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DFT calculations were carried out on a series of cluster cores, the framework of which being made of the condensation of
several Pt@Ag;, centered icosahedra. Icosahedra condensations through vertex-sharing, face-sharing and interpenetration were
considered and their favored electron counts were determined from their stable closed-shell configurations. A large number of the
computed assemblies of n icosahedral superatomic units can be considered as isolobal analogs of stable closed-shell n-atom molecules,
most of them obeying the octet rule. The larger the degree of fusion between icosahedra, the stronger the interaction between them. It
was for example possible to design 3-icosahedral supermolecular cores analogous to CO,, SF, or [lI5],, but also to the not yet isolated cyclic
0s. Supermolecules equivalent to non-stable molecules can also be designed. Indeed, differences exist between atoms and superatoms,
and original icosahedra assemblies with no “molecular” analog are also likely to exist, especially with compact structures and/or systems

made of a large number of fused superatoms.

1. Introduction

When in low oxidation states, gold, silver and other late transition-metals tend to close-pack in a spherical way to
give rise to stable species when “passivated” by a ligand protecting shell, which, in some cases, incorporates also metal
centers in a higher oxidation state. The metal-metal bonding in such clusters was first rationalized by Mingos and
coworkers™® who pointed on the fact that it is dominated by the 6s gold orbitals and that their electron counts can be
interpreted within the framework of the spherical jellium model.” This non-LCAO approach approximates the
electron/nuclei interaction to a radial potential leading to the description of the electronic structure of such clusters in
terms of jellium orbitals. The jellium orbitals somehow resemble atomic orbitals and extend substantially over the whole

cluster sphere.

Table 1. Mingos’ analogy between diatomic molecules and gold clusters made of two fused centered icosahedra
(adapted from Ref. 35). Pt atoms are in green. Encapsulated atoms are in green and shared atoms are in red.
(a) The energy ordering of the occupied levels is arbitrary.

Number of electrons 10=2x8-6 12=2x8-4 14=2x8-2 16=2x8
Diatomic molecule N5 0, Fy Ne,
. 0
Bond order 3 2 (triplet state) 1 (van der Waals)
Example of analogous +40 So far 1 +33
Au,;;Ag,(NO3)g(PMe,Ph Ausg(SR Auq3Ag,,Brg(Ptol
cluster [Au17Ag,(NO;3)o( 2Ph) 10l unknown 38(SR)24 [Au13Ag1,Brs( 3)10]
Electron 16.216.2 1.4 26.2 17.° 2.0 1cg2 1Gu2 17tu4 1cg2 1Gu2 17tu4 chz 1Gg2 1cu2 17'cu4 ZGg2
configuration® B e T e T 26, 1n,° 25,° in, 25, i, 20,
interpenetrated face-sharing edge-sharing
2x13-5-1-1=19 atoms 2x13-3=23atoms 2x13-1=25atoms
Core structure e, sl N TR b
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[Aui7Ag;] [AUB]9 [AUl3Aglz]9+




Table 2. Stable non-cyclic triatomic main group molecules.

Number of electrons | 16=3x8-8 | 18=3x8-6 | 20=3x8-4 22=3x8-2 24=3x8
Triatomic systems CO,, [N3] SO,, [NO,T SF, XeF,, [15] 3I, 3Ne
Bond ord 2 1.5 2 0.5 0
ond order ’ ’ (van der Waals)
Bond angle linear (sp) bent (sz) bent (sp3) linear -

Their shell ordering spans as 1S < 1P < 1D < 2S < 1F < 2P... As for atomic systems, closed-shell (noble gas-like)
stability is achieved for specific (so-called “magic”) electron counts, spanning 2, 8, 18, 20, 34, 40... Such an atom-like

8-11

description of clusters was conceptualized as the superatom model” "~ and the jellium orbitals are often called superatomic

orbitals. One of the most frequent close-packed spherical motif encountered in group 11 cluster chemistry is the centered

. 12-17
icosahedron,

which is generally associated with the 8-electron “magic” number. Typical group 11 examples are
[Au,s(SR)1g] 13141819 5 [Ag,;(dtp),]" (dtp = dithiophosphate = S,P(OR),).” Both species can be viewed as made of an
[M13]5+ (M = Au, Ag) centered icosahedral superatomic core (8 s-type valence electrons) stabilized by a “passivating shell”
made of 18 [SR]  ligands and 12 Au” atoms in the former case, and 12 [S,P(OR),]” ligands and 8 Ag” atoms in the latter case.
In both systems, the outer M* atoms interact weakly with the [M13]5+ core, but are strongly coordinated to sulphur lone

pairs, making locally stable linear 14-electron or trigonal planar 16-electron d'® metal centers.

Of course, many late transition-metal clusters, especially high nuclearity species, are not spherical and
consequently their electronic structure cannot be rationalized within the spherical jellium model. At the end of the last
century, Teo and coworkers proposed the concept of clusters of clusters®®?* for describing the non-spherical metallic cores
of group 11 clusters made of vertex-sharing centered icosahedra. A question that arises then is: can we look at assemblies
of superatoms in the same way as one looks at assemblies of atoms, i.e. molecules. In other words, in the same way as, for
example, the 14-electron F, molecule is made of two atoms of valence configuration 2s’ 2p5, is there a stable closed-shell
isolobal® equivalent cluster, made of two fused superatoms, each of them of jellium configuration 1S% 1P°? It turns out that
the answer to this question lies already in the literature. Several authors have described the electronic structure of real or

hypothetical clusters made of two fused superatoms as analogous to that of diatomic molecules.”**’

As regards gold-rich
clusters made of two fused centered icosahedra, an illuminating rationalization of their electron counts was proposed by
Mingos in 2015.% Its major conceptual developments are summarized in Table 1. One can see that an important parameter
affecting the cluster electron count is its degree of fusion (vertex-sharing, face-sharing or interpenetrating), in a similar way

as the bond order does for main group molecules.



[Pt3Ag.s{S:P(OPT);)20] [PtsAgsdd ™

Figure 1. Left: The structure of [Pt3Ag44{S,P(OPr),},,] (OPr groups omitted for clarity); right: Its 22-electron [Pt3Ag34]12+

trisicosahedral core isolobal to [I5] (from ref. 38).

To our knowledge, apart from a pioneering limited case study,39 no systematic investigation of electron
counting and electronic structure of late transition-metal clusters made of the condensation of more than two
superatoms has been made so far. Recently, we published the synthesis, characterization and electronic structure
of the trisicosahedral cluster Pt;Ag.(dtp),, (Figure 1).38 Its core structure is a linear assembly of three Pt@Ag;,
icosahedra sharing two Ag vertices. Our density functional theory (DFT) calculations indicated that this 22-electron
species is an isolobal analog of the linear [I5] ion. In this paper we extend our investigation to the possibility for
various fused tris-icosahedral structures adopting favored closed-shell electron counts that would render them
analogous to regular stable triatomic molecules (Table 2). Tetra-icosahedral and some larger assemblies are

subsequently considered.

2. Computational Details

All calculations were carried out at the DFT level with the Amsterdam Density Functional (ADF) program.42 The

344 \vas used, together with the triple-g, plus two

gradient-corrected Becke-Perdew (BP86) exchange correlation functional
polarization functions (STO-TZ2P) Slater type basis set. The zeroth-order regular approximation (ZORA) was employed in the
calculations to account for scalar relativistic effects.*® The frozen core approximation was applied to the [1s%-4f"] inner
electrons for Pt and Au, and [152-4p6] for Ag. Geometry optimizations were performed assuming a maximum cartesian step
smaller than 107 A and an energy convergence criterion of 10~ Ha. Owing to the fact that the computed cluster cores are

highly charged cations, solvent effects through the conductor-like screening model (cosmo)*®’

was considered, to mimic
the effects of counterions. Such a process has been proved to be efficient to treat metal cations.” The considered solvent

was dichloromethane.
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Figure 2. Stable closed-shell assemblies of three fused icosahedra (AE,, = HOMO-LUMO gap). Pt atoms are in green. Silver

atoms in red and black are shared between 2 and 3 icosahedra, respectively.

3. Results and Discussion

3.1. Assembling three icosahedra

We have shown previously that computing the only superatomic core of a cluster in its actual oxidation state, i.e.
without its passivating shell, allows rationalizing the cluster electronic structure in terms of a superatom or assembly of

15,38
superatoms.

Below we report our search for cluster cores made of three fused Pt@Ag;, icosahedral units that would be
closed-shell energy minima secured by significant HOMO-LUMO gaps (= 0.5 eV, unless specified in the text). The Pt@Ag,,
unit is that encountered in our first characterized tris-icosahedral cluster. Test calculations on isoelectronic structures made
of Ag@Ag,, units provided similar results. On the other hand, the presence of Pt at the icosahedra centers helps reducing
the cationic charge of the computed models. Thus, two parameters were varied. One is the degree of icosahedra

condensation: vertex-sharing, face-sharing and interpenetration. Edge-sharing was discarded owing to the fact that, to our

knowledge, no experimental report exists. The other parameter is the electron count, i.e. the cluster charge.

3.1.1. Vertex-sharing. There are two different open triangular configurations possible, depending which ones are the two
vertex type that the central icosahedron shares with its two congeners: second or third neighbors (sharing two first
neighbors would lead to a cyclic structure; see below). Assuming ideal assemblies of ideal icosahedra, they would
correspond to Pt-Pt-Pt angles of 117° and 180°, respectively. The low degree of icosahedra condensation lets to expect

weak interaction between them, thus large electron counts. Indeed, the only favored electron counts were found to be 22



and 24. The 24-electron count corresponds to the trivial case of three non-interacting saturated 8-electron superatoms,
thus isolobal to a system made of three van der Waals bonded Ne atoms (Table 2). The lowest energy configuration (Figure
2) is bent, i.e. the two shared vertices of the central icosahedron are second neighbors. Interestingly, the Pt-Pt-Pt angle
(137°) is much larger than the ideal value of 117°. This is because the (Ag-Pt-Ag-Pt-Ag-Pt-Ag) backbone is also bent at the
shared Ag atoms (160°). It results that the outer and central icosahedra have short Ag...Ag contacts (2.90 A) on one side

1% in Figure 2) and much longer ones (3.94 A) on the other side (bottom side of bent [PtsAgs,]"™®"

(top side of bent [Pt;Aga4]
in Figure 2). The absence of backbone bending at the Ag atoms would have resulted in all-equal inter-icosahedral Ag...Ag

contacts of ~ 3.4 A.

The linear (Pt-Pt-Pt = 180°) 24-electron isomer is found to lie only 4.5 kcal/mol above the bent one (Figure 2). It is
thus likely that for this electron count the bent vs. linear arrangement is going to be largely dependent on the structural
requirements of the passivating shell. In fact, to our knowledge only one 24-electron vertex-sharing species has been
characterized so far, namely [Auss(PPhs)10(SC,H4Ph)10X5]" (X = CI” or Br) 9950 ts superatomic core adopts the linear

arrangement.

The linear configuration was found to be the most stable in the case of the 22-electron count (Figure 2). We
previously showed that such a species is isolobal to the linear [I5] anion.*® Figure 3 illustrates the correspondence between

12+ 4

the [I3] MOs and the [Pt3Ags4] supermolecular” orbitals. The former are linear combinations of atomic orbitals and the
latter are combinations of superatomic orbitals. Consistently with the rather large 22-electron count, the bent configuration
lies only 3 kcal/mol above the linear one. As mentioned previously, the linear [Pt3Ag34]12+ is the superatomic core of the

fully characterized Pt3Ags4(dtp),, (Figure 1).2To our knowledge, no other 22-electron species has been mentioned so far.

Ay —

edeoce

Lumg LUMO LUMO+ @2y memm

.“ 9\‘9 — —
oo ¢ !
o
1.01eV HOMO 2.12eV 1. 1snv

HOMO HOMO

D | B8
$ er0 i

HOMO-1 . "
€10 mpemmnipen HOMO-1 -H--H-n HOMO-1

) 5%
*1e ==t HOMO -2 -M- ottt

) HOMOD-2
[PtsAgad]'** (a1 [PtsAga)™

Figure 3. Kohn-Sham orbital diagrams of the 22-electron [Pt3Ag34]12+ (Dsg, left), [Pt3Ag30]8+ (D34, right), and [I5]” (Deep,
middle). The HOMOs of [I5] are the n* orbitals and the LUMO is the unique vacant o* orbital.
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Figure 4. Kohn-Sham orbital diagrams of the C,, 20-electron [Pt3Ag30]10+ and SF,. The HOMO and HOMO-1 of SF, are the n-
type and o-type S “lone pairs”. The LUMO and LUMO+1 are the o*(S-F) orbitals.

An equilateral triangular structure can be generated from the assembly of three vertex-sharing
icosahedra when the two shared vertices of each icosahedron are first neighbors. For such a Dj, Pt;Ags;
framework (Figure 2), only one favored closed-shell situation was found, corresponding to 24 electrons, i.e., three
non-interacting 8-electron superatoms. It turns out that this vertex-sharing triangular architecture has been
reported for five related 24-electron clusters, namely [(p-Tol5P);,AuU13A850Cl14l, [(Ph3P)14Au18Ag20CI12]2+,

[Cu3AU34(PPh3)3(tBUPhCH,S)6S,1%", [PtsAgss(PPhs)1,Clgl” and [PtsAgsiAuy,(PPhs)y,Clg]” 27275152,

3.1.2. Face-sharing. With face-sharing icosahedra there are three non-cyclic configurations that are possible for a Pt;Ags,
(30 = 3 x 12 - 6) core, depending which faces of the central icosahedron are shared and without leading to steric
overcrowding. Assuming ideal assemblies of ideal icosahedra, they would correspond to Pt-Pt-Pt angles of 109°, 138° and
180°, respectively. The linear configuration was found to be favored for the unique 22-electron count (Figure 2), thus
making this cluster core isolobal to [I5], as illustrated in Figure 3). For this electron count, the bent configurations are
significantly disfavored. The 20-electron count is found to be favored for the bent configuration corresponding to an ideal

Pt-Pt-Pt angle of 138°, the optimized value being 140° (Figure 2). This cluster core is isolobal to SF,, as illustrated in Figure
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Figure 5. The making of a C;, cyclic Pt;Ag,s framework by the fusion of a Pt@Ag;, icosahedron to a Pt,Ag,; unit made of 2
edge-sharing icosahedra. Pt atoms are in green. Silver atoms in red and black are shared between 2 and 3 icosahedra,

respectively.

It is possible to build an equilateral assembly of three (slightly distorted) icosahedra by adding one supplementary

icosahedron to a framework made of two face-sharing icosahedra as illustrated in Figure 5. In the resulting C;, Pt;Agyg



assembly, three faces are shared, of which one vertex is common to the 3 icosahedra (31 =3 x13 -3 x 3 +1). Its favored
electron count was found to be 18 (Figure 2), i.e. that of the elusive high-energy isomer of 03,53’57 or more prosaically that

of cyclopropane. Its MO diagram (Figure 6) is consistent with this O; analogy.
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Figure 6. Kohn-Sham orbital diagrams of the 18-electron [Pt3Ag28]10+ (C5,) and hypothetical cyclic O; isomer (D3,). The

HOMOs of O3 are the m* combinations and the three LUMOs are the vacant o* orbital.
3.1.3. Interpenetration of icosahedra and the relationship with vertex-sharing.

Two interpenetrated centered icosahedra (Figure 7, left) share a five-vertex pentagonal ring, as well as an
icosahedron center which is a vertex for the other one, and conversely. There are two ways of adding a third

interpenetrating centered icosahedron to get a Pt3Ag,, non-cyclic framework, as illustrated on the right side of Figure 7.
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Figure 7. The two ways of making of a non-cyclic (top and middle) and cyclic (bottom) Pt;Ag,, framework resulting from the
interpenetration of a supplementary icosahedron to a bisicosahedral Pt,Ag;; unit (2 interpenetrating icosahedra). Pt atoms

are in green. Silver atoms in red and black are shared between 2 and 3 icosahedra, respectively.

In fact, as already pointed out a long time ago by Teo,33 the linear Dsy 25-atom framework of Figure 7 is nothing
else than the 25-atom vertex-sharing bisicosahedral arrangement of Table 1. Removing the connection lines between the

facing red pentagons of the former structure would produce that of the latter. Assuming ideally staggered ideal icosahedra,



the bisicosahedral structure of Table 1 would correspond to inter-icosahedra distances equal to only 1.18 times the
icosahedra edge. Since the structure has not so much spatial flexibility to adjust these distances, both views (2 vertex-
sharing centered icosahedra and 3 interpenetrated centered icosahedra) can be considered as two different descriptions of
the same geometrical object. As a matter of fact, the favored electron count of the Ds;,; Pt;Ag,, model of Figure 7 is the
same as that of the vertex-sharing bisicosahedral structure of Table 1, namely 16 electrons (Figure 1). Thus, [Pt3Ag22]6+ can
be viewed as either isolobal to the Ne, van der Waals dimer (two vertex-sharing superatoms) or to CO, (three
interpenetrated superatoms). The two approaches are not excluding each other since both Ne, and CO, have similar
valence electron configurations in the way that their 16 electron occupy the same number of o, (two), o, (two), m, (one)
and m, (one) levels. The compactness of the central icosahedron is a reasonable geometrical indicator for choosing the most
appropriate description. In the case of our Ds,4 [Pt3Ag22]6+ model (Figure 2), the contacts between the two outer icosahedra
(3.165 A) are less than 1.1 time the outer icosahedra edges, indicative significant compactness of the central icosahedron

and therefore favoring the isolobal analogy with CO, that is illustrated in (Figure 8).

—ﬂ‘BI

8 — — — T,
€3 mm—— | | | E . }
€1 m— — LUMD LUMO 8.64eV
’ |
0.86eV
e1g _H_LH_ e 1T
T BE08 e
1o ~f= HOMO Hijna =H==t=r.
[PtsAga, ] CO,

Figure 8. Kohn-Sham orbital diagrams of the 16-electron [Pt3Ag22]6+ core and CO2.

It is of note that in the isoelectronic and isostructural Dsy [PtzAgB]7+ model, generated by simply replacing
the central Pt atom of [PtgAg22]6+ by Ag’, the contacts between the two outer icosahedra (3.318 A) are 1.14 times
the outer icosahedra edges. This is indicative of a weaker compactness, thus somehow favoring the analogy with
Ne,. This model actually constitutes the core of the structurally characterized 16-electron cluster PtzAg3,3(dtp)17.38

The above analogy between a staggered vertex-sharing bisicosahedral unit and a structure made of three
interpenetrating icosahedra can be extended to any linear n-vertex sharing framework, which can be described as made of
2n - 1 interpenetrating icosahedra. The 24-electron linear tris-icosahedral structure [Pt3Ag34]m+ described above can then
be viewed as either the isolobal analog to a Ne3 van der Waals molecule or to carbon suboxide O=C=C=C=0. Interestingly,
the linear 22-electron [Pt3Ag34]12+ (Figure 2) has no simple 5-atom main-group stable analog. The analogy of linear n-
icosahedral vertex sharing structures with linear 2n - 1 main-group atom linear molecules works preferentially for 8n-

electron species.

It is possible to build an equilateral assembly of three interpenetrating icosahedra by adding one supplementary
icosahedron to a framework made of two interpenetrating icosahedra as illustrated at the bottom of Figure 7. The resulting
Pt3Ag, architecture has D3, symmetry. This 23-atom structure has been shown to constitute the core of the Pd;;(CO),s{P(p-
Tolyl)sh, nanocluster.”® For this arrangement, the unique favored closed-shell electron count is 20, i.e. [Pt3Ag,]. There is no
isoelectronic triatomic molecular equivalent. On the other hand, 20 is a “magic” closed-shell superatom electron number,

corresponding to the 18% 1P® 1D™ 2§* configuration. It turns out that this is a quite compact structure, although its shape is



somehow non-spherical (oblate-distorted). It exhibits an MO diagram (Figure 9) consistent with this view, with a 1D HOMO

and a LUMO of 1F lineage. In this particular case, the 2S orbital lies below the 1D block.
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Figure 9. Kohn-Sham orbital diagram of the D3, 20-electron [Pt;Agy].
3.2. Assembling more than three icosahedra.

The number of configurational possibilities to generate assemblies of four (or more) icosahedra is very large. This
is why we have limited our investigation to the linear and star-shaped (one central icosahedron connected to three outer
congeners) assemblies of four Pt@Ag;, units, in order to verify that the analogy with simple main-group molecules holds
also for larger systems. Thus, six structures were generated, depending on whether the four icosahedra are vertex-sharing,
face-sharing or interpenetrating. They are depicted in Figure 10, together with their favored electron counts and their
Kohn-Sham orbital diagrams are provided in Figure S1. As expected, the 32 = 4 x 8 count is compatible with the two vertex-
sharing structures (linear and star-shaped), since it is consistent with weakly interacting closed-shell superatoms.
Interestingly, the linear configuration is also favorable to the lower 30-electron count ([Pt4Ag45]15+). Examination of its

¥ %% This is in line with the

electronic structure indicates that it is isolobal to the linear 30-electron tetraiodide anion [l,]
results obtained for the one-icosahedron shorter linear [Pt3Ag34]12+ model (Figure 2), which is isolobal to [I5]. The 30-
electron ligated model [Pt4Ag55(SZPH2)27]Z', which contains the [Pt4Ag45]15+ core, and built as an extrapolation of
[Pt3Ag44{S,P(OPr),},,] (Figure 1) with one more repeat unit, provided the same electronic structure as its [Pt4Ag45]15+ core;

with a comparable substantial HOMO-LUMO gap of 0.72 eV (Figure S2).

The two investigated face-sharing models were found having the same unique 28-electron favored count
[Pt4Ag39]11+ (Figure 10). The star-shaped framework is isolobal to hypervalent tetrahalogenides such as CIF;. The linear form
has a more intriguing electronic structure which could be tentatively described as an analogue to an hypothetical linear 1,

hypervalent species, in which the two bonding electron pairs are delocalized over three bonding contacts.

The favored electron count for the linear [Pt4Ag27]5+ model with interpenetrating icosahedra is 22. Examination of
its Kohn-Sham orbitals indicates it is the analog of a hypothetical linear [N4]2' ion 60 (isoeletronic to C,F,). The star-shaped
framework has a favored count of 20 electrons and an electronic structure related to that of the trimethylene methane

dication, but, unlike the latter, with high-lying vacant ri-type orbitals.

To our knowledge, none of the cluster cores shown in Figure 10 have been experimentally evidenced, so far. A

61,62

few larger superatom assemblies have been however characterized by Zhu and collaborators. One of them is

[Au,f,oSez(Ph3P)10(SePh)1_=,]J'.61 the metal framework of which consists of the cyclic assembly of five vertex-sharing icosahedra.



This [AuGo]zm ring of icosahedra possesses 40 = 8 x 5 electrons, i.e. exhibits weak interactions between the superatoms, as
previously demonstrated by Lin and coworkers. 3 |t is the so far largest element of the family of 8n-electron clusters made
of n vertex-sharing icosahedra. Another recently published cluster from this group, namely [AugAgs,(Dppp)a(CsH115)33Cl]"
(Dppp = diphenylphosphinepropane)62 appears much more intriguing. This 30-electron cluster possesses an AugAg,; inner
core of ideal D,y symmetry that can be described as a cyclic assembly of eight interpenetrating Au@Ag;, icosahedra (left
side of Figure 11). It is a 49-atom metal core because the silver atom at the center is shared by the eight icosaheda (49 = 13

x8—-8x7+1).

We performed calculations on the 30-electron [AUgAg41]19+ core and on a simplified model of
[AugAgs,(Dppp)a(CsH11S)35Clo]" in which the phenyl and cyclohexyl groups were replaced by methyl substituents. Their
computed HOMO-LUMO gaps are similar (0.60 and 0.47 eV, respectively). Both systems have related electronic structures,
confirming the qualitative description of [AugAgs;(Dppp)a(CsH115)33Cl,]" as made of a [AUgAg41]19+ core “passivated” by an
inner shell made of 4 Dppp, 33 (CgH1:S), 2 CI"and 16 Ag". The question that arises then is how to rationalize the 30-electron

count of the metal core. No simple 8-member cyclic molecule has this electron count.
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Figure 10. Summary of different tetra-icosahedra linear and propeller assemblies. Pt atoms are in green. Silver atoms in red

and black are shared between 2 and 3 icosahedra, respectively.

Cyclooctatretraene, for example, is a 40-electron system. Looking at the whole [AugAg41]19+ as a spherical
superatom (as for D3, [Pt3;Ag,o], see above) is not helpful since 40 is not a “magic” number within the spherical jellium
model. This is not surprising, owing to the substantially flattened (oblate) shape. On the other hand, 30 is a “magic” number
within the approximation of the planar (2D) harmonic quantum dot model.®® This would correspond to the 18* 1P* 1D* 282
2P* 1F* 1G* 2D" 352 It should be noted that the planar approximation, no m-type P, D, F or G orbital is considered (shells

closed with 4 electrons). It turns out that the expected 2D and 3S orbitals are missing within the occupied orbitals of



[AugAg“]lg* (Figure 11, right side). Rather, the n-type 1P, and 1D,,,,, components appear among them, conferring the

cluster with 6-electron n-type aromaticity. The jellium configuration can be written as 18 1P(,+,‘6 lD(,,,n8 28 ZPU4 lF(,4 1604.
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Figure 11. left side: The [AugAgs1]1o. core of [AugAgs,(Dppp)4(CgH11S)33Clo]") (from ref. 62), made of eight interpenetrating

Energy (eV)
=
|

icosahedra (ideal D,; symmetry). Au atoms are in green and occupy the icosahedra centers. Silver atoms in red, black and

magenta are shared between 2, 3 and 8 icosahedra, respectively. Right side: Its Kohn-Sham orbital diagram.

Clearly, one is in an intermediate situation between the spherical (3D) and planar (2D) jellium approximation. As

. . . . 64,65
regard electronic structure, some relationship can also be drawn with planar boron clusters.

Although this structure is
likely to be unique, one can anticipate that other architectures exhibiting important oblate or prolate distortion could be

stabilized with specific jellium electron counts.

4. Conclusions

Our DFT calculations on various assemblies of n icosahedral superatomic units (n > 2) confirm that it is possible to
conceive stable closed-shell supermolecules that would be analogs to stable n-atomic molecules, most of them obeying the
octet rule. The larger the degree of fusion between icosahedra, the stronger the interaction between them. It is also
possible to design stable superatomic assemblies that can be analogous to unknown molecules, as exemplified by
[PtaAg28]10+ (C3,) which is the analog of the not yet isolated cyclic ozone isomer. 3657 Supermolecules equivalent to non-
stable molecules could also be designed, such as [Pt4Ag27]5+ which is the analog of linear [N4]2’ ion, whose relaxed structure
is bent. In any case, the atom/superatom equivalence should not be taken too far. There are differences and these
differences add up when the number of considered atoms/superatoms increases. This can be also the case for ring
structures. In general, cyclic molecules have no appreciable density at their center. Because of their size and depending on
their degree of fusion, cyclic assemblies of icosahedra can extend their atomic framework at (or near) the center of the ring,
thus forcing delocalization across the ring. In such a case, the molecule/supermolecule equivalence does not hold anymore.
The whole cluster framework is better described as a superatom per se. This is the case of our D3, 20-electron [Pt;Ag,]
model, for example. Such compact assemblies of fused icosahedra can importantly deviate from spherical shape, as for

example the [AUgAg41]19+ inner core of the experimentally characterized [AugAgs,(Dppp)4(CsH11S)33Clo] " nanocluster. With its



specific degree of oblaticity, this 30-electron species has a specific closed-shell electron count. We hope that this work will
encourage efforts to grow ligand-protected poly-icosahedral clusters and open new opportunities for practical

experimentations.
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