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Molecular quantum clusters of noble metals are a fascinating
area of contemporary interest in nanomaterials. While Au,;,["
Au,;, and AussP! have been known for a few decades, several
new clusters were discovered recently. These include Aug,™
Auyg,P! Auys, ! Auge, ! and so on. Auy, has also been the subject
of recent research.™ In view of their luminescence, several of
these clusters are expected to be important in biolabeling®!
and fluorescence resonance energy transfer® as well as for
creating luminescent patterns.'” There are many examples of
template-assisted synthesis of water-soluble luminescent
silver clusters!! with cores ranging from Ag, to Ags, having
characteristic electronic transitions between 400-600 nm.
However, unlike the case of gold, there are only limited
examples of monolayer-protected silver analogues. Silver
clusters protected with aryl,l'™ aliphatic,™™ and chiral™ thiols
have been reported, some of which have characteristic
optical™131% and mass spectrometric'?*!31*! signatures.
There is also a family of well-characterized metal-rich silver
chalcogenide clusters.™> Besides single-crystal diffraction,!
mass spectrometry®¢! has also been used for detailed
understanding of these clusters. Ag' clusters with!" and
without!” luminescence have also been reported. Herein we
present gram-scale syntheses of two luminescent silver
clusters, protected by small molecules containing thiol
groups, with well-defined molecular formulas, by interfacial
synthesis. This new synthetic approach has become promising
in several other areas including semiconductor nanoparticles,
two-dimensional superlattices, and 3D structures.['"!

A crude mixture of red- and blue-green-emitting clusters
Agg(HMSA); and Ag,(H,MSA), (H,MSA: mercaptosuc-
cinic acid), respectively, was synthesized in gram quantities by
an interfacial etching reaction conducted at an aqueous/
organic interface starting from H,MSA-protected silver
nanoparticles (Ag@H,MSA)!™ as precursor (for details see
the Experimental Section and Figure S1 in the Supporting
Information). During the reaction, the optical absorption
spectrum of the aqueous phase showed gradual disappear-
ance of the surface plasmon resonance at 400 nm (Figure 1 A)
of metallic silver nanoparticles. The color of the aqueous
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Figure 1. A) Time-dependent UV/Vis spectra of the clusters synthe-
sized during interfacial etching at room temperature. B) UV/Vis
absorption spectra of the clusters obtained from the two bands in
PAGE. The inset shows a photograph of the wet gel after electro-
phoresis in UV light at room temperature, and the inset to the inset
an image of the first band at 273 K. C) HRTEM images of a) as-
synthesized Ag@ (H,MSA), b) the product obtained after interfacial
etching, and c) particles in the blue layer at the interface. Individual
clusters are not observable by TEM, but aggregates are seen faintly (b,
shown in circles). Insets of (a) and (b) are photographs of Ag@MSA
and crude cluster samples. d) Photographs of aqueous of cluster
solutions of first (cluster 1) and second (cluster 2) PAGE bands at
273 K and room temperature, respectively. D) Luminescence emission
of cluster 1 and cluster 2 in water, excited at 550 and 350 nm,
respectively.

phase gradually changed from brown to yellow and finally to
orange. The particles of Ag@MSA are polydisperse (Fig-
ure 1 Ca) and form smaller clusters in the aqueous phase upon
etching (Figure 1Cb) with complete disappearance of the
nanoparticles. The unetched particles move to the junction of
the two phases and form a self-assembled film of monodis-
perse nanoparticles, resembling two-dimensional superlatti-
ces (Figure 1Cc), which appears blue in color. The smaller
clusters formed in the reaction upon longer electron-beam
irradiation coalesce to form nanoparticles (Figure S2). It is
known that such clusters are unstable to high-energy electro-
ns.[*]

The peak at 600 nm, which appears at shorter reaction
time (60 min) and may be due to interplasmon coupling,
disappears slowly, and a new feature is seen at 550 nm after
48 h of reaction (Figure 1A). In accordance with previous
studies on silver clusters, we assign this peak to interband
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transitions between orbitals derived from the 4d valence band
and 5sp conduction band. Templated Ag, clusters' and
monolayer-protected clusters'>'¥ show interband transitions
between 400 and 600 nm. Thus, during interfacial etching, the
size of silver nanoparticles is clearly reduced below the Fermi
wavelength of the electron, so that a plasmon band at about
400 nm and continuous density of states disappear and
discrete energy levels leading to molecular absorption
appear. The orange powder separated from the aqueous
phase after 48 h of etching exhibits red emission in the solid
and solution states. This crude mixture was separated into
differently sized clusters by polyacrylamide gel electropho-
resis (PAGE). Electrophoresis showed two bands, which
indicated the presence of two different clusters. The first band
(cluster 1) was red and the second band (cluster 2) was light
yellow in visible light, the latter does not appear clearly. The
bands are, however, seen clearly in UV, cluster 1 is pink at
273 K and cluster 2 is blue-green at room temperature (inset
of Figure 1B). These bands were separated and the free
clusters collected in water. Cluster 1 has a characteristic
optical absorption signature at 550 nm, in agreement with that
of the crude product, while cluster 2 has no distinguishable
feature in the visible region (Figure 1B). Cluster2 emits
observable blue-green luminescence at room temperature.
The red luminescence of cluster 1 is observable to naked eye
only at low temperatures (<273 K). The emission spectra of
clusters 1 and 2 show sharp maxima at 650 and 440 nm, with
excitation maxima of 550 and 350 nm, respectively. No
qualitative change was seen in the optical absorption spec-
trum at low temperature. The quantum yields calculated for
cluster 1 in water at room temperature and at 273 K are 0.3
and 9 %, respectively. The enhancement in emission even with
a small decrease in temperature is significant, and this
enabled photographing the solutions at lower temperatures.
A very large enhancement of this kind in a narrow temper-
ature window is interesting and may result in a range of
applications for this material. The solid-state emission is
broad and slightly redshifted compared to the solution state,
as expected (Figure S3).

Confirmation of the molecular formulas came from mass
spectrometric studies with soft ionization techniques such as
electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI). Supporting evidence (see
below) was obtained by X-ray photoelectron spectroscopy
(XPS), energy-dispersive analysis of X-rays (EDAX), and
elemental analysis. The matrix DCTB (trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenyldidene]malononitrile)  is
known to give intact molecular species from metal clusters
in MALDI MS.”™ The MALDI MS data of clusters 1 and 2
are presented in Figure 2. From such fragile species, in view of
the fragmentation of the C—S bond upon laser impact,?®! a
variety of gas-phase clusters are also expected. The spectra
were therefore compared with those obtained by laser
desorption ionization (LDI). The LDI MS spectra
(Figure 2) show a series of Ag,S,,” species (marked with *)
with characteristic spacing. The MALDI MS spectra, how-
ever, show additional features due to the intact clusters, which
can be assigned to the species [Agy(H,MSA),(HMSA),]” and
[Ag;(H,MSA)s(HMSA),]~ for clusters 1 and 2, respectively.
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Figure 2. Comparison of the negative-ion MALDI (black) and LDI MS
(gray) data of clusters 1 (bottom) and 2 (top). The Ag,S,,” series is
marked in each trace with asterisks. The intact-ion pattern is compared
with the theoretical spectrum in inset 1. Inset 2 shows the Na adducts
of formulas, [Ag;(H,MSA)s(HMSA),—nH +nNa]~ and [Ags(H,MSA) -
(HMSA),—nH+nNa]” (n=0, 1, 2, ...).

As MSA is a dicarboxylic acid, it can ionize to give negatively
charged species, as well as existing in the form of sodium
adducts. Characteristic isotope patterns matching exactly with
the theoretical formulas and sodium adducts of the kind
[Ags(H,MSA),(HMSA),]-nH +nNa]~ and [Ag,(H,MSA);-
(HMSA),—-nH+nNa]™ (n=0, 1, 2, ...) are seen for the
molecular ions (insets). These ions and their sodium adducts
are absent in the LDI MS data. The presence of charged
species of the kind [Ag;(H,MSA)s(HMSA),] suggests the
possibility of a charged core, as the overall species is singly
charged, in view of the well-defined isotope patterns with
separation of m/z 2. For the Agg core, too, although [Agg-
(H,MSA),(HMSA)] is expected, we see [Ags(H,MSA),-
(HMSA),]™, again due to a charged core or modifications in
the ligand structure on ionization. The existence of a charged
core in the condensed phase needs additional investigation,
although such a core was proposed recently."” The MALDI
MS data do not show evidence for any species of higher
molecular mass up to m/z 100000. In view of these findings,
we conclude that clusters 1 and 2 have the formulas Agg-
(H,MSA); and Ag,(H,MSA),, respectively.

Further confirmation came from negative-ion ESI MS
measurements on clusters 1 and 2 in water/methanol (50:50)
(Figure 3), which showed characteristic signatures due to
silver clusters. These features are also seen in the mass
spectrum of the crude product of interfacial etching before
PAGE separation. Several of the peaks observed in the crude
product are also seen in the isolated clusters (marked a-h),
and this indicates similarity in the structures of the clusters.
This suggests that the lower mass peaks are derived from
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Figure 3. Electrospray ionization mass spectra of crude cluster mixture
(bottom), cluster 1 (middle), and cluster 2 (top) in negative ion mode.
Specific peaks are labeled as mentioned in text.

common fragments. Ag; and Agg are the heaviest silver-
containing species detected in the mass spectra of clusters 1
and 2, respectively. From a detailed analysis of the mass
spectrum and CHNS elemental analysis (Figure S4), a
chemical composition of Agg(H,MSA); can be assigned for
the molecular species in band 1 of the gel. The proposal is also
in agreement with bulk characterization by EDAX (Figure
S5).

The experimentally observed isotope distributions of each
fragment (Figure S6) matches perfectly with the calculated
pattern. The isotope pattern, as expected, is dominated by
silver, with characteristic spacing of m/z 2, which suggests
singly charged species. The mass spectrum shows a rich
variety. The peaks due to Ag,(H,MSA);(HMSA)~ (m/z 1027)
and Ag,(H,MSA),(MSA)~ (m/z 877) are in good agreement
with the calculated values (1026.6 and 876.6, respectively).
Fragmentation of molecular ions resulted in peaks b-d
(Figure 3). The sodium adducts give characteristic signatures
which are more evident in the crude sample (Figure S6).
These precise mass spectral observations coupled with isotope
resolution, which is in complete agreement with the theoret-
ical mass spectrum, suggest that Agg(H,MSA); is a molecular
species existing in solution. Intact Agg(H,MSA)g is not
detected because of the mass limit of the instrument, but
the fragments and an atomic ratio of 1:1 for Ag:S from
EDAX and XPS analyses confirm this assignment. Mass
spectra and EDAX and XPS signatures support the assign-
ment of Ag,(H,MSA), for cluster 2 as well.

The molecular formula and chemical nature are supported
by XPS (Figure S7) and FTIR spectroscopy (Figure S8). XPS
survey spectra show all the expected elements. The Ag:S
atomic ratio in each case for clusters 1 and 2 is 1:1, in
accordance with the molecular formulas. Expanded scans of
the specific regions of Ag, C, O, and S were measured. Ag 3d
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Figure 4. A) Ag 3d XPS spectra of a) the nanoparticles, b) crude
cluster, c) Agg, d) and Ag;. B) Luminescence spectra of Agg on addition
of ammonia from 5 to 30 ppm. C) LDI mass spectra of Agg-loaded
alumina. D) Photograph of a concentrated solution of crude cluster in
water on addition of various quantities of alumina under white light.
E) Photograph of Ags-loaded alumina at 0.5 wt% under UV light (top)
and under visible light (bottom) at room temperature.

(Figure 4 A) shows an Ag” value, although a slight binding-
energy shift of 0.2 eV could be noticed. S 2p is thiolate-like,
and a value of 161.7 eV is observed (Figure S7). This is in
agreement with the IR spectrum, which suggests loss of the
thiolate proton on cluster formation. Multiple C 1s positions
are seen, in accordance with the chemical structure, but
surface contamination, which could not be avoided, pre-
vented us from observing the expected ratios for the various
Cls features. As the sample is delicate, the usual surface
cleaning steps for XPS cannot be performed on the samples.
The formation of small clusters in the reaction is further
confirmed by the X-ray diffraction pattern, which shows the
absence of characteristic peaks exhibited by parent silver
nanoparticles of size 5-10 nm (Figure S9). No characteristic
peaks were observed for silver clusters formed in micro-
emulsions.['¥]

Our attempts to crystallize these clusters were unsuccess-
ful. To check whether the luminescence originates from the
cluster core, we did a core etching reaction with ammonia and
cyanide, which are known to etch silver and gold nano-
particles. Both the luminescence and the absorption are
instantaneously quenched on addition of NH; and CN™, as
shown for the former in Figure 4B (the result for CN~ was
similar). Vanishing of absorption and emission of the cluster is
due to etching of the cluster core by NH; and CN ™. Note that
the concentrations of the etching regents were extremely low.
This experiment proved that absorption and emission origi-
nate from the cluster core.
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These clusters were loaded onto metal oxides such as
Al,O;, MgO, SiO,, and TiO,. Gradual color changes on
addition of AlL,O; to a concentrated solution of the crude
cluster in water are shown in Figure 4D. The supernatant
solution, after 2 h of soaking, appears pale yellow and emits
blue-green under UV light. The change in luminescence
profile verses the amount of Al,O; added is given in Figure
S10. This shows that only the Agg clusters are adsorbed on
metal oxides, leaving the Ag; clusters in solution. This
difference in affinity and selective adsorption of clusters
may be exploited in applications. The LDI-MS spectrum of
Agg loaded alumina (Figure 4 C) shows characteristic Ag,S,,”
peaks, as discussed above. The Agg-loaded solids exhibit
characteristic luminescence at room temperature (Fig-
ure 4E).

Luminescence decays of Agg in the solid state and Ag; in
the solution state were measured by two techniques. The data
obtained by a picosecond time-correlated single-photon
counting (TCSPC) technique are shown in Figure S11.
Lifetimes of Agg clusters were obtained by numerical fitting
of the emission at 630 nm. The luminescence decay profile
showed four components at 35ps (97%), 37.2ns (0.6%),
372 1ns (1.72%), and 5.68 ns (0.6 %). Lifetimes of Ag; were
obtained by numerical fitting of the emission at 440 nm. The
luminescence decay profile showed four components at 0.012
(88.9),0.396 (4.8),2.10 (4.8), and 8.31 ns (1.3 % ). Both clusters
show a dominant fast component.

To use these clusters in various studies, it is important that
they are transferable to various solvent systems. The solubility
of the as-prepared clusters is extremely sensitive to solvent
polarity, and they precipitate even in an excess of methanol.
We found that the clusters can be phase-transferred com-
pletely from water to organic solvents, such as toluene, by
using phase-transfer reagents. Photographs of Agg before and
after phase-transfer are shown in Figure S12. These phase-
transferred clusters can be dried and redissolved in organic
media. The luminescence of the clusters was enhanced upon
phase transfer. Hydrogen bonding of the cluster with solvent
molecules appears to reduce the luminescence intensity, and
by protecting it with phase-transfer reagents, the interaction
with the solvent is minimized.

There is a systematic dependence of the luminescence
intensity on the polarity of the medium. The optical absorp-
tion and emission in methanol/water (1/1 v/v) of Agg shows
observable luminescence enhancement even at room temper-
ature (Figure S13). Luminescence intensity and emission
wavelength of the cluster vary from solvent to solvent. The
effect is pronounced and visually observable in the solid state.
The PAGE gel without clusters does not show any lumines-
cence under UV light. The dried gel with Agg show a faint
color in visible light (Figure S14), but observable emission
under UV light. The color changes on wetting with acetone
and methanol, but luminescence disappears to the naked eye
on sprinkling with water. This is evident from the photograph
of the wet gel in Figure 1 B. The loss of luminescence is due to
the increase in nonradiative processes by the addition of
water. The quenched luminescence reappeared on keeping
the sample at 273K or on evaporating water at room
temperature. Recently Ras and co-workers reported that
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metal nanoclusters show drastic changes in the solvatochro-
mic and solvatofluorochromic properties with varying envi-
ronment.'¥! Qur results are in agreement with this.

To summarize, we have presented two new water-soluble
red/NIR- and blue-emitting molecular quantum clusters of
silver. The UV/Vis, IR, luminescence, photoemission, XPS,
XRD, and mass spectrometric characteristics of the clusters
were reported. The Agg cluster has strongly temperature and
solvent sensitive luminescence. The temperature sensitivity of
emission suggests applications. The results provide basic
guidelines for further experimental and theoretical studies on
the geometric and electronic structures, as well as the
photophysical properties, of these clusters. Selective adsorp-
tion of Ag; clusters on metal oxides such as, Al,O;, TiO,, and
MgO suggests potential applications in catalysis. These
clusters may be used in diverse studies in view of their
facile phase transfer.

Experimental Section

About 85 mg of AgNO;, dissolved in 1.693 mL water, was added to
448.9 mg of H,MSA in 100 mL methanol under ice-cold conditions
with vigorous stirring. Silver was reduced to the zero-valent state by
slow addition of freshly prepared aqueous NaBH, solution (0.2M,
25mL). The reaction mixture was stirred for 1h. The resulting
precipitate was collected and repeatedly washed with methanol by
centrifugal precipitation. Finally, the Ag@(H,MSA) precipitate was
dried and collected as a dark brown powder.

Interfacial etching was performed in an aqueous/organic biphasic
system. H,MSA thiol was partially dissolved in an organic solvent and
parent Ag@(H,MSA) was dispersed in the aqueous phase. Several
organic solvents such as toluene, carbon tetrachloride, and diethyl
ether can be used. The reaction products do not appear to be affected
by varying the organic phase. An aqueous solution of the as-
synthesized Ag@(H,MSA) nanoparticles was added to an excess of
H,MSA in toluene (1/2 water/toluene ratio). A weight ratio of 1:3 was
used (Ag@(H,MSA):H,MSA). The resulting mixture was stirred for
48 h at room temperature (ca. 303 K). Initiation of interfacial etching
is indicated by the appearance of a blue layer at the interface after
0.5-1 h. As the reaction proceeds, the color of the aqueous phase
changes from reddish brown to yellow and finally to orange. The
reaction product was precipitated by addition of methanol and
washed with methanol to remove excess H,MSA. The product was
freeze-dried and stored in the laboratory atmosphere.

PAGE separation of the clusters was performed as per the
procedure given in Figure S1. Yields of Agg and Ag; clusters obtained
by continuous stirring for 48h were 70 and 10 mg, respectively,
starting from 100 mg Ag@MSA. Instrumental methods are given in
Figure S1.
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