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ABSTRACT: Radical (R*) and R°-hole site-based interactions are comparatively
studied, for the first time, using ab initio methods. In this regard, R®*-bearing molecules
*XO; (where X = Cl, Br, and I) were subjected to direct interaction with NH; within
dimeric and trimeric forms in the form of NH;---*X0;/°X0O;---NH; and NHj---*XO5-+
NH; complexes, respectively. As confirmed by electrostatic potential analysis, the romp v
studied R°®-bearing molecules *XOj; had the outstanding potentiality to interact as Lewis ./c\' N ey ing
acid centers via two positive sites dubbed as R® and R°®-hole sites. Such an observation

proposed the potentiality of the considered *XO; molecules to engage in \‘ NCI
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unconventional R® and well-established R°®-hole site-based interactions with Lewis

\' ‘.Xnus BTeY

bases. This was confirmed by negative interaction (E;,,) energies, ranging from —4.93 to , Py

—19.89 kcal/mol, with higher favorability for R® site-based interactions over the R*-hole &..‘5'.5.‘.‘5.“'.‘.'.'9!9.5:‘.‘&
site-based ones. MP2 energetic features furnished higher preferability for the R® site- ¢ ®

based interactions than the R®-hole site-based ones in the case of chlorine- and

bromine-bearing complexes, and the reverse was true for the iodine-bearing complexes. Moreover, elevated E; values were recorded
for the NH;--*XO;---NH; trimers over the NH;--*XO; and *XO;--NH; dimers, outlining the higher preference of the *XO;
molecules to engage in R® and R*®-hole site-based interactions in the trimeric form over the dimeric one. These results might be
considered a requisite linchpin for numerous forthcoming supramolecular chemistry and crystal engineering studies.

B INTRODUCTION

Since the announcement of the crucial role of noncovalent

bearing molecules.> As a starting point, studying the R°*-hole
interactions of the *TF; molecules (T = tetrel atom) with

interactions in sundry fields, including catalysis,l’2 biological
systems,” ® supramolecular chemistry,’”® and molecular
recognition,'*~"> research societies began to strictly study
the origin and nature of such crucial interactions. Astonish-
ingly, o-hole interactions are considered one of the most
predominant noncovalent interactions as an upshot to their
prevalent contributions in perceiving many vital applica-
tions.”'*~*' The o-hole concept was first reported to describe
an electron-deficient region that appeared along the extension
of the o-bond of the covalently bonded group IV-VII
elements.'>'®**7>° Over the surface of the above-mentioned
atoms, 7- and lone pair (lp)-holes were afterward
addressed”’*" by the presence of depletion in the electron
density that is located nearly perpendicular to the framework
of the molecular entity””*" and in opposite to the Ip,*>~**
respectively.

In addition to the above-mentioned hole concept, in-depth
systematic studies were recently conducted, with more efforts
being directed toward clarifying the characteristics of radical
(R*)-hole sites and their corresponding interactions. The term
R*-hole is defined as an area with a deficiency of electron
density that is nearly opposite to the single electron of the R*-
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Lewis bases showed apparent preferability in coincidence with
the atomic size of the radical centers (ie., C < Si < Ge).”
Afterward, the strength of R*-hole interactions exhibited by
group IV—VII R*-bearing molecules was disclosed, and it was
found to increase as follows: *SiF;:-+ < *POF,:-- < *SO,F--: <
*ClO;-Lewis base complexes.*®

According to the literature, the R°®-bearing molecules
revealed a prevalent potentiality to interact with Lewis acids
via the unpaired electron (i.e., R® site), forming single-electron
noncovalent interactions.>’™*' In addition, various studies
evinced the proton—acceptor behavior of R*-bearing molecules
in hydrogen-bonded complexes of HF---*CH,"*~**
NH,--*CH;,** OH,--*CH,,*°™*® NCH---*CH,,* ™' and
HCCH:-*CH,.** Consequently, R*-bearing molecules may
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exhibit an amphoteric nature, nucleophilic character through
their R*-hole site and electrophilic character through their
single-electron R* site. However, the nucleophilic character of
R®-bearing molecules through the R®-site has not been
systematically studied yet.

In this regard, the present work was devoted to examining
the ability of sp>-hybridized group VII R®-bearing molecules to
favorably engage in R® site-based interactions within the
NH,-*XO, dimers (where X = Cl, Br, and I). In a parallel
manner, the R*-hole site-based interactions were comparatively
investigated in the *XOj;---NH; dimers. For the first time, the
potentiality of the investigated molecules to synchronously
engage in R® and R*-hole site-based interactions was explored
employing the NH,;--*XO;NH; trimers (Figure 1). The

R’'Site-Based Interactions R’-Hole Site-Based Interactions

H;N*--'XO; 'XO3"‘NH3

Dimers

’ “ @Halogens (X =Cl, Br, I)
& @Oxygen

ﬁ @Nitrogen
(™ JHydrogen

( Single-Electron

H;N-+"XO5NH;
Trimers

Figure 1. Illustrative representation of the R* and R®-hole site-based
interactions within dimeric and trimeric forms in the form of
NHj;--*X0;/°X0;--NH; and NH;--*XO;--NH; complexes, respec-
tively.

obtained findings will provide a basis for forthcoming works
relevant to the interactions of R®-bearing molecules with Lewis
bases that would accordingly level up their admissible
applications in supramolecular chemistry.

B COMPUTATIONAL METHODS

The current study was established to comparatively explore the
potential of the sp*-hybridized group VII R*-bearing molecules
(°X0;) to engage in R*® and R*-hole site-based interactions via
the NH;--*XO; and °*XO;---NH; dimers, respectively. The
trimeric form of the studied interactions was then considered
in the form of NHj;---*XO;---NH; complexes to investigate the
simultaneous potentiality of the examined systems to
participate in R* and R*-hole site-based interactions.

All of the calculations were performed using Gaussian09
software>® by the MP2 method>" with the aug-cc-pVTZ basis
set for H,>° N,°° O,°° and CI°° atoms. The augcc—pWZ(PP)
basis set was devoted to the case of Br’” and I°”*® atoms. The
adopted nonstandard basis sets were obtained from the EMSL
Basis Set Exchange Library.sg_61 First, geometry optimization
calculations were carried out for the explored monomers,
dimers, and trimers.

Upon optimization of *ClO;, *BrO;, and °IO; systems, EP
analysis was performed using a 0.002 au electron density, as
recommended earlier, by dint of its worthy depiction for the
surface of chemical molecules.”” Molecular electrostatic
potential (MEP) maps were accordingly generated to envision

the relative nucleophilicity and electrophilicity. Also, the
surface electrostatic potential extrema (i.e., V,pin/Vima) Were
quantified with the incorporation of Multiwfn 3.7 software.*®

Upon optimization of NH;--*X0;/°X0O;---NH; dimers and
NH;-*XO,--NH; trimers, the interaction energy (E,) was
assessed as the variation in energy between the complex and
the sum of its monomers in the complex form. Moreover, the
basis set superposition error (BSSE) was eradicated from the
computed interaction energies using the counterpoise
correction procedure.”* The optimized complexes were not
subjected to frequency calculations; therefore, it is feasible that
these structures do not correspond to the true minima. For all
investigated complexes, spin contamination was measured by
the expectation value of the S* operator. The S* values were in
the range of 0.7516—0.7589 after annihilation, confirming that
spin contamination is negligible.

Benchmarking the MP2 interaction energies was done
toward bestowing a more quantitative precision at the
CCSD(T)/CBS level of theory based on eqs 1—3.°>%

Eccsp(ry/cas = AEmpz/cps + AEccsn(r) (1)

where

AEyp/cas = (64EMPz/aug.cc.PVQZ - 27EMP2/aug-cc-pVTZ)
/37 )

AECCSD(T) = ECCSD(T)/aug—cc—pVDZ - EMPZ/aug—cc-pVDZ (3)

Quantum theory of atoms in molecules (QTAIM)® was
accomplished to adequately elucidate the origin of the
investigated interactions. Using QTAIM, we built the bond
paths (BPs) and the bond critical points (BCPs) to indicate
the origin of the investigated dimers and trimers. For a precise
investigation of the origin of the considered interactions,
various topological parameters, including the total energy
density (H,), electron density (p,,), and Laplacian (V?p,) were
extracted. In addition to QTAIM, noncovalent interaction
(NCI)° index computations were conducted to precisely
pinpoint and visualize the nature of noncovalent interactions
exhibited by the R*® and R*-hole sites. QTAIM and NCI index
analyses were performed to generate the WEN files upon
optimization of the complexes at the same level of theory with
the help of Gaussian09 software. Based on the extracted WEN
files, the QTAIM and NCI plots were built with the aid of the
Multiwfn 3.7 software package® and were plotted via Visual
Molecular Dynamics software.*®

Using frontier molecular orbital (FMO) theory, the
electronic parameters were evaluated for the investigated
systems after and before the complexation process. Pictorially,
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) distributions
were pictured for the monomers and complexes under study.
Additionally, the energy of HOMO (Eyono), energy of
LUMO (E o), Fermi-level energy (Ep, ), and the energy gap

(Egyp) were numerically assessed through eqs 4 and 5:
Erumo — Enomo
Ep = Eyoyo + MO — HOMO
FL HOMO ) ( 4)
Eqp = Erumo — Enomo (5)

Moreover, the electronic properties, including global softness
(S), chemical potential (1), ionization potential (IP), electron
affinity (EA), global hardness (77), work function (@), and
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) B RESULTS AND DISCUSSION
\ EP Calculations. EP analysis was devoted to inspecting the
Ve = 441 Vi =472 Vo = 41.9 nucleophilic and electrophilic sites over the molecular entities
. Table 1. E;,; and Eccgp(t)/cps Of the Dimeric and Trimeric
= Forms of R® and R°*-Hole Site-Based Interactions in the
2 Form of NH;+*X0,/*X0;+NH, and NH,**XO;+NH,
; Complexes, Respectively, in kcal/mol and XN
Intermolecular Distances (d, and d,) in A
ClO3 ‘BrOs3
distance
Flgure 2. MEP maps of the R®* and R*-hole sites over the optimized o 4, 4 Ew  Eccspimycns
XO; molecules. The values of V ;./V; .., are given in kcal/mol.
’ ’ dimers R® Site-Based Interactions
H,N--*ClO, 2.80 —6.01 ~5.90
H,N--*BrO, 2.83 -7.59 —729
electrophilicity index (@) were assessed for the optimized H,N--10, 291 =905 -85
. . R*-Hole Site-Based Interactions
monomers and complexes using eqs 6—12. It is worth
o . ) *ClO,NH, 290 —4.93 —5.08
mentioning that the vacuum-level electrostatic potential .
(Vo (+0)) was set to nearly O within the work function BrO;--NH, 284 —644 —686
estimation. 10;--NH; 247 —14.82 —16.10
trimers R* and R*-Hole Site-Based Interactions
IP =~ —Eyopmo (6) HN-*ClO;~NH; 293 299 —9.52 ~9.55
H;N---*BrO;---NH. 2.98 2.94 —12.02 —-12.32
EA ~ —E 3 3 3
LUMO ) H,N-°IO;~NH; 301 251 —1989  —21.19
7= Erumo — Enomo
2 ® 26,6
E according to previous recommendations.”” ° For the EP
_ SPromo Enomo analysis, the MEP maps were generated for the *XO; molecules
2 ) using a 0.002 au electron density envelope. Moreover, V .,/
1 Vs max calculations were performed to numerically compute the
s=— magnitude of the positive R* and R°-hole sites. Figure 2
n (10) displays the MEP maps and V. i,/ Vi max Values.
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Figure 3. Optimized structures of the dimeric and trimeric forms of R* and R*®-hole site-based interactions in the form of NHj;---
XO5--NH; complexes, respectively. The XN optimum distances are evaluated in A.
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Figure 4. QTAIM diagrams of dimeric and trimeric forms of R* and R*-hole site-based interactions in the form of NH;---*X0O,/°XO;--NH; and
NH;+-*XO;---NH; complexes, respectively. BCP locations are indicated by red dots. The symbols (a) and (b) refer to the generated BCPs within

the R® and R*-hole site-based interactions, respectively.

Table 2. Topological Parameters, Including V?p,, p;,, and Hy, at the Extracted BCPs within the Dimeric and Trimeric Forms of
R® and R*-Hole Site-Based Interactions in the Form of NH;*-*X0;/°X0;**NH; and NH;***XO;***NH; Complexes,

Respectively”
complex p (au) V2p, (au) H, (au)

dimers R°® Site-Based Interactions
H;N---*ClO; 0.0236 0.0676 0.0006
H3N---°Br03 0.0255 0.0657 0.0001
H;N---°*10; 0.0276 0.0589 —0.0009
R®-Hole Site-Based Interactions
*ClO;-NH; 0.0162 0.0592 0.0013
*BrO;--NH, 0.0217 0.0656 0.0006
*105---NH;4 0.0573 0.0700 —0.0153

trimers R°® and R*-Hole Site-Based Interactions
H,N--*ClO;--NH, 0.0177°/0.0134¢ 0.0536°/0.0505¢ 0.0012°/0.0014¢
H;N--*BrO;NH, 0.0190"/0.0176° 0.0517"/0.0561° 0.0008"/0.0010°
H,N--*IO;NH, 0.0230"/0.0529° 0.0517°/0.0706° —0.00017/-0.0128°

“All of the computed parameters are given in au. “The QTAIM topological parameters of R® site-based interactions concerned with H;N---*XO;--

NH,. “The QTAIM topological parameters of R*-hole site-based interactions concerned with H;N---*XO5---NH,.

At first glance, Figure 2 unveils the distributions of the
electron density over and opposite to the surface of radical
location, namely, R®* and R°®-hole sites, respectively. Detailedly,
an unconventional blue-colored R® site was observed over the
surface of the single electron of the studied molecules. The
aforementioned observation outlined the potentiality of the
studied halogens to act as Lewis acid centers via the R® site
and, accordingly, interact attractively with Lewis bases with
disparate abilities (Figure 2). Notably, V, ,;, values were found
to increase with enlargement of the atomic size of the halogens
in the sequence °ClO; < °*BrO; < °IO;. Numerically, the
positive EP magnitudes were 41.4, 51.2, and 52.2 kcal/mol for
*ClO;, *BrO;, and °IO; molecules, respectively.

On the other hand, a positive R*-hole site was detected
mirroring that of the single electron, disclosing the potency of
the considered R°®-bearing molecules to engage in R*-hole site-

38746

based interactions. This observation was in line with the
literature that reported the R°®-hole site was located at the
centroid of the three coplanar atoms.”® Regarding the R®-hole
site, the V., calculations highlighted the anomalous order in
the R*-hole size where it increased as follows: *BrO; < *ClO; <
°I0;. Overall, the forgoing manifestations would provide a
proper corroboration for the potentiality of the inspected *XO;
molecules to simultaneous engage in R* and R*-hole site-based
interactions.

Interaction Energy. To verify the efficacy of the
investigated R*®-bearing molecules to engage in R® and R*-
hole site-based interactions, the NH;-*XO; and *XO;---NH;,
dimers were constructed, respectively. Furthermore, the
propensity of *XO; molecules to simultaneously interact via
both sites was precisely examined within the NHj-*XOj;--
NH; trimers. Geometrical optimization was performed for all

https://doi.org/10.1021/acsomega.4c04620
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Figure 6. Plots of HOMO and LUMO distributions of the optimized
*ClO;, *BrO;, and *I0; monomers.

of the studied complexes. The optimized geometries of the
NH;---*X0O;, *XO;--"NHj;, and NH;+-*XO;--NH; complexes
along with the optimum distances are displayed in Figure 3.
Upon optimization of the complexes, interaction energies
(Ene) were evaluated. Table 1 gathers the complexation
parameters along with energetic features of all of the optimized
NH;--*X0;/°X05:--NH; dimers and NH;---*XO;---NH;
trimers.

At first glance, all of the studied R°®-bearing molecules
demonstrated their apparent ability to engage in unconven-
tional R® site-based interactions and well-established R*-hole
ones (Figure 3). Alongside, the optimum intermolecular
distances were lower than the van der Waals (vdW) radii,
ranging from 2.47 to 3.01 A. Concerning NH;:+-*XO; dimers,
negative E;, values were noted, asserting the impressive
potentiality of the studied R®-bearing molecules to participate
in R® site-based interactions with a Lewis base. Obviously, the
E,. was found to increase in line with growing positive EP size
over the single-electron molecular surface (see Figure 2). For
example, the E;, values were —6.01, —7.59, and —9.05 kcal/
mol for the NH;---*ClO;, --*BrO;, and ---*10; dimers versus

38747

Vmax values of 41.4, 51.2, and 52.2 kcal/mol for the °ClO,,
*BrO;, and *I0; molecules, respectively.

Turning to the R°-hole site-based interactions, a direct
proportion was noticed between the atomic size of the studied
group VII R°-bearing molecules and the E;, values of the
*XO;--"NH; dimers. This amplitude was in agreement with the

previous findings of the tetrel-bearing molecules.”® Tllustra-
tively, the E;,, were found to increase as follows: *ClO;- <
*BrO;-+ < °IO0;NH; amounting to —4.93, —6.44, and

—14.82 kcal/mol, respectively. Such pattern reflected the
imprecision perspective of V. affirmations relevant to the
irregular correlation of the p051t1ve ESP with the R® atomic
size, as previously reported.”

Based upon the preceding observations, higher E;, values
were perceived for the NH;---*XO; complexes over the *XO;-
NH; ones when X = Cl and Br, highlighting the favorability of
R® site-based interactions over the R®-hole site-based ones. On
the other hand, contradictory findings were obtained for
iodine-bearing complexes.

Turning to the NH;---*XO;--NHj trimers, E; was discerned
to coincide with the energetic trends concerning the
investigated dimers. Apparently, the E;;, values were observed
to follow the order: NH;-+-*105---NH; > NH;---*BrO;---NH; >
NH;---*ClO;---NH; trimers with values of —19.89, —12.02, and
—9.52 kcal/mol, respectively. Undoubtedly, impressive E;,
values were registered for the NH;---*XO;--NHj trimers over
those of the NH;---*XO; and *XO;---NH; dimers. For example,
the E;, values of the NH;---*10;, °IO;---NHj, and
NH;---*105---NH; complexes were —9.05, —14.82, and
—19.89 kcal/mol, respectively. The earlier observations
evidently demonstrated the salient propensity of the
considered R*-bearing molecules to simultaneously participate
in R* and R°*-hole site-based interactions.

Moreover, the MP2 energetic features were benchmarked
for the studied dimers and trimers by assessing Ej, at the
CCSD(T)/CBS level of theory. As listed in Table 1, the
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R’Site-Based Interactions
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Figure 7. Plots of HOMO and LUMO distributions within the dimeric and trimeric forms of R® and R®-hole site-based interactions in the form of
NH;--*X0;/°X0;-NH; and NH;--*XO;---NH; complexes, respectively.

CCSD(T)/CBS energetic results were found to be consistent
with the MP2 ones. Numerically, the E,, values of the R® site-
based interactions were —5.90, —7.29, and —8.55 kcal/mol for
the NH;---*ClO;, ---*BrO;, and ---*IO; dimers at the CCSD-
(T)/CBS level of theory along with E, values of —6.01, —7.59,
and —9.0S at the MP2 counterparts.

QTAIM Analysis. For a better understanding of the nature
of the studied R®* and R°®-hole site-based interactions,
QTAIM®” was employed. QTAIM diagrams of the NH;-+-*XO,
and *XOj;--NHj; dimers, along with the NH;--*XO;--NH;
trimers, are delineated in Figure 4. Topological parameters,
including py,, V?py, and Hy, are summarized in Table 2.

As delineated in Figure 4, solo BPs and BCPs were observed
within all of the NH;--*XO; complexes, affirming the
unconventional behavior exhibited by group VII elements
toward efficiently engaging in the R® site-based interactions
with Lewis bases. The same remarks were obtained for the R°®-
hole site-based interactions that align with preceding studies.*®
Turning to the NH;-+-*XO;---NH; trimers, the potency of the
R°®-bearing molecules to simultaneously engage in R* and R°*-
hole site-based interactions was emphasized via the presence of

two BPs and BCPs (ie, one at each site). These findings
demonstrated the highly directional R* and R°*-hole site-based
interactions of the investigated halogens.

As listed in Table 2, the closed-shell nature of the R® and R°-
hole site-based interactions was confirmed via the obtained
positive values of V?p, and H,, along with the low values of p;,
for the considered complexes, except for the iodine-bearing
complexes. For the latter complexes, negative H;, values were
detected, highlighting their partially covalent nature. Emi-
nently, a notable correlation was found between the p, values
with the atomic size of the studied halogens and MP2 energetic
values. Illustratively, the p;, of the R® site-based interactions
were 0.0236, 0.0255, and 0.0276 au of the NH;--*ClO;,
--*BrOj, and ---*10; dimers, respectively, whose corresponding
E,., values were —6.01, —7.59, and —9.05 kcal/mol.

NCI Analysis. The NCI index was earlier documented as a
reliable tool to unveil the nature of the interactions between
the chemical species three-dimensionally.” NCI isosurfaces
were generated herein for the NH;--*XO; and *XO;--NH;
dimers along with the NH;-*XO;NH; trimers and are
pictured in Figure S. These isosurfaces are pictured through a
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Table 3. Eyomor Evumor Erws and Eg,, of the R®-Bearing
Molecules and Dimeric and Trimeric Forms of R® and R°*-
Hole Site-Based Interactions in the Form of
NH;*++°X0,/°X05**NH; and NH;*-*XO0;**NH; Complexes,
Respectively, Given in eV

Enomo Erumo Epy Eeap
molecule/complex (eV) (eV) (eV) (eV)
monomers R°®-Bearing Molecules
*ClO; —14.26 —-1.61 —7.94 12.65
°*BrO, —-13.5§ -2.18 -=7.87 11.37
10, —12.60 —-0.67 —6.63 1193
dimers R® Site-Based Interactions
H;N---*ClO, —12.53 -0.73 —6.63 11.80
H,N--*BrO, 1274  -124 —699 1150
H;N---*10; —12.46 —-120 —-6.83 11.26
R*-Hole Site-Based Interactions
*ClO,-NH, 1197  —090 —646 11.07
*BrO,--NH, —1212 -143 —678 10.69
°*105---NH,4 —-0.12.27 —-098 6.62 11.29
trimers R® and R*-Hole Site-Based Interactions
H,N--°CIO,~NH, —11.58  —0.18 —588 11.40
H,N-*BrOy~NH, -11.62  —071 —6.17 1091
H;N---*I0;---NH,4 —11.89 -0.10 =599 11.79

reduced density gradient (RDG) value of 0.50 au and colored
from blue (sign (4,)p = —0.035) to red (sign (4,)p = 0.020).

As shown in Figure 5, the presence of the green-bluish-
coded region between the interacting molecules evidently
affirmed the occurrence of attractive forces within the
complexes under study. Additionally, clear blue-coded regions
were observed for the NH;---°I0;, °IO0;---NH;, and
NH;---*I0;---NH; complexes, highlighting their partially
covalent nature, which was in line with the aforementioned
QTAIM topological parameters. For almost all R*-hole hole
site-based interactions, the contributions of the coplanar
substituents to the total forces beyond the formation of the
studied complexes were assured via the resulting shamrock
shape, consistent with the previous studies.*

Electronic Parameters. To trace the electronic features,
the FMO theory was asserted. In the FMO theory, the energy

of the Eyomo, Erumos and Ep; were computed for the
considered molecules and complexes. The E,,, was then
assessed as the variation between the energies of the HOMO
and LUMO. In the case of the singly occupied molecular
orbital (SOMO), the distributions of the HOMO levels could
be labeled as the SOMO patterns. The HOMO/LUMO
electron densities were plotted for the isolated systems and
complexes (Figures 6 and 7, respectively). Eqomor ELumor Erwy
and E,, values are tabulated in Table 3.

As shown in Figure 6, the HOMO and LUMO distributions
of the investigated systems were noticed over the nucleophilic
and electrophilic sites, respectively. After complexation, the
distributions of HOMO and LUMO were drastically changed
(Figure 7).

From Table 3, substantial changes in the Eyono0, ELumos Erus
and E,,, values were prominently noted before and after
interactions of the R*-bearing molecules with the Lewis base.
For instance, the Eyomo/Erumo/EpL/Eg,p values of the *ClO;
molecule were —14.26/—1.61/—7.94/12.65 eV that altered
after complexation with NH; to —12.53/-0.73/—6.63/11.80
and —11.97/-0.90/-6.46/11.07 eV for NH;--*ClO; and
°ClO;-NHj; complexes, respectively.

A resurgent electron-donating character was noted for the
investigated R°®-bearing molecules on going from °Cl to °Br
and °I, which was evidently reported via diminishing the
Enomo values (i.e., less negative). For the inspected dimers, the
higher preferability of R® site-based interactions over the R*-
hole site-based ones was also affirmed via more positive E,, for
the NH;-*XO; complexes over the *XO;---NH; counterparts
when X = Cl and Br. The reverse was confirmed for the iodine-
bearing complexes, which was consistent with the energetic
claims. Quantitatively, for the NH;-*XO; and °*XO;--NHj,
dimers where X = CI/Br/I, the Egap were 11.80/11.50/11.26
and 11.07/10.69/11.29 accompanied by E;,, of —6.01/—7.59/
—9.05 and —4.93/—-6.44/—14.82 kcal/mol, respectively. On
the other hand, relatively less negative Eyono/Epumo/Err and
positive Eg,, values were noted upon the formation of
H;N---*XO;---NHj; trimers compared to dimers. Such obser-
vations outlined the higher preferability of the trimeric form
than that of the dimeric one for the studied systems.

Table 4. Global Indices of Reactivity of the R*-Bearing Molecules and Dimeric and Trimeric Forms of R* and R°*-Hole Site-
Based Interactions in the Form of NH;+-*°X0;/°X0;**NH; and NH;*-*XO;**NH; Complexes, Respectively

molecule/complex system IP (eV) EA (eV)
monomers R*-Bearing Molecules
*ClO, 1426 1.61
*BrO, 13.55 2.18
*10, 12.60 0.67
dimers R°® Site-Based Interactions
H,N--*ClO, 12.53 073
H,N--*BrO, 1274 124
H,N--*1O, 12.46 1.20
R*-Hole Site-Based Interactions
*ClO,+NH; 11.97 0.90
*BrO,-NH, 12.12 143
*10,-NH, 1227 0.98
trimers R°® and R*-Hole Site-Based Interactions
H,N--*ClO5-NH, 11.58 0.18
H,N--*BrO,-NH, 11.62 0.71
H,N--"I05NH;, 11.89 0.10
38749

u (eV) n (eV) S (ev!) o (eV) @ (eV)
—=7.94 6.32 0.16 4.98 7.94
—7.87 5.69 0.18 5.44 7.87
—6.63 5.97 0.17 3.68 6.63
—6.63 5.90 0.17 3.72 6.63
—6.99 5.75 0.17 425 6.99
—6.83 5.63 0.18 4.14 6.83
—6.43 5.54 0.18 3.74 6.43
—6.78 5.34 0.19 4.30 6.78
—6.62 5.65 0.18 3.88 6.62
—5.88 5.70 0.18 3.03 5.88
—6.17 5.45 0.18 3.49 6.17
-5.99 5.89 0.17 3.05 5.99
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Global Indices of Reactivity. In an effort to unveil the
chemical reactivity of the radical species to participate in
several noncovalent interactions, global indices of reactivity
were assessed before and after the occurrence of the studied
interactions. Various global reactivity indices, including EA, S,
n, IP, , p, and @, were assessed (Table 4).

Upon the complexation of the investigated R°-bearing
molecules with the NH; Lewis base via the R®* and R*-hole
sites, drastic differences in the reactivity parameters were noted
in the form of studied dimers and trimers (Table 4).
Numerically, the °IO; molecule had IP/EA/u/n/S/w/®
values of 12.60/0.67/—6.63/5.97/0.17/3.68/6.63 eV that
changed to 12.46/1.20/—6.83/5.63/0.18/4.14/6.83, 12.27/
0.98/—-6.62/5.65/0.18/3.88/6.62, and 11.89/0.10/—5.99/
5.89/0.17/3.05/5.99 eV in the case of the H;N---°10;,
°I0;--H;3N, and H;3N--*10;-H3;N complexes, respectively.
These findings assured the alteration of electronic parameters
before and after the complexation, outlining the occurrence of
the investigated interactions.

B CONCLUSIONS

The predilection of R*-bearing molecules to engage in the
unconventional R® site-based interactions and the well-
established R*-hole site-based interactions was comparatively
studied. Accordingly, various MP2 computations were
performed and analyzed for the NHj;--°XO; °*XO;--NH;
and NH;-*XO;--“NH; complexes. EP analyses enunciated
the presence of positive blue-coded regions over and opposite
the molecular surface of the single electron, namely, R® and R*-
hole sites, respectively. MP2 energies also accentuated the
noteworthy potentiality of the studied molecules to engage in
R® and R°®-hole site-based interactions with a higher
preferability for the former interactions in the case of chlorine-
and bromine-bearing complexes. The latter trend was reversed
in the case of the iodine-bearing complexes. A direct
correlation was also disclosed between the E,, values and
the atomic sizes of the studied halogen (X) atoms. QTAIM
and NCI affirmations outlined the closed-shell nature of the R*
and R®-hole site-based interactions except for the iodine-
bearing complexes that were detected with a partially covalent
one. Overall, these results will support the forthcoming studies
for the characterization and applications of R* and R°®-hole site-
based interactions.
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