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ABSTRACT: Selenolate protected, stable and atomically precise, hollow /
silver cluster was synthesized using solid state as well as solution state routes. _
The optical absorption spectrum shows multiple and sharp features similar to
the thiolated Ag,, cluster, Ag,,(SR);, whose experimental structure was
reported recently. High-resolution electrospray ionization mass spectrometry
(HRESI MS) shows well-defined molecular ion features with two, three, and
four ions with isotopic resolution, due to Ag,,(SePh)s;,. Additional
characterization with diverse tools confirmed the composition. The closed- 1
shell 18 electron superatom electronic structure, analogous to Ag,,(SR)s

stabilizes the dodecahedral cage with a large HOMO—LUMO gap of 0.71 eV.
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SECTION: Physical Processes in Nanomaterials and Nanostructures

N oble metal nanoparticles' * and their atomically precise
analogues,s_7 called by various names (artificial atoms,
nanomolecules, and quantum clusters), due to their diverse and
technologically relevant properties have had a profound impact
on the science of nanosystems.® '® Nearly all of these systems
have been prepared with thiols®' """~ as their protecting
agents, although phosphines have been the preferred ligands in
the early period of this science.”* >* Accurate structures of

some of the thiolated
25-30

clusters are now available in the
Most of these pertain to gold and the first
crystal structures of silver analogues®*> have just appeared.
Many other silver clusters have been identified by mass
spectrometry.3’3’_36 The most recent Ag,,(SR);, system forms a
Keplerate solid of concentric icosahedral and dodecahedral
atom shells, which are further protected by six Ag,(SR); units
in an octahedral geometry, as revealed from single crystal
studies.>”® It is the first hollow cage system of a noble metal
cluster to have been crystallized with thiolate protection
although a cage structure has been predicted for Auy,,(SR)4>
and more recently for Aglsz(SR)éo.40

In this Letter, we report the Ag,,(SePh);, (1) system, the
very first selenolate analogue of a silver cluster with nearly
identical properties of the thiolate system. Examples of
selenolate protected clusters are very few in the literature;
those available are on gold and show higher stability compared
to the thiolate analogues.*'~** However, selenolate protected
silver nanoparticles have been reported by Zaluzhna et al.** The

literature.
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homologous family of Ag,,(XR)s, system®***~* (X = §, Se)
and their unique properties with molecule-like optical
absorption, high stability, easy synthesis, and potential to
scale up are expected to attract immediate attention of the
scientific community. Density functional theory (DFT)
calculations reveal that the exceptional stability of the cluster
can be traced back to a strong electronic shell closing at 18
electrons similar to the reported case of the Ag,,(SR);*”
cluster®® and time-dependent DFT (TDDFT) calculations of
Ag,4(SePh)s,*” based on the reported structure of the thiolate
analog predict an optical absorption spectrum in complete
agreement with the experiment.

Ag,,(SePh)s, (1) was made initially via a solid state method
originally reported for the Agy(SR), system, with significant
modifications (see the Experimental Methods section for
details).*” Solid state reaction conducted in a mortar and
pestle under ambient atmospheric condition results in a series
of color changes (photographs are given in Figure S1). In the
solid state route, the cluster growth is controlled by the limited
supply of water needed for the reduction of silver thiolate by
NaBH, (s), which becomes available from the laboratory
atmosphere as well as from the ethanol used for subsequent
washing.*® The cluster appeared deep pink (inset of Figure 1)
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Figure 1. The optical absorption spectra for cluster 1 (black trace) and
2 (red trace), respectively, in acetone and THF solvent, plotted in
terms of energy. Dashed blue line shows the corresponding calculated
optical absorption spectrum of cluster 1. The individual optical
transitions in the calculated spectrum are broadened by 0.05 eV
Gaussians, and the intensity is scaled to match with the experimental
spectrum; details are given in the Supporting Information. The
spectrum reveals multiple maxima with five prominent bands and three
broad bands. The computed spectral features are matching very well
with cluster 1. The red shift in the Se analogue, shown with vertical
lines originates from a simple size effect as discussed in the text. Inset
shows the photograph of cluster 1 solution in acetone, taken in a
cuvette.

in acetone/acetonitrile that was stored at 4 °C in a refrigerator.
The yield was 80%. It is important to note that at room
temperature (25 °C) and atmospheric conditions, the cluster
degrades in 15 days forming yellow Ag-selenolates. However,
stability is of the order of months in the solid state in the
refrigerator. We have also used a solution phase route to make
the clusters, a modified version of the process used to make
Ag44SR30.47 The corresponding thiolated cluster, Ag,,(4-FTP)5,
(FTP 4-Fluorothiophenol) (2) was also prepared for
comparison.*”** Details of experimental procedures and
characterization methods including density functional compu-
tations are given in the Supporting Information.

The optical absorption spectrum of 1 (black trace in Figure 1
and S2Aa) shows characteristic features in the 300 to 900 nm
region. Five intense bands at 1.41(879), 1.82 (681), 2.16 (574),
240 (516) and 2.82 (440) eV (nm) along with three broad
bands centered around 1.27 (970), 1.95 (635) and 3.14 (395)
eV (nm) were seen. Interestingly, the spectral features are
matching with the corresponding thiolated Ag,, cluster 2 (red
trace in Figure 1 and S2Ab) identified by Harkness et al.*®
However, some red shift is seen, attributed to a size effect as
discussed later. Here, it may be noted that the ligand does not
contain substituents on the phenyl ring, which would modify
the electron density. The profound similarity of the spectrum
with that of cluster 2 made us explore its properties in greater
detail. The cluster synthesized through the solution phase
shows similar features in the optical absorption spectra as the
cluster made through the solid state. Comparative spectra for
both are given in Figure S2B. The time-dependent data for the
cluster synthesized through solid (Figure S3A) and solution
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Figure 2. (a) HRESI MS of as-synthesized cluster 1 taken in negative
mode. The spectrum shows clear 2-, 3- and 4-ions of the Ag,,(SePh)s,.
Clean spectrum suggests the purity of the as-synthesized cluster.
Sodium exists as the counterion. (b) Expanded mass spectrum of the
2-ion (black traces). Spectrum is matching exactly with the calculated
one (red trace).

(Figure S3B) state routes show increased stability of the
samples under ambient conditions.

Further confirmation of the composition comes from mass
spectrometry. Electrospray ionization mass spectrometry gave
sharp and distinct 4-, 3-, and 2- features of Ag,,(SePh),, and
the spectrum reveals Ag,(SePh);, as an integral species
(Figure 2a). The 2- feature shows a series of closely spaced
peaks centered at m/z 4727.5 with a width of +12, due to the
characteristic isotope distribution which matches well with the
calculated pattern. The experimental and calculated spectra are
compared in Figure 2b. It is important to note that Se has six
isotopes and in conjunction with the two isotopes of silver with
equal abundance, peaks in the 4- and 3- regions are complex.
Sodium exists as a countercation with the cluster. Despite these
complexities, expanded spectrum in the 3- charge state clearly
shows the isotope resolution (Figure S4). The 4- feature is
weak and, consequently, the isotope resolution is unclear
(Figure S4). The reason behind higher intensity of 3- compared
to 4- is unknown, but it is important to note here that the
intensity also depends on instrument parameters. We optimized
the conditions to achieve the best isotope resolution,
irrespective of relative intensity. Although a 4- ion is seen, we
note that ESI MS does not confirm the existence of this charge
state in solution as additional ionization events can occur
during electrospray. Even 5-, 6-, and 7- peaks are also observed
for AgM(SR)3O.46

The mass spectrometric suggestion of the molecular formula
was confirmed by various analytical measurements. Thermog-
ravimetric (TG) analysis of 1 shows a single and sharp mass
loss (at ~240 °C) of 48.38%, as expected (Figure 3a). Part of
the counterion, sodium (as Ag,,(SePh);, is a 4- species, see
below) may still be attached with the cluster at 550 °C, which
leaves some uncertainty in calculating the exact % loss. The
weight loss starts from ~200 °C, which is quite a high
temperature compared to the most stable Au,s(SeR) ;4 cluster, ™"
suggesting high stability and rigidity of the cluster. A cluster
core of 1.0 + 0.2 nm was confirmed from TEM (Figure 3b),

dx.doi.org/10.1021/jz401879c | J. Phys. Chem. Lett. 2013, 4, 3351-3355
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Figure 3. (a) TG analysis of cluster 1. The spectrum shows a sharp
loss at 240 °C. Mass loss started from ~200 °C onward, suggesting
high stability for the cluster. HRTEM image in b shows tiny particles
and an expanded portion is given in the inset. Some particles are
marked with yellow circles. Inset shows the size distribution. Narrow
distribution suggests high uniformity of the cluster. Expanded XPS
spectra of Ag 3d (c) and Se 3d (d). Peak positions are marked
accordingly. The 55.9 eV feature in d is due to X-ray induced damage
of the sample.

which is quite similar to that reported for the Ag,,(SR);, cluster
where the core size was found to be 1.3 nm. Uncertainty of the
measurement at such small core sizes prevented us from getting
a closer value. The narrow size distribution suggests uniformity
of the cluster. Elemental analysis (Figure S5) showed an Ag:Se
ratio (1:0.679) similar to that expected (1:0.682). Other
expected elements are also seen in the spectrum. The loss of
Se—H proton (at 3.5 ppm) was seen in 'HNMR, which
confirms the binding of silver with the selenolate species
(Figure S6). Because of metal attachment to the ligand, the
aromatic protons show downfield shift and they get broadened
as expected.

XPS of 1 shows the expected elements in the predictable
intensity pattern (Figure S7). Ag 3d appears at 367.6 €V, typical
of metallic silver (Figure 3c). It is important to note that the
difference between Ag(0) and Ag(I) is small (0.5 eV)*° and a
precise determination of the valence state is not possible with
the available instrumental resolution. Se 3d appears at 53.5 eV
as expected (Figure 3d) for the selenolate system.*> However,
as there is a possibility of X-ray induced damage, the Se 3d
region shows an additional feature at 55.9 eV. This kind of X-
ray-induced damage is seen in the thiolate system,”" possibly
due to the sulfate or sulfonate species, arising from X-ray
exposure.

Motivated by the similarity of the measured optical spectra of
Agu(XR)yy (X = S, Se) clusters, we performed DFT
computations of the electronic ground state and TDDFT
computations on the optical spectrum (blue trace in Figure 1)
of Ag,4(SePh);*~ based on the resolved structure®® of the
thiolate analogue, Ag,,(SPhF,);" (for computational details,
see Supporting Information). Very small but systematic
expansion of the selenolate protected cluster as compared to
the thiolate-analogue was observed in the DFT-optimized
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Figure 4. (a) Computationally relaxed structure of the Ag,,(SePh);,*
cluster, showing in addition (b) the structure of one Ag,(SePh);
surface unit and the (c) icosahedral and (d) dodecahedral shells of the
metal core. Ag: gray; Se: orange; C: green; H: cyan.

structure of (1) shown in Figure 4 (for comparison of
important bond lengths, see S8 Table 1). These differences are
mainly due to the slightly larger covalent/ionic radius of Se
compared to S. The free electron count of the compound in the
4- charge state is 18, applying the simple electron counting rule
of ref 52. This corresponds to the 1S* 1P® 1D superatom
electron configuration, thus leaving the 25* and 1F'* manifolds
empty (see Figure S9 showing the electronic density of states
for the region of the superatom 1D, 2S, and 1F states). The
destabilization of the 25> superatom state is due to the hollow
cage structure of the inner metal core.

The calculated HOMO—-LUMO gap is 0.71 eV showing the
electronic stability. The HOMO—LUMO optical transition is,
however, dipole-forbidden, and the optical gap is therefore
slightly larger. The calculated optical absorption spectrum of
Ag,4(SeR);, for charge state 4- matches with all the observed
major features, thus indicating that the known structure of
Ag,,(SR); is very likely the structure of Ag,,(SeR)s;, as well.
The slight red shift of the excitations as compared to the
thiolate cluster can be understood as a size effect from a slightly
larger total volume of the selenolate cluster, as most of the
transitions involve not only metal core electrons but the pi-
systems of the ligand layer as well, in analogy to the
corresponding thiolate-stabilized cluster.*®

In summary, we show the existence of an extremely stable
silver cluster system protected with selenolate, Ag,,(SePh)s,.
The UV—Vis spectrum of this compound is almost identical to
the recently (structurally) solved Ag,(SR);, and TDDFT
computations assuming the structure of the thiolate cluster
reproduce the experimental UV—Vis data accurately. The
stability of the cluster arising from the closed shell 18-electron
system and structurally stable Keplerate core is clear from the
electronic structure calculations. We believe that similarity of
the Ag,(XR); (X = S, Se) system would lead to the
exploration of properties of analogous metal nanosystems.
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B EXPERIMENTAL METHODS

Materials used in the synthesis are listed in the Supporting
Information.

1. Solid State Synthesis of Cluster 1. Initially, 23 mg of AgNO;
(s) and 30 yL of benzeneselenol (1) were ground well in a clean
agate mortar using a pestle. The color of the mixture changes to
yellowish orange showing the formation of silver selenolate. To
this mixture, 25 mg of solid NaBH, were added and the content
was ground well until the color became dark yellow. Then, 5
mL of ethanol was added to the mixture and mixed well
Ethanol was added to wash out the extra ligand. The mixture
was kept for 15—30 s until there was a color change from dark
yellow to deep brown. The contents were then taken in a
centrifuge tube and centrifuged at 3600 rpm for 4 min. The
centrifugate was removed, and the residue was dissolved in
acetone and again centrifuged for 3 min. The cluster, extracted
in acetone, was collected and the residue was discarded. Deep
pink colored Ag,, cluster was obtained in acetone and it was
stored in a refrigerator at ~4 °C. The percentage yield was 80%.
Similarly, the Ag,, cluster can also be extracted in
tetrahydrofuran (THF) and acetonitrile. In THF, it is
comparatively less stable (stable up to 15 days) in contrast to
acetonitrile and acetone (stable up to 2 months at ambient
condition).

2. Solution Phase Synthesis of Cluster 1. This is a modified
procedure of Bakr et al.,** where a two step synthesis route was
followed. First, silver trifluoroacetate (15.78 mg, 0.0714 mmol)
was dissolved in 7.2 mL acetonitrile and stirred for 5 min.
Benzeneselenol (5 pl, 0.0471 mmol) was added to that
solution and was left to stir for another 15 min (Solution A). In
another conical flask, 28.6 mL acetonitrile solution of NaBH,
(10.8 mg, 0.286 mmol) was kept for stirring for 30 min
(Solution B). Then, Solution B was added to Solution A, and
the reaction mixture was left to stir for 3 h at room
temperature. The deep pink colored cluster was formed after
3 h and it was stored in refrigerator at ~4 °C.

Computational methods are presented in the Supporting
Information.
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Details of experimental procedures, instrumentation, descrip-
tion of the computational methods, photographs during
synthesis, '"HNMR, SEM/EDAX, XPS, comparative UV/Vis
spectra prepared by solid & solution state routes, time
dependent spectra and the analysis of the electronic structure
of cluster 1. This material is available free of charge via the
Internet at http://pubs.acs.org.
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