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Noble metal thiolate nanoclusters are a new class of nanomaterials with molecular-like properties
such as high dispersibility and fluorescence in the visible and infrared spectral region, properties
highly requested in biomedicine for imaging, sensing and drug delivery applications. We report on
three new silver phenylethane thiolate nanoclusters, differing for slight modifications of the prepa-
ration, i.e., the reaction solvent and the thiolate quantity, producing changes in the nanocluster
composition as well as in the fluorescence behavior. All samples, excited in the range 250–500 nm,
emit around 400 and 700 nm differing in the emission maxima and behavior. The silver thiolate
nanoclusters have been characterized by way of C, H, S elemental analyses and Thermal Gravi-
metric Analysis (TGA) to determine the nanocluster composition, Scanning Transmission Electron
Microscopy (STEM) to investigate the nanocluster morphology and UV-Vis and fluorescence spec-
troscopy to study their optical properties.

Keywords: Fluorescent Silver Thiolate Nanocluster, Synthesis Silver Thiolate Nanocluster,
Atomic Precise Silver Nanoparticle, Monolayer Protected Silver Nanoparticle.

1. INTRODUCTION
Recently noble metal thiolate nanoclusters, a new class
of nanomaterials with properties both of condensed and
molecular nature, has gain attention from the scientific
community. They typically possess sizes around 3–1 nm
representing the “missing link” between molecular and
nanoparticle behavior [1].
Their discovery is mainly due to several year researches

to decrease the size of monodisperse noble metal nanopar-
ticles since a molecular-like behavior associated with new
properties was envisaged (see below).
In order to avoid nanoparticle aggregation and coales-

cence phenomena, the nanoparticle surface needs to be
protected. Thiolates result particularly efficient as capping
agents due to the strong affinity of sulfur to gold and espe-
cially silver.
Analogous to semiconductor quantum dots contain-

ing strong quantum-size confinement, when noble metal

∗Author to whom correspondence should be addressed.

particle sizes are smaller than the exciton Bohr radius
(about 4–5 nm for CdSe) [2], the nanoparticles show a
size-dependent plasmon absorption band when their con-
duction electrons in both ground and excited states are
confined to dimensions smaller than the electron mean free
path (ca. 20 nm) [3], but plasmon absorption disappears
completely for nanoparticles less than 2 nm and Mie’s the-
ory no longer can be applied [4]. Interestingly, metal nan-
oclusters are confined to a second critical regime having
sizes comparable to the Fermi wavelength of the electron
(ca. 0.7 nm), which results in molecule-like properties of
discrete electronic states [5–7] and size-dependent fluores-
cence [1, 8] (i.e., a scale function of the number of atoms
within the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)).
The semiconductor quantum dots (QDs), for example

CdSe, have already become a new class of fluorescent
labels [2, 9] due to their unique optical properties as well
as offering potential invaluable benefits such as cancer tar-
geting [10] and biomedical imaging [11]. However, the
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heavy metals contained in QDs are toxic, making them
unsuitable for in vivo clinical application, and may pose
risks to human health as well as the environment under cer-
tain conditions [12]. In contrast to QDs, noble metal nan-
oclusters (NCs) are highly attractive for bio-imaging and
bio-labeling applications due to their low toxicity as well
as ultra fine size [13]. Recent studies have focused on their
quantum electronic properties including chirality [14] pho-
toluminescence [15] quantum behavior, single-molecule
optoelectronics sensing [16] and bioassay. The increasing
use of metal-containing compounds in therapy and diag-
nosis [17] have made possible the advance of metal nan-
oclusters as an alternative building block of biomedical
probes using their luminescent properties [18–20]. Another
important application is envisaged in semi-homogeneous
catalysis where the catalyst, supported on the nanoclus-
ter, has the great advantage, respect to its, unsupported
employment in homogeneous catalysis to be easily recov-
ered and reused [21–23].

In this study, as new examples of this fascinating
class of materials, we report the synthesis, morphologic
and optical characterization of three new fluorescent Ag
phenyl-ethane thiolate nanoclusters and show how by fine
tuning a few synthesis parameters, such as the reaction
solvent and the molar concentration ratio Ag: thiolate, it is
possible to prepare different fluorescent Ag thiolate nan-
oclusters with emissions both in the visible and in the near
infrared spectral region.

2. EXPERIMENTAL DETAILS
All the chemicals were commercially available and
were used without purification. AgNO3 (99%), Na2S2O3

(99.5%), 1-dodecyl-bromide (97%), triethylamine (Et3N),
ethanol (96%) (EtOH), acetone and di-chloromethane were
purchased from Sigma Aldrich. NaBH4 (95%) and Water
PLUS for HPLC were acquired from Carlo Erba.

The procedure is reported in our previous publi-
cation [24]. Usually to prepare noble metal thiolate-
nanoparticles or nanoclusters, thiols (RSH) are employed;
they turn to thiolates cleaving the S–H bond by reac-
tion with the noble metal salts. Alternatively, to avoid
the unpleasant thiol smell, the R-thiosulphate sodium salt
(RS2O3Na

+) is first prepared by reacting (2-bromoethyl)
benzene (R–Br, R = C8H9) with sodium thiosulphate
(Na2S2O3). By subsequent reaction of RSO3Na

+ with
AgNO3, the S–SO3 bond cleavages (cleavage of the S–SO3

bond is fast and is observed also when the thiosulphate
molecule comes into contact with a noble metal film) [25]
and the RS− thiolate ligand is formed.

Preparation of NC1. 155 mg (0.64 mmol) of the thio-
sulphate sodium ligand RS2O3Na

+ are stirred in 10 mL
EtOH. To the clear solution is added a solution of 104 mg
(0.64 mmol) AgNO3 in 12 ml EtOH and 3 mL H2O. The
solution gets cloudy and a white then yellowish suspen-
sion is formed in 20 minutes. After 30 minutes stirring at

40 �C, a cloudy solution of 114 mg (5.9 mmol) NaBH4 in
5 mL H2O+20 mL EtOH is dropwise added at 70 �C. The
reaction solution turns immediately red then progressively
red brown. A solution of 44 mg (0.25 mmol) ascorbic acid
in 3 mL H2O is then added. After 4 hour stirring at 70 �C,
the heating is turned off and the brown suspension is left
under stirring overnight. The suspension is separated from
a sticky residue found attached to the flask walls. The
suspension is centrifuged (7000 rpm, 10 minutes). A col-
orless supernatant is discarded. The precipitate is washed
twice with EtOH+H2O each time discarding the color-
less supernatant. Then dichlomethane and acetone (1:1v/v)
are added and the suspension centrifuged at 8500 rpm
for 10 minutes. The supernatant, weakly red colored, is
discarded. The precipitate is added with acetone, cen-
trifuged and the supernatant discarded, then the residue is
added with boiling dichloromethane, filtered, the suspen-
sion evaporated in rota vapor and finally the red brown
residue dried under vacuum. Elemental C, H, S, analy-
ses (w/w%): C = 16.44, H = 2.02, S = 5.57 Theoretical
for Ag12 (SR)3 · 2H2O+ 2H2O (the sample contains H2O
as evidenced by ATR-IR spectrum and TGA, see below):
C= 16.21, H= 1.98, S= 5.41. TGA analysis (see Fig. 1):
a weight loss of 2% at around 60 �C is attributed to 2.
H2O molecules not coordinated to the NC whereas the

weight loss of 2% above 100 �C is attributed to 2 H2O
molecules coordinated to the NC. At 300 �C: - 28% w/w
(Theoretical for −[(SR)3 ·4H2O]: -27% w/w).

Preparation of NC2. 310 mg (1.24 mmol) of the thio-
sulphate sodium ligand RS2O3Na

+ are stirred in 24 mL
EtOH. The clear solution is added with a solution of
216 mg (1.24 mmol) AgNO3 in 40 mL EtOH. The solu-
tion gets cloudy and the white then yellowish suspen-
sion is warmed up to 70 �C. After 30 minutes stirring at
70 �C, a cloudy dispersion of 448 mg (11.8 mmol) NaBH4

in 50 mL EtOH is dropwise added at 60 �C. The reac-
tion solution turns immediately red then progressively red

Figure 1. Thermal gravimetric analyses in argon atmosphere of NC1,
NC2 and NC3 samples.
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brown. A solution of 88 mg (0.5 mmol) ascorbic acid in
5 mL EtOH is then added. After 2 hour stirring at 70 �C,
the heating is turned off and the brown suspension is left
under stirring at room temperature for 48 hours and then
heated again at 70 �C for 7 hours. The brown suspen-
sion is separated from a sticky residue found attached to
the flask walls. The suspension is centrifuged (7000 rpm,
10 minutes). The colorless supernatant is discarded. The
precipitate is washed twice with EtOH +H2O discarding,
each time the colorless supernatant. Then dichlomethane
and acetone (1:1v/v) are added and the suspension cen-
trifuged at 8500 rpm for 10 minutes. The supernatant,
weakly red colored, is discarded. The precipitate is added
with acetone and centrifuged, the supernatant discarded
then the residue is added with boiling dichloromethane,
filtered, the dark red suspension evaporated in rota vapor
and finally the red brown residue dried under vacuum.
Elemental C, H, S, analyses (w/w%): C = 24.80, H =

1.82, S = 7.52 Theoretical for Ag29(SR)12 · EtOH: C =
24.42, H= 2.38, S= 7.98. TGA analysis: 350 �C: −31%
w/w (Theoretical for −[(SR)12 ·EtOH]: −31% w/w).

Preparation of NC3. 130 mg (0.525 mmol) of the thio-
sulphate sodium ligand RS2O3Na

+ are stirred in 5 mL
EtOH. The clear solution is added with a solution of
59.45 mg (0.35 mmol) AgNO3 in 10 mL hot EtOH. The
solution gets cloudy and a white then yellowish suspension
is formed in 20 minutes. 0.4 ml of triethyl amine are added
to render basic the solution for a more efficient subsequent
reduction reaction. Then 132 mg (3.5 mmol) of the reduc-
ing agent NaBH4 dissolved in 10 mL hot EtOH are added.
The addition is performed stepwise in five times. As soon
as the first batch of the reducing agent is added, a strike
change in color from lemon yellow to brown is observed.
The solution darkened after the addition of last batch of
reducing agent. After 2 hour heating at 70 �C, the heat-
ing is turned off and the brown suspension is left under
stirring at room temperature overnight. The suspension is
centrifuged (8000 rpm, 10 minutes). A cloudy white super-
natant is discarded. The precipitate is washed four times
with EtOH +H2O. Finally the red brown residue is dried
under vacuum. Elemental C, H, S, analyses (w/w%): C=
30.23, H = 2.53, S = 10.66 Theoretical for Ag32(SR)19 ·
H2O (the sample contains H2O as evidenced by IR spec-
trum, see below): C = 30.04, H= 2.83, S= 10.02. TGA
analysis: 350 �C: −42% w/w (Theoretical for −[(SR)19 ·
H2O]: −43% w/w).
Morphologic investigation was performed by way of

a Leo 1530 FE-SEM in STEM mode. A few drops of
the sample dispersion in CH2Cl2 were deposited on a
Cu grid and the solvent was let to evaporate at room
temperature. The composition of the samples was inves-
tigated by way of Elemental C, H, S analyses per-
formed using a Carlo Erba EA 1108 microanalyser at
CNR-ISM. Attenuated Total Reflectance Fourier Trans-
form Infrared (ATR-FTIR) spectra were recorded on a

Shimadzu IRPrestige-21. Optical characterization was per-
formed by way of UV-visible and fluorescence measure-
ments. UV-visible spectra were performed on a Lambda
950 PerkinElmer spectrophotometer. Steady-state fluores-
cence spectra for AgNC solutions were recorded using
a Fluorolog 3 (Horiba-JobinYvon) spectrofluometer, with
5 nm grids for both excitation and emission. The emis-
sions have been collected, in the in emission and in syn-
chronous mode, in the range 300–800 nm, exciting the
sample diluted in CH2Cl2 with variable wavelengths from
250 to 500 nm. The corresponding excitation spectra have
been collected in the range 270–600 nm, under excita-
tion wavelengths of 500 nm and 670 nm, with 10 nm
grids. All experiments were performed at room temper-
ature using quartz cuvettes with an optical path length
of 10 mm. The Raman signals of the solvent have also
been collected and identified, to avoid uncorrected attri-
butions. Suitable cut-off filters have been used to avoid
Raman solvent and second harmonic signal noises. Time-
resolved fluorescence measurements were carried out by
a time-correlated single-photon-counting (TCSPC) system
(Horiba-Jobin-Yvon). Time-resolved measurements were
carried on exciting the samples using a 405 nm pulsed
laser diode and collecting the emission decays around
450 nm and 670 nm, in correspondence with the two dif-
ferent emission signals. The fluorescence decay profiles
were analyzed through decay analysis software (DAS6a
HORIBA Scientific) to a multi-exponential decay equa-
tion. The quality of the fits was checked examining the
residual distribution and the �2 value.

3. RESULTS AND DISCUSSION
In the last decade several single crystal X-ray struc-
tures of noble metal thiolate nanoclusters have been
solved [26–31]. The feature common to all nanoclusters
is the presence of a metal (0) core and of a metal+ thio-
late shell. Depending on the nature of the thiolate ligand,
the metal and the reaction conditions, different metal thio-
late nanocluster structures have been characterized. Never-
theless, still many efforts are devoted aiming to correlate
the reaction parameters to the structures in order both to
understand the formation mechanism and to optimize the
reaction conditions. Unfortunately, up to now, especially
for AgNCs, only few single crystal structures have been
solved, the nanocluster crystallization mostly relying on a
trial and error method.
The formation of Ag thiolate nanoclusters happens

through an intermediate, the Ag thiolate polymeric com-
plex (Ag+SR)n which appears as a white/yellowish
precipitate soon after the addition of the AgNO3 to the
ligand solution. It is this compound that reacts with the
reducer NaBH4 to build the AgNCs. As AgNCs are con-
stituted both of Ag+ ions and Ag0 atoms, the reduc-
tion conditions are critical in determining the number of
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Table I. Preparation conditions for NCs samples.

AgNO3 RS2O3Na
+ Dispersing NaBH4 Temperature

Sample (mM/L) (mM/L) agent (mL) (mM/L) (�C)

NC1 12.1 12.1 EtOH+H2O 111.3 70
NC2 10.4 10.4 EtOH 99.1 70
NC3 14.0 21.0 EtOH 140.0 70

reduced Ag0 atoms [32]. We have modulated the reduc-
tion conditions varying the solvent, ethyl alcohol and
water for NC1 and only ethyl alcohol for NC2, the differ-
ence is that the reducer NaBH4 in the presence of water
is more soluble and stronger than in ethyl alcohol only
(Table I).

Then, with the aim to understand the influence of the
ligand, we have varied the Ag:SR ratio from 1:1 (NC1) to
1:1.5 (NC3) and found that accordingly, as evidenced by
the elemental analyses, in the first case the AgNC has a
higher Ag:SR ratio. The composition of the NCs has been
determined by elemental (C, H, S) and Thermal Gravi-
metric Analyses (TGA). In Figure 1 are reported the NCs
thermograms performed in argon atmosphere. They show
the loss of water molecules for NC1 and NC3 in the range
60–200 �C and of the thiolates above 250 �C. The Ag�

w/w % content above 300–350 �C is in agreement with
the one deduced from the elemental analyses results. It is
to note that the composition of the nanoclusters NC2 and
NC3 is known in the literature but with other thiolates,
i.e., dihydrolipoic acid for NC2 [33] and glutathione for
NC3 [34].

ATR-FTIR spectra of the Ag phenyl-ethane thiolate
clusters NC1, NC2 and NC3 are shown in Figure 2, reveal-
ing in all samples absorptions due to solvent molecules,
i.e., H2O and EtOH in the regions around 3350 (O–H
stretching vibrations), 1650 (bending O–H vibrations) and
1050 cm−1 (C–O absorption of EtOH for NC2).

Figure 2. ATR-IR spectra of NC1, NC2 and NC3 samples.

Figure 3. STEM image of 3 nm sized Ag thiolate nanoclusters
(NC2 sample. The black big holes are formed during evaporation of
dichlomethane solvent drops on the Cu grid sample holder).

Common to all the NCs, but better resolved in the NC2
and NC3 spectra as they have more thiolates than NC1, are
three sharp bands at 3084, 3057 and 3022 cm−1 assigned to
the stretching vibrations of the C–H groups of the phenyl
ring whereas the broad absorptions centered at 2900 cm−1

are attributed to the stretching vibrations of the CH2 of the
ethyl group. The weak peaks between 1966 and 1824 cm−1

are due to overtones, the absorptions at 1602, 1496 and
1449 cm−1 to the stretching vibrations of C–C bonds of
the aromatic ring and the strong peaks centered at 754, 708
and 695 cm−1 are assigned to out of plane C–H bending
vibrations.
Morphologies of the Ag NCs have been investigated by

STEM analysis. Figure 3 shows as an example a STEM
image of AgNCs sample. The Ag thiolate nanoclusters
have a size around 3 nm. They self assemble on the
Cu grid during the solvent evaporation forming lamel-
lar superstructures analogous to Ag dodecanethiolate nan-
oclusters [32].
AgNCs UV-Vis spectra are shown for comparison in

Figure 4.

Figure 4. Comparison of UV-Vis spectra of AgNCs.
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NC1 and NC2 have a very similar spectral behavior,
with the maximum at about 445–448 nm, while a red shift
of the maximum to higher wavelengths (458 nm) is observ-
able for NC3. The more pronounced shift for NC3 system
can be related to a stronger interaction between Ag and
the thiolate ligands, due to the higher SR:Ag ratio used
in the synthetic procedure. Moreover, very similar absorp-
tion features in the UV and visible region of the spectrum
for Ag thiolate NCs synthesized using different thiolate
ligands have already been observed [35, 36].
AgNCs are well known fluorescent systems in the NIR

regions [34]. Recently it has been demonstrated that under
certain conditions, also UV, blue and green emissions can
be observed. In particular, the ultra-small dimensions of
the nanoclusters, the nature of the Ag thiolate cage and/or
strong interactions between the nanocluster’s core and
shell can be responsive for this behavior [32, 34, 37, 38].
Figure 5 shows the steady state fluorescence emission

for NC1, excited between 300–350 nm, in synchronous
mode.
Two different fluorescence signals can be observed, the

first with emission at 334 and 347 nm, observed after
exciting the solution up to 320 nm. The second component
presents signals at 385 and 404 nm for excitation wave-
lengths above 330 nm. Both the components present a red
shift in the emission position, dependent on the excitation
wavelength. Similar emission behavior has been already
observed for other Ag NCs [26, 32]. This phenomenon
for small clusters may depend to equally strong transition
dipole moments in the ground and excited states causing
distribution of their interactions with the dielectric envi-
ronment and slow mobility of this environment making
the distribution persistent on a time scale emission [15].
Another suggested explanation could regard, for bigger
NCs, a strong coupling between the surface plasmon and
emitter [28].

Figure 5. Steady state fluorescence emission for NC1, exciting the
solution between 300 and 350 nm.

Figure 6. Steady state fluorescence emission for NC1, exciting the
solution between 400 and 450 nm.

Exciting the NC1 solution above 400 nm (Fig. 6), a new
emission band appears, centered at about 665 nm. This
peak is independent from the excitation wavelength.
The decay times related to the two different emissions

have been recorded and the results are shown in Figure 7.
Three different components have been taken into

account for decay curves deconvolution, the correspond-
ing times and relative population percent have been shown
in the inset of Figure 7. The highest population percent
is concentrated in the fastest decay time (0.02 ns), both
for 450 and 660 nm emissions. The higher % for 450 nm
could be also due to the influence of the decay of fluores-
cence emission under 400 nm, not detectable because of
the influence of the laser prompt in the same wavelength
range.
Figure 8 shows the steady state emission for NC2

at different excitation wavelengths. The steady state flu-
orescence behavior of NC2 is very similar to that of
NC1except for a clear red shift in emission positions, both

Figure 7. Comparison of time decay curves for NC1 emission at
450 nm and 660 nm. Emission at wavelengths under or near 405 nm (the
laser wavelength) cannot be excited and observed in decay.
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Figure 8. Steady state emission for NC2 in solution at different excita-
tion wavelengths and time decay curve collected at 480 nm (inset). The
scattering due to the second harmonic of the laser prompt is too high, at
about 800 nm, to collect the relative decay time at the second emission
observed in the steady state measurement.

in the UV range and in the NIR, whereas the spectral dis-
tribution is quite the same. Up to 350 nm the most evident
emission peak is centered at about 375 nm, while, exciting
the NC2 solution at higher wavelengths, a new emission
appears at 420 nm, with a red shift strictly dependent on
the excitation wavelength. Furthermore, a second broad
emission, at about 730 nm can be observed for excitation
above 350 nm.

On the contrary, a marked different behavior is observed
for the fluorescence decay of NC2 nanocluster at 480 nm,
showing a longer time decay respect to that observed for
NC1 system at 450 nm (� = 2�2 ns instead of 1.38 ns), as
reported in the inset of Figure 8. No information is avail-
able about the decay time at 750 nm for the NC2 system
because the emission is too close to the second harmonic
of laser source. The differences observed between NC1
and NC2 are to be ascribed to the different composition

Figure 9. Fluorescence emissions for NC3 solution at different wave-
length excitations. In the inset, the emission at 670 nm is shown, in the
excitation range 350–450 nm.

Figure 10. Comparison between the decay time curves for emissions at
450 and 650 nm for NC3 in dichlomethane solution.

and solvation as evidenced by elemental analyses and TGA
measurements.
In Figure 9 it is reported the steady state fluorescence

emission for NC3 solution, excited between 270–400 nm.
In the UV range, a single intense emission peak can be
observed, centered at about 400 nm, independently from
the excitation wavelength. Also, differently from NC1
and NC2, in this case, red shifts of the UV emission
peak, changing the excitation wavelength, have not been
observed.
Furthermore, exciting the NC3 solutions at wavelengths

above 350 nm, another emission, much lower in intensity,
becomes visible at 670 nm (Fig. 9 and the corresponding
inset).
The deconvolution of the decay curves, resolved using

three components, is shown in Figure 10. The resulted
decay times (inset Fig. 10) for the two emissions, the one
at 450 nm and the other at 650 nm, are very similar,
and also the fluorescence decay mechanism for this AgNC
seems to be comparable with that previously observed
for NC1, related to the emission at 660 nm. This clearly
means that the exchange mechanism in fluorescence decay
is basically the same. It is to note that also Ag32(SR)19NCs
with SR = glutathione show an emission in almost the
same position (660 nm) [34]. Observing the optical behav-
ior of NC3 sample, it seems that the higher SR:Ag ratio
respect to NC1 and NC2 has a stabilizing effect on the its
absorption/emission mechanism.

4. CONCLUSIONS
We have demonstrated that by slight changes in the prepa-
ration conditions it is possible to isolate very different fluo-
rescent silver thiolate nanoclusters, i.e., Ag12(SR)3 ·2H2O,
Ag29(SR)12 ·EtOH and Ag32(SR)19 ·H2O. Steady state and
time-resolved fluorescent behavior have been investigated
exciting the samples diluted in CH2Cl2 with variable wave-
lengths from 250 to 500 nm. All the NCs samples show
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emissions centered at around 400 and 700 nm differing in
the emission maxima and behavior. More investigations, as
the employment of a different laser source and ultra-fast
transient absorption measurements, are planned to under-
stand the emissions origin and optimize the systems for
near-future biomedical applications.
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