Published on 20 February 2024. Downloaded on 4/8/2026 5:34:56 PM.

¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

[Ag(Sng—Sny)]°>~ and [(n*-Sng)Ag(n*-Sne)l”~, as
aggregates of spherical aromatic building blocks.
Persistence of aromaticity upon cluster gatheringf
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Formation of cluster-based materials requires a fundamental understanding of the resulting cluster
aggregation processes. The Sne*~ Zintl-ion structure can be viewed as a building block featuring a
spherical aromatic species, leading to a cluster gathering upon oxidative coupling and/or mediated by
transition metals. Here, we evaluate the spherical aromatic properties of [Sng—Snol®~, [Ag(Sng—Sng)1°~
and [(n*-Sng)Ag(nt-Sno)l”~, as aggregates of two Sng building units held together via oxidative coupling
and mediated by a Ag() transition metal center. Our results from magnetic criteria of aromaticity show
that the inherent spherical aromatic characteristics of the parent Sng*~ cluster are persistent in the over-
all aggregate where the enabled shielding cones ascribed to each Sng unit are able to interplay between
them, leading to an overlap of the shielding regions. Hence, the two approaches for bringing cluster
units together are able to retain the inherent spherical aromatic features for each Sng unit, leading to a
cluster-based dimer where the parent properties remain. Thus, further cluster-based materials can be
envisaged from aggregation upon oxidative coupling and/or mediated by transition metals, where the
constituent building blocks retain their initial features, useful to guide the formation of more complex
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block units, or superatoms,’*” on the making of nanoscale

materials with defined properties. Their three-dimensional
cages have been recognized to display spherical

Introduction

Nine-atom deltahedral Zintl ions of group 14 have experienced

a renewed interest in their chemistry during the past decade'™”
owing to their unusual reactivity paving the way to further
functionalizations reaching the formation of novel compounds.
Coordination to transition metals, leads to the characterization
of both endo- and exo-hedral intermetalloid clusters,® extending
the rich structural diversity of Zintl ions displaying diverse
electronic and bonding patterns.’™”

Several concepts have been applied to rationalize such
species since the application of Lipscomb'®'® pioneering con-
tributions initially devoted to boron clusters,**>* underlying a
correlation between structure and particular electron counts
favoring special stability. The unique dependence on size
unravels discontinuous property evolution, with particular
behavior on a certain number of atoms and electrons capable
of offering well-defined structures, desired for basic building
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aromaticity®®?° similar to closo{Bi,Hy,]*",'**"*%* favoring a
unified view on their understanding despite of the different
shapes and atom-types involved,**?> given their stabilizing
electron delocalization from multicentre bonds.**™*°

The controlled aggregation of Zintl-ions envisages further
construction of molecular materials based on superatoms,®?
where finite and infinite chains have been obtained via oxida-
tive coupling.*'** Moreover, exo-hedral transition metals serve
to coordinate to different Zintl-ions,""**~° resulting in another
approach in connecting several cluster units in a single mole-
cular structure.

Both planar and spherical aromatic species feature a char-
acteristic behavior under an external magnetic field given by
induced currents,”'** enabling a shielding induced magnetic
field at the center with a complementary deshielding region at
the outer contour.”>® Such effect is rationalized by the text-
book shielding cone concept accounting for the nuclear shield-
ing of neighbor atoms or molecules followed via NMR
experiments,*® ®* and strongly related to aromatic species.

The characterization of [Ag(Sne-Sno)]>~ (1) by Fissler
group® reveals an effective aggregation of two deltahedral
[Sne]*™ units via both oxidative coupling and mediated by a
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transition metal approaches, allowing to explore if the indivi-
dual behavior of each Zintl-ion cage remains after the for-
mation of 1. In addition, the related [(n*-Sno)Ag(n'-Sny)]”~ (2)
cluster has been reported,®® denoting the role of the overall
anionic charge into the aggregation mode between two [Sng]*~
units, now mediated exclusively by the transition metal cation.
In this report, we evaluated the aromatic properties of the
resulting aggregate in order to further understand the role of
cluster gathering in the properties of each constituent cluster
unit, given by Sng cages, retaining or quenching the inherent
properties displayed from the parent building blocks.

Computational details

Geometry optimizations were performed by using DFT methods
employing the ADF code®® with triple-{ Slater basis set plus the
double-polarization functions (STO-TZ2P) within the hybrid
PBEO functional.®”®® Relativistic effects were accounted by the
scalar ZORA Hamiltonian.®>”° The Grimme’s empirical disper-
sion correction with the Becke-Johnson damping functions,
D3(BJ), was employed for all the calculations.”””*> The polariz-
able continuum model was incorporated by considering a
conductor-like screening model treatment via the COSMO
module”®”* with ethylenediamine as a solvent to account for
polar solvents and counterions. Shielding tensor (c)’> were
calculated within the GIAO formalism, independent from
atomic nuclei positions obtaining an overall representation of
the magnetic response at the TZ2P/PBE0Q-ZORA-Scalar level of
theory, by placing several points of the molecular domain in a
box of 48 x 48 x 48 bohr’. In order to account for the induced
magnetic field (B™?), the following relation was applied B™® =
—0B™ for each point within the cube array. For shielding
tensor (g) calculations, all electron triple-{ Slater basis sets
plus the double-polarization functions (STO-TZ2P) were
employed.

Results and discussion

The structure of [Ag(Sny-Sny)]>~ (1) (Fig. 1), involves a coupled
[Sng-Sn,]°~ cis-core from two [Sne]*™ units sharing an exo-Sn-
Sn bond able to further coordinate a Ag(i) atom, leading to
several AgSn, motifs. For the free [Sno-Sny|®~ skeleton, the

2)

Fig. 1 Schematic representation of [Ag(Sng—Sne)>~ (1) and [(n*-
Sng)Ag(nt-Sne)l”~ (2) clusters.
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trans-conformation is favored by —5.9 kcal mol™" in compar-
ison to the cis- counterpart, larger than previously calculated at
the B3LYP level,®® denoting that the Ag(i) coordination is
required to achieve the observed arrangement. 1 involves two
Sne units that are ascribed as tricapped trigonal prismatic (ttp)
cages (pseudo-Dj, symmetry) as given by the comparison of
internal angles, with values of ¢ = 0.04.”° The calculated Sn-Ag
distances show distances of 2.901, 2.901, and 2.999 A, which are
in line with the characterized experimentally of 2.880, 2.929,
and 3.010 A,** denoting a the distortion provided by counter-
ions and packing effect upon crystallization. Such distances
exhibit a small deviation from an ideal n>-hapticity of Ag() over
a deltahedral Sn; face.

Interestingly, a related [(n*-Sn)Ag(n'-Sne)]’~ (2) cluster
exhibits a different arrangement with the Ag" atom coordinated
over a four-fold face of Sno (n*-) later connected to the next cage
via a n'-Sn, coordination,®® given by the different anionic
charge. The calculated Sn-Ag distances on the Ag(n*-Sn,) side
average 2.880 A, whereas for Ag(n'-Sny) amounts to 2.703 A,
which compares well to experimental values of 2.889 and
2.713 A, respectively. The two deltahedral units can be viewed
as a monocapped square antiprism (msa) cage (~C,,) with
values of ¢ = 0.93 for nN*-Sny, and n'-Sne as an ~C,, inter-
mediate. In overall, the calculated 1 and 2 structures exhibits a
root mean square deviation (RMSD) of 0.126 and 0.128 A,
ascribed to structural variations upon crystallization which
may decrease Sn-Sn bond distances which contributes to the
observed calculated of RMSD.

Comparison between 1 and 2 structures at —5 and —7
charge states denotes that 1 is favored over 2 structure by
20.0 keal mol ™ at the —5 charge, whereas 2 is preferred over
1 structure by 3.0 kcal mol ' at —7 charge, in line with
experimental structural characterization. Such observation
denotes that the structures are strongly dependent on the
selected charge state owing to the electronic requirements of
Sny units to reach a —4 charge in a less Sn-Sn connected
structure. Thus, this suggests that a more or less connected
structure can be selectively achieved by modifying the overall
charge state via chemical or electrochemical approaches.

In addition, an alternative [(*u-Sng)Ag(*p-Sno)’~ isomer is
evaluated, in line to the structure obtained for [(*p-Sno)-
Cd(*p-Sny),]°~.*" Such isomer in both staggered and eclipsed
conformations are located at 10.2 and 9.0 kcal mol " above 1. In
the —7 charge state, [(*n-Sno)Ag(*u-Sny)]”~ is located 11.5 and
12.0 keal mol " above the structure for 2, supporting the experi-
mentally characterized structures to be favored among alternative
isomers, which are discussed in the following analyses.

The Ag'-(Sng-Sn,)°~ interaction in 1 is evaluated via
the interaction energy (AEj,, Table 1), which amounts to
—457.3 kecal mol™", denoting a favorable Ag" coordination to
the tin cage. For 2, the Ag"~[(n*-Sny)(n"-Sny)]*~ interaction exhi-
bits a AE;, amounting to —539.6 kcal mol ', showing an increase
in comparison to 1. The AE;,, quantity is further evaluated from
the contribution from different chemically meaningful terms,
according to the energy decomposition analysis (EDA) within
the Ziegler-Rauk scheme,”””® according to:””"%8
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Table 1 Energy decomposition analysis (EDA) for the respective Ag*—
(Sne—Sny) interaction in 1 and 2. Values in kcal mol™

1 2
AEpausi 157.2 141.7

AEeigeat —487.2 79.3% —555.5 81.5%
AEgm ~119.7 19.5% —121.2 17.8%
AEgisp —7.6 1.2% —4.7 0.7%
AEin, —457.3 —539.6

Apy —55.6 46.5% —52.0 42.9%
Aps ~16.0 13.4% —17.4 14.4%
Ap; —14.0 11.7% -11.0 9.1%
Aps —9.4 7.9% ~11.0 9.1%

AEint = AEPauli + AEelstat + AEorb + AEdisp

AEestar and AE,, account for the stabilizing electrostatic and
orbital character of the interaction, respectively, whereas
AEp,q; is related to the repulsive four-electron two-orbital
interactions between occupied orbitals, giving rise to steric
hindrance between interacting fragments.®® Lastly, London
dispersion interactions (AEgsp) are taken into account via the
pairwise correction of Grimme’s®* (DFT-D3BJ). Moreover, the
basis set superposition error (BSSE) in the fragment interaction
analysis to AE,,,, was corrected via the counterpoise method.

The nature of the interaction (AE;,.) can be evaluated by the
relative contributions from stabilizing terms, AEeistat, AEorb,
and AEgjsp. For 1 and 2, silver-tin cage interaction is of main
electrostatic character, owing to the larger contribution from
AEstar, accounting for 79.3% and 81.5% of the electronic
stabilizing terms, respectively. The orbital contribution (AE,,)
accounts for 19.5% and 17.8%, of the stabilization with a small
extent from London dispersion term (1.2% and 0.7%, respec-
tively). In this sense, the bonding scheme contributing to the
overall stabilization upon coordination of the silver atom is
evaluated via the natural orbitals for chemical valence exten-
sion of the EDA method (EDA-NOCV), dissecting the AE,,;, term
into individual bonding contributions (Fig. 2).5*> A main cage
— 5s-Ag’ density deformation channels (Ap,) is found to
account for 46.5% and 42.9% of orbital contribution for 1
and 2, respectively, which is later contributed by two cage —
5p-Ag" density deformation channels (Ap,, Ap;) with an overall
contribution of 25.0% and 23.5%, respectively for each cluster.
Lastly, a Ap, channel involves a cage « 4d-Ag" backdonation
contributing to 7.9% and 9.1% in 1 and 2, respectively. In both
clusters, the net charge at the silver center is similar to +0.43 &,
in line with previous calculations,®* denoting the net charge
transfer character of the Ag-Sn,s coordination.

The two bridged spherical aromatic Sny units in the for-
mation of 1 and 2, are able to retain similar structural features
from the free [Sne]*™ cluster, thus suggesting the plausible
capabilities to embrace their inherent spherical aromatic char-
acteristics. The calculated nucleus independent chemical shift
(NICS),***” employed to evaluate aromatic properties in both
organic and inorganic species, denotes shielding values of
—57.9 ppm at the center for the Sny units and of —25.3 ppm

This journal is © the Owner Societies 2024
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Fig. 2 Deformation density channels from EDA-NOCV analysis for the
Ag-Sn;g coordination. Charge flow from red to blue isosurfaces.

at the center of the AgSns motif in 1. For 2, the values at the center
of each Sny unit is similar amounting to —55.1 ppm. Hence, the
aggregated Sny units in 1 and 2, exhibit values in line to the
calculated for bare [Sng]*~ cluster of —57.8 ppm at the current
level of theory, which is decreased in comparison to previous
reports at the 6-311+G**/B3LYP(LANL2DZp) level (—68.2 ppm).*®
For [Sno]*~, a decrease in the aromatic characteristics is given
owing to the decrease of the NICS value at the center of the Sno
cage, which is calculated to amount to —38.9 ppm, similar to the
previous reports at the 6-311+G**/B3LYP(LANL2DZp) level of
(—38.3 ppm).”*® Such comparison between [Sno]*~ and [Sno]”~,
expose that the decrease in number of electrons, decrease the
shielding region inside the Sny cage for the isolated cluster.
However, upon oxidative coupling as in cis-/trans{Sne-Sno]*~
clusters, the central NICS values amounts to —56.1 and —51.2
ppm, respectively, denoting that the parent aromatic behavior of
[Sny]*~ is retained at the coupled aggregate, similarly to 1 and 2.

In addition, an informative picture for [Sno]'~ in terms of
the adaptive natural density partitioning algorithm (AANDP),
have been provided in order to account for the aromatic
properties according to the resulting bonding patterns as a
set of multiple local c-aromatic motifs.5®

In order to account for the overall behavior of 1 and 2, the
isosurface representation of NICS values was obtained, which
enables the study of the magnetic behaviour under different
orientations, as an inherent characteristic of spherical aromatic
structures. Shielding values denotes regions opposing the
applied field (shielding or downfield shift), and deshielding
values correspond to regions increasing the applied field
(deshielding or upfield shift).** The NICS values account for
the isotropic component dealing with the orientation-averaged
response as a result of the experimental molecular tumbling in
solution (Fig. 3).°° For 1, two spherical-like shielding regions
are obtained following each Sng unit, which is a common
feature of spherical aromatic clusters, with the addition of a
shielding region at the AgSn, section, supporting the spherical
aromatic characteristics of the connected Sny units and the
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Fig. 3 Magnetic response properties for [Sne]*~, 1 and 2, and the related
cis- and trans-[Sng—Snsl®~ uncoordinated species, denoting the NICS
(isotropic/averaged) term, and the behavior under specific orientations
of the external field (B", Biy”d, and BIN). Isosurfaces set to +5 ppm, blue:
shielding; red: deshielding.

central AgSne motif. For the uncoordinated [Sno-Sn,|®~ skele-
ton at the cis- and trans-isomers, similar features are obtained,
ascribed to each Sng unit, denoting that the spherical-aromatic
characteristics are retained in both coordinated and uncoordi-
nated silver species. For comparison, the resulting NICS isosur-
face for the isolated [Snoy]*~ unit is provided, which features a
related spherical-like shielding regions owing to its spherical
aromatic characteristics,?® which are retained in the overall
structure for 1.

Next, to unravel the aromatic characteristics in 1, the
formation of shielding cone characteristics®>?'™ is evaluated
by the shielding/deshielding response under particular orienta-
tions of the external magnetic field. For a field oriented along
the x-axis (B"Y) two parallel shielding cones are unraveled,
contained at each connected Sny unit with a shielding region
along the x-axis, and a complementary deshielding region
perpendicular to the external field. Owing to the proximity of
the Sny units, both shielding and deshielding regions are
overlapped. Along the y-axis (B®), a similar behavior is
obtained, in line with the spherical aromatic characteristics
which enable a shielding cone from any orientation of the
external field, in contrast to planar aromatics where the shield-
ing cone is reserved only for a perpendicularly oriented field in
relation to the molecular plane.’®®” For the isolated [Sno]*~
unit, a similar behaviour is obtained, in line to its spherical
aromatic characteristics denoting a shielding cone property
from different orientations of the external field. Such difference
between planar and spherical aromatics is given by the three-
dimensional nature of the later as expected from the three-
dimensional character of the electronic requirements, noted
from the Hirsh 2(n + 1)* rule, which fulfills consecutive sphe-
rical harmonic shells.*®
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Moreover, for a z-oriented field (B*®), which is parallel to the
Sny-Sny axis, two parallel shielding cones are directly over-
lapped, similarly to the reported to the four-fold connected
[Sno-Sny=-Sny-Sny]®~ (Snze® ) cluster, as a 2.7 nm tin rod.’®
Thus, 1 and the related uncoordinated silver species are aggre-
gates of adjacent spherical aromatic units retaining their
inherent characteristics.

For 2, the NICS isosurface exhibits similarly to 1, two
spherical-like shielding regions are obtained, which are allo-
cated at both SngAg and Sny units. Despite the different
structural arrangement in comparison to the more compact
structure of 1, two parallel shielding cones are enabled under
an x- and y-axis oriented external field, denoting the spherical
aromatic character of the two units within 2. For a z-oriented
field (B, again, two parallel shielding cones are directly
connected, revealing that despite the orientation of the external
field, the shielding cone characteristics ascribed to each con-
stituent unit are enabled, thus supporting that 2 is also an
aggregate of spherical aromatic units. Hence, 1 and 2, can be
considered as two new examples of larger clusters composed of
spherical-aromatic building blocks connected via Sn-Sn and
Sn-Ag contacts, which retain their inherent spherical aromatic
characteristics after aggregation, ascribed as two adjacent
spherical aromatic states within a cluster.

From the cut plane representation (Fig. 4), the presence of
two adjacent spherical aromatic units ascribed to each Sng side
is clearly denoted for 1. The shielding region from the NICS
isosurfaces overlaps, resulting in an extended shielding surface

B;nd Biznd

-

-10,0 -5.0 0.0 5.0 10.0

[ (ppm)

Fig. 4 Cut plane representation of the magnetic behavior for the studied
species in order to complement Fig. 3.
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ascribed to the overall backbone of the aggregated cluster.
From a z-oriented external field, the resulting shielding cones
overlap directly, increasing the extension of the shielding
response. For the x-oriented field, the two parallel shielding
cones overlap above and below the cluster structure, leaving a
deshielding region in between the two aggregate Sno units, as
denoted in the uncoordinated [Sng-Sne|®~ cluster in both cis-
and trans-isomers (note that ¢rans-isomer shows a lesser com-
mon shielding region of about ~—5.0 ppm), which is over-
whelm upon coordination of the Ag atom in 1.

For 2, similar features are found; however, as the two Sng
units are more separated than 1, the continuous shielding
surface from NICS overlaps at the Ag-Sn contact. For a z-
oriented external field, the aligned shielding cones overlap
directly, whereas, for an x-oriented field, the two parallel
shielding cones share a ~—5.0 ppm shielding region with a
central deshielding region denoting that the two spherical
aromatic units given by both (n*-Sng)Ag and Sn, sides.

Conclusions

The characterization of [Ag(Sng-Sny)]°~ (1) and the related [(n*-
Sny)Ag(m'-Sn,)]”~ (2) cluster, denotes two different fashion for
cluster-cluster aggregation, involving oxidative coupling and
mediated by Ag(1) coordination. Here, we explored the charac-
teristics of each aggregated Sny unit in such approaches in
bringing together two cluster building blocks. The overall
aromatic features of 1 and 2, and related uncoordinated
counterparts of 1, are ascribed to the interplay between two
spherical aromatic units, which retain the inherent spherical
aromatic properties of the separated clusters. This result shows
that different spherical aromatic circuits can be retained within
a single and more complex molecular structure, representing
the three-dimensional analog to the Clar’s n-sextet rule. Thus, 1
and 2 are allowed to enable two different spherical aromatic
circuits ascribed to each Sng cluster building block, denoted as
two spherical aromatic states.

Hence, such two cluster-cluster aggregation approaches,
given by oxidative coupling and mediated by Ag(1) coordination,
are able to retain the inherent characteristics of each building
block upon cluster gathering. It is expected that the rational
aggregation of well-defined building blocks will contribute to
the formation of cluster-assembled materials, where each clus-
ter unit retains the inherent cluster properties envisaging more
extended examples.
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