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Abstract 

 Halogen bonding (XB) is being extensively explored for its potential use in advanced materials 

and drug design. Despite a significant progress in describing this interaction by theoretical and 

experimental methods, the chemical nature remains somewhat elusive and, it seems to vary with 

selected system. In this work we present a detailed DFT analysis of three-center asymmetric halogen 

bond (XB) formed between dihalogen molecules and variously 4-substituted 1,2-dimethoxybenzene. 

The energy decomposition, orbital, and electron density analyses suggest that the contribution of 

electrostatic stabilization is comparable with that of non-electrostatic factors. Both terms increase 

parallel with increasing the negative charge of the electron donor molecule in our model systems. 

Depending on the orientation of the dihalogen molecules, this bifurcated interaction may be classified 

as ‘σ-hole – lone pair’ or ‘σ-hole – π’ halogen bonds. Arrangement of the XB investigated here 

deviates significantly from a recent IUPAC definition of XB and, in analogy to the hydrogen bonding, 

term bifurcated halogen bond (BXB) seems to be appropriate for this type of interaction. 

 
 
 
 
Graphical abstract 
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1 INTRODUCTION 
 Non-covalent interactions have been of a tremendous interest in both basic and applied research 

for many decades.1 In recent years, halogen bonding (XB) has drawn attention of many researchers 

because of its directionality and tunability.2–6 Diversity of halogenated biological molecules suggests 

that XBs might play an important role in cellular structures. This topic has recently been reviewed by 

Wilcken and coworkers.7 XBs are also widely used in supramolecular chemistry and crystal 

engineering for designing novel functional materials.8–14 

 XBs form as a result of anisotropic electron distribution of halogen atoms upon its bonding with 

electron-withdrawing moieties (-Z), which can be of either organic or inorganic nature. This 

arrangement results in a formation of specific region of positive electrostatic potential located at the 

outer tip of the halogen, sometimes called a σ-hole,5,15–20 whereas the electrostatic potential on the rest 

of atomic surface of the halogen remains negative. In special cases, when halogen is attached to 

strongest electron withdrawing moieties, its whole surface can be positive.21 In general, a single 

halogen atom can interact in some directions as an electron donor and in other directions as an electron 

acceptor. The angle formed between three atoms Z-X···B, where B is a Lewis base, should be close to 

180°. In contrast, the angle for Z-X···A arrangement, where A is a Lewis acid, should be around 120° 

(Figure 1).22 The σ-hole interactions have been investigated and visualized using the electrostatic 

potential maps,23,24 Laplacian of electron density,25,26 and natural orbital for chemical valence 

(NOCV).27 

 It has been found that the magnitude of the σ-hole depends not only on the electronegativity of 

the electron withdrawing substituent (Z) but also on its ability to accumulate electrons (charge 

capacity).23
 The anisotropy of the electrostatic potential originates in a depletion of electrons from the 

outer lobe of the p orbital of the halogen, which is involved in a covalent bonding with Z.18 

 

Figure 1: The electrostatic potential of BrF mapped on the molecular surface (isosurface of 0.001 a.u.) 
showing the σ-hole.18 Scale in atomic units. Halogen-containing compound Z-X can interact with both 
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the Lewis acid A – with the Z-X···A angle around 120° - or the Lewis base B – with the Z-X···B angle 
around 180°. 
  

In general, three factors determine the σ-hole presence or absence and its magnitude28: a) the 

electronegativity of the halogen atom, b) its polarizability, and c) the electron-withdrawing power and 

capacity of Z in Z-X molecule. It should be mentioned that the presence of a true positive region at the 

halogen-bond donor is not required as the charge density can be polarized in the interacting system 

resulting from the formation of regions of the charge depletion and charge accumulation on the XB 

donor and acceptor (a hole-lump interaction).29 

The nature of interaction responsible for the formation of XB is frequently assigned to be 

electrostatic with magnitude of electrostatic stabilization being dependent on the size of the σ-hole.3–

5,26,30–33 Besides, NBO analysis34 revealed that XB complexes have some charge transfer from the 

electron donor to the antibonding orbitals of halogenated electron acceptors.30,35 In addition, dispersion 

interaction, i.e. exchange-correlation, can be the dominant stabilizing factor in some cases.17,36,37 The 

similarity between the resonance assistance of guanine quartets with the halogenated analogues proved 

that the charge transfer is a significant contributor to the total interaction energy for XBs in these 

systems.38 The results reported by Riley and Hobza indicate that for the XB between fluorinated 

halomethane and formaldehyde the role of electrostatic interaction increases with the number of 

fluorine atoms attached to the halomethane.37 In spite of successful application of ab initio and DFT 

methods, classical empirical force-fields with partial charges localized on nuclei cannot account for the 

anisotropy of the electron distribution in XB systems. However, attempts for a more rigorous 

description of this phenomenon in molecular mechanics are under way.39–41 It is worth noting that the 

σ-hole bonding is not limited to halogens, in fact, elements from groups 14 to 16 can also participate in 

this type of interaction.42–46 

 

Figure 2: Three different arrangements of XB: a) two-center XB with single Lewis base as electron 
donor; b) bifurcated asymmetric XB where the distance to one Lewis base is shorter than to the other 
one; c) bifurcated symmetric XB where both XB distances are equal.  
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 Three possible arrangements of XB with one or two electron donors are shown in Figure 2. 

Most studies focused on the XB acceptors with a single electron-rich center (two-center XB); indeed, 

complexes with two electron-rich species (three-center XB) are relatively scarce.11,47,48 This might be 

due to the fact, that the bifurcated arrangement of the XBs appears to be disfavored in comparison with 

the two-center XBs.47 Thus, in the present paper we exploit the nature of bonding in complexes of 

dihalogen molecules BrF, BrCl, and ClF bound to two oxygen atoms (forming a three-center, bifurcated 

halogen bond - BXB) of ortho-dimethoxybenzene molecule variously substituted (electron 

donating/withdrawing moieties) at 4-position of the 1,2-dimethoxy benzene ring by DFT methods. 

Halogen bonding in our model systems is studied using a wide variety of orbital- and density-based 

probes to scrutinize the very nature of halogen bonds. We intentionally selected various approaches to 

realize if the picture of bonding remains the same in different perspectives from orbital- to density-

based approaches. 

 

2 METHODS 
 The geometry optimization was performed using Gaussian 09, Revision A.0249 program suite. 

Because of the extended number of model complexes the density functional theory was chosen for its 

balanced tradeoff between accuracy and computational cost. We selected M06-2X hybrid functional, 

developed by Truhlar and coworkers,50 for its superior performance compared with the “golden 

standard” CCSD(T) method in halogen-bonded complexes in terms of geometry and energy.51 Large 

def2-TZVPPD52 triple-ζ basis set equipped with two sets of polarization and diffusion functions was 

used for the description of all atoms. “Tight” convergence criteria were set during the optimization 

procedure. According to the Hessian matrix eigenvalues, all reported complexes were assigned to be 

true local minima on their potential energy surface. The interaction energies (∆Ε
Int) are reported as the 

differences between the electronic energies of complexes and their respective monomers in geometries 

as they appear in the complexes, Equation (1). 

 ΔE��� = E��	
��
�
� −�E	���	���		 (1) 

 

Therefore, the reported values do not include the deformation energies required to change the 

optimized monomers into their geometries in the complexes.  
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 NBO analysis34 was performed using NBO 3.153 as implemented in Gaussian 09 package. 

Electron deformation density (EDD) maps were produced using Gaussian 09 checkpoint files and a 

locally developed workflow.54,55 The procedure is based on subtraction of electron densities of the 

species of interest, Equation (2): 

 Δρ�r� = 	ρ�r� −�ρ��r�
�

 (2) 

 

ADF (version 2013.01c)56 suite of programs was used for performing the Energy 

Decomposition Analysis (EDA)57 and Natural Orbital for Chemical Valence (NOCV).58,59 TZ2P Slater 

type basis set was used to describe the electronic structure of complexes. The usual energy 

contributions for EDA that are of great interest to chemists are defined as follows, Equation (3): 

 ΔE��� = ΔE����� + ΔE������ + ΔE�� ���� (3) 

 

where ∆EInt is the total interaction energy, ∆EPauli is the Pauli repulsion (exchange-repulsion) term as 

defined in ADF package, ∆EElstat is the electrostatic term, and ∆EOrbital is the orbital contribution to the 

total energy. However, an alternative decomposition can be based on the contributions of physical 

factors in EDA, namely, electrostatic energy (∆EElstat + ∆ECoulomb), kinetic energy (∆EKin), and 

exchange-correlation (∆EXC). Here, we considered both approaches as implemented in ADF. 

 The Quantum Theory of “Atoms in Molecules”, QTAIM,60 analysis was carried out using 

AIMAll61 software on the wavefunctions produced during optimization (at M06-2X/def2-TZVPPD 

computational level). 

 

3 RESULTS AND DISCUSSION 
In this work complexes between three dihalogen molecules (ClF, BrF, and BrCl) and a wide range 

of 4-substituted 1,2-dimethoxy benzenes with various XB-acceptor properties were selected. In the 

studied complexes, always less electronegative atom of the dihalogen molecule interacts with electron 

donor, i.e., Cl in ClF and Br in BrF and BrCl molecules. Two methoxy groups of variously 4-

substituted 1,2-dimethoxybenzenes (see Figure 3) serve as electron donor sites; therefore, all the 

selected systems bear two non-equivalent methoxy groups (for R = H, two methoxy groups are 
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identical). The full list of substituents is as the following:  

I) Negatively charged: COO-, O-, PO3H
-, S-, SO2

-, SO3
- 

II) Neutral: Br, C2H3, CF3, CH3, CHO, Cl, CN, COOH, F, H, NH2, NO2, OCH3, OCHO, 

OH, SCH3, SH, SO2Cl, SO3H 

III)  Positively charged: CH2NH3
+, N(CH3)3

+, NH3
+, S(CH3)2

+ 

 
Figure 3: Schematic drawing of complexes studied in this work. R is the variable substituent, Om and 
Op represent the oxygens (methoxy groups) in meta- and para- positions (relative to R), respectively. 
X1-X2 is the XB donor molecule. The dashed lines depict the XBs.  

  

Two different geometries for each molecule were studied: first in which the dihalogen is closer to 

the oxygen atom in meta-position, and second in which dihalogen is closer to the oxygen atom in para-

position with respect to the substituent R. These complexes from now onwards will be referred to as m-

R or meta-R for X1-X2 closer to Om and p-R or para-R for X1-X2 closer to Op. With the single 

exception (m-SCH3···BrCl complex), minima were located on the potential energy surface for both 

geometries. 

 

3.1 Characterization of Complexes 

Electrostatic Potential and Polarizability of XB Acceptors 

 The XB has been described as highly directional interaction where the positive region 

representing the σ-hole points towards the most negative region of the XB acceptor.4,62 Studying the 

electrostatic potential maps shows that the most negative region in our selected model XB acceptors is 

located approximately in-between the two methoxy oxygens, Figure 4a. Therefore, from a simple 

electrostatic model one may expect a symmetric three-center XB to be formed, i.e., the two X···O 
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distances should be equal. However, our results as well as those published previously11,47,48 conclude 

that the asymmetric interaction is preferred and, the symmetric arrangement is a first-order saddle 

point. We rationalize this behavior by taking into account the polarizability in different directions.63 

Inducing a shift of electron density by a positive point charge (+ 0.5 a.u) placed roughly at the position 

where the halogen nucleus is expected to be located in the complex (in the plane of aromatic system, 3 

Å from both oxygens), we demonstrate the polarizability of different regions at the XB-acceptor site. 

The electron deformation density (EDD) map,54,55 ∆ρ, generated by subtracting the unperturbed 

electron density from the perturbed one is depicted in Figure 4b. The electron density increases most 

significantly at the connection between oxygens and the point charge. Clearly, the EDD map presented 

in Figure 4b resembles those calculated for the interaction of the XB acceptor with BrF molecule (see 

Section 3.4 for details). This indicates that the polarization effect can be responsible for the asymmetric 

behavior of the selected systems.   

 

Figure 4: a) Electrostatic potential (ESP) of 1,2-dimethoxybenzene (in a.u.). The region with the most 
negative ESP is indicated by arrow as well as the region with highest polarizability. b) EDD map 
generated by subtracting an unperturbed electron density from the electron density perturbed by a + 0.5 
a.u. point charge placed in the aromatic plane, 3 Å	from	the	methoxy	oxygens.	Blue	and	red	 lobes	
represent	regions	of	the	electron	concentration	and	electron	depletion	�isosurface	of	0.001	a.u.�,	
respectively.		
 

Geometry and Interaction Energy of Complexes 

The interaction energy for the chosen complexes varies in a relatively broad range, approximately 
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between -3.5 and -21.0 kcal.mol-1. The thermodynamic stabilities of the complexes with respect to the 

free XB donors follow the expected order of BrCl ≈ ClF < BrF. From the XB-acceptor point of view, 

the complexes were separated into three major groups according to the formal charge of the R 

substituent on benzene moiety. The weakest interaction was observed for the positively charged species 

(-3.5 to -5.0 kcal.mol-1) followed by the neutral ones (-5.0 to -9.0 kcal.mol-1) and the strongest 

interactions resulted upon substitution of benzene ring by the negatively charged groups (-9.0 to -21.0 

kcal.mol-1).  This is in line with a very recent data published by Syzgantseva and coworkers36 where the 

complexes with negatively charged electron donors showed one order of magnitude higher interaction 

energies than the neutral ones. 

In most cases the optimization resulted in such geometries that the distances between interacting 

halogen atom and the donor oxygens were smaller than the sum of the van der Waals (vdW) radii for 

these atoms (see Supporting Information, SI). The angles between the dihalogen molecules and the 

aromatic rings were measured as the angles between the X1–X2 bond and the aromatic plane (the values 

are listed in SI). Clearly, there is a wide range of X1–X2 orientations with respect to the aromatic ring 

from almost in-plane, for example, m-SO2Cl···BrF complex (angle of only 3.1°, see Figure 5a), up to 

almost perpendicular arrangement for m-NH3
+···BrCl complex (angle of 86.1°, see Figure 5b). For 

most of the complexes, both donor methoxy groups (methoxy carbons) remained approximately in 

plane with the aromatic ring. Our calculations show that multiple local minima can be found at least for 

some of the considered complexes, see Section 3.3 for examples. The potential energy surface is very 

flat as the barrier between the local minima is approximately 0.5 kcal.mol-1. It should be noted that for 

the same type of complexes the ∆EInt is slightly more negative for higher angle values. 
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Figure 5: Three selected examples of extreme geometries. a) m-SO2Cl···BrF complex, where the 
dihalogen molecule lies almost in the plane of aromatic ring. b) m-NH3

+···BrCl complex, where the 
dihalogen molecule is placed perpendicularly with respect to the aromatic plane. c) p-O-···BrF complex 
in which the bromine is bound only to the methoxy group (two-center XB) in para- position with 
respect to the substituent, where the methoxy group is turned out-of-the-plane of the aromatic ring 
already in the isolated XB acceptor. Distances are presented in Å. 
 
 BrF and ClF molecules form merely two-center XB complexes with O– substituted benzene 

derivatives in para- position (see Figure 5c). The reason behind this behavior is that the para- methoxy 

group is turned out-of-plane in the XB-acceptor and its lone pairs point to such direction that it would 

be energetically unfavorable for the dihalogen to form bifurcated XB bond. It is worth mentioning that 

these two complexes are among the most stable complexes studied in this work. The strength of the 

XBs is also pronounced in very short contacts between the interacting species, only 68 % of the sum of 

the vdW radii (strong XB) whereas for the other complexes the contacts are approximately 90% of the 

sum of vdW radii (medium to weak XB).62 

 At this point it should be emphasized, that the variations in interaction energies between meta- 

and para- complexes with the same XB-acceptor are generally very small. 

 

3.2 Quantum Theory of Atoms in Molecules (QTAIM) 

 Quantum Theory of “Atoms in Molecules”, QTAIM, introduced by Bader is one of the most 

widely used methods for analyzing the electron density in molecular and supramolecular systems. The 

central advantage of QTAIM is that it is intimately related to the physical observables, i.e., the electron 
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density and its derivatives.  

Line Critical Points
64
 (LCP) and Delocalization Indices (DI) between XB Donor and Acceptor Atoms 

 Properties of Line Critical Points (LCPs), or (3,-1) critical points, have been used extensively 

for assessing bonding properties. It should be recalled that there is no direct link between 

presence/absence of LCPs and chemical bond, however, LCP properties, besides other bonding 

descriptors, i.e. integration properties, may be used to characterize bonding pattern in a system.52 With 

a few exceptions, two LCPs were found between the XB donor halogen atom and the electron-donating 

oxygens (for example, see Figure 6). The selected quantities (electron density, Laplacian of the electron 

density, and the energy density) for these LCPs of all complexes are reported in Supporting Information 

along with the delocalization indices (DI) between the halogen and both oxygen atoms.  

 

Figure 6: m-SO2Cl···BrF complex showing all the line paths with LCPs and rings with Ring Critical 
Points (RCPs). 
 

The LCP electron densities are relatively small, usually around 0.02 and 0.01 a.u. for the shorter 

and longer X···O distances, respectively. The electron density at LCP is higher for the negatively 

charged substituents on the benzene moiety as compared with the neutral and positive substituents. For 

all three dihalogen molecules good linear correlations between the interaction energies and the sum of 

the electron densities calculated for the corresponding LCPs were found. These correlations are shown 

in Figure 7. 
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Figure 7: Left: Interaction energies versus electron densities of LCPs between the halogen and oxygen 
atoms. Right: Interaction energies versus delocalization indices between halogen and oxygen atoms. 
The linear regression functions along with R2 coefficients are given for each dataset. Green squares and 
blue triangles represent respective contributions from X-Om and X-Op contributions, red circles are the 
sums of these two contributions. 
 

The values of the Laplacian of the electron density at LCPs are small and positive. From the 

point of view of the orthodox QTAIM all interactions are closed shell. On the other hand, the energy 

density is small and negative for 15 negatively charged complexes and small and positive for the rest of 

systems; small values of the energy density at LCP is another sign of the closed shell interaction. 

 Delocalization index, DI, is an integration property, which is useful for characterizing the 

chemical bonds. DI can be defined between any pair of atoms, irrespective to the fact that (3, -1) CP is 

present or absent between that couple. In fact, the DI quantifies the extent of the electron exchange 

between any atomic pair that is a direct measure of covalence.65,66 Recent studies demonstrate that DI 

correlates well with contribution of the exchange-correlation energy within the framework of the theory 

of Interacting Quantum Atoms (IQA).67,68 
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Our QTAIM calculations show that the interaction energies correlate linearly with the sum of the 

delocalization indices between the halogen and the two oxygen atoms (Figure 7). As expected, the 

higher the degree of exchange, the stronger the halogen bond is. Although this linear correlation does 

not provide any clue about the magnitude of the contribution of exchange-correlation in binding energy, 

it implies that the contribution of this term is a constant part of the total binding energy. 

LCPs and DIs between Oxygens and Aromatic Carbons 

 Our studies suggest that XB interaction energies can be related to, or predicted from, the 

properties of oxygen-aromatic carbon bond (O–Carom) either. In fact, there is an interesting dependence 

between the XB binding energy and the electron density at the LCP of the O-Carom bond for the 

monomeric XB acceptor, see Figure 8. In addition, electron delocalization between this O-Carom atomic 

pair changes upon complexation. As shown in Figure 8, sum of O–Carom DIs (for isolated XB acceptor) 

can be related to the XB interaction energy.  

The sums of the electron densities for O–Carom LCPs are largest for the positively charged 

substituents and they decrease in parallel with decreasing the formal charge of the substituent. The 

same trend is observed for the sums of DIs. This can be rationalized by considering a donation of the 

electrons from the lone electron pairs of the oxygen atoms into the electron-poor benzene moiety once 

a positively charged substituent is attached to the ring. On the other hand, with an electron-donating 

substituent the electron-donation from the lone pairs of oxygen atoms in methoxy groups to the 

benzene moiety is less efficient. This leads to a lower electron density at the O-Carom LCP. 

Consequently, more electrons at the oxygen LPs are available for interaction with the dihalogen 

molecules. The numbers are also supported by the ∇2ρ(O-Carom), which are more negative for the 

positively charged complexes indicating higher charge concentration in between these nuclei (see 

Supporting Information).   
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Figure 8: Relations between – Left: the sum of the electron densities at O-Carom LCPs and the 
interaction energies for all optimized complexes. Right: sum of delocalization indices between O and 
Carom atoms versus the interaction energies. The electron densities and delocalization indices are 
extracted from calculations on the isolated XB acceptors. 
 

 

3.3 Energy Decomposition Analysis (EDA) 

 The interaction energies were calculated using geometries obtained from M06-2X/def2-

TZVPPD optimization. To unveil contributions of various factors in the interaction energy, EDA 

analysis69 (Ziegler-Rauk method)70 using M06-2X functional and TZ2P Slater-type basis set was 

performed by ADF package.56 Two XB-acceptor molecules from each group of complexes bearing 

negative, neutral, and positive substituents were selected (see Table S14 and S15) and two minima for 

each meta- and para- complex were considered. One with the dihalogen molecule oriented more ‘in 

plane’ and another with the dihalogen closer to the ‘perpendicular’ position. Only one local minimum 

was found for m-COO-···BrF, p-COO-···BrF, and m-N(CH3)3
+···BrF complexes. 

Individual contributions to the interaction energy (∆Ε
Int) coming from exchange-correlation 

(∆Ε
XC), kinetic (∆Ε

Kin), Coulomb (∆Ε
Coulomb), and electrostatic (∆Ε

Elstat) terms are summarized in Table 

S14. Inspecting the energy components by plotting the exchange-correlation contribution (∆Ε
XC) versus 

the sum of the electrostatic terms (∆Ε
Elstat + ∆Ε

Coulomb) in the interaction energy reveals an interesting 

Page 14 of 29Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

15 

trend. Based on Figure 9a (and Table S14), the main stabilizing factor for the weak halogen bonds 

(benzenes bearing electron-withdrawing groups) is the exchange-correlation term. However, for the 

strongly bonded complexes, the contribution of the electrostatic forces in the bonding increases 

dramatically and becomes the major factor in the interaction energy. It is important to highlight that 

there is a linear correlation between the contribution of exchange-correlation (∆Ε
XC) and that of 

electrostatic forces (∆Ε
Elstat + ∆Ε

Coulomb) in the interaction energy (see Figure 9a). 

  

 

Figure 9: Energy decomposition analysis of total M06-2X/TZ2P interaction energies for BrF 
complexes. a) Exchange-correlation stabilization energy against the sum of electrostatic and Coulomb 
part of interaction energy extracted from the EDA analysis. b) ∆Ε

Orbital against ∆Ε
Int for complexes with 

the orientation of BrF molecule closer to the perpendicular position (> 45°). 
 

García-Revilla and coworkers recently demonstrated71 that the exchange-correlation energy 

correlates with the internuclear distance and, with the interaction energy between the two atoms 

according to IQA analysis.67,68 Previously, EDA and QTAIM analyses results were shown to be 

inconsistent;72 however, in our case both approaches point to the same conclusion. Indeed, our results 

from the two independent methods, EDA and QTAIM (DIs, Section 3.2) suggest that the “electron 

sharing” contribution correlates linearly with the total XB interaction energy (Table S14). 

It should be noted that, based on the standard EDA decomposition scheme using Equation (3), 

orbital part (∆Ε
Orbital) counts for a constant portion of the total interaction energy in the systems with 
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orientation of the dihalogen closer to the ‘perpendicular’ position, > 45° (see Figure 9b). In addition, 

the orbital term increases in parallel with increasing the negative charge of the complex. However, 

contributions of individual terms in ∆Ε
Int somewhat vary with varying the angle between the dihalogen 

and the aromatic plane. To analyze electron redistribution and orbital interactions for these 

arrangements in a more detail, we resorted to the electron deformation density, ETS-NOCV, and NBO 

methods.  

3.4 Electron Deformation Density (EDD) 

 To obtain an insight towards the redistribution of electron density upon complexation, the EDD 

maps were generated for three selected BXB complexes: p-S(CH3)2
+···BrF, p-Br···BrF and p-SO2

-

···BrF (see Figure 10). Maps were obtained by subtracting the electron densities of the monomers in 

the geometry as they appear in the complexes from the electron density of the complex. 

In general, electron density is shifted towards the dihalogen molecule and the scale of the 

changes increase with the increase of the interaction energies. There is a significant decrease of 

electron density in the halogen region between Br and O accompanied by the charge concentration in 

the π-space of the halogen (the blue “toroidal” lobes around the bromine atom in Figure 10). In 

addition, it is clear that in all cases both donating oxygens supply electrons into the XB thus confirming 

the bifurcated nature of this interaction. p-S(CH3)2
+···BrF, for example, is an almost Cs symmetric 

complex where the Br···O distances are nearly identical and also the EDD lobes on both methoxy 

groups are very similar. The other two selected complexes are more asymmetric as the contributions of 

the two oxygens also are. This is consistent with the results of the QTAIM analysis (Section 3.2), where 

DI contributions of both methoxy groups, irrespective to the presence or absence of LCPs, have to be 

included in order to obtain linear dependencies. The total charge transfer, computed as the amount of 

negative charge transferred from electron donor to electron acceptor using natural atomic charges, was 

determined to increase from the positively charged complexes (0.002 e-) through the neutral ones 

(0.010-0.020 e-) to the negatively charged systems with typical values of 0.050-0.100 e-. 
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Figure 10: Visualization of electron deformation density (EDD; Blue: charge concentration, red: charge 
depletion; Isosurfaces at 0.001 a.u.). a) p-S(CH3)2

+···BrF, b) p-Br···BrF, c) p-SO2
-···BrF.  

 

 In addition, the NOCV analysis was performed to get a deeper understanding of the EDDs. 

Since the deformation of electron density is predominantly found in the bonding region, relatively 

small number of NOCVs will significantly contribute to the total EDD, whereas most of the orbitals do 

not participate in bonding. The largest contributions to ∆ρ, along with the orbitals which contribute to 

∆ρ1, are visualized in Figure S1 in the SI. The shapes of the orbitals φ-1 and φ1 indicate that they 

participate in σ-bonding. Only the ∆ρ1 significantly contributes to the total ∆ρ while all other channels 

are much smaller in magnitude (electron exchange between occupied and vacant orbitals, vk, smaller 

than 0.1). This is evident from the comparison of ∆ρ (Figure 10) and ∆ρ1 (Figure S1) where the shape 

of ∆ρ1 NOCV closely resembles the total ∆ρ in the bonding region. Prevailing red lobes at XB 

acceptors and blue lobes at XB donors indicate electron transfer towards dihalogen molecules. The 

eigenvalues vk increase from 0.11 for p-S(CH3)2
+···BrF (interaction energy -2.5 kcal.mol-1), to 0.16 for 

p-Br···BrF (interaction energy -4.0 kcal.mol-1), and up to 0.22 for p-SO2
-···BrF (interaction energy -6.5 

kcal.mol-1). 

 
3.5 Natural Bonding Orbitals (NBO)  

To unveil the contributions of the individual lone pairs of electrons (LPs) at the XB-acceptor 

oxygen atoms for various orientations of dihalogen molecule, natural bonding orbital (NBO) analysis 
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was employed. The second-order stabilization energy of interacting orbitals i and j is computed 

according to standard NBO approach by Equation (4):  

 E�2� = q�
F�i, j�@
ϵ� −	ϵB 

(4) 

 
where qi is the occupation number of Lewis-type orbital i, F(i, j) is the off-diagonal Fock matrix 

element, and εi-εj is the energy difference between the diagonal elements of the Fock matrix.   

 In the selected model systems one of the lone pairs on both Om and Op is delocalized on the 

aromatic ring (almost complete p-hybridization, further denoted as “LPπ”, Figure 11a) and contribute to 

its stability with the highest second-order perturbative estimate of approximately 35.0 to 40.0 kcal.mol-

1. In other words, it donates electrons into the π* of the C-C aromatic bond. The magnitude of this 

stabilization depends on the substituent R and increases in order of negative < neutral < positive, 

qualitatively supporting the data from the QTAIM analysis, where the highest electron density/DI was 

observed between the aromatic ring carbons and electron-donating oxygens following the same order 

(c.f. Figure 8). This value is decreased upon complexation and the LP on the oxygen atom closer to the 

halogen is affected more (by approximately 4.0 kcal.mol-1) than the other one (approximately 0.5 

kcal.mol-1).  

 The other LP of methoxy oxygen is oriented in plane of the aromatic system pointing outside 

the molecule and is referred to as “LPσ”. This NLMO (Figure 11b) has s:p ratio of approximately 2:3. 

 

Figure 11: Two NLMOs representing the lone pairs of electrons at Om in 1,2-dimethoxybenzene-CHO 
monomer: a) p-hybrid NLMO as extension of the delocalized π-system of the 6-membered ring; b) sp-
hybrid NLMO of the second LP on the same oxygen. c) LUMO of the BrF molecule. Isosurfaces at 
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0.02 a.u. 
 

The most important stabilization from the NBO point of view is the LPOxygen→LUMOdihalogen(σ*) 

interaction. It is clear that the contributions of respective LPs to the total interaction energy depend on 

the angle between the dihalogen molecule and the aromatic ring due to “LP-LUMO” overlap, c.f. 

Figure 11 and Figure 12. Whereas for the lower values of this angle (in-plane position) the main 

stabilization comes from the sp-hybridized LPσ, for the high values of the angle (perpendicular 

position) the stabilization from the p-hybridized LPπ orbital is more important. We suggest to denote 

the former as σ-hole···LPσ interaction and the latter as σ-hole···LPπ interaction. 

 

Figure 12: Left: p-OH···BrF complex where the dihalogen lies approximately in the aromatic plane. 
The highest stabilization (-4.7 kcal.mol-1) originates in the LPσ–LUMO interaction. Right: p-OH···BrF 
complex with approximately perpendicular arrangement of the dihalogen with respect to the aromatic 
plane. In this complex it is LPπ–LUMO interaction with highest second-order perturbative estimate (-
8.4 kcal.mol-1). It should be recalled that the total interaction energy is very similar in both cases (-8.4 
vs. -9.1 kcal.mol-1). The interacting lone pair of Op is depicted in wireframe, whereas LUMO of the 
dihalogen molecules is shown by solid surface. Isosurfaces at 0.02 a.u. 

 

It should be noted that in the system containing O- substituent, the conjugation of LPπ with the 

electron-rich aromatic part is very weak (less than 10.0 kcal.mol-1) allowing the rotation of the para-

methoxy group out of the aromatic plane (even for the isolated XB acceptor).73 This geometric 

arrangement enables the accumulation of electron density in the regions of the lone pairs and a stronger 

interaction with the halogen atom forming a standard, two-center XB (see Supporting Information). 
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4 CONCLUSIONS 

 In the present contribution we studied asymmetric bifurcated halogen bonds (BXB) between 

substituted dimethoxy-benzene donors and dihalogen molecules (FCl, FBr, and ClBr). Studying the 

relative energies of different conformers demonstrates that the potential energy surface for our model 

bifurcated halogen-bonded complexes is very shallow. Indeed, small energy differences between the 

local minima may provide a chance to form dynamic equilibria among various states in the systems. 

Asymmetry of the investigated three-center XB complexes can be assigned to the increased 

polarizability in the O-X direction as compared to the direction of the initially most negative ESP of the 

halogen-bond acceptor. Therefore, although one could expect the σ-hole to interact with both oxygens 

equally in symmetric acceptors, the presence of positive potential (σ-hole) induces changes in the 

electron density and the asymmetric arrangement is formed. However no direct link between the 

geometry (orientation of dihalogen relative to the plane of aromatic system) and properties of XB 

acceptor was observed. This can be due to the fact that multiple minima can be found at the PES. A grid 

search of the PES might be necessary to shed light on this issue.  

The nature of halogen bond in our model systems was studied by a vast number of methods 

including density-based as well as orbital-based methods. Our analyses suggest that the bifurcated 

halogen bonding (BXB) in current model systems benefit from both the electrostatic and exchange-

correlation components and their contributions increase with increasing the interaction energy. It is 

worth mentioning that the exchange-correlation contribution, that is a manifestation of covalency, is the 

dominant factor for stabilizing weak halogen bonds. QTAIM analysis demonstrates that the 

delocalization index, a measure of electron exchange between neighboring atoms, for halogen-oxygen 

pairs correlates linearly with the binding energy. This linear correlation suggests that electron sharing 

increases uniformly by increasing the binding energy. This qualitative assumption was confirmed by 

quantitative Energy Decomposition Analysis. However, the relative contributions of the energy 

components change by changing the nature of the electron donor, i.e. changing the substituents on the 

benzene moiety. The exchange-correlation is the major contributor in the binding energy in positively 

charged complexes, whereas the contribution of the electrostatic forces surpasses that of the exchange-

correlation and becomes the dominant factor in the complexes with negatively charged electron donors. 

The observations for the negatively charged systems can be rationalized by the less electron 

delocalization between the lone pairs of oxygens and π*-orbitals of the electron-rich aromatic ring 

Page 20 of 29Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

21 

resulting in a more favorable interaction of LP-lumps at electron-rich oxygens with σ-hole of the 

dihalogen molecule. NBO analysis showed that by changing the orientation of the dihalogen molecules 

with respect to the XB acceptor, the contribution of different lone pairs of oxygens into the halogen 

bonding changes. Accordingly, depending on the orientation of the dihalogen molecule, this bifurcated 

interaction may be classified as ‘σ-hole – lone pair’ or ‘σ-hole – π’ bonding where  σ-hole – LP 

denotes the interaction of XB donor with the lone pair oriented in the plane of the XB acceptor but σ-

hole – π refers to the out-of-plane orientation. 

 

Note added in revision 

During the revision of this manuscript, a paper covering a similar topic (interaction of symmetric 

nitrogen-based XB donors with chlorine, bromine, and iodine molecules) from topological QTAIM and 

Interacting Quantum Atoms perspective was published.74 The authors reported similar conclusions 

regarding the role of electrostatic and exchange in stabilizing the halogen bonds using a different 

approach.  
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