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Abstract 
In this study, ab initio calculations (MP2/aug-cc-pVDZ) were 
employed to investigate the interaction dynamics, properties, 
and structures between dihalogens (F₂, Cl₂, Br₂, FCl, FBr, ClBr) as 
Lewis acids and NCH as a Lewis base. Electrostatic potential 
(ESP) analysis was conducted to identify σ-holes on the 
dihalogen systems. ESP analysis confirmed the presence of σ-
holes on the dihalogens, with the following order of increasing 
magnitude: FBr > FCl > ClBr > Br₂ > Cl₂ > F₂. Interaction energies 
revealed that the FBr···NCH complex exhibited the strongest 
interaction, indicating its potential as a robust Lewis acid. NBO 
analysis demonstrated charge transfer from NCH to the 
dihalogen atoms, supporting the presence of significant 
noncovalent interactions. The wiberg bond index (WBI) values 
ranged from 0.00 to 0.10, reinforcing the noncovalent nature of 
the interactions. The nature and origin of the interactions were 
investigated using quantum theory of atoms in molecules 
(QTAIM) and noncovalent interaction (NCI) index analyses. 
These analyses confirmed a closed-shell character, indicating 
attractive forces within the studied complexes. 
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Öz 

Bu çalışmada, dihalojen (F₂, Cl₂, Br₂, FCl, FBr, ClBr) Lewis asitleri 
ile NCH Lewis bazı arasındaki etkileşim dinamiklerini, özelliklerini 
ve yapılarını araştırmak için ab initio hesaplamalar (MP2/aug-cc-
pVDZ) kullanılmıştır. Dihalojen sistemlerinde σ-hollerini 
belirlemek için elektrostatik potansiyel (ESP) analizi 
gerçekleştirilmiştir. ESP analizi, dihalojenlerde σ-hollerinin 
varlığını doğrulamış ve aşağıdaki artan büyüklük sıralamasını 
göstermiştir: FBr > FCl > ClBr > Br₂ > Cl₂ > F₂. Etkileşim enerjileri, 
FBr···NCH kompleksinin en kuvvetli etkileşimi sergilediğini ve 
bunun güçlü bir Lewis asidi olma potansiyelini gösterdiğini 
ortaya koymuştur. NBO analizi, NCH'den dihalojen atomlarına 
doğru yük transferini destekleyerek önemli nonkovalent 
etkileşimlerin varlığını göstermiştir. Wiberg bağ indeksi (WBI) 
değerleri 0.00 ile 0.10 arasında değişmiş, etkileşimlerin 
nonkovalent doğasını pekiştirmiştir. Etkileşimlerin doğasını ve 
kökenini moleküllerdeki atomların kuantum teorisi (QTAIM) ve 
noncovalent etkileşim (NCI) indeksi analizleri kullanılarak 
incelenmiştir. Bu analizler, incelenen kompleksler içinde çekici 
kuvvetlerin varlığını gösteren kapalı kabuk karakterini 
doğrulamıştır. 
 
Anahtar Kelimeler: Dihalojenler; NCH; Ab Initio Hesaplamaları; ESP; 
QTAIM; NCI 

  

 

1. Introduction 

Noncovalent interactions are gaining more attention 

due to their crucial roles across various domains, 

including crystal engineering (Gimeno et al. 2008, 

Munárriz et al. 2018), molecular recognition (Ariga et al. 

2012, Mazik 2009), chemical reactions (Riel et al. 2019, 

Choudhuri et al. 2020), adsorption (Malhotra et al. 2019), 

and biological functions (Stasyuk et al. 2017). Exploring  

the origins and characteristics of these interactions, as 

well as their influence on molecular system control, is 

viewed as a key milestone in contemporary chemistry. 

Among these interactions, σ-hole interactions stand out 

for their significance in ligand-acceptor relationships 

(Mani and Arunan 2014, Mahmoudi et al. 2016), self-

assembly processes (Zeng et al. 2020), and anion 

recognition (Lim and Beer 2018). 

The concept of the σ-hole was introduced by Politzer and 

others (Murray et al. 2012, Politzer et al. 2008, Murray et 

al. 2007) to explain halogen bonding (Clark et al. 2007).   

Since then, it has been broadened to include various 

noncovalent interactions involving elements from groups 

IV to VII. These interactions occur between electron-

deficient regions, or σ-holes, located around tetrel 

(Scheiner 2020, Scheiner 2021), pnicogen (Zhuo et al. 

2015, Bauzá et al. 2012, Alkorta et al. 2014), chalcogen 

(Guo et al. 2015, Varadwaj et al. 2019, Wang et al. 2009), 

and halogen atoms (Riley et al. 2011, Cavallo et al. 2016, 

Hauchecorne et al. 2010, Ibrahim et al. 2022). These σ-

holes can engage with nucleophiles such as π-systems 

(Ibrahim et al. 2021, Ibrahim et al. 2019), anions 

(McDowell and Joseph 2014, Clark and Heßelmann 2018), 

or radicals (Li et al. 2014). The σ-hole typically aligns with 
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the direction of the σ-bond and its size tends to correlate 

with the electronegativity of the donor atom as well as 

the nature of its covalent bonds with neighboring atoms 

(Hennemann et al. 2012, Politzer and Murray 2017). 

Additionally, the strength of σ-hole interactions tends to 

increase when the nucleophiles Lewis basicity is 

heightened (Politzer and Murray 2013). 

The halogen bond is a type of σ-hole interaction where 

the halogen acts as a Lewis acid, effectively functioning as 

an "electron acceptor" that attracts Lewis bases. This 

behavior may seem counterintuitive, given that halides 

typically carry a negative charge. However, the 

distribution of electron density around the halogen 

creates a σ-hole, allowing it to engage in bonding. The 

strength of the halogen bond is influenced by the angle 

between the D−X···A (D: Donor, X: Halogens, and A: 

Acceptor) components, with an optimal angle of 180°, 

which indicates a preference for a linear arrangement. 

This linear geometry is a defining characteristic of halogen 

bonding (Politzer et al. 2007, Clark et al. 2007, Politzer et 

al. 2010, Eskandari and Zariny 2010, Shields et al. 2010, 

Clark 2013). 

This study seeks to explore the characteristics of σ-hole 

interactions within the XY···NCH complex systems, where 

XY represents F₂, Cl₂, Br₂, FCl, FBr, and ClBr. A series of 

quantum mechanical calculations were performed, 

including geometrical optimization, electrostatic 

potential (ESP) maps, surface electrostatic potential 

extrema (Vs,max), interaction energy assessment, as well as 

analyses using natural bond orbital (NBO) and wiberg 

bond index (WBI) methods. To gain deeper insights, the 

quantum theory of atoms in molecules (QTAIM) and the 

noncovalent interaction (NCI) index were utilized to 

provide a topological analysis of the nature of the 

selected interactions. 

2. Materials and Methods 

All computations were conducted using Gaussian 09, 

employing the MP2 method and the aug-cc-pVDZ basis 

set (Frisch et al. 2009). The geometric minima of the 

complexes were confirmed by the absence of imaginary 

frequencies. The interaction energies have been 

addressed using the standard counterpoise correction 

(CP) method proposed by Boys and Bernardi for the 

correction of the basis set superposition error (BSSE) 

(Boys and Bernardi 1970). NBO analysis was conducted 

with Gaussian 09 to investigate orbital interactions 

between occupied and unoccupied orbitals, as well as to 

calculate the WBI (Glendening et al. 2001). Additional 

analyses, including ESP, QTAIM and NCI analyses were 

carried out using Multiwfn 3.8(dev) software (Lu and 

Chen 2012), with visualization performed through Visual 

Molecular Dynamics (VMD) software (Humphrey et al. 

1996). 

 

3. Results and Discussions 

3.1. ESP and Vs,max Calculations  

ESP analysis is a valuable approach for gaining both 

qualitative and quantitative insights into the nucleophilic 

and electrophilic characteristics of the chemical systems 

being examined. This approach allows for a deeper 

understanding of the interactions at play within these 

systems (Weiner et al. 1982, Murray and Politzer 2011). 

Figure 1 presents the molecular electrostatic potential 

maps for all analyzed systems, highlighting the values of 

the maximum electrostatic potential (Vs,max) at the σ-hole 

for the Lewis acids (LAs) F2, Cl2, Br2, FCl, FBr, and ClBr, as 

well as the minimum electrostatic potential (Vs,min) at the 

nitrogen atom of the nucleobase (NCH) Lewis base (LB).  

 

Figure 1. ESP maps of the investigated (a) XY LAs and (b) NCH LB 

molecules. ESP varies from -0.03 (blue) to 0.03 au (red). Values 

of Vs,min/Vs,max  are given in kcal/mol. 

The ESP maps shown in Figure 1 revealed a prominent 

blue region, indicative of negative ESP, located on the 

surface of the nitrogen atom in the examined LB. This 

observation underscores the potential for attractive 

interactions between the defined molecules and the LAs. 

Additionally, a red region, representing positive ESP, was 

observed opposite the σ-hole in the analyzed molecules. 

The magnitude of Vs,max at the σ-hole increased in the 

following order: FBr > FCl > ClBr > Br2 > Cl2 > F2, with 
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corresponding values of 56.81, 46.52, 37.91, 31.96, 28.64, 

and 15.18 kcal/mol, respectively. 

3.2. Geometric parameters and interaction energies 

Table 1 presents the principal geometric parameters and 

interaction energies for the systems under investigation, 

as determined using the MP2/aug-cc-pVDZ method, with 

corrections for basis set superposition error (BSSE) 

applied. 

Table 1. Selected geometric parameters (Y: F, Cl, Br) and 
interaction energies  

 R(Y···N) (Å) Eint (BSSE) (kcal/mol) 

F2···NCH 2.66238 -1.25 
FCl···NCH 2.60493 -4.94 
FBr···NCH 2.53563 -7.07 
Cl2···NCH 2.81119 -2.86 

ClBr···NCH 2.73808 -4.48 
Br2···NCH 2.79225 -3.67 

As indicated in Table 1, the complexes exhibited a 

propensity for noncovalent interactions, evidenced by 

their negative interaction energies (Eint(BSSE)). The 

interaction energies became increasingly negative as the  

σ-hole size increased, following the order: FBr > FCl > ClBr 

> Br2 > Cl2 > F2, with values of -7.07, -4.94, -4.48, -3.67, -

2.86, and -1.25 kcal/mol, respectively. The findings 

obtained in this study are in agreement with theoretical 

studies on similar σ-hole interactions reported in the 

literature. The conclusion that the FBr···NCH complex 

exhibits a strong interaction has also been similarly 

reported in a study published in the journal Molecules. In 

that study, the interaction energy of the FBr···NCH 

complex was calculated to be approximately –7.1 

kcal/mol, which is in close agreement with the energy 

calculated in the present study (Murray 2024). Notably, 

the highest negative interaction energy corresponded to 

the smallest Y···N distance among the studied complexes. 

The findings indicated a strong relationship between the 

size of the σ-hole and the Eint(BSSE), evidenced by a high 

correlation coefficient (R² = 0.9786), as illustrated in 

Figure 2.  

 
Figure 2. Linear relationship between Eint (BSSE) interaction 

energy and Vs,max 

 

3.3. NBO analysis    

NBO analysis is a powerful technique for exploring both 

intra- and intermolecular bonding as well as 

understanding charge transfer and conjugative 

interactions in molecular systems. This approach focuses 

on the interactions between donor and acceptor orbitals, 

incorporating stabilization energies derived from second-

order perturbation theory. By analyzing the second-order 

Fock matrix, one can assess the interactions between 

these donor and acceptor orbitals within the NBO 

framework. These interactions represent the 

redistribution of electron density from the localized NBOs 

of the Lewis structure to the vacant non-Lewis orbitals. 

The stabilization energy, E(2), associated with the 

delocalization between a donor orbital i and an acceptor 

orbital j is calculated using the following equation: 

𝐸(2)(𝑖 → 𝑗) =
𝑞𝑖∙𝐹𝑖𝑗

2

𝜖𝑗−𝜖𝑖
                                                              (1) 

where 𝑞𝑖  is the donor occupancy, 𝐹𝑖𝑗  is the Fock matrix 

element between the donor and acceptor, and 𝜖𝑗 and 𝜖𝑖  

are the orbital energies of the acceptor and donor, 

respectively (Reed et al. 1988). 

In the NBO analysis, the large E(2) values signified intense 

interactions between electron donors and acceptors. 

Specifically, all interactions considered in this study 

involve lone pair (LP) → σ*(X–Y) transitions, and the 

corresponding E(2) values associated with the nitrogen 

lone pair showed an increasing trend across all 

complexes. Higher E(2) values suggest more robust 

interactions between electron donors and improved 

conjugation throughout the system. As presented in Table 

2, the FBr···NCH complex exhibited an E(2) value of 19.26 

kcal/mol, indicating significant stabilization of the 

molecular structure. A comparative analysis of the E(2) 

values suggests that the stabilization order correlates 

positively with the interaction energy. 

Table 2. NBO parameters of all complexes 

 E(2) (kcal/mol) WBI 

F2···NCH 0.86 0.0047 
FCl···NCH 9.10 0.0432 
FBr···NCH 19.26 0.0868 
Cl2···NCH 3.40 0.0161 

ClBr···NCH 8.54 0.0357 
Br2···NCH 6.71 0.0281 

The WBI serves as a relative measure of bond strength 

between two atoms, providing insights into the nature of 

various noncovalent interactions, such as pnicogen and 

halogen bonds. The observed WBI values, which range 

from 0.00 to 0.10, further substantiate the noncovalent 

character of these interactions. As outlined in Table 2, the 

WBI values for all considered complexes are below 0.10, 
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reinforcing the conclusion that these complexes exhibit 

predominantly noncovalent interactions. 

3.4. QTAIM analysis   

QTAIM has proven to be a valuable tool for understanding 

interactions in molecular complexes (Bader 1985). In this 

study, QTAIM was employed to investigate σ-hole 

interactions by identifying bond critical points (BCPs) and 

bond paths (BPs). Within this framework, the nature of 

closed-shell interactions was assessed by analyzing 

several features associated with the BCPs, such as 

electron density (𝜌𝑏), the Laplacian of the electron density 

(∇2𝜌𝑏), and total energy density (𝐻𝑏). This approach 

facilitated a detailed examination of the interactions 

present in the system. Figure 3 illustrates the identified 

BCPs and BPs within the complexes under investigation. 

The values for 𝜌𝑏, ∇2𝜌𝑏, and 𝐻𝑏   related to the 

dihalogen···NCH complexes are presented in Table 3. 

 
Figure 3. Quantum theory of atoms in molecules (QTAIM) 

diagrams of the optimized studied complexes 

Table 3. Topological parameters, including the electron density 
(𝜌𝑏 (au)), Laplacian (∇2𝜌𝑏 (au)), and total energy density (𝐻𝑏 
(au)) at bond critical points (BCPs) of the optimized complexes 

 𝜌𝑏 𝛻2𝜌𝑏 𝐻𝑏 

F2···NCH 0.0115 0.0513 0.0015 

FCl···NCH 0.0228 0.0916 0.0028 

FBr···NCH 0.0309 0.1101 0.0013 

Cl2···NCH 0.0154 0.0602 0.0023 

ClBr···NCH 0.0210 0.0754 0.0020 

Br2···NCH 0.0191 0.0682 0.0020 

Analysis of the data in Table 3 revealed that all studied 

complexes exhibit positive values for 𝜌𝑏, ∇2𝜌𝑏, and 𝐻𝑏 , 

which indicate the closed-shell characteristics of the 

interactions examined. Similarly, in a study conducted by 

Ibrahim and Moussa (2020) on halogen–halogen 

complexes, QTAIM analysis revealed that the electron 

density, Laplacian, and total energy density at the bond 

critical points were all positive. These findings are 

consistent with the QTAIM results obtained for the 

complexes in the present study. Moreover, a robust 

correlation between the 𝜌𝑏 values and the interaction 

energy trends was observed, with a high coefficient of 

determination (R²) of 0.9909, as demonstrated in Figure 

4. This finding reinforces the closed-shell nature of the 

studied complexes.    

3.5. NCI analysis  

The noncovalent interaction-based reduced density 

gradient (NCI-RDG) index, which is based on noncovalent 

interactions, provides an important viewpoint on the 

nature of intermolecular interactions (Johnson et al. 

2010, Munárriz et al. 2018). This index relies on the 

electron density (𝜌) and its derivatives to analyze these 

interactions. For complexes formed between dihalogens 

and Lewis bases, two-dimensional plots were created that 

depict the reduced density gradient (RDG) versus the sign 

of the second derivative of the electron density 

(𝑠𝑖𝑔𝑛(𝜆2)𝜌). Additionally, three-dimensional NCI 

diagrams were generated to illustrate the isosurfaces of 

noncovalent interactions, as shown in Figures 5 and 6. 

 
Figure 4. Linear relationship between Eint (BSSE) interaction 

energy and 𝜌𝑏 electron density   

In Figure 5, the blue region, corresponding to the range -

0.05 < 𝑠𝑖𝑔𝑛(𝜆2)𝜌 < -0.03, indicates the presence of strong 

intermolecular interactions. Conversely, the green region,  

observed within the range -0.03 < 𝑠𝑖𝑔𝑛(𝜆2)𝜌 < 0.01, 

signifies weak intermolecular interactions, primarily 

highlighting van der Waals (vdW) interactions 

characterized by low electron densities. Values of  

𝑠𝑖𝑔𝑛(𝜆2)𝜌 greater than 0.01 are associated with steric 

effects. Notably, the FBr···NCH complex exhibits a larger 

negative peak, which may be interpreted as a more stable 

structural deviation within this system. 

As evident in Figure 6, a dark blue region was observed in 

the FBr···NCH complex, indicating an attractive 

interaction. In the resonance structures of certain 

complexes, the interaction is represented by a bicolored 

(blue/red curved) region, signifying a mixed interaction 

type involving both attraction and repulsion. Additionally, 

blue and red circles were identified in the FBr···NCH 

complex, indicating the presence of partially covalent 

bonds. Furthermore, green regions may indicate weak or 

transitional interaction zones and red regions 

representing strong steric effects are also visible in Figure 

6. 

 



 Ab Initio Investigation of Interactions Between Dihalogens and NCH Lewis Base, TUNÇ 

19 

 

Figure 5. 2D NCI plots of the dihalogens···NCH complexes 

 

Figure 6. 3D NCI plots of the dihalogens···NCH complexes 

4. Conclusions 

The ESP analysis, alongside geometrical, energetic, and 

advanced computational methods such as NBO, WBI, 

QTAIM, and NCI analyses, has provided a comprehensive 

understanding of the noncovalent interactions between 

the dihalogens LAs and the NCH LB in the examined 

complexes. The ESP maps revealed distinct regions of 

electrostatic potential, with a clear trend in the Vs,max 

correlating with the strength of interaction energies 

among the LAs. The results demonstrated that larger σ-

holes facilitate stronger interactions. This is evidenced by 

increasingly negative interaction energies, confirming a 

robust relationship between σ-hole size and interaction 

strength. 

The NBO analysis highlighted significant electron density 

transfer between the nitrogen atom of the LB and the 

σ*(X-Y) antibonding orbitals, particularly in the FBr···NCH 

complex, which exhibited the highest E(2) value and 

stabilization. The WBI values further emphasized the 

noncovalent nature of these interactions, remaining 

consistently low across all complexes. 

Moreover, the QTAIM analysis reinforced the closed-shell 

character of the interactions, with strong correlations 

observed between the electron density (𝜌𝑏) and 

interaction energy patterns. This closed-shell 

characteristic is essential for understanding the stability 

of these complexes. The NCI analysis provided additional 

insights into the intermolecular interactions. It 

distinguished between strong and weak interactions and 

highlighted the presence of steric effects in the FBr···NCH 

complex. 

Overall, this multifaceted analysis underscores the 

importance of electrostatic interactions in governing the 

behavior of Lewis acid-base complexes, with the results 

contributing valuable insights into their structural and 

energetic properties. These findings have implications for 

further studies in molecular interactions. They may 

inform the design of new chemical systems with tailored 

properties based on the observed noncovalent 

interactions. 
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