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Abstract
The nature of the halogen bond has been under debate over the last decade. Herein, the nature of the halogen bond was rein-
vestigated using point-of-charge (PoC) approach in which a point of negative or positive charge was used to mimic a Lewis 
base or acid, respectively. Halogen bond strength was estimated in terms of stabilization energy of the halo molecule in the 
presence of PoC. Open-ended questions regarding halogen interaction via σ-hole were discussed. A number of fundamental 
physical terms including σ-node, −σ-hole and +σ-hole interactions were introduced to describe the unconventional behavior 
of the halogen’s interactions. Several conflicts in the published results and explanations on the halogen bonding were high-
lighted and clarified. Based on PoC results, it may be claimed that: (i) halogen bond is mainly an electrostatic interaction 
and (ii) the polarization of the halogen is the key for understanding the reason behind the formation of halogen···Lewis acid/
base interaction at halogen···Lewis acid/base angle of 180°. A–X···PoC angle and solvent effects on the molecular stabiliza-
tion energy were estimated. Furthermore, electron correlation contribution to molecular stabilization energy was evaluated. 
Natural bonding orbital calculations were performed on the studied halo molecules. Finally, halogen bond test (σn-hole test) 
was proposed as a theoretical calculation to examine the ability of a halo molecule to form a halogen bond.
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1  Introduction

 Noncovalent interaction is a broad concept considering sev-
eral types of interactions. The importance of investigation of 
noncovalent interactions is returned to their pivotal role in 
different fields related to biochemistry [1–4] and crystal engi-
neering [5]. The interpretation of the role and nature of non-
covalent interactions is always a major challenge [6]. Among 
noncovalent interactions, perhaps halogen bond is by far a 
well-known interaction which is considered to be an analog 
to the hydrogen bond [7, 8]. The halogen bond interaction is 
based on the occurrence of σ-hole which is a region of lower 
electronic density on the extension of an A–X covalent bond 

[9–13]. The latter term “σ-hole” is formed due to the aniso-
tropic charge distribution around the halogen atom [14]. The 
magnitude of the σ-hole is considered to be responsible for the 
directionality and stability of the halogen bond [9, 15]. Other 
forces may contribute to the halogen bond strength such as 
dispersion interactions [3, 16]. Prior studies have been carried 
out to reveal the role and nature of the halogen bond in drug 
discovery [16–18]. It has been reported that halogen bond 
strength in a halo molecule···Lewis base system depends on 
three types of interactions: (i) attractive electrostatic interac-
tion between the positive σ-hole and the negative Lewis base, 
(ii) repulsive electrostatic interaction between the negative 
halogen atom and the negative Lewis base and (iii) van der 
Waals interaction between the halogen atom and the Lewis 
base [14, 16, 19]. The controversy about the dominant nature 
of halogen bonding has raged unabated over the last decade. 
Moreover, a non-negligible amount of debates in the pub-
lished results and explanations of the halogen bonding were 
observed. For instance, the ability of chloromethane and 
fluorine-containing molecules to form a halogen bond was 
subjected to considerable discussions [18, 20]. Furthermore, 
much uncertainty still exists about the relation between the 
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halogen bond strength and the electronegativity of A group 
in the A–X···Lewis base system [21]. This overall discrepancy 
could be attributed to the interference of other interactions 
between the studied halogen-containing molecule and the 
Lewis base, rather than halogen bonding [16]. On the other 
hand, some previous study has investigated the electrostatic 
polarization effect on the σ-hole size [22–27]. The importance 
of polarization in dihalogen molecules and carbon tetrahal-
ides with halide anions complexes was reported [28, 29]. In 
the current work, the noncovalent interactions rather than the 
electrostatic interaction between the halo molecule and the 
Lewis base is ruled out via the insertion of the point-of-charge 
(PoC) approach. Remarkably, the PoC approach was designed 
to mimic Lewis base and acid. In order to provide a descrip-
tive characterization of halogen bonding, new physical terms 
including σ-node, −σ-hole interaction and +σ-hole interaction 
will be introduced for the first time. Furthermore, halogen 
bond test (σn-hole test) will be proposed to examine the abil-
ity of a halo molecule to form a halogen bond with a Lewis 
base. The PoC results will serve as a base for future studies on 
halogen bonding and other noncovalent interactions.

2 � Methods

To reveal halogen bond characteristics, quantum mechani-
cal study was carried out on a dozen of halogen-containing 
molecules including halobenzene, halomethane and hydro-
gen halide (C6H5X, CH3X and HX, where X = I, Br, Cl 
and F). The geometry of the studied molecules was firstly 
optimized at MP2 [30] level of theory using aug-cc-pVDZ 
basis set [31, 32] for all studied atoms with the exception 
of bromine and iodine atoms. Bromine and iodine atoms 
were treated with aug-cc-pVDZ-PP basis set [31, 33, 34]. 
The molecular electrostatic potential (MEP) for the studied 

molecules was produced at B3PW91/6-311G** [35] and 
then mapped on the 0.002 a.u. electron density contour. 
Vs,max calculation was performed to realize the numerical 
value of σ-hole with the help of wave functional analysis 
(WFA) program [36]. 2D potential energy grid (called XB 
grid in manuscript) was then generated for all the studied 
halo molecules with the integration of PoC approach. For 
the XB grid, a PoC with values of − 0.5 and + 0.5 a.u. was 
placed at a distance of 2.5 Å from the halogen atom along 
the x-axis and with a distance ranging from −2.5 to 2.5 Å 
along y- and z-axes (see Fig. 1). The grid spacing value 
was set to 0.1 Å. Moreover, the effect of halogen···PoC 
distance on halogen bond strength was investigated in the 
range from 2.5 to 6.0 Å along the x-axis with an A–X···PoC 
angle of 180°. The halogen bond strength was estimated in 
terms of molecular stabilization energy, given by:

The effect of A–X···PoC angle (θ) was also examined in the 
range from 90° to 180° with an increment value of 2.5° and 
estimated at A–X···PoC distance of 2.5 Å as follows:

 
In the halogen bond distance and angle investigations, 

PoC was set to a wide range of values given in Table S1. 
All single-point energies were calculated at MP2/aug-cc-
pVDZ level of theory with the inclusion of PP functions 
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Fig. 1   Graphical representation of the studied halo molecules with the integration of PoC approach
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for bromine and iodine atoms. The natural bonding orbital 
(NBO) calculations were also established at the same 
level of theory in order to study the correlation between 
the change (∆) in the highest occupied molecular orbital 
(HOMO) energy (∆EHOMO), p-orbital contribution to 
hybridization of A–X bond, p-electron configuration and 
natural charge of the halogen atom and halogen bond 
strength. The change (∆) was estimated as:

To account for the electron correlation contribution 
to halogen bond strength, single-point energies were 
calculated at MP2 and HF level of theory using aug-cc-
pVDZ-PP. The electron correlation contribution was then 
estimated as follows:

Moreover, the solvent effect on the halogen bond 
strength (Esolvent effect ) was estimated with the inclusion of 
the polarizable continuum model (PCM) for water as an 
implicit solvent and calculated as follows:

The ability of halo molecule to form multi-halogen bonds 
simultaneously was also evaluated via the σn-hole test. In the 
latter test, two PoCs were placed at a distance of 2.5 Å from 
the halogen atom along the x-axis with a PoC···PoC distance 
ranging from 0.0 Å to 2.5 Å along y-axis (see Fig. 1).

To validate the PoC approach, all PoC-based results 
were compared to those of halo molecule···Lewis base/
acid complexes. In the latter calculation, fluorine and 
lithium ions were used instead of the negative and posi-
tive PoC, respectively. All quantum calculations were 
performed using Gaussian 09 software [37].

3 � Results

3.1 � MEP and Vs,max calculations

Studying the molecular electrostatic potential (MEP) of 
chemical systems is a preliminary approach to recognize 
the ability of a molecule to form a σ-hole [9]. MEP pro-
vides further how σ-hole size varies from a molecule to 
another based on the halogen atom and the attached group 
(A) in A–X. The studied molecules were firstly optimized 

(3)
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at level of theory using aug-cc-pVDZ basis set (with PP 
functions for bromine and iodine atoms). For the opti-
mized molecules, MEP was calculated at B3PW91/6-
311G** level and mapped on 0.002 a.u. electron density 
contour (Fig. 2). The latter electron density value is recom-
mended over the corresponding 0.001 a.u. contour for bet-
ter results, as previously reported [16]. At the same level 
of theory, the Vs,max calculation was performed to support 
the MEP results with a numerical perspective using wave 
functional analysis (WFA) program [36] (Table S2).

Figure 2 shows that the size of σ-hole of halogen in 
A–X is associated, as expected, with halogen atomic size, 
largest in iodo-containing molecule followed by bromine- 
and chlorine-containing molecules. MEPs of the studied 
fluorine-containing molecules showed that fluorine mol-
ecule lacks occurrence of σ-hole and, in turn, fluorine 
molecule is not able to form a halogen bond with a Lewis 
base. Moreover, WFA of the studied molecules showed 
that Vs,max decreased in the order I > Br > Cl to become 
negative in the case of fluorine-containing molecules 
(Table S2). Furthermore, Vs,max decreased in the order 
hydrogen halide > halobenzene > halomethane with Vs,max 
value of + 29.5, + 25.5 and + 21.6 for hydrogen iodide, 
iodobenzene and iodomethane, respectively. WFA results 
were in an excellent agreement with the corresponding 
MEP results. The existence of σ-hole on chloromethane 
molecule and its ability to form a halogen bond were under 
debate [16]. According to MEP and Vs,max results, chlo-
romethane has σ-hole with Vs,max value of + 3.9 a.u. As a 
result, chloromethane is expected subsequently to form a 
weak halogen bond.

3.2 � 2D stabilization energy grid

The concept of the 2D stabilization energy grid (called 
XB grid) was introduced in the current manuscript to get a 
comprehensive and accurate description of the σ-hole of a 
covalently bonded halogen atom. In XB grid calculation, the 
halogen molecule was first aligned with A–X axis and then 
scanned with a PoC with values of − 0.5 and + 0.5 a.u. at a 
distance of 2.5 Å from the halogen atom (see Methods sec-
tion). The generated XB grids for the investigated molecules 
are depicted in Fig. 3.

Following the addition of a negative PoC, significant sta-
bilization energy was recorded in varying proportions for 
all studied halo molecules with an exception in the case of 
fluorine-containing molecules. In the latter molecules, desta-
bilization energy was observed with a maximum molecular 
destabilization when the negative PoC was located at the 
center of fluorine atom (i.e., at an A–F···PoC angle of 180°). 
This absence of stabilization confirms that no σ-hole exists 
for the studied fluoro molecules and the electron density is 
localized along A–F axis.
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For the chloro-, bromo- and iodo-molecules, the most 
favorable stabilization energy was observed in case 
A–X···PoC angle equals 180°. Further, the stabilization 
energy of the halo molecules decreased whenever PoC was 
moved in y- and z-directions. Comprising of the findings, the 
iodine-containing molecules had the most favorable stabili-
zation energy within − 9.1 and − 12.0 kcal/mol, followed by 
bromine and then chlorine with stabilization energy within 
− 3.5 and − 6.5, and − 0.4 and − 2.9 kcal/mol, respectively 
(Table 1). In general, the stabilization energy was decreased 
in the order of hydrogen halide > halobenzene > halomethane 
which is consistent with MEP and Vs,max results (Fig. 2 and 
Table S2). It should be noted that, contrary to earlier findings 
[9, 38, 39], the molecular surface of chloromethane mol-
ecule contained a σ-hole which was confirmed by the detec-
tion of a stabilization energy of − 0.4 kcal/mol at A–Cl···PoC 
angle of 180°; however, other repulsive interaction between 
chloromethane and a Lewis base might lead to deformation 
of the halogen bond [16].

Moreover, the ability of halogen-containing molecules 
to interact with a Lewis acid was considered by means of 
stabilization energy estimation in the occurrence of a posi-
tive PoC (Fig. 3). This kind of interaction would raise open-
ended questions regarding halogen interaction via σ-hole 
with a Lewis acid. The latter interaction at A–X···positive 
PoC with an angle of ≈ 180° is termed “+σ-hole interaction.” 
In the case of fluoro-containing molecules, the presence of 
a positive PoC led to a stabilization of fluoro molecules and 
the stability increased as the positive PoC moved toward 
the origin to become maximum when y- and z-coordinates 
equaled zero (i.e., A–F···PoC angle = 180°). This finding 

confirmed that the surface of fluorine atom was completely 
negative in nature with a maximum electron density along 
A–F axis. For chloro-, bromo- and iodo-molecules, molec-
ular stabilization was observed when a positive PoC was 
placed around the halogen atom (i.e., around the negative 
belt of the halogen atom). Interestingly, considerable sta-
bilization energy was also observed along A–X axis (i.e., 
at the σ-hole) in the studied halobenzene and halomethane 
molecules. The latter stabilization energy (+σ-hole interac-
tion) decreased in the order chloro- > bromo- > iodo-mole-
cule, giving values within − 1.9 and − 5.6, + 0.3 and − 4.3, 
and + 2.2 and − 2.6 kcal/mol, respectively. These findings 
were unexpected, and it might be concluded that due to the 
presence of the positive PoC, the halogen’s electron density 
migrated toward center of σ-hole.

For a better understanding of the polarization effect of 
negative and positive PoC on the halo molecule, MEP maps 
were generated for the studied halomethane molecules, as 
a case study, in the presence of a positive and negative PoC 
(Figure S1). According to the generated MEP maps of fluo-
romethane in the presence of positive and negative PoCs 
(Figure S1), no σ-hole was identified. This revealed that 
the fluorine surface was hard to be polarized. For chloro-, 
bromo- and iodomethane molecules, the presence of a nega-
tive PoC led to an increase in the σ-hole size to be maximum 
when PoC equaled − 1.0 a.u. This might be attributed to 
the inductive polarization effect of negative charge on the 
halogen atom. In contrast, σ-hole size gradually decreased 
with increasing PoC positivity due to the migration of the 
electron density toward the origin of σ-hole. In some cases, 
σ-hole disappeared due to the presence of a large positive 

Fig. 2   Molecular electrostatic 
potential of halobenzene, 
halomethane and hydrogen 
halide molecules plotted at a 
contour value of 0.002 a.u.; the 
electrostatic potential varies 
from − 0.01 (red) to + 0.01 
(blue) a.u.
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Fig. 3   2D stabilization energy grid (XB grid) for halobenzene, halomethane and hydrogen halide molecules with the integration of a PoC with 
values of − 0.5 and + 0.5 a.u. at a distance of 2.5 Å along the A–X axis and with a distance ranging from − 2.5 to 2.5 Å along y- and z-axes



	 Theoretical Chemistry Accounts (2019) 138:2

1 3

2  Page 6 of 12

PoC value. The latter observation varied from one halo 
molecule to another depending on the σ-hole size and PoC 
value. For instance, σ-hole in chloromethane disappeared 
when PoC value equaled + 0.25 a.u., while the disappear-
ance of σ-hole in iodomethane was observed at a PoC value 
of + 0.5 a.u.

From the concluded data, the polarization effect played a 
critical role in σ-hole magnitude and subsequently affected 
the strength of the halogen bond as well as +σ-hole inter-
action. As a result, it might be claimed that in addition to 
the three factors affecting the halogen bond strength (see 
Introduction section), Lewis acid/base polarization effect on 
halogen bond strength must be considered.

3.3 � Halogen bond strength

In the current work, halogen bond strength was assessed as 
a correlation with halogen bond length and angle with the 
integration of the PoC approach. For the investigation of the 
effect of halogen bond length, the stabilization energies for 
the studied molecules were estimated in the presence of a 
PoC with A–X···PoC distance ranging from 2.5 to 6.0 Å with 
employing large- and small-scale charges (see Methods sec-
tion). The small-scale charges were considered to scan the 
molecular electrostatic surface of studied molecules, while 
the large-scale charges were integrated to account for the 
effect of polarization on the electron density of the halogen 
atom. The generated stabilization energy curves are depicted 
in Figures S2 and S3 for small- and large-scale PoC values, 
respectively.

Generally, the stabilization and destabilization effects 
of the PoC were gradually decreased with increasing the 
halogen···PoC distance, as well as with decreasing the 
magnitude of the PoC (Figures S2 and S3). It should be 
highlighted that no polarization was observed in the case of 
fluorine-containing molecules, which is consistent with XB 
grid and MEP results.

For chlorine-containing molecules, molecular destabiliza-
tion was observed in the presence of a small-scale negative 
PoC, despite the existence of σ-hole. This finding could be 
attributed to the repulsion force between the negative PoC 
and the negative halogen belt which was higher in mag-
nitude than the attractive force between the negative PoC 

and the halogen’s σ-hole. This repulsion force decreased 
with increasing the σ-hole size (as seen in hydrogen chlo-
ride < chlorobenzene < chloromethane) and with decreasing 
the magnitude of the negative PoC. This observation con-
firmed that: (i) the repulsive electrostatic interaction between 
the negative halogen atom and the negative Lewis base can-
not be neglected, (ii) existence of a σ-hole is not a guarantee 
for the halo molecule to form a halogen bond and (iii) at long 
range halogen···PoC distance, the halogen’s negative belt is 
dominated in effect over σ-hole, resulting in a repulsive force 
with a Lewis base. At a short distance, the attractive force 
of σ-hole was dominated over the corresponding repulsive 
force of the halogen’s negative belt. At a definite distance 
termed “σ-node,” the attractive σ-hole force was equal to 
the repulsive halogen force, resulting in zero stabilization 
energy. σ-node distance varied from a molecule to another 
based on the σ-hole size as well as the negativity of the 
Lewis base. For instance, the σ-hole in hydrogen chloride 
was larger in magnitude than the corresponding σ-hole in 
chlorobenzene, resulting in σ-nodes at a distance of 2.9 Å 
and 2.5 Å with PoC value of − 0.1 a.u., respectively.

It should be highlighted that an unexpected +σ-hole inter-
action was observed between chloro molecule and a large-
scale positive PoC resulting in molecule stabilization. This 
raises a question of the ability of a halogen atom to act as a 
Lewis base and a Lewis acid with an angle of A–X···Lewis 
acid and ···Lewis base at 180°, respectively. For instance, the 
existence of + 1.0 and − 1.0 a.u. PoC at A–X···PoC distance 
of 3.0 Å led to a stabilization of − 5.0 and − 10.9 kcal/mol, 
respectively, for the chlorobenzene molecule. This observa-
tion could be explained by polarization effect of PoC on the 
halogen’s electron density. The same findings were observed 
for the bromine-containing and iodine-containing molecules.

Furthermore, a number of studies have demonstrated the 
correlation between the σ-hole magnitude and directional-
ity of the halogen bond [15, 40–42]. It had been reported 
that favorable halogen bond angles were restricted between 
linearity (i.e., 180°) and perpendicular orientation (i.e., 90°) 
[43]. Based on these considerations, the molecular stabiliza-
tion of halo molecules was estimated with the integration 
of a PoC approach with an A–X···PoC angle (θ) in the range 
from 90˚ to 180˚ at A–X···PoC distance of 2.5 Å (see Meth-
ods section). The correlation between A–X···PoC angle (θ) 

Table 1   Calculated stabilization energies for the studied halo molecules with the A–X···PoC angle of 180°

Halo molecule F Cl Br I

PoC = − 0.50 
(a.u.)

PoC = + 0.50 
(a.u.)

PoC = − 0.50 
(a.u.)

PoC = + 0.50 
(a.u.)

PoC = − 0.50 
(a.u.)

PoC = + 0.50 
(a.u.)

PoC = − 0.50 (a.u.) PoC = + 0.50 
(a.u.)

Halobenzene + 3.1 − 6.4 − 2.9 − 4.5 − 6.1 − 3.5 − 11.0 − 2.4
Halomethane + 5.5 − 7.8 − 0.4 − 5.6 − 3.8 − 4.3 − 9.1 − 2.6
Hydrogen halide + 5.0 − 6.5 − 2.7 − 1.9 − 6.5 0.3 − 12.0 2.2
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and the molecular stabilization energy (Eangle effect) is plotted 
in Figures S4 and S5 with the incorporation of small- and 
large-scale PoC values, respectively.

Generally, for chlorine-, bromine-, and iodine-containing 
molecules, molecular destabilization and stabilization were 
observed with the integration of negative and positive PoCs, 
respectively (Figures S4 and S5). The latter molecular sta-
bilization was increased by the decrease in A–X···PoC angle 
to a maximum at 90°. For fluorine-containing molecules, 
the integration of a positive PoC led to stabilization which 
reached maximum at 180° and a minimum at 90°. These 
results were in agreement with those obtained from XB grid 
scanning calculations (see Fig. 3). As expected, the stabiliza-
tion and destabilization in the case of positive and negative 
PoC, respectively, were larger in the order I > Br > Cl with 
σ-hole size decreasing in the same order.

3.4 � Natural bond orbital

Up to now, there has been no detailed investigation of the 
correlation between the magnitude of σ-hole and the high-
est occupied molecular orbital (HOMO) energy of the halo 
molecule. Moreover, the correlation between σ-hole size and 
atomic descriptors of the halogen atom such as p-electron 
configuration has been seldom studied. In the current study, 
the natural bond orbital (NBO) analysis was performed with 
the integration of the PoC approach to understand the lat-
ter correlations at MP2 level. PoCs with a charge of − 0.5 
and + 0.5 a.u. were chosen as a case study with A–X···PoC 
distance ranging from 2.5 to 6.0 Å (see Fig. 4). According 
to the calculated change (∆) in the EHOMO energy due to 
the presence of PoC (Fig. 4 and Table S3), EHOMO energy 
was increased (i.e., more negative) with the incorpora-
tion of a positive PoC due to the reduction in σ-hole size. 
On the other hand, the presence of a negative PoC led to 
a decrease (i.e., less negative) in the EHOMO energy. The 
current results indicated that the EHOMO is inversely propor-
tional to the magnitude of σ-hole. Furthermore, the change 
(∆) in p-orbital contribution to hybridization of A–X bond, 
p-electron configuration and natural charge of the halogen 
atom due to the presence of ± 0.5 a.u. PoC were also stud-
ied and depicted in Fig. 4. According to the results shown 
in Fig. 4, p-orbital contribution to A–X bond hybridization 
was directly correlated with the σ-hole size. In contrast, 
p-electron configuration of the halogen atom increased as 
the halogen bond strength decreased. Moreover, the natural 
charge of the halogen atom decreased (i.e., less positive or 
more negative) as the σ-hole size decreased (i.e., halogen 
bond strength decreased).

3.5 � Electron correlation effect

For better understanding of the halogen bond nature, the 
electron correlation contribution to the halogen bond was 
investigated with the help of the PoC approach. Molecular 
stabilization energy of the studied molecules was estimated 
at second-order Møller–Plesset (MP2) and Hartree–Fock 
(HF) levels of theory with the same basis set used. The elec-
tron correlation contribution (Eelectron correlation) was then cal-
culated as the difference between the calculated MP2 and HF 
stabilization energies (see Eq. 4). The correlation between 
the A–X···PoC distance and Eelectron correlation is depicted in 
Fig. 5. As could be seen from Fig. 5, the electron correlation 
contribution was favorable in the presence of a negative PoC 
and unfavorable in the presence of a positive PoC. Interest-
ingly, it was observed that Eelectron correlation decreased in the 
order F > Cl > Br > I, which reflected the negativity of the 
halogen atom, as well as the σ-hole size.

3.6 � Effect of solvent

Investigation of solvent effect on the halogen bond strength 
is of utmost importance. Studies revealed that the solvent 
led to a decrease in the halogen bond strength and the 
halogen bond equilibrium distances [44]. In contrast, other 
studies alluded to an increase in the halogen bond strength 
due to the polarization effect of the solvent [45]. Accord-
ing to this controversy, the effect of solvent was reinves-
tigated in the current study. For all studied molecules, 
the solvent effect ( Esolvent effect ) was evaluated as given in 
Eq. 5 with the integration of PoC approach and polarizable 
continuum model (PCM) for water. PoCs with a charge 
of − 0.5 and + 0.5 a.u. were used as a case study. The 
correlation between the solvent effect ( Esolvent effect ) and 
A–X···PoC distance was estimated and depicted in Fig. 6. 
According to results presented in Fig. 6, the presence of 
a negatively charged PoC resulted in molecular destabili-
zation for the studied halo molecules except in the cases 
of iodobenzene, bromobenzene and hydrogen iodide mol-
ecules where the solvent led to an increase in the σ-hole 
size resulting in molecular stabilization. In contrast, the 
presence of positively charged PoC led to a considerably 
higher molecular stabilization. The latter effect of solvent 
was confirmed by Vs,max calculation for all studied mol-
ecules with A–X···PoC distance of 2.5 Å in solvent phase 
and compared to the corresponding values in gas phase 
(Table S4). According to Vs,max results, the magnitude of 
σ-hole was decreased in most of the studied molecules. 
In the case of chlorobenzene, iodomethane and hydrogen 
bromide, a slight increase in σ-hole positivity was noticed 
which was compatible with results given in Fig. 6.
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Fig. 4   i HOMO energy difference (∆EHOMO) for, ii ∆p-orbital contri-
bution to hybridization of A–X bond in, iii ∆p-orbital configuration 
of the halogen atom in, and (iv) the natural charge of the halogen 

atom in the studied molecules in the presence of ± 0.5  a.u. PoC at 
A–X···PoC distance ranging from 2.5 to 6.0 Å
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3.7 � Halogen bond test (σn‑hole test)

In this study, halogen bond test (σn-hole test) was incor-
porated to examine the ability of a halo molecule to form 
halogen bond. It has been previously reported that halogen 
may form more than one halogen bond simultaneously [46]. 
Therefore, σn-hole test with n order of 2 was performed for 
halomethane molecule as a case study with the integration 
of two PoCs with values of − 0.1, − 0.25 and − 0.50 a.u. 

The σ2-hole test results are given in Fig. 7. According to the 
σ2-hole test results, molecular destabilization was observed 
in the case of fluoromethane due to the hardness nature of 
the fluorine atom. In contrast, molecular stabilization was 
observed in the case of chloro-, bromo- and iodomethane, 
and the stabilization energy was increased with increasing 
the PoC value as a result of the polarization effect. The latter 
molecular stabilization reflects the ability of chloro-, bromo- 
and iodomethane to form simultaneously more than one hal-
ogen bonding. Overall, these results showed that the increase 
in molecular stabilization to be reached at maximum value 

Fig. 5   Electron correlation contribution (Eelectron correlation) of halogen atom to the molecular interaction in the presence of ± 0.5  a.u. PoC at 
A–X···PoC distance ranging from 2.5 to 6.0 Å

Fig. 6   Solvent effect 
(

Esolventeffect

)

 contribution to halobenzene, halomethane and hydrogen halide in solvent in the presence of a PoC with values 
of (i) − 0.5 a.u. and (ii) + 0.5 a.u. at A–X···PoC distance ranging from 2.5 to 6.0 Å
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was associated with the proximity of PoCs to each other, 
which correspond to A–X···PoC angle of 180°. Moreover, 
the ability of a halo molecule to form multi-halogen bond-
ing increases with the increase in σ-hole size in the order 
I > Br > Cl.

3.8 � Real complex

Using PoC approach as a contemporary approach to reveal 
halogen bond properties gave promising results which 
resolved the debated interpretations of halogen bond nature. 
As well, PoC approach raised the important implications 
of the polarization effect on the halogen bond interaction. 
Undoubtedly, further investigations were needed to confirm 
and validate the PoC results. Therefore, potential energy 
curves of A–X···fluorine and ···lithium ions were generated 
and compared to the corresponding stabilization curves with 

negative and positive values of PoC, respectively. The inter-
action and stabilization energies of A–X···ion and ···PoC, 
respectively, are depicted in Fig. 8. Comparison of the cal-
culated energies revealed that interaction and stabilization 
curves were very similar with a slight difference at a short 
A–X···ion and ···PoC distances due to the van der Waals 
effect which is not counted in the case of PoC approach. 
The latter effect is larger in the order I > Br > Cl > F. The 
current data highlighted and evaluated the effectiveness of 
PoC model and proved that PoC approach can be used as an 
alternative to the Lewis acid/base molecules to investigate 
noncovalent interactions.

Fig. 7   Stabilization energy curves for halomethane molecule in the presence of two PoC values of − 0.10, − 0.25 and − 0.50 a.u. at PoC···PoC 
distance ranging from 0.0 to 2.5 Å
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4 � Conclusions

Characterization of the halogen bonding was reinvestigated 
from the quantum mechanical perspective using the point-
of-charge (PoC) approach. The following conclusions can be 
drawn from the present study: (i) The existence of a σ-hole 
is not a guarantee for the halo molecule to form a halogen 
bond with a Lewis base, (ii) the halo molecule has the ability 
to interact with both Lewis base and acid at A–X···angle of 
≈ 180°, termed “−σ-hole interaction” and “+σ-hole interac-
tion,” respectively, (iii) increasing negative PoC charge leads 
to an increase in σ-hole size and, in turn, the halogen bond 
strength in contrast with increasing positive PoC charge, 
(iv) polarization plays a significant role in σ-hole magnitude 
and, in turn, halogen bond strength, (v) the repulsive elec-
trostatic interaction between the negative halogen atom and 
the negative Lewis base cannot be neglected, (vi) at a cer-
tain distance between the halogen atom and the Lewis base/
acid, the attractive σ-hole’s force is equal to the repulsive 
negative belt’s force, resulting in zero stabilization energy 
known as “σ-node” distance, (vii) the EHOMO is inversely 
proportional to the magnitude of σ-hole, (viii) the natural 
charge of the halogen atom decreases (i.e., less positive or 
more negative) as the σ-hole size decreases, (ix) p-electron 
configuration of the halogen atom increases as the halogen 

bond strength decreases, (x) p-orbital contribution to A–X 
bond hybridization is directly correlated with the σ-hole size, 
(xi) in the presence of a negative PoC, the electron correla-
tion contribution is favorable, while the latter contribution is 
unfavorable in the presence of a positive PoC, (xii) in aque-
ous phase, the negatively charged PoC leads to a molecular 
destabilization for most halo molecules, while positively 
charged PoC leads to a noticeable molecular stabilization, 
(xiii) halomethane molecules as a case study have the ability 
to form simultaneously more than one halogen bonding, and 
(xiv) finally, halogen bond is considered as an electrostatic 
interaction and supported by other interactions such as van 
der Waals. These findings of the current manuscript contrib-
ute in several ways to our understanding of the halogen bond 
nature and provide a basis for further research.
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Fig. 8   Interaction and stabilization energy curves for halobenzene···, halomethane··· and hydrogen halide···F−/Li+ and ± 1.0  a.u. PoC, respec-
tively, at A–X···ion/PoC distance ranging from 2.5 to 6.0 Å
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