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Abstract 

A theoretical study of the XNO2 homodimers (X = F, Cl, Br and I) has been carried out by 

means of the Møller-Plesset (MP2) methodology. Twenty-two different minimum structures have 

been found, involving pnictogen, chalcogen and halogen bonds. MP2 interaction energies range 

between –0.4 to –17.5 kJ·mol–1. Atoms in Molecules (AIM) and Natural Bond Orbital (NBO) 

approaches have been used to analyse the nature of the interaction within both monomers, obtaining 

good correlations between Laplacian values and bond distances. NBO E(2) orbital interaction 

energies are found to be up to 39.0 kJ·mol–1. Charge transfer between monomers are in agreement 

with those in AIM and NBO findings, showing the highest charge transferred in those asymmetric 

dimers which involve pure halogen bonds. Symmetry Adapted Perturbation Theory (SAPT-DFT) 

results show that the interactions are driven by the dispersion term, followed by the electrostatic 

one. The induction term present the lowest contribution with the exception of complexes 1 and 5 of 

the iodine derivative in which Ei
(2) shows the maximum contribution to the total forces. 

 

 

Introduction 

Non-covalent interactions between molecules play an important role in supramolecular chemistry, 

molecular biology, and materials science.1 Among the weak interactions, hydrogen bond (HB) is 

without any doubt the most important. In recent years, a variety of new groups that can be involved 

in this interaction have been described. In fact, IUPAC has issued a new definition of HB in order to 
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categorize new information.2 These advances occurred concurrently with the discovery of new 

kinds of non-covalent interactions, such as halogen bonds,3 hydride bonds,4 tetrels5-7 or chalcogen-

chalcogen interactions.8-11   

 The term pnictogen or pnicogen interaction has been coined for those Lewis acid-Lewis base 

attractive contacts where the interacting moiety in the Lewis acid (electron acceptor) is a pnictogen 

atom (N, P and As).  

The possibility that pnictogen atoms act as Lewis acids has been known for several 

decades.12-15 However, it was not until 2011 when Scheiner et al.
16, 17 and Hey-Hawking18 

simultaneously opened up this area of research. This has attracted the attention of the scientific 

community to these interactions. Since then, a number of articles have been devoted to the study 

and characterization of these interactions.16, 17, 19-31 Much work has been performed in the field of 

pnictogen interactions,32-41 with special attention to the binding energies, structural parameters, 

NMR properties and coupling constants. 

The electrostatic nature of the pnictogen interactions has been rationalized based on the 

σ hole concept proposed by Politzer and Murray.42-44 The term σ hole refers to the electron-

deficient outer lobe of a p orbital involved in forming a covalent bond, especially when one of the 

atoms is highly electronegative. In those cases, when a region of positive electrostatic potential is 

perpendicular to a portion of a molecular framework, it is named as π-hole. The interaction of the 

nitrogen atom of the nitryl groups with electron donors can be simultaneously classified as an 

orthogonal and pnictogen interaction.45  

On the other hand, great interest has been shown in recent years towards the so-called 

reservoir compounds in the atmosphere and great effort has been devoted to understanding their 

molecular properties, isomerization processes and the role of the related formation reactions in 

stratospheric ozone depletion cycles.46, 47 Nitryl halides, XNO2, have been suggested to be examples 

of such reservoir species.48, 49 The potential interactions of the nitryl halides with NH3,
50 NCH and 

CNH51 molecules as electron donors in the σ- and π-hole regions have been previously studied with 

XNO2 and other nitryl derivatives.52 Experimental evidences of pnicogen interactions involving 

nitryl moieties have been recently reported by Roy et al.53
 In the present work, we have focused our 

attention on the nature of the non-covalent interactions found between a nitryl halides homodimers. 

Thus, the chemical groups attached to the nitryl moiety have been expanded along the halogen 

series, with F, Cl, Br and I atoms. 

 

Computational Details 

All the geometries of the complexes formed by two XNO2 (X = F, Cl, Br and I) monomers were 

fully optimized at second order Møller-Plesset perturbation theory (MP2) with the aug-cc-pVTZ 
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basis set.54, 55. For heavy atoms, I56 the aug-cc-pVTZ-PP pseudopotential basis set was used. 

Harmonic vibrational frequencies were computed at the same level used in order to verify that the 

structures obtained correspond to local minima. Single point calculations over the MP2 optimized 

geometry have been carried out at the CCSD(T)57/aug-cc-pVTZ computational level to obtain more 

accurate interaction energies.  The interaction energies, Eb, have been calculated as the difference of 

the total energy of the complex and the sum of the isolated monomers.They have been studied with 

and without corrections for the inherent basis set superposition error (BSSE) using the Boys-

Bernardi58, 59 counterpoise technique on the optimized geometry. Additionally, we have estimated 

the interaction energies at the basis set limit using the method of Helgaker et al.60, 61 from the 

calculated interaction energies with the aug-cc-pVDZ and aug-cc-pVTZ basis sets. All the 

calculations have been carried out with the Gaussian09 program.62 

The molecular electrostatic potential (MEP) of the isolated monomers have been calculated 

on the electron density isosurface of 0.001 au. This isosurface has been shown to resemble the van 

der Waals surface.63 These calculations have been carried out with the facilities of the Gaussian-09 

program and the numerical results depicted using the WFA program.64 Regions with negative MEP 

values are susceptible to interact with electron deficient moieties, such as HB donors, while positive 

regions can interact with electron rich areas. 

The bonding characteristics were analyzed by means of the atoms in molecules (AIM) 

theory.65, 66 For this purpose we have located the most relevant bond critical points (BCP), and 

evaluated the electron density at each of them, with the facilities of AIMALL programs.67 All the 

interactions were characterized by the formation of a BCP between the atoms involved that are 

connected by the corresponding bond paths. 

The Natural Bond Orbital (NBO) method68 has been employed to evaluate atomic charges 

using the NBO-3.1 program, included within the Gaussian-09 program, and to analyse charge-

transfer interactions between occupied and empty orbitals. 

 The SAPT (Symmetry Adapted Perturbation Theory)69 method allows for the decomposition 

of the interaction energy into different terms related to physically well-defined components, such as 

those arising from electrostatic, exchange, induction, and dispersion terms. The interaction energy 

can be expressed within the framework of the SAPT method as:  

 

Eint = Eel
(1) + Eexch

(1) + Ei
(2) + ED

(2)  (1) 

 

where Eel
(1) is the electrostatic interaction energy of the monomers each one with its unperturbed 

electron distribution; Eexch
(1) is the first-order exchange energy term; Ei

(2) denotes the second-order 

induction energy arising from the interaction of permanent multipoles with induced multipole 
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moments and charge-transfer contributions, plus the change in the repulsion energy induced by the 

deformation of the electronic clouds of the monomers; ED
(2) is the second-order dispersion energy, 

which is related to the instantaneous multipole-induced multipole moment interactions plus the 

second-order correction for coupling between the exchange repulsion and the dispersion 

interactions.  

The DFT-SAPT formulation has been used to investigate interaction energies. In this 

approach, the energies of interacting monomers are expressed in terms of orbital energies obtained 

from Kohn-Sham density functional theory.70, 71 In addition to the terms listed in eq. 1, a Hartree-

Fock correction term δ(HF), which takes into account higher-order induction and exchange 

corrections, has been included.72 The DFT-SAPT calculations have been performed using the 

PBE0/aug-cc-pVTZ/aug-cc-pVTZ-PP computational method.73 Asymptotic corrections for this 

functional have been considered using the experimental values of the ionization potentials for 

NO2F,74 and NO2Cl.75 In the remaining cases, the calculated values at the MP2/aug-cc-pVTZ 

computational values have been used. All these calculations have been carried out with the 

MOLPRO program.76 

 

Results and Discussion 

 

Monomers 

 

We have previously reported the structural data of XNO2 monomers with X = F, Cl, Br and I50, 52 

and shown that theoretical results are in good agreement with the experimental data found in 

literature. For comparison purposes the electronic characteristics of those monomers have been 

studied, especially their molecular electrostatic potential, MEP (Table 1). Maxima and minima 

values of the MEP on the electron density isosurface that resembles the van der Waals surface 

(vdW) identify those areas susceptible to nucleophilic (a' and b') and electrophilic (a, b, and c) 

attacks. 

 The representation of the MEP over the vdW surface in Figure 1 also shows the region 

associated with the halogen lone pairs, halogen σ-hole, and the maxima over the nitrogen atom, 

called π-hole.  

 As previously observed, the σ-hole (a') becomes deeper with the halogen size, while the 

opposite is true for the π-hole (b'). It is worth noting that nitryl fluoride does not have a σ-hole 

along the F-N axis, as was observed in previous studies.50, 52 Regarding the minima values of the 

MEP on the vdW isosurface, those associated with the halogen lone pair decrease with the size of X 
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atom. Two different electron lone pairs belonging to the oxygen atoms were located, the one closest 

to the halogen bond (b) and the furthest respect to the X (c). In the case of FNO2, minimum b was 

not found. Minima c also varies with the halogen atom considered, the larger the electronegativity, 

the less negative the MEP minimum value on c.  

 

Table 1. Molecular electrostatic potential (a.u.) on the 0.001 a.u. electron density isosurface at 

MP2/aug-cc-pVTZ level. Maxima along the X-N axis (σ-hole, a') and over the nitrogen atom (b'), 

minimum corresponding to X lone pairs (a) and two minima belonged to O lone pairs, close to the 

X atom (b) and further (c). 

 

 a' b' a b c 

NO2F –0.0162 0.0590 –0.0229 – 0.0027 

NO2Cl 0.0247 0.0490 –0.0085 –0.0154 –0.0062 

NO2Br 0.0346 0.0454 –0.0062 –0.0110 –0.0092 

NO2I 0.0494 0.0287 –0.0025 –0.0134 –0.0154 

 

 

  

                               F Cl 
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                           Br                            I 

 

Figure 1. Molecular electrostatic potential on the 0.001 a.u. electron density isosurface of NO2X (X 

= F, Cl, Br, and I) monomers. MEP values colour scheme: Red > 0.045 > Yellow > 0.019 > Green > 

0.00 Blue < 0.00. Maxima and minima values of MEP are represented by black and cyan dots, 

respectively. 

 

Homodimers 

 

A total of 22 different structures have been identified corresponding to homodimer complexes 

(Figure 2). They have been sorted according to the type of interaction involved and different 

configurations. In complex 1 halogen···halogen type I interactions77, 78 were found between both X 

atoms of both molecules. Complex 2 arises from pnictogen bond formation between halogen atom 

(donor) of one monomer and nitrogen atom (acceptor) of the other. In the case of fluorine, both 

monomers present approximately parallel disposition between their F-N molecular axes (dihedral F-

N-N-F = 158º), while the rest are slightly distorted with dihedral X-N-N-X angles of 125.7º, 121.7º, 

and 118.0º for chlorine, bromide and iodine derivatives respectively. Complex 3 was only found for 

Cl, Br and I and involved pnictogen interactions between X atoms and π-hole, O atom and π-hole, 

and chalcogen-chalcogen interactions between oxygen atoms. In complex 4, pure halogen bonds 

occur, but in this case, the oxygen atom acts as electron donor, instead of a halogen atom. As 

happened in complex 3, complex 4 was not found for fluorine derivative. Complex 5 corresponds to 

an interaction between both monomers in which both molecular planes (those which contain each 

molecule) are perpendicular. From this configuration arise different type of interactions, pnictogen 

X···N and chalcogen O···O common for fluorine and chlorine derivatives, while bromine and 

iodine complexes are unable to establish such connections and derivate into single halogen bonds. 
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The measure of the X···X-N angle in those complexes informs about the final disposition. Fluorine 

and chlorine dimers show X-X-N angles of 136.9 and 119.71º, while bromine and iodine ones are 

close to 180º (164.6 and 172.2 1 respectively). Finally, complex 6 corresponds to those structures in 

which pnictogen (O···N) and chalcogen (O···O) interactions are found simultaneously. For these 

complexes, it is worth noting that fluorine derivative corresponds to a minimum in the potential 

energy surface, while in chlorine, bromine and iodine complexes one small negative frequency has 

been found (–8, –10 and –14 cm–1, respectively). Those frequencies are associated to low 

vibrational modes, and every attempt to remove it led to complex 2.  

 

F Cl Br I 

 
   

Complex 1 

    

Complex 2 

- 

 
 

 

Complex 3 

- 

   

Complex 4 
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Complex 5 

    

Complex 6 

Figure 2. Molecular graphs of all compounds studied at MP2/aug-cc-pVTZ computational level. 
Green and red dots correspond to bond critical and ring critical points respectively.  

 
In order to analyze the interaction energies, two different methods have been selected, MP2 

and CCSD(T) both with the aug-cc-pVTZ basis set. Furthermore, the performance of the BSSE 

correction in intermolecular interactions has been explored as well. The basis set superposition 

effect (BSSE) is a simple concept, and its validity is almost universally accepted. However, recent 

studies suggest that for highly correlated methods such as MP2 and CCSD(T) with larger basis set, 

especially aug-cc-pVNZ (N=T,Q,5) ones, the validity of the counterpoise method used to evaluate 

the BSSE correction was questioned,79-81 and concluded that “that the counterpoise procedure is 

not justified with the use of the standard atom centered basis sets of quantum chemistry, since the 

basis set error (BSSE: difference of the energy with basis set limit value) will be larger for the 

dimer than for the atoms.” 80  

 We have explored the interaction energies from MP2 and CCSD(T), both with and without 

the BSSE correction obtained at their corresponding computational levels (Table S1). Firstly, it is 

observed that BSSE values does not vary significantly across the MP2 or CCSD(T) methods. This 

was expected since it depends on the geometry of the complex and both values are obtained over 

the MP2 optimized geometry. 

 The inclusion of the BSSE correction decreases dramatically the interaction energy 

compared with uncorrected ones. This is particularly relevant in “strong” interacting complexes 

such as complex 1 or 4 in which a strong halogen bond occurs, and more acute with the size of the 

halogen considered. More disturbing is the fact that the corrected Eb, both at MP2 and CCSD(T) 

levels, present oscillations in their values across the halogen series, as occurs in 1, 2 and 5, and do 

not experiment the gradual decrease associated with the electronegativity of the substituent 

Page 8 of 22New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 9 
 

observed previously.82 However, if the uncorrected Eb are considered, CCSD(T) values provides 

accurate interaction energies with no oscillations, as one should expected for this computational 

level.  In addition, interaction energies obtained at the basis set limit, CCSD(T)/CBS reveal similar 

values to those obtained at the CCSD(T)/aug-cc-pVTZ level, with slight variations for iodine 

derivatives. 

  In Table 2 the uncorrected interaction energies (Eb) at two different computational levels for 

all the complexes have been gathered. MP2 results tends to overestimate binding energies in 

comparison with the CCSD(T) results, with the exception of complex 4. However, both methods 

provide similar trends, as so do CCSDT/CBS results. Considering all the compounds, Eb ranges 

between –1.26 to –23.41 kJ·mol–1 according to MP2 results, CCSD(T) shows a narrower range of –

3.26 to –17.74 kJ·mol–1, and CCSD(T)/CBS –2.81 to –19.27 kJ·mol–1. Considering CCSD(T)/CBS 

interaction energies, the complex with the weakest interaction energy corresponds to complex 1, in 

which a halogen bond is found, involving both halogen atoms, one from each monomer, acting as a 

donor and acceptor simultaneously. On the other hand, the most strongly bound complex is that 

with iodine, complex 4, in which a halogen bond with oxygen acting as donor is found. 

 Focusing our attention to the specific energetic features within compounds belonging to the 

same family, MP2 results show that interaction energies evolve with the nature of the halogen 

considered, i.e. the interaction energy decreases with the electronegativity of X, except in 

complexes 2 in which an oscillation of the values is found. CCSD(T) results yields a picture similar 

to MP2, with an increase on the Ebwith the size of the halogen atom in all the cases. 

 Linear and polynomial correlations have been found between interaction energies and the 

values of the MEP on the vdW (Figure S1 in Supporting Information).  

 

Table 2. Interaction energies in kJ·mol–1 at MP2 [Eb(MP2)], CCSD(T)/aug-cc-pVTZ [Eb(CC)] and 

CCSD(T)/CBS [Eb(CBS)] computational level. 
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Atoms in Molecules theory has been used to evaluate the bonding characteristics found 

within complexes. Table 3 gathers the interatomic distances, electron density (ρ) at the bond critical 

point (BCP) and the Laplacian at the BCPs. The BCPs for all non-covalent interactions present 

small values of the electron density and positive Laplacian, indicating the closed shell 

characteristics of the weak interactions established between both moieties. Complex 1 shows a 

single halogen bond interaction, with electron density at BCP increasing with the size of the 

halogen atom considered. Complexes 2 present three different interactions according to AIM 

results. The first one, a X···N interaction, corresponding to the pnictogen interaction in which the 

halogen acts as a electron donor. The second is associated with an X···X interaction between 

halogens of each moiety. Finally, an O···O chalcogen interaction appears upon complexation in 

configuration 2. It is noteworthy that both interactions (X···X and O···O) are not found in fluorine 

derivatives. Similar type of interactions to those found in complex 2, have been found in complexes 

3. The existence of pnictogen (X···N) and chalcogen (O···O) interactions is confirmed by the 

presence of a BCP between the atoms involved. No X···X interaction has been found in complexes 

3, with the exception of (INO2)2 dimers. However, an additional pnictogen interaction is presented 

between the O atom (electron donor) and the N atom (electron acceptor). Values of ρ for those 

pnictogen interactions are slightly larger than those found in complex 2, and so are the Laplacians. 

Chalcogen contacts present similar values than those previously found in 2. Complex 4 shows a 

single halogen bond with O atom from one moiety donating into the X σ-hole of another. As occurs 

in complex 1, the density properties at the BCP vary with the nature of the halogen considered, 

System Sym Eb (MP2) Eb (CC) Eb (CBS) System Sym Eb (MP2) Eb (CC) Eb (CBS) 

Complex 1     Complex 4     

F D2d –1.26 –3.26 –2.80 F – – – – 

Cl C2 –7.26 –3.36 –3.08 Cl Cs –5.46 –7.01 –7.12 

Br C2h –12.77 –5.83 –6.10 Br Cs –9.05 –11.25 –11.76 

I C2h –20.88 –11.15 –14.16 I Cs –16.15 –17.74 –19.27 

Complex 2     Complex 5     

F Ci –21.84 –9.49 –7.63 F Cs –12.40 –10.45 –9.97 

Cl C1 –17.09 –10.64 –9.69 Cl Cs –15.09 –10.73 –10.18 

Br C1 –21.04 –15.32 –15.55 Br Cs –17.29 –11.28 –11.60 

I Ci –20.77 –15.89 –15.33 I Cs –23.41 –15.40 –17.50 

Complex 3     Complex 6     

F – – – – F C1 –8.16 –9.65 –9.48 

Cl C1 –15.82 –11.31 –10.47 Cl Cs –12.38 –11.44 –11.04 

Br C1 –20.46 –14.73 –14.70 Br Cs –15.45 –13.77 –13.85 

I C1 –21.59 –15.07 –14.91 I Cs –16.48 –14.33 –14.02 
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increasing with the size of X. Type 5 complexes present two different structures: FNO2 and ClNO2 

which show pnictogen X···N in addition to a bifurcated chalcogen interactions (the chlorine 

derivative also presents a halogen···halogen interaction), and BrNO2 and INO2 which, due to their 

steric impediment adopt a slightly rotated conformation respect to the formers, allowing only a 

halogen···halogen bond to be present. Finally, two different contacts have been found in complex 6, 

pnictogen O···N and chalcogen O···O ones. Electron density values at BCP and Laplacians in 

O···N remain almost constant, while in chalcogen interactions both values increases with the size of 

the halogen atom considered. 

 

Table 3. Interatomic distance (Å), electron density (ρ), Laplacian (∇2
ρ) (a.u.) at the bond critical 

point, at MP2/aug-cc-pVTZ computational level. 

 

 Dist. ρ ∇
2
ρ Dist. ρ ∇

2
ρ Dist. ρ ∇

2
ρ 

Complex 1    X···X      
F – – – 2.805 0.0054 0.0293 – – – 

Cl – – – 3.210 0.0102 0.0386 – – – 

Br – – – 3.204 0.0162 0.0446 – – – 

I – – – 3.313 0.0221 0.0418 – – – 

Complex 2 X···N   X···X   O···O   
F 2.705 0.0107 0.0546 – – – – – – 

Cl 3.273 0.0068 0.0289 3.679 0.0064 0.0221 3.040 0.0059 0.0241 
Br 3.397 0.0068 0.0266 3.858 0.0068 0.0207 3.020 0.0062 0.0252 
I 3.631 0.0061 0.0206 4.168 0.0066 0.0158 3.048 0.0059 0.0234 

Complex 3 X···N   O···N   O···O   
F – – – – – – – – – 

Cl 3.266 0.0073 0.0299 2.901 0.0077 0.0373 3.202 0.0045 0.0181 
Br 3.369 0.0074 0.0287 2.889 0.0081 0.0386 3.158 0.0049 0.0195 
I 4.285a 0.0055a 0.0139a 2.896 0.0081 0.0381 3.125 0.0053 0.0206 

Complex 4    O···X      
F – – – – – – – – – 

Cl – – – 3.074 0.0086 0.0347 – – – 

Br – – – 3.012 0.0120 0.0443 – – – 

I – – – 2.976 0.0164 0.0548 – – – 

Complex 5 X···N   X···X   O···O   
F 2.784 0.0087 0.0450 – – – 3.143 0.0050 0.0215 
Cl 3.286 0.0066 0.0282 3.648 0.0061 0.0219 3.059 0.0060 0.0255 
Br – – – 3.374 0.0132 0.0372 – – – 

I – – – 3.463 0.0182 0.0364 – – – 

Complex 6    O···N   O···O   
F – – – 2.904 0.0078 0.0381 3.248 0.0043 0.0180 
Cl – – – 2.902 0.0083 0.0388 3.158 0.0053 0.0210 
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Br – – – 2.892 0.0086 0.0399 3.123 0.0057 0.0228 
I – – – 2.927 0.0083 0.0371 3.108 0.0060 0.0234 

a These values corresponds to a I···I halogen bond. 

 

 Among the variety of interactions established within these complexes we have found 

exponential relationships between the Laplacian values at the BCP and the corresponding 

interatomic distance,  yO···O=3.346·e-1.614x; yX···N=0.727·e-0.978x, yX···X=1.340·e-1.079x (Fig. 3). These 

relationships are in agreement with previous reports showing similar tendencies with ρ and ∇2
ρ. in 

the same and in other weak interactions.9, 39, 52, 82-90 Unfortunately, no fair correlations between 

ρ and interatomic distance have been found.  

 

 

Figure 3. Exponential relationship between the value of the Laplacian at BCP (a.u.) and the 

interatomic distance (Å) for halogen (X···X), pnictogen (X···N) and chalcogen (O···O) 

interactions. 

 

 In order to achieve a visual description of the changes in the electron density upon 

complexation, electron density shifts (EDS) maps have been calculated and plotted in Figure 4. The 

yellow areas correspond to positive regions with an increase of electron density, while blue areas 

represent negative regions and therefore those areas with a loss of electron density upon 
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complexation. As observed in Figure 4 complexes 1 and 4 show relatively small positive (yellow) 

areas between the halogen atoms corresponding to X···X interactions. Complexes 2 show positive 

areas near the halogen atoms, especially in those pointing towards the nitrogen atom of the other 

molecules. This evidences the pnictogen interaction in which the halogen acts as donors. 

Complexes 3 present two main positive regions, one nearby to the halogen atom, corresponding to 

the pnictogen interaction (as occurs in complexes 2) and another one belonging to the oxygen atom 

which acts as donor in O···O interactions. In complexes 5 and 6, the yellow area showing an 

increment of the electron density upon complexation is located in the electron donor atom (halogen 

and oxygen respectively) towards the nitrogen atom of the other molecule. As happened in complex 

2 and 3, these EDS maps patterns are a clear indication of the pnictogen bond occurring in these 

complexes.  

 

 

 

Complex 1 Complex 2 

 

 

Complex 3 Complex 4 
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Complex 5 Complex 6 

Figure 4. Electron density shift for chlorine complexes (1 to 6) with an isosurface of 0.0005 a.u. 

 

 NBO analysis has been performed in order to provide an insight on the orbital interaction 

energies, E(2), in the complexes studied. NBO E(2) energies are presented  in Table 4, in which the 

donation from unit 1 to unit 2 has been reported. In those cases in which both units are not identical, 

donation from unit 2 to unit 1 have been also taken into account. For the sake of clarity, unit 1 

denotes the left hand molecule and unit 2 the right hand molecule shown in Figure 1 for each 

complex. Complex 1 E(2) energies show a donation from the Xlp to the σ*X-N antibonding orbital of 

the opposite molecule confirming the halogen bond, with an E(2) that increases with the atomic 

number of the X considered. Complex 2 present a single donation from the halogen lone pair to the 

π*N-O antibonding orbital, consistent with the pnictogen bond. However, while in AIM results 

chalcogen bonds were presents between O···O, NBO results only predict such interaction in the 

case of ClNO2. Three different donations can be observed in complex 3: a) donation from unit 1 O 

lone pairs into π*N-O (pnictogen interaction) which accounts for 3.00 kJ·mol–1 in all cases, b) 

chalcogen···chalcogen interaction, [E(2) between 2.2-3.3 kJ·mol–1] characterised by a donation from 

O(1) to O(2), and c) donations from electron lone pair of halogen atom into the π*N-O (pnictogen 

interaction) from unit 2 to 1, varying from 1.6 to 2.0 kJ·mol–1. Complex 4 present similar features 

than those in complex 1, with an increasing E(2) with the size of the halogen, corresponding to the 

donation of Olp→σ*X-N. In complex 5, a wide variety of interactions are observed depending on 

the halogen derivative considered. FNO2 and ClNO2 show pnictogen (Xlp→π*N-O) and chalcogen 

[O(1)lp→ O(2)lp] interactions with E(2) between 1.5-1.6 and 1.6-2.3 kJ·mol–1l respectively. 

However, BrNO2 and INO2 do not only present Xlp→π*N-O donation (not observed with AIM 

theory) from unit 1 to unit 2, but also a retro donation from the halogen atom (unit 2) into the σ*X-

N (unit 1). Finally, complex 6 shows Olp→σ*X-N and O(1)lp→ O(2)lp donations corresponding to 
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the pnictogen and chalcogen interactions. Those interactions present E(2) values between 1.5-2.8  

and 1.6-3.4 kJ·mol–1 respectively, and present fair correlations with the interaction energies (Figure 

S2 in Supporting Information) 

 

Table 4. Second order orbital interaction energies, E(2) in kJ·mol–1 at B3LYP/aug-cc-pVTZ 

computational level. 

System E(2) 

 unit 1→2 unit 2→1 

Complex 1 Xlp→σ*X-N    
F 0.4    
Cl 5.7    
Br 16.4    
I 39.1    
 unit 1→2   

Complex 2 Xlp→π*N-O  O(1)lp→ O(2)lp  
F 3.0    
Cl 1.6  2.5  
Br 1.8    
I 1.8    
 unit 1→2 unit 2→1 

Complex 3 Olp→π*N-O O(1)lp→ O(2)lp Xlp→π*N-O  
F – – –  
Cl 3.0 2.2 1.6  
Br 3.0 2.3 2.0  
I 2.9 3.3 1.9  
 unit 1→2  

Complex 4 Olp→σ*X-N    

F – –   
Cl 7.4    
Br 15.9    
I 29.3    
 unit 1→2 unit 2→1 

Complex 5 Xlp→π*N-O O(1)lp→ O(2)lp Xlp→σ*X-N O(2)lp→ O(1)lp 
F 1.6 2.3   
Cl 1.5 1.6 0.9 1.9 
Br 1.9  21.4  
I 1.8  55.2  
 unit 1→2 unit 2→1 

Complex 6 O(1)lp→π*N-O(2) O(1)lp→ O(2)lp   
F 1.5 2.3   
Cl 2.3 1.6   
Br 2.8 1.7   
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I 2.6 3.4   
 

 The changes in the atomic charges in each atom (net atomic charges) upon complexation and 

the total charge transfer have been evaluated by means of AIM and NBO methodologies. Total 

charges [Q(X)] belonging to each atom and charge differences [∆Q(X)] including charge transfer 

(QT) have been gathered in the supporting information (Table S1 and S2 respectively). Complexes 

1 and 2, which exhibit symmetrical interaction between both monomers, do not present charge 

transfer between them. However, halogen atoms show an increase in their net charge with the size 

of X in complex 1, while the opposite is true for complex 2. In complex 3, charge transfer from unit 

1 to unit 2 occurs (0.0022-0.0023 e) which is coherent with the NBO E(2) orbital interaction 

energies. Charge transferred in complex 4 varies with the electronegativity of the halogen atom 

considered, up to 0.03e, being more pronounced in INO2 dimers. Complex 5 presents two different 

transfers depending on the interaction involved: FNO2 and ClNO2 dimers have small charge transfer 

between monomers upon complexation (up to 0.0019 e in chlorine derivative), but in the case of 

BrNO2 and INO2 the charge transfer observed is much larger than the previous F and Cl 

derivatives.. This is in agreement with the type of interaction found and the AIM and NBO results. 

Finally, complex 6 shows a charger transfer ranging from 0.001 to 0.003e. Despite the amount of 

charge is smaller than in the halogen bonded complexes, its variation is similar F < Cl < Br <I. 

Finally, in order to evaluate the different terms of the interaction energy, SAPT-DFT 

calculations have been carried out. The SAPT-DFT energy terms (Tables 5 and S5) show that the 

dominant contributing factor to the total attractive forces is ED
(2), in almost all cases [with the 

exception of complex 2 with fluorine and complex 4 with iodine in which the electrostatic term, 

Eele
(1), accounts for 51% and 44%], closely followed by the dispersion one (42.1%). ED

(2) accounts 

for up to 71% of the total attractive forces, and exceptionally in complex 1 (F) it reaches up to 

97.7%. The Eele
(1) is the second most important attractive term, accounting for the 51-23% of the 

total attractive terms. Ei
(2) is the least important term with only 10 % of contribution. However, in 

complex 1 and 5(I), Ei
(2) overcomes the two other attractive terms, being 49.5% of the total 

contribution. The exchange term, Eex
(1), in all the complexes compensates the dispersion one, with 

the former larger than the latter. The Ei
(2) remains almost constant along the series, not being 

specifically sensitive to the halogen atom considered with the mentioned exceptions (complex 1 and 

5 for iodine derivatives).  

In complexes 1, the contribution of ED
(2) to the total attractive forces decreases with the size 

of the halogen considered, while the opposite is true for Eele
(1) and Ei

(2). Similar contribution trends 

have been also found in complexes 3, 4, 5 and 6, in which the main contributor to the attractive 

forces, dispersion term, decreases with the size of X, and simultaneously, the other two attractive 
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terms, electrostatic and induction increase. The fact that the dispersion term is dominant in halogen 

bonds has been previously described in the literature.91-93 However in complexes 6, induction term 

does not suffer an increase in its contribution, but a slightly decrease, in favor to the electrostatic 

one. Finally   complexes 2 show that while ED
(2)  increases its contribution from 42% to 60% , from 

fluorine to iodine derivatives, Eele
(1)  decreases drastically from 50% to 29% (from F to I).  

These results are consistent with the NBO ones showing that those complexes with long 

range interactions, which are mainly described by dispersion terms, correspond to small orbital-

orbital interactions. However those particular complexes involving halogen bonds show large NBO 

E(2) interaction energies, which in SAPT results show that the dominant term of the attractive forces 

corresponds to the electrostatic term. 

  

Table 5.  DFT-SAPT decomposition energy at PBE0/aug-cc-pVTZ/aug-cc-pVTZ-PP for all the 

complexes. 

 

System E(1)
el E(1)

ex E(2)
i E(2)

D δHF ∆EDFT-SAPT
 

Complex 1       
F 0.1 3.1 –0.1 –3.6 –0.3 –0.8 

Cl –4.1 14.6 –1.0 –9.9 –2.1 –2.6 
Br –11.9 36.6 –4.2 –16.4 –5.8 –1.7 
I –26.4 56.9 –51.1 –25.6 25.6 –20.7 

Complex 2       

F –21.2 28.0 –2.9 –17.6 –0.8 –14.7 
Cl –11.2 27.4 –1.4 –21.5 –0.9 –7.7 
Br –13.7 35.5 –1.4 –24.6 –1.1 –5.3 
I –12.6 33.0 –4.7 –25.9 1.9 –8.3 

Complex 3       
F – – – – – – 

Cl –8.2 23.4 –1.4 –19.6 –0.8 –6.6 
Br –11.1 31.5 –1.5 –23.0 –1.0 –5.1 
I –11.1 31.2 –4.1 –25.0 1.5 –7.4 

Complex 4       
F – – – – – – 

Cl –5.3 11.8 –0.5 –9.2 –1.3 –4.4 

Br       
I –23.5 36.1 –11.9 –18.4 1.7 –15.9 

Complex 5       
F –8.8 15.1 –0.9 –12.6 –0.5 –7.6 

Cl –9.5 21.9 –0.8 –17.8 –0.9 –7.1 
Br –17.0 39.2 –3.0 –19.9 –3.9 –4.6 
I –29.0 53.3 –38.5 –26.9 20.7 –20.6 

Complex 6       
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F –3.8 12.1 –0.9 –11.6 –0.3 –4.5 
Cl –7.8 18.3 –0.7 –15.3 –0.8 –6.4 
Br –10.4 23.9 –0.7 –17.4 –1.1 –5.6 
I –11.3 24.7 –1.1 –18.6 –1.0 –7.3 

 

 Conclusions 

 

A theoretical study of the interaction between XNO2 monomers (X = F, Cl, Br and I) has been 

carried out by means of MP2 and CCSD(T) methodologies. A total of 22 different homodimers (see 

Figure 2) have been found upon complexation. Those structures have been sorted into six different 

families of complexes, according to the nature and type of interaction within each complex. 

 Complexes 1 and 4 present single halogen-halogen bonds while complexes 2 and 3 show 

pnictogen interactions in addition to O···O interactions. In complexes 5 a different variety of 

interactions have been found, including pnictogen (X···N), halogen (X···X) and O···O interactions. 

Finally, complexes 6 present pnictogen interaction with O atoms as donors, and O···O contacts.   

 Interaction energies are in the range of non covalent interactions, between –1.26 to –23.41 

kJ·mol–1 with respect to the MP2/aug-cc-pVTZ method. CCSD(T) results present a slightly 

narrower range than MP2 of –3.26 to –17.74 kJ·mol–1. Those ranges of energies confirm the weak 

nature of the interaction found.  

 

Benchmark calculations have been carried out confirming that in this particular study, 

uncorrected CCSD(T) method provides more reliable interaction energies than BSSE corrected 

ones, consistent with which was found for another type of interactions in the literature. The 

influence of the different interactions is reflected in the interaction energy of each compound. Those 

complexes with larger number of interactions (complexes 2, 3, 5 and 6) present more negative 

interaction energies than those with a single halogen bond, with the only exception of complex 4 for 

iodine. In other words, the combination of pnicogen, chalcogen and halogen bonds results into 

stronger bonded complexes.  

 The characteristics of each interaction in the different types of complexes analysed by means 

of AIM reveals different type of interactions. In those complexes with only halogen bonds 

(complexes 1 and 4), Laplacian and electron density at the bond critical points varies with the size 

of halogen atom considered, but this is not observed in the rest of the complexes. Moreover, 

exponential relationships have been found between Laplacian values and interatomic distances for 

each type of interaction: halogen (R2 = 0.95), pnictogen (R2 = 0.98) and chalcogen (R2 = 0.87), 

which confirms the nature of the interactions found as non covalent ones. 
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 The NBO analysis showed that halogen bonds present the largest E(2) orbital interaction 

energies, ranging from 5.7 to 39.1 kJ·mol–1. Small donations from Olp and Xlp into the π*N-O 

antibonding orbital characterise pnictogen bonds with values up to 3.0 kJ·mol–1. Chalcogen 

interactions exhibit E(2) values similar to those in pnictogen interactions. Charge transfer between 

monomers indicates that complexes 5 present the largest charge transfer amongst all the complexes 

studied. Complexes with only halogen bonds (1 and 4) show larger values of E(2) than those with 

multiple simultaneous interactions (2, 3, 5, and 6) though the interaction energies indicate that the 

latter are stronger bonded . 

Finally, SAPT-DFT has been used to evaluate the different terms of the interaction energy 

finding that the most important attractive term in most cases corresponds to the dispersion, followed 

by the electrostatic one. Induction term remains almost constant, with the exception of complex 1 

and 5 for iodine derivative in which and Ei
(2) shows the maxima contribution to the total forces. 
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