15000, which is not unexpected in view of the high
purity of the product. A representative transmission
electron microscopy (TEM) image confirms that the
NCs were highly monodisperse (Figure S3). The oxida-
tion state of Au25(Cys)18 was determined by X-ray
photoelectron spectroscopy (XPS). The Au 4f7/2 bind-
ing energy of the as-synthesized NCs (Figure S4a,
black curve) is between that of thiolated-Au(I) com-
plexes (prepared by simply mixing HAuCl4 with Cys
ligands, Figure S4a, red curve) and large Au nano-
particles (>3 nm, prepared by the NaBH4 reduction of
HAuCl4 without any protecting agent, Figure S4a, blue
curve). A slight 0.36 eV shift in the Au 4f7/2 binding
energy from that of large Au nanoparticles may be
attributed to the effects of surface thiolates.14 The
binding energy of S 2p at 163 eV (Figure S4b) is typi-
cal of the binding energy of thiolates in thiolated
Au NCs.35,43

Several critical experimental conditions for the for-
mation of high-purity Au25(Cys)18 NCs were identified:
(i) Use of CO and Cys to provide, respectively, a mild
reduction environment and strong protection is indis-
pensable for the synthesis of high-purity Au25(Cys)18
NCs. CO is a mild reducing agent,44�46 which reduced
the precursor Au ions to Au metal, without which only
thiolate-Au(I) complexes (Figure 2a) were formed at
room temperature. It should be mentioned that Cys
is also a weak reducing agent for the Au(III) ions.47

However it could only reduce the Au(III) ions to Cys-
Au(I) complexes under the prevailing reaction condi-
tions at room temperature, as shown in Figure 2a. The
strong affinity of thiol for Au(I) in the thiolate-Au(I)
complexes protected the Au(I) oxidation state from
further reduction by aweak reducing agent (Cys) under
a mild reaction condition. On the other hand, substitu-
tion of CO with a stronger reducing agent (NaBH4)
produced a mixture of Au NCs in different sizes (and
consequently a featureless absorption spectrum, see
Figure 2b), thus highlighting the key role of CO in the
synthesis. The unique thiolate-Au interactions are ab-
solutely essential for the formation of ultrafine Au NCs.
In the absence of the thiol ligands (Cys), only large Au
nanoparticles with characteristic surface plasmon res-
onance (SPR) at ∼540 nm (Figure 2c) were formed. (ii)
A high pH (∼11) of the reaction solution was necessary
for the formation of Au25(Cys)18 NCs. A lower alkalinity
(pH ≈ 9) or acidic (pH ≈ 4) condition would form Au
NCs in other sizes (Figure 2d). The pH of the reaction
solution could affect the formation of Cys-protected Au

Figure 2. UV�vis spectra and digital photographs (inset) of (a) the mixture of HAuCl4 and Cys in the absence of CO after
24 h of reaction (pH = 11); (b) Au NCs synthesized by substitution of CO with NaBH4; (c) Au nanoparticles synthesized
by the CO reduction without Cys; (d) Au NCs synthesized under different pHs (pH 4.4 (no. 1) and pH 9.1 (no. 2)); and (e)
Au NCs synthesized by different R[Cys]/[Au] values at pH 11 (R[Cys]/[Au] = 1 (no. 1), R[Cys]/[Au] = 2 (no. 2), R[Cys]/[Au] = 3 (no. 3), and
R[Cys]/[Au] = 4 (no. 4)).
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NCs in two different ways. First, other than the thiol
side group, which interacted with Au(I) to form Cys-
Au(I) complexes, Cys has two other ionizable functional
groups (carboxyl and amine, resulting in two pKa
values of 1.71 and 10.78, respectively).48 Therefore
the solution pH determined the ionization of the Cys
ligand and consequently the formation of different
Cys-Au(I) complexes or different aggregation state of
the Cys-Au(I) complexes, to result in different rates of
formation of the Au NCs, similar to the observations in
previous studies.29,49 Second, the reduction capability
of CO is also pH dependent. Increase of the reaction pH
in our reaction system increased the reduction ca-
pability of CO because the product of CO oxidation;
CO2;was more soluble in water as CO3

2�.
(iii) The monodispersity of the Au25(Cys)18 NCs was

dependent on the ligand (Cys) to Au precursor concen-
tration ratio (R[Cys]/[Au]). Other studies have found this ratio
to be determining of the size of the Au NC product.50

Different R[Cys]/[Au] ratios (1, 1.5, 2, 3, and 4) were also used
in our synthesis, and the most optimal ratio for the
Au25(Cys)18 NCs was 1.5 (Figure 1). A lower (R[Cys]/[Au] =
1, Figure 2e, no. 1) or higher (R[Cys]/[Au] = 2 or 3, Figure 2e,
no. 2 and no. 3, respectively) ratio would produce Au NCs
in other sizes, as shown by their respective optical
absorption spectra (Figure 2e). It should be noted that
when the ligand to Au ratio was increased to 4, only
a colorless solution (Figure 2e, no. 4) with no absorption
peaks in the wavelength range of 300 to 1100 nm was
obtained, suggesting the formation of ultrasmall Au NCs.

Slow and controllable reaction kinetics is another
noticeable feature of the CO-directed synthesis of
Au25(Cys)18 NCs. NC formation occurred through a
series of distinct color changes that could be followed
by the time-course measurements of the UV�vis
spectra. The NC size was found to vary from Au10�15,
to Au16�25, and finally to Au25 based on UV�vis
spectroscopy and mass spectrometry measurements.
A postulation of the growth of thiolated Au25 NCs in the
presence of CO is illustrated in Figure 3a. This particular
scheme identifies three distinguishable stages: the
formation of Au10�15 NCs from thiolate-Au(I) com-
plexes via CO reduction (stage 1), the NC growth from
Au10�15 to Au16�25 NCs (stage 2), and the transforma-
tion (or size-focusing) of Au16�25 to the final Au25 NCs
(stage 3).
The first stage was the formation of Au10�15 NCs

by the CO reduction of thiolate-Au(I) complexes. The
initially colorless solution was instantaneously changed
to light yellow after the introduction of CO. The
solution color deepened gradually to yellow and was
orange in 20 min (Figure 3b, inset). The light yellow
solution after 5 min of reaction displayed a shoulder
peak at ∼420 nm, which grew in intensity with time
(Figure 3b). The absorption peak at∼420 nm is close to
the characteristic absorptions of the reported Au10�15

NCs, which are in the wavelength range of 370 to
420 nm.14,51�53 The formation of Au10�15 NC inter-
mediates was confirmed by the MALDI-TOF analysis of
the solution after 5 min of reaction. The bump in the

Figure 3. (a) Schematic diagram illustrating the postulated formation of Au25(Cys)18 NCs in the presence of CO. UV�vis
spectra as a functionof reaction time: (b) 0�20min; (c) 20�90min; and (d) 90min to 24h. Insets are digital photographs of the
reaction solution at different times. (e) MALDI-TOF mass spectra (in positive ion mode) of the reaction solution at different
reaction times: 0 min (black), 5 min (red), 40 min (blue), and 24 h (magenta).
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spectrum at m/z ∼2600 (Figure 3e, red curve; see also
Figure S5a for the zoomed-in spectrum) suggests that
the intermediate species after 5 min of reaction was in
the size range of 10�15 Au atoms. Only the core mass
of AunSm was detected in our MALDI samples in the
positive ion mode because of the significant fragmen-
tation under the measurement conditions, similar to
the observations in other studies.20,54,55

It should be mentioned that, besides serving as the
reducing agent, CO could also be a surface protecting
ligand in the Au NC synthesis. The strong affinity of
CO for the noble metal surface56�58 is well known and
could be involved in the stabilization of Au10�15 NC
intermediates formed in the early stages of the reac-
tion. However, the CO molecules on the surface of
these small Au NC intermediates could be easily oxi-
dized to CO3

2� in alkaline solution due to the catalytic
activity of small Au NCs for CO oxidation.59,60 The loss
of CO as a stabilizer destabilized the small Au NCs,
facilitating the deposition of thiolate-Au(I) motifs for
surface protection and the subsequent growth of
the Au NC intermediates into thiolated Au NCs. No
CO was present in the final product (Au25(Cys)18 NCs),
an indication of the completeness of CO oxidation
catalyzed by the AuNC intermediates during synthesis.
The second stage was the growth of the NC inter-

mediates from Au10�15 to Au16�25 NCs, as shown by
the solution color change from orange to brown and
finally to red-brown after 20 to 90 min of reaction
(Figure 3c, inset). A prominent peak at ∼590 nm
appeared after 25 min of reaction (Figure 3c). The
∼590 nm peak gradually shifted to lower wavelengths
with time andwas at∼560 nm after 90min of reaction.
This peak is in the range of the characteristic absorp-
tions of the reported Au16�25 NCs (∼540�570 nm).14

MALDI-TOF mass spectrometry analyses attested to
the formation of Au16�25 NC intermediates in the
reaction solution in stage 2. For instance, the MALDI-
TOF mass spectrum of the reaction solution at 40 min
(Figure 3e, blue curve, and Figure S5b for the zoomed-
in spectrum) implicated Au NC species in a size range
of 16�25 Au atoms.
The third stage was the transformation (or size-

focusing) of Au16�25 NC intermediates to Au25 NCs.
This commenced after 90 min of reaction when the
color of the reaction solution stayed at red-brown
with no further changes detectable by the naked eye
(Figure 3d, inset). After 2 h of reaction, a peak at
∼640 nm was highly visible in the UV�vis spectrum
(Figure 3d). The peak location is close to the character-
istic absorption of Au25 NCs at 670 nm. The peak
gradually shifted to longer wavelengths and stabilized
at 670 nm at about 8 h of reaction, whereas the
intensity increased with time from 8 to 18 h. At the
same time other fingerprint peaks of Au25 NCs at
400, 450, and 770 nm also emerged and increased in
intensity with time. A complete absorption profile of

Au25 NCs was fully developed in about 18 h. The
intensity increase of the 670 nm peak correlated well
with the decrease of the 560 nm peak, thereby sug-
gesting the size-focusing of Au16�25 NCs to Au25 NCs.
The presence of only one intense peak corresponding
to the Au25 NCs in the MALDI-TOF spectrum (Figure 3e,
magenta curve) of the reaction solution at 24 h is
further indication of the size-focusing of Au16�25 to
Au25 NCs in stage 3. Although the details on the size-
focusing of Au16�25 NCs to Au25NCs are not clear at this
time, it could be thermodynamically driven; it has been
reported that Au25 NCs are thermodynamically more
stable than other NC species in the size range of Au16
to Au25.

22 The absorption spectrum of the reaction
solution was practically unchanged from 18 to 24 h.
This was also the time period our final product was
sampled.
The synthesis protocol developed in this study is

easily scalable (e.g., to 1 L, or ∼200 mg of Au25(Cys)18
NCs in a single batch, Figure S6). It is also fairly generic
and can be easily adapted to synthesize Au25 NCs
protected by other thiol ligands, such as 3-mercapto-
propionic acid (MPA) and glutathione (GSH). For ex-
ample, Figure 4a shows the absorption spectra of Au
NCs synthesized by using CO as the reducing agent
and MPA or GSH as the protecting agent. The absorp-
tion spectra of MPA- (black curve) and GSH-protected
(red curve) Au25 NCs are nearly identical to that of Cys-
protected Au25 NCs (Figure 1a). The corresponding
molecular formulaswere determined to beAu25(MPA)18
and Au25(GSH)18, respectively (Figure 4b).

Figure 4. UV�vis spectra (a) and ESI mass spectra (in
negative ion mode; b) of Au25(SR)18 NCs synthesized by
usingMPA (black curve) and GSH (red curve) as the protect-
ing agent. The inset in the top panel of (b) is the experi-
mental (black curve) and theoretical (blue curve) isotope
pattern of the most abundant species in MPA-Au25 NCs
([Au25(MPA)18 � 14H þ 10Na]4�). The inset in the bottom
panel of (b) is the isotope pattern analysis of the 6� ion in
GSH-Au25 NCs, and the blue curves are the predicted iso-
tope distributions of the two most abundant species
([Au25(GSH)18 � 17H þ 10Na]7� and [Au25(GSH)18 � 15H þ
9Na]6�).
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CONCLUSION
In summary, we have developed a simple one-pot

method for the synthesis of high-purity thiolated Au25-
(Cys)18 NCs (∼95% yield) by using gaseous CO as amild
reducing agent. The preparation can be easily scaled
up for large-scale production and for producing atom-
ically precise Au NCs protected by other thiol ligands.
Distinct color changes were observed for the first time
during the formation of thiolated Au25 NCs, and several
key intermediates in the growth of Au25(Cys)18 NCs
(NCs of Au10�15, Au16�25, and Au25) could be identified
from the time course measurements of UV�vis spec-
troscopy and MALDI-TOF data. The formation of

Au25(Cys)18 NCs was found to proceed through three
identifiable stages: the reduction of thiolate-Au(I) com-
plexes to Au10�15 NCs (stage 1), the NC growth of
Au10�15 into Au16�25 NCs (stage 2), and the transfor-
mation or size-focusing of Au16�25 NCs to Au25 NCs
(stage 3). This method of preparation is of interest not
only because it provides a simple one-pot procedure
for the preparation of thiolated Au25 NCs, but also
because it demonstrates the unique reaction environ-
ment provided by gaseous CO. It opens up a new
synthesis route for the fabrication of atomically precise
metal (Au, Ag, Pt, and Cu) NCs in quantities large
enough for application explorations.

EXPERIMENTAL SECTION

Chemicals. Hydrogen tetrachloroaurate(III) hydrate (HAuCl4 3
3H2O) was purchased from Alfa Aesar. L-Cysteine (Cys),
L-glutathione reduced (GSH), and 3-mercaptopropionic acid (MPA)
were purchased from Sigma-Aldrich. Carbon monoxide (99.9%)
was supplied by Singapore Oxygen Air Liquide Pte Ltd. (SOXAL).
All chemicals were used as received. All glassware were washed
with Aqua Regia (HCl:HNO3 volume ratio = 3:1) and rinsed with
ethanol and ultrapure water. Ultrapure water with a specific
resistance of 18.2 MΩ was used throughout the experiment.

Synthesis of Au25(Cys)18 NCs. In a typical synthesis, aqueous
HAuCl4 solution (3.75 mL, 40 mM; or 60 mg of HAuCl4 3 3H2O)
and Cys solution (4.5 mL, 50 mM, pH = 12; or 27mg of Cys) were
added to ultrapure water (141.75 mL) under vigorous stirring,
followed by NaOH addition to adjust the pH of the reaction
solution to 11. The reaction vessel was then saturated with 1 bar
CO for 2 min. The reaction mixture was sealed airtight, and the
reaction was allowed to proceed under gentle stirring (500 rpm)
at room temperature for 24 h. The time CO was introduced to
the reaction solution was recorded as 0 min. At specific time
intervals, small aliquots of the reaction solution were drawn
with a syringe (1mL) and analyzed by UV�vis spectroscopy. The
final product was collected at 24 h, followed by concentration in
a rotary evaporator. The thiolated Au NCs were then precipi-
tated out by adding an adequate amount of ethanol. The
precipitate was collected, washed with methanol several
times, and vacuum-dried. For a typical synthesis, ∼40 mg of
Au25(Cys)18 NCswas obtained. About 200mgof Au25(Cys)18 NCs
could be obtained from a large-scale synthesis. The synthesis of
Au25 NCs protected by other thiol ligands (MPA and GSH) was
carried out under similar conditions except for the replacement
of Cys by other thiol ligands.

Materials Characterizations. UV�vis spectra were recorded on a
Shimadzu UV-1800 spectrometer. Themolecular formulas of Au
NCs were analyzed by a Bruker MicroTOF-Q electrospray ioniza-
tion time-of-flight (ESI-TOF) system operating in the negative
ion mode (capillary voltage: 4 kV; nebulizer: 0.4 bar; dry gas:
2 L 3min�1 at 120 �C;m/z: 50�4000). Samples were dissolved in
ultrapure water and injected into the chamber at 120 μL 3min�1.
The matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra of Au NCs were recorded by a Bruker
Daltonics Autoflex II TOF/TOF system. The MALDI-TOF samples
were prepared by mixing 2 μL of the raw product with 2 μL
of matrix solution (saturated R-cyano-4-hydroxycinnamic acid
(CHCA) solution in 50% acetonitrile) and allowed for recrystalli-
zation in air prior to the analysis. The data were collected in
linearmode (negative ion or positive ion). Transmission electron
microscopy (TEM) images were taken on a JEOL JEM-2010
microscope operating at 200 kV. X-ray photoelectron spectros-
copy measurements were performed on a VG ESCALAB MKII
spectrometer.

Estimation of the Yield of Au25(Cys)18 NCs. Au25(SR)18 NCs of nearly
100% purity were recovered by PAGE separation. The optical

density at 670 nm of our raw product was 0.337 (Figure 1a).
Using a molar absorption coefficient (ε) at 670 nm of 8.8 �
103 M�1

3 cm
�1,14 the concentration of Au25(SR)18 in the raw

product was calculated to be 3.8� 10�2mM. Since the initial Au
ion concentration in our reaction solution was 1 mM, the yield
of Au25(SR)18 in our raw product based on the total amount of
Au precursor ions in the reaction solution was therefore ∼95%
{(3.8 � 10�2 � 25 mM)/1 mM = 95%}.
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