
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 2
:4

3:
52

 P
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
View Journal  | View Issue
s-Hole, lone-pai
aComputational Chemistry Laboratory, Ch

Minia University, Minia 61519, Egypt. E-ma
bSchool of Health Sciences, University of Kw

4000, South Africa
cBasic and Clinical Medical Science Dep

University, New Minya 61768, Egypt
dDepartment of Botany and Microbiology, C

P.O. Box 2455, Riyadh 11451, Saudi Arabia
eDepartment of Chemistry, The University of

13100, Pakistan
fDepartment of Chemistry and Chemical Biol

Cambridge, MA 02138, USA
gDepartment of Chemistry, The American Un

E-mail: t.shoeib@aucegypt.edu

† Electronic supplementary informa
https://doi.org/10.1039/d4ra03614j

Cite this: RSC Adv., 2024, 14, 22408

Received 16th May 2024
Accepted 29th June 2024

DOI: 10.1039/d4ra03614j

rsc.li/rsc-advances

22408 | RSC Adv., 2024, 14, 22408–
r-hole, and p-hole site-based
interactions in aerogen-comprising complexes:
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Herein, the potential of ZO3 and ZF2 aerogen-comprising molecules (where Z= Ar, Kr, and Xe) to engage in

s-, lp-, and p-hole site-based interactions was comparatively studied using various ab initio computations.

For the first time, a premier in-depth elucidation of the external electric field (EEF) influence on the strength

of the s-, lp-, and p-hole site-based interactions within the ZO3/ZF2/NH3 and /NCH complexes was

addressed using oriented EEF with disparate magnitude. Upon the energetic features, s-hole site-based

interactions were noticed with the most prominent preferability in comparison to lp- and p-hole

analogs. This finding was ensured by the negative interaction energy values of −11.65, −3.50, and

−2.74 kcal mol−1 in the case of s-, lp-, and p-hole site-based interactions within the XeO3/ and XeF2/

NH3 complexes, respectively. Detailedly, the strength of the s- and lp-hole site-based interactions

directly correlated with the atomic size of the aerogen atoms and the magnitude of the positively

oriented EEF. Unexpectedly, an irregular correlation was noticed for the interaction energies of the p-

hole site-based interactions with the size of the p-hole. Interestingly, the p-hole site-based interactions

within Kr-comprising complexes exhibited higher negative interaction energies than the Ar- and Xe-

comprising counterparts. Notwithstanding, a direct proportion between the interaction energies of the

p-hole site-based interactions and p-hole size was obtained by employing EEF along the positive

orientation with high strength. The present outcomes would be a fundamental basis for forthcoming

progress in studying the s-, lp-, and p-hole site-based interactions within aerogen-comprising

complexes and their pertinent applications in materials science and crystal engineering.
1. Introduction

Noncovalent interactions are indispensable in scientic
research, enabling a deeper understanding of molecular
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22417
behavior,1,2 biomolecular processes,3–5 and the design of
advanced materials.6,7 The extensive study of these interactions
has provided valuable insights into their fundamental nature
and essential features, contributing to advancements in
multiple scientic elds. Among noncovalent interactions, hole
interactions have gathered impressive interest due to their
superior contributions in various elds including anion recog-
nition,8 ligand–acceptor interactions,9,10 materials science,11–13

drug discovery,14,15 and supramolecular chemistry.16–18

In the literature, hole interactions can be categorized into
several types, namely, s-hole,19 p-hole,20 lone-pair (lp)-hole,21

and radical (Rc)-hole.22 In detail, the concept of s-hole was
initially introduced to describe a region of positive or less
negative electrostatic potential that extended along the s-bond
of covalently bonded elements. Subsequent research expanded
this concept to include p-hole interactions, which involve the
interactions between the Lewis bases and the positive electro-
static potential regions located almost perpendicular to the
molecular entity of the chemical system. In parallel, extensive
studies were conducted on the interactions of the Lewis bases
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative graph of (a) ZO3//ZF2/PoC systems, (b)
ZO3//ZF2/LB complexes, and (c) orientations of the employed EEF.
Positive (+) and negative (−) signs refer to the orientation of the EEF
along the z-axis of the studied aerogen-comprising molecules and
their corresponding complexes.

Fig. 2 MEPmaps of the optimized ZO3 and ZF2 monomers (where Z=

Ar, Kr, and Xe) graphed utilizing 0.002 au electron density contours.
Vs,max values are in kcal mol−1.
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with the positive molecular electrostatic potential of lp- and Rc-
holes, which refers to electron-decient regions located nearly
opposite to the lp and Rc, respectively. These categories of
interactions were basically labelled based on the element
involved in the bond donation, corresponding to its placement
in the periodic table, as triel (Group III),23–25 tetrel (Group
IV),26–29 pnicogen (Group V),30–33 chalcogen (Group VI),34,35

halogen (Group VII),19,35–38 and aerogen (Group VIII)39–41 bonds.
In recent years, immense theoretical and experimental

studies have been performed to thoroughly unveil the features
of aerogen (i.e., noble gas)-comprising complexes. Upon
exploring the Inorganic Crystal Structure Database (ICSD),
Gomila and Frontera documented the existence of interactions
of xenon uorides with several electron donors.42 Carvalho et al.
adequately ensured the occurrence of aerogen bonds in the gas
phase with disparate favorability that proportionally correlated
with the atomic size of the interacted aerogen atom.43

Noble gas oxides are deemed one of the most common
aerogen bond donors that were employed to divulge the aerogen
interactions. Accordingly, their geometries and spectral char-
acteristics were thoroughly investigated.44–47 In a landmark
study, Esrali et al. reported the effect of the substituent on the
strength of the aerogen bond interactions of ZO3 (Z= Kr and Xe)
with different nitrogen bases using a wide range of quantum
mechanical calculations.41 It was declared that the low reactive
ArO3, KrO3, XeO3, and XeF2O molecules exhibited preferential
potentiality to interact with various electron donors (NH3,
CH3CN, Cl−, and Br−) with interaction energies of up to
−37.2 kcal mol−1.39

According to the literature, various types of holes could
coexist within individual molecular entities, appearing
throughout the molecular structure either on the same atom or
in different atoms. While previous studies have reported the
presence of multiple holes on different atoms within the same
molecular entity,48–53 researchers have recently focused their
investigations on characterizing the specic attributes of
various hole interactions occurring on a single atom. In this
context, the s-hole and p-hole interactions in the case of KrF2O
and XeF2O molecules have been extensively studied and out-
lined the electrostatic term as the most predominant contrib-
utor to the total interaction energies of their corresponding
complexes.46,54 On the other hand, in molecules such as NF3/PF3
(ref. 55) and XeO3,47 researchers comparatively examined the s-
and lp-hole site-based interactions occurring on the same atom,
demonstrating the higher preference for s-hole interactions
when interacting with Lewis bases, as compared to other types
of holes.

For the rst time, this investigation would unveil the
potentiality of aerogen-comprising molecules to engage in s-,
lp- and p-hole site-based interactions with Lewis bases (LB)
within the ZO3/ and ZF2/LB complexes, respectively, as
illustrated in Fig. 1. To pursue the research purpose, sundry
quantum computations involving geometry optimization, point
of charge (PoC) approach, electrostatic potential (ESP) analysis,
and interaction energy were herein executed. To elucidate the
physical force that dominates the interactions under investi-
gation, the symmetry-adapted perturbation theory (SAPT)
© 2024 The Author(s). Published by the Royal Society of Chemistry
analysis was performed. Topological features of the studied
interactions were also unveiled in the context of the quantum
theory of atoms in molecules (QTAIM) and noncovalent inter-
action (NCI) index analyses. A premier insight into the oriented
external electric eld (EEF) inuence on the strength of the s-,
lp-, and p-hole site-based interactions was announced (Fig. 1).
The emerging ndings would be a substantial base for the
forthcoming studies relevant to s-, lp-, and p-hole site-based
interactions and their utilization in materials science and
crystal engineering research.

2. Results and discussion
2.1. ESP analysis

ESP analysis was herein executed on the optimized monomers
to unveil the nature of the chemical systems, either nucleophilic
RSC Adv., 2024, 14, 22408–22417 | 22409
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or electrophilic, by generating MEP maps and assessing the
Vs,max values. MEP maps and the Vs,max values are shown in
Fig. 2.

Inspecting Fig. 2, s-/lp- and p-holes were obviously noticed
over the molecular entities of the studied ZO3 and ZF2 mono-
mers, respectively. Apparently, the most prominent blue posi-
tive region over the surface of the aerogen-comprising
molecules was ascribed to the s-hole that also showed the
largest Vs,max values. As a numerical illustration, the Vs,max

surrounding the Xe's s-, lp-, and p-holes were 72.1, 29.6, and
29.8 kcal mol−1, respectively.

Concerning the ZO3 molecules, a proportional correlation
was noticed for the size and magnitude of the s- and lp-holes
with the aerogen-atomic size. For instance, the s-hole of the
aerogen atom in the ArO3, KrO3, and XeO3 molecules showed
Vs,max quantities of 57.0, 66.6, and 72.1 kcal mol−1, respectively.
This trend was also conrmed in the literature.56 While the p-
hole of the ZF2 monomers enlarged according to the successive
XeF2 < ArF2 < KrF2 pattern. This nding reected the irregular
Fig. 3 Curves of molecular energy (in kcal mol−1) of ZO3/ and ZF2/
PoC systems (where Z= Ar, Kr, and Xe) at the s-/lp- and p-hole/PoC
distances ranging from 2.5 to 6.0 Å.

Table 1 Estabilization values (in kcal mol−1) of the ZO3/ and ZF2/PoC syste
of 2.5 Å

Site System

Estabilization

PoC = −0.25 au P

s-Hole ArO3/PoC −3.65 −
KrO3/PoC −5.62 −
XeO3/PoC −8.78 −

Lp-hole ArO3/PoC −0.59 −
KrO3/PoC −1.06 −
XeO3/PoC −2.26 −

p-Hole ArF2/PoC −3.56 −
KrF2/PoC −4.61 −
XeF2/PoC −5.63 −

22410 | RSC Adv., 2024, 14, 22408–22417
correlation of the p-hole size and magnitude with the aerogen
atomic size. As quantitative evidence, the aerogen p-hole in the
ArF2, KrF2, and XeF2 molecules exhibited Vs,max with values of
30.3, 31.5, and 29.8 kcal mol−1, respectively.
2.2. PoC calculations

The PoC methodology, a recently announced approach, is
established as an efficient way for conducting a comprehensive
analysis of noncovalent interactions from an electrostatic
standpoint.57 In accordance with this approach, negative PoCs
with values of−0.25,−0.50,−0.75, and−1.0 au were adopted to
simulate the effect of Lewis basicity on the examined interac-
tions. The evaluation of the Estabilization of the ZO3/ and ZF2/
PoC systems was conducted by examining the Z/PoC distances
within the scope of 2.5–6.0 Å (Fig. 3). Estabilization of the ZO3/
and ZF2/PoC systems at the s-, lp-, and p-hole/PoC distances
of 2.5 Å are shown in Table 1.

As illustrated in Fig. 3, the stabilization energy of the ZO3/
and ZF2/PoC systems boosted as the s-/lp- and p-hole/PoC
intermolecular distance diminished, respectively. Apparently,
destabilization energies were noticed in the case of the ZO3/
PoC systems at the most extended lp-hole/PoC distances only.
This exceptional case could be mainly ascribed to the lowest
positive lp-holes of the aerogen bond donor and the role of the
repulsive forces of the oxygen atoms with the negative PoC in
the overall interactions. The obtained proportional and reverse
correlations, in successive, of the destabilization and stabiliza-
tion energies with the s-/lp-/p-hole/PoC intermolecular
distances, announced the opulent effect of the Z/PoC inter-
molecular distances on the aerogen/Lewis base interactions.

The quantitative data listed in Table 1 unveiled that all the
ZO3/ and ZF2/PoC systems showed towering Estabilization
values at a distance of 2.5 Å, with the following order: p-hole <
lp-hole < s-hole. As a numerical illustration, Estabilization values
of the Xe-comprising molecule/PoC system at the s-, lp-, and
p-hole/PoC distance of 2.5 Å were −8.78, −2.26, and
−5.63 kcal mol−1, respectively. Generally, the PoC energetic
outcomes declared the synchronization of Estabilization with the
aerogen atomic size. For instance, ArO3/, KrO3/, and XeO3/
PoC systems showed Estabilization of −3.65, −5.62, and
ms (where Z= Ar, Kr, and Xe) at the s-, lp-, andp-hole/PoC distances

oC = −0.50 au PoC = −0.75 au PoC = −1.0 au

9.00 −15.92 −24.35
13.14 −22.42 −33.36
19.86 −33.07 −48.25
2.99 −7.08 −12.76
4.22 −9.31 −16.24
7.08 −14.29 −23.73
8.14 −13.70 −20.21
10.60 −17.88 −26.38
13.40 −23.11 −34.61

© 2024 The Author(s). Published by the Royal Society of Chemistry
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−8.78 kcal mol−1, respectively, employing −0.25 au PoC at the
s-hole/PoC distance of 2.5 Å. It is worth mentioning that
evident amelioration of the Estabilization values was noticed by
boosting the adopted PoC negativity (i.e., Lewis basicity).
Numerically, the XeO3/PoC system at s-hole/PoC of 2.5 Å
exhibited Estabilization values of −8.78, −19.86, −33.07, and
−48.25 kcal mol−1 using PoC with values of −0.25, −0.50,
−0.75, and −1.0 au, respectively.

2.3. Interaction energy

In order to assess the propensity of aerogen-comprising mole-
cules to establish s-/lp- and p-hole site-based interactions,
ZO3/ and ZF2/LB complexes were herein investigated in
a detailed manner, respectively. Geometry optimization calcu-
lations were rst executed for the scouted complexes (Fig. 4).
Fig. 4 Optimized structures of the s-/lp- and p-hole site-based
interactions within the ZO3/ and ZF2/LB complexes, respectively
(where Z = Ar, Kr, and Xe; LB = NH3 and NCH).

Table 2 Complexation parameters and interaction energies given at the

CBS) levels of theory for the s-/lp- and p-hole site-based interactions wi
and Xe; LB = NH3 and NCH)

Site Complex

Complexation parameters

Da (Å) qb (degree)

s-Hole ArO3/NH3 2.86 147.2
KrO3/NH3 2.80 158.7
XeO3/NH3 2.77 170.6

Lp-hole ArO3/NH3 3.56 180.0
KrO3/NH3 3.38 179.9
XeO3/NH3 3.01 179.9

p-Hole ArF2/NH3 3.17 90.4
KrF2/NH3 3.27 90.3
XeF2/NH3 3.48 90.3

s-Hole ArO3/NCH 2.88 139.0
KrO3/NCH 2.88 150.3
XeO3/NCH 2.93 162.5

Lp-hole ArO3/NCH 3.52 179.9
KrO3/NCH 3.42 179.9
XeO3/NCH 3.30 179.8

p-Hole ArF2/NCH 3.12 90.4
KrF2/NCH 3.22 90.3
XeF2/NCH 3.44 90.4

a D refers to Z/N bond distance. b q refers to:O/F-Z/N bond angle in th
lp-hole site-based interactions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Interaction energies were calculated relying on the optimized
geometries at the same level of theory and then benchmarked at
the CCDS(T)/CBS level of theory (Table 2).

As evident in Fig. 4, the aerogen-comprising molecules
under investigation potentially interacted with Lewis bases,
forming s-/lp- and p-hole site-based interactions within the
ZO3/ and ZF2/LB complexes, respectively. The occurrence of
the abovementioned interactions was conrmed by the result-
ing negative interaction energy values, as compiled in Table 2.

Concerning the s- and lp-hole site-based interactions,
towering negative interaction energy values were denoted for
the ZO3/LB complexes by boosting the aerogen atomic size,
which is in line with the EP and PoC affirmations. For instance,
the s-/lp-hole site-based interaction showed EMP2/aug-cc-pVTZ(PP)

values of −6.07/–0.58, −8.34/–1.30, and −10.92/–
3.76 kcal mol−1 for the ArO3/, KrO3/, and XeO3/NH3

complexes, respectively. While the p-hole site-based interac-
tions energetic quantities indicated that the Kr-comprising
complexes exhibited higher negative values than their Ar- and
Xe-comprising counterparts, indicating an irregular correlation
with the size of the p-hole. For example, the p-hole site-based
interactions within the ArF2/, KrF2/, and XeF2/NH3

complexes were observed with EMP2/aug-cc-pVTZ(PP) of −2.83,
−3.23, and −3.03 kcal mol−1, respectively.

Furthermore, the studied aerogen-comprising complexes
were denoted with higher preferability in the case of NH3-
involved complexes in comparison to the NCH-based analogs.
As a numerical evidence, the s-hole site-based interactions
within the XeO3/NH3 and /NCH complexes had EMP2/aug-cc-

pVTZ(PP) values of −11.65 and −7.67 kcal mol−1, respectively.
MP2/aug-cc-pVTZ(PP) (EMP2/aug-cc-pVTZ(PP)) and CCSD(T)/CBS (ECCSD(T)/
thin the ZO3/ and ZF2/LB complexes, respectively (where Z = Ar, Kr,

Interaction energy

EMP2/aug-cc-pVTZ(PP) (kcal mol−1) ECCSD(T)/CBS (kcal mol−1)

−6.56 −6.07
−8.87 −8.34
−11.65 −10.92
−0.30 −0.58
−0.92 −1.30
−3.50 −3.76
−2.76 −2.83
−3.01 −3.23
−2.74 −3.03
−5.10 −4.45
−6.42 −5.76
−7.67 −6.87
−0.17 −0.24
−0.36 −0.43
−0.93 −0.96
−2.28 −2.15
−2.48 −2.45
−2.33 −2.36

e s-/p-hole site-based interactions and:Z-center/N bond angle in the

RSC Adv., 2024, 14, 22408–22417 | 22411
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Among the studied interactions, the highest negative inter-
action energy values were ascribed to the s-hole site-based
interactions, which was in line with the ESP affirmations. For
example, the s-/lp- and p-hole site-based interactions were
found in the XeO3/ and XeF2/NH3 complexes with MP2
energetic values of −11.65/–3.50 and −2.74 kcal mol−1 along
with positive s-/lp- and p-hole Vs,max values of 72.1/29.6 and
29.8 kcal mol−1 for the XeO3 and XeF2 monomers, respectively.
Moreover, a nearly similar pattern was detected between the
EMP2/aug-cc-pVTZ(PP) and ECCSD(T)/CBS values, conrming the
precision of the opted MP2/aug-cc-PVTZ level of theory in the
executed computations.

2.4. SAPT analysis

To divulge the physical nature of the s-/lp- and p-hole site-
based interactions, SAPT analysis was performed on the opti-
mized ZO3/ and ZF2/LB complexes, respectively. Table 3
compiles total SAPT2+(3)dMP2 energy and its principal physical
energetic components. The energy differences (DDE) between
the EMP2/aug-cc-pVTZ(PP) and ESAPT values were also evaluated and
are listed in Table 3.

Based on the collected data in Table 3, negative values of
Eelst, Edisp and Eind components were observed, outlining their
appreciable contributions to the s-/lp- and p-hole site-based
attractive interactions in all the considered ZO3/ and ZF2/
LB complexes, respectively. Illustratively, the s-hole site-based
interaction within the XeO3/NH3 complex had Eelst, Edisp,
and Eind values of −24.25, −3.93, and −1.49 kcal mol−1,
respectively. On the contrary, positive Eexch values unveiled the
unpreferable impact of exchange forces on all the studied
interactions.

SAPT ndings generally demonstrated the substantial
contributions of Eelst to all the considered interactions, with an
exception for the weak lp-hole site-based interactions. For the
Table 3 ESAPT, Eelst, Eexch, Eind, Edisp, and DDE of the s-/lp- and p-ho
respectively (where Z = Ar, Kr, and Xe; LB = NH3 and NCH)

Site Complex Eelst (kcal mol−1) Edisp (kcal mol−1) E

s-Hole ArO3/NH3 −11.80 −3.93 1
KrO3/NH3 −16.43 −5.46 1
XeO3/NH3 −24.25 −7.61 2

Lp-hole ArO3/NH3 −1.41 −2.29 3
KrO3/NH3 −3.72 −3.51 6
XeO3/NH3 −14.41 −7.08 1

p-Hole ArF2/NH3 −4.50 −1.93 3
KrF2/NH3 −4.79 −2.02 4
XeF2/NH3 −4.46 −1.98 4

s-Hole ArO3/NCH −6.72 −3.05 5
KrO3/NCH −8.69 −3.88 8
XeO3/NCH −11.14 −4.89 1

Lp-hole ArO3/NCH −0.26 −2.02 2
KrO3/NCH −0.95 −2.76 3
XeO3/NCH −2.78 −3.96 6

p-Hole ArF2/NCH −2.81 −1.74 2
KrF2/NCH −3.15 −1.83 2
XeF2/NCH −3.06 −1.80 2

a ESAPT = Eelst + Eexch + Edisp + Eind.
b DDE = EMP2/aug-cc-pVTZ(PP) − ESAPT.
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latter exceptional interactions, the Edisp showed the highest
dominance amplitude toward the attractive forces with values
up to −3.96 in the case of the XeO3/NCH complex.

It is worth noting that the adopted SAPT calculations showed
tiny DDE values, ensuring the apparent accuracy of the utilized
SAPT level of the theory. In general, the negative Eelst, Edisp, and
Eind values exhibited a proportional correlation with the inter-
action energy pattern. As numerical evidence, Eelst values of the
s-hole site-based interactions in the XeO3/NH3 and /NCH
complexes were −24.25 and −11.14 kcal mol−1 along with MP2
energetic quantities of −11.65 and −7.67 kcal mol−1,
respectively.

2.5. QTAIM calculations

Using QTAIM theory, bond critical points (BCPs) and bond
baths (BPs) were extracted and are shown in Fig. 5. Besides,
Laplacian (V2rb), total energy density (Hb), and electron density
(rb) were assessed and are gathered in Table 4.

According to the displayed data in Fig. 5, one BP and BCP
were observed between the aerogen-comprising molecules and
the NH3 and NCH Lewis bases within the s- and p-hole site-
based interactions. This nding assured the potential of the
ZO3 and ZF2 molecules to form s- and p-hole site-based inter-
actions, respectively. While three BPs and BCPs were noticed in
the lp-hole site-based interactions of all studied complexes
other than Xe-comprising complexes. This observation outlined
the predominant contributions of the oxygen atoms to the
interactions within Ar- and Kr-comprising complexes. The
occurrence of sole BP within the Xe-comprising complexes
unveils the domination of the attractive forces between the
positive hole and the negative Lewis base.

From the recorded data in Table 4, small values of rb and
positive values of V2rb and Hb were denoted for almost all the
inspected complexes, unveiling that the interactions
le site-based interactions within the ZO3/ and ZF2/LB complexes,

exch (kcal mol−1) Eind (kcal mol−1) ESAPT
a (kcal mol−1) DDEb

0.35 −1.49 −6.86 −0.30
6.59 −3.75 −9.05 −0.18
7.88 −7.84 −11.82 −0.17
.38 −0.07 −0.39 −0.09
.33 −0.19 −1.10 −0.18
9.91 −2.14 −3.72 −0.22
.68 −0.21 −2.97 −0.21
.01 −0.44 −3.23 −0.22
.09 −0.55 −2.91 −0.17
.49 −0.87 −5.15 −0.05
.18 −1.90 −6.30 −0.02
1.8 −3.24 −7.47 0.20
.19 −0.02 −0.11 −0.04
.45 −0.06 −0.32 −0.3
.15 −0.27 −0.88 0.05
.32 −0.09 −2.32 −0.04
.74 −0.27 −2.50 −0.3
.92 −0.37 −2.31 0.02

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 QTAIM plots of the s-/lp- and p-hole site-based interactions
within the ZO3/ and ZF2/LB complexes, respectively (where Z = Ar,
Kr, and Xe; LB = NH3 and NCH).

Table 4 rb, V
2rb, and Hb at BCPs of the s-/lp- and p-hole site-based

interactions within the ZO3/ and ZF2/LB complexes, respectively
(where Z = Ar, Kr, and Xe; LB = NH3 and NCH)

Site Complex rb (au) V2rb (au) Hb (au)

s-Hole ArO3/NH3 0.01729 0.06579 0.00197
KrO3/NH3 0.02361 0.07577 0.00087
XeO3/NH3 0.03166 0.08007 −0.00147

Lp-hole ArO3/NH3 0.00495 0.01580 0.00072
KrO3/NH3 0.00741 0.02900 0.00124
XeO3/NH3 0.01909 0.05595 0.00081

p-Hole ArF2/NH3 0.00916 0.03510 0.00186
KrF2/NH3 0.00985 0.03306 0.00142
XeF2/NH3 0.00918 0.02687 0.00108

s-Hole ArO3/NCH 0.01438 0.06288 0.00262
KrO3/NCH 0.01747 0.06696 0.00201
XeO3/NCH 0.02015 0.06727 0.00146

Lp-hole ArO3/NCH 0.00442 0.01598 0.00085
KrO3/NCH 0.00579 0.02181 0.00110
XeO3/NCH 0.00886 0.03520 0.00165

p-Hole ArF2/NCH 0.00845 0.03784 0.00228
KrF2/NCH 0.00906 0.03563 0.00183
XeF2/NCH 0.00834 0.02883 0.00144

Fig. 6 NCI plots of the s-/lp- and p-hole site-based interactions
within the ZO3/ and ZF2/LB complexes, respectively (where Z = Ar,
Kr, and Xe; LB = NH3 and NCH).
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understudy have a closed-shell nature except for the s-hole site-
based interaction within the XeO3/NH3 complex. The latter
interaction was detected by a negative Hb value, outlining its
partially covalent nature. In general, the rb, V

2rb, and Hb trends
directly correlated with the interaction energy trend. For
instance, the s-hole site-based interactions of the ArO3/,
KrO3/, and XeO3/NH3 complexes had rb with values of
0.01729, 0.02361, and 0.22483 au accompanied by EMP2/aug-cc-

pVTZ(PP) values of −6.07, −8.34, and −10.92, kcal mol−1,
respectively.
Fig. 7 MEP maps of the optimized XeO3 and XeF2 monomers under
the +0.004, 0.000 and −0.004 au EEF conditions. Vs,max values at the
s-/lp- and p-hole sites of the XeO3 and XeF2 monomers, respectively,
are in kcal mol−1.
2.6. NCI calculations

NCI index analysis unveils either the attractive or repulsive
forces of the noncovalent interactions between the chemical
species.58,59 In this regard, NCI plots were generated using a 0.50
au reduced density gradient with a colored scale ranging from
© 2024 The Author(s). Published by the Royal Society of Chemistry
blue (sign(l2)r = −0.035 au) to red (sign(l2)r = +0.020 au) and
are displayed in Fig. 6.

As delineated in Fig. 6, the occurrence of the s-/lp- and p-
hole site-based interactions within the ZO3/ and ZF2/LB
complexes, respectively, was affirmed by the existence of the
green isosurfaces between the interacted species. Conspicu-
ously, blue-colored isosurfaces were found in the s-hole site-
based interactions of the Xe-comprising complexes, reecting
their partially covalent nature. For lp-hole site-based interac-
tions, NCI plots were in line with the affirmations of the QTAIM,
which demonstrated the contributions of the substituents to
the interactions within all the considered complexes.
2.7. EEF effect

EEF was earlier reported to have an immense effect on the
nature and strength of noncovalent interactions.60–62 In this
regard, the EEF effect on the s-, lp-, and p-hole site-based
RSC Adv., 2024, 14, 22408–22417 | 22413
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interactions was thoroughly assessed (Fig. 1). The geometrical
optimization and MEP computations were initially performed
for the aerogen-comprising molecules employing ±0.004,
±0.008, and ±0.016 au EEF (Fig. S1–S3†). Fig. 7 shows the
visualized MEP maps of the optimized Xe-comprising mole-
cules in the presence of ±0.004 au EEF.

According to Fig. 7, applying a positively oriented EEF
increased the s-, lp-, and p-hole size on the examined mole-
cules, whereas using a negatively oriented EEF lowered it. For
example, the s-hole magnitudes of the XeO3 molecule were
noticed with Vs,max values of 77.3, 67.1, and 72.1 kcal mol−1 in
the presence of +0.004, −0.004, and 0.000 au EEF, respectively.
Based on the displayed data in Fig. S1–S3,† the preferable
contribution of the EEF was obviously denoted by boosting the
magnitude of the positively oriented EEF. Numerically, the
Vs,max values of the s-hole of the XeO3 molecule were 77.3, 82.6,
and 93.5 kcal mol−1 under the effect of 0.004, 0.008, and 0.016
au EEF, respectively. Therefore, the subsequent analyses of the
examined interactions were conducted solely under the condi-
tions of the positively oriented EEF.

Under the positively oriented EEF inuence, geometrical
optimization calculations were executed using variant EEF
magnitudes ranging from 0.004 to 0.016 au for the complexes
Table 5 Complexation parameters and interaction energies of the s-/
complexes (where Z= Ar, Kr, and Xe; LB=NH3 and NCH) under the cond
of 0.004–0016 au

Complexes EEF (au)

ZO3/ZF2/NH3

Da (Å) qb (degree)

s-Hole ArO3/LB 0.004 2.83 150.1
0.008 2.81 152.1
0.016 2.75 155.8

KrO3/LB 0.004 2.76 160.3
0.008 2.73 161.6
0.016 2.62 165.3

XeO3/LB 0.004 2.73 171.9
0.008 2.66 173.4
0.016 2.56 176.4

Lp-hole ArO3/LB 0.004 3.51 179.9
0.008 3.47 179.9
0.016 3.39 179.9

KrO3/LB 0.004 3.31 179.1
0.008 3.24 179.6
0.016 3.10 179.7

XeO3/LB 0.004 2.78 179.9
0.008 2.49 179.8
0.016 2.34 179.7

p-Hole ArF2/LB 0.004 3.16 179.6
0.008 3.14 91.9
0.016 3.12 93.1

KrF2/LB 0.004 3.25 90.8
0.008 3.23 91.5
0.016 3.18 92.9

XeF2/LB 0.004 3.44 90.7
0.008 3.41 91.6
0.016 3.35 93.3

a D refers to Z/N bond distance. b q refers to the:O/F-Z/N bond angle i
the lp-hole site-based interactions.

22414 | RSC Adv., 2024, 14, 22408–22417
under study. Based on the optimized geometries of the investi-
gated complexes, the interaction energy computations were per-
formed using +0.004, +0.008, and +0.016 au EEF (Table 5).

As summarized in Table 5, negative interaction energy values of
the examined complexes increased as the strength of the positively
oriented EEF expanded. Illustratively, interaction energy values of
−13.78, −15.98, and −22.07 kcal mol−1 were observed for the s-
hole site-based interaction within the XeO3/NH3 complexes by
utilizing +0.004, +0.008, and +0.016 au EEF, respectively.

Concerning p-hole site-based interactions, there was
a remarkable direct correlation between the aerogen atomic size
and the preferability of the interactions under investigation,
particularly under the inuence of the positively oriented EEF
with the highest magnitude (i.e., 0.016 au EEF). For instance,
the p-hole site-based interactions within ArF2/, KrF2/, and
XeF2/NH3 complexes in the presence of EEF with a magnitude
of 0.016 au showed interaction energy of −4.46, −5.17, and
−5.46 kcal mol−1, respectively. In comparison, the p-hole site-
based interactions within the ArF2/, KrF2/, and XeF2/NH3

complexes in the absence of the EEF had interaction energy
values of −2.83, −3.23, and −3.03 kcal mol−1, respectively
(Table 2). Such observations conrmed the predominant role of
the EEF in controlling the interactions under investigation.
lp- and p-hole site-based interactions within the ZO3/ and ZF2/LB
itions of the positively oriented EEF with disparate strengths in the range

ZO3/ZF2/NCH

E (kcal mol−1) Da (Å) qb (degree) E (kcal mol−1)

−7.23 2.85 146.2 −5.69
−7.94 2.82 148.8 −6.39
−9.72 2.77 152.7 −8.12
−10.08 2.84 153.8 −7.36
−11.40 2.81 155.8 −8.45
−14.93 2.73 159.1 −11.12
−13.78 2.88 163.7 −9.05
−15.98 2.84 165.1 −10.67
−22.07 2.73 168.4 −14.78
−0.57 3.47 179.9 −0.42
−0.89 3.42 179.8 −0.72
−1.65 3.34 179.9 −1.48
−1.47 3.36 179.9 −0.76
−2.05 3.30 179.9 −1.24
−3.71 3.19 180.0 −2.48
−6.81 3.21 179.9 −1.73
−14.17 3.11 179.9 −2.77
−26.85 2.90 179.9 −5.99
−3.14 3.10 179.9 −2.67
−3.55 3.08 91.8 −3.11
−4.46 3.04 93.2 −4.10
−3.49 3.20 90.9 −2.96
−4.01 3.17 91.6 −3.50
−5.17 3.11 93.0 −4.74
−3.32 3.40 91.6 −2.90
−3.97 3.36 92.5 −3.56
−5.46 3.28 94.2 −5.12

n the s-/p-hole site-based interactions and:Z-center/N bond angle in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Computational methods

The potentiality of ZO3 and ZF2 aerogen-comprising molecules to
form s-/lp- and p-hole site-based interactions, respectively, was
herein unveiled using NH3 and NCH Lewis bases. In this regard,
all the adopted monomers and complexes were rst subjected to
geometry optimization using the MP2 method63 accompanied by
the aug-cc-pVTZ basis set64,65 for all the employed atoms except Kr
and Xe. The relativistic effects of the latter atomswere considered
by incorporating the pseudopotentials (PP).65,66

On the optimized monomers, ESP analysis was performed to
demonstrate the nucleophilic and electrophilic nature of the
systems under investigation. Subsequently, molecular electro-
static potential (MEP) maps were graphed by employing 0.002
au electron density envelopes in accordance with the literature
suggestions.67 As well, the maximum positive electrostatic
potential (Vs,max) values were assessed with the aid of Multiwfn
3.7 soware.68

The PoC method was invoked as a dependable tool for
studying the potentiality of the chemical systems to engage in s-
,57,69 lp-,55 and p-hole70 site-based interactions from an electro-
static perspective. Using PoC terminology, the inuence of Lewis
basicity on the stabilization energy (Estabilization) of the ZO3/ and
ZF2/PoC systems was divulged using −0.25, −0.50, −0.75, and
−1.0 au, as demonstrated in eqn (1). Detailedly, the ZO3 and ZF2
monomers were subjected to negative PoC via three distinct
interaction sites, namely the s-, lp-, and p-hole sites (see Fig. 1).
The s-, lp-, and p-hole/PoC distances were set using a range
starting from 2.5 Å to 6.0 Å with a step size of 0.1 Å.

Estabilization = Eaerogen-comprising molecule/PoC

− Eaerogen-comprising molecule (1)

On the optimized structures of the investigated complexes,
interaction energies were computed and then corrected from
the basis set superposition error (BSSE) by incorporating the
counterpoise (CP) correction procedure.71 Subsequently, the
obtained energetic values were benchmarked at the CCSD/CBS
level of theory, as given in the following eqns:72,73

ECCSD(T)/CBS = DEMP2/CBS + DECCSD(T) (2)

where:

DEMP2/CBS= (64EMP2/aug-cc-pVQZ(PP)−
27EMP2/aug-cc-pVTZ(PP))/37 (3)

DECCSD(T) = ECCSD(T)/aug-cc-pVdZ(PP) − EMP2/aug-cc-pVDZ(PP) (4)

SAPT analysis74 was performed using the PSI4 code75 to unveil
the force beyond the occurrence of the investigated interactions
within the complexes understudy. The total SAPT2+(3)dMP2
interaction energy (ESAPT) was computed by summing its main
four physical components, namely dispersion (Edisp), exchange
(Eexch), induction (Eind), and electrostatic (Eelst), as illustrated in
eqn (5)–(9).76

ESAPT = Eelst + Eexch + Eind + Edisp (5)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where:

Eelst = E(10)
elst + E(12)

elst + E(13)
elst (6)

Eexch = E(10)
exch + E(11)

exch + E(12)
exch (7)

Eind = E(20)
ind,resp + E(20)

exch-ind,resp + E(22)
ind,resp

+ E(22)
exch-ind,resp + dE(2)

HF + dE(2)
MP2 (8)

Edisp = E(20)
disp + E(20)

exch-disp + E(21)
disp + E(22)

disp(SDQ) + E(22)
dispT + E(30)

disp

(9)

In an attempt to provide a comprehensive understanding of the
bonding features of the complexes understudy, QTAIM77 and NCI
index techniques were applied.58 Further understanding of the
EEF inuence on the s-, lp-, and p-hole site-based interactions
was established by employing EEF along the z-axis with variant
strength in the range of 0.004–0.016 au. For the optimized
aerogen-comprising molecules, the structures were reoptimized
in the presence of ±0.004, ±0.008, and ±0.016 au EEF. ESP
analysis was carried out on the obtained structures under the
same EEF conditions. For the complexes under study, geomet-
rical optimization and interaction energy computations were also
performed using EEF of +0.004, +0.008, and +0.016 au. The
computations of the ESP, PoC, QTAIM and NCI analyses were
accomplished employing the Gaussian 09 soware78 at the MP2/
aug-cc-pVTZ(PP) level of theory. Multiwfn 3.7 soware68 was
utilized to execute the QTAIM and NCI calculations. Plots of
QTAIM and NCI were conceived with the assistance of the Visual
Molecular Dynamics program.79
4. Conclusions

In the current research, the ability of ZO3 and ZF2 aerogen-
comprising molecules to form s-/lp- and p-hole, respectively,
with NH3 and NCH Lewis bases was comparatively investigated.
Sundry ab initio computations involving ESP, PoC, interaction
energy, QTAIM, NCI, and SAPT were performed. A premier
understanding of the EEF inuence on the complexation and
energetic features of the s-, lp-, and p-hole site-based interactions
was obtained utilizing the oriented EEF with disparate magni-
tudes. The ESP outcomes conrmed the existence of positive s-/
lp- and p-hole over the ZO3 and ZF2 molecular structures,
respectively, with observable appearance for s-hole. The
computed interaction energy quantities announced s-hole site-
based interactions with higher preferability than the other ones.
Interestingly, the strength of the s- and lp-hole site-based inter-
actions directly correlated with the aerogen atomic size and the
magnitude of the positively oriented EEF. In comparison, the
strength of the p-hole site-based interaction showed an irregular
correlation with the aerogen atomic size. Nevertheless, by
applying the positively oriented EEF with high strength, a direct
proportion between the strength of the latter interactions and
aerogen atomic size was obtained. The emerging outcomes would
be benecial for forthcoming studies pertinent to the character-
ization of the s-, lp-, and p-hole site-based interactions within
aerogen-comprising complexes and their analogical applications.
RSC Adv., 2024, 14, 22408–22417 | 22415
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