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ABSTRACT: The elaborate selection of the capping ligands is of great importance in the synthesis of atomically precise metal
nanoclusters. Organic thiolates, alkynyls, phosphines and/or their combinations are the most widely utilized to protect metal nanoclus-
ters, while inorganic oxo anions have been almost neglected in this field. Herein, the first CrO4>/BuC=C" co-capped Agss nanocluster
(SD/Ag48) was synthesized and structurally characterized by single-crystal X-ray diffraction (SCXRD). The pseudo-fivefold sym-
metric metal skeleton of SD/Ag48 shows a core-shell structure comprised of an Ag,s cylinder encircled by an outer Ag,s shell. Un-
precedentedly, co-existence of inorganic (CrO4>) and organic (‘BuC=C") ligands was observed on the surface of SD/Ag48. The inor-
ganic CrO4* anion plays three important roles in the construction of silver nanoclusters: i) passivating the Ag,; kernel; ii) connecting
the core and shell; and iii) protecting the Ag,s shell. This nanocluster belongs to a 14e superatom system and exhibits successive
molecule-like absorption bands from the visible to the ultraviolet region. This work not only establishes a fresh inorganic ligand
strategy in the synthesis of silver nanoclusters but also provides a new insight about the important surface coordination chemistry of

CrO4* in the shape-control of silver nanoclusters.

INTRODUCTION

Ligand-protected metal nanoclusters (e.g. copper, silver, gold
and their alloys) with precise numbers of metal atoms and defi-
nite composition of ligand coatings have attracted extensive at-
tention in recent years due to their unique bridging role between
atoms and plasmonic nanoparticles, and promising optical and
physicochemical properties.! For a long time, the synthesis of
metal nanoparticles has been dominated by polydispersity?
which is not desirable, because their unique properties mainly
depended on their size and shape. However, precise control over
the compositions including those of the metallic kernel and the
ligand shell to realize monodispersity at atomic precision is still
one of the biggest challenges in the field. The earliest experi-
mental breakthrough in X-ray structure of gold nanoclusters
was achieved for Au® and the ability to crystallize these com-
pounds is closely related to their high stability. Since then, a
large number of gold nanoclusters with well-resolved atomic-
level structures have sprung up* and the largest known to date
is Auyse.’ Compared to gold nanoclusters, the silver counter-
parts, however, are still largely lagging which is mainly due to
their relatively low stability. Up to date, only limited fully char-
acterized silver nanoclusters have been reported such as Agy),°
Ag, Agrs,t Agro,” Agsa,'’ Agas,' Agus,'> Agso,” Age,'"* Ager,"”
Agrs,' Agia," Agiss,'® Agaos,”” Agaro,? and currently the larg-
est Agsz.?!

Considering their assembly, the capping ligand is one of the
most important factors that dictates the final structures as well
as their related properties.?> Thus, engineering the surface lig-
ands of metal nanoclusters is an easy-to-use strategy to control

the metallic kernels as well as the ligand shell. The most widely
used capping organic ligands are thiolates, alkynyls, phosphines
and/or their combinations, while inorganic ligands have been
limited to halogens or chalcogens.?? Of note, all these ligands
coordinate to surface of nanoclusters using only one or two at-
oms (P, S, or C atom) with mono- or multidentate bridging
modes, which is not favorable to their stability. In contrast, an
inorganic oxo anion with polyatom backbone can act as a mul-
tisite and multidentate coordination scaffold to construct stable
metal nanoclusters. However, no reports with inorganic oxo an-
ions as ligands appeared in this field until now. Using such in-
organic oxo anions, for example CrOs*, MoO4>, and WO,*,
will provide new opportunities to explore the synthesis of inno-
vative metal nanoclusters.

Scheme 1. Synthetic Route for SD/Ag48. TMEDA = N,N,N',N'"-Tetrameth-
ylethylenediamine.
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Given the special coordinative advantages of inorganic oxo
anions as one of the capping ligands and inspired by our previ-
ous work on inorganic oxo anion templated Ag(1) clusters,?* we
firstly introduced these inorganic oxo anions into the synthesis
of reduced silver nanoclusters and successfully isolated a novel
CrO4*/BuC=C" co-capped Agss nanocluster (SD/Ag48). The



overall composition of this nanocluster was determined to be
[Agas(C=C'Bu)20(CrO4)7] containing 48 Ag atoms that can be
divided into an inner Ag,; cylindrical kernel and outer Agss
shell. Two CrO4* anions at the two poles and five additional
chromates on the equator region passivate the Agr; cylinder.
Twenty ‘BuC=C" ligands cap the surface of the Ags shell in a
four-ring fashion with each ring having five ‘BuC=C" ligands.
This is the first example of a silver nanocluster with both inor-
ganic oxo anions and organic ligands capping the surface.

RESULTS AND DISCUSSION

Synthesis

The SD/Ag48 was synthesized by the reduction of a mixture
of ‘BuC=CAg, K,Cr,05, glutaric acid and Ag,O in CH30H us-
ing NaBHy as a reductant at room temperature. Then, solvother-
mal treatment for the above mixture was performed at 70 °C
(Scheme 1). The final yield is moderate (~45 %) and the repeat-
ability of the synthesis experiment is quite good. The black
crystals of SD/Ag48 were grown by solvent evaporation of fil-
trate after solvothermal reaction at room temperature. The pure
sample was collected as crystals by filtration. The solvothermal
reaction is quite crucial for the formation of SD/Ag48 and no
any crystalline products can be formed without such treatment.
Although the glutaric acid is not found in SD/Ag48, it also plays
important roles in assembly of SD/Ag48 such as adjusting pH
value and dissolving Ag,O. The SD/Ag48 was fully character-
ized by a series of spectroscopic, crystallographic and compu-
tational characterization techniques. The synthetic details and
some basic characterizations such as powder X-ray diffraction,
infrared spectra, UV-Vis spectra, cyclic voltammetry and so on
are shown in the Supporting Infal;r)nation (ST).

Figure 1. The side (a) and top (b) view of total molecular structure of
SD/Ag48. (b) The side (c) and top (d) view of the Ag,; cylinder. The struc-
ture of Agr@Ag,s viewed in two different (e) and (f) perspectives. (g) The
formation of the Ag,s shell by capping two silver pentagons on the Ag,; Ino
decahedron the top and bottom. (Color legend: Ag: purple and green; Cr:
blue; C: gray; O: red).
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X-ray Structure of Agis(C=C'Bu)20(CrO4)7 (SD/Ag48)

Asrevealed by SCXRD, SD/Ag48 crystallized in the triclinic
P-1 space group and has a pseudo-fivefold symmetric drum-like
shape (Figure 1a and 1b) with a height and diameter of 0.8 and
1.1 nm, respectively, excluding the ligand shell. The asymmet-
ric unit of SD/Ag48 contains two complete molecules with
identical chemical composition for each. The precise formula of
SD/Ag48 was identified as [Agss(C=C'Bu)2o(CrOs);]. The me-
tallic skeleton of 48 silver atoms shows a particle-in-a-cylinder
feature comprised of an Ag; cylinder (Figure 1c and 1d) encir-
cled by an outer Ag,s shell (Figure le and 1f), thus the best for-
mula for describing this metallic kernel is Agx;@Agzs. The in-
ner Ag,s cylinder can be seen as a central Ino decahedral Ag)3
capped by two Ags pentagons at the top and bottom in a stag-
gered fashion (Figure 1g). The Ino decahedral Ag;s consists of
two Ag; decahedra fused together by sharing one apical Ag
atom in a nearly eclipsed conformation (torsion angles = 14~15°,
Figure S1). We also show the calculated Hirshfeld charges of
silver atoms in the cluster in Figure S2. This analysis is in agree-
ment with the Agx3@Ag,s formulation of the kernel as well.

The Ag---Ag distances in the Agy; cylinder fall in the range
0f 2.7221(13)-3.0372(14) A, similar to the distances in bulk sil-
ver and related silver nanoclusters.?> Of note, a kernel of 13
metal atoms is well known in Ag and Au nanoclusters,?® but
most cases involve the M3 icosahedron, cuboctahedron and an-
ticuboctahedron.?’” Although the 13-Au atom Ino decahedron
has been observed in Aui3o,2® such special decahedron of 13-Ag
atoms with in Ag,s cylinder is very seldom. Alternatively, the
Ag»3 cylinder can be seen as two classic Ag;; icosahedra con-
nected by sharing one apical Ag atom (Agl) but missing two
vertexes at two pole sites (Figure S3).

Figure 2. (a) Side view of the drum-like Agys shell. (b) Top view of
coordination of five equatorial CrO,* anions linking the Ag,; cylinder and
Agss shell. (c) Full coordination of seven CrO4* anions on the Agy; cylinder.
(d) Side view of the Ag,; cylinder encircled by the outer Ag,s(C=C'Bu)y
shell. (Color legend: Ag: purple and green; C: gray; O: red; CrO4*: cyan or
yellow tetrahedra).

Encircling the inner Ag,; cylinder is an Agys shell in a con-
centric fashion along the quasi-5-fold axis. The 25 Ag atoms in



the shell are organized in a three-ring manner with the number
of silver atoms in each being 10, 5, and 10 (Figure S4). In a
polyhedral view, the Agss shell contains 10 trigons and 5 hexa-
gons (Figure S5). The overall shape of the Ag,s shell looks like
a drum. There are five vertex-shared hexagonal windows (black
hexagons in Figure 2a) on the drum body of the Agys shell. Five
equatorial CrO4* anions penetrate them to coordinate on five
tetragonal faces of the inner Ag,; cylinder and five hexagonal
windows of the Agys shell using ps-klicl i, po-rlicic:
and po-k%:x%¢3 3 modes (cyan tetrahedra in Figure 2b), while
the other two ps-k!:x%:x? CrO4* anions cap the apical pentagons
at two poles of the Agy; cylinder (yellow tetrahedra in Figure
2¢). The Ag-O bond lengths fall in the range of 2.263(9)-
2.780(9) A. The unique coordination of the inorganic CrO4> an-
ion was found to have three important roles in the construction
of SD/Ag48: 1) passivating the Ag,; kernel; ii) connecting the
core and shell; and iii) protecting the Agys shell. All 20 ‘BuC=C
ligands adopt the p3 mode to cap the Agys shell (Figure 2d and
Figure S6a), connecting it to the Ag,; cylinder (Ag-C:
2.064(15)-2.497(14) A). Although every ‘BuC=C" ligand is li-
gated to three silver atoms, the detailed coordination modes of
them are still different due to the diverse combinations of ¢ and
n coordination fashions. Figure S6b shows the coordination
modes of both inorganic and organic ligands in a more detailed
fashion. The Ag---Ag distances in the Agys shell are
2.8804(14)-3.4339(13) A, and the distances between the Agas
cylinder and the Ag,s shell fall in the range of 2.8885(14)-
3.4067(13) A, which consolidate the overall metallic skeleton
of SD/Ag48.
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Figure 3. Positive ion mode ESI-MS of the crystals of SD/Ag48 dissolved
in CH,Cl,. Inset: The zoom-in ESI-MS of experimental (black line) and
simulated (red line) for each labeled species.

Mass Spectroscopy and Solution Stability

As shown in Figure 3, the positive-ion ESI-MS of SD/Ag48
dissolved in dichloromethane shows two grouped signals, cor-
responding to +2 and +1 species, in the m/z range of 3000-
11000. After carefully matching experimental mass spectra
with calculated isotope distributions, we can identify each en-
velope containing three different species. The envelope in the
m/z range of 3000-5000 is doubly charged species (1a-1c¢), and
the most abundant species in this envelope is 1b centered at m/z
= 3828.1455, corresponding to
[KAg4g(’BuCEC)19(CrO4)7(CH3OH)(H20)3]2* (Calcd
3828.1211), which corresponds to the SD/Ag48 losing a
‘BuC=C" ligand and adding a K" ion. Similarly, 1¢ was assigned
to [KAgss('BuC=C)19(CrO4);]** species. 1a is formed by losing
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one ‘BuC=CAg and adding two K" ions from the parent
SD/Ag48. In another envelope, the predominant peak le cen-
tered at m/Zz = 76533160 is  assigned to
[NaAgss(‘BuC=C),o(CrO4)7(H,0)]* (Calcd. 7653.2922), which
can be seen as the molecular ion peak of SD/Ag48 adding one
Na* and H,O. 1d and 1f are formed by losing one ‘BuC=CAg
and one ‘BuC=C" ligand from the pristine SD/Ag48 when dis-
solved in CH,Cl,, respectively. All the formulae of these spe-
cies are listed in Table S1. These results clearly demonstrate
that SD/Ag48 can remain intact in CH,Cl,. More importantly,
combined with the solid-state structure analysis of SD/Ag48,
we can clearly determine that SD/Ag48 is a neutral nanocluster.

Optical Properties and DFT Calculations

As shown in Figure 4a, the CH,Cl, solution of the SD/Ag48
shows highly structured absorption bands including two weak
peaks at 309 and 397 nm, and one prominent absorption peak
at 491 nm. Moreover, the SD/Ag48 remained stable at room
temperature in CH>Cl, at least 5 days (Figure S7). The mole-
cule-like optical absorption originates from interband electronic
transitions between discrete energy levels. The optical energy
gap is determined to be 1.09 eV (Figure 4a, inset).
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Figure 4. (a) The ultraviolet—visible absorption spectrum of crystals dis-
solved in CH,Cl,. Inset (left bottom): Photograph showing the CH,Cl, so-
lution of SD/Ag48. Inset (right top): the spectrum on the energy scale (eV).
(b) Calculated absorption spectrum for Agss(CrO4)7(HC=C),o. The 200 ex-
cited states with the largest oscillator strength are shown as stick spectra. In
the calculated spectra, sp denotes MOs that originate mainly from delocal-
ized Ag s+p orbitals in the Ag,; core of the cluster. In comparison, L denotes
MOs that have mainly ligand (C p, O p or Cr d) character.

Due to the neutral nature of SD/Ag48, the number of valence
electrons for the cluster can be calculated to be 14, which is not
a spherical magic number for the superatom model.? Its stabil-
ity may be explained by a nonspherical kernel geometry*® and



the special coordination effect of surface CrO4* anions. To bet-
ter understand the electronic structure of SD/Ag48, we per-
formed density functional theory (DFT) calculations. All calcu-
lations were performed using the ADF2017 package.?! We em-
ployed the PBE* functional with a TZP basis set using the fro-
zen core (FC) approximation for the core electrons (FC freezes
4p electrons and lower shells for Ag, 3p electrons and lower
shells for Cr, and 1s electrons for C and O). Scalar relativistic
effects were treated using the ZORA Hamiltonian.* For sim-
plicity in the analysis of the electronic structure and the nature
of excited states, [Agss(CrOs4);('‘BuC=C)] is modelled as
[Agas(CrO4)7(HC=C)y]; however, a comparison of calculated
spectra between the two systems is given in Figure S8a. All
nanoclusters are calculated using a neutral charge state. In our
analysis of electronic structure, molecular orbitals (MOs) are
denoted using cylindrical symmetry (Z, 1, A,...).3* In this no-
menclature, MOs are labelled as NM,;, where M corresponds to
%, I1, A, ..., [ corresponds to the axial quantum number, and N
corresponds to the principal quantum number (N =1, 2, 3, ...).
For the calculation of excited states, we have employed the TD-
DFT+TB formalism,* which is an approximate time-dependent
DFT (TD-DFT) method. For this system, the TD-DFT+TB and
TD-DFT methods show excellent agreement for calculated
spectra at the PBE/DZ level of theory as shown in Figure S8b.

The electronic structure of the [Agas(CrOs4)7(HC=C)y] clus-
ter can be analyzed by treating the Ag»s core in the structure as
a nanorod as shown in Figure 2c, similar to the case of the
Ausg(SH)as cluster.3* As a result, delocalized levels in the elec-
tronic structure of [Agss(CrO4);(HC=C),], which mainly origi-
nate from Ag s and p levels, exhibit Z, I, A, ... symmetries.
The predicted HOMO-LUMO gap for the
[Agas(CrO4)7(HC=C)y] cluster is 1.05 eV at the PBE/TZP level
of theory. Similar to Auss(SH)24,* electron counting rules show
14 delocalized electrons in the neutral [Agss(CrO4),(HC=C)y]
as well. In the calculated electronic structure, the HOMO,
HOMO-1 and HOMO-2 levels dominantly originate from Ag s
and p levels of the Ag,s core. The HOMO level shows X3 sym-
metry, whereas the HOMO-1 and HOMO-2 levels exhibit I,
symmetry. In the unoccupied levels, the LUMO and LUMO+1
show IT and A character respectively; however, they also have
large contributions from Cr d and O p orbitals. In fact, from the
LUMO to LUMO+17 levels, the MOs generally exhibit mixing
between the Z, IT and A levels that originate from the Ag; core,
and the Cr d and O p orbitals.

In Figure 4, we show a comparison of the experimental UV-
vis spectra, and the calculated absorption spectra for
[Agas(CrO4)7(HC=C)y] (Figure 4b). In general, there is a very
good agreement between the calculated and experimental spec-
tra, especially for the spectral shape. Both spectra exhibit three
distinct features in the 2-4 eV region. In particular, an intense
feature (peak a) is seen at 2.5 eV in the experimental spectra,
which is also predicted in the calculated spectra at 2.15 eV. The
predicted energies of the peaks are generally redshifted in the
calculated spectra by 0.3-0.8 eV compared to the experimental
spectra. This redshift is commonly seen for predicted absorp-
tion spectra of ligand-protected gold and silver clusters when
GGA functionals are employed in the computation.*®

Figure 5. Occupied-unoccupied orbitals for a) the X3—ZX, transition and b)
the I',—T1; transition that contribute significantly to peak a in Figure 4a.
The oscillator strength contribution from the X;—ZX, transition is ~2 times
larger than the oscillator strength contribution of the I1,— I1; transition. c)
The calculated transition-fit density is shown for the excited state at 2.15
eV (corresponding to peak a in Figure 4a), which has the largest oscillator
strength among the calculated excited states.

In the calculated spectra, the strong feature at 2.15 eV (peak
a) is predicted to arise mainly from HOMO—LUMO+16
(Z3>X%4) and HOMO-1-LUMO+15 (Il,— ITs) transitions as
shown in Figure 5a and 5b respectively. The nature of the tran-
sitions is similar to the intense longitudinal transitions in nano-
rods®” where AM=0 and Al=+1. As expected from the nature of
MOs involved, the calculated transition-fit density exhibits a
large polarization along the long axis of the Agy; core as shown
in Figure 5c, corresponding to a strong dipolar excitation. In
comparison, peak b and peak c are predicted to originate from
a large number of lower oscillator strength states. Peak b mainly
arises from transitions out of occupied HOMO-HOMO-2 levels
to higher-lying unoccupied X and IT levels and ligand-based un-
occupied orbitals that have dominantly C p and Cr d character.
In the case of peak c, the largest contribution to the peak’s os-
cillator strength comes from the HOMO-9—-LUMO+17
(IT)—>2%)) transition. Additionally, transitions between ligand-
based levels and the Ag d band also contribute considerably to
the oscillator strength of this peak.
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Figure 6. Differential pulse voltammogram of SD/Ag48 at room tempera-
ture.



Electrochemistry of SD/Ag48

Electrochemistry is a powerful technique widely used to in-
vestigate the electronic energy structure of metal nanoclusters
near to the HOMO-LUMO levels.*® To study the electrochemi-
cal property of SD/Ag48, we carried out cyclic voltammetry
(CV, Figure S9) and differential pulse voltammetry (DPV) of
SD/Ag48 at room temperature in 0.1 M CH,Cl, solution of
"BuyNPFs. The scan direction is from 1.0 V to —1.0 V, and then
back from —1.0 to 1.0 V. As shown in Figure 6, there are four
oxidation peaks at 0.05 (O1), 0.37 (02), 0.64 (O3) and 0.99 V
(O5) and one reduction peak at —0.97 V (R1). The electrochem-
ical gap deduced from the difference between the first oxidation
(O1) and reduction (R1) potentials gives an energy of 1.02 eV,>
which is well matched with the experimental (1.09 eV) and cal-
culated HOMO-LUMO gap value (1.05 eV) at the PBE/TZP
level for SD/Ag48.

Luminescence of SD/Ag48

The luminescence properties of the SD/Ag48 were studied in
solid state and CH»Cl, solution. It was non-emissive in the solid
state at room temperature, even at cryogenic temperature. In
CH,Cl, solution, SD/Ag48 exhibits an emission peak at 420 nm
(Aex = 288 nm) at room temperature (Figure 7), whereas the
maximum emission peak red-shifts to 441 nm in frozen CH,Cl,
glass with a lifetime falling microsecond scale (7, = 0.28 and 7,
= 6.54 ps; Figure S10) at 80 K. Based on the previous reports
about the luminescence of silver clusters,>*®*’ the luminescence
excited state of SD/Ag48 can be tentatively ascribed to a com-
bination of ligand-to-metal charge transfer (LMCT) and metal-
centered (MC) transitions influenced by argentophilic interac-
tions.*!
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Figure 7. The normalized luminescent spectra of SD/Ag48 recorded in
CH,Cl, solution at 80 to 290 K under the excitation of 288 nm.

CONCLUSIONS

In summary, this work presents a novel silver nanocluster co-
protected by organic ‘BuC=C" ligands and inorganic CrO4* an-
ions for the first time. The SD/Ag48 shows a double-shell struc-
ture with a rare Ino decahedral Ag,; kernel protected by an outer
drum-like Ag,s shell. The inorganic oxo protecting ligands play
three important roles: 1) passivating the Ag»; kernel; ii) connect-
ing the core and shell; and iii) protecting the Ags shell, in the
construction of SD/Ag48, and partially contribute to its optical
properties. The structural, optical and electronic properties of
the cluster are also investigated by theoretical methods. These
results show that the strong optical peak at 2.5 eV arises from
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an excitation that is polarized along the long axis of the Ags;
core. Optical spectroscopy, electrochemistry, and DFT calcula-
tions predict a HOMO-LUMO gap around 1.0-1.1 eV. The
nanocluster also has visible luminescence in solution. We be-
lieve that this work will open a fresh avenue in the construction
of new silver nanoclusters by the combination of organic lig-
ands and inorganic oxo anions. Further work on modulating the
structures of silver nanocluster by introducing different inor-
ganic 0Xo anions is in progress.
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