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Abstract

The bonding in the [Agis{us-Fe(CO)a}s]*”> clusters, which exhibit an Agis centered
cuboctahedral core, has been analyzed and rationalized by DFT calculations. Not considering
the interaction with its encapsulated atom, the empty [Agi2{us-Fe(CO)s}s]* cage can be
considered as the assembly of twelve linearly coordinated 14-electron Ag' metal centers.
Adding a supplementary Ag" at the center allows some covalent delocalized bonding which to
some extent tends to reduce the electron deficiency of the 14-electron centers. Adding now
two electrons strengthens the delocalized bonding between the encapsulated atom and its host,
making [Agis{us-Fe(CO)4s}s]> a superatom with two jellium (5s-type) electrons. TDDFT
calculations predict near-IR absorption for this penta-anion, because of the presence of an aig
HOMO in the middle of an energy gap. Luminescence in the same optical range is also
suggested. Other related cubococtahedral species, such as [Ag23(SH)ie], a model for the
known 8-electron [Au23(SR)16]” species which exhibits a bicapped centered dodecahedral

kernel structure, have also been investigated.
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Introduction

Within the family of Group 11 metal nanoclusters, the 13-atom centered icosahedral
arrangement (Figure 1) is well documented for gold! and has been also reported for silver.?
This Ma3 structure constitutes the kernel of stable mixed-valent closed-shell molecules named
superatoms, in which this kernel is protected by an outer shell made of coordinated ligands
and, in the case of chalcogenolato ligands, of peripheral M' cations. The stability of
superatoms is associated with “magic” electron numbers. These “magic” electron counts (2, 8,
18, 20, 34...), which are providing closed-shell configurations to [Ma]** cluster kernels, have
been rationalized within a spherical jellium-type model leading to one-electron cluster orbitals
somehow resembling the atomic orbitals and ordering as 1S < 1P < 1D < 2S < 1F...%¢ The
known gold and silver superatoms with centered icosahedral kernels correspond to 8-electron
[M13]®* species (1S? 1P® jellium configuration).1? The M valence nd electrons are supposed
not to be involved significantly in the bonding and the 8 electrons can be considered as
provided by the (n + 1)s atomic orbitals (AOs). It is noteworthy that a simple Hiickel-type
calculation on a centered icosahedron considering 13 s-type AOs leads to the formation of
four bonding MO’s of aig and ty, irreducible representations (in In symmetry) which can be
identified to the spherical jellium 1S and 1P orbitals, the Huckel hg antibonding LUMOs
corresponding to the next 1D jellium level. Thus, such a structure appears perfectly suited for
an 8-electron closed-shell configuration, and cannot afford for larger electron numbers
(occupation of antibonding orbitals). A typical 8-electron silver superatom is
[Ag21{S2P(O'Pr)2}12]*,%* which can be reformulated [Agiz]* [Ag's{S2P(O'Pr)2}12]*, the outer
[Ag's{S2P(O'Pr)2}12]* shell being formally composed of 8 Ag* cations and 12 anionic
dithiophosphate ligands.

Centered icosahedron

()

Centered dodecahedron

(On)

Figure 1. Two views of a centered icosahedron (top) and a centered dodecahedron (bottom).
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The closed-shell 2-electron aig? (1S%) configuration is not forbidden for such an
arrangement and actually a copper cluster with a 2-electron centered icosahedral kernel has
been reported, namely [CuzsH22(PPhs)12]*, which can be formally reformulated [Cuis]***[Cu
12H22(PPh3)12]1%" .3

Figure 2. The octacapped cuboctahedral metal framework (left) and the full structure (right)
of [Agis{us-Fe(CO)s}s]™ (n =3, 4, 5).

An alternative pseudo-spherical arrangement for a 13-atom unit is the centered
cuboctahedron (Figure 1), which is slightly less compact than the centered icosahedron. To
our knowledge, only three types of Group 11 clusters have been so far reported to exhibit a
centered cuboctahedral kernel. One is the gold-thiolato 8-electron species [Au23(SR)1e] (R =
cyclohexyl, adamantyl),* and [Auz4 (SR)16] (R = adamantyl)** which can be viewed as made
of a bicapped centered cuboctahedral [Auis]”* core surrounded by an outer shell composed of
16 SR" ligands and 8 and 9 outer Au' centers, respectively. Another one is the recently
published clusters [Cu13(S2CN"Bu2)s(CCR)4]" (R = CO2Me, 3-FCgH4), which are 2-electron
superatoms, with a ligand protected [Cuis]*!* core.® The third one is the [Agis{us-
Fe(CO)a}e]™ (n = 3, 4, 5) series, of which the tri- and tetra-anionic forms have been
structurally characterized by X-ray crystallography.® In these compounds, The 8 triangular
faces of the silver cuboctahedron are capped by a trigonal pyramidal Fe(CQO)4 moiety (Figure
2). Counting the (hypothetical) jellium electrons in these anions is not straightforward. A
comparison with the isostructural [Auiz (n12-Na)(us-Se)s]® cluster’ may be instructive. In this
compound, the 8 triangular faces of the Na-centered gold cuboctahedron are capped by
selenide ions. Each selenide donates three electron pairs, one to each Au atom it is bonded to.
Neglecting at first their interactions with the sodium cation, each of the 12 Au' atoms is in an
approximate linear ML, coordination mode, receiving two electron pairs from the two
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selenides it is linked to. Thus, each Au' atom is an sp-hybridized 14-electron d'° metal center,
an electron-deficient but fairly stable situation for late transition-metal centers. The nature of
the interaction with the central Na* ion remains questionable, although (ionic?) interactions
with the 8 selenides may be invoked. A similar localized 2-electron/2-center bonding situation
can be used to understand the structure of the related empty cuboctahedral [Cuiz(us-S)s]*
cluster® (14-electron metal centers and 8-electron sulfur centers). Using now the same
approach to [Agis{us-Fe(C0O)s}s]*, one can consider the Fe(CO)a4 unit as isolobal to selenide,
i.e. as a [Fe(C0O)4)? ligand. Indeed, with such an electron number, this trigonal pyramidal unit
has three occupied (donor) frontier orbitals (1 of o-type and 2 of n-type),® similarly as Se?".
This electron partitioning is arbitrary, but allows readily realizing that the cuboctahedral Agis
kernel is made of an Ag* ion encapsulated in a cuboctahedron made of twelve 14-electron
silver centers lying in a linear coordination mode. A rather similar qualitative bonding
description has been provided previously by King.1® As for the Na* cation in [Auiz(piz-
Na)(us-Se)s]*, the question of the bonding between the encapsulated Ag* ion and its host
cage is still to be solved. Going now to the reduced form [Agis{us-Fe(CO)s}s]>, one can
anticipate that the added electron pair will occupy an orbital which is a bonding combination
of the 5s AO of the encapsulated atom and 5p AOs of the cuboctahedron silver atoms. Indeed,
each of these linearly coordinated 14-electron centers has two 5p» vacant orbitals, one radial
and one tangential with respect to the pseudo-spherical symmetry, the former one being nicely
suited for overlaping with the central 55 AO. Such a qualitative picture is consistent with a 2-
electron (1S?) superatom configuration. It is also consistent with EPR measurement data on
the tetra-anion [Agis{us-Fe(CO)s}s]*,% which suggests substantial localization of the
unpaired electron on the central atom. Previous calculations are also consistent with a penta-
anion HOMO having a significant contribution from the 5s AO of the central atom.%*!! In the
followings, we rationalize by DFT calculations the electronic structure and the bonding within
the [Agus{us-Fe(CO)a}s]™ (n = 3, 4, 5) series and other related hypothetical species, with
emphasis on the interaction between the encapsulated atom and its host cage. The optical
properties of the tri- and penta-anion are also investigated, as well as the stability of the Agis
cuboctahedral arrangement with respect to the icosahedral one for the 8-electron superatom

count.



Computational details

Geometry optimizations at the density functional theory (DFT) level were performed with
the Gaussian 09 package.*® The BP86 functional®® was used together with the general triple-&
polarized Def2-TZVP basis set from EMSL basis set exchange library, with an all-electron
basis set on silver.** Analytical calculations of the vibrational frequencies were performed on
all the optimized geometries to verify that these structures are local minima on the potential
energy surface. Wiberg indices and natural orbital populations were computed with the NBO
5.0 program,®® but because of computational limits, the Wiberg indices were calculated on the
BP86/Def2-TZVP-optimized geometries using the more contracted LANL2DZ basis set,'®
augmented with Ahlrichs polarization functions on all atoms.'®¢, The UV-visible transitions
were calculated on the BP86/Def2-TZVP-optimized geometries by means of time-dependent
DFT (TDDFT) calculations,!’ using the CAM-B3LYP*® functional and the same Def2-TZVP
basis set. Only singlet-singlet, i.e. spin-allowed, transitions have been computed. The UV-
visible spectra were simulated from the computed TDDFT transitions and their oscillator
strengths by using the SWizard program,'® each transition being associated with a Gaussian
function of half-height width equal to 1500 cm™. In order to identify potential artifacts on the
TDDFT results due to the substantial anionic charges of the clusters, TDDFT calculations
have been also carried out with the two clusters embedded in a cube of point charges of value
+0.5 u.a. This procedure, which allows preserving the cluster On symmetry reduces the
isolated trianion charge to +1 and that of the penta-anion to -1. The point charges were placed
on the C3 axes at a distance of 3 A from the carbonyl oxygens. Despite of a significant effect
on the Kohn-Sham MO energies, the computed UV-vis absorption spectra simulated from
these calculations are about the same as those computed for the free anions. The
corresponding simulated UV-vis spectra are given as supplementary information (Table S1).

The compositions of the molecular orbitals were calculated using the AOMix program.?

In order to get a more detailed picture of the bonding within some of the computed
compounds, fragment interaction analyses have been performed with the help of the
ADF2013 program.? Indeed, the ADF code enables analyzing the Kohn-Sham molecular
orbitals on the basis of fragment orbitals and provides a useful decomposition of the bonding
energy between fragments, according to the Morokuma-Ziegler scheme,?> which allows
comparisons of bond strengths and nature within series of compounds. ADF calculations were
carried out as single-points on the Gaussian-optimized structures with the BP86 functional
and an STO all-electron TZ2P basis set.



Results and discussion

Naked closed-shell superatoms. As mentioned above, in a Group 11 Mi3 superatom, each
metal atom can be considered in first approximation as participating to the bonding only with
one s valence orbital and consequently the Maiz superatom can meet stable closed-shell
situation for only two jellium electron counts, namely 2 (1S?) and 8 (1S? 1P®). Within the
simple Hickel model, the more compact centered icosahedron (In symmetry) is found to be
more stable than the centered dodecahedron (On symmetry) for both electron counts. For 2
electrons the stabilization energy is computed to be 13.54 3 and 12.00 B for the former and
latter, respectively (aig® configuration). For 8 electrons, the stabilization energy is 26.96 B and
24.00 B, respectively (aig® t1,® configuration in both symmetry groups). DFT calculations (see
above) on an 8-electron bare cluster [Agis]®* found the icosahedral structure more stable than
the cuboctahedral one by 4.4 kcal/mol. Moreover, vibrational frequency calculations indicated
that the latter is not a minimum. Releasing the On symmetry constraint on the cuboctahedral
arrangement leads to a converged icosahedral geometry. Thus the cuboctahedral arrangement
is not a stable structure for the naked [Agi3]°* cluster. In the case of the 2-electron system, it
was of course not possible, using DFT, to optimize a bound geometry for the naked [Agas]***
core, due to its very large positive charge. Results based on single point calculations on both
structures were found unreliable due to their extreme sensibility with respect to the Ag-Ag
distances.

The empty [Agi2{us-S}s]* cuboctahedral model. To the best of our knowledge, this cluster
has not been characterized, but it can be considered as the silver analogue of the well-known
[Cui2{us-S}s]*.8 The major metric data of its optimized geometry are provided in Table 1,
together with some computed electronic data. The calculated results are fully consistent with
the qualitative description of a localized 2-electron/2-center bonding mode (see introduction),
with linearly coordinated Ag' 14-electron centers (see the almost d'® silver NAO
configuration in Table 1). The 2 x 12 metal-ligand bonding electron pairs are provided by the
8 sulfide ligands which are therefore regular sp3-hybridized 8-electrons main-group centers.
The stability of the whole assembly is secured by a large HOMO-LUMO gap of 2.85 eV,
separating the e, HOMO, a sulfur lone pair combination, from the aig LUMO which is largely
silver localized (64%, of which 47% of 5s/5p contribution). Finally, the question of a possible
delocalization associated with some Ag...Ag bonding may be raised. The corresponding bond
distance (3.26 A) and Wiberg index (0.036) are consistent with very weak covalent bonding,

as usually found when argentophilic interactions are present.?*
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The empty [Agi{us-Fe(CO)s}s]* cuboctahedral model. Replacing the S? ligands in
[Cu12{us-S}s]* by trigonal pyramidal [Fe(CO)4]* isolobal® moieties does not change that
much the bonding within the cluster (Table 1), as exemplified by the silver NAO
configuration which remains almost unchanged upon substitution. The Ag...Ag separation is
slightly shortened and the corresponding Wiberg index slightly larger. Thus, the On empty
clusters [Cui2{us-S}s]* and [Agi2{us-Fe(CO)s}s]* have closely related electronic structures,
the iron carbonyl units in the latter playing the role of regular triply-bridging ligands. The
only significant difference between the two clusters being the smaller (but still significant)
HOMO-LUMO gap in the latter, due to the appearance of occupied iron 3d non-bonding
levels which are of higher energy than sulfur lone pairs in the latter.

The [Agis{us-Fe(CO)a}s]*cluster. The optimized O trianion is found to be slightly more
expanded than its experimental structure® (see Table 1), likely because of its negative charge
which is not counterbalanced by any cationic environment in the computed model. The
Morokuma-Ziegler decomposition of the bonding energy® between the [Agi{us-
Fe(CO)4}s]* cage and its encapsulated Ag* host (Table 2) was performed by using the ADF
program at the BP86/TZP level (see Computational details) of the beforehand optimized
geometry. The total bonding energy between the two fragments is negative (stabilizing).
Among the three components of this bonding energy, the Pauli repulsion is, by nature,
positive. On the other hand, the two other components (electrostatic and orbital interactions)
are stabilizing. In particular, it is noteworthy that the electrostatic interaction is not
dominated, as one might expect a priori, by coulombic repulsions between the encapsulated
and outer formally Ag' metal centers. Thus, despite the lack of “jellium” (5s) electrons,
Ag'(center)...Ag'(cage) covalent bonding interactions, in which 5d orbitals are involved, are

present in [Agis{us-Fe(CO)4}s]*, in agreement with its chemical stability.
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Figure 3. Simplified frontier MO diagram illustrating the interaction between the [Agi2{us-
Fe(CO)4}s]* cage and its encapsulated Ag* host in [Agis{us-Fe(CO)4}s]>. Only the 4d and 5p
radial combinations of [Agi2{us-Fe(CO)a}s]* ™ playing a significant role in the interaction are
considered. The individual MO diagram of one of the twelve linearly coordinated Ag' centers
is recalled on the left side.

The orbital interaction energy is decomposed into its irreducible representation components in
Table 2 and a simplified frontier MO interaction diagram taken out of this fragment analysis
is sketched in Figure 3. The corresponding computed Kohn-Sham MO diagram is shown in
Figure 4. The major contributions to the orbital interaction energy come from its aig and ty,
components (Table 2). They result from donation of occupied 4d-type combinations of the
(Ag")12 cuboctahedron into the vacant 5s (aig) and 5p (tw) orbitals of the encapsulated Ag'
atom. Significantly weaker but non negligible eg and tyg contributions arise from back-
donation from the occupied 4d orbitals of the encapsulated Ag' into vacant combinations of
the radial 5p AOs of the (Ag')is cuboctahedron. As a result, the Ag(center) NAO
configuration exhibit significant 5s and 5p population (Table 1), leading to a slightly negative
atomic charge (-0.02), whereas the Ag(outer) one (+0.40) is slightly higher than in the empty
[Ag12{us-Fe(CO)a}s]* relative (+0.38). As already pointed up by Longoni and coworkers in
their original publication,®® The laig LUMO of [Agis{us-Fe(CO)s}s]*, which lies in the

middle of an energy gap (Figure 4), results from a 3-orbital interaction pattern (Figure 1). It is
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composed of the 5s AO of Ag(center), mixed in an antibonding way with an a:;g combination
of the occupied 4d Ag(outer) orbitals, and mixed in a bonding way with the a;g LUMO of the
empty [Agi2{us-Fe(CO)4}s]* cage, the latter being mainly a bonding combination of the
radial 5p AOs of the (Ag')i2 cuboctahedron (neglecting the Fe(CO)s participation). The
LUMO of [Agis{us-Fe(CO)a}s]* has a 10% contribution from 5s of Ag(center) and 31% from
the Ag(outer atoms) of which 20% are 5p and 10% are 4d participations. It is concluded that
the nature of the bonding with the ligand shell is crucial in determining the cuboctahedral
arrangement, as well as the bonding between the cage and the encapsulated atom. Finally, it is
noteworthy that the number of occupied MOs shown in Figure 3 for [Agi2{us-Fe(CO)4s}s]* (4
radial MOs) and [Agis{us-Fe(CO)a}s]> (4 radial + 5 central = 9) can be related to the number
of electron bonding pairs characterizing empty and centered “electron-deficient” icosahedral

transition-metal clusters within a scheme developed by Teo et al.?®
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Figure 4. Computed Kohn-Sham MO diagram of [Agis{us-Fe(CO)s}s]*". The MO localization
(in %) is given as follows: Ag(center)/Ag12/Fes/CO ligands.



Table 1. Relevant computed data for [Agis(us-E)s]™ (E = vacancy, S, Fe(CO)s; n = 3, 5). Averaged experimental values® are given into

brackets.

Coumpound [Ag12Se]* [Ag12{Fe(CO)4}s]* [Agi2(Na){Fe(CO)a}s]* [Agis{Fe(CO)a}s]* [Ag13{Fe(CO)a}s]>
d[Ag/Na-Ag] /A 3.255 3.054 3.130 3.057 [2.929] 3.031
d[Ag(outer)-E] /A 2.458 2.803 2.780 2.788 [2.712] 2.886
d[Ag/Na(center)-E] /A - - 4.669 4.829 [4.697] 4.999
WI[Ag/Na(center)-Ag(outer)]™ - - 0.057 0.085 0.066
WI[Ag(outer)-Ag(outer)] 0.036 0.073 0.058 0.054 0.060
Na/Ag(center) configuration™" - - 35043 3 p0-163 001 4q%9 58095 5p0.12 4% 55133 5p0.10
Ag(outer) configuration 401988 55068 5003 4(°89 5068 5001 488 55070 5002 40988 55067 5002 41989 55066 5002
HOMO-LUMO gap /eV 2.85 1.56 1.40 0.92 0.94

(*) In a regular centered cuboctahedron of O, symmetry, Ag/Na(center)-Ag(outer) = Ag(outer)-Ag(outer).

(**) WI = Wiberg index

(***) Natural atomic orbital (NAO) population analysis.
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Table 2. Decomposition of the bonding energy between the [Agi2{us-Fe(CO)4s}s]* and X*-
fragments in [Agi2(u12-X){ps-Fe(CO)a}s]*”™. (X = Na, Ag). All energies are in eV.

Compound [Agi2(Na){Fe(CO)4}s]*> | [Agis{Fe(CO)4}s]* [Ag13{Fe(CO)4}s]>
Fragmentation | [Agi2{Fe(CO)s}s]* + Na* | [Ag12{Fe(CO)s}s]* + Ag* | [Agi{Fe(CO)s}e]® + Ag*
Pauli repulsion | +1.56 +4.27 +7.21
Electrostatic -8.22 -11.59 -19.97
interaction
Orbital aig |-0.60 aig -1.65 aig -1.68
thggﬁgg;ﬂon a2y | -0.00 ag | -0.00 ag | -0.00

eg |-0.17 eg -0.27 €9 -0.34

tig | -0.08 tig -0.08 tig -0.08

tg | -0.53 tog -0.54 tog -0.65

aw |-0.00 aw -0.00 aw -0.02

au |-0.03 azu -0.03 azu -0.04

ew |-0.04 eu -0.04 eu -0.04

tww | -1.03 tw -1.77 tw -1.80

taw | -0.14 tou -0.14 tou -0.15
Total  orbital -2.64 -4.54 -4.79
interaction
Total bonding -9.30 -11.86 -17.56

energy
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The [Agis{us-Fe(CO)a}s]®> cluster. Going from the tri- to the penta-anion corresponds to the
occupation of the aig orbital described above (The laig LUMO in Figure 4). It induces some
shortening of the Ag-Ag distances and lengthening of the Ag-Fe ones, an effect which was
experimentally observed upon reduction of the trianion.® Whereas in the tri-anion, the aig
LUMO of the empty [Agi2{us-Fe(CO)4}s]* is unsignificantly involved in the interaction with
the encapsulated Ag' fragment because it does not mix with occupied level of the latter, with
two more electrons it participates in a bonding way to the penta-anion HOMO and becomes
the dominant cuboctahedron orbital involved in the aig component of the orbital interaction
energy. Indeed, the occupation of this fragment orbital varies from 0.01 in the tri-anion to
1.37 in the penta-anion, whereas in the same time that of the Ag(center) 5s AO varies from
0.63 to 1.02. This aig 3-orbital system allows maintaining the corresponding orbital
interaction energy almost constant whether it is occupied by two or four electrons (see Table
2). On the same time, the other symmetry components are little affected by the reduction of
the trianion. Thus, from the nature of its HOMO and neglecting its partial localization on the
Fe(CO)a groups, [Agis{us-Fe(CO)a}s]> can be described as a 2-electron superatom, the 1S
occupied orbital of which being the result of a bonding combination between the 5s AO of
Ag(center) and the radial 5p AOs of the Ag(outer) atoms (laig in Figure 4). On the other
hand, the vacant 2t1y level can be identified as the next 1P jellium shell. Finally, one should
mention that, applying the electron counting scheme for related icosahedral clusters
developed by Teo et al.?® [Agis{us-Fe(CO)s}s]> should be considered as a 20-electron
species.

The [Agi2(Na){us-Fe(CO)a}s]> cuboctahedral model. The existence of the likely
isoelectronic [Auiz(ui2-Na)(us-Se)s]* and [Agis{us-Fe(CO)s}s]* clusters” 8 leads us to
calculate the sodium analog of [Agis{ps-Fe(CO)s}s]*, i.e., the [Agi2(Na){us-Fe(CO)s}s]*
model, the most relevant computed data of which are given in Tables 1 and 2. Interestingly,
both electrostatic and orbital components of the bonding energy between Na* and its host cage
are weaker than that of its Ag* homologue. On the other hand the Pauli component is less
repulsive so that the total bonding energy is still significant (-9.30 eV, vs. -11.86 eV in the
case of Ag*). Unsurprisingly, the major contributions of the orbital bonding energy
component come from the interaction of the vacant 3s (aig) and 3p (ti) AOs of Na™ with
occupied 4d-type combinations of the (Ag')1s cuboctahedron of the same symmetry. Although
significant, these contributions are not as important as in [Agis{ps-Fe(CO)4}s]*. Interestingly,
the e and tyg secondary contributions have similar values as in [Agis{ps-Fe(CO)4}s]*.
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Whereas in the latter they involve the occupied 4d AOs of the encapsulated Ag™, in the former
they involve the vacant 3d polarization AOs of Na® which stabilize occupied 4d-type
combinations of the (Ag")1s cuboctahedron of the same symmetry.

Optical properties of the [Agis{us-Fe(CO)a}s]>/> species. As mentioned above, when going
from the tri- to the penta-anion, one occupies an orbital situated in the middle of a significant
energy gap. This is expected to induce some differences in the UV-vis absorption between
both species. Their simulated spectra obtained from TDDFT calculations (see Computational
details) are shown in Figure 5. In the case of the tri-anion, the strong band at ~ 410 nm
corresponds to an iron to silver charge transfer and is associated with a combination of two
major transitions. One of them involves a low-lying ti, level and the 1laig LUMO. The other
one is the 2tog — 2ty transition (see Figure 4). This band is also present in the simulated
penta-anion spectrum, slightly shifted to lower energy (~ 420 nm) and is now mainly of 2ty
— 2t1y character. Interestingly, a new band appears in the penta-anion spectrum at 934 nm. It
is due to the 1la;g (HOMO) — 2ty (LUMO) transition and has no significant electron-transfer

character.
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Figure 5. TDDFT-simulated UV-vis absorption spectra of [Agiz{uz-Fe(CO)a}s]™ (n =3, 5).

The appearance of this band in the near IR region prompted us to investigate the
possibility of phosphorescence associated with the same transition. The emission wavelength
computed from the optimized triplet state is 1632 nm. As a matter of fact, a similar value is

obtained for the tri-anion (1644 nm). At our level of theory and modelization (isolated poly-
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anions in vacuum), these values should be considered only at a qualitative level, but from
these results one can tentatively anticipate optical activities in the near-IR region.

The [Ag23(SH)16] model. This silver cluster was chosen as a model for [Au23(SR)16] (R =
CeHi1) species,* which can be described as a distorted bicapped centered cuboctahedral
[Auis]™* 8-electron core protected by a passivating [Au's(SR)16]® outer shell (see above).* A
related [Au24(SR)16], structure, which has an additional outer Au' center, is also known.*
Despite its “magic” 8-electron count, [Auz3(SR)1s] was originally described as a non-
superatom species, probably owing to its distorted cuboctahedral arrangement.*® On the other
hand, in a recent comprehensive analysis of bonding in gold clusters, Mingos described this
cluster as conforming to the regular jellium model,?® thanks to the capping principle?” applied
to the capping of two opposite square faces of the cuboctahedron in the [Auis]”* core.*

The computed [Ag23(SH)16]” model (Ci symmetry) exhibits a similar structure as its
real gold relative. The computed HOMO-LUMO gap is 1.05 eV, a value which compares well
with that found for [Agis{Fe(CO)4}s]* at the same level of theory (0.94 eV). As found in the
case of [Agis{Fe(CO)a}s]*, the computed NAO charge of the central atom in [Ag23(SH)1e] is
negative (-0.32), with the 4d°® 5s11°5p%23 glectron configuration. As expected from previous
work? the formally Ag' outer atoms have a positive charge of ~ +0.6. The 14 non-central
atoms of the [Agis]*’ bicapped dodecahedral core have lower charges, ranging between +0.15
and +0.32, except for the two of them which are the farthest away from the cuboctahedron
center (+0.61) and which appear to behave as Ag' centers, being significantly connected only
to two sulfur atoms. Nevertheless, an examination of the Kohn-Sham MOs associated with the
8 core electrons is consistent with the qualitative description of Mingos for [Auzs(SR)16] ",
i.e., an approximate aig” az? e,* jellium electron configuration in the Dsn pseudo-symmetry
of the bicapped centered dodecahedral core. Thus, we suggest considering [Ag23(SR)16]” as a

regular 8-electron superatom, despite its fairly non-spherical core shape.

Final remarks

Whereas the naked icosahedral [Agis]®* 8-electron superatom is found to be only
slightly more stable than in the dodecahedral configuration, the energy difference between
both structures would likely to be larger if the cluster was a ligated (neutral) 8-electron
species. This should be also the case in real systems where [Agis]®* is surrounded by an
anionic passivating shell of ligands. Indeed, the nuclear repulsions between the positively

charged atoms in [Agis]®* are expected to conflict more strongly with the covalent bonding
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interaction in the more compact icosahedral configuration. On the other hand, the strong
covalent interactions between the superatomic core and its surrounding ligands are also to be
considered, and the nature and size of this outer shell can induce a preference for the
dodecahedral configuration as already suggested by other authors in the case of [Au23(SR)1s]
and [Au24(SR)16] species.*? Such a ligand effect is likely to be even more efficient for a 2-
electron superatom such as in [Agis{us-Fe(CO)s}s]> and, a fortiori, in the O-electron
[Agis{ps-Fe(CO)a}s]*. Conical units such as Fe(CO)4, are particularly suited for capping
triangular faces. In addition steric repulsions between ligands are minimized in the
cuboctahedral case. The number of metal-ligand bonds in which the twelve metals
constituting the core polyhedron are involved is also crucial, for it determines the nature and
strength of the interaction with the encapsulated atom. In the case of the [Agiz{us-
Fe(CO)4}s]*” system, the peculiar electron-deficient character of the outer 14-electron silver
centers allows significant covalent interaction with the encapsulated atom, irrespectively from
the cluster 0- or 2-electron count.

In any event, we have tested the possibility for stabilizing a jellium 8-electron count
with the Agais centered cuboctahedral arrangement. The computed model was [Agis{us-Cl}s]*
, in which the eight triangular faces of the [Agis]>* core are capped by chloride ligands. The
geometry optimized under the On symmetry constraint corresponds to the expected 1S%1P°
jellium configuration, but with a rather small HOMO-LUMO (0.91 eV). Overall, this Op
structure is not an energy minimum (largest imaginary frequency: 33i cm™). Lowering the
symmetry leads to a non-cuboctahedral arrangement. This result suggests that 8-electron
cuboctahedral Agis species are unlikely to exist.

Finally, it should be noted that ligated Ag'1> cuboctahedral cages encapsulating halides
are known.? Thus, the possibility for such cages to encapsulate formally Ag™ anions, thus
making a 2-electron [Agis]*'* superatom is not to be excluded. Conversely, one might
consider replacing the encapsulated Ag  anion in [Agis{Fe(CO)s}s]> by an halide.
Consistently, the optimized structures of [Agi2(X){Fe(CO)s}s]> (X = ClI, Br, 1) appear to be
viable?® in the same octacapped dodecahedral On configuration as [Agis{Fe(CO)s}s]>, with
substantial HOMO-LUMO gaps of 2.20, 2.26 and 2.37 eV, respectively and optimized Ag-X
= Ag-Ag distances are 3.17, 3.22 and 3.29 A for X = Cl, Br and I, respectively.
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Synopsis

Depending on its ligand and/or additional metal coverage, the Ag:s centered cuboctahedron
can reach closed-shell stability for 0, 2 or 8 silver electrons. This architecture is particularly
favored when octa-capped by main-group or organometallic ligand and housing 0 or 2
electrons (with expected luminescence properties), whereas it is unlikely for 8 electrons.
Calculations predict stability for related halogenide-centered species.
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