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cQúımica y Farmacia, Facultad de Ciencia

Casilla 121, Iquique 1100000, Chile
dInstituto de Ciencias Exactas y Naturales

Brava 3256, Iquique, 1111346, Chile
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ticity and stability in the diboron
actinide compound Pa2B2

Chengxiang Ding,†a Lina Ruiz, †b Alejandro Vásquez-Espinal, c Ricardo Pino-
Rios, d Dayán Páez-Hernández, e Sudip Pan, *a Luis Leyva-Parra, *f

Luis Alvarez-Thon *f and William Tiznado *e

Clusters composed of heavy elements, particularly actinides, provide a compelling platform for exploring

unconventional bonding and the role of relativistic effects in electronic structure and stability. In this

study, we critically reassess the D2h-symmetric Pa2B2 cluster, previously claimed to exhibit double

Möbius–Craig aromaticity through delocalization of 4s and 4p electrons. Our potential energy surface

(PES) analysis disproves this assignment by showing that the D2h structure is a higher-energy isomer; the

most stable form adopts a distorted tetrahedral structure. Magnetically induced current density (MICD)

analysis—based on fully relativistic four-component Dirac–Coulomb calculations—further reveals the

absence of a net diatropic ring current. Instead, a weak net paratropic response and a localized vortex

are observed, associated with a s Pa–Pa bond via dz2 orbitals. Multiconfigurational analysis using

CASSCF(16,16) confirms that the D2h structure is dominated by a single-reference configuration (88%),

supporting the reliability of our DFT computations. As a point of contrast, we evaluated the ReB4
−

cluster—experimentally observed and computationally confirmed as the global minimum—which exhibits

a strong diatropic ring current (16.3 nA T−1), demonstrating that MICD reliably captures aromaticity when

transition-metal d-orbitals are genuinely involved in cyclic delocalization. These findings underscore the

importance of rigorous PES validation, multiconfigurational treatment, and fully relativistic analysis,

including spin–orbit coupling, when assessing aromaticity in clusters of heavy elements. More broadly,

this work reinforces the need to critically reassess the growing number of ‘unconventional’ aromatic

motifs, many of which arise from incomplete analysis or mischaracterization of electronic structure

rather than genuine bonding novelty.
Introduction

Aromaticity, a fundamental concept in chemistry, explains the
exceptional stability and unique reactivity of cyclic, conjugated
systems due to electron delocalization.1–4 Initially, aromaticity
was rationalized using Hückel's rule, which states that a mole-
cule is aromatic if it possesses 4n + 2p-electrons.5–9 This
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conceptualization was expanded by Heilbronner, who intro-
duced the concept of Möbius aromaticity, suggesting that
molecules with a twisted topology can exhibit aromaticity with
4n p-electrons.10,11 Recent research has extended the concept to
include inorganic and metallacyclic systems,12–17 with meta-
llaborocycles showing Möbius aromaticity. For instance, the
planar pentagonal ReB4

− cluster, reported by Wang and
coworkers,18 has been classied as Craig-type Möbius aromatic
based on chemical bonding analyses, nuclear independent
chemical shi (NICS) calculations,19 and high-resolution
photoelectron spectroscopy.20

Identifying the global minimum (GM) structure in cluster
science is crucial for understanding stability, electronic prop-
erties, and reactivity. The GM is a benchmark for aligning
theoretical predictions with experimental observations, such as
photoelectron spectroscopy, and represents the thermody-
namically most stable conguration on the potential energy
surface (PES).14 In many reported clusters, delocalized bonding
and many–body interactions underlie their stability, with
aromaticity serving as a valuable framework for rationalizing
this behavior.21–23 However, it is essential to verify that the
Chem. Sci., 2025, 16, 16885–16893 | 16885
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proposed aromaticity is associated with the GM structure rather
than a higher-energy isomer—unless explicitly justied, such
cases should be clearly distinguished, as they may still hold
chemical signicance. Previous studies on main-group and
transition-metal clusters emphasize the need for thorough PES
exploration to ensure that aromatic character is assigned to the
GM structure and aligns with experimentally observed gas-
phase species.24–26

The electronic structure of actinide compounds, involving 5f
and 6d orbitals in chemical bonding, presents intriguing
opportunities for novel aromatic systems while posing chal-
lenges in accurately characterizing their electronic
properties.27–30 Lin, Wu, and Mo recently reported that the
quasi-square four-membered actinide compound D2h-Pa2B2

exhibits double Craig-type Möbius aromaticity,31 involving the
delocalization of 4s and 4p electrons. This nuance of aroma-
ticity refers to orbital phase inversion in a planar topology,
rather than geometric twisting.32,33 Notably, recent MICD anal-
yses reveal that compounds previously labeled as Craig-type
Möbius aromatic—such as osmapentalynes and osmapental-
enes—exhibit Hückel-type diatropic ring currents, lacking the
expected Möbius current topology.34 Moreover, Fowler and
Rzepa have questioned the conceptual basis of Craig-type
Möbius aromaticity, arguing that orbital phase is not an
observable and that aromaticity rules remain unchanged under
phase inversion.35 Similarly, studies on Möbius-twisted annul-
enes have revealed evident discrepancies between the electron
delocalization inferred from orbital topology and that observed
through MICD analysis, with the magnetic response strongly
dependent on the precise geometric distribution of the twist
along the ring.36,37 These ndings underscore that magnetic
response analysis provides essential complementary insight
into electron delocalization topology, beyond considerations of
orbital symmetry.

More recently, rhombic U2N2, Pa2N2, and Th2N2 clusters
have also been proposed to exhibit double Craig-type Möbius
aromaticity. However, these assignments rely mainly on vector
eld plots of the magnetically induced current density, without
quantifying ring current strengths, and lack the characteristic
diatropic response expected for aromatic species.38 Sarmah and
Guha also explored the D2h structures of Nb2B2 and Ta2B2,
proposed as more experimentally accessible analogues of Pa2B2,
but they are not GM structures.39 In this work, we explore the
PES of Pa2B2 and critically reassess its aromaticity by analyzing
MICD with relativistic effects via the four-component Dirac–
Coulomb (DC) Hamiltonian.

The MICD analysis is crucial for assessing aromaticity
because it directly measures the response of electrons to an
external magnetic eld.40–43 This method provides detailed
insights into the cyclic delocalization of electron density,
a hallmark of aromatic systems. By visualizing the diatropic
(aromatic) and paratropic (antiaromatic) ring currents, the
MICD analysis can distinguish between (anti)aromatic and non-
aromatic compounds more effectively than traditional struc-
tural or energetic criteria alone. It captures the dynamic nature
of electron motion within the molecular framework, thus
offering a robust and nuanced understanding of aromatic
16886 | Chem. Sci., 2025, 16, 16885–16893
behavior in organic and inorganic systems.44–46 Foroutan-Nejad
and colleagues emphasize the necessity of four-component
relativistic Hamiltonians, such as the Dirac–Coulomb (DC)
approach, to accurately model magnetically induced current
densities in actinide clusters, ensuring that relativistic effects
are appropriately accounted for in the evaluation of their
magnetic properties.47 However, caution is required when
interpreting paratropic currents, as recent studies suggest that
strong paratropicity in open-shell radical ions does not always
correlate with energetic instability.48 Similarly, strong diatropic
ring currents do not always indicate energetic stability, as
demonstrated in systems where magnetic and energetic criteria
diverge.49 This highlights the importance of assessing (anti)
aromaticity through multiple descriptors—magnetic, elec-
tronic, geometric, and energetic.

Our study reveals that a systematic exploration of the PES
places the quasi-square D2h-Pa2B2 structure as a higher-energy
isomer, with the GM adopting a distorted tetrahedral geom-
etry. Furthermore, MICD analysis of the D2h structure does not
detect a net diatropic ring current, a hallmark of aromaticity. In
contrast, the Möbius aromatic ReB4

− cluster, experimentally
detected and veried as the GM structure, exhibits an intense
diatropic ring current around the molecular pentagonal ring,
conrming its aromatic nature. These ndings underscore the
signicant challenges in identifying actinide-based GM struc-
tures, viable for gas-phase detection, that exhibit Möbius
aromaticity. Despite their considerable theoretical interest,
such clusters remain elusive.

More broadly, this work underscores the importance of
ensuring that proposals on new aromatic clusters are based on
true GM structures—particularly in actinide systems, where
strong relativistic effects, multicongurational electronic
structures, and shallow potential energy surfaces can destabi-
lize high-symmetry geometries or render them electronically
unfavorable. Our ndings disagree with the prior aromatic
assignment of the Pa2B2 isomer proposed by Lin et al.,31 and
instead support a non-aromatic bonding picture. This case
reinforces growing concerns over the proliferation of poorly
substantiated claims of “novel aromaticity types” in high-prole
venues, as highlighted by Ottosson.50 In short, aromaticity
assignments must be grounded in robust, multidimensional
analyses to ensure chemically meaningful conclusions.

Computational details

The potential energy surface (PES) of the Pa2B2 system was
explored using the AUTOMATON program51 with an initial
population size of 20 (N = 4), considering both singlet and
triplet spin states. The PBE0 52 hybrid functional was employed
with a small-core relativistic effective core potential
(ECP60MDF)53 and a segmented valence basis for protactinium,
and the def2-TZVP54 basis set for boron. Geometry optimiza-
tions were performed using Gaussian 16B.01.55 Rened geom-
etry optimizations were carried out at the PBE-D3(BJ)56/TZ2P/
ZORA57,58 level, incorporating scalar and spin–orbit (SO) rela-
tivistic effects, using the ADF 2024.103 program package.59

Harmonic vibrational frequency analyses were performed at the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Global minimum and low-lying isomers of Pa2B2 with point
group symmetries and spectroscopic states (obtained at the scalar
relativistic level). Relative energies (in kcal mol−1) were computed at
the DC-PBE0/Dyall.v3z level using geometries optimized at PBE-
D3(BJ)/TZ2P/ZORA, including spin–orbit effects.
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same level of theory to conrm that the structures correspond to
minima on their respective PES (further details in the SI). Final
energies were computed in this geometry using the four-
component Dirac–Coulomb (DC) Hamiltonian at the PBE0
level with a relativistic triple-zeta quality basis set of Dyall (DC-
PBE0/Dyall.v3z).60 All structures are reported in the SI.

The MICD was evaluated at the same four-component rela-
tivistic level of theory using the gauge-including atomic orbital
(GIAO) method61,62 via the linear responsemodule implemented
in the ReSPect code.63,64 The magnetic eld was oriented
perpendicular to the molecular plane, along the z-axis. The ring
current strengths (RCSs) were calculated as the current density
ux over an integration plane bisecting the Pa–B bond or the B
atom and perpendicular to the molecular plane of Pa2B2 (Fig. S1
and S2). The MICD plots of the vector eld and its modulus
isosurfaces with the current ow indicated by vectors tangent to
the surface were obtained using the Paraview program.65 For
comparison, we also performed MICD analysis using the GIMIC
program,66,67 employing the optimized geometry and wave
function computations at the same theoretical level as those
used in the study by Lin, Wu, and Mo31 (see computational
details in the SI). Notably, the PBE0 functional has demon-
strated reliable accuracy for magnetic response properties, as
conrmed by the recent benchmarking study of Lehtola et al.68

Multireference ab initio methods, based on the complete
active space method (CASSCF)69–71 followed by N-electron
valence state perturbation theory (NEVPT2),72 were used to
incorporate static and dynamic correlation. Quasi-degenerate
perturbation theory (QDPT) was employed to account for mix-
ing due to spin–orbit coupling (SOC)73,74 in a second step. Scalar
relativistic effects were considered by the second-order Doug-
las–Kroll–Hess Hamiltonian (DKH2).75 This combination of
methods is widely employed in describing the electronic
structure of actinide-containing complexes because it allows
a multicongurational description of the ground and low-lying
excited states. It is crucial to describe the state mixing due to
SOC adequately. The SARC-DKH-TZVP all-electron basis set was
used to describe Pa atoms, and def2-TZVPP was used for B
atoms.76,77 Setting the focus of the calculations on the nature of
the bonds in the structure, an active space of 16 electrons
(representing the total number of valence electrons) in 16
orbitals was considered CAS(16,16)SCF. The selection of the
orbitals was performed with the help of projection techniques
(PMOS), which generate the bonding-anti-bonding partner
orbitals for the chosen active space. Spin–orbit coupling (SOC)
effects included by the quasi-degenerate perturbation theory
(QDPT),78,79 where the multiplets derived from the S = Ms
CASSCF states are mixed by the spin–orbit mean eld (SOMF)
operator, were included in a second step.
Structures and relative stability

Fig. 1 depicts the GM and the nearest low-energy isomers
identied through PES exploration. The GM (isomer 1, C2v,

1A1)
adopts a distorted tetrahedral geometry due to the longer Pa–Pa
bond distances than B–B. A second distorted tetrahedral isomer
(isomer 2, C2v,

3A1) appears at 0.2 kcal mol−1, suggesting
© 2025 The Author(s). Published by the Royal Society of Chemistry
a possible spin-state interconversion. Trapezoidal structures
(isomer 3, C2v,

1A1 and isomer 4, C2v,
3A1), where the Pa–Pa bond

forms the base and B–B forms the top, lie at 9.3 and
11.1 kcal mol−1, indicating unfavorable stability. Planar D2h

structures (isomer 5, 3Ag, and isomer 7, 1Ag) appear at 24.7 and
25.7 kcal mol−1, respectively, with the latter previously
proposed as doubly Möbius aromatic, though its higher energy
challenges its stability. Slightly bent structures (isomer 6, C2v,
1A1) emerge at 25.5 kcal mol−1, which is more bent at the scalar
relativistic level, as shown in Fig. S3. Notably, SO effects
signicantly impact relative energies, underscoring their
necessity for accurately describing actinide systems. Note that
wavefunction optimizations at both the PBE0-D3/def2-TZVP/Pa/
ECP60MDF and PBE-D3(BJ)/TZ2P/ZORA levels conrm that
isomer 7 is a closed-shell singlet (hS2i = 0), ruling out an open-
shell singlet character at the single-determinant level.
Bonding of D2h-Pa2B2 cluster

According to Lin, Wu, and Mo's computations,31 the distances
in the D2h-Pa2B2 isomer suggest a double bond between the Pa
atoms and intermediate Pa–B bonds, as indicated by compari-
sons with Pyykkö radii and supported by their bond order
analysis. Notably, the geometry reported in their study closely
aligns with our optimized structure, which includes spin–orbit
(SO) effects in the calculations (see Fig. S3). Additionally, their
Adaptive Natural Density Partitioning (AdNDP) analysis80

reveals two delocalized s and two delocalized p orbitals, which
match their aromaticity assignment. Their Quantum Theory of
Atoms in Molecules (QTAIM) analysis81,82 reveals bond critical
points (BCPs) between each Pa and B atom, indicative of
localized Pa–B covalent bonds, and a ring critical point (RCP) at
the center of the Pa2B2 ring. Still, QTAIM did not identify a Pa–
Pa BCP.

Regarding the AdNDP analysis, in Fig. 2, we present an
alternative AdNDP localization scheme for Pa2B2 using the same
theoretical level employed by Lin, Wu, and Mo.31 We identied
four Pa–B two-center two-electron (2c–2e) s-bonds and four
three-center two-electron (3c–2e) bonds (two s and two p). The
Chem. Sci., 2025, 16, 16885–16893 | 16887
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Fig. 2 AdNDP bonding pattern ofD2h-Pa2B2 isomer 7 (B in pink and Pa
in light blue). Occupation numbers (ONs) are shown.

Fig. 3 GIMIC-MICD results for the D2h-Pa2B2 isomer at the PBE0-D3/
def2-TZVP/Pa/ECP60MDF level. (a) Vector plots of the current density
at 0.0 Å, 0.5 Å and 1.0 Å above the molecular plane. (b) Schematic
depiction of the two dominant localized current circuits: paratropic
(circuit i) and diatropic (circuit ii), along with their corresponding

−1
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p-bonds form a Craig-type Möbius topology, potentially sup-
porting single (but not doubly) Möbius aromaticity. We fol-
lowed the recommended AdNDP procedure: rstly, seeking the
most localized nc-2e schemes (starting with one-center, then
two-center, then three-center, and so on), and using occupation
numbers close to 2.0 as a criterion for localization.80 This
demonstrates that AdNDP can yield multiple bond representa-
tions, and caution is required, especially in complex systems
like this one. For example, AdNDP predicts that the Re3Cl9
cluster lacks aromaticity, a conclusion that contradicts detailed
analyses of its magnetic behavior, strongly suggesting that the
cluster is aromatic.83,84 To complement the QTAIM analysis by
Lin, Wu, and Mo,31 we performed an Interacting Quantum
Atoms (IQA) analysis,85–88 as shown in Table S1. Despite the
absence of a Pa–Pa BCP in the QTAIM analysis, our IQA results
indicate signs of covalent bonding character between Pa atoms.
The Pa–Pa interaction energy is slightly attractive
(−0.6 kcal mol−1), with a strong exchange–correlation energy
component (−149.3 kcal mol−1) counterbalancing the Coulomb
energy component (148.8 kcal mol−1). This is consistent with
the Pa–Pa delocalization of 1.99, which is close to the Mayer
bond order reported by Lin, Wu, and Mo,31 both pointing to the
presence of signicant Pa–Pa electron sharing, independent of
the possibility of cyclic electron delocalization passing from Pa
to B around the Pa2B2 ring.

Furthermore, the absence of a BCP and presence of a ring
RCP in the QTAIM analysis do not rule out the presence of a Pa–
Pa bonding interaction. To further investigate this possibility,
we performed an alternative AdNDP analysis (see Fig. S4),
recovering a Pa–Pa 2c–2e s-bond with a population of 1.63e plus
one s and two p 4c–2e bonds. Although the Pa–Pa bond occu-
pation is less than the ideal 2.0e for a fully localized bond, it
indicates partial bonding character and provides additional
evidence for the interaction.

This Pa–Pa bonding interaction likely contributes to the
stabilization energy observed in the resonance energy compu-
tations. However, the localization scheme employed by Lin, Wu,
and Mo31 assumes uniform delocalization of both s and p-
16888 | Chem. Sci., 2025, 16, 16885–16893
bonds around the Pa2B2 ring to support their claim of double
Möbius aromaticity. This approach may overlook the contri-
bution of partially localized interactions.
Aromaticity

What insights does the MICD analysis offer regarding the
magnetic behavior of the D2h-Pa2B2 cluster? While Lin, Wu, and
Mo31 previously proposed a doubly Möbius–Craig aromaticity
based on orbital symmetry and delocalization patterns; their
analysis did not include an evaluation of magnetic response. To
test this claim under the magnetic criterion for aromaticity—
which requires the presence of a coherent, diatropic ring
current—we performed a MICD analysis at the same scalar-
relativistic level they employed (PBE0-D3/def2-TZVP/Pa/
ECP60MDF). Fig. 3 provides a detailed visualization of the
current distribution in the D2h-Pa2B2 cluster. Fig. 3a shows
MICD vector plots at 0.0 Å, 0.5 Å and 1.0 Å above the molecular
plane, revealing four localized vortices. Two intense paratropic
circulations (circuit i) are centered at the Pa atoms and span
a broad region, indicative of a strong local magnetic response.
In contrast, two weaker diatropic vortices (circuit ii) are located
near the B atoms and cover a much smaller area. These current
features are schematically summarized in Fig. 3b, with net
current strengths of −483.4 nA T−1 for circuit i and 10.3 nA T−1

for circuit ii. The integration planes used to extract the current
strength proles, which serve to estimate the RCS of each
circuit, are shown in Fig. S5. Overall, the absence of a delo-
calized diatropic ring current indicates that the D2h structure
fails to meet the magnetic criterion for aromaticity. However, as
we demonstrate in the following paragraphs, the MICD
response in this system is highly sensitive to the level of theory
employed.

Given the heavy-element nature of this system, a proper
relativistic treatment is essential. In particular, spin–orbit
strengths (nA T ).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Four-component Dirac–Coulomb (DC) relativistic MICD results
for the ReB4

− cluster. (a) Three-dimensional isosurface of the modulus
of the MICD vector field at an isovalue of 0.05 a.u.; current flow is
indicated by vectors tangent to the surface. (b) Current-density vector
field in the molecular plane. (c) Detected cyclic current circuit and its
strengths (nA T−1).
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coupling is expected to rene the magnetic response further, as
it signicantly alters the electronic structure—especially near
the Pa centers—by liing degeneracies and redistributing
orbital contributions to the current density.89,90 To rigorously
assess these effects, we performed a fully relativistic four-
component Dirac–Coulomb (DC) MICD analysis. Notably, as
illustrated in Fig. 4, the resulting current density patterns differ
signicantly from those shown in Fig. 3. We selected an iso-
surface of the modulus of the MICD to visualize the different
circuits, with the current ow indicated by MICD vectors
tangent to the surface (Fig. 4a). As shown, there are three
distinguishable cyclic circuits (Fig. 4b): a peripheral paratropic
circuit (i), a diatropic circuit inside the Pa2B2 rhombus (ii), and
a diatropic current loop localized at the Pa–Pa bonding region
(iii). The rst two circuits have equivalent RCS values but
opposite signs (−50.0 and 46.9 nA T−1), resulting in a net RCS of
−3.1 nA T−1, indicating slight antiaromaticity. The local Pa–Pa
current loop is intense (RCS= 55.2 nA T−1), commonly observed
in regions with localized covalent bonds.43,45,91–95 Additionally,
this domain stands out above the other circuits (Fig. 4a), sug-
gesting a connection with a Pa–Pa bond. Fig. 4c presents MICD
vector plots in three planes (0.0, 0.5, and 1.0 Å above the
molecular plane), enabling a direct comparison with the scalar-
relativistic MICD patterns shown in Fig. 3. In the molecular
plane, all ring current circuits illustrated in Fig. 4b are identi-
ed. At increasing distances above the plane, the ring currents
progressively vanish, leaving only the vortex associated with the
Pa–Pa bond. To further analyze the spatial evolution of the
MICD, we employed the stack-of-plates (SOP) method proposed
by Fowler and Soncini.96 As depicted in Fig. S6, this approach
samples 12 equally spaced planes within the intervals 0.00–0.25
Å, 0.25–0.80 Å, and 0.80–1.60 Å. Overall, the SOP analysis
conrms the observations from the three selected planes,
clearly illustrating the distinct current distributions obtained
with and without spin–orbit relativistic treatment.
Fig. 4 Four-component DC relativistic MICD results for D2h-Pa2B2

isomer 7: (a) three-dimensional isosurface of the modulus of the MICD
vector field at an isovalue of 0.05 a.u.; current flow is indicated by
vectors tangent to the surface. (b) Detected cyclic current circuits and
their strengths (nA T−1). (c) MICD vector plots in planes 0.0 Å, 0.5 Å, and
1.0 Å above the molecular plane.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Therefore, the MICD analysis does not support the aromatic
character of the D2h-Pa2B2 system; instead, it indicates that the
system is slightly anti-aromatic. The marked differences
between the four-component DC relativistic calculation and the
one using an effective core potential (scalar relativistic effect)
highlight the signicant role of spinor splitting in accurately
describing the electronic structure of these systems.28,30

We now examine the ReB4
− system to demonstrate that

MICD is a reliable method for identifying aromaticity when it
arises from ring-shaped delocalization involving metal d-
orbitals. Notably, the four-component Dirac–Coulomb (DC)
MICD analysis (Fig. 5) conrms that this system is aromatic,
consistent with its prior classication as a Craig-type Möbius
aromatic system.18 A diatropic ring current is revealed around
the molecular ring (RCS of 14.3 nA T−1). This value supports its
aromatic character, comparable to benzene, which has a net
RCS of 11.8 nA T−1 at the same level. Note that a prominent
paratropic vortex also appears, associated with the local
contribution of Re, which is avoided in the integration plane. It
is noteworthy that the MICD analysis with GIMIC (see Fig. S7),
which accounts for relativistic effects using a pseudopotential
(see SI for details), yields the same conclusions: a net RCS of
23.0 nA T−1, which, despite being twice the value obtained in
the four-component DC calculation, still correctly predicts the
aromatic character of this system, teaching us that chemical
bonding and aromaticity in actinide systems must be cautiously
evaluated.
Multicongurational character

To identify the multicongurational character of the wave
function of the ground and excited states of the D2h-Pa2B2

system and to establish its relationship with the properties
evaluated above, an active space of 16 electrons in 16 orbitals
generated from projection techniques (that guarantee the
location of the bonding–antibonding pairs of valence orbitals)
was considered. CASSCF calculations reveal that the singlet
ground-state wavefunction is dominated by a single congura-
tion, with a squared coefficient C0

2 = 0.88, corresponding to
88% of the total wavefunction weight. The remaining 12% ari-
ses from single and double excitations, mainly between Pa–Pa
bonding and antibonding orbitals, which reduce the effective
Chem. Sci., 2025, 16, 16885–16893 | 16889
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Fig. 6 NLMOs obtained forD2h-Pa2B2 isomer 7 and the atomic-orbital
contribution of each atom.
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bond order (EBO) between the Pa atoms to∼0.2. From here, it is
possible to establish, rstly, that there is a strong dynamic
correlation component associated with the stabilization of the
electronic states, which determines the energetic separation
between them, and secondly, that a single-determinant repre-
sentation would be a suitable way to construct a reliable
approximation to the electronic wave function. In this sense,
the DFT calculations previously discussed yield dependable
results.

On the other hand, the consideration in a second step of the
spin–orbit coupling effect did not produce a relevant mixing
between electronic states. The natural localized molecular
orbitals (NLMOs) from the ground-state CASSCF wave function
were calculated to investigate further the bonding scheme
associated with this structure. The calculations reveal two
NLMOs with s-symmetry (Pa–Pa) (see Fig. 6 top), two of three
centers (Pa–B–Pa) with p-symmetry (see Fig. 6 bottom), and
three more s-orbitals involving neighboring atoms (Pa–B).
These results, obtained from multicongurational calculations,
are in good agreement with the electronic structure details ob-
tained from the DFT calculations previously discussed.
Conclusions

Our ndings disprove the previous claim of double Möbius–
Craig aromaticity in the D2h-Pa2B2 cluster. First, we show that
this structure is not the global minimum on the potential
energy surface; a distorted tetrahedral isomer is signicantly
more stable, disqualifying it under the energetic criterion for
aromaticity. Fully relativistic four-component Dirac–Coulomb
MICD calculations reveal no net diatropic ring current—
commonly associated with aromatic behavior—but instead
16890 | Chem. Sci., 2025, 16, 16885–16893
a weak net paratropic response and a localized diatropic vortex
arising from a s Pa–Pa interaction mediated by dz2 orbitals.
Multicongurational character analysis at the CASSCF(16,16)
level conrms that the D2h isomer is predominantly single-
reference (C0

2 = 0.88), validating the use of DFT in its descrip-
tion. In contrast, the experimentally characterized pentagonal
ReB4

− cluster exhibits a pronounced diatropic ring current,
consistent with cyclic delocalization involving Re d-orbitals and
its proposed Möbius–Craig aromaticity. This benchmark case
highlights that magnetic response descriptors, such as MICD,
remain reliable when delocalization is genuine and topologi-
cally supported. More broadly, our ndings reinforce the need
for critical evaluation of proposed “unconventional” aromatic
motifs, emphasizing that robust conclusions require compre-
hensive electronic, energetic, and magnetic analysis—not
partial or selectively interpreted results.
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