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aromaticity under pressure?
Benzene as a benchmark system

Jochen Eeckhoudt, †a Alexander Dellwisch,†b Annelene Plump,b Felix Zeller, b

Tim Neudecker, *bcd Frank De Proft a and Mercedes Alonso *a

Aromaticity is a fundamental concept in chemistry, central to understanding chemical stability, reactivity,

and electronic structure. While traditionally examined under ambient conditions, recent studies have

begun to probe its behavior in unconventional regimes, reflecting the diversification of reaction

environments. Here, we investigate aromaticity under hydrostatic pressure, extending the range of

external perturbations considered so far in aromaticity research. Using state-of-the-art quantum

chemical methodologies designed to simulate pressure at the single-molecule level, we systematically

analyze the evolution of aromaticity in benzene, the prototypical aromatic compound. Structural and

electronic indices consistently indicate a modest loss of aromaticity under pressure, while magnetic

descriptors point towards an enhanced aromaticity under pressure. This underscores the enduring need

for a multidimensional framework consisting of complementary descriptors. During the analysis,

particular emphasis is placed on the performance, adaptability, and limitations of widely used aromaticity

indices under compression, leading to proposed refinements and guidelines for their reliable application.

The results are interpreted within different theoretical perspectives on aromaticity, providing new

insights into the robustness of aromaticity descriptors under extreme conditions and outlining avenues

for future research.
Introduction

Aromaticity is a cornerstone concept in chemistry, underpin-
ning our understanding of stability, reactivity, and electronic
structure across organic, inorganic, and biological systems.1–3

Despite ongoing debates regarding its denition,4,5 it remains
a powerful framework for rationalizing chemical behavior and
guiding the design and discovery of novel molecules and
materials.6 Its enduring relevance is reected in the growing
bibliometric impact,1 with over a thousand publications on
aromaticity in 2024 alone.

Aromaticity, however, is not a direct quantum observable,
nor are most of its associated electronic structure conse-
quences. Similar to other fundamental concepts such as
chemical bonding or oxidation state, it must be dened by
convention,7 and numerous methods have been developed to
quantify aromaticity based on energetic,8 geometric,9
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electronic10 and magnetic criteria.11 Each descriptor provides
only an indirect assessment of a particular facet of aromaticity,
and none is universal or without limitations.12 Accordingly, it is
advisable to employ a set of complementary descriptors
grounded in distinct criteria.3,13 When multiple indices are
considered, conclusions are generally more reliable, particu-
larly when all criteria converge on the same trend.14 Nonethe-
less, the multidimensional character of aromaticity should not
be invoked as a justication for accepting any index as valid,
regardless of the results obtained.15,16

Since its inception, benzene has served as the paradigm of
aromaticity. Its distinctive features, remarkable thermodynamic
stability, cyclic electronic delocalization, bond-length equal-
ization, characteristic magnetic responses and unusual reac-
tivity, naturally led to their association with the concept of
aromaticity.17 For benzene, all descriptors consistently assign
a high degree of aromatic character, and most indices, though
not all, identify it as the most aromatic species. Yet discrep-
ancies emerge when comparing other systems, as correlations
among indices depend strongly on both the compound set and
the aromaticity indices considered.3,18–20 Benzene therefore
provides a natural benchmark, but a deeper understanding of
aromaticity requires testing the descriptors under external
perturbations beyond ambient conditions.21,22

Recent studies have shown that electric elds can modulate
the aromatic character of molecules, even suggesting tunability
Chem. Sci.
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via the eld intensity.23,24 Additionally, magnetic elds have
been shown to be able to deform the benzene molecule,
although signicant effects are only seen at very high eld
strengths.25,26 Building on this perspective, we extend the
investigation to another fundamental perturbation: pressure. In
this work, we systematically explore how the aromaticity of
archetypal benzene evolves under compression, employing
a diverse set of descriptors grounded in distinct criteria. To the
best of our knowledge, very few studies have examined how
aromaticity varies under compression, and those studies
primarily focus on molecular crystals.27–29 Yet, pressure oen
challenges our understanding of fundamental chemical
concepts,30–32 and in this context, we address a central question:
how can aromaticity be reliably evaluated under pressure?

To address this question, we employ state-of-the-art
computational approaches to simulate pressure at the single-
molecule level.33 While high-pressure experiments necessarily
involve molecules embedded within a chemical environment,
modeling the response of isolated molecules allows intra- and
intermolecular effects to be disentangled, thereby offering
fundamental insights into molecular behavior under
compression.

In this study, we employ two complementary methods to
investigate the pressure-induced properties of benzene. First,
we apply the eXtended Hydrostatic Compression Force Field (X-
HCFF) approach, which imposes compressive forces perpen-
dicular to the discretized van der Waals surface of a molecule by
manipulating the nuclear gradient during geometry optimiza-
tion.34,35 This procedure provides direct access to optimized
molecular geometries at a user-dened pressure, enabling effi-
cient simulation of pressure-induced structural changes.

Second, we employ the Gaussians On Surface Tesserae
Simulate HYdrostatic Pressure (GOSTSHYP) approach.36,37 In
addition to shrinking the nuclear framework, GOSTSHYP
directly compresses the electron density through a smooth eld
of Gaussian potentials distributed over a suitably selected
molecular surface.38 Although more demanding both theoreti-
cally and computationally than X-HCFF, GOSTSHYP yieldsmore
physically accurate electronic structures at elevated pressures.36

Applying both X-HCFF and GOSTSHYP therefore enables us to
disentangle nuclear and electronic contributions to pressure-
induced changes in aromaticity.

To complement these single-molecule simulations, we also
perform high pressure simulations on a benzene crystal.39,40 In
this extended model, a benzene molecule is embedded within
the anisotropic environment created by neighboring benzene
molecules, offering a more realistic representation of experi-
mental conditions. This approach contrasts with the isotropic
pressure applied in X-HCFF and GOSTSHYP, providing
complementary insights into how pressures in the GPa regime
inuence the aromaticity of benzene.

The paper is structured as follows. First, the computational
methodology is briey described. Next, the behavior of selected
aromaticity descriptors under pressure is examined, with the
indices grouped by category. Each group is introduced with
a concise description of the relevant indicators, followed by an
analysis of the aromaticity trends. Where applicable,
Chem. Sci.
adaptations to the indices and the implications of pressure are
discussed. Finally, the extent to which the different criteria
converge in describing pressure-induced changes in aromaticity
is evaluated.
Computational details

To evaluate the aromaticity of benzene under pressure, geom-
etry optimizations were rst performed using the X-HCFF and
GOSTSHYP methods implemented in the Q-Chem 6.0 so-
ware.41 All calculations are based on Kohn–Sham Density
Functional Theory (KS-DFT), employing the B3LYP functional42

with D3 dispersion corrections43 and the cc-pVTZ44 basis set.
Diffuse functions were deliberately omitted to ensure that,
during compression with GOSTSHYP, no electron density
extends beyond the dened cavity.

In GOSTSHYP, the molecular surface plays a critical role in
compressing the electron density, directly inuencing the
aromaticity descriptors.45 To approximate the molecular shape
under ambient conditions, the 0.001 e bohr−3 isodensity
surface was used. Based on the van der Waals radii of carbon
and hydrogen, the cavity was constructed as a point set along an
angle-dependent grid centered around each atom. The quality
of the resulting molecular surface can then be quantied as the
root-mean-square error RMSE(C) of the minimum distance
from a point to the isodensity surface.

RMSEðCÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i

min
~R˛C

��~risoi � ~R
��2

vuut (1)

here, C denotes the cavity, and i runs over the discretization of
the isodensity surface.~risoi and ~R correspond to the point posi-
tions along an angular grid of the isodensity surface and the
cavity, respectively. In the next step, the deviation from the
desired shape, as dened by the isodensity surface, was mini-
mized. This was achieved through an iterative minimization of
RMSE(C) using the steepest descent method.45 Both the calcu-
lation of the RMSE relative to the isodensity surface and the
associated steepest descent algorithm were implemented in
a Python 3.11 script.46 The evolution of the RMSE(C) and the van
der Waals radii for carbon and hydrogen during the minimi-
zation are shown in Fig. S1 along with optimized radii values. In
Fig. S2, the 0.001 e bohr−3 isodensity surface and the optimized
cavity are visualized.

To exclude the possibility that long-range interactions
inuence the aromaticity trends under pressure,47,48 additional
pressure calculations were performed on the gas-phase mole-
cule with GOSTSHYP using the range-separated CAM-B3LYP
functional49 and the optimized van der Waals radii, while
keeping other settings unchanged. On this basis, structural
indices, ring critical point (RCP) properties and electronic
descriptors were evaluated, all of which reproduced identical
pressure-dependent aromaticity trends as obtained with B3LYP
(Table S6 and Fig. S37). Furthermore, a technical limitation of
the Q-Chem code prevents the calculation of NICS indices and
magnetic descriptors using the CAM-B3LYP functional.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Consequently, B3LYP + D3 was employed to ensure internal
consistency across all calculated indices.

To compare the aromaticity of a benzene molecule in the gas
phase with that in a crystalline environment, plane-wave-based
DFT calculations under pressure were performed on the crystal
structure using the Vienna Ab initio Simulation Package (VASP)
3.6.0.50,51 To describe the electron interactions, the projector
augmented-wave (PAW) method52,53 was employed together with
the GGA-PBE exchange-correlation functional,54 using appro-
priate PAW pseudo potentials for carbon and hydrogen. The
wavefunctions were represented using a plane-wave energy
cutoff of 400 eV, while the Brillouin zone was sampled using
a Gamma-centered 3 × 3 × 2 k-point mesh. Aer crystal opti-
mization, the geometry of a single benzene molecule was
extracted at each pressure for further analysis.

Using the above pressure models, ve main approaches were
employed to perform pressure calculations prior to further
analysis. The “Gas – X-HCFF” and “Gas – GOSTSHYP” methods
apply the standard X-HCFF and GOSTSHYP procedures,
respectively, in both the geometry optimization and electronic
structure calculations. The “Crystal Geo” method extracts the
geometry from the crystal structure and computes the corre-
sponding gas-phase electronic structure. To account for the
electron cloud compression, the GOSTSHYP method can be
used in the nal single-point calculation on this geometry,
referred to as “Crystal Geo – GOSTSHYP”. Finally, the “Gas –

GOSTSHYP Geo” method was introduced to disentangle the
effect of geometry distortion and electron-cloud compression in
GOSTSHYP by performing a gas-phase single-point calculation
on the optimized geometry obtained from the GOSTSHYP
simulation.

To appropriately apply the Harmonic Oscillator Model of
Aromaticity (HOMA)55,56 as a structure-based aromaticity index
under pressure, reference values for a C–C single bond and
a C]C double bond were rst determined. Ethane and ethene
were selected as the smallest possible molecules for this
purpose. Pressure calculations were performed using the
GOSTSHYP method at the B3LYP-D3/cc-pVTZ level of theory,
and the carbon–carbon bond lengths were extracted at each
pressure. These reference values enable accurate evaluation of
HOMA under compression by accounting for pressure-induced
changes in the reference parameters.

To determine Nucleus-Independent Chemical Shis (NICS)
indices57 based on pressure-optimized structures of benzene in
both gas phase and crystalline environments, NMR calculations
at the B3LYP-D3/cc-pVTZ level of theory were performed using
Q-Chem. Ghost atoms were placed at the ring centers and 1 Å
above them. Additionally, line scan analyses were conducted
and tted to models of innitely-thin conducting lines of
current.58 Moreover, Gauge-Including Magnetically Induced
Current (GIMIC) calculations were performed to directly eval-
uate the ring current at varying pressures.59 The perturbed
density matrices for this purpose were computed using Q-Chem
6.0 and Gaussian16.60 To minimize numerical artifacts, the
average over the six C–C bonds was taken.

For the determination of Ring Critical Point (RCP) proper-
ties, wavefunction les were generated for the optimized
© 2026 The Author(s). Published by the Royal Society of Chemistry
benzene structures in both environments using Q-Chem, fol-
lowed by Quantum Theory of Atoms in Molecules (QTAIM)61

analyses with Multiwfn 3.8.62 Delocalization indices were
computed with the AIMAll program63 and multicenter indices
were evaluated with a combination of the AIMAll, APOST-3D64

and ESI-3D65 programs.

Results
Structural indices

Since application of hydrostatic pressure to an isolated benzene
molecule via X-HCFF and GOSTSHYP leads to isotropic
compression, no changes in the symmetry of benzene can be
observed. Hence, structural indices cannot be used feasibly to
assess pressure-induced changes in aromaticity of benzene.

However, benzene crystallizes in an orthorhombic structure
with the space group Pbca. Within the crystal, the molecules are
arranged in a layered fashion and stabilized by van der Waals
forces, quadrupole interactions and weak C–H/p hydrogen
bonds between adjacent aromatic rings.66,67 Due to the aniso-
tropic environment within the crystal lattice, an individual
benzene molecule experiences slight distortions compared to
its isolated gas phase counterpart. Specically, a subtle bond-
length alternation arises, resulting in non-equivalent C–C
bond lengths within the benzene ring. This deviation from the
perfect hexagonal symmetry leads to a minor reduction in
aromaticity, as the uniform delocalization of p-electrons is
subtly perturbed. To further investigate pressure-induced
changes in aromaticity within the crystal, various geometry-
based indices were employed.

Bond-length alternation (BLA)

The Bond-Length Alternation (BLA) index is one of the most
straightforward and commonly used structure-based indices. It
quanties the variation in bond lengths within a molecule
serving as an indicator of electronic conjugation. BLA is typi-
cally understood as measuring the difference between the
lengths of the longer single and shorter double C–C bonds in
a p-conjugated system.68,69 A lower BLA value corresponds to
more uniform bond lengths, reecting stronger delocalization,
while a higher BLA indicates enhanced localization and reduced
aromaticity. However, several studies have highlighted that p-
electrons can exhibit a tendency to localize double bonds,
counteracting the delocalizing inuence of s-electrons.70,71

Accordingly, structural descriptors should be applied with
caution when quantifying aromaticity.12,72

In the case of an asymmetric benzene molecule within the
crystal structure, BLA index can be calculated as the difference
between the longest and shortest C–C bond lengths R within the
aromatic ring.

BLA (def1) = Rmax − Rmin (2)

To account for the full atomic sequence of the benzene ring,
BLA can alternatively be dened as the absolute difference
between the average lengths of the even- and odd-numbered
C–C bonds along the ring.62,73 This approach provides more
Chem. Sci.
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Fig. 1 BLA index (def1, eqn (2)) for a single benzene molecule in the
crystal lattice (Crystal Geo) from 0 to 100 GPa.

Fig. 2 HOMA index using ethane and ethene as reference systems for
a single benzene molecule in the crystal lattice (Crystal Geo) from 0 to
100 GPa.
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detailed insight into how uniformly bond-length alternation is
distributed across the ring, especially in anisotropic environ-
ments such as the crystalline phase under pressure.

BLAðdef2Þ ¼
����R2 þ R4 þ R6

3
� R1 þ R3 þ R5

3

���� (3)

In both denitions, an increase in BLA signies reduced
structural aromaticity, as it reects greater localization of the
C–C bonds within the ring. For reference, benzene in its ideal
gas phase form has a BLA of 0, reecting its fully equalized C–C
bond lengths and highly symmetric aromatic character.
Regarding the rst denition, the evolution of BLA under
pressure up to 100 GPa is shown in Fig. 1.

At ambient conditions, the BLA value is slightly above zero as
expected due to the inherent anisotropy in the crystal environ-
ment. As pressure increases, a linear rise in BLA is observed
between 5 and 25 GPa, followed by a gradual saturation at
higher pressures. This trend reects the increasing proximity of
molecules under compression, which enhances intermolecular
interactions and amplies the anisotropic pressure acting on
each benzene molecule. These forces lead to structural distor-
tions and a gradual increase in bond-length alternation. The
structural distortions appear to reach a threshold, beyond
which further pressure has a diminishing effect. This behavior
is consistent with the expectation that, at very high pressures,
molecular packing becomes extremely dense, restricting addi-
tional structural rearrangements. Overall, the observed changes
in BLA remain relatively small, suggesting that, despite
pressure-induced structural distortions, benzene largely retains
its aromatic character within this pressure range.

In contrast, BLA (def 2) does not reveal a clear trend under
pressure, as the observed changes are extremely small, on the
order of 10−6 Å (Fig. S4). This discrepancy highlights that
different BLA denitions rely on distinct symmetry reductions
and therefore yield different results. To complement these BLA
measures, we introduce a self-dened parameter accounting for
the average difference between all C–C bond lengths at each
pressure. In the case of benzene, which contains six C–C bond
Chem. Sci.
lengths, all pairwise comparisons yield 15 possible differences,
from which the mean value is subsequently determined. The
resulting trend (Fig. S5) closely follows that of the BLA index
(def 1), substantiating that bond-length alternation increases
with pressure.
Harmonic oscillator model of aromaticity (HOMA)

Another widely used geometry-based descriptor of aromaticity is
the HOMA index.9,55 HOMA evaluates each of the n C–C bonds
within an aromatic ring by comparing the length of each C–C
bond i to a reference value Rref. This optimal bond length is
selected such that the compression energy of the double bond
and the expansion energy of the single bond are minimal
according to the harmonic potential model.74 The normaliza-
tion factor a ensures that, for localized double and single bonds
as dened by the harmonic potential model, HOMA equals to
zero.55,56

HOMA ¼ 1� a

n

Xn

i¼1

�
Ri � Rref

�2
(4)

From this denition, a fully aromatic system in which all
C–C bond lengths equal to Rref exhibits a HOMA value of 1. In
contrast, nonaromatic compounds typically display HOMA
values close to 0, while antiaromatic monocyclic compounds
oen exhibit negative HOMA values. In this sense, HOMA
measures the geometrical similarity to archetypal aromatic
compounds75 and fail in analyzing aromaticity changes along
the Diels–Alder reaction.76 A reparametrized version of HOMA
has recently been introduced in which the empirical parameters
have been derived from high-level quantum chemical calcula-
tions using both aromatic and antiaromatic reference
compounds.77 Nevertheless, the number of situations for which
reference values have been tabulated remains limited, restrict-
ing the broader applicability of HOMA in inorganic compounds.

To determine appropriate values for Rref and a under pres-
sure, ethane and ethene were used as reference compounds.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HOMA index using ethane and ethene as reference systems for
a benzene molecule in the gas-phase optimized with GOSTSHYP (Gas
– GOSTSHYP) from 0 to 100 GPa.
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The bond lengths of their central single and double bonds were
measured across a range of pressures. Detailed information on
these calculations, along with tabulated values of Rref and a and
the corresponding bond lengths at different pressures, is
provided in the SI (Table S2). Fig. 2 illustrates the pressure-
dependent evolution of the HOMA index.

At zero pressure, the HOMA value is close to 1, indicating
that the anisotropic environment of the crystal lattice has
a negligible impact on the molecular geometry of individual
benzene molecules. Aside from a slight initial increase, HOMA
gradually decreases up to 55 GPa. This trend is consistent with
the behavior observed in the BLA index, further reinforcing the
conclusion that increasing pressure induces structural distor-
tions that progressively weaken the p-electron delocalization
Fig. 4 Evolution of the aromatic stabilization energy of benzene as a
a hypohomodesmotic reaction and (b) a homodesmotic reaction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
within the benzene ring. However, the relative changes in
HOMA are exceedingly small, suggesting that the overall varia-
tion in aromaticity remains minimal.

In addition, butadiene was tested as an alternative reference
system. When these reference parameters are employed in the
HOMA calculation, a different pressure-dependent curve trend
is obtained as compared to ethane and ethene (Fig. S9). This
highlights the importance of the reference parameters in
HOMA-based analyses, especially when the observed changes
are rather small, as in the case for benzene. In such instances,
the choice of reference system can signicantly inuence the
results and may lead to different or even contradictory trends.

In contrast to BLA, the evolution of the HOMA index can also
be determined for the fully symmetric gas phase molecule with
identical C–C bond lengths. For this purpose, pressure-
optimized molecular geometries obtained with GOSTSHYP
were employed. Fig. 3 shows the evolution of HOMA using
ethane and ethene as reference systems.

Similar to the crystalline molecule, the index exhibits an
initial value close to unity followed by a minimal increase of up
to 5 GPa, and subsequently decreases over the remaining
pressure range. Although the variation is more pronounced
than in the crystal phase, the overall change remains limited.
When butadiene is used as the reference system for the gas-
phase molecule, an almost linear decreasing trend is observed
(Fig. S11). Employing ethane and ethene as reference systems
yields more intuitive values, particularly at 0 GPa. This obser-
vation can likely be attributed to the partial delocalization of the
four p-electrons in butadiene, which consequently affects the
reference bond lengths used in the HOMA calculation.78

Additionally, the evolution of the HOMA index was examined
without pressure parameterization for both the crystal molecule
(Fig. S10) and the isolated molecule (Fig. S12). In both cases,
a pronounced decrease was observed even at low pressures, with
function of pressure, derived from two distinct reaction schemes: (a)

Chem. Sci.
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this effect being more signicant for the crystal molecule. At
high pressures, the HOMA index decreased to ranges that no
longer permit meaningful interpretation. This underscores the
necessity of employing appropriate reference values under
pressure conditions.
Energetic indices

The concept of describing aromaticity through an energetic
measure originates from Pauling's valence bond theory.79 One
of the hallmark features of aromatic systems is the additional
stabilization conferred by the delocalization of p-electrons
within a cyclic conjugated system. Numerous methods have
been proposed to quantify the so-called Aromatic Stabilization
Energy (ASE).80 The main challenge in the quantication of ASE
lies in the selection of an appropriate nonaromatic reference
system for the molecule of interest. Ideally, this reference
should be carefully selected to eliminate contributions from
other effects, such as strain, hyperconjugation and hybridiza-
tion changes, thereby isolating the elusive contribution from
aromaticity.8 To distinguish between different types of reactions
used to evaluate ASE, a classication into isogyric, isodesmic,
hypohomodesmotic, homodesmotic and hyperhomodesmotic
reactions can be made based on the conservation of bond and
atom types.81 In this study, two reaction schemes are employed,
involving a hypohomodesmotic reaction and a homodesmotic
reaction (Fig. 4).82 The homodesmotic reaction offers the
advantage of eliminating spurious contributions from hyper-
conjugation and hybridization effects, but it might introduce
artifacts due to the involvement of multiple molecular
species.80,83 At zero pressure, the ASE derived from the homo-
desmotic reaction is estimated to be −34.1 kcal mol−1 at the
B3LYP-D3/cc-pVTZ level of theory, which is in excellent agree-
ment with ASE values previously reported in the literature for
benzene.8,84

The evolution of the ASE as a function of pressure for the two
distinct reaction schemes is displayed in Fig. 4. In these reac-
tions, all species are compressed at the same level of theory. It is
evident that the trends in the stabilization energies are highly
dependent on the considered reaction. The homodesmotic
reaction on the right is only weakly impacted by geometric
distortion (X-HCFF), but suggests an increase in aromatic
stabilization of about 5 kcal mol−1 at 100 GPa due to electron
connement (GOSTSHYP). In contrast, the hypohomodesmotic
reaction on the le exhibits the opposite behavior: ASE
increases upon geometric contraction, while it decreases upon
electronic connement. It should be noted that the absolute
value of the volume reduction/expansion in common chemical
reactions can easily reach z10 cm3 mol−1.85 This will result in
enthalpy corrections that can exceed the observed changes in
aromatic stabilization energies by two orders of magnitude.
Thus, while the observed energetic variations are signicant
relative to gas-phase values, they remain consistent with
a limited variation in aromaticity under high-pressure
conditions.

A reason behind the opposing trends for the two reaction
schemes can be better understood by considering the rst-order
Chem. Sci.
change in the reaction energy DER in eqn (5). Note that the f and
i subscript denote the collection of products (nal) and reagents
(initial), respectively.

vDER

vp
¼ �p

�
vVf

vp
� vVi

vp

�
¼ p

�
Vf bf � Vibi

�
(5)

here, the identities for pressure p ¼ �vE
vV

and compressibility

b ¼ �1
V
vV
vp

are used. The rst-order change in DER clearly

depends on the compressibility (which is in turn inuenced by
the force constants of highly delocalized skeletal vibrations86) as
well as the volume, which depends not only on the molecular
geometry but also on the connectivity. Neither of these effects
are accounted for by the reaction classes described above,
beyond the local level. As a result, the effect of pressure on
aromaticity, as mediated through the compressibility, is diffi-
cult to isolate robustly. A meaningful analysis would require
a process that does not signicantly change the system's
geometry, while a pragmatic approach could match geometrical
changes with the application of interest. However, in practice,
the enthalpic contribution from volume changes dominates,
explaining the prevalence of reaction and activation volumes in
high-pressure chemistry literature.85

Electronic indices

Ring critical point (RCP) properties. The delocalization of
electrons within a ring can be assessed through Atoms In
Molecules (AIM) parameters.61,87 In this framework, aromaticity
is generally evaluated at the Ring Critical Point (RCP) based on
several quantities being the electron density, its Laplacian, and
the total energy density H along with its components, namely
the kinetic energy density G and potential energy density V:88,89

H = G + V (6)

Typically, regions with greater electron delocalization are
characterized by high electron densities, Laplacians with
a positive sign, and relatively large positive values of G. In
contrast, regions where electrons are more localized exhibit low
electron densities, negative Laplacians, and relatively large
absolute values of V (negative). Furthermore, the total electronic
energy H is positive, as G dominates over V. In phenyl rings, an
increase in both electron density and its Laplacian is accom-
panied by an increase in total energy density H and the absolute
values of its components, G and V, indicating an increase in
aromaticity.89

Fig. 5(a)–(e) illustrates the pressure-dependent evolution of
AIM-based parameters for benzene, including the electron
density, the Laplacian, as well as the energetic descriptors (H, G,
and V) evaluated at the RCP. Fig. 5(f) shows the average distance
of each carbon atom to the geometric center of the ring for the
gas-phase molecule under compression using X-HCFF and
GOSTSHYP as well as for a benzene molecule in the crystalline
phase.

All descriptors for both the gas phase and crystal molecules
begin at nearly identical values, indicating that the slight
asymmetry in the crystal benzene structure has only a minor
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Pressure-dependent evolution of AIM descriptors at the RCP for gas phase and crystal benzene using different compression models: (a)
electron density, (b) Laplacian of electron density, (c) total electron energy density H, (d) kinetic electron energy density G and (e) potential
electron energy density V at the RCP. In (f), the mean distance of each carbon atom to the geometric ring center for a benzene molecule in the
gas phase and in the crystal is shown. The abbreviations stand for the following: gas– X-HCFF: gas-phasemolecule optimized using X-HCFF, gas
–GOSTSHYP: gas-phasemolecule optimized with GOSTSHYP, gas –GOSTSHYP Geo: single-point calculation without pressure of GOSTSHYP-
optimized gas-phase geometry at each pressure, Crystal Geo: single-point calculation on amolecule extracted from the crystal molecule at each
pressure, Crystal Geo – GOSTSHYP: single-point GOSTSHYP calculation on a crystal-extracted molecule at each pressure.
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inuence on the electronic properties at the RCP under ambient
conditions. Upon compression of the ring, both the electron
density and its Laplacian at the RCP increase, accompanied by
rising absolute values of G and V. In this regime, G dominates
over V, which generally yields positive values for H. However,
except for GOSTSHYP, the change in absolute potential energy
under pressure is more pronounced than that in kinetic energy,
resulting in decreasing trends for H. This behavior leads to
seemingly contradictory interpretations of the evolution of
aromaticity under pressure.

The pressure-dependent aromaticity trends also vary with
the compression method. Benzene experiences the highest
compression with X-HCFF, followed by the crystal molecule,
while GOSTSHYP produces the weakest compression (Fig. 5f).
Consequently, the X-HCFF compressed molecule shows mark-
edly steeper variations in all indices compared to both the
crystal molecule and the GOSTSHYP results. Interestingly, the
additional consideration of electron compression using GOST-
SHYP has only a very modest impact on the electron density and
its Laplacian at the RCP. In contrast, a stronger dependence is
observed for the total electron energy density. While H
decreases signicantly under X-HCFF, it remains nearly
constant across the entire pressure range with GOSTSHYP.
Regarding the crystal molecule, a discontinuous trend is
observed without compression of the electron density.

Overall, most of the indices, except for the total energy
density H, point to a modest increase in aromaticity for both the
gas phase and crystal molecules. Caution is advised, however, as
© 2026 The Author(s). Published by the Royal Society of Chemistry
compression of the ring inherently increases the electron
density at the RCP, its Laplacian, and energy components G and
V. These effects are not unique to benzene and can likewise be
observed in nonaromatic systems such as cyclohexane
(Fig. S38).

Delocalization indices. Another important class of electronic
aromaticity descriptors involve the so-called Electron Sharing
Indices (ESIs), which quantify the extent of electron delocal-
ization between atoms or molecular fragments.10,90 These
indices are typically derived from the exchange-correlation
density, dened as the difference between the real pair
density r2ð~r1;~r2Þ and the ctitious pair density of non-
interacting one-electron densities rð~rÞ as given by eqn (7).91,92

The pair density can be evaluated at any desired level of theory;
however, corrections beyond a single-determinant approxima-
tion are generally small.93

rXCð~r1;~r2Þ ¼ rð~r1Þrð~r2Þ � r2ð~r1;~r2Þ (7)

When electrons do not interact, the probability of nding an
electron at~r1 is not inuenced by the presence of an electron at
~r2. In this case, the exchange-correlation density vanishes and
any nonzero value thus reects the degree of electron–electron
interaction. When integrated over two spatial regions, rXC

provides a measure of the extent to which electrons are delo-
calized across these regions. For this reason, rXC has been
frequently used in the denition of ESIs. Among these, the
Delocalization Index (DI) d(A, B) is used in the present work.94–96
Chem. Sci.
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Fig. 6 Change in the delocalization index at 50 and 100 GPa
compared to 0 GPa for the ortho-, meta- and para-position using: (a)
the X-HCFF method; (b) the GOSTSHYP method; (c) the GOSTSHYP
geometries without electronic confinement and (d) the crystal-phase
geometry combined with the GOSTSHYP method for electronic
confinement.
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This index is obtained by integrating rXC over the atomic basins
of atoms A and B (eqn (8)), most commonly dened within the
QTAIM framework from the topology of the electron density.
Nevertheless, alternative atomic partitions may also be
employed, such as Hilbert-space partitions, which provide
reliable and computationally efficient alternatives to real-space
partitioning.93,97

dðA;BÞ ¼ 2

ð
A

ð
B

rXCð~r1;~rÞ2d~r1d~r2 (8)

Since d(A, B) quanties the number of electron pairs shared
between two atomic regions, several aromaticity indices have
been developed based on this concept.10,90 The Para-Delocal-
ization Index (PDI) is the average of the DIs for para-related
atoms in six-membered rings, thereby providing a measure of
the electron delocalization across the ring. Poater et al.
demonstrated that this index correlates well with other estab-
lished measures of aromaticity in polycyclic aromatic hydro-
carbons.98,99 A larger PDI value reects greater aromaticity, but
is restricted to six-membered rings and overestimate the delo-
calization in heterocycles.16

Another electronic index is the Aromatic Fluctuation Index
(FLU), which measures the degree of delocalization between
adjacent atoms along the ring and its deviation from an ideal
aromatic reference value (dref(Ai, Ai+1)).100 Unlike HOMA (vide
supra), this reference value is more difficult to be determined
under pressure, as it must be derived from a suitable aromatic
molecule. For C–C bonds, the aromatic reference is benzene.
The expression for the FLU is given in eqn (9), where the frac-

tion of atomic localization indices
dðAiþ1Þ
dðAiÞ reects the electron

sharing similarity between d(Ai) and d(Ai+1) adjacent atoms, a is
either 1 or -1 to ensure the fraction is larger than 1 and n is the
number of adjacent atoms. FLU approaches zero for aromatic
species and can be applied to rings of any size. However, since it
measures the similarity with respect to a predened aromatic
molecule, FLU is not well suited for describing reactivity.90

FLU ¼ 1

n

Xring
i¼1

��
dðAiþ1Þ
dðAiÞ

�a�
dðAi;Aiþ1Þ � drefðAi;Aiþ1Þ

drefðAi;Aiþ1Þ
�	2

(9)

From the delocalization indices in Fig. 6, it is evident that
geometric contraction and electronic connement exert
completely different effects. The contraction of the geometry
results in an increased orbital overlap (or reduced interelec-
tronic distances), thereby increasing the delocalization index
compared to zero-pressure conditions. This effect diminishes
with increasing C–C distance, i.e. from ortho-to meta-to para-
related carbon atoms, and can even reverse under high pressure
when signicant geometric distortions occur. By contrast,
incorporating electronic connement through the GOSTSHYP
model produces the opposite effect, indicative of electron
localization at all pressures. In some cases, this electron local-
ization can outweigh the effect of geometric contraction, as
observed for the full GOSTSHYP calculation (Gas – GOSTSHYP)
Chem. Sci.
in the ortho- and para-positions, though this is not always the
case. Additional factors, such as bond-length alternation
induced by the crystal environment or adopting the Bondi set of
atomic radii for the cavity construction, appear to have little
inuence on the delocalization indices (see Fig. S15 and S16),
but summing the hydrogen atoms into the carbon basins
decreases the effect of connement somewhat, further indi-
cating that connement inuences the structure of the p

system.
These trends in the DIs translate into predictable changes in

the PDI and FLU electronic indices. The FLU decreases under
geometric contraction and increases under electron conne-
ment (provided the reference parameters remain unaltered),
whereas the PDI increases under geometry contraction and
decreases with electron connement. The increase of the PDI
under geometry contraction was also observed by Feixas et al. in
the context of aromaticity for distorted benzene.101 An inter-
esting comparison is obtained by examining the PDI of the
nonaromatic cyclohexane under pressure (SI). Its PDI also
increases with pressure, as expected from the reduced inter-
electronic distances and enhanced electronic interactions, and
this increase is even more pronounced than in benzene using
the X-HCFF model. Taken together with the decrease in DIs
observed under the full GOSTSHYP method, this behavior
points to a diminishing electronic aspect of aromaticity under
pressure. It should be noted, however, that the overall magni-
tude of the pressure-induced changes in electronic aromaticity
are far less signicant than those observed between different
aromatic molecules.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Iring index as a function of pressure for benzene using the
QTAIM partition. MCI index as a function of pressure for benzene with
the QTAIM partition (b), the topological fuzzy Voronoi cell partition (c)
and the Hirshfeld partition (d).
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Multicenter indices. While the delocalization indices quan-
tify the degree of electron delocalization starting from pairs of
atoms, another class of electronic descriptors generalizes the
concept of bond orders from pairs of atoms to any number of
atoms M.102 This lead to the denition of the multicenter bond
order in terms of the density matrix P in eqn (10) and the
working eqn (11), where Sij(A) are the overlap integrals of
molecular orbitals i and j in the region associated to atom A.
These have been proposed as a measure of aromaticity when
applied to the sequence of atoms A1 to AM forming a conjugated
ring system.103

Iring ¼ 2M
X
a˛A1

.
X
m˛AM

Pab.Pma (10)

¼ 2M
Xocc
i1

.
Xocc
iM

Si1 i2ðA1Þ.SiMi1ðAMÞ (11)

This quantity can also be interpreted as the charge suscep-
tible to delocalization along the ring, reminiscent of the
magnetic criterion of aromaticity,104 or as the possibility to form
sequences of resonating orbital overlaps between neighboring
atoms. A generalization of the Iring is possible by removing the
constraint of a circular atom sequence from A to M and instead
summing over all possible path permutations, resulting in the
multicenter index (MCI) introduced by Bultinck et al.105 This
extension enables the incorporation of cross-ring delocalization
in the description of aromaticity. MCI emerges as one of the
most reliable indices in several benchmark tests designed to
evaluate the performance of aromaticity descriptors in both
organic and inorganic species.16,19 Both electronic indices adopt
larger positive values in aromatic species, while nonaromatic
molecules yield values close to zero. Antiaromatic systems
exhibit intermediate Iring and MCI values, making their identi-
cation more challenging. Additional variants have been
developed, such as AV1245,106 particularly suited for larger rings
by mitigating numerical error propagation, and AVmin,107

capable of detecting localized disruptions in the p-conjugated
system.

For benzene under pressure, all four multicenter indices
considered (i.e. Iring, MCI, AV1245 and AVmin) consistently
indicate a decrease in aromaticity with increasing pressure
(Fig. 7a and b for Iring and MCI, respectively). This is consistent
with the reported decrease in multicenter indices observed
during the bond-length compression of benzene.101 This effect
appears to be dominated by geometric changes, with only
a minor contribution from the electronic connement. Overall,
the decrease in the aromaticity indices is modest and the
different partitions agree reasonably well (Fig. 7c and d), apart
from the Hirshfeld partition, which suggests that electronic
connementmarkedly increases the aromaticity under pressure
(Fig. S19). Using van der Waals radii instead of isosurface-tted
radii in the pressure models does not lead to signicant
changes (Fig. S19). In cyclohexane, the effects of pressure on
multicenter descriptors are even smaller. Taken together, these
© 2026 The Author(s). Published by the Royal Society of Chemistry
results conrm that according to electronic criteria, aromaticity
decreases under pressure.

Linear response function (LRF). The (frequency-
independent) linear response function cð~r;~r 0 Þ is a central
quantity in conceptual density functional theory,108,109 which
has been previously applied to quantify electron delocalization
in general110,111 and aromaticity in particular.112–114 The
conceptual DFT framework is a perturbational expansion of the
electronic energy of a system in terms of its fundamental vari-
ables: the number of electrons N and the external potential vð~rÞ.
Its aim is to establish rigorous mathematical denitions for
oen vaguely dened chemical concepts. Within this frame-
work, the linear response function is the second-order func-
tional derivative of the electronic energy with respect to the
external potential vð~rÞ and can be computed at several levels of
approximation.115 The expression for the simplest case, i.e. the
Independent Particle Approximation (IPA), is given in eqn (12).

c


~r;~r

0� ¼ �4
Xocc
i¼1

Xvirt
a¼N=2þ1

f*
i



r
/
�
fa



r
/
�
f*
a

�
r
/

0�
fi

�
r
/

0�

3a � 3i
(12)

here, fð~rÞ are the molecular orbitals and 3 their orbital energies,
where a denotes virtual and i occupied orbitals. Sablon et al.
showed that the atom-condensed LRF kernel could discern
between aromatic and nonaromatic systems and they proposed
the Para-Linear Response (PLR) as a new quantitative aroma-
ticity index, inspired by the PDI (vide supra).112 The PLR is
dened as the average value of the atom-condensed LRF for
para-related carbons in six-membered rings and was proven to
correlate well with the PDI. Subsequent studies further estab-
lished the LRF as a suitable indicator for s-aromaticity,
Chem. Sci.
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Fig. 8 Matrix elements of the linear response kernel for differently
related carbon atoms along the benzene ring at varying pressures: (a)
IPA approximation with the GOSTSHYP model; (b) IPA approximation
with the GOSTSHYP Geo model; (c) IPA approximation with the X-
HCFF model and (d) LDA approximation with the GOSTSHYP model.
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metalloaromaticity, and even non-equilibrium states.112–114 The
behavior of the LRF can intuitively be understood by consid-
ering that a perturbation at the ipso carbon leads to a more
delocalized response, and consequently stronger interaction at
other atoms within the ring, in aromatic systems. In this work,
the LRF kernel is condensed to atoms by integration over the
Hirshfeld atomic basins, and its value for different carbon–
carbon positions along the aromatic benzene ring is employed
as a measure of aromaticity.

In general, the linear response decreases at all positions with
increasing pressure, consistent with a reduction in aromaticity.
This trend is mainly driven by geometric distortions of the
Fig. 9 Evolution of (a) NICS(0), (b) NICS(1), (c) NICS(0)zz and (d) NICS(1)z

Chem. Sci.
benzene ring and can be rationalized by the greater spread of
the occupied and virtual orbital energies at shorter bond
lengths. Connement plays only a minor role, as evidenced by
the similarity between the GOSTSHYP and GOSTSHYP Geo
methods (Fig. 8a and b). Electronic connement compresses
the virtual orbitals, increasing their overlap with the occupied
orbitals and exerting a slight positive effect. Following the
relative magnitude of geometric distortions induced by the
different models, the X-HCFF model (Fig. 8c) predicts a larger
decrease in aromaticity than GOSTSHYP, while the crystal
structure takes an intermediate position. No particular anisot-
ropy effects are observed (Fig. S13). At 100 GPa, the PLR indi-
cates a reduction in aromaticity of 10–20%. The LDA
approximation (Fig. 8d) provides the same picture as the IPA
approximation with similar relative changes, but at substan-
tially higher computational cost (Fig. S14).

Since the Hirshfeld partitioning is employed to condense the
LRF, it is feasible to construct the partition function at high
pressures from pressurized atomic densities. This leads to
almost no changes in the PLR with pressure, but summing the
H-atom regions into the C regions restores the trend without
pressurized atomic densities (Fig. S13). Otherwise using CH
regions has no effect on the observed effects of pressure.
Magnetic indices

Nucleus-independent chemical shi (NICS). NICS is deter-
mined by evaluating the magnetic shielding at any given point
in space, thereby probing the strength of the ring current effects
independently of the atomic nuclei. It is dened as the negative
of the total magnetic shielding. Negative NICS values generally
indicate aromaticity arising from diatropic ring currents, while
positive values suggests antiaromaticity associated with para-
tropic ring currents.57 The isotropic NICS(0) index is measured
z for benzene from 0 to 100 GPa.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic illustration of four ICLOCmodels corresponding to
a single infinitely thin loop (ICLOC1), two elevated loops above and
below the plane (ICLOC2Z), a single loop with a finite thickness
(TCLOC1), two loops in the plane carrying a paratropic and diatropic
current (ICLOC2XY) and two loops above and below the plane and two
loops in the plane carrying a paratropic and diatropic ring current
(ICLOC4).
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at the center of the ring in the molecular plane and thus
includes contributions not only from the p-electrons, but also
from unpaired electrons, core electrons, and the local distri-
bution of s-bond electrons. To minimize these additional
effects, the isotropic NICS(1) value was introduced, measured 1
Å above the molecular plane.116 While the total magnetic
shielding is isotropic, the shielding tensor also contains
contributions from local currents induced by elds that are not
perpendicular to the ring. These contributions are not repre-
sentative for the aromatic ring current and are thus undesir-
able. A more precise description of electron delocalization can
be obtained from the out-of-plane tensor components NICS(0)zz
and NICS(1)zz.117,118

Fig. 9 shows the evolution of the different NICS-based
descriptors under pressure. The limited impact of crystal
anisotropy on magnetic aromaticity under ambient conditions
is evident, as all indices begin at nearly identical values. For
NICS(0)zz, NICS(1), and NICS(1)zz, a consistent downward trend
is observed, irrespective of the molecular environment or the
compression method, indicating an increase in aromaticity.
This agrees with the observed behavior of the magnetic
descriptors computed along the symmetric ring stretching
normal mode.101,119 Conversely, NICS(0) displays an upward
trend when electron density compression is not included. These
upward deviations arise from in-plane magnetic responses, as
evident from their absence in the evolution of the out-of-plane
component NICS(0)zz. Within the molecular plane, electron
density compression via GOSTSHYP strongly affects the
behavior of NICS(0) and NICS(0)zz, whereas above the molecular
plane its impact is notably lower as seen from the NICS(1) and
NICS(1)zz curves. In the absence of electron density compres-
sion, the most pronounced trends are obtained with X-HCFF,
consistent with this method inducing the largest molecular
compression (Fig. 5f).

In general, connement of benzene under pressure leads to
more negative NICS-based indices, consistent with an increase
in aromaticity. Nevertheless, even for NICS indices known to
overestimate aromaticity,120 the magnitude of these changes
remains relatively small.

Innitely-thin conducting line of current (ICLOC) model.
Despite their usefulness and wide application, NICS-based
indices remain an indirect probe of the current ow associ-
ated with aromaticity.3 Ring current models, introduced in the
1950s, provide a more direct way to describe current suscepti-
bility through the ring current parameter that is more closely
associated with aromaticity.121–123 These models simplify the
quantum-mechanical current density into a few meaningful
parameters, by representing it as classical electromagnetic
currents. The simplest is the Innitely-thin Conducting Line Of
Current (ICLOC) model,124 in which the total current induced by
a magnetic eld is carried through a single loop with radius R.
More elaborated models combine loops positioned in, above or
below the molecular plane and carrying either a diatropic or
a paratropic current.58,124–126 Alternatively, the loop can be
assigned a nite thickness, resulting in a toroidal model
(TCLOC), or a polygonal shape.127,128 The parameters of these
models are typically determined by tting the magnetic
© 2026 The Author(s). Published by the Royal Society of Chemistry
shielding they produce to the NICS(0)zz values along the axis
perpendicular to the molecular plane through the ring center.

As the size of the benzene ring decreases under pressure, the
radius of the ring current loop is expected to decrease accord-
ingly, leading to an increase in the magnetic shielding that is
unrelated to the ring current typically associated with aroma-
ticity.129,130 To investigate this effect, the quantum-mechanically
calculated NICS values were tted to their classical counterparts
from different ICLOC models (Fig. 10). The considered models
include a single loop of current (ICLOC1), a single toroidal loop
of current (TCLOC1), a double loop above and below the plane
(ICLOC2Z), a double diatropic and paratropic loop in the plane
(ICLOC2XY), a combination of these two double-loop models
(ICLOC4) and a hexagonal variant of the latter model (ICLO-
C4hex). Since the NICS values at different pressures along the
line scans differ only slightly, high-quality ts were essential to
extract meaningful parameters. To achieve this, several tting
procedures were employed, including a standard least-square t
(LSQ), a least-squared t up to 5 Å (LSQ5A), a weighted least-
squares t with the square of the NICS as the weighting factor
(WSQY2) and a weighted least-squares t using the variance of
the NICS between different pressures as the weighting factor
(WSQVAR).

Upon inspection of the tted models, the ICLOC1 model was
immediately discarded as it fails to reproduce the reduced
response within the plane of the benzene ring. We further
imposed the requirement of obtaining a successful t for every
pressure, which oen proved problematic for the seven-
parameter models (ICLOC4 and ICLOC4hex). In addition,
Chem. Sci.
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Fig. 11 (a) Ring current and (b) radius parameter of the toroidal line of
current model as a function of pressure with various models for
benzene.

Table 1 GIMIC ring current strengths (nA/T) for pressure-distorted
benzene geometries, calculated from perturbed density matrices
obtained with Gaussian16

Single – GOSTSHYP
Geo

Crystal
Geo

Dia Para Dia Para

0 GPa 17.0 −5.0 16.7 −4.9
20 GPa 17.2 −5.0 17.0 −5.0
40 GPa 17.4 −5.0 17.1 −5.0
60 GPa 17.6 −5.0 17.2 −5.0
80 GPa 17.7 −5.0 17.2 −5.0
100 GPa 17.8 −5.0 17.2 −5.1
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visual inspection of the region where pressure effects are most
pronounced (i.e. z1 Å) eliminated models that were unable to
capture the distinctive features in this region. Full details on all
models and selected tting parameters are provided in the SI
(S22–S33).

The trends in the parameters of the remaining models, aer
excluding the least suitable ICLOC variants, showed rather good
agreement. The TCLOC1 model proved to be particularly suit-
able, while the ICLOC4 and ICLOC2XY models also performed
adequately in selected cases, occasionally requiring the WSQY2
tting procedure.

For all pressure models, the ring current parameter (I)
increases with pressure (Fig. 11), consistent with the rise in
magnetic aromaticity predicted by NICS-based indices. Among
these indices, the NICS(1)zz best reproduces the overall ring-
current trends; however, at 100 GPa, the ring current
increases by only 2–4%, roughly half the increase suggested by
the NICS(1)zz. The remaining increase arises from the shrinking
radius of the current loop, which decreases proportionally to
the interatomic distances and mirrors the bond compression
observed for the different pressure models. When included in
the model, the Z parameter controlling the elevation of the
current loops above and below the plane follows the same trend.
Both the enhanced ring current and the reduced current loop
radius can be attributed to the geometric distortion and the
electronic compression. For crystal geometries at the highest
pressures, however, the ring current decreases again, indicating
a loss of aromaticity that is not fully captured by the NICS
indices. In the TCLOC1 model, the additional A parameter
controls the width of the current band, which broadens under
geometric contraction under pressure but narrows when elec-
tron density compression is also included, although this effect
is minor. The same analysis with the TCLOC1 model and LSQ
tting procedure using the isosurface-tted radii, provided
excellent agreement with these trends.

Gauge including magnetically indiced current (GIMIC).
Analogous to ICLOC models, the electronic ux Jð~r; tÞ can
directly probe the ring current related to aromaticity and is thus
able to show the most subtle effects.131,132 Because of the origin
dependence of themagnetic potential Að~rÞ, the Jð~r; tÞ vector eld
also depends on the chosen origin in a nite basis. The use of
Chem. Sci.
Gauge-Including Atomic Orbitals (GIAOs) minimizes this
dependence, rendering the ux gauge-independent, though not
fully invariant,133 as implemented in the GIMIC program.134,135

The ring current strength can be quantied by integrating
the ux over the plane bisecting a C–C bond, dened by
symmetry as the plane passing through the geometric center of
the benzene ring and the bond midpoint.135,136 Since the inte-
grated current density proles obtained from Q-Chem calcula-
tions exhibited nonphysical behaviour, only the Gaussian16
results are reported (Table 1). Since these Gaussian calculations
do not explicitly include connement effects, the ICLOC anal-
ysis provided above remains valuable as a complementary
descriptor of magnetic aromaticity.

These results indicate that the ring current strengthens
under pressure as the diatropic component increases. This
nding is consistent with previous studies based on the
magnetic criterion and points to an enhancement of aroma-
ticity associated with the geometric distortion induced by
pressure.

Comparison of aromaticity indices and recommendations.
To compare the various aromaticity descriptors, the relative
trends of all indices with respect to their maximum change are
shown at pressure intervals of 10 GPa (Fig. 12). For clarity, these
trends are presented exclusively for the GOSTSHYP model
applied on a single molecule (except for the BLA and HOMA
which consider the crystal structure), as this model provides
a quantum-mechanical description of both geometric and
electronic effects induced by pressure. The corresponding
trends of all indices for both the gas phase and the crystal
molecule across different compression models are provided in
Fig. S35 and S36.

Overall, only minor changes are observed across all indices
up to 100 GPa, regardless of the underlying criterion, suggesting
that electron delocalization is largely preserved even at high
pressure. The most profound changes are found for the ener-
getic and magnetic indices, while the electronic and structural
descriptors display only subtle variations. Notably, a dichotomy
emerges under pressure: magnetic descriptors consistently
indicate an increase in aromaticity, while the intrinsic
descriptors (i.e. electronic, structural and energetic) instead
suggest a decrease. It should be noted, however, that the ener-
getic descriptors are not internally consistent. Taken together,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Normalized evolution in aromaticity under pressure at 10 GPa intervals. For each index, normalization is performed with respect to the
maximum observed change in aromaticity over the whole pressure range, using the value at 0 GPa as the reference (yellow). An increase in
aromaticity is represented by red coloring, whereas a decrease is indicated by green coloring. Descriptors where decreasing values indicate
increasing aromaticity are shown above the bold dividing line; while those where increasing values correspond to greater aromaticity are shown
below. For the energetic, magnetic and electronic descriptors, only the gas phase GOSTSHYP results are displayed. White boxes are inserted
where no data are available (see full computational details in the SI).
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this divergence underscores the need for a diverse set of indices,
since no single descriptor fully captures the multifaceted nature
of aromaticity.

Structure-based aromaticity indices generally predict a slight
decrease in aromaticity under pressure for both isolated and
crystal benzene molecules. The BLA (def 1) accounts for only
two bond paths within the ring, offering limited insight into
structural changes, while the BLA (def 2) is restricted by
symmetry. To address these limitations, an alternative deni-
tion was proposed based on the mean difference across all six
C–C bond lengths, which reproduced the same trend as BLA
(def 1). The HOMA index was reparameterized for non-ambient
conditions to obtain pressure-dependent reference parameters.
Ethane/ethene and butadiene were used as reference systems.
The evolution of HOMA under pressure strongly depends on the
chosen reference system, with ethane/ethene being recom-
mended over butadiene.

Energetic indices are shown to be highly dependent on the
considered reaction. Their application to evaluate resonance
energies and aromatic stabilization energies under pressure is
© 2026 The Author(s). Published by the Royal Society of Chemistry
ambiguous and warrants further exploration. Additional
factors, such as compressibility and reaction volumes, further
complicate the isolation of the elusive contribution from
aromaticity.

The RCP properties as electronic descriptors predominantly
suggest an increase in aromaticity under pressure. However,
similar trends in the electron density, its Laplacian, and the
kinetic and potential energy densities components are also
observed in cyclohexane, a nonaromatic molecule, indicating
that these changes are a direct consequence of electronic
structure compression rather than aromaticity. Only the total
energy density H exhibits distinct behavior for the two mole-
cules under GOSTSHYP compression, decreasing in cyclo-
hexane while remaining nearly constant in benzene, thus
supporting only minor changes in aromaticity under pressure.
Nonetheless, RCP-based descriptors alone are insufficient to
provide a denitive conclusion regarding the pressure-induced
evolution of benzene's aromaticity; a limitation further com-
pounded by their previously demonstrated unreliability in
heterocyclic compounds.137 Delocalization indices suffer from
Chem. Sci.
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comparable limitations, though condensed values such as PDI
offer clearer trends. By contrast, multicenter indices display
consistent behaviour across all denitions, with the popular
QTAIM partition remaining the recommended one.

NICS(1)zz, a generally reliable magnetic index for monocyclic
systems, shows a clear increase in aromaticity under pressure.
Similar trends are found for NICS(0), NICS(0)zz and NICS(1)
when employing GOSTSHYP (Fig. 9), but the strong inuence of
pressure on the in-plane tensor components discourages the
use of isotropic NICS(0) and NICS(1). Importantly, magnetic
indices probe the response to an external magnetic eld and
therefore do not directly describe intrinsic aromatic properties
under pressure.13,138 In cases of rings with different compress-
ibilities, an ICLOC approach is suggested to compensate for the
decreasing ring size. Otherwise, the qualitative effects are well
captured by the NICS(1)zz.

In general, the different compression models yield broadly
consistent trends, with variations largely attributable to differ-
ences in the predicted geometry compression and/or inclusion
of electronic connement. To quantify aromaticity under pres-
sure, a combination of descriptors based on different criteria
remains necessary and should include magnetic descriptors.
While some indices, such as structural, multicenter and LRF,
are relatively insensitive to additional electronic compression,
others, including ASE, DI and NICS, are affected and must
account for this connement effect. Ultimately, a pressure
model that integrates both geometric and electronic effects is
essential for quantifying aromaticity, a recommendation like-
wise emphasized in the modeling of high pressure chemistry.33

Conclusion and outlook

This work addresses the fundamental question of how aroma-
ticity can be reliably evaluated under pressure by examining the
evolution of widely used descriptors in benzene as the arche-
typal test case. A broad set of structural, energetic, electronic,
and magnetic indices were critically assessed, revealing that the
overall changes in aromaticity up to 100 GPa remain modest.
While structural and electronic indices consistently indicate
a slight decrease of aromaticity under pressure, all magnetic
descriptors point to an enhanced ring current, underscoring the
need for a multidimensional framework that integrates
complementary descriptors.

Indices relying on reference parameters derived at ambient
conditions, such as HOMA and FLU, may require reparamete-
rization to yield meaningful results. Energetic descriptors are
strongly dependent on the chosen reaction and reference
molecules, and ASEs are perturbed by additional effects such as
compressibility and reaction volumes. Isotropic NICS-based
indices contain spurious in-plane tensor contributions; there-
fore, the use of the NICS(1)zz, ICLOC models and ring current
analysis is recommended to assess ring current strength under
pressure. Multicenter indices do not rely on external parameters
and provide a consistent description of pressure-induced
aromaticity changes. Since the different indices differ in their
sensitivity to geometric distortion and electron connement,
pressure models that simultaneously account for both effects at
Chem. Sci.
the molecular wavefunction level are essential for a reliable
quantum-mechanical description of aromaticity under
pressure.

Due to the rigidity of benzene, its aromaticity is largely
preserved under compression, as evidenced by the limited
extent to which the different aromaticity indices change under
pressure. Building on this observation, we propose that the
response of a molecular system to pressure may itself serve as
an informative indicator of aromaticity. Highly aromatic
systems, such as benzene, are expected to exhibit only minor
pressure-induced changes in geometry, electron density, and
aromaticity descriptors, whereas antiaromatic systems may
display more pronounced pressure-induced variations in these
indices. To assess this hypothesis, future work will extend the
present analysis to larger polycyclic systems, such as acenes and
helicenes, as well as to antiaromatic molecules (for which some
preliminary data is included in the SI), where more substantial
structural and electronic distortions under pressure are antici-
pated. Such studies will also help identify the descriptors that
most reliably capture pressure-induced changes in aromaticity.

Author contributions

J. E. – conceptualization, methodology, soware, validation,
analysis, writing – original dra, review & editing; A. D. –

conceptualization, methodology, soware, validation, analysis,
writing – original dra, review & editing; A. P. – methodology,
soware, validation, analysis; F. Z. – soware; T. N. – concep-
tualization, methodology, resources, analysis, writing – original
dra, review & editing, supervision; F. D. P. – conceptualization,
resources, writing – review & editing, supervision; M. A. –

conceptualization, methodology, resources, analysis, supervi-
sion, writing – original dra, review & editing.

Conflicts of interest

There are no conicts to declare.

Data availability

Most of the data supporting this article have been included as
part of the supplementary information (SI). Supplementary
information: full details of the pressure protocols (X-HCFF,
GOSTSHYP, and solid-state benchmarks) and the aromaticity
descriptors (structural, electronic, magnetic, and energetic),
including denitions, reparametrization, and validation across
levels of theory and partitioning schemes, together with
preliminary results for antiaromatic charged benzenes. See
DOI: https://doi.org/10.1039/d5sc07920a.

Acknowledgements

F. D. P. and M. A. thank the VUB for the Strategic Research
Program awarded to the ALGC research group. J. E. acknowl-
edges the FWO for their nancial support (1148522N). He also
thanks Dr Bin Wang for his assistance in computing the linear
response kernel. A. D. acknowledges funding by the Fonds der
© 2026 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1039/d5sc07920a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07920a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
8/

20
26

 1
2:

56
:5

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Chemischen Industrie. The computational resources and
services used in this work were provided by the VSC (Flemish
Supercomputer Center), funded by the Research Foundation –

Flanders (FWO) and the Flemish Government.

Notes and references

1 G. Merino, M. Solà, I. Fernández, C. Foroutan-Nejad,
P. Lazzeretti, G. Frenking, H. L. Anderson, D. Sundholm,
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G. Merino, Aromaticity and Antiaromaticity: Concepts and
Applications, Wiley, 2022, pp. 1–294.

3 Aromaticity: Modern Computational Methods and
Applications, ed. I. Fernandez, Elsevier, 2021, pp. 1–499.

4 H. Szatylowicz, P. A. Wieczorkiewicz and T. M. Krygowski,
Sci, 2022, 4, 24.

5 H. Ottosson, Chem. Sci., 2023, 14, 5542–5544.
6 M. D. Peeks, Adv. Phys. Org. Chem., 2024, 58, 1–37.
7 G. Frenking and A. Krapp, J. Comput. Chem., 2006, 28, 15–
24.

8 M. Alonso and I. Fernández, in Aromaticity, Elsevier, 2021,
pp. 195–235.

9 T. M. Krygowski, H. Szatylowicz, O. A. Stasyuk,
J. Dominikowska and M. Palusiak, Chem. Rev., 2014, 114,
6383–6422.

10 F. Feixas, E. Matito, J. Poater and M. Solà, Chem. Soc. Rev.,
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17 C. Silva López and O. Nieto Faza, in Aromaticity, Elsevier,

2021, pp. 41–71.
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C. Cárdenas, J. Chem. Phys., 2019, 150, 204304.

31 X. Dong, A. R. Oganov, H. Cui, X.-F. Zhou and H.-T. Wang,
Proc. Natl. Acad. Sci. U. S. A., 2022, 119, e2117416119.

32 J. Eeckhoudt, T. Bettens, P. Geerlings, R. Cammi, B. Chen,
M. Alonso and F. De Pro, Chem. Sci., 2022, 13, 9329–9350.

33 F. Zeller, C.-M. Hsieh, W. Dononelli and T. Neudecker,
Wiley Interdiscip. Rev. Comput. Mol. Sci., 2024, 14, e1708.

34 T. Stauch, J. Chem. Phys., 2020, 153, 134503.
35 J. Bentrup, R. Weiß, F. Zeller and T. Neudecker, J. Comput.

Chem., 2025, 46, e70024.
36 M. Scheurer, A. Dreuw, E. Epifanovsky, M. Head-Gordon

and T. Stauch, J. Chem. Theory Comput., 2020, 17, 583–597.
37 F. Zeller, E. Berquist, E. Epifanovsky and T. Neudecker, J.

Chem. Phys., 2022, 157, 184802.
38 A. Pausch, F. Zeller and T. Neudecker, J. Chem. Theory

Comput., 2025, 21, 747–761.
39 O. Nielsen and R. M. Martin, Phys. Rev. Lett., 1983, 50, 697.
40 O. Nielsen and R. M. Martin, Phys. Rev. B: Condens. Matter

Mater. Phys., 1985, 32, 3780.
41 E. Epifanovsky, A. T. Gilbert, X. Feng, J. Lee, Y. Mao,

N. Mardirossian, P. Pokhilko, A. F. White, M. P. Coons,
A. L. Dempwolff, et al., J. Chem. Phys., 2021, 155, 084801.

42 A. D. Becke, J. Chem. Phys., 1993, 98, 5648–5652.
43 S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem.

Phys., 2010, 132, 154104.
44 T. H. Dunning Jr, J. Chem. Phys., 1989, 90, 1007–1023.
45 J. Eeckhoudt, M. Alonso, P. Geerlings and F. De Pro, J.

Chem. Theory Comput., 2024, 20, 7430–7442.
46 G. Van Rossum, Python 3 Reference Manual, CreateSpace,

2009.
47 J. Pedersen and K. V. Mikkelsen, RSC Adv., 2022, 12, 2830–

2842.
48 L. Van Nyvel, M. Alonso and M. Solà, Chem. Sci., 2025, 16,
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