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Abstract. The competition of hydrogen, halogen and pnicogen bonding to the stability of the atmospheric
complexes is interesting, especially where the molecules by the most abundant greenhouse effect in the
atmosphere are subject of interest. In the present work, we have computationally studied the addition of H2O
to the NF3 and CF2Cl2 molecules to reveal the electronic and structural features of the NF3-H2O and CF2Cl2H2O complexes through DFT, MP2 and CCSD (T) methods. The interaction energies, geometry and electronic properties including charge transfer, energy gap, NEDA and AIM analyses of all the complexes were
calculated to discuss the nature and strength of intermolecular interactions. The results indicate that the role
of halogen bonding is more obvious than that of hydrogen and pnicogen bonding, and compared with the NF3,
CF2Cl2 is more effectively stabilized by the H2O molecules.
Keywords. H2O; NF3; CF2Cl2; NEDA; AIM; CCSD(T).

1. Introduction
Weak non-covalent interactions have great importance
in the development of materials, electronic devices,
protein engineering, design of peptides, organometallic, supramolecular chemistry and so on.1–6 In recent
years, due to the development of quantum chemical
methods, a great deal of interest has been paid to the
study of these types of inter- and intramolecular
interactions. 7 Hydrogen bonding which widely exists
in chemical and biological systems is a well-known
noncovalent interaction that is responsible for the
structure and properties of a wide range of molecular
complexes.8–10 While for many years, hydrogen
bonding is known as the most important noncovalent
interaction, in the two past decades, other types of
weak interactions have been identiﬁed and studied in
detail.11–14 For example, the halogen-bonding interaction has received considerable interest because of its
important role in crystal engineering and protein-ligand interactions.15–17 A net attractive interaction
between an electrophilic region associated with a
covalently bonded halogen atom in a molecular entity
*For correspondence

and a nucleophilic region in another, or the same,
molecular entity is deﬁned as halogen bonding.18
Since the similarities between hydrogen and halogen
bonding have been conﬁrmed experimentally,19
investigations of systems including both these interactions can be treated as a matter of interest. Such a
situation could occur through the interaction of H2O
with each of the ﬂuorinated nitrogen triﬂuoride (NF3)
and dichloroﬂuromethane (CF2Cl2) species. Moreover,
there is pnicogen bonding in which a pnicogen atom
(N, P, or As) within a Lewis acid interacts with a
Lewis base.20
Implementation of these concepts in atmospheric
chemistry can provide a more comprehensive understanding of the role of these types of intermolecular
interactions in atmospheric changes. This is especially
important when it is realized that ﬂuorine-containing
chemicals constitute about 30% of agricultural and
25% of pharmaceutical compounds.21,22
NF3 molecule as one of the most important ﬂuorinated compounds is colorless, odorless, toxic, nonﬂammable, chemically stable at room temperature and
generally used as a ﬂuorinated agent.23 At high temperatures, NF3 through dissociation into NF2 and free
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ﬂuorine radical has a strong oxidation potential capable of being used for rocket fuels.24 It has also been
used as gas ﬁller for increasing the brightness and life
of lamps and as agent for welding alloys.25,26 By the
extraordinary progress of the electronics industry since
the early 1980s, much effort has been devoted to the
use of NF3 as an etching cleaning agent, a laser and a
cleaning gas.27–29 Moreover, as an environmentally
preferable substitute compound for sulfur hexaﬂuoride
or ﬂuorocarbons, NF3 is found to reduce ozone damage.30 However, its effects as a greenhouse gas are
much longer than other recognized contaminants as
CO2.31,32 Since, at present a large amount of NF3 is
used either as an etchant or as a cleaning gas in the
world, the dramatic increase of its concentration in the
atmosphere should be taken seriously and further
studied. Studying the interactions between NF3 and
different chemical species within the atmosphere can
be considered as an important attempt in this
regard.33–35
Amongst the atmospheric chemical species, a special place should be assigned to chloroﬂuorocarbons
(CFCs). This is due to the fact that the usage of CFCs
in industry as foam propellants and refrigerants release
a signiﬁcant amount of these chemicals into the
atmosphere.36,37 It has been conﬁrmed that CFCs
which persist for a very long time in the troposphere
efﬁciently absorb the radiation and have a high global
warming potential.38 A speciﬁc example of CFCs is
CF2Cl2 (CFC-12) which is a nonﬂammable, nontoxic
and relatively inert compound and its ﬁrst ozone
destructive effect was reported in 1974.39 Considering
the applied importance and atmospheric effects of
CF2Cl2, studying its stability and reactivity in different
media has been the subject of much research.40,41 In
this regard, it has been conﬁrmed that for gaseous
CF2Cl2 at energies \ 15 eV, the electron-mediated
dissociation including C–Cl bond cleavage is the
dominated reaction.42,43 Moreover, co-adsorption of
CF2Cl2 with H2O on a Ru (0001) substrate leads to
a * 100 9 enhancement of Cl- ion yields in electron-stimulated desorption, compared to the yield from
CF2Cl2 adsorbed alone.44 On the other hand, a recent
study indicates that the CF2Cl2 molecules adsorbed on
the ice nanoparticles do not form clusters, and no Cl
fragments are observed from their photodissociation.45
It can be seen that in all of these studies, the stability
of CF2Cl2 has been somewhat considered. The stability of complexes of CF2Cl2 with light gases such as
CO2 and N2O molecules has also been theoretically
investigated, recently.34,46 The results have shown that
the interaction of N2O with CF2Cl2 is more effective
than that of CO2. In a recent study, coordination of
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electron-donating ether oxygen atoms to the electrondeﬁcient SF3 groups has been cited as the main reason
for the high thermal stability of aryl ﬂuorinated compounds.47 Accordingly, it is important to investigate
whether a similar situation could exist in the interaction between H2O and ﬂuorinated NF3 and CF2Cl2
molecules.
It has been shown that atmospheric water vapor is
responsible for more than 60% of the natural greenhouse effect.48 H2O also plays an important role in
many reaction cycles of atmospheric chemistry as
exempliﬁed in the production of the OH radical.
Therefore, the investigation of the interaction between
H2O and other chemical species could be regarded as a
target subject in atmospheric studies. As a special
case, studying of the intermolecular interactions of
H2O with the ﬂuorinated species such as NF3 and
CF2Cl2 could be of great potential importance in
atmospheric processes.
To the best of our knowledge, no effort has been
made to provide a theoretical description of the role of
non-covalent intermolecular interactions and also its
detailed electronic analyses especially in the
scheme of AIM and NEDA for the complexes of H2O
with either NF3 or CF2Cl2 molecules. These two
molecules were chosen as they are present a lot in the
atmosphere and also a good pattern to compare the
conventional intermolecular interactions of hydrogen,
halogen and pnicogen bonding at the same complexes.
In the present paper, we report the results of ab initio
quantum chemical calculations on the NF3-H2O and
the CF2Cl2-H2O systems. The DFT method was also
used to study the accuracy of the results of M06-2X
functional. Interestingly, the binding energies of this
function are very close to CCSD(T) method. However,
the main objective of the present work is to reveal the
electronic and structural properties of NF3-H2O and
CF2Cl2-H2O systems. Besides, the water adsorption
treatment of the halogenated species could also open a
new window toward the use of halogenated functional
groups on adsorbents.

2. Computational details
All structural optimizations were performed at the
MP249 level of theory using aug-cc-pVDZ basis set
with its reliability for a range of noncovalent interactions being demonstrated.50,51 Harmonic vibrational
frequency calculations were also performed at the
same level to conﬁrm whether the predicted structures
are real minima and to estimate the zero-point vibrational energies (ZPE). Single point (SP) energies have
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been computed using aug-cc-pV(D and T)Z basis set
for all the atoms at the MP2, CCSD(T) and M06-2X
levels.52,53 The selection of M06-2X is mainly due to
its superiority over the other functionals within DFT in
the description of weak interactions.54 The stabilization energies (SE) for the complexes are calculated by
the following equation:
SE ¼ EXH2O  EX  EH2O

ð1Þ

where EX-H2O, EX and EH2O are the energies of complex and the isolated monomers, respectively. The
interaction energy for all the studied complexes was
corrected for the basis set superposition error
(BSSE).55 The molecular electrostatic potential (MEP)
on the 0.001 a.u isodensity envelope, representing the
van der Waals surface was calculated using WFA
code.56 In order to analyze the electron density in bond
critical points (qBCP ) the AIM theory with the
AIM200057,58 program was used at the MP2/aug–cc–
pVDZ level. The natural energy decomposition analysis (NEDA)59 was used to estimate the contributions
of the electrostatic, polarization, charge transfer,
exchange, and deformation components in interaction
energies. Finally, natural bond orbital (NBO) analysis60 was performed at the MP2/aug–cc–pVTZ level to
investigate the status of charge transfer between
electron donor and electron acceptor species. A preliminary assessment showed that the accuracy of
electrostatic charges estimated by MP2/aug–cc–pVTZ
method is the same accuracy of CCSD(T)/aug–cc–
pVTZ, but with much less CPU time. All the calculations were performed using the GAMESS suit of
program.61
2.1 Theoretical background
A molecule’s electrostatic potential, V(r), has proven
to be an effective guide for its reactive behavior. V(r)
is the potential that is created by the molecule’s nuclei
and electrons at any desired point r and is given by:
Z
X
ZA
qðr0 Þ dr0

ð2Þ
V(r) ¼
A jR  rj
jr  r0 j
A
where ZA and qðr0 Þ are the charge on nucleus A,
located at RA, and electronic density function,
respectively. The sign of V(r) depends on whether the
effects of the nuclei or the electrons are dominant at
any point.
The AIM methodology, within Bader’s theory,
provides valuable information toward understanding
the interaction between interactive monomers.
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According to this theory, the nature of chemical
bonds and molecular reactivity can be denoted by
topological analysis of total electric density, qðrÞ,
and its corresponding Laplacian, r2 qðrÞ, at critical
points (CP). The negative values of r2 qðrÞ show the
addition of potential energy at bond critical points
(BCP) which is the speciality of shared interactions
(for example covalent bonds). In contrast, positive
values of r2 qðrÞ are associated with depletion of
electrostatic charge along the bond path, which is a
speciﬁcation of closed-shell interactions (such as
hydrogen bonds). Generally, applying this method to
complexes composed by molecules provides the
opportunity to discuss the status of BCPs. The qðrÞ
and r2 qðr Þ are used to describe the strength and the
characteristic of the bonds. The larger qðrÞ corresponds to the stronger bond, the r2 qðrÞ\0 indicates
the existence of covalent bond, and r2 qðr Þ [ 0
corresponds to the ionic bond, hydrogen bond or
establishment of dispersion forces. The -GC/VC ratio,
being GC and VC, respectively, the kinetic and
potential energy density at BCP was used as a
measure of the degree of covalency in non-covalent
interactions. Values greater than 1 generally indicates a non-covalent interaction without covalent
character while ratios smaller than unity are indicative of the covalent nature of the interaction. Sum of
these two quantities equals total energetic density
(H = Gc ? Vc).
3. Results and Discussion
After considering many initially guessed structures,
different complexes were located on the extremum
points in potential energy surfaces (PES) of NF3-H2O
and CF2Cl2-H2O systems. Here, only those complexes
placed at the real minima (ZPE-corrected negative
interaction energies) on the PES are discussed. Four
sections are considered to interpret the results of the
present study: monomers, geometry and interaction
energy of complexes and analysis of intermolecular
interactions and ﬁnally electronic properties of
complexes.
3.1 Monomers
Figure 1 shows the MEP proﬁle of studied monomers
and the quantitative description of this image is shown
in Table 1. In Figure 1, red and blue colors show,
respectively, the most positive and the most negative
regions on the MEP surface of the monomers. From
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Figure 1. Schematic representation of the MEP on the 0.001 au electron density isosurface of the monomers; (a) H2O,
(b) NF3 and (c) CF2Cl2.
Table 1. Maximum (VS,max) and minimum (VS,min)
values of the electrostatic potentials (kJ.mol-1) on the 0.001
au electron density isosurface of the isolated monomers.
Monomer

Vs,max

Vs,min

H2O
NF3
CF2Cl2

109.9
84.5
60.4

- 106.2
- 3.3
- 17.4

this illustration, it is obvious that NF3 is negative from
the head of F atoms. Its positive regions (r-holes) are
mainly localized in the middle of two F atoms.

According to Politzer and Murray, using the concept
of the r-hole, the halogen atom is described as a
positive region on the MEP surface.62 Therefore, it
seems that a vector summation of the r-hole productive forces is created within the NF3.
Furthermore, there is another weak and somewhat
inaccessible positive region in the center of the triangle formed by F atoms and below the central atom
(Figure 1 (below view)).33
Similar to NF3, F atoms in CF2Cl2 are negative
while Cl atoms are positive. There are two kinds of
local positive regions on the MEP of CF2Cl2. One of
them is concentrated around the C atom (Figure 1, side
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view) and the other region is symmetrically placed on
Cl atoms (Figure 1, below view). In general, regions
having positive V(r) tend to interact favorably with
negative sites and vice versa.
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3.2b CF2Cl2-H2O system: Some real minima were
found on the PES of the CF2Cl2-H2O system of which
the most stable ones were selected for discussion and
shown in Figure 3. The values of SE of this complex at
six computational levels are reported in Table 2. As in
the case of the NF3-H2O system, the largest amount of
SE at all computational levels corresponds to the single ‘‘open structure’’ dimer, C1. It should be noted that
there is good agreement between our results of SE of
C1 complex and the previously reported values of
interaction energy of the most stable conﬁguration of
CF2Cl2–H2O system, calculated at the MP2 and CCSD
levels.45 As a result, the interatomic distance (2.97 Å)
of Cl from CF2Cl2 and O from H2O molecule and also
interaction energy (7.91 kJ.mol-1) of C1 complex at
the CCSD(T) method conjugated with aug-cc-pVTZ
are very close to the result of very accurate CCSD(T)/
CBS scheme for the same complex for which the
interatomic distance and interaction energy are 3.05 Å
and 8.44 kJ.mol-1, respectively. On the other hand,
the DFT-based results ﬁt well with these ﬁndings.

3.2 Geometry and the role of interaction forces
in stabilization of complexes
3.2a NF3-H2O system: Association of H2O and NF3
molecules leads to the formation of some real minima
that the more stable complexes are shown in Figure 2.
The geometry of the complexes (regarding AIM
analysis) at the MP2/aug-cc-pVDZ computational
level are depicted in this graph. As can be seen, the N1
complex has an ‘‘open structure’’, whereas the other
two complexes are ‘‘closed’’ with two nonlinear
interactions. Table 2 shows the values of SE of the
complexes at the six computational levels. It is obvious that N1 is the most stable complex regarding
Table 2.

Figure 2. Molecular graphs of NF3-H2O system obtained at the MP2/aug–cc–pVDZ level (small circles on bonds show
bond critical points (BCPs)).
Table 2. Stabilization energies (kJ.mol-1) of the NF3-H2O and CF2Cl2- H2O systems estimated by MP2, CCSD (T) and
M06-2X methods.
MP2/aug-cc-pVXZ
Complex
N1
N2
N3
C1
a

X=D
-

3.832
3.739
2.076
5.203

((((-

1.677)a
0.801)
0.378)
2.957)

X=T
-

4.265
3.363
2.854
6.776

The values in parenthesis were corrected for ZPE.
All energy values are corrected with BSSE.

CCSD(T)/aug-cc-pVXZ

M06-2X /aug-cc-pVXZ

X=D

X=D

-

4.237
3.455
3.127
4.909

X=T
-

4.824
4.030
3.621
7.916

-

5.262
4.554
3.106
7.882

X=T
-

5.246
4.493
3.759
7.730
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The fact that in both studied systems (NF3-H2O and
CF2Cl2-H2O) the largest amount of SE corresponds to
non-hydrogen bonding including conﬁgurations led us
to the result that trapping of ﬂuorinated NF3 and
CF2Cl2 species by classic hydrogen bonding donor
H2O molecule is not necessarily established just
through hydrogen bonding.
Regarding the values of SE in Table 2, at all computational levels, C1 is more stable than N1. This
indicates that the O…Cl interaction within the C1
complex is stronger than O…F in N1. We will discuss
this further in Section 4.3, however, based on these
results we expect that compared to NF3, CF2Cl2
molecules are more effectively trapped by H2O.
Our results showed that by taking into account ZPE
values for both studied systems, the SE of many
complexes are considerably reduced so that for almost
all conﬁgurations the SEs turn to positive values.
However, it should be remembered that for each

Figure 3. Molecular graph of CF2Cl2-H2O system
obtained at the MP2/aug–cc–pVDZ level (small circles on
bonds show bond critical points (BCPs)).

(2020) 132:52

system there is at least one structure conﬁrming the
stability of conﬁguration. Here, we focused on
stable complexes. Moreover, the results demonstrate
that for most dimers of both studied systems the
absolute amount of SE at the M06-2X computational
level is slightly larger than those of MP2 and
CCSD(T) levels. This is in line with reports that the
M06-2X functional found describes non-covalent
interactions properly54 and it conﬁrms our true selection of the quality of application of DFT in this study.
It is interesting to note here that the water adsorption
treatment of the halogenated species could also open a
new window toward the use of new functional groups
on nanomaterial adsorbents.
3.3 Analysis of intermolecular interactions
In this section, the nature of intermolecular interactions, in particular concerning the results of the AIM
analysis and their role in the stability of dimers is
discussed in detail. Table 3 and also Figures 2 and 3
represent the results obtained from the AIM analysis at
the MP2/aug–cc–pVDZ level. The ﬁrst, second and
third columns in Table 3 show the type of complex,
the kind of interactions and the intermolecular distance, respectively. The values of qBCP range from
0.0036 to 0.0112 au in NF3-H2O and CF2Cl2-H2O
systems which lies in the commonly accepted range of
qBCP for hydrogen bonding.63 The values of r2 qBCP
are positive for all the intermolecular interactions and
the last column in Table 3 shows 1.1 \ - Gc/Vc.
Based on these values, the nature of interactions in all
complexes is accorded to the non-covalent bonding or
establishment of dispersion forces.
In the most stable conﬁguration of NF3-H2O system,
N1, the N…O interaction between NF3 and H2O (as a
Lewis base) might be treated as an example of
pnicogen bonding.20 On the other hand, according to

Table 3. Interatomic distances and bond critical point data (a.u) calculated for all complexes.
Complex
H2O-NF3
N1
N2
N3
H2O-CF2Cl2
C1
CF2Cl2
CF2Cl2

Interaction (H2O)….(NF3 or CF2Cl2)

Distance (Å)

qBCP (a.u)

r2 qBCP (a.u)

- Gc/Vc

O…N
O…F
O…N
H…F
H…F

3.006
2.938
2.986
2.707
2.707

0.0065
0.0067
0.0067
0.0036
0.0036

0.0270
0.0337
0.0296
0.0189
0.0189

1.2382
1.1712
1.2345
1.3699
1.3699

O…Cl
C…Cl

2.971
1.758

0.0112
0.2074

0.0455
0.3002

1.1389
- 0.3336

C…Cl

1.766

0.2009

0.3104

- 0.3257
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Figure 4. The electronic density distribution (EDD) of the HOMO (left) and the LUMO (right) of N1 conﬁguration of
NF3-H2O system (up) and C1 conﬁguration of CF2Cl2-H2O system (down).

Wolters and Bickelhaupt a substantially classic electrostatic character for this interaction is expected.64
However, the interaction pattern of the complex N1 is
corresponded to the situation in which NF3 molecule
interact with H2O, from its side region, between two F
atoms. Considering Figure 1, this is an electrostatic
interaction based on a halogen bonding between a
positive region observed on the MEP, included
between two F atoms, and negative O atom. Thus, it
seems that the formation of halogen bonding is more
highlighted than pnicogen one for this complexation.
To illustrate the issue, the electronic density distribution (EDD) of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of N1 is calculated and shown in
Figure 4. As can be seen, instead of a uniform distribution throughout the molecule, the EDD is almost
concentrated on the monomers indicating the electrostatic dominant nature of this interaction. Figure 4
shows that a similar situation stands for the C1 conﬁguration of CF2Cl2- H2O system. Therefore, the main
role in the formation of NF3-H2O complexes should
not be taken into account for hydrogen bonding
interactions.
As mentioned above, the strongest bond in CF2Cl2H2O system is O…C which occurs within C1 and its
strength is properly conﬁrmed by the large amounts of

both of qBCP and r2 qBCP in Table 3. In addition, these
data indicate that the value of the qBCP at the O…Cl
critical point in C1 complex is larger (twice) than that
of O…F in N1 complex, which shows a more crucial
role of halogen bond formation in the C1 complex
related to the N1 one. This can be assigned to the
bigger size of accessible r- holes of Cl related to the F
atom.65 Moreover, it can be seen that in none of the
two studied systems, F atoms participate in halogen
bonding. This is in line with the general observation
that F atoms usually do not form halogen bonds.66
The results of AIM in Table 3 illustrate that the
properties of the C-Cl bond did not change upon the
interaction between CF2Cl2 and H2O. This ﬁnding is
consistent with the lack of Cl fragments in the photodissociation of CF2Cl2 adsorbed on ice.45
The results of the partitioning of the interaction
energies trough NEDA analysis are reported in
Table 4. As can be seen, for the more stable complexes
in each system (N1 and N2 from NF3-H2O and C1 from
CF2Cl2-H2O), the electrostatic term is the more
attractive component and the charge transfer term is
placed at the second stage of importance. This is consistent with the fact that it has recently been shown that
the electrostatic and charge transfer terms play an
important role in the stabilization of the complexes
containing halogen and pnicogen bonds.14,15,67
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Table 4. Values of the NEDA components (kJ.mol-1) in the H2O-NF3 and H2O-CF2Cl2
systems.
Complex

Electrostatic

Charge transfer

Polarization

Exchange ? deformation

- 6.95
- 6.86
- 1.09

- 2.55
- 3.26
- 4.90

- 0.75
- 0.71
- 0.25

3.47
4.56
1.72

- 10.71

- 2.80

- 1.72

7.99

NF3-H2O
N1
N2
N3
CF2Cl2-H2O
C1

Table 5. The amounts and elements of charge transfer, dipole moment and HOMO-LUMO gap for interaction between
H2O and ﬂuorinated NF3 and CF2Cl2 species.
Complex
NF3-H2O
N1
N2
N3
CF2Cl2-H2O
C1

Orbitals

E(2) (kJ.mol-1)

CT |e|

Dipole
moment (D)

HOMO-LUMO
gap (eV)

NF3 ? H2O
NF3 ? H2O
NF3 ? H2O

LP(N) ? r*(O)
LP(N) ? r*(O)
LP(F) ? r*(O-H)

1.59
1.42
0.29

- 0.0023
- 0.0027
- 0.0024

2.56
2.11
2.61

14.78
14.79
14.89

H2O ? CF2Cl2

LP(O) ? r*(C-Cl)

4.94

0.0026

2.92

13.28

Don ? Acc

Our results also show that the role of the polarization term is trivial in the stabilization of complexes.
The relatively large exchange-deformation term of N3
and C1 conﬁgurations might be attributed to a nonlocalized positive electrostatic potential ﬁeld between
interacting atoms in N1 and the large size of the rhole of C atom in C1, respectively.

3.4 The electronic properties of the complexes
In order to determine the role of the charge transfer,
CT, a donor-acceptor analysis, using NBO scheme at
the MP2/aug-cc-pVDZ computational level, was
applied on the complexes and their amounts were
listed in Table 5. As the data in Table 5 illustrates, the
amounts of charge transfer (CT) and energy of secondorder perturbation (E(2)) of all conﬁgurations of both
systems are small. This can be mainly due to the
existence of highly electronegative atoms within the
interacting monomers which in turn led to strong
electrostatic interactions and the failure to transfer the
charge density from one to another.68–70
This situation is also consistent with the minor role
of charge transfer term in the interaction energy which
is given by the NEDA in Table 4. However, one can
see that amongst the studied conﬁgurations, C1 has the
maximum E(2) which along with a large electrostatic

term has led to the largest amount of SE. This also
conﬁrms that for this system, the second-order perturbation and charge transfer terms are not the most
important ones.
The values of the dipole moment of studied complexes are also listed in Table 5. Since the dipole
moments are causing long-range interactions between
monomers, it is important to understand to what extent
the formation of dimmers can affect the interaction
between complexes and surrounding water molecules.
At the MP2/aug-cc-pVDZ computational level, the
dipole moment of H2O, NF3 and CF2Cl2 molecules are
calculated as 2.01, 0.45 and 0.75 D, respectively.
Therefore, regarding the large amounts of the dipole
moment of almost all of the complexes of H2O-NF3
system and C1 complex of H2O-CF2Cl2 system, one
can expect the attraction of more water molecules to
these systems is possible. This means that the complexations which increase the dipole-dipole forces
may affect the interaction, reaction and even dissociation of other molecules like CO2, N2O46 and also
many other halogenated species present in the atmosphere. In general, considering its most important
atmospheric complexes should be valuable to determine the probability of the given interaction/reaction/
dissociation. For example, using halogen bonding, the
H2O-CF2Cl2 complex has a bit more interaction
energy method than that of CO2-CF2Cl2 at the
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CCSD(T).46 On this basis, the interaction, and consequently reaction/dissociation, of CF2Cl2 in the prior
case may happen easier than the later.
Moreover, it is important to note to what extent the
formation of dimmers can affect the reactivity or
chemical stability of NF3 and CF2Cl2 monomers. To
do this, the difference between the energies of HOMO
and LUMO of complexes are calculated at the MP2/
aug-cc-Pvdz level and the results are given in Table 5.
As can be seen, all complexes investigated in this
work are relatively highly stable. It should be noted
that at the same level of calculation, the HOMOLUMO gap of H2O, NF3 and CF2Cl2 molecules are
calculated as 14.81, 18.42 and 14.76 eV, respectively.
Therefore, in both studied systems, the energy gap due
to the formation of dimers is reduced and the effect is
more pronounced for the NF3-H2O system. Koopman’s approximation71 predicts increase the reactivity
of the complexes. If any of the NF3 or CF2Cl2 molecules interact with more than one molecule of H2O,
the question of the reduction of the energy gap would
be such that processes such as bond breaking, halogen
radical formation and ozone layer depletion would
occur. We notice at the end that, although no experimental data is presented here, the validity of the predictions could be established, as there are good
agreements between quantum chemical-based results
and experiments for the interaction between
species.72–76

4. Conclusions
We studied the properties of 1:1 complexes of H2O
with NF3 and CF2Cl2 molecules at different computational levels. The results show that the nature of
interactions in all complexes is accorded to the noncovalent bonding. For both H2O-NF3 and H2O-CF2Cl2
systems at all computation levels, the most
stable conﬁguration is an open-structure which is
stabled through non-hydrogen bond interactions.
Based on the results of NEDA, within the more
stable complex of each binary system, the electrostatic
term is the more attractive component of SE. The
results of AIM in accordance with the previous reports
indicate that the properties of the C-Cl bond did not
change upon the interaction between CF2Cl2 and H2O.
The results of NBO analysis show that the amounts of
CT and E(2) of all conﬁgurations of both systems are
small. The large amounts of the dipole moment of
almost all complexes of both H2O-NF3 and H2OCF2Cl2 systems show that attracting more water
molecules to these systems are possible. Finally,
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regarding the Koopman’s approximation in both
studied systems the reactivity of the moieties increased
upon complexation.
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