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Covalent bonding and extreme shielding
in xenon–icosagen fluoride cations

Erick Cerpa, *a Jose A. Guerrero-Cruz, b Gabriel Merino, c

J. Oscar C. Jimenez-Halla d and Abril C. Castro *b

Although icosagen cations are known to interact significantly with noble gases, well-defined examples

exhibiting strong binding energies indicative of covalent character, particularly for the heavier icosagens,

remain scarce. In this work, we explore the stability and bonding of a series of XeMF2
+ and Xe2MF2

+

(M = B–Tl) cations, focusing on global-minimum structures featuring Xe–M bonds. Ab initio calculations

indicate that these species are thermodynamically viable at 298 and 398 K, with all considered dissocia-

tion pathways being endergonic. Bonding analyses reveal strong covalent Xe–icosagen interactions for

B, Al, and Ga, while In and Tl exhibit weaker bonding character that suggests more ionic interactions, as

supported by the selected complementary analyses. Fluoride ion affinities and relativistic 129Xe NMR

chemical shifts further support the strong electron-withdrawing nature of the MF2
+ cations. Overall, the

results suggest that, beyond the previously reported XeBF2
+, Xe–icosagen compounds such as XeAlF2

+

and XeGaF2
+ may also be experimentally accessible.

Introduction

The synthesis, characterization, and theoretical prediction of
noble-gas (Ng) compounds have long posed a scientific chal-
lenge. The long-held assumption of Ng chemical inertness was
overturned in 1962,1–3 and since then, Ng chemistry has
evolved into a dynamic field of experimental and theoretical
research.4–8 While compounds of heavier Ngs such as Kr, Xe,
and Rn can be stabilized under relatively mild conditions
(despite the high radioactivity of Rn), those of He, Ne, and Ar
require extreme conditions, such as cryogenic temperatures or
very high pressures.9,10 Most known Ng compounds involve
halogen or oxygen, but a broader range of elements, including
the icosagens (Group-13), can also form neutral or cationic
species incorporating Ngs. This reactivity is often driven by
a combination of suitable electronegativity and electron-
donation capabilities.

In recent years, there has been growing interest in compounds
featuring covalent Ng–B bonds.11–24 Several boron-containing

cations, such as NgBF2
+,25 NgBH4

+,21 NgBH2
+, and Ng2BH2

+

(Ng = Ar–Rn),26 have been reported as both thermodynamically
and kinetically viable. In contrast, much less attention has been
paid to species involving heavier icosagens. Only a few studies
have examined E+–Ng (E = Al–In) cations,27,28 or the insertion of
Ng atoms into B- and Al-containing fluorides29 or hydroxides.30

Donor–acceptor complexes, such as F3Al–Ng–NH3, have also been
investigated,31 revealing bonding scenarios that include covalent
Ng–AlF3 and electrostatic Ng–NH3 contacts. Additionally, meta-
stable Xe compounds of the type XXe–EX2 (X = F–I; E = B–Ga) have
been reported,32 where the Xe–E bond retains a covalent character
regardless of the halogen involved. These findings collectively
highlight the potential of heavier icosagens to engage in bonding
with noble gases, yet comprehensive studies in this area remain
limited.

The ability of icosagens to form strong interactions with Ngs
offers a promising route for designing novel, stable compounds
with distinctive electronic and structural properties. Among
these, Xe–icosagen compounds are particularly intriguing due
to the unique electronic, magnetic, and structural features of
Xe.33 Xenon’s large, polarizable electron cloud makes it highly
sensitive to its chemical environment, a property that underlies its
exceptional performance in nuclear magnetic resonance (NMR)
spectroscopy. 129Xe NMR chemical shifts span an unusually broad
range of approximately 7500 ppm,34 enabling it to serve as a
powerful probe for detecting weak interactions.35,36 Consequently,
there is considerable interest in modeling and interpreting 129Xe
NMR chemical shifts, especially in systems where Xe engages in
covalent or electrostatic bonding with other elements.37–42
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In this study, we examine the nature and strength of
Xe–icosagen bonding in the cationic species XeEF2

+ and
Xe2EF2

+ (E = B–Tl). To evaluate their stability, we performed
ab initio calculations of dissociation energies (De), enthalpies
(DH), and Gibbs free energies (DG). We also employed various
bonding descriptors to characterize the Xe–E interactions.
Furthermore, we calculated fluoride ion affinities (FIA) and
predicted 129Xe NMR chemical shifts to gain deeper insight
into the electronic environment in these complexes and to
guide future experimental studies. Finally, we analyzed the
impact of relativistic effects on the NMR shifts using both two-
component ZORA and fully four-component DKS approaches.

Computational details

The potential energy surfaces of the XeEF2
+ and Xe2EF2

+ (E = B–Tl)
compounds were systematically explored using a modified
genetic algorithm implemented in the Global Optimization of
Molecular Systems (GLOMOS) program43 at the PBE0/def2-
TZVP44,45 level. The lowest-energy structures were then reopti-
mized at the MP2 level using either the def2-TZVP or aug-cc-
pVTZ basis sets. For Xe, In and Tl atoms, quasi-relativistic
pseudopotentials were employed to account for core elec-
trons.46–48 Final single-point energies were computed at the
CCSD(T)/def2-TZVP level, with zero-point energy corrections
obtained from MP2/def2-TZVP frequencies. All quantum
chemical calculations were performed using Gaussian 16.49

To probe the nature of the Xe–icosagen bonding, several
complementary approaches were applied. Energy decomposi-
tion analysis (EDA)50–52 was conducted at the BP86-D3(BJ)/
TZ2P//MP2/def2-TZVP level,53–56 using the zeroth-order regular
approximation (ZORA) Hamiltonian to account for scalar rela-
tivistic effects,57–61 as implemented in ADF.62 Additional bond-
ing analyses included adaptive natural density partitioning
(AdNDP),63,64 natural population analysis (NPA), and Wiberg
bond indexes (WBI), all computed at the MP2/def2-TZVP level.
To further probe bonding characteristics, we also evaluated
non-covalent interactions (NCI),65,66 the electron localization
function (ELF),67,68 and the localized-orbital locator (LOL).69–72

These analyses were carried out using Multiwfn.73 Full metho-
dological details for EDA, AdNDP, ELF, and LOL are provided in
the SI.

Fluoride ion affinities (FIA) were evaluated to further inves-
tigate the Lewis acidity of the EF2

+ fragments in the XeEF2
+ and

Xe2EF2
+ cations. FIA values correspond to the negative enthalpy

change (�DH) of the following reaction:

Aþ þ F� �!DH
FIA¼�DH

AF

Enthalpies were obtained from geometry optimizations at
the CCSD(T)/def2-TZVPP level. For the larger B(C6F5)2

+ species,
the oB97X-D/def2-TZVPP level was employed instead, due to
computational cost constraints.

Relativistic 129Xe NMR chemical shifts were computed in the
gas phase using the fully four-component Dirac–Kohn–Sham
(4c-DKS) method with the Dirac–Coulomb Hamiltonian,74,75 as

implemented in the ReSpect program.76 The hybrid PBE0
functional was combined with the uncontracted Dyall’s
VQZ77–79 basis set. To evaluate the impact of relativistic effects,
additional calculations were carried out using the scalar rela-
tivistic ZORA (SR-ZORA) and the two-component spin–orbit
ZORA (SO-ZORA) approximations, both available in ADF.
In these cases, the PBE0 functional was also used, together
with the all-electron Slater-type QZ4P80 basis set. All 129Xe NMR
chemical shifts are reported relative to XeOF4. Gauge-origin
dependence was handled using the gauge-including atomic
orbitals (GIAO) approach.75,81

All computational data are available in the ioChem-BD
repository82 and can be accessed via https://doi.org/10.19061/
iochem-bd-6-567.

Results and discussion
Structure and stability

The global and local minimum structures of the XeEF2
+ and

Xe2EF2
+ (E = B–Tl) compounds are summarized in Tables S1

and S2. We first focus on the XeEF2
+ (1a) and Xe2EF2

+ (2a)
systems with E = B–In; the Tl analogues are discussed separately,
as they exhibit a distinct potential-energy surface topology. The
global minima identified for the former species correspond to
singlet states with C2v symmetry, formed by the interaction of one
or two Xe atoms with the EF2

+ cation (Fig. 1). The 1a species
represent deep energy minima, with the next lowest isomers lying
more than 50 kcal mol�1 higher in energy (Table S1). In contrast,
2a species have a competitive C2v planar form (2b) that is only
slightly less stable by 2.0 (B), 16.1 (Al), 15.0 (Ga), and 13.4 (In)
kcal mol�1. Interestingly, 2b arises from the insertion of a second
Xe atom into the XeEF2

+ (1a) fragment (Table S2).
Geometrical parameters for the 1a and 2a species are listed

in Tables S4 and S5, respectively. At the MP2/def2-TZVP level,
the Xe–B and B–F bond lengths in XeBF2

+ are 2.274 and 1.272 Å,
respectively, in excellent agreement with previously reported
values of 2.278 and 1.273 Å at the MP2/aug-cc-pVTZ/SDD level.25

Moreover, the Xe–E bond lengths in both 1a and 2a species
closely match the sum of the covalent radii and are substan-
tially shorter than those found in Xe–E+ (E = Al–In) systems,27,28

indicating a strong interaction between Xe and the EF2
+ core.

Comparison of the geometries of 1a and 2a reveals minor
elongation in the Xe–E and E–F bonds in 2a, suggesting that

Fig. 1 Minimum-energy structures of the XeEF2
+ (1a) and Xe2EF2

+ (2a)
species (E = B–Tl) at the MP2/def2-TZVP level.
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the addition of a second Xe atom does not significantly alter the
electronic structure of 1a.

The stability of XeTlF2
+ and Xe2TlF2

+ differs slightly from
that of the lighter congeners (Tables S1 and S2). After refine-
ment of the relative energies at the CCSD(T)/def2-TZVP level, 1a
remains the global minimum for both species. However, addi-
tional low-lying isomers are identified. For XeTlF2

+, a nearly
isoenergetic linear CNv isomer (1c) lies only 0.3 kcal mol�1

above the global minimum (Table S1). Likewise, five local
minima within 15.0 kcal mol�1 of the global minimum are
found for Xe2TlF2

+ (Tables S2 and S3). These results indicate
that Xe–Tl bonding is weaker than in the lighter analogues.
High-spin structures were also considered but proved signifi-
cantly less stable. The lowest-energy triplet structure lies 55.4
and 45.0 kcal mol�1 above 1a and 2a, respectively.

To evaluate the thermodynamic and kinetic stability of 1a
and 2a, we calculated dissociation energies (De), enthalpies
(DH), and Gibbs free energies (DG) at room temperature using
the MP2/def2-TZVP level. Three dissociation channels were
considered (where n = 1, 2):

XenEF2
+ - nXe + EF2

+ (1)

XenEF2
+ - XenE+ + F2 (2)

XenEF2
+ - nXe + E+ + F2 (3)

Among these three dissociation pathways, the one described
in eqn (1) is the most favorable for both 1a and 2a (Table 1).
This process is endothermic and endergonic, with dissociation
being more endothermic for 2a than for 1a. In contrast, the
other two channels, loss of F2 (eqn (2)) and full fragmentation
into Xe, E+, and F2 (eqn (3)), require significantly more energy.

The relative stability of 1a against Xe loss follows the trend Al 4
B D Ga 4 In 4 Tl, with the Al-containing complex being more
stable than even its boron analogue. This trend is supported by
De calculated at the CCSD(T)/def2-TZVP level (values in par-
entheses in Table 1) and by DG values computed at higher
temperatures (298 and 373 K; Table S6). Moreover, the esti-
mated De for XeBF2

+ (25.7 kcal mol�1) agrees with the pre-
viously reported value of 27.7 kcal mol�1 at the CCSD(T) level.25

Nature of bonding

Given the predicted energetic viability of several species, we
analyzed the nature of Xe–icosagen bonding using various
theoretical approaches. First, an energy decomposition analysis
(EDA), a method widely used to explore bonding in Ngs
compounds,83,84 was conducted. The MF2

+ cation and the Xe
atom(s) were selected as fragments, consistent with the most
favorable dissociation channels. For 1a (Fig. 2a), the overall
bond energy (DEbond) indicates stronger Xe–EF2

+ interactions
when E = B, Al, or Ga. The interaction energy (DEint) decreases
from B to Tl, with the orbital interaction term (DEoi) being the
dominant component (Table S7). Notably, the percentage con-
tribution of DEoi reveals the highest covalent character for the
Xe–Al bond (92%), followed by Xe–B (89%) and Xe–Ga bonds
(83%). Although the Pauli repulsion (DEPauli) is larger for the
boron compound, it is compensated by the high DEoi magni-
tude (Fig. 2b). Overall, EDA suggests that the bonding stability
in 1a follows the trend: B D Al D Ga 4 In 4 Tl. A similar
pattern is found for the 2a species. However, DEbond reveals
stronger Xe2–E interactions for Al and Ga (Table S8 and Fig. S1),
resulting in a revised stability trend: Al D Ga 4 B D In 4 Tl.

Natural population analysis (NPA) indicates a net electron
transfer from Xe to the EF2

+ fragment (Table 2). In both 1a and
2a, Xe and E atoms carry partial positive charges, while the F
atoms are negatively charged. The Xe atomic charge decreases
from B to Tl, suggesting reduced charge transfer in the heavier
analogues. Consistently, WBI values for the Xe–E bond range
from 0.74–0.44 (B, Al, and Ga) to 0.34–0.24 (In and Tl).
In particular, the relatively high WBI in XeBF2

+ supports a
strong covalent Xe–B interaction, in agreement with previous
findings of Lv et al.25 These results confirm that the Xe–E bond
strength decreases along the series from B to Tl.

The AdNDP analysis further corroborates these findings. For
the B, Al, and Ga species, a localized two-center, two-electron
(2c-2e) Xe–E s-bond is found, with an ideal occupation number
(ON) of 2.00|e| (Fig. 3a). In contrast, no such bonding is present
in the In and Tl species; instead, a 1c-2e lone pair is localized
on the Xe atom, with ON values ranging from 1.82 to 1.87|e|
(Fig. 3b). These results confirm that 2c-2e s-bonding occurs
only for the lighter elements, emphasizing a clear bonding
distinction between B, Al, Ga, and their heavier congeners.
A complete set of AdNDP analyses is provided in Fig. S2–S5.

To further investigate the electronic structure, we employed
the localized orbital locator (LOL) and electron localization
function (ELF), both derived from kinetic energy density.
In these scalar fields, high values of Z(r) or n(r) typically indi-
cate covalent bonds, lone pairs, or core electron regions.67–72

Table 1 Dissociation energies (De), enthalpies (DH), and Gibbs free
energies (DG) for XeEF2

+ (1a) and Xe2EF2
+ (2a) species computed at the

MP2/def2-TZVP level. All values are expressed in kcal mol�1

M

XeEF2
+ (1a) Xe2EF2

+ (2a)

De
a DH DGb De

a DH DGb

(1) XenEF2
+ - nXe + EF2

+

B 24.9 (25.7) 25.0 19.1 30.6 (30.2) 30.8 18.6
Al 28.2 (29.0) 28.2 22.6 46.4 (47.0) 46.1 33.5
Ga 24.5 (25.1) 24.6 19.2 41.8 (42.1) 41.6 29.7
In 19.0 (18.5) 19.0 14.4 34.7 (33.4) 34.5 23.3
Tl 13.9 (12.8) 14.0 9.1 26.5 (24.1) 26.3 15.6

(2) XenEF2
+ - XenE+ + F2

B 270.0 (252.7) 266.8 257.5 265.4 (248.3) 262.3 251.9
Al 201.9 (189.5) 200.5 192.0 214.5 (202.4) 212.8 201.9
Ga 134.9 (123.3) 133.9 125.1 146.1 (134.9) 144.9 134.1
In 88.8 (83.0) 88.1 80.1 99.0 (93.3) 98.0 88.0
Tl 30.7 (30.3) 30.0 21.6 37.2 (36.8) 36.2 26.5

(3) XenEF2
+ - nXe + E+ + F2

B 288.8 (271.3) 285.8 272.1 294.5 (275.8) 291.6 271.6
Al 208.2 (195.6) 207.1 194.7 226.4 (213.6) 225.0 205.6
Ga 141.7 (129.7) 141.0 128.3 159.0 (146.7) 158.0 138.7
In 94.6 (87.9) 94.1 82.3 110.3 (102.8) 109.6 91.3
Tl 36.9 (35.3) 36.5 24.3 49.5 (46.5) 48.8 30.8

a Dissociation energies calculated at the CCSD(T)/def2-TZVP level are
shown in parentheses. b Computed at 273.15 K.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
6:

05
:2

2 
PM

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03397g


Phys. Chem. Chem. Phys. This journal is © the Owner Societies 2025

The 2D LOL and ELF plots for 1a and 2a show an increasing
polarization of the Xe–E bond toward Xe from B to Tl (Fig. S6).
This trend is especially apparent when comparing the bonding
regions of the B and Tl species. As shown in Fig. 4, the Xe–B
bond exhibits the most localized bonding region, consistent
with its higher covalent character. These observations align
well with the conclusions drawn from both AdNDP analysis
and EDA.

NCI analysis65,66 was performed to identify potential weak
interactions. In the B-containing species, the isosurface maps
display a blue region between Xe and B, while Xe2BF2

+ exhibits
a small green region between the Xe atoms (Fig. S7 and S8).
However, the absence of (l2)r peaks in the �0.05 to 0.05 a.u.
range confirms a lack of significant non-covalent interactions
in these systems. In contrast, the Al and Ga species show blue
isosurfaces and corresponding negative (l2)r peaks, indicative

of attractive non-covalent interactions. These features are even
more pronounced in the In and Tl species, as shown in Fig. 5,
with deeper blue regions and more negative (l2)r values.

Overall, these findings are consistent with the bonding
patterns established by EDA, NPA, WBI, and AdNDP: while a
covalent Xe–B interaction dominates in the lighter species, non-
covalent interactions increasingly contribute to the bonding in
the heavier In and Tl compounds.

Lewis acidity

Given the preceding findings, a key question arises: what
makes the Xe–icosagen interactions strong enough to stabilize
these compounds and render them viable for experimental
detection? A plausible explanation lies in the pronounced Lewis
acidity of the EF2

+ cations (E = B–Tl). A reliable metric of Lewis
acidity is the fluoride ion affinity (FIA), defined as the negative

Fig. 2 (a) Decomposition of the bonding energy upon formation of XeEF2
+ (1a) from the EF2

+ and Xe fragments. (b) Energy decomposition analysis (EDA)
of the interaction between EF2

+ and Xe in the C2v geometry adopted in 1a.

Table 2 Wiberg bond indices for Xe–E and E–F bonds, and NPA charges (q, in |e|), calculated at the MP2/def2-TZVP level

XeEF2
+ (1a) Xe2EF2

+ (1b)

WBIXe–E WBIE–F qXe qE qF WBIXe–E WBIE–F qXe qE qF

B 0.735 0.874 0.503 1.449 �0.476 0.514 0.797 0.339 1.358 �0.518
Al 0.455 0.422 0.264 2.279 �0.771 0.422 0.405 0.246 2.062 �0.777
Ga 0.442 0.472 0.262 2.201 �0.732 0.424 0.429 0.253 2.001 �0.754
In 0.337 0.425 0.194 2.317 �0.756 0.352 0.400 0.204 2.131 �0.770
Tl 0.244 0.524 0.141 2.182 �0.661 0.263 0.503 0.153 2.053 �0.679

Fig. 3 AdNDP orbitals and occupation numbers (ON) for XeEF2
+ (1a) and Xe2EF2

+ (2a): (a) localized 2c-2e Xe–E s-bonds (E = B, Al, Ga); (b) 1c-2e lone
pairs on Xe for In and Tl.
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enthalpy of the gas-phase reaction between a fluoride ion and a
Lewis acid.85 The computed FIA values for the EF2

+ cations are
summarized in Table 3. Higher FIA values indicate stronger
Lewis acidity. For comparison, typical p-block Lewis acids
exhibit FIA values in the range of 119.5–148.9 kcal mol�1.86

Notably, all EF2
+ cations analyzed here exceed this range, with

BF2
+ and AlF2

+ displaying even greater Lewis acidity than
several well-known strong acids such as B(C6F5)2

+ and BH2
+.

The acidity trend follows the order: BF2
+ 4 AlF2

+ 4 GaF2
+ 4

InF2
+ 4 TlF2

+. This strong electron-withdrawing character facili-
tates interaction with Xe, thereby stabilizing the Xe–icosagen bond.
Consequently, beyond the previously reported XeBF2

+ species,
other Xe–icosagen compounds such as XeAlF2

+ and XeGaF2
+,

which also show significant thermodynamic and kinetic stability,
emerge as promising candidates for experimental detection.

129Xe NMR chemical shift calculations

Given the high sensitivity of 129Xe NMR to its chemical environ-
ment, the prediction of chemical shifts provides an additional
probe for the Xe-icosagen interactions. To this end, we per-
formed relativistic 129Xe NMR chemical shift calculations in the

Fig. 4 Bonding analysis for XeEF2
+ and Xe2EF2

+ (E = B and Tl) based on (a) electron localized function (ELF) and (b) localized orbital locator (LOL) maps.

Fig. 5 Non-covalent interaction (NCI) isosurfaces and (l2)r plots for (a) XeEF2
+ and (b) Xe2EF2

+ species with E = In and Tl.

Table 3 Fluoride ion affinity (FIA, in kcal mol�1) and A–F bond lengths
(in Å) for A+ species, computed at the CCSD(T)/def2-TZVPP level

A+ FIA A–F

B(C6F5)2
+ 250.2 1.3224

BH2
+ 297.3 1.3226

BF2
+ 349.9 1.3145

AlF2
+ 310.0 1.6325

GaF2
+ 293.7 1.7239

InF2
+ 266.3 1.9173

TlF2
+ 248.1 1.9924
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gas phase (see the Computational methods for details). The pre-
dicted 129Xe NMR chemical shifts (d) for the 1a and 2a species range
from �5145 to �4600 ppm (Fig. 6a), significantly more shielded
than those reported for the most upfield-shifted cationic Xe envir-
onments observed experimentally, such as in XeL+ cations: C6F5Xe+

(�3967.5 ppm),87 F5TeN(H)Xe+ (ca. �2900 ppm),88 F5SN(H)Xe+

(�2886 ppm),89 and F4S = NXe+ (�2672 ppm).90 In these species,
polarization and relativistic effects distort the electron cloud, enhan-
cing shielding and leading to strongly upfield shifts.

The more negative 129Xe NMR chemical shifts predicted for
1a and 2a suggest that the EF2

+ fragments induce greater
polarization in Xe, promoting stronger covalent interactions.
Among the series, XeBF2

+ and Xe2BF2
+ are B300 ppm less

shielded than their heavier analogues (Fig. 6a). This trend
suggests that Xe–E bonding in the Al–Tl species possesses
greater covalent character. Notably, the 1a species with AlF2

+

exhibits the most negative d value (–5144 ppm), indicating the
highest shielding. In the 2a series, however, AlF2

+ is slightly less
shielded, allowing InF2

+ to exhibit the most upfield shift.
To further assess the influence of relativistic effects, especially

important for heavier atoms, we compared three computational
approaches: the scalar relativistic (SR) ZORA approximation, the
two-component spin–orbit (SO) ZORA, and the fully four-
component Dirac–Kohn–Sham (4c-DKS) method based on the
Dirac–Coulomb Hamiltonian. The calculated 129Xe NMR shield-
ing constants (s) for 1a and 2a are shown in Fig. 6b and Fig. S9,
respectively. At the SR-ZORA level, s(129Xe) values for 1a range
from 4724 to 5276 ppm (green line, Fig. 6b). Inclusion of SO
effects via the 2c-ZORA method increases shielding by B900 ppm,
while the 4c-DKS approach yields an additional B400 ppm
increase. Although the 4c-DKS method does not alter the trend
from B to Tl, it significantly enhances overall shielding values.
These results underscore the critical role of relativistic effects,
particularly spin–orbit coupling, in accurately modeling 129Xe
NMR chemical shifts in Xe–icosagen species.

Conclusions

This study presents the first comprehensive analysis of
Xe–icosagen interactions by examining the global minima of

the XeEF2
+ (1a) and Xe2EF2

+ (2a) cations (E = B–Tl), explicitly
including the heavier icosagens In and Tl. Our computational
results show that these species are both thermodynamically
and kinetically stable in the gas phase, making them viable
candidates for experimental detection. The most favorable
dissociation pathway involves Xe loss and is consistently
endothermic and endergonic across the series, highlighting
the robustness of Xe–EF2

+ bonding.
Energy Decomposition Analysis (EDA) indicates that the Xe–E

bond stability in 1a follows the trend B D Al D Ga 4 In 4 Tl, with
comparable bonding strength among B, Al, and Ga. For the 2a
series, the trend shifts to Al D Ga 4 B 4 In 4 Tl, where Al and Ga
species exhibit even greater stability than their boron analogues. In
both 1a and 2a, orbital interactions (DEoi) dominate the bonding,
with the highest covalent character observed for the Xe–Al bond.

AdNDP analysis confirms the presence of a 2c-2e s-bond
between Xe and E for the lighter elements (B, Al, and Ga), while
only lone-pair character was found for In and Tl. This covalent-to-
noncovalent transition is further supported by LOL and ELF
descriptors, which reveal increasing polarization of the Xe–E bond
and a gradual decline in covalent character down the group.

The EF2
+ cations exhibit exceptionally high Lewis acidity, with

FIA values surpassing those of well-known p-block Lewis acids.
This strong electron-withdrawing capacity promotes Xe coordina-
tion and significantly contributes to complex stabilization.

Relativistic 129Xe NMR chemical shift calculations reveal
highly negative s values, indicative of strong shielding and
consistent with covalent Xe–E interactions. The inclusion of
relativistic effects, particularly spin–orbit coupling, is crucial
for accurately reproducing these NMR parameters.

In summary, Xe can form energetically stable and potentially
covalent bonds with a broad range of icosagens, including heavier
elements such as Al and Ga. The combination of high Lewis
acidity, favorable thermodynamics, and distinctive 129Xe NMR
signatures identifies compounds like XeAlF2

+ and XeGaF2
+, along-

side XeBF2
+, as promising targets for experimental observation.
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Fig. 6 (a) Predicted 129Xe NMR chemical shifts (d) for XeEF2
+ (1a) and Xe2EF2

+ (2a) using the 4c-DKS-PBE0 method. (b) 129Xe NMR shielding constants (s)
for 1a computed with SR-ZORA, SO-ZORA, and 4c-DKS methods at the PBE0 level.
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Data availability

All computational data are available in the ioChem-BD reposi-
tory and can be accessed via https://doi.org/10.19061/iochem-
bd-6-567. Researchers and interested parties can access the
dataset to facilitate further research and validation of the
findings presented in this study.

Additional tables, figures and plots have been included as
part of the supplementary information (SI). See DOI: https://
doi.org/10.1039/d5cp03397g.
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