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This study delves into the magnetic response of core electrons and their influence on the global magnetic
response of planar and three-dimensional systems containing heavy elements, employing the removing
valence electron (RVE) approximation. We also explore electronic aromaticity indices to understand the
potential role of core electrons on electron delocalization in the absence of an external perturbation.
The study reveals that core electrons significantly contribute to the overall magnetic response, especially
to the magnetic shielding, affecting the interpretation of aromaticity. In contrast, the calculation of the
electronic aromaticity indices suggests a negligible participation of the core electrons on electron
delocalization. Despite their widespread use, the study emphasizes caution in labeling systems as

strongly aromatic based solely on shielding function computations. It is noteworthy to emphasize the
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function calculations, the core-electron effect contamination is undeniable. Hence, the integration of
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Introduction

In recent years, aromaticity has been extensively used to
understand the stability of organometallic or transition metal
compounds containing heavy elements.”® Criteria based on
the magnetic response of a molecule in the presence of an
external magnetic field have become very popular among the
experimental and theoretical communities due to their close
relationship with nuclear magnetic resonance experiments.>**
However, determining aromaticity of inorganic molecules from
a magnetic perspective is challenging because of the multiple
delocalization characters and the presence of heavy elements.*
As one moves down in the periodic table, several factors become
critical in calculating the magnetic response, in particular the
inclusion of relativistic corrections and spin-orbit (SO) effects
for heavy element systems.'*"® Moreover, in non-planar
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molecules, the mixing of various orbitals can further compli-
cate the task of separating the magnetic response into its orbital
components.”**

It is crucial to recognize that the core electrons can signifi-
cantly influence the magnetic response in molecules with heavy
elements. This aspect has been previously highlighted, espe-
cially in widely used nucleus-independent chemical shift (NICS)
calculations.”* The NICS*>*¢ index, computed at the center of
the molecular rings, is strongly affected by the proximity of
heavy nuclei, potentially leading to misinterpretations of
aromaticity. This issue is particularly concerning for systems
identified as having multiple types of aromaticity (o, T, J, etc.)
based solely on NICS(0) values.”” A recent example is the
K,[Th(CgHg)Cl,]; cluster. While negative NICS,, values suggest
c-aromaticity;*® an in-depth current density analysis by Cuyacot
and Foroutan-Nejad reveals non-aromatic character.” Szczepa-
nik further supported this by showing that the stability of
K,[Th(CgHg)Cl,]; arises from multi-center charge-shift bonding,
not c-aromaticity.*>® His electron density of delocalized bonds*"
(EDDB) calculations showed discontinuous isosurfaces on the
Th-Th bond, indicating the lack of global delocalization along
the Th; ring, in line with the absence of a ring-current pattern
from the current density calculations.>** This correlation
between discontinuous EDDB isosurfaces and the absence of
global ring currents has also been discussed in helicene-
bridged systems.*> The core electrons may also shape the
magnetically induced current density of systems with heavy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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elements.*® This can result in complex current-density path-
ways, making it difficult to determine whether the global
currents are specific to ring currents or influenced by the heavy
nuclei circulations. For example, a double three-dimensional
magnetic aromaticity in icosahedral B;,1;,-based clusters with
spherically concentric layers of boron and iodine, respectively,
has been recently reported.** Like icosahedral carbon fuller-
enes,**® it has been shown that they exhibit spherical-like
currents, but in the case of Bj,lj,-clusters, the spherical
current is distorted by the local currents produced by the iodine
atoms giving the impression of double concentric spherical
currents, which could be misinterpreted as double 3D and
concentrically aromatic,* in agreement with the discontinuity
shown in the EDDB isosurfaces of the iodine layer.>* Hence, the
interpretation obtained from the magnetic criteria in all types of
systems containing heavy elements is not trivial and the
consideration of aromaticity criteria of a different nature can be
insightful.?>373%

Recently, we proposed an approach to obtain the magnetic
response arising only from core electrons. This technique,
removing the valence electrons (RVE) of a molecule and calcu-
lating its magnetic response,” addresses inaccurate core-
contribution values from orbital partitions, such as the
natural chemical shielding® (NCS) analysis. The RVE technique
allows for straightforward corrections to both core- and o-
contributions to the magnetic shielding.*"*

For organic molecules, RVE calculations have shown that
core-electron currents are primarily localized around the nuclei,
exerting a negligible influence on magnetic shielding and ring-
current strengths.” The RVE approximation enables computa-
tion and visualization of the domain of these local core-electron
(also called atomic) currents, but also estimates their strengths,
which for carbon is approximately 4.4 nA T 2! Similar values
have recently been reported for the methyl group of toluene at
accurate levels of theory.*** Although the influence of core
electrons due to strong local currents (and shielding) in heavy-
nuclei systems is recognized,****** a quantitative description
of these effects on the magnetic response is still lacking.
Addressing this issue is of paramount importance for accurately
determining and interpreting the aromaticity of inorganic
systems.

In this study, we investigate the magnetic response of core
electrons and its impact on the overall magnetic response of
a series of systems containing heavy elements using the RVE
approximation. Given the multidimensional nature of aroma-
ticity,” we also compute the electron delocalization between
bonds via the delocalization index (DI)*»* and expand our
analysis to include electronic aromaticity indicators such as the
Ling index** and the multicenter index (MCI).” Generally,
discrepancies frequently arise between conclusions drawn from
aromaticity criteria based on the magnetic response and elec-
tronic indices in systems with large rings and inorganic
compounds.®**® Therefore, we evaluate electron delocalization
in the absence of an external field, thereby offering a way to
determine whether the impact of core electrons affects response
and intrinsic properties. For this study, we selected a variety of

planar and three-dimensional molecular systems, each
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previously reported as highly aromatic and containing heavy
elements (see Fig. 1). These systems include planar E,>~ (E = Al,
Ga, In, Tl) clusters, icosahedral M;,>~ (M = Ge, Sn, Pb) cages,
the small planar Hf; triangle,>*® the organometallic plati-
nabenzene,*>* osmapyridinium® and the monocationic
osmapetalene,® the planar pentacoordinate SrCss',” and the
cage-like Ge,"™ cluster.* Given that the RVE approximation is
valid in the presence of a sufficiently large energy gap between
the lowest occupied c-orbital and the highest occupied core-
electron orbital (Apg.core),”* We also examine cases such as
Taz0;~, the gold-based Au;" and W@Auy,, and the case of
K,[Th(CgHg)Cl,]; (Fig. 1), which exhibit a Ay peore Of less than
9 eV.

Our computations show that in these inorganic systems, the
magnetic response of core electrons can substantially influence
the total system response, thereby impacting the chemical
interpretation of aromaticity. This effect is particularly evident
in magnetic shielding, which typically affects local indices such
as NICS values. Furthermore, in systems with several heavy
atoms, core electrons may contribute significantly to the total
current-density, altering the values of ring-current strength in
both planar and non-planar molecules. This aspect becomes
critical when exploring systems characterized by multiple
aromaticity.” On the other hand, electronic indices for aroma-
ticity suggest a consistent trend of negligible core-electron
contribution to electron delocalization. Consequently, large
shielding and ring-current strengths are often found in the
realm of inorganic systems. However, determining and quan-
tifying aromaticity through magnetic response calculations is
a complex task that requires careful consideration of the
substantial contributions from core electrons. The RVE
approximation provides a simple and functional approximation
for computing, excluding core-electron noise, but it is not
universally applicable. Hence, caution is recommended when
denoting a system as strongly aromatic based solely on shield-
ing function computations.

Computational details

The inclusion of relativistic corrections plays a crucial role in
determining the structural and magnetic response properties of
molecules with elements beyond the sixth row in the periodic
table.'>'#°>% In this study, we incorporated relativistic and SO
effects using the exact two-component theory*”™ (x2c) in the
optimization. The TPSS* functional, in conjunction with
Grimme's dispersion correction with Beck-Johnson damping
D3(BJ),* was employed, along with the all-electron x2¢-TZVPall-
2¢ basis set for all atoms.***® The molecular geometries are
provided in the ESL{ The magnetic response was assessed by
computing the magnetically induced current density”* (J"9)
and the induced magnetic field’*” (B™?) using the GIMIC*"*
and Aromagnetic”® programs, respectively. Gauge-including
atomic orbitals™”® (GIAOs) within the Turbomole 7.7.1 soft-
ware’® interface were employed for these calculations, including
the x2c scalar-relativistic approach with the finite nucleus
model based on a Gaussian charge distribution.”” The
BHandHLYP” functional was selected for both J»¢ and B™
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Fig. 1 Molecules studied here. For E42*, E = Al Ga, In, and Tl and for Mlzzi M= Ge, Sn, and Pb.

calculations, as it has been shown to yield magnetic properties
close to those obtained at the CCSD(T) level.”

An external unit field (|B| = 1 T) parallel to the z-axis was
applied, with the axis of the highest molecular symmetry. In
planar molecules, the external field was oriented perpendicu-
larly to the molecular plane. Under these circumstances, the z-
component of B™ (B,"Y) is typically the largest one, allowing
the B™ analysis to focus on B,™, which is equivalent to the zz-
component of the nucleus-independent shift
(NICS,,).>***% Aromagnetic was used to calculate z-profiles of
NICS and B,™, as well as two- and three-dimensional B, plots
for visualizing the magnetic shielding in the molecular envi-
ronment. GIMIC was employed to calculate J™ plots and ring-
current strengths (J'°%) by integrating the current density flow-
ing through a plane intersecting one or more chemical
bonds.®””** The ring-current strength is commonly used to
quantify aromaticity. Additionally, the current-density flux
across different sections of the plane was determined by
calculating the derivative of /™ (d/™/dr) relative to one of the
plane coordinates (7).°*® The integration plane extends eight
bohr both above and below the molecular ring plane. The

chemical

12908 | Chem. Sci, 2024, 15, 12906-12921

horizontal r-coordinate, starting at r = 0 on the horizontal axis
at the molecular center, intersects the chemical bond and
extends to the point where ] vanishes. Ring-current strengths
are reported in nA T~*, while NICS and B,™ are given in ppm.

To compute the core-electron contributions to B4 and jind,
the RVE approach was used.”* This involves calculating the
magnetic response of highly charged molecules after removing
their valence electrons, without relaxing the molecular struc-
ture.** Consequently, the magnetic response of a system without
its valence electrons corresponds to the magnetic response of
the core electrons. The nature of the chemical bonding
undergoes significant changes when the external magnetic
field is of the order of 10° T,*"* aligning with the criterion that
Aporeore Should be large enough to ensure that a small
perturbation caused by a weak homogeneous external magnetic
field does not modify the electronic structure of the core-
electron orbitals. Simultaneously, this criterion guarantees an
unambiguous differentiation between o and core orbitals.
Hence, Apg.rcore Was reported for each molecule.

Electronic indices, such as I, and the MCI, have been
widely employed to estimate electron delocalization in planar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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molecules.** The I, index evaluates simultaneous electron
sharing among various centers,*® with large positive values
indicating aromaticity and negative MCI values suggesting
antiaromatic behaviors in some cases.®** The MCI index,"
a generalization of Ij,g, considers delocalization both along and
across the ring. These indices were calculated using the Bader®”
partition performed by the AIMAIl software,®® with atomic
overlap matrices generated from Turbomole wavefunction files
as input for the ESI-3D code.*>® The accuracy of these calcula-
tions was ensured, with an electron count error of less than 0.01
a.u., and the maximum integrated Laplacian in the atomic
domain below 10™* a.u. These calculations were conducted at
the same BHandHLYP/x2c-TZVPall-2c level, which is expected to
reduce electron delocalization errors in both magnetic proper-
ties and electronic indices,*®®* and the contribution of core
electrons to these indices was also obtained using the RVE
approach. Furthermore, since ESI-3D enables direct dissection
of electronic indices within its orbital contributions to planar
molecules, we also tested the reliability of the RVE approxima-
tion by comparing their core-electron contributions with those
obtained from ESI-3D's orbital decomposition in E,>~ systems
obtained from the direct inspection of the orbital symmetry. In
the case of K,[Th(CgHg)Cl,]3, all calculations were performed on
a BHandHLYP level with an x2c¢c-TZVPall-2c basis for all atoms
except for Th, where the Stuttgart-Bonn relativistic effective-core
potential and the associated segmented valence basis sets for
thorium were used. These calcualtions were performed with
Gaussian 16 using the geometry reported in ref. 30.

Results and discussion
E,>” (E = Al, Ga, In, T

The detection in the gas phase of the Al,>~ cluster represents
a pivotal advancement in the study of aromatic compounds.**
Its (o + m)-aromatic character has been consistently confirmed
through magnetic response calculations,”®” particularly
emphasizing the presence of a ring current flowing in a clock-
wise (diatropic) direction attributed to the delocalized c-elec-
trons, and to a lesser extent, 7t-electrons.®*° This leads to
pronounced o- and m-shielding.**®” Fowler and Havenith®® were
the first to report the core-electron contribution to NICS(0) and
B,™(0) in the Al,>~ cluster, showing stronger values (0.1 and
2.7 ppm, respectively at the PW91 level) compared to benzene.
However, the study did not extensively discuss the core-electron
effects on the magnetic response.

Fig. 2 depicts the contributions of core- and valence elec-
trons to B,™® in the molecular plane and regions above and
below it. The total B, shows a shielding cone over the ring,
predominantly influenced by the o-part. The RVE core-electron
contribution reveals strong shielding around the Al nuclei,
significantly affecting the total magnetic response. However,
these effects are not directly associated with aromaticity since
the core electrons generate local currents**® circulating around
the nuclei. Interestingly, despite the visual prominence of core
electrons on the J™! maps (Fig. 3), the integration of current
density across an Al-Al bond yields a ring-current strength of
29.6 nA T~ " without core-electron contributions (Table 1). These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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core-electron currents can be visualized as small current loops
circulating around the nuclei, leading to deshielded regions
converging at the ring's center (Fig. 2). This phenomenon
accounts for the presence of positive NICS and B,™ values at
the ring center (Table 1) and along the z-axis (see Fig. S1 in
ESI}), consistent with the findings of Havenith and Fowler.”
Furthermore, we have calculated the ring-current strength
profile across a plane intersecting an Al atom (Fig. S2}). This
essentially yields the same total value as integrating along the
plane intersecting an Al-Al bond (28 nA T '), as the core-
electron current contributions effectively cancel out along the
integration domain, resulting in a net zero-strength. The RVE
approximation also allows an estimation of the core-electron
current strength of 19 nA T~ for Al, which is notably stronger
than that of carbon in benzene (4.4 nA T™').*

Similar trends are found for Ga,?>” and In,>". In these
instances, the core electrons shape the total shielding B, near
the nuclei and in the molecular plane (Fig. S31). The current-
density calculations reveal that the local nuclear loops cover
large areas and display strong core-electron strengths of
approximately 51 and 82 nA T, respectively (see Fig. S2 and
S47}). Nonetheless, their net impact on the ring-current strength
is minimal, though not negligible (Table 1). This finding is
further supported by the core-electron ring current strength
profiles, which show slight fluctuations from Ga,>” onwards
(Fig. S2f). This pattern indicates that core electrons make
a small contribution to the global ring-current in these planar
molecules containing heavy elements.

The Tl case (Fig. 3) is particularly noteworthy, as it
exhibits a ring-current strength comparable to that in earlier
examples (31.4 nA T™"). This value agrees well with that re-
ported with a four-component Dirac-Coulomb treatment.®
Here, the core-electron contribution to J™® spans a large area
due to the very strong core-electron currents flowing around Tl
(134 nA T~ ). The pronounced shielding cones near the nuclei
and large positive B, values (>20 ppm) at the ring center are
attributed to the formation of a deshielding cone over the ring
(Fig. 2). The long-range deshielding effect exerted by core elec-
trons extends beyond 1 A above the ring along the z-axis
(Fig. S1%). Consequently, B,™(1) (and even NICS(1)) calcula-
tions also reveal significant contamination from the local core-
electron shielding, so, when quantifying aromaticity in these
planar systems containing heavy atoms, it becomes more
appropriate to calculate either the ring-current strength or the
valence electron contribution to B,™?, aiming to mitigate the
influence of core electrons.

To gain further insights into the impact of core electrons on
electron delocalization in the absence of an external magnetic
field, we computed the delocalization indices**** (DIs) for the E-
E bonds of the clusters (Table 2). The DI quantifies the number
of electron pairs shared between two atoms. In organic mole-
cules like benzene, the total DI value for a C-C bond typically
stands at 1.4, with 28% of this value attributed to 7-electron
delocalization®>'*® and the remaining 72% to its c-component.
This aligns with the assumption that the core-electron contri-
bution is negligible. For the E,>” rings, the total DIs are
approximately 1.08 (Al), 1.06 (Ga), 1.04 (In), and 1.01 (TI).

Chem. Sci., 2024, 15, 12906-12921 | 12909
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core

valence

Fig. 2 Isolines of the core, valence, and total contributions to B, of Al,>~ and Tl,2~ plotted on (top) and in a slide orthogonal (bottom) to the
molecular plane. These calculations were performed at the BHandHLYP/x2c-TZVPall-2c level.

According to the RVE approach, the core-electron components
are small in all cases (ranging from 0.0 to 0.12), which are
practically the same values as those of the core-electron
contributions provided by the ESI-3D orbital decomposition
using the inspection of the orbital symmetry (Table 2). These
findings are consistent with ring-current strength calculations,
indicating that the total electron delocalization in the E-E
bonds includes a small contribution from core electrons.

Furthermore, the multicenter indices in the E,*>  clusters
display aromatic characteristics, with total I;j,; and MCI values
ranging between [0.14,0.16] and [0.37,0.43], respectively. As is
common in inorganic compounds,***** these values are signif-
icantly larger than those reported for benzene (0.048, and 0.071,
respectively).®* Additionally, it is also possible to compare
normalized quantities in the electronic indices, taking their 1/n
power (where 7 is the number of atoms).** However, the trend
remains the same with respect to benzene. Consistent with
magnetic response computations, these findings also confirm
the absence of a core-electron component (Table 2). Thus, while
there is a minor contribution from core electrons to the delo-
calization in the E-E bonds, as indicated by DIs, it becomes
evident that the core electrons do not play a significant role in
contributing to the multicentric aromaticity.

12910 | Chem. Sci,, 2024, 15, 12906-12921

M,,>” (M = Ge, Sn, Pb)

Icosahedral metal-spherenes, renowned for their highly
symmetric structures and capacity to stabilize endohedral
entities, have garnered attention for their potential three-
dimensional aromaticity. The aromatic nature of these cages
has been supported by NICS and B,™ calculations.’® None-
theless, discussion of the impact of core electrons on the
shielding effects within these systems has been relatively scarce,
especially considering the small size of these metallic cages,
which may lead to significant contamination of the NICS and
B,™ values through contributions from core electrons inside
the cage.

Our calculations on Ge;,>”, Sn;,”>~, and Pb,;,>” reveal that
these compounds show an inside paratropic and an outside
spherical diatropic current, akin to all-carbon fullerenes.***
The core-electron contribution to the total current density is
significant, particularly near the nuclei where the current
density pathways are markedly distorted (Fig. 4). This is evident
in the B, calculations, which show a considerable influence of
core electrons on shielding. For example, in Ge;,””, the
shielding cones around the nuclei mask the deshielding effects
from valence electrons within the interior of the cage, an effect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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T2

b o 0"5 | TN (a.11)

Fig. 3 Plots of the total and the core-electron contribution to J"9
maps for A2~ and Tl4>~. The arrows indicate the direction of the
current density. The |J™| scale is in atomic units (1 au = 100.63 nA T~*
A=2). These calculations were performed at the BHandHLYP/x2c-
TZVPall-2c¢ level.

Table 1 Energy gap between the lowest occupied ¢ orbital and the
highest occupied core-electron orbital (A 5-Hcore) iN €V, the NICS(0)
and B,"%(0) values in ppm, and the ring-current strengths (J™9) in nA
T~!dissected into its core- and valence-electron contribution for E42~
clusters computed at the BHandHLYP/x2c-TZVPall-2c level. The
valence contribution is estimated by subtracting the core-electron
response from the total

Molecule  Apgpeore  Contribution — NICS(0)  B™,(0) j™d
AI427 70.16 Total —39.55 —67.32 29.06
Core —0.12 3.0 0.0
Valence —39.43 —70.32 29.06
Ga42’ 15.62 Total —39.80 —65.80 30.15
Core —0.55 12.72 0.10
Valence —39.25 —78.52 30.05
In427 15.02 Total —36.00 —53.03 31.28
Core —0.29 17.71 0.13
Valence —35.71 —70.75 31.15
Tl427 11.15 Total —33.06 —47.50 31.38
Core —0.87 23.76 0.37
Valence —32.19 —71.26 31.01

not readily apparent from the total B, shielding alone (see
Fig. 5). The influence of the core electron on B,™ values is less
pronounced at the center of the cage but intensifies near the
surface (see Fig. S5}), indicating that the core-electron contri-
bution strongly contaminates NICS and B,™ values calculated
at the centre of the faces.

In icosahedral systems, the global ring-current strength is
typically assessed by integrating J™® across a plane that begins

© 2024 The Author(s). Published by the Royal Society of Chemistry
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at the symmetry Cs-axis and extends until J™ vanishes, inter-
secting the icosahedral molecular surface in the process. This
integration plane invariably intersects the nuclei at the icosa-
hedral poles, whose para- and diatropic contributions do not
cancel, leading to substantial core-electron contributions to the
ring-current strength profiles (Fig. $61). The dj™¥/dr profiles
reveal peaks between 2 and 3 A, corresponding to intersections
with an atom at one of the vertices. Unlike the initial decaying
sharps attributed to the nuclei at the poles, the contribution
from these peaks cancel when integrating the curren strength.
However, note that the core-electron strengths are also diatropic
but stronger than the total, indicating that the net ring-current
strength derived from the valence electrons is paratropic (Table
3). Hence, it is mandatory to double-check the interpretation
based on valence ring-current strengths, as they suggest anti-
aromatic features that diminish from Ge,,>~ to Pb,,>". More-
over, the J™ plots show an increase in the diatropic current
outside the cages and a decrease in the paratropic current
inside, a trend corroborated by the BZind calculations. Thus,
when analyzing non-planar entities, such as molecular cages
containing heavy elements, it is imperative to discern the core-
electron contributions from the total (shielding and ring-
current strengths) to ensure a proper chemical interpretation.

In the case of non-planar molecules, our calculations of
electronic criteria were focused on DI indices, given that the
multicenter indices present significant computational chal-
lenges due to the myriad permutations involved. Table S1j
shows that the DI values for the M-M bonds are approximately
0.57 for the three cages. The core-electron contributions
account for 3.1%, 4.2%, and 8.17% of the total electron delo-
calization for Ge, Sn, and Pb, respectively. While these DI values
hint at a modest core-electron contribution, such findings do
not align directly with the insights obtained from magnetic
response analyses, underscoring the complexity of accurately
capturing the electronic behavior in these non-planar systems.

Hf;, Pt-benzene, SrCs;*, osmapyridinium, osmapentalene
cations, and Gey*~

To explore the concept of higher-order multiple aromaticity,
looking further into the periodic table is crucial, particularly
focusing on transition metals with d-orbitals involved in
chemical bonding. Averkiev and Boldyrev proposed the Hf;
cluster as the smallest planar homoatomic system exhibiting
delocalization across o-, -, and &-orbitals.*” This cluster,
described as a triplet C;, with a multi-configurational character
in its ground state, showcases a fascinating aspect of aroma-
ticity.>'*1%* The closest singlet isomer, which adopts Djy
symmetry but is stabilized by SO-effects,>”*** was highlighted for
its triply aromatic nature. B,™%(0) and B,™(1) calculations
indicated strong aromaticity, but a contradictory shift in the
sign from —50 ppm to 4 ppm was reported.”” An intriguing
aspect of Hf; is its compact ring size, with bond lengths of
2.65 A, and the significant impact of heavy nuclei on magnetic
shielding calculations, such as NICS(0). Multiple aromaticity
and delocalized electrons in such systems suggest expectedly
high shielding values and pronounced ring currents. However,
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Table 2 Delocalization indices and electronic aromaticity indices dissected into their core and valence contribution for E.2” clusters computed
at the BHandHLYP/x2c-TZVPall-2c level. The valence contribution is estimated by subtracting the core-electron response from the total. The
core-electron values in parenthesis correspond to those obtained by the orbital decomposition of ESI-3D's indices

Index Contribution Al2~ Ga,>™ In,>" Tl,>

DI (E—E bOI’ld) Total 1.080 1.060 1.050 1.010
Core 0.000 (0.000) 0.045 (0.000) 0.060 (0.040) 0.116 (0.078)
Valence 1.080 1.020 0.990 0.894

Tring Total 0.136 0.141 0.145 0.156
Core 0.000 (0.000) 0.000 (0.002) 0.000 (0.002) 0.000 (0.005)
Valence 0.136 0.141 0.0145 0.156

MCI Total 0.366 0.381 0.394 0.434
Core 0.000 (0.000) 0.000 (0.003) 0.000 (0.005) 0.000 (0.009)
Valence 0.366 0.381 0.394 0.434

the augmented number of electrons in the inner shells accen-
tuates core-electron effects, challenging the interpretation of
aromaticity based solely on local shielding calculations.

At our level of theory, the singlet is just 6.6 kcal higher in
energy than the triplet case. Our NICS(0) and B,™(0) compu-
tations for Hf; indicate large shielding values for both the
triplet and the singlet state, especially for the singlet state
(Table 4). The significant difference in magnitude between the
NICS(0) and B,™(0) values suggests that the x- and y-compo-
nents, parallel to the plane at the center of the ring, are not
negligible. Therefore, these results should not be interpreted as
direct evidence of super-strong aromaticity in the metal clus-

ters. Upon removing the core-electron response, the strongly
ind

diamagnetic features persist inside and above the ring in B,

core

(Fig. 6). For the singlet, a combination of pronounced
diamagnetic and paramagnetic responses appears over the ring
(Fig. S71), explaining the transition from negative to positive
NICS,, values along the z-axis, as reported by Averkiev and
Boldyrev.”” The B,™ strengths for the singlet state of Hf; are
consistently strong in systems predisposed to open-shell
features.’® The core electrons significantly shape the overall
behavior of the current density around the nuclei (Fig. 7).
Integrating the current-density across a Hf-Hf bond yields
a diatropic strength of 9.82 and 6.55 nA T~ " for the triplet and
singlet, respectively. These values do not surpass those for
benzene, confirming that their aromaticity, as implied by
NICS(0) and B,™4(0) values, is not remarkably large. Like the
previous planar systems, the core-electron contribution to the

(a.u)

0!1 0‘.5 |Jim1

Fig.4 Plots of the total and the core-electron contribution to the J™® maps of the icosahedral M;,2~ clusters. The outer diatropic and paratropic
inner current flow on the current—density streamlines is represented by black and red arrows, respectively. The |3™| scale is in atomic units (1 au
=100.63 nA T~ A2). These calculations were performed at the BHandHLYP/x2c-TZVPall-2¢ level.
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total

Fig. 5 lIsolines of the core, valence, and total contributions to B, " for the icosahedral M1, clusters. These calculations were performed at the
BHandHLYP/x2c-TZVPall-2c level.

valence

core

ring-current strength is almost zero. This finding underscores
that the shielding, strongly influenced by the local shielding
cones of the heavy nuclei, is significantly affected. As expected,
the responses from core electrons in the singlet and triplet

structures are p