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Summary: Chlorofluorocarbons are being used as coolants since the last more than fifty years, and
their increasing concentration in atmosphere causes the ozone layer depletion, therefore to develop a
sensor for detection of chlorofluorocarbons is environmentally significant. In this article the halogen
bonding abilities of nitrobenzene along with halogens and different chlorofluorocarbons have been
investigated theoretically at the B3LYP /6-31+G(d) method of DFT. All physical properties such as
binding energy, equilibrium distance and dipole moment showed halogen bonding formation. Our
investigations revealed that that electron rich nitrobenzene can be used as good sensor for the sensing
of halogens (Cl,, Br, and F») and different chlorofluorocarbons (CFCs).
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Introduction

Non-covalent interactions are fundamental
to supramolecular chemistry [1-3], among all non-
covalent interactions, hydrogen bonding is the one
that has been studied extensively [4-7], but since last
one decade halogen bonding has got considerable
attention due to its very important role in biology [8-
9], crystal engineering [10-12] as well as in
molecular recognition systems [13]. Halogen bonding
is directly related to electron donation of lewis bases
to halogen atoms and can be defined as the non-
covalent interaction of halogens with halogens or
lewis bases [14-16]. Halogen bonding is generally
weaker than hydrogen bonding (5-30 kJ/mol) [17-
19]. Halogen bonding reduces internuclear distances
up to twenty percent as compared to the all Van der
waals distances [20]. Generally halogen bonding is of
two types, (i) halogen halogen interaction X----X
which is due to anisotropic distribution of electron
density among halogen atoms, (ii) halogen lewis base
interaction X----AX. An anisotropic distribution of
electron density in chlorofluorocarbons (CFCs),
make them suitable lewis base acceptors.

Chlorofluorocarbons are strong candidate
for halogen bonding since multiple halogen atoms are
available. Chlorofluorocarbons are being used in
refrigerators and in cooling industry since more than
fifty years as coolants [21], the most common
example is freon. Chlorofluorocarbons produce
chlorine and other reactive species on photolysis,
which cause the ozone layer depletion [22]. Due to
ozone layer depletion intensity of UV radiations
increases on the earth surface, which may cause some
eye diseases (Pterygium, Cataract Ocular melanoma),
skin diseases like melanoma skin cancer, UV induce
skin allergy and UV-induced immunosuppression
[23]. A quick method to sense the
chlorofluorocarbons is the need of time; we thought
that a sensor for the detection of chlorofluorocarbons

(CFCs) can be designed based on halogen bonding
ability of CFCs toward strong bases. Nitro group
attached to a benzene ring acts as a very strong lewis
base due to high electron density on oxygen and the
electron withdrawing inductive and resonance effect
of nitro group [24].

As a result of these properties it can act as a
potential candidate for the halogen bonding and here
the main focus of this study was to investigate the
halogen bonding ability of different halogens (Cl,,
Br, and F,) and chlorofluorocarbons with
nitrobenzene theoretically. To the best of our
knowledge halogen  bonding ability of
chlorofluorocarbons and nitrobenzene is not reported
yet (Fig. 1)

Fig. 1:

Results and Discussion

Optimized Structure of Nitrobenzene.

Optimized complexes of nitrobenzene with
chlorine, bromine, fluorine and chlorofluorocarbons
(2-7) are shown in Fig. 2. Complexation energies
(uncorrected and BSSE corrected) along with
equilibrium distance and dipole moment are given in
the Table-1. Geometrical characters of all halogen
nitrobenzene complexes (2-4) were found almost
similar, and all three halogens (chlorine, bromine and
fluorine) interact with nitrobenzene in the same
fashion. Bond angle of O-N-O and C-N-O bond angle
in nitrobenzene (before complexation) were 123-124°
and 117-118.5°, respectively. Similarly N-O and C-N
bond lengths in nitrobenzene were 1.23-1.25 A and
1.46-1.48 A, respectively.
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Computed binding energy of chlorine---
nitrobenzene complex 2 was 2.24 kcal/mol, the BSSE
corrected energy was 1.87 kcal/mol (large difference
in BSSE corrected energy is normal and is according
with values already reported by C. Garau et al [25],
and same trend follows in case of halogen bonding
specially for bromine [26]. Equilibrium distance of
nitrobenzene and chlorine in complex 2 was 2.75 A
and dipole moment of the complex 2 was 6.40 D
(higher the value of dipole moment, more strong the
complexation will be [27]). Decrease in energy,
equilibrium distance and dipole moment of complex
2 clearly showed strong interaction between
nitrobenzene and chlorine molecule and revealed that
the complex was more stable than the isolated
molecules, and also a clear evidence for strong
halogen bonding formation. Complexation energy of
bromine---nitrobenzene complex 3 was 6.82
kcal/mol, while as BSSE corrected energy was 2.68
kcal/mol. Equilibrium distance in bromine---
nitrobenzene complex 3 was 2.61 A and dipole
moment was 7.43 D. Computed data showed that
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Fig. 2 Optimized structure of complexes 2-7.

binding was more favorable in case of bromine as
compare to chlorine. While as the complexation
energy for fluorine---nitrobenzene complex 4 was
0.95 kcal/mol, BSSE corrected energy was 1.26
kcal/mol, equilibrium distance was 2.52 A and dipole
moment was 5.69 D. Computed data showed that
binding is less favorable as compared to chlorine and
bromine complexes. All physical properties like
binding energy, equilibrium distance and dipole
moment, those we have described above clearly
showed the halogen bonding formation between the
nitrobenzene and different halogens and followed the
order Bry>Cl,>F,, that was in close agreement with
the reported data in literature [28]. The optimized
parameters are consistant with typical “head on
halogen bonding interaction”, All the optimized bond
distances in complexes (2-4) are with in the range of
van der Waal,s radii (Table-1) which reveals the
existence of halogen bonding, and by comaring these
values with the reported data(Table-2) values
reported here are better, therefore nitrobenzene could
be as better sensor material [26].
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Table-1: Computational energies with and without BSSE correction (£ and Egsgg, kcal/mol), equilibrium
distances (&) computed for complexes (2-7) and dipole moment (D).

Complex (2-7) E (kcal'mol) Ezsez (kcal'mol) Equilibrium distance (4) Dipole 1 (D)
o]
1.
©’ B 2,24 187 2.75 6.40
[o]
i
@’* Wl -6.82 -2.68 2.61 7.43
[+}
H‘c.\'--- F—F
e 126 095 2.52 5.60
q
@“ e 0.71 047 322 4.69
2
@r"i‘n‘---ﬂ—m;;
1.19 0.94 311 6.04
[=]
@/'}0‘ ,,,,, Cl—CCl,F
115 -0.88 310 593

Table-2: Computational energies reported by W. J. Jin and co-workers [26] at different levels CBr, with different

neutral molecules.

Complexes E (kcal/mol)B3PW91 E (kcal/mol) MP2
CBr, + methanol -1.6 -2.27
CBr, + ethanol -1.76 -2.13
CBr, + ether -0.26 -0.46
CBry + THF 513 5.6
CBr, + dioxane -1.86 -2.16
Nitrobenzene and chloroflorocarbons be attributed to the higher affinity of chlorine for

(dichlorofluoromethane, dichlorodifluoromethane
and trichlorofluoromethane) complexes (5-7) showed
interactions in the same fashion i.e through single
oxygen of nitrobenzene and chlorine atom of
chlorofluorocarbons, was very similar as we observed
in case of all halogen complexes. No changes were
observed in bond angle and bond lengths of isolated
molecules and complexes. N-O bond length in all
isolated molecules and complexes was found in the
range of 1.23-1.28 A and N-C bond length was in the
range of 1.43-1.48 A. Similarly O-N-O bond angle in
all complexes 5-7 and isolated molecules was in the
range of 123.7°-124.4°. Binding energy in
nitrobenzene---dichlorofluoromethane complex 5 was
0.71 kcal/mol and BSSE corrected energy was 0.47
kcal/mol. Equlibrium distance was 3.22 A and dipole
moment was 4.69 D. Binding energy for
nitrobenzene---dichlorofluoromethane complex 6 was
1.19 kcal/mol, BSSE corrected energy was 0.94
kcal/mol. Computed Equilibrium distance in complex
6 was 3.11 A and dipole moment was 6.04 D.
Computed binding for complex 7 was 1.15 kcal/mol
and BSSE corrected energy was 0.88 kcal/mol,
equilibrium distance was 3.10 A and dipole moment
found was 5.93 D. Computed data for all
chlorofluorocarbons complexes (5-7) clearly indica-
ted the halogen bond formation in nitrobenzene and
chlorofluorocarbons. Attemps were made to optimize
complexes of compounds (5-7) through the fluorine
atom with nitrobenzene, however all such attempts
were met with failure. Such complexes may exist on
shallow potential energy surface which on complete
optimization deliver complexes where chlorine is
bound to nitrobenzene, Reason for this behavior may

halogen bonding compare to fluorine [28].

Experimental

All calculations were performed with
Gussian 09 [29]. Visualization of the results
/optimized geometry was achieved with GABEDIT
[30] and Marvin view [31]. Geometry optimization of
all compounds and complexes (2-7) was carried out
at 631+G(d) basis set by using the B3LYP method of
DFT. Frequency analysis was performed at the same
level of theory to confirm all optimized geometries as
true minima (no imaginary frequencies). Energies of
the optimized complexes were counterpoise corrected
(BSSE) at the same level of the theory B3LYP/6-
31+G(d). Normally by using this method, the type of
interaction between the host and guest molecule can
also be predicted from the amount of interaction
energy [32-33]. The interaction can be hydrogen
bonding, vander Wall’s or Ion dipole (electrostatic)
interaction. Normally two methods are in employed,
one is the calculation of simple interaction energy
(equation 1) and the second is the counter poise
corrected energy (BSSE equation 2). With the use of
finite basis set, superposition error (BSSE) occur
(basis functions of atoms overlap) when atoms of
interacting molecules approach one another. Counter
poise method corrects this energy. An equation to
shown on how to calculate BSSE is given the
equation (2)

(1
2)

AEint:EReacmm 1+EReactant 2_EPr0duct

AEint,CP:AEint_EBSSE
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Conclusion

In conclusion we have investigated the
halogen bonding ability of nitro group attached with
benzene toward halogens (Cl,, Br, and F,) and
different  chlorofluorocarbons.  Nitrobenzene---
bromine complex was found more stable as compare
to other complexes of halogens. Different chlorofluo-
rocarbon complexes were also computed and found
stable through halogen bonding. Studies with iodine
(I) and iodine containing compounds are in progress
by using the different basis set, because 631G(+)d did
not work for heavy atoms.
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