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Abstract: The synthesis and structural determination of
a silver nanocluster [Ag,{S,P(OiPr),};,] (2), which contains
an intrinsic chiral metallic core, is produced by reduction
of one silver ion from the eight-electron superatom com-
plex [Ag,,{S,P(OiPr),};,]1(PFs) (1) by borohydrides. Single-
crystal X-ray analysis displays an Ag,, core of pseudo G
symmetry comprising a silver-centered Ag,; icosahedron
capped by seven silver atoms. Its n-propyl derivative,
[Ag,{S,P(OnPr).};,] (3), can also be prepared by the treat-
ment of silver(l) salts and dithiophosphates in a stoichio-
metric ratio in the presence of excess amount of [BH,] .
Crystal structure analyses reveal that the capping silver-
atom positions relative to their icosahedral core are dis-
tinctly different in 2 and 3 and generate isomeric, chiral
Ag,, cores. Both Ag,, clusters display an emission maxi-
mum in the near IR region. DFT calculations are consistent
with a description within the superatom model of an 8-
electron [Ag;;]°" core protected by a [Ag,{S,P(OR)};,]°"
external shell. Two additional structural variations are pre-
dicted by DFT, showing the potential for isomerism in

such [Ag,,{S,P(OR),};,] species.

- /

Atomically precise noble metal nanoclusters, for which struc-
tures have been determined by single-crystal X-ray diffraction,
have been very challenging to pursue, owing to difficulties in
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the growth of single crystals of appropriate quality. However,
owing to their potential applications in multidisciplinary fields
such as catalysis, luminescence, sensing, electronics, and biol-
ogy,"? they remain highly topical. In the past few years, signif-
icant progresses have been made in the single-crystal structure
study of gold nanoclusters® protected by Au-thiolate staple
units, such as Auyg,™ Auiss™ Ause™ Auss™ Aus® Aug™ and
Au,s" Among these clusters, the Au,g, Aus, and Au,, cores
are chiral due to asymmetric arrangement of the gold thiolate
staple units. A chiral Au,, core of C; symmetry was also re-
vealed in [Au,(PP,),ICl, (P=tetradentate phosphine), which
consists of a centered-icosahedral Au,; capped by seven Au
atoms in a helical Y-shape.'"” Besides the aforementioned in-
vestigations, the structural isomerism study at nanoscale in
AULg(SR),o (R=c-C4Hyy, CH,-tBU)' has opened up an exciting
new avenue for nanostructure research. Even though isomers
lying close in energy have been predicted in Ag clusters based
on DFT study,""¥ structurally characterized isomeric silver nano-
clusters remain unknown.

The structural diversity identified in gold nanoclusters in-
spires scientists to develop silver analogues. The unusual sta-
bility of the M,Ag,,(SPh);, (M =alkali metal) nanoclusters™ was
attributed to an 18-electron superatomic closed-shell configu-
ration. More recently, Bakr etal. reported the structures of
[Ag,5s(SR);g]~ and [Ag,,(BDT),,(TPP),], where an Ag,s structure
was found virtually identical to that of [Au,s(SR);s] . Subse-
quently there were reports on doped thiolate silver nanoparti-
cles, [MAg,4(SR);gl*™ (M=Pt, Pd)"® and [AuAg,(SR)sl™ " char-
acterized by X-ray diffraction. Interestingly, intercluster reac-
tions between Au,s(SR);3 and [Ag.(SR);]* reveals the forma-
tion of [Auys_,Ag,(SR);s] (x=0-20), which are primarily charac-
terized by mass spectrometry."® However to the best of our
knowledge there has been no reported structural evidence on
a superatom-type silver nanocluster having a chiral inorganic
core. Indeed, nanoscale chirality is of immense interest owing
to varieties of applications, such as enantioselective catalysis,
and chirooptical devices."*?”

Our group has a strong interest in pursuit of Group 11 nano-
particle formation pathways formed by wet chemical reduction
methods. Along this direction, we have successfully character-
ized several copper hydrides stabilized by bidentate dichalco-
gen (S/Se) ligands (L)?" as well as hydrido silver (or copper)
clusters as a route to the ultimate metal nanoparticles from
which assumptions on the existence of various alloy clusters as
key intermediates were proposed.”? Eventually, the first eight-
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electron silver nanocluster [Ag,,{S,P(QiPr),},,1(PF¢), 1, was iso-
lated in the series. Bearing in mind that a chiral superatom
complex may be produced through removal of one peripheral
silver ion from the Ag,;, core of 1, we report herein the new
[Ag,{S,P(OiPr),};,] cluster, 2, that is, merely one silver atom
smaller than the previous Ag,, cluster. The new Ag,, cluster
core, which exhibits interesting differences in structural fea-
tures and optical properties from those of the Ag,, cluster,
consists of an intrinsic chiral inorganic core, a combination of
a centered-icosahedral Ag,; nucleus, and seven capping silver
atoms, to retain eight electrons in agreement with the unified
superatom concept.?

The initial synthesis of pure [Ag,{S,P(OiPr),};51, 2, which is
air- and moisture-stable, started from [Ag,,{S,P(OiPr),};,1(PF)
(1) by dissolving it in tetrahydrofuran (THF) (see the Support-
ing Information). The resulting solution was cooled to —20°C
for 20 min and NaBH, solution (a mixture of DMF and THF in
a 1:4 ratio) was then added quickly. After 1 h, solvents were re-
moved under reduced pressure and the obtained brown-red
solid was extracted in a sufficient amount of hexane. The
hexane fractions were combined and dried to yield pure 2. Al-
ternatively, a direct synthesis of 2 was developed by treating
Ag™ salts and dithiophosphates (dtp) in stoichiometric ratios in
the presence of excess amount of [BH,]™ (see the Supporting
Information). An n-propyl derivative, [Ag,o{S,P(OnPr),};,1, 3, can
be generated by the latter method. Both 2 and 3 are quite
stable in non-polar solvents but decompose in a few hours,
particularly in chlorinated solvents, whereas nanocluster 2 re-
generated into 1. Both 2 and 3 were structurally characterized
by single-crystal X-ray diffraction and their compositions were
confirmed by electrospray ionization mass spectrometry (ESI-
MS), multinuclear NMR, X-ray photoelectron spectroscopy
(XPS), UV/Vis, and EDS for the Ag:S atomic ratio. Furthermore,
DFT and TDDFT investigations provide a rationalization of their
structure, bonding, stability, and optical properties.

The positive ESI-MS spectrum of 2 shows a molecular ion
peak at m/z 4716.3 (calcd 4716.3), corresponding to the molec-
ular weight of neutral [Ag,{S,P(OiPr),};,] (Figure 1a). By analyz-
ing its isotope pattern, the ionized nanocluster was deter-
mined to be mono-charged because the isotope peak spacing
is unity (+ 1) (inset of Figure 1a). Additional peaks in lower and
higher mass ranges can be attributed to a fragment
[Agy{S,P(OiPr)},,1*  (m/z  4503.3) and the adduct
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Figure 1. a) ESI-MS spectrum of 2. The inset shows the experimental (top)
and theoretical spectra (bottom). b) UV/Vis absorption (left-side) and normal-
ized emission (right-side) spectra of 1 and 2 in chloroform.
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[Ag»{S,P(OiPr),};,1" (m/z 4823.2), respectively. The UV/Vis spec-
trum of 2 shows broad multiband optical absorption bands (at
260, 360, 435, 443, and 492 nm) and one shoulder band at
540 nm (Figure 1b; Supporting Information, Figure S1 and
Table S1), whereas the same number of absorption band with
shifted positions (at 235, 260, 381, 425, 482, and 540 nm) were
also observed in 1. Both 1 and 2 exhibit luminescence in the
near-IR region at about 921 nm and about 950 nm, respective-
ly. The XPS of 2 shows the existence of both Ag° and Ag'. The
Ag 3d;, XPS peak can be resolved into two peaks at binding
energies of 367.63 eV and 368.73 eV (Supporting Informationl,
Figure S2), corresponding to Ag' and Ag’ respectively.” Fur-
thermore, EDS results of 2 showed Ag and S atomic ratio to be
46.67:53.33 (calcd 46.66:53.33; Supporting Information, Fig-
ure S3, Table S2).

The crystallization of 2 was performed by vapor diffusion of
hexane into a concentrated acetone solution at 4°C. Rectangu-
larly shaped dark-red crystals of 2, which crystallize in the
monoclinic P2,/n space group, were obtained in a couple
weeks. Figure 2a represents an entire structure of
[Ag,0{S,P(OiPr),};,]. The unit cell consists of enantiomeric pairs
similar to the reported chiral gold nanoclusters (Au,q, Ausg,
and Au,g)® and this is the reason why no optical activity is re-
vealed in its CD spectrum.®! It has an idealized C; symmetry
with the threefold axis passing through atoms Ag20, Ag1, and
the center of two Ags triangles (Figure 2a). The architecture of
2 exhibits an Ag,, kernel stabilized by twelve dtp ligands. The
metal core comprises an Ag-centered Ag,; icosahedron capped
by seven Ag atoms. The icosahedron can be seen as a ring of
six silver atoms in a chair form, sandwiched between two stag-
gered Ag; triangular faces along the pseudo C; axis (side view
in Figure 2b). The capping Ag atoms occupy seven of the
twenty triangular faces of the icosahedron, in such a way that
one of them (Ag14) lies on the G axis and the remaining six
locate around the G; axis to form three butterfly groups, where
hinges are made by alternative side edges of the Ag, chair
(Figure 2¢). Alternatively, a view along the pseudo C; axis of
Figure 2d reveals that three groups of capping Ag atoms rep-
resent two almost coplanar triangles in a closed to eclipsed
position (staggering angle: 18.7°) in a threefold propeller-like
shape. The radial and peripheral Ag—Ag distances within the
silver-centered Ag,; icosahedron are in the range 2.7299(5)-
2.8244(5) A and 2.8605(5)-3.0111(5) A, respectively. These dis-
tances are shorter than the Ag—Ag distances (2.9171(5)-
3.0266(5) A) between Ag,, and capping (u;-Ag) atoms. The
ranges in every type of Ag—Ag distances increase in compari-
son with the corresponding distances in 1 (2.7542(8)-
2.8159(8) A, 2.8420(9)-2.9980(9) A, and 2.813(5)-2.846(5) A), in-
dicating a slight expansion of the Ag,, metallic core.

The relationship between the molecular structures of 1 and
2 is straightforward. Whereas 1 exhibits an Ag,, core of ideal-
ized D; symmetry, one of the two capping silver atoms situat-
ed on the threefold axis is missing in 2, lowering the symmetry
to G, but leaving the remaining cluster topology as a whole
basically unchanged. Additionally, there are interactions
(3.285-3.382 A) between the capping silver atoms and the
wing tips of neighboring butterfly group, which are also ob-
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Figure 2. a) Full molecular structure of 2 (isopropoxy groups omitted for

clarity).?® b) The Ag-centered Ag,; icosahedron (pink spheres) made of an

Agg ring in a chair form sandwiched between two Ag; triangles in relative
staggered conformation (dashed edges in blue). ¢) Out of seven capping Ag
atoms (green spheres), six form butterflies around the C; axis with hinge po-
sitions being alternative edges of the Agy chair, and labelling of different
surface atom types (A-G). d) A top view of the Ag,, core, where six capping
atoms participate in three-fold propeller. e) A top view of the three clock-
wise silver strands constituting the Ag,, core. f) The Ag,, core of 3,%¥ where
the capping atom (A), which lies at the G; axis in 2 (c) is now completely off
the axis. Ag pink and green, S yellow, P cyan.

served in 1 and smaller than the sum of Van der Waals radii for
silver (3.40 A).”' A centered icosahedron was also structurally
identified in silver nanoclusters stabilized by either thiolated or
mixed thiol-phosphine ligand systems such as Ag,s and Ags,
whereas an empty Ag,, icosahedron is present in Ag,, thiolato-
stabilized species.'"

The Ag,, core of 2 is an unprecedented chiral arrangement
of silver atoms, as shown in Figure 2¢c, where the 19 surface
Ag atoms can be classified into seven types of symmetry-relat-
ed atoms (A-G) in a ratio of 1:3:3:3:3:3:3. Three groups of
every single Ag atom type create three clockwise helices along
the G axis (Figure 2e). To the best of our knowledge, this is
the first structural evidence for a silver nanocluster bearing an
intrinsic chiral metallic core. Its structural features are some-
how similar to a recently discovered tetradentate phosphine-
stabilized gold nanocluster, where an Au,, core of C; symmetry
also has an intrinsic chiral inorganic core." However in this
Au,, core, the seven capping Au atoms constitute a helical Y-
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shape over the centered icosahedron Au,; and its electron
count is also different from that of 2.

The Ag,, framework in 2 is stabilized by twelve dtp ligands
through three spherical rows (top, middle and bottom) in
a ratio of 3:6:3 around the pseudo C; axis (Figure 2a). The li-
gands in top and middle spherical rows show trimetallic (n®)
connectivity with one Ag,,, and two Ag.,, atoms via tri (u,, W)
and tetra (W, |,) coordination modes, whereas ligands at the
bottom row have dimetallic tri-connectivity (n*: w, W, with
one Ag;, and one Ag., atoms owing to the loss of one cap-
ping atom, as compared to 1. The ligands in middle spherical
row have alternatively both trimetallic tetraconnectivity (n*: p,,
u,) and trimetallic triconnectivity (n*: ,, W) patterns. The bond
distances Ag.,—S (avg. 2.51 A) and the S-S bite (avg.
3.401(5) A) in 2 are identical to their corresponding distances
in 1, but the Ag,,—S bond distances are longer (avg. 2.72 &) in
comparison with those of Ag,, (avg. 2.670 A).

Among the 19 surface atoms of the Ag,, core (labeled A-G
in Figure 2¢), the A-, D-, and G-type (Ag.,,) atoms are bonded
to three S atoms in a near-trigonal-planar conformation, the B-,
E-, and F-type (Agi,) atoms to two and the C-type (Agi,)
atoms to only one. Accordingly, four types of phosphorous li-
gands are authenticated by the 3P NMR spectrum of 2 with
the appearance of four resonances at 105.21, 104.09, 102.74,
and 100.33 ppm in an equal integration ratio at —70°C, where-
as only one broad resonance centered at 101.87 pm was ob-
served at 22°C (Supporting Information, Figure S4a,b). Thus,
*'P NMR study supports the existence of chirality in the nano-
cluster in solution.

The anatomy of the Ag,, cores in 3 exhibits a singular differ-
ence, as compared to that of 2. It concerns the location of the
capping silver atoms denoted A (Figure 2¢,f). Whereas in 2,
AgA lies on the C; axis, it is completely off this axis in 3, in
such a way that the idealized C; symmetry is now broken (Fig-
ure 2 f). This effect is likely due to the peculiar steric hindrance
of the nPr alkyl groups. These results indeed provide an impor-
tant lesson: that is atomically precise nanoclusters may have
different structures even though their compositions are almost
identical.

DFT calculations®®” were carried out at the BP86/Def2-TZVP
level on simplified models of formula [Ag,{S,PH.};,]. Starting
the geometry optimization from the crystal structure of 2 or
from the structure of the C; [Ag,{S,PH,},1T model® (1) to
which one of the Ag™ ions lying on the C; axis has been re-
moved yielded the same energy minimum of near-C; symme-
try (2'), analogous to the experimental structure of 2 (see the
Supporting Information). Consistent with its superatom nature,
a substantial HOMO-LUMO gap of 1.52 eV is computed for 2/,
which compares well with that of 1’ (1.68 eV). Whereas the op-
timized Ag—Ag distances in 2’ are, unsurprisingly,”*“* some-
what longer than their corresponding experimental counter-
parts, they follow the same trend. Within the icosahedron they
range 2.850 A-2.947 A (AQene—Adi) and 2.942 A-3.201 A
(Adic—Agico). The Ag.,—Ag;, distances are as follow: Ag(A)—
Ag.,=3.081A, Ag(D)-Ag,.,=3.096A (avg), Ag(D)-Ag(E)=
2.956 A. In the latter case, the capping atom is found to be in
reasonably close contact with only one Ag,, atom (of type E),
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contrary to the X-ray structure of 2. The expansion of the Ag,,
core when going from the experimental to the optimized
structure causes the Ag(E) atoms to be bonded to only one
sulfur atom in 2’, whereas in 2 they are bonded to two (see
above), one of the experimental Ag(E)-S distances being how-
ever quite long (2.9369(13) A). The Wiberg bond indices com-
puted in 2’ follow the structural trends, that is, 0.337 (avg.) and
0.083 (avg.) for the Agener—Adico and Agi.,—AJi, bonds, respec-
tively. The Agi..—Adi., Values, averaging 0.032, are significantly
lower. As in the case of 1,%% this is consistent with the view of
an icosahedral [Ag,;]*" superatom system associated with the
eight metal electrons in a spherical jellium 15*1P° configura-
tion,” surrounded by an [Ag,(dtp),,]°~ protecting shell in
which the seven Ag,,, atoms are in the +I oxidation state, and
interact with the icosahedron mainly through metallophilic
weak interactions. This view is also supported by the metal
computed natural atomic charges (—0.47, +0.24 (avg.), and
+0.62 (avg.) for Agcenen AJicor and Agy,, respectively. Moreover,
it was possible to identify molecular orbitals of 2’, which can
be associated with the frontier jellium levels (Supporting Infor-
mation, Figure S5).

Geometry optimization of the [Ag,,{S,PH.};,] model starting
from the X-ray structure of 3 led to an energy minimum 3’
(HOMO-LUMO gap 0.52 eV) of similar topology that lies only
1.8 kcalmol™" below 2’ (free energy). Its core electronic struc-
ture is similar to that of 3.

As mentioned above, the structure of 2 (or 2') can be de-
rived from that of 1 (or 1) by simply removing one of its cap-
ping Ag* atoms. However, there are two types of capping
atoms in 1 (or 1'): the two lying on the C; axis and the six
other atoms. Removing one of the latter atoms generates
a structure of C; symmetry and of different topology from that
of 2, or 2’ (Figure 3). Optimization of this structure for the
[Ag,{S,PH.};,] model yielded an isomer 4’ being 2.2 kcalmol™
below 2'. Moreover, another energy minimum, differing from
2', 3" and 4’ by the way the seven capping atoms are distribut-

17 (Cy)

_wl \_,‘W

6 (N

l-Ag+

3 (C)
AG, = 0.4 kcal/mol

2 (Cy)
AG, = 2.2 kcal/mol

4 (C)
AG, = 0.0 kcal/mol

5 (Cy)
AG, = 0.0 kcal/mol

Figure 3. Structural relationships of the metallic cores in the [Ag,,{S,PH,},] "
(1, 6) and [Ag,0{S,PH,}5] (2'-5') isomers. AG, and AG, are the relative free
energies at 298 K of the Ag,, and Ag,, species, respectively. Ideal symmetries
refer to the entire clusters (including the ligands).
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ed around the Ag,; icosahedron was found. This isomer of C;
symmetry (5') is computed to be isoenergetic with 4'. Thus,
the four computed isomers lie within a range of 2.2 kcalmol™
in free energy, a value hardly significant at our level of model-
ing. Interestingly, the structure of 5’ can be derived from that
of a hypothetical isomer of 1" of Tsymmetry (labeled 6'), by re-
moving one of its eight symmetry-equivalent capping Ag*
atoms. Species 6’ is computed to be 2.3 kcalmol™' above 1.
The structural relationships of the species 1'-6' are summar-
ized in Figure 3. They all possess the same [Ag;;]*" superatom-
ic core and similar arrangement of their ligand coverage. They
mainly differ by the location of their seven (or eight) Ag™ cap-
ping atoms. These results suggest that several structural types
of [Ag,{S,P(OR,)};,] compounds are possible, all with the same
superatomic icosahedral [Ag;5]°" nucleus, but different distri-
bution of their 7 Ag' atoms. In the case of isomers, they should
exhibit somewhat different optical properties, as exemplified
by the TDDFT-simulated UV/Vis spectra of 2'-5' (Supporting In-
formation, Figure S6). The major optical transitions of lowest
energy determined for 2’ by TDDFT calculations are found at
459, 484, 532, and 598 nm. They can be assigned to MLCT,
LMCT, MMCT, and MMCT, respectively. The transition at 598 nm
has a rather low oscillating factor and thus is expected of weak
intensity. The three other values fit reasonably well with the
bands observed for 2 at 435, 443, and 492 nm. The TDDFT-
computed CD spectra of the 2’ enantiomers are shown in the
Supporting Information, Figure S7. The high energy feature at
about 420 nm is of strong MLCT nature, whereas the low
energy feature at about 625 nm is due to MMCT transitions
presenting significant (ca. 10-20%) Agcenter/AJico— AJe,, Char-
acter.

In summary, new nanoclusters [Ag,,{S,P(OR),};,] (R=iPr, nPr)
with isomeric, chiral metallic core have been obtained and
structurally characterized. The structure of 2 (R=iPr) can be
derived from that of 1 by simply removing one of the capping
atoms lying on the C; axis, with only minor additional changes
in the overall connectivity and shape of the molecule. This is
reminiscent of the structural and chemical relationships be-
tween [Mg(H){E,P(OR),}]* and [M,(H){E,P(OR),}s] (M=Cu, Ag;
E=S, Se).2'¥ The structure of cluster 3 (R=nPr) can be derived
from that of 2 by simply shifting off the capping atom lying
on the G; axis, generating a chiral structure of C; symmetry
and revealing structural isomerism in the Ag,, core. The dentic-
ity (tetra- versus bidentate) of phosphine and dithiolate ligands
used to protect the metallic core plays a key role on the
adopted structural distinctions between the intrinsic Ag,, and
Au,"" chiral cores. The phenomenon of denticity provides
a strong impetus for further work using bidentate ligands to
modulate the structures of silver and gold nanoclusters. DFT
calculations indicate that the stability of the Ag,, nanoclusters
can be rationalized as that of an 8-electron superatom com-
plex, composed of an [Ag,s]°" nucleus stabilized by an
[Ag',{S,P(OR),};,]°~ covering shell. Calculations suggest that the
shape flexibility of this outer shell can potentially enable to
generate low-energy isomers for which different properties
might be expected.
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