This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

2

ACS
AUTHORCHOICE

“1
A4

http://pubs.acs.org/journal/acsodf

Unconventional Type lll Halogen--:Halogen Interactions: A Quantum
Mechanical Elucidation of s-Hole:-:6-Hole and Di-s-Hole Interactions

Mahmoud A. A. Ibrahim* and Nayra A. M. Moussa
I: I Read Online

Article Recommendations |

H Hole- Hole a

Cite This: ACS Omega 2020, 5, 21824-21835

ACCESS |

ABSTRACT: Herein, two unconventional type III halogen---halogen interactions,
namely, o-hole:-6-hole and di-c-hole interactions, were reported in a series of
halogenated complexes. In type III, the A-halogen:--halogen angles are typically
equal to 180°, and the occurrence of 6-hole on halogen atoms is mandatory. Using
diverse quantum mechanical calculations, it was demonstrated that the occurrence
of such interactions with binding energies varied from —0.35 to —1.30 kcal/mol.
Symmetry-adapted perturbation theory-based energy decomposition analysis
(SAPT-EDA) revealed that type III interactions are dominated by dispersion
forces, while electrostatic forces are unfavorable. Cambridge Structure Database
(CSD) survey unveiled the experimental evidence for the manifestation of o-
hole---o-hole interactions in crystal structures. This work might be deemed as a
foundation for a vast number of forthcoming crystal engineering and materials
science studies.
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1. INTRODUCTION

Halogens are widely utilized to stabilize drug—protein' and
supramolecular systems.”” This is due to the ability of
halogens to participate as Lewis bases and acids in noncovalent
interactions with Lewis acids and bases, forming hydrogen®
and halogen bonds,”® respectively (Figure la). This dual
behavior of halogens is mainly attributed to the anisotropic
distribution of electron density around the halogen atom,
forming a positive (or less negative) electrostatic potential
along the A—X covalent bond (called o-hole).””"* The ability
of halogen-containing molecules to interact with Lewis acid/
base at a halogen---Lewis acid/base angle of 180° has been
reported.’”” In addition to hydrogen and halogen bonds,
halogens participate in halogen--halogen inter- and intra-
molecular interactions, playing an important role in determin-
ing crystal packing and cohesion.'"'*"> Characterization of
halogen---halogen contacts has been a subg'ect of a variety of
theoretical and crystallographic studies.”'®"” According to the
literature, halogen---halogen contacts can be classified into two
main types: type I, in which the A-halogen---halogen angle (6,)
is nearly equal to the halogen---halogen-A angle (6,) (Figure
1b), and type II, in which the 0, angle is about 180° and 6, is
about 90° (Figure 1c).'%'8 Two different geometries could
be taken for type I halogen--halogen contact, the cis- and
trans-geometrical structures, as illustrated in Figure 1b. The
interpretation of type I and II interactions can be given as a
donor—acceptor interaction between an o-hole on one halogen
atom and a negative belt on the second halogen atom.”” As
mentioned earlier, the main force behind type I is van der
Waals interaction, while the electrostatic force is the dominant
factor in type IL>"*
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Very recently, c—o-centered type II terminology has been
proposed to describe fluorine-centered noncovalent interac-
tions of atomic sites with positive or negative electrostatic
potential.”>~** So far, however, the ability of halogen-
containing molecules to form type III halogen---halogen
interaction, in which the 8, and 6, angles are typically equal
to 180°, has not been yet well characterized. Consequently, the
current study was designed to assess the versatility of halogen-
containing molecules to form type III halogen---halogen
interactions. The occurrence of positive o-hole on both
halogen atoms (i.e., A—X and A—X') is a mandatory condition
to characterize the halogen---halogen interaction with 8, and 6,
angles of 180° as type III interaction. Based on the involved
halogen-containing molecules, type III can be classified into (i)
o-hole---6-hole (A—X:--X—A) interaction, in which the
halogen---halogen interaction occurs between two identically
charged halogens, and (ii) di-o-hole (A—X:-X'—A) inter-
action, in which two different or not identically charged
halogens are utilized.

In this study, geometrical optimization, molecular electro-
static potential (MEP), and maximum positive electrostatic
potential (V) calculations will be carried out on halogen-
containing molecules, namely, hydrogen halide (HX),
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Figure 1. Schematic representation for (a) the dual behavior of the A—X molecule in noncovalent interactions, (b) cis- and trans-geometries of
type I halogen---halogen interactions, (c) type II halogen-—-halogen interactions, and (d) type III halogen---halogen interactions.

halobenzene (C4HX), and halomethane (CH,X). With the
help of the point-of-charge (PoC) approach, *o-hole tests will
be executed to reveal the ability of investigated halomolecules
to interact with both the Lewis base and acid from the
electrostatic perspective. Moreover, potential energy surface
(PES) scans will be performed for A—X---X/X'—A (where A =
H, C¢Hs, and CH;, and X/X' = F, Cl, Br, and I) complexes. At
the most favorable halogen---halogen distance, binding energies
will be benchmarked at the CCSD(T)/CBS level of theory.
Quantum theory of atoms in molecules (QTAIM), non-
covalent interaction (NCI) index, and symmetry-adapted
perturbation theory-based energy decomposition analysis
(SAPT-EDA) will be established to explore the nature of the
type III halogen---halogen interactions. Furthermore, a survey
of the Cambridge Structure Database (CSD) will be conducted
to explore the occurrence of such unconventional interactions
in crystal structures. This study provides a solid character-
ization of the features and nature of type III halogen---halogen
interactions, which will lead in turn to the enhancement of
research in supramolecular chemistry and materials science.

2. RESULTS AND DISCUSSION

2.1. MEP, V; ., and *o-Hole Test. Molecular electro-
static potential (MEP) is a reliable method to conceive the
electron-deficient and electron-rich regions on molecular
systems, indicating the electrophilic and nucleophilic
sites.”””” In this study, MEPs were generated for all of the
optimized monomers at the MP2/aug-cc-pVIZ (with PP
functions for Br and I atoms) level of theory and then mapped

on 0.002 au electron density contours. MEP maps for all of the
studied monomers are depicted in Figure 2.

According to MEP maps, o-hole was observed along the
extension of the A—X covalent bond on the molecular surface
of halogen atoms in all studied halomolecules except in the
fluorine-containing molecules. This exception might be
attributed to the small size of the fluorine atom and its high
electronegativity. Furthermore, the size of o-hole increased
with increasing atomic size of the halogen atom in the order Cl
< Br < 17%*

For computing the numerical value of o-hole, the maximum
positive electrostatic potential (V,,,,) calculations were carried
out on the optimized monomers. The values of V, .. for all
halomolecules are given in Figure 2. According to the V..
results, the magnitude of o-hole decreased as the electro-
negativity of the halogen atom increased to become negative in
the case of fluorine-containing molecules. For the studied
halomolecules, V., increased in the order halomethane <
halobenzene < hydrogen halide. For instance, V.. values of
21.0, 24.1, and 30.8 kcal/mol were obtained for iodomethane,
iodobenzene, and hydrogen iodide, respectively.

It is worth noting that the absence of positive o-hole on the
investigated fluorine-containing molecules indicates their
inability to form type III interactions, as discussed in the
Section 1. As a result, all fluorine-centered interactions will be
characterized as traditional halogen bonds between the
negative fluorine atom and the positive o-hole on the other
halogen atom.

To assess the electrostatic potentiality of all studied
halomolecules to participate in noncovalent interactions with
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Figure 2. Molecular electrostatic potential (MEP) maps of hydrogen
halide (HX), halobenzene (C¢HX), and halomethane (CH;X)
molecules plotted on to 0.002 au electron density contours. The
electrostatic potential varies from —0.01 (red) to +0.01 (blue) au.
The calculated maximum positive electrostatic potentials (V) of
the studied molecules are given in kcal/mol.

Lewis base and acid at an A—X---base/acid angle of 180°, ~o-
hole and *o-hole tests were performed, respectively. The
correlation between molecular stabilization energy and X:-
PoC distance was studied in the range from 2.5 to 7.5 A along
the x-axis with a step size of 0.1 A (Figure 3). Molecular
stabilization energies of the A—X:--PoC systems calculated in
the presence of +0.25 and #+0.75 au PoCs at an X:-PoC
distance of 2.5 A with an A—X:-PoC angle (6) of 180° are
compiled in Table 1.

According to the results of the “o-hole test, molecular
stabilization energies were observed for all studied halomole-
cules in the presence of negative PoC with an exception for
fluorine-containing molecules due to the absence of o-hole
(see the MEP maps in Figure 2). Furthermore, the molecular
stabilization energy decreased as the X:--PoC distance
increased and the electronegativity of the halogen atom
increased. For instance, molecular stabilization energies of
HI--, HBr--, and HCI---PoC systems with a PoC value of
—0.25 au at the X---PoC distance of 2.5 A were found to be
—4.61, —2.42, and —0.87 kcal/mol, respectively. Moreover,
increasing the negativity of PoC value (i.e, Lewis basicity)
enhanced the molecular stabilization energies of the A—X---
PoC systems. For instance, the presence of PoC with values of
—0.25 and —0.75 au for the CH,I--PoC system at a distance of
2.5 A led to molecular energies of —3.07 and —16.76 kcal/mol,
respectively.

In the case of *o-hole test, almost all of the studied
halomolecules were observed with substantial molecular
stabilization energies, especially in the presence of +0.75 au
PoC at short A—X--PoC distances (Figure 3). It is worth
pointing out that molecular destabilization and stabilization
energies for A—I---PoC systems were recorded in the presence
of +0.25 and +0.75 au PoC values, respectively. For the CH,I -
PoC system, for instance, the molecular energies were 0.13 and

—10.69 kcal/mol for +0.25 and +0.75 au PoC wvalues,
respectively. This informative result ensured the prominent
role of polarization in the case of large PoC, which is in great
accordance with our previous work."> Overall, molecular
stabilization energies for the studied halomolecules in the
presence of positive PoC were found to be inversely correlated
with V.. values. For instance, molecular energies of HX:
PoC systems with V, . values of —19.4, 14.3, 23.5, and 30.8
kcal/mol (for X = F, Cl, Br, and I, respectively) were found to
be —10.54, —5.24, —3.49, and —2.76 kcal/mol, respectively, in
the presence of PoC of +0.75 au at an X:--PoC distance of 2.5
A.

2.2. Potential Energy Surface (PES) Scan. Potential
energy surface (PES) scan was invoked to reveal the ability of
halogen-containing molecules to participate in o-hole--o-hole
and di-o-hole interactions. PES scan was performed for HX:--
XH, CHX:-XC¢Hs, and CH,X:-XCH; (where X = F, Cl, Br,
and I) complexes at an X---X/X’ distance ranging from 2.5 to
7.5 A in the x-direction with a step size of 0.1 A. Binding
energy curves were generated at the MP2/aug-cc-pVTZ(PP)
level of theory and are depicted in Figure 4. Moreover,
CCSD(T)/CBS binding energies were also computed for type
III complexes at the most favorable X---X/X" distances and are
listed in Table 2.

It can be concluded from the data presented in Figure 4 that
all investigated halomolecules (except fluorine-containing
molecules) can favorably interact with “like” halomolecules
via o-hole---c-hole type III interactions. The binding energies
of o-hole:--o-hole interactions decreased with decreasing
atomic size of the halogen atom in the order A—I---I-A >
A—Br---Br—A > A—Cl---CI—A complexes and faded in the case
of A—F--F—A complexes. For instance, the CCSD(T)/CBS
binding energies of CH;I---ICH;, CH;Br---BrCH;, and
CH;Cl--CICH; complexes were obtained to be —1.07,
—0.68, and —0.35 kcal/mol, respectively. The inability of
fluorine-containing molecules to participate in o-hole----hole
type III interactions might be related to the absence of o-hole
on the fluorine atom and the large repulsive electrostatic
interaction between the two isotropic negative fluorine atoms.
Furthermore, halobenzene complexes were obviously observed
with maximum binding energies followed by halomethane,
then hydrogen halide complexes. For instance, CCSD(T)/CBS
binding energies of C¢H,I---IC4H, CH,l---ICH;, and HI---IH
complexes were found to be —1.30, —1.07, and —0.65 kcal/
mol, respectively. Based on the inspection of the aforemen-
tioned results, the o-hole---o-hole interactions might be
explained as a sum of (i) attractive electrostatic forces between
the positive o-hole of one halogen atom and the negative belt
of the other halogen atom, (ii) repulsive electrostatic forces
between the positive o-holes of the two halogen atoms, (iii)
repulsive electrostatic forces between the negative belts of the
two halogen atoms, (iv) the van der Waals interactions
between the two halogen atoms, and (v) polarization
contribution of one halogen atom by the other halogen atom.

Turning to “unlike” complexes, all investigated halomole-
cules showed solid potentiality to favorably interact with
“unlike” halomolecules with A—X:--X" and A—X'---X angles of
180°. According to the data summarized in Table 2, the most
favorable binding energies were denoted in the case of HF--
XH complexes. The interpretation of the binding energies of
“unlike” fluorine-containing complexes might be relevant to
the highly attractive forces between the isotropic negative
fluorine atom in one monomer and positive o-hole on the
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Figure 3. Molecular stabilization energies of the HX:--, C{HX-+, and CH;X:--PoC systems in the presence of PoC with values of +0.25 and +0.75
au at the X--PoC distance ranging from 2.5 to 7.5 A and the A—X--PoC angle (6) of 180°.

“unlike” monomer. Consequently, the binding energy of the
latter interaction increased as the o-hole size of the “unlike”
monomer increased in the order HF---CIH < HF---BrH < HF---
IH with values of —0.37, —0.77, and —1.20 kcal/mol,
respectively. Due to the lack of the o-hole on the fluorine
atom, the A—F---X'-A interaction might be characterized as a
traditional halogen bond rather than di-o-hole interaction.
For di-o-hole interactions, the binding energies of the
studied “unlike” complexes decreased in the order A—X:--I-A

21827

energies.
To sum up, the aforesaid results endeavor to demonstrate

> A—X--Br—A > A—X:--Cl—A. For instance, the CCSD(T)/
CBS binding energies were found to be —0.90, —0.68, and
—0.55 kcal/mol for the CH;Br--XCH; complexes, where X =
I, Br, and CI, respectively. This might reflect the favorable
halogens’ van der Waals contribution to the di-o-hole binding

the potentiality of the studied halomolecules (except fluorine-

https://dx.doi.org/10.1021/acsomega.0c02887
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Table 1. Molecular Stabilization Energies of the A—X-"PoC (Where A = H, C¢H,, and CH;X) Systems in the Presence of PoC
with Values of +0.25 and +0.75 au at an X-PoC Distance of 2.5 A and an A—X-PoC Angle of 180°

molecular stabilization energy (Eqpiization kcal/mol)

PoC = —0.25 au

PoC = —0.75 au

molecule F Cl Br F Cl Br 1
HX 2.69 —0.87 —2.42 —4.61 6.90 —6.05 —11.78 —20.44
CHX 1.86 —-0.58 —1.88 -3.85 3.15 —6.85 —-11.93 —-20.03
CH;X 2.98 0.42 —-0.97 -3.07 7.22 —-2.97 —8.31 —16.76

molecular stabilization energy (Eqpiisations kcal/mol)
PoC = +0.25 au PoC = +0.75 au

molecule F Cl Br 1 F Cl Br 1
HX -3.09 -0.37 0.76 2.11 —-10.54 —-5.24 -3.49 -2.76
CHX —-2.71 -1.30 -0.49 0.53 —10.83 —10.60 —10.25 —11.24
CH;X —3.58 -1.97 —1.06 0.13 —12.66 —-11.29 —10.57 —10.69

containing molecules) to participate in o-hole--c-hole and di-
o-hole interactions.

2.3. QTAIM Analysis. Quantum theory of atoms in
molecules (QTAIM) furnishes reliable information for the
occurrence of noncovalent interactions through generating
bond critical points (BCPs) and bond paths (BPs) between
two interacting monomers.”’ In the present study, QTAIM
calculations were accomplished for type III halogen---halogen
complexes at the most favorable X---X/X" distance at the MP2/
aug-cc-pVTZ(PP) level of theory. Figure S1 presents the
generated BCPs and BPs for all studied type III halogen--
halogen complexes. The BCPs and BPs of halobenzene
complexes, as an example, are displayed in Figure S. Electron
density (p;,), Laplacian (V?py), and total energy density (H,)
were also computed and are summarized in Table 3.

As shown in Figure 5, halobenzene complexes had one BCP
and one BP between the two interacting monomers, which
consistently emphasized the existence of o-hole---o-hole and
di-o-hole interactions. The same observation was denoted for
all of the studied complexes depicted in Figure S1.

From Table 3, relatively low values of p, and positive values
of V?p, and H, were observed, indicating the closed-shell
nature of type III halogen---halogen interactions. In accordance
with PES scan results (Table 2), there was a direct correlation
between the Hy values at the BCP and the calculated binding
energies of the considered complexes. For instance, the H,
values in CHX:--XC¢H; complexes were found to be 0.00592,
0.00556, and 0.00482 au with binding energies of —1.30,
—0.95, and —0.71 kcal/mol for X = I, Br, and CI, respectively.

2.4. NCI Analysis. Toward a deeper understanding of the
nature of o-hole---c-hole and di-o-hole interactions, the
noncovalent interaction (NCI) index was executed for type
III halogen---halogen complexes at the most favorable X---X/X’
distances. Through NCI analysis, the two-dimensional (2D)
reduced density gradient (RDG) and the three-dimensional
(3D) color-mapped plots of noncovalent interaction regions
were generated and are depicted in Figures S2 and S3,
respectively. Figure 6 shows the 3D color-mapped plots of the
iodobenzene complexes as an example.

Subject to 2D plots of the studied halogen---halogen
complexes, all of the spikes denoted with negative values of
sign(ﬂz)p confirm the attractive interactions between two
interacting halogen-containing monomers. Also, a low gradient
was apparently discriminated in the case of HX:--XH
interactions and then peaked in CH;X--XCH; and C{HX:
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XC¢H; interactions, reflecting the trend of the calculated
binding energies (Figure S2).

Moreover, the expanded green regions between the two
interacting monomers in Figure S3 were obviously denoted,
indicating the occurrence of weak attractive interactions
between the interacting monomers. From the inspection of
QTAIM and NCI results, we can affirm the potentiality of the
studied halomolecules to participate in o-hole---6-hole and di-
o-hole interactions that are in line with molecular stabilization
and binding energies of similar patterns.

2.5. SAPT-EDA Calculation. Symmetry-adapted perturba-
tion theory-based energy decomposition analysis (SAPT-EDA)
is an adequate tool to scrutinize the nature of noncovalent
interactions in molecular systems.’' For the investigated type
III halogen---halogen complexes, energy decomposition anal-
ysis was executed using the SAPTO level of truncation. Table 4
gathers the total SAPT-based binding energy (Egapro) and its
basic contributing factors calculated in kcal/mol.

The total SAPT-based binding energy (Egapro) for the
studied complexes were similar to the BSSE-corrected MP2/
aug-cc-PVTZ(PP) binding energies (AAE was close to 0 keal/
mol, Table 4), demonstrating the reliability of the
implemented SAPT level of theory.

The SAPT-EDA results given in Table 4 revealed that type
II halogen---halogen interactions were dominated by dis-
persion forces (Eys,). These results demonstrated that the
nature of type III halogen--halogen interactions is similar to
that of type I halogen---halogen interactions. In contrast to type
II halogen---halogen interactions, the electrostatic forces (E)
were repulsive in the case of o-hole:-c-hole and di-o-hole
interactions and attractive in the case of traditional halogen
bond (i.e., in fluorine-containing complexes). The positive Eq
values were expected as a result of repulsion between the
interacting sites of similar electrostatic potential (i.e., the two
positive o-holes and the two negative belts of halogen atoms).
The larger the o-hole size, the more unfavorable the E
contribution, becoming attractive when o-hole is absent. For
example, the E,, of the CH,I--ICH, CH,I---BrCH,, CH,I--
CICH;, and CH;l---FCH; complexes were observed with
values of 0.25, 0.18, 0.01, and —0.92 kcal/mol, respectively,
where o-hole size decreased in the same order: I > Br > Cl and
disappeared in F. The exchange repulsion (E,,y,) and induction
(Ej,a) components were positive and negative for all studied
complexes, respectively.

Overall, the SAPT-EDA results of type III halogen---halogen
interactions exhibited a prominent similarity in dispersive
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Figure 4. Potential energy surface (PES) curves for HX:-XH, CqH X XC4H;, and CH,;X---XCH; (where X = F, Cl, Br, and I) complexes
calculated (in kcal/mol) at the MP2/ aug-cc-pVTZ(PP) level of theory at an X---X/X' distance ranging from 2.5 to 7.5 A and with an A—X---X/X’
angle (6) of 180°.

nature with the analogues of type I interactions. Unlike type I standard geometric requirements for desired type III
interactions, electrostatic forces in type III halogen---halogen interactions (see the Section 4 for details). The CSD codes,
interactions were unfavorable. halogen---halogen distances, and A-halogen---halogen angles
2.6. CSD Survey. To pinpoint the reliability of type III (6) of the identified hits are collected in Table S1. It can be
halogen--halogen interactions, the CSD database was explored seen from the data in Table S1 that the halogen---halogen
to investigate the existence of such interactions in the solid distances in identified crystal structures are smaller than the
state. The CSD survey unveiled 24 crystal structures with the sum of van der Waals radii of the contacted halogen atoms.
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Table 2. Binding Energies Calculated (in kcal/mol) at the MP2/aug-cc-pVTZ(PP) and CCSD(T)/CBS Levels of Theories for
HX-XH, CqH X*XC¢H;, and CH,;X*XCH; (Where X = F, Cl, Br, and I) Complexes at the Most Favorable X--X/X'

Distances

o-hole binding features

distance (A)

complexes interaction type
hydrogen halide HI---IH o-hole--6-hole
HI---BrH di-o-hole
HI---CIH di-o-hole
HI---FH halogen bond
HBr---BrH o-hole--6-hole
HBr--CIH di-o-hole
HBr---FH halogen bond
HCI---CIH o-hole--6-hole
HCI--FH halogen bond
HF---FH repulsive
halobenzene CeH, I IC4H; o-hole---o-hole
CeH;I---BrC4Hj di-o-hole
CeH,I---CIC4H, di-o-hole
C¢HjL--FC4H halogen bond
C¢HBr---BrC H, o-hole---o-hole
Ce¢H;Br-CIC4H, di-o-hole
C4HyBr---FC¢Hg halogen bond
C¢H;Cl---CIC4H; o-hole---o-hole
C¢H;Cl---FC¢H; halogen bond
C¢H;F---FC¢H; repulsive
halomethane CH;l--- ICH;, o-hole--o-hole
CH,I--BrCHj, di-o-hole
CH,I--CICH; di-o-hole
CH,l---FCH, halogen bond

o-hole---6-hole
di-o-hole

CH,Br---BrCH,
CH,Br--CICH,

CH;Br--FCH; halogen bond
CH,CI---CICH; o-hole---6-hole
CH;Cl-+-FCH; halogen bond
CH,F---FCH; repulsive

EMPZ/aug—cc—pVTZ(PP) (kcal/ mol) ECCSD(T)/CBS (kcal/ mol)

4.06 —0.61 —0.65
391 —0.58 —0.56
3.82 —0.61 —0.56
3.30 —-1.14 —1.20
3.76 —0.51 —0.46
3.69 —0.49 —0.44
3.20 —0.74 -0.77
3.61 —0.39 —0.35
3.21 —0.33 —0.37
3.90 —-1.23 —1.30
3.75 -1.13 -1.13
3.68 -1.07 —1.06
3.27 —-1.26 —-1.21
3.61 -1.00 —0.95
3.53 —0.90 —0.85
3.16 —0.93 -0.93
3.47 —0.75 —0.71
3.14 —0.60 —0.59
3.94 -1.07 -1.07
3.79 —0.94 —0.90
3.71 —0.86 —0.81
3.28 —1.01 —1.00
3.65 —0.76 —0.68
3.58 —0.61 —0.55
3.20 —0.51 —0.52
3.54 —0.39 —0.35
3.23 —0.06 —0.08

“No local minimum was observed in the corresponding potential energy surface (PES) curves for A—F---F—A complexes (Figure 4).
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favorable X---X/X' distances. The red dots indicate the locations of bond critical points (BCP) at bond paths (BP) between two interacting

monomers.

Interestingly, investigation of the hits revealed that all observed
type III interactions are o-hole--c-hole (see Table S1). The
absence of di-o-hole interactions in the explored hits
emphasized the relatively low strength of such interactions
These
results are in line with the calculated binding energies, which

compared to those of o-hole:-c-hole interactions.

showed the favorability of the inspected halomolecules to
participate in o-hole---0-hole interactions rather than di-o-hole
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interactions (see Table 2). Three crystal structures demon-
strating o-hole---6-hole interactions are given in Figure 7.

As shown in Figure 7, I---I interactions are established in
AYURES between two directional and identical iodine-
containing molecules, which emphasizes the occurrence of o-
hole---6-hole interaction. Such interaction was also denoted
between identical bromine- and chlorine-containing molecules
in TPHMBRO2 and ZZZVTY12, respectively. Overall, it is

https://dx.doi.org/10.1021/acsomega.0c02887
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Table 3. Topological Parameters Including Electron Density (py, au), Laplacian (V?p,, au), and Total Energy Density (Hy, au)
at Bond Critical Points (BCPs) of HX**XH, CcH;X***XC¢H;, and CH;X**XCH; (Where X = F, Cl, Br, and I) Complexes at the

Most Favorable X*-X/X’ Distances

complexes

hydrogen halide

halobenzene

halomethane

HI---ITH
HI---BrH
HI---CIH
HI---FH
HBr---BrH
HBr--CIH
HBr---FH
HCI---CIH
HCI---FH
HEF---FH
CgH,I-IC4H;
CeH,I---BrC H,
CeH,I--CIC,H,
CeH;I---FC4Hj
C¢HBr--BrC¢Hj
Ce¢HBr--CIC4H;
C¢HBr---FC¢Hj,
C¢H;Cl--CIC4H;
CeH;Cl---FC¢H;
C¢HF--FC4Hy
CH,I--ICH,
CH,;l---BrCH;
CH,I-+-CICH;
CH;I---FCH;
CH;Br---BrCH;
CH,;Br---CICH;
CH;Br--FCH;,
CH,CI---CICH;
CH;CI---FCH;
CH;F--FCH;,

interaction type pp (au) V2p, (au) Hy (au)
o-hole--6-hole 0.00076 0.01383 0.00404
di-o-hole 0.00086 0.01484 0.00389
di-o-hole 0.00093 0.01531 0.00381
halogen bond 0.00130 0.02619 0.00578
o-hole---c-hole 0.00097 0.01593 0.00376
di-o-hole 0.00101 0.01577 0.00354
halogen bond 0.00138 0.02582 0.00517
o-hole--6-hole 0.00107 0.01593 0.00341
halogen bond 0.00128 0.02154 0.00408
repulsive “ “ ¢

o-hole---6-hole 0.00078 0.01818 0.00592
di-o-hole 0.00093 0.01991 0.00578
di-o-hole 0.00105 0.02011 0.00542
halogen bond 0.00129 0.0279 0.00643
o-hole--6-hole 0.00107 0.02135 0.00556
di-o-hole 0.00128 0.02225 0.00530
halogen bond 0.00140 0.02827 0.00593
o-hole--6-hole 0.00144 0.02217 0.00482
halogen bond 0.00145 0.02564 0.00501
repulsive “ “ “

o-hole---c-hole 0.00074 0.01686 0.00549
di-o-hole 0.00087 0.01838 0.00534
di-o-hole 0.00102 0.01903 0.00509
halogen bond 0.00129 0.02762 0.00631
o-hole--6-hole 0.00100 0.01959 0.00513
di-o-hole 0.00113 0.01986 0.00480
halogen bond 0.00133 0.02615 0.00544
o-hole---6-hole 0.00117 0.01870 0.00422
halogen bond 0.00121 0.02084 0.00412

repulsive

a

a

a

“No local minimum was observed in the corresponding potential energy surface (PES) curves for A—F--F—A complexes (Figure 4).
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appealing to affirm the versatility of halomolecules to engage in
type III halogen---halogen interactions.

3. CONCLUSIONS

This study has proved the occurrence of o-hole:--c-hole and di-
o-hole interactions in a series of halogenated complexes in
which the halogen---halogen interaction observed between two
identically charged halogens and two different ones,
respectively. Substantial binding energies were denoted for
all of the studied halomolecules, interpreted as the sum of (i)
attractive electrostatic forces between the positive o-hole of
one halogen atom and the negative belt of the other halogen
atom, (ii) repulsive electrostatic forces between the positive o-
holes of the two halogen atoms, (iii) repulsive electrostatic
forces between the negative belts of the two halogen atoms,
(iv) the van der Waal interactions between the two halogen
atoms, and (v) polarization contribution of one halogen atom
by the other halogen atom. Fluorine-based interactions were
recognized as traditional halogen bonds, due to the absence of
o-hole on the fluorine atom. The closed-shell nature of type III
halogen---halogen interactions was elucidated through the
incorporation of the quantum theory of atoms in molecules
(QTAIM) and noncovalent interaction (NCI) index calcu-
lations. Symmetry-adapted perturbation theory-based energy
decomposition analysis (SAPT-EDA) revealed that dispersion
energy plays a crucial role in the o-hole--6-hole and di-o-hole

https://dx.doi.org/10.1021/acsomega.0c02887
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Table 4. Symmetry-Adapted Perturbation Theory-Based Energy Decomposition Analysis (SAPT-EDA) for HX--XH, C;H X"
XCgHs, and CH;X-XCH; (Where X = F, Cl, Br, and I) Complexes Calculated (in kcal/mol) at the MP2/aug-cc-pVTZ(PP)
Level of Theory and the Most Favorable X---X/X' Distances

complexes interaction type Egﬂ;? Eg,l(?g Egigp Eia Egppmo” AAE®
hydrogen halide HI--IH o-hole---6-hole 0.66 1.02 -191 —0.29 -0.52 —0.09
HI---BrH di-o-hole 0.44 0.86 -1.62 —0.20 —0.53 —0.05
HI---CIH di-o-hole 0.16 0.80 —1.41 -0.15 —0.61 0.00
HI---FH halogen bond —-1.32 122 -1.10 —0.31 -1.50 0.36
HBr---BrH o-hole---6-hole 0.33 0.72 —1.40 —0.14 —0.48 —0.03
HBr---CIH di-o-hole 0.18 0.62 —-1.18 —0.10 —0.48 —0.01
HBr---FH halogen bond —0.70 0.86 —0.90 —0.20 —0.94 0.20
HCI---CIH o-hole:--6-hole 0.15 0.54 —-1.02 —0.07 -0.39 0.00
HCl---FH halogen bond —0.15 0.53 —0.67 —0.11 —0.41 0.08
HF---FH repulsive ‘ ‘ ‘ ‘ ‘ ‘
halobenzene CeH, I ICH, o-hole---6-hole 0.40 1.92 —2.98 —0.47 -1.12 —0.11
CgHiI-+-BrC¢Hj di-o-hole 0.25 1.66 —2.64 —-0.35 —1.08 —0.05
CeH,I-CICH, di-o-hole 0.03 1.46 —2.30 —028 -1.08 0.01
CeHiI--FC4Hj halogen bond -0.99 1.51 —1.80 -0.33 -1.62 0.36
CeH,BrBrCH; o-hole-c-hole 021 1.39 -231 —025 —0.96 —0.04
C¢H;Br--CIC¢Hg di-o-hole 0.11 128 —-2.05 -0.20 —0.89 —0.01
C¢HBr--FC¢Hg halogen bond —0.46 1.12 —1.53 —0.22 —1.09 0.16
C¢H;Cl---CIC¢Hg o-hole:--6-hole 0.13 1.03 -1.76 -0.15 -0.75 0.00
CeH,Cl--FC4H; halogen bond —0.04 0.77 —-1.24 —0.15 —0.65 0.05
C¢HF--FC¢H;, repulsive ‘ ‘ ‘ ‘ ‘ ‘
halomethane CH,I--- ICH; o-hole---6-hole 0.25 1.82 —2.69 —0.39 -1.02 —0.05
CH,I---BrCH; di-o-hole 0.18 1.57 -2.36 —0.31 —0.91 —0.03
CH,I---CICH; di-o-hole 0.01 1.43 —2.04 —0.26 —0.85 —0.01
CH,L--FCH, halogen bond -0.92 1.57 —1.48 —0.41 -124 0.23
CH;Br:+-BrCH;, o-hole---6-hole 0.24 1.31 —2.04 -0.22 -0.70 —0.06
CH;Br--CICH; di-o-hole 0.22 1.14 -1.74 —0.18 —0.56 —0.05
CH;Br---FCH; halogen bond —0.14 1.05 -1.19 —0.27 -0.54 0.03
CH,;CI---CICH; o-hole---6-hole 0.34 0.87 —1.41 -0.13 —0.33 —0.06
CH;Cl--FCH;, halogen bond 0.44 0.59 —0.86 —0.17 0.01 —-0.07
CH,F--FCH, repulsive ‘ ‘ ‘ ‘ ‘ ‘

“Egapro = EU0 4 g9 4 Egip + Einae YAAE = Entpa/aug-ce-pvrz(pp) — Esapro- “No SAPT-EDA was performed since no local minimum was observed in

elst excl

the corresponding potential energy surface (PES) curves for A—F--F—A complexes (Figure 4).

interactions. However, the traditional halogen bond in the reveal the halogens’ interactions from the electrostatic
studied fluorine-containing complexes was stabilized by perspective, *c-hole tests were carried out for the studied
electrostatic forces. Through exploring the Cambridge monomers with the point-of-charge (PoC) approach.'***~*
Structure Database (CSD), several crystal structures were In the PoC approach, negative and positive PoCs were used to
identified to reveal the experimental reliability of o-hole--o- mimic Lewis bases and acids in “o-hole and *o-hole tests,
hole interactions. Overall, these findings will enrich the role of respectively. Through *o-hole tests, the effect of the X---PoC
halogen---halogen contacts in crystal engineering and materials distance on the molecular stabilization energy was examined in
design. the range 2.5—7.5 A along the x-axis with a step size of 0.1 A

and A—X---PoC angle (6) of 180°. The molecular stabilization
4. COMPUTATIONAL METHODOLOGY energies (Epiizaton) Were computed in the presence of PoC

with values of +0.25 and +0.75 au, and are estimated as

In the current study, the ability of hydrogen halide (HX),

halobenzene (C¢HX), and halomethane (CH;X) (where X = follows
F’ Cl’ Bl‘, and I) to partidpate in type II halogen".halogen Establization = EhalomoleculemPoC - Ehalomolecule
interactions was investigated. Initially, geometrical structures of
the monomers were fully optimized by the second-order The PoC values of +0.25 and +0.75 au were selected to
Moller—Plesset (MP2) method®” with the aug-cc-pVTZ-PP represent moderate Lewis basicity and acidity. In the current
basis set”” > for the Br and I atoms and the aug-cc-pVTZ study, the optimized structures of the monomers were kept
basis set””** for all other atoms. On the optimized structures, frozen and placed relatively in one plane to form type III
molecular electrostatic potentials (MEPs) were generated and halogen---halogen interactions (i.e., with A—X---X/X' angle of
mapped on 0.002 au electron density contours as previously 180°, see Figure 1d). Potential energy surface (PES) scan was
recommended, where the 0.001 au isodensity envelope may then performed at X:--X/X' distances from 2.5 to 7.5 A in the
provide incorrect information about the complete nature of the x-direction with a step size of 0.1 A, and the corresponding
surface reactive sites.”*° binding energy curves were generated. Binding energy was
Moreover, maximum positive electrostatic potential (V,,,..) estimated as the difference between the energy of the complex
values were also computed using Multiwfn 3.5 software.”” To and the sum of energies of the monomers. The basis set
21832 https://dx.doi.org/10.1021/acsomega.0c02887
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CSD Code: TPHMBRO02
System: Bromine«Bromine

CSD Code: AYURES
System: lodine--lodine

CSD Code: ZZZNVTY12
System: Chlorine-Chlorine

Figure 7. Type III halogen---halogen interactions in crystal structures.

superposition error (BSSE) was taken into account using the
counterpoise correction method.** Also, CCSD(T)/CBS
binding energies were estimated for the studied complexes at
the most favorable X:-X/X' distances using the following
equations45

Eccspiry/ces = AE\p/cps + AECCSD(T)

where

AEMPZ/CBS = (64EMP2/aug—cc—pVQZ - 2‘7EM1’2/aug—cc—pVTZ)

/37

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

Moreover, the occurrence of type III halogen---halogen
interaction in the studied complexes was unveiled through
the incorporation of the quantum theory of atoms in molecules
(QTAIM).* For type III complexes at the most favorable X:--
X/X' distances, bond critical points (BCPs) and bond paths
(PBs) were generated and visualized. The topological features
including electron density (p,), Laplacian density (V?p,), and
total energy density (H,) were investigated. The noncovalent
interaction (NCI) index was also established and NCI plots
were depicted.*

To set forth the physical nature of the type III halogen--
halogen interactions, symmetry-adapted perturbation theory-
based energy decomposition analysis (SAPT-EDA) was
performed at the SAPTO level of truncation*”** using PSI4
code.” In the context of SAPT-EDA, total binding energy was
estimated as the sum of its basic physical components, namely,
electrostatic (E{Y), exchange (E1), dispersion (Edisp), and
induction (E, ), as follows

10 10
ESAPTO = Ee(lst) + E( ) + Edisp + Eind

‘exch

where

20 20
Edisp = Ec(iisp) + Ee(xclz—disp

Eind = Ei(nzc?.)resp + Ee(}%co}?—ind.resp + 6I§IZF)

All quantum mechanical calculations were performed using
Gaussian09 software®’ at the same level of the theory of
geometrical optimization. Besides, QTAIM and NCI analyses
were implemented using Multiwfn 3.5 software.”” QTAIM and
NCI plots were visualized using Visual Molecular Dynamics
(VMD) software.>!

Finally, the Cambridge Structure Database (CSD version
5.41,°>% updated in November 2019) survey was executed to
explore the occurrence of o-hole---6-hole and di-c-hole type III
interactions in crystal structures. The survey was limited to
consider only chlorlo-, bromo-, and iodo-hydrocarbons (i.e.,
C—X:+X—C and C—X--X'—C, where X = Cl, Br, and I).
Fluorine-containing molecules were excluded from the survey
to avoid contamination of the results by the traditional
halogen-bonded complexes. The halogen---halogen angles (i.e.,
C—X:--X’' and C—X'--X) were explored in the range of 179—
180°. The halogen--halogen contact parameters and angles
were defined using the “3D” function of Conquest.
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