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I. Introduction

Fundamental notions based on systematization and revision

of the ideas of various types of non-covalent interactions

play a key role in the design of functional materials with

preset properties. In particular, the notions `hydrogen bond'

(HB) and `halogen bond' (XB) are clearly defined 1, 2 and

serve as references in the characterization of interactions in

molecular complexes, biological systems 3 and crystal engi-

neering.4 ± 6 Nevertheless, at present researchers continue to

give new meaning to these notions and to discuss the filed of

their applicability. On the one hand, this is due to accumu-

lation of experimental data on the structures and properties

of new compounds with halogen bonds, which often possess

specific features of the molecular structure. On the other

hand, this is required for progress in novel theoretical

methods and approaches aimed to exactly describe and

develop the concepts of the properties of halogen bonds

and non-covalent interactions in condensed media.

A simple and comprehensive definition of halogen

bonding as non-covalent interaction in which the halogen

atom acts as acceptor of electron density was reported by

Metrangolo and Resnati 7 ± 9 and included in the IUPAC

nomenclature.2, 10 However, signs of meeting the condition

`halogen atom is an electron acceptor' for non-covalently

bonded atoms are specific to different methods and

approaches. Presently, considerable attention is paid to the

competition, or cooperativity effects, of multiple non-cova-

lent interactions that include at least one halogen bond.11

Correspondingly, this leads to increasing to increasing

interest in structural and electronic features of halogen

bonds resulting from these competition-driven effects. This

interest is driven by progress in new experimental methods

and theoretical approaches.

Initially, the properties of a halogen bond were

described from the geometry standpoint, as was for the

first time reported by Hassel.12, 13 An analysis of the

geometry parameters of halogen bonds in crystals immedi-

ately revealed regular elongations of the X7Y covalent

bond (X is a halogen atom) if Y is a halogen donor and a

correlation between this elongation and the shortening of

the internuclear distance D_X in the D_X7Y system,

where D is an electron donor. Geometric analysis also

underlies the appearance of so-called polar flattening, a
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characteristic feature of the specific interactions of halogens

(namely, a halogen atom in the crystal should be treated as

having a smaller radius along the covalent bond axis). This

model was proposed by Nyburg 14 ± 16 and then developed in

the studies 17 ± 19 based on systematic observations and

concerning the anisotropy of the statistical average values

of the distances between the atomic nucleus of a halogen

atom and all non-covalently bonded neighbours of this

atom in the crystal. An analysis of the effect of polar

flattening led to a recommendation to distinguish between

the effective radii of a halogen atom in two orthogonal

directions. At present, it is accepted that the effective radius

of a halogen atom along the extended C7X covalent bond

axis is smaller than that in the direction perpendicular to

this axis.20

Studies by Kitaigorodskii 21 and Zorkii 22 devoted to

systematization of halogen ± halogen interactions, to the

scatter of internuclear distances in crystals and to the

search for the reference contacts are basic to the develop-

ment and improvement of various scales of van der Waals

radii. In 1986, Sarma and Desiraju 23 tried to systematize

data on shortened Cl_Cl contacts and on the unit cell

parameters of chloroaromatic compounds. More recently,

these observations became a basis for the concept of

halogen bonds as elements of supramolecular synthons in

crystals, a key notion in crystal engineering, as was empha-

sized in Ref. 24.

Eventually, it was understood that the geometric

approach to the analysis of halogen bonds is insufficient to

explain the nature of the variety of these bonds. An analysis

of recent publications on the properties of halogen bonds

revealed two research avenues depending on the specific

features of the systems under study. One of them is aimed at

studying halogen bonds that are usually formed by two or

three molecules in complexes. The other is devoted to

investigations of the properties of multiple interactions in

crystals involving halogen atoms.25 ± 28 In the latter case,

researchers rely on their experience in describing different

types of interactions.20, 29 ± 32

It was found that the notion `halogen7halogen inter-

action', suitable for the description of non-covalent inter-

actions observed in crystals is not equivalent to the notion

`halogen bond'. Not each halogen ± halogen interaction

exhibits well-defined features of halogen bonds. The con-

clusion that not all halogen7halogen interactions in crys-

tals should be treated as halogen bonds was discussed in

detail by Metrangolo and Resnati.33 Even the title of their

article, `Type II Halogen_Halogen Contacts are Halogen

Bonds', states that it is Type II interactions of halogens 34, 35

that has some distinctive features. This was experimentally

confirmed in a study 36 in which the authors collected

information on differences between the physicochemical

properties (namely, elastic deformation) of materials based

on the compounds with halogen bonds and compounds with

van der Waals interactions between halogen atoms. Taking

co-crystals of dicarboxylic acids and 4-bromobenzamide as

examples, it was shown that their polymorphs are bonded

not only through hydrogen bonds, but also through Type I

Br_Br contacts (van der Waals interactions) or Type II

Br_Br contacts (halogen bonds).37

It should be noted that it is an analysis of atom ± atom

interactions in the crystal structures that revealed the

possibility of specifying a particular type of non-covalent

interactions corresponding to the new notion `halogen

bonding'. Nevertheless, the key generalizations underlying

the present-day specification of indicators of halogen bonds

are based on the results of ab initio calculations of the

electronic properties and energy characteristics of com-

plexes of small molecules. Structural modelling of dihalide

complexes is based on the studies by Legon,38, 39 who

collected vast experimental data on the geometry and

quadratic stretching force constants of halogen bonds and

on the fraction of transferred electrons obtained using

pulsed-nozzle Fourier transform microwave spectroscopy

in the gas phase. The force constants of halogen bonds (ks)

can be extracted from centrifugal distortion constants using

the Millen model,40 while the fraction of transferred elec-

trons (d) can be determined within the framework of the

Townes ±Dailey model of changes in the nuclear ± nuclear

quadrupole coupling constants in the reaction of complex

formation.41

The aim of this review is to analyze the studies published

in the last five years and mainly devoted to complexes with

halogen bonds accompanied by some alternative or secon-

dary interactions that are usually weaker than the main

interaction. The results reported in the earlier studies that

were mainly devoted to experimental methods of evaluation

of the strength of intermolecular interactions are summar-

ized in Ref. 42. Information on almost all known fields of

application of iodine-containing compounds and on exper-

imental methods of assessment of their physicochemical

properties is also available.43, 44 In this review, we will

analyze factors responsible for strengthening of halogen

bonds in the complexes in which these bonds co-exist with

other non-covalent interactions. Also, there is a need to

systematize the available information on the present-day

descriptors of halogen bonds and to establish which modern

methods and approaches give the most stable and clear

estimates of the strength of halogen bonds in the presence of

other non-covalent interactions.

Experience in modelling non-covalent interactions

showed that conclusions drawn for crystals are usually

based on the results of calculations of molecular dimers or

complexes. Meanwhile, an important role in the recent

research is played by analysis of specific features of the

distribution of the experimental and theoretical electron

density around halogen atoms in crystals. For instance,

experimental investigations of the electron density distribu-

tion in the presence of interactions involving chlorine atoms

were reported.45 ± 49 This approach is on the cutting edge of

research and may influence the concepts concerning the

nature and variety of halogen bonds.

II. Methods and approaches used in comparative
evaluation of halogen bonding

To date, parameters of single halogen bonds between small

organic molecules including dihalides X7X and X7Y have

been studied in quite detail. One can state that researchers

arrived at a consensus on the relative strength, direction-

ality and relatively high contribution of electrostatic inter-

action to the interaction energy. Taking dihalides as

examples, we will briefly outline main methods and

approaches that made it possible to specify the relative

position of halogen bonding among non-covalent interac-

tions. The data in Fig. 1 are not comprehensive, but can be

used to approximately assess the popularity and relevance

of the approaches that were used for comparative assess-
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ment of halogen bonds in the studies discussed in this

review.

Competition between halogen bonding and other types

of non-covalent interactions has been studied by two

research groups headed by Li 50 ± 53 and Alkorta.11, 54, 55

Researchers from both groups used a wide range of theo-

retical methods including three main approaches to quanti-

tative estimation of the energy parameters or electronic

properties of non-covalent interactions, namely, the natural

bond orbital (NBO) approach,56, 57 quantum theory of

atoms in molecules (QTAIM) 58, 59 and symmetry-adapted

perturbation theory (SAPT).60 ± 62

The NBO analysis manipulates parameters of localized

orbitals63, 64 and is traditionally used to describe the proper-

ties of charge-transfer complexes. Complexes with halogen

bonds and pronounced polarization of the electron distri-

bution of components were initially qualified as meeting

this definition that dates back to Mulliken,65 who consid-

ered so-called inner (N7X+_Y7) and outer (N_X7Y)

complexes. In the latter case, the N_X intermolecular

distances are longer than the covalent distances.

The QTAIM method 58, 59 applied to complex systems

makes it possible to specify the atomic basins bounded by

closed surfaces of zero flux in the electron density gradient.

Atom ± atom bonds are associated with the maximum elec-

tron density lines connecting particular pairs of atomic

nuclei, or so-called bond paths. If crystals and complexes

under study comprise a number of molecules, the QTAIM

approach enables a physically correct identification of

halogen bonds in the system by observing the bond path

between particular atoms and the corresponding critical

point in the electron density distribution (critical point of

a chemical bond). This method became an efficient tool for

identification of halogen bonds and other non-covalent

interactions co-existing with them.

The SAPT approach 60 ± 62 is an ab initio method based

on the Rayleigh ± SchroÈ dinger perturbation theory,66, 67

which is applied to the starting monomers with subsequent

imposition of correct permutation symmetry on the multi--

electron wave function of the complex. The SAPT Hamil-

tonian of a dimer has the form

H=FA+WA+FB+WB+V

where FA and FB are the Fock operators of the monomers A

and B, respectively; WA, WB and V are respectively the

perturbation operators which include the exchange-correla-

tion fluctuations in the monomers (WA, WB ) and intermo-

lecular interaction (V). A typical expression for the energy

of intermolecular interaction in the second order of pertur-

bation theory, which is used to describe molecular com-

plexes with halogen bonds, is as follows:

E SAPT
int � E SAPT0

int � E SAPT2
int

E SAPT0
int � E

�10�
pol � E

�10�
exch � E

�20�
ind � E

�20�
exchÿind� (1)

�E
�20�
disp � E

�20�
exchÿdisp

E SAPT2
int � E

�12�
pol � E

�11�
exch � E

�12�
exch � E

�22�
ind � E

�22�
exchÿind� (2)

�E
�21�
disp � E

�22�
disp

Particular terms in Eqns (1) and (2) can be associated

with traditional contributions to the energy of intermolec-

ular interaction, namely, electrostatic polarization and

exchange-dispersion components. However, the SAPT

gives a better detailing of the nature of various energy

components compared to conventional perturbation theory.

In particular, expression (1) includes the contributions of

electrostatic polarization E
�10�
pol and exchange-dispersion

interaction E
�10�
exch of the unperturbed molecules, as well as

the induction E
�20�
ind , exchange-induction E

�20�
exchÿind,

dispersion E
�20�
disp and exchange-dispersion E exchÿdisp contri-

butions in the first order of perturbation theory. In Eqn. (2),

components of the interaction energy correspond to the

second order of perturbation theory.

There are approaches combining the SAPT and density

functional theory (DFT) methods. Corresponding software

implementations are available, e.g., DFT-SAPT 68 and

SAPT(DFT).69 New aspects of the development of the

SAPT methodology including the search for new force fields

with inclusion of many-body interactions, etc. have been

reviewed.62

Among the functions that are successfully used to

illustrate the ability of molecular structures to form halogen

bonds, mention may be made of the molecular electrostatic

potential (MEP),70 ± 72 the electron localization function

(ELF),73, 74 the Laplacian of the electron density H2r(r)
(see Refs 58 and 75) and the one-electron potential

(OEP).76 All these functions are inappropriate for the

detection of a halogen bond; they are used for character-

ization of the identified halogen bonds.

The MEP at a point r depends on the electron density

r(r) and nuclear charges (Za)

j�r� � ÿ
�

r�r0�
jrÿ r0jdr

0 �
X
a

Za

jrÿ Raj

(it is assumed that MEP is zero at r??). The MEP

characterizes the energy of electrostatic interaction between

the molecular charge distribution and a unit positive infin-

itesimal charge located at the point r. In the vicinity of

atomic nucleus, the electrostatic potential of an atom or ion

N
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Figure 1. Usage frequency of different methods and approaches in
the studies published in 2008 ± 2013 and considered in this review.
N is the number of citations.
Method: NBO (1); QTAIM (1); SAPT (3); other schemes for
decomposition of Eint (4); charges, charge transfer (5); dipolar
polarization (6); MEP (7); and ELF (8). For notations, see text.
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reaches high positive values because of the influence of the

atomic nucleus. As the distance from the atomic nucleus

increases, the potential monotonically decreases. In neutral

atoms, the potential decreases faster than in cations because

the effect of atomic nucleus weakens with the distance due

to the shielding by electrons. However, the electrostatic

potential remains positive at any point. In anions, the

electrostatic potential becomes negative at a distance corre-

sponding to completely shielded atomic nucleus. Then it

decreases, reaches a minimum value, increases again and

approaches the abscissa axis (r) from the negative side.

An analysis of changes in the potential in atoms and ions

makes it possible to understand the specific features of the

MEP in molecules and to compare the specific features of

hydrogen bonding and halogen bonding.77 It was found

that in most molecules the potential around the fluorine

atoms characterized by the highest electronegativity

remains negative.78, 79 For chlorine, bromine and iodine

atoms, a region of positive potential values is formed

along the extension of the C7X covalent bond line. This

effect was named a s-hole in the MEP.71, 78 Plotting the

MEP values on the 0.001 a.u. electron density envelopes 80

(this is close to the surface specified by the van der Waals

radii of atoms) shows that the size of the s-hole in the MEP

increases with the polarizability of the halogen atom

(Fig. 2), being also dependent on the intramolecular elec-

tronic effects. The ability of halogen atoms to form both

halogen bonds and hydrogen bonds can be described in

terms of localization of the relative extrema of the potential

on the molecular surface (V S
min and V S

max). Thus, the MEP

clearly illustrates that halogen atoms can act as electron

acceptors along the extension of the covalent bond axis and

as electron donors in the direction perpendicular to this axis

(owing to negative values of the potential in the equatorial

`belt').

The Laplacian of the electron density, H2r(r), character-
izes the 3D curvature of the plot of the electron density

distribution in atoms with the distance from the atomic

nucleus. Depending on the ratio of the radial positive

curvature along the direction `from the nucleus' and the

curvature along the perpendicular directions, the function

H2r(r) will change its sign at points corresponding to

different electron shells in the atom. Alternating minima

and maxima of H2r(r) make it possible to localize the

electron density concentration [H2r(r)< 0] and the electron

density depleted [H2r(r)> 0] spatial regions. For molecules,

the function H2r(r) becomes anisotropic and local minima

of the Laplacian of the electron density in the valence shell,

which manifest themselves in the formation of a chemical

bond, can serve empirical indicators of localization of the

electron pairs. Unfortunately, the electron density concen-

tration regions H2r(r)< 0 of the outer electron shells do not

manifest themselves for atoms with Z>29 (Z is the atomic

number);81 therefore, it is appropriate to use some other

functions in order to localize the lone electron pairs in

molecules containing Br and I atoms. For halogen,82 the

problem can be eliminated using the OEP function 83

P�r� � H2r�r�
4r�r� ÿ

Hr�r�Hr�r�
8r2�r�

Negative regions of the OEP approximately correspond

to regions characterized by negative values of the Laplacian

of the electron density and to small positive values of the

local kinetic energy of electrons, which corresponds to

electron-rich regions. Alternation of regions with negative

and positive OEP values with the distance from the atomic

nucleus is due to the shell electronic structure of atoms.

In accordance with the Pauli exclusion principle (PEP),

each molecular orbital can be occupied by at most two

electrons with antiparallel spins. The corresponding limita-

tion imposed on the spatial distribution of electrons consists

in that the region of a molecule, occupied with paired

electrons, should be almost inaccessible to any other elec-

trons.84 ± 86 In the one-determinant approximation, the dis-

tribution of electron pairs is given by 87

Z�r� �
"
1�

�
Ds�r�
Dhs�r�

�2#ÿ1
(3)

where

Ds�r� �
X
i

jHji�r�j2 ÿ
�
Hrs�r�

�2
4rs�r�

Br Cl Cl F

High positive MEP values on the halogen atom High positive MEP values on the halogen atom

Low negative

MEP values around

the fluorine atom

Low negative

MEP values around

the fluorine atom

a b c d

Figure 2. MEP maps on 0.001 a.u. electron density isosurface of 1-bromo-4-chlorobenzene (a, b), chlorobenzene (c) and fluorobenzene
(d ).10 (a, b) V S

max(Br)= 62.8 kJ mol71, V S
max(Cl)= 33.5 kJ mol71; (c) V S

max(Cl)= 16.7 kJ mol71 (B3LYP/6-311**); (d ) no region of
positive MEP values around the fluorine atom.
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The function
P

i jHji�r�j2 is the doubled density of the

positively defined kinetic energy of electrons with the

spin s, calculated using the spin orbitals appearing in the

Slater determinant, i.e., with inclusion of the PEP. Would

the PEP be ignored, all N electrons in the system should

occupy the lowest-lying spin orbital

ji�r� �
���������
r�r�
N

r

Then, the kinetic energy density for electrons with the

spin s should be written as �Hrs�2=4rs. It follows that the

function Ds(r) characterizes the local increase in the kinetic

energy of electrons, originating from the PEP. The lower the

Ds(r) value (i.e., the lower the probability to find the second

electron with the spin s near the point r) the stronger the

confinement conditions for the given electron. In closed-

shell systems, the function Ds also characterizes the degree

of localization of electron pairs with antiparallel spins; all

other electron pairs will be removed from the region

surrounding the point r, where a given electron pair is

localized. Since in the general case the function Ds is

unbounded, a dimensionless scalar ELF is introduced in

the form of Eqn. (3) in which the term

Dhs�r� �
3 3

�������������������������������ÿ
6p2
�2 �rs�r��5q
5

describes the kinetic energy density of uniform electron gas

with the spins s.
The ELF values span the range 04Z4 1: in the spatial

regions characterized by Z ? 1, the kinetic energy of elec-

trons decreases and these regions can be associated with

localization of electron pairs; the case Z=1/2 corresponds

to completely delocalized electrons (uniform electron gas).

Nealry-zero Z values are characteristic of the regions sepa-

rating the electron pairs, where the local kinetic energy

density of electrons is high.

When studying halogen bonds in complexes and crys-

tals, it is important that corresponding indicators be clear

for both the entire system and its components and the

results obtained be confirmed experimentally. All functions

listed above meet these criteria. For instance, the organ-

ization principle of structure-forming intermolecular inter-

actions in Cl2 crystal 45 (namely, mutual orientation of the

peak ± hole regions of two neighbouring chlorine mole-

cules) is illustrated in Fig. 3 using the ELF function,

H2r(r) and OEP. These functions give mutually consistent

results obtained in both a high-precision X-ray diffraction

experiment and in calculations of an isolated dimer and a

3D crystal taking into account periodic boundary condi-

tions.

Thus, the extension of the covalent bond involving a

halogen atom at a distance of the order of a van der Waals

atomic radius is characterized by 82

Ð relatively high positive MEP values (s-hole effect);

Ð relatively low ELF values rapidly tending to a values

of 1/2 (low probability of localization of electron pairs);

Ð low positive values of the Laplacian of the electron

density (electron density depletion); and

Ð high positive regions of the OEP values (electron

depletion).

The values of these functions change in different manner

with distance from the atomic nucleus of the halogen along

the extension of the covalent bond and in the direction

perpendicular to the covalent bond axis. However, they

consistently characterize weaker shielding of the positively

charged nucleus of the halogen atom by the valence elec-

trons in the region that can be identified as a region of the

electron shell of the halogen atom, which ensures the

formation of a halogen bond with electron donors.

The wave functions, geometric parameters of complexes

with non-covalent interactions as well as their electronic

and energy parameters are mainly calculated at the second-

order level of Mùller ± Plesset perturbation theory 88 and by

the Kohn ± Sham method.89 A comparison 90 of parameters

a

Cl

Cl

Cl
Cl

b

Cl

Cl

Cl Cl

c

ClCl

Cl

Cl

Figure 3. The ELF (a), H2r(r) (b) and OEP (c) plots for Cl2 dimer.
(Taken from Ref. 45; improved).
3D plot of the ELF function (a); contour map of the Laplacian of
the electron density H2r(r), shown are the boundaries of atomic
basins, bond paths and bond critical points obtained from
MP2/aug-cc-pVTZ calculations (b); contour map of the OEP
function (c); solid lines confine the electron localization regions.
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of complexes of non-covalently interacting small molecules

with the reference geometries obtained from CCSD/aug-cc-

pVTZ calculations and the reference interaction energies

obtained from Ave-CCSD(T)/(QT) calculations 91 made it

possible to recommend a number of functionals that give a

�20% accuracy for energy calculations and a less than

0.045 �A root-mean-square deviation for distances. The

M06-2X hybrid functional gave the best results.92, 93 Meth-

ods involving empirical correction to dispersion interactions

also give good results.94 ± 98 Calculations of crystals with

this accuracy became possible only recently.99, 100

The results obtained at different levels of the density

functional theory were analyzed 101 in order to evaluate the

accuracy of reproduction of the geometry and interaction

energy in complexes with halogen bonds. Two functionals

with correction for dispersion interactions, namely, M06-

2X and oB97XD, were recommended. It was found that the

hydrogen bond lengths 102 and halogen bond lengths 101

calculated using the Grimme empirical dispersion correc-

tions 94 are often underestimated, which reduces the accu-

racy of calculations.

When calculating the geometry of complexes of small

molecules, good results can be obtained using Dunning's

extended basis sets,103 e.g., aVQZ or aVTZ+CP if halogen

bonds are studied.11 However, the results obtained for

halogen bonds involving iodine and astatine atoms deviate

from common trends. This is due to the need to use the

relativistic approximation for heavy atoms starting with

Z>20; as a rule, pseudopotentials are used to this end (see,

e.g., Ref. 104). For instance, the energy characteristics of

iodine atoms in the molecular structures with more light-

weight organogens were calculated in the aug-cc-pVxZ-PP

(x=D, T, Q) basis sets;105 ± 108 for the light atoms in these

structures it is more appropriate to use conventional basis

sets, aug-cc-pVxZ. This strategy is supported by the fact

that there are only a few high-quality, full-electron basis sets

(6-311G,109 ANO,110 pVTZ 111) and pseudopotentials

(LANL08,112) for the iodine atom.

Unfortunately, an analysis of the electron density within

the framework of the QTAIM approach using pseudopo-

tentials may introduce errors into the characteristics of

bonds at critical points because of discontinuity in the

region of joining the core (pseudopotential) atomic orbitals

with the `outer' one-electron functions.113 Here, a combined

approach is used, which involves additional calculations of

the electron density characteristics in Pople's full-electron

basis sets (see, e.g., Ref. 114).

In most cases, studies of systems with halogen bonds

using the methods listed above lead to mutually consistent

results and conclusions. However, mutual influence of their

components for systems with multiple interactions of differ-

ent nature is still difficult to assess. Contradictions reported

in such studies deserve special attention and will be consid-

ered below. But first of all we will compare halogen bonds

with other types of non-covalent interactions and discuss a

number of approaches suitable for solving this problem.

III. Halogen bond as compared with other types of
non-covalent interactions

Most often, halogen bonds are compared with hydrogen

bonds. An analogy between them is due to the similarity in

their properties, namely, stabilizing type of interaction

energy, geometric parameters and the relative shifts of the

wave numbers in the vibrational spectra.115 When determin-

ing which of the two interactions stabilizes the complex to

the greatest extent and thus dominates, the properties of

different complexes with the same atomic brutto composi-

tion and different configuration of covalent and non-cova-

lent bonding (Fig. 4) are compared.

For instance, a comparison of the interaction energies of

a series of hypohalous acids XOH (X=F, Cl, Br, I, At 54)

and a with those of the bases D_XOH and D_HOX

containing a carbonyl oxygen atom, thiocarbonyl sulfur

atom or nitrogen-containing molecules as electron donors

revealed that domination of the hydrogen bond over the

halogen bond reduces on going from fluorine to iodine. In

complexes of nitrogenous bases, the halogen bond domi-

nates over the hydrogen bond only for X=At. In the

formaldehyde complexes with hypohalous acids, predom-

inance of the hydrogen bond also becomes less pronounced

with increasing the atomic number of the halogen, viz.,

competition between the halogen bond and the hydrogen

bond begins at X= I.50 In compounds containing a thio-

carbonyl group, the halogen bond dominates starting with

X=Br.51

Thus, in complexes with the same atomic composition

and with isolated hydrogen or halogen bonds the halogen

a b

Halogen bond Hydrogen bond

Hydrogen bondHalogen bond

H

H
H

H

H

HH

O

H H H
H

HH

O

H

O
O

OO
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Cl

Cl

Cl

Cl

C C

Figure 4. Halogen bonds and hydrogen bonds in different-structure complexes of the same atomic composition.
NH3_ClOH and NH3_HOCl (a) and H2CO_ClOH and H2CO_HOCl (b).
(The plots are based on materials taken from Refs 50, 54 and 116).
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bond dominates over the hydrogen bond only if the halogen

used as electron acceptor is characterized by sufficiently

high polarizability.

A SAPT analysis of complexes H2C=S_XY

(XY=ClF, BrF, BrCl, Br2) showed 52 that the major

attractive contribution to the total interaction energy

comes from the electrostatic and induction components

and that the former dominates. For the set of compounds

studied in Ref. 52, the contribution of the induction energy

Eind was from 34% to 50% of the electrostatic energy and

the contribution of the dispersion energy Edisp varied from

26% to 37% of the electrostatic energy. These contributions

increase with increasing the electronegativity of the element

Y. However, stability of the O_Cl and O_Br halogen

bonds in weak complexes of halomethanes with formalde-

hyde H2C=O_XCH3 (see Ref. 116) is mainly determined

by the dispersion rather than electrostatic interactions.

However, it is widely accepted 11 that halogen bonds should

be mainly governed by electrostatic interactions. Never-

theless, the electrostatic component makes the major stabi-

lizing contribution only for O_I bonds. A study 117 of aryl

bromide complexes with acetone showed that the stronger

interactions O_Br in the bromine-substituted pyrimidine-

dione C4N2O2HBr have pronounced electrostatic character

compared to bromobenzene.

In complexes of halo-substituted ethers with water 118

the contribution of dispersion forces to the energy of very

weak halogen bonds O_Cl (to 3.145 �A long) is twice as

high as the electrostatic contribution, unlike hydrogen

bonds in these complexes. Dispersion interactions also

dominate in complexes of dimethyl ether with haloalkanes

at a O_Cl distance of 2.99 �A.119

Interactions in the complexes (CH3X)(HNC)(HCN)

(X=Cl, Br) with a very weak halogen bond and the

hydrogen bond N_Cl_H are mainly of dispersion charac-

ter. In these systems, the chlorine atom significantly devi-

ates from the line of the N:C bond. The contribution of

electrostatic component of the N_Cl halogen bond is

smaller than the contribution of the secondary interactions

N_C in the complex.120

Formamidine dimers and trimers as well as halogenated

formamidine analogues were considered in order to study

the interplay between the hydrogen bond and the N7X_N

(X=H, Cl, Br or I) halogen bond in cyclic systems.121 In

the dimers and trimers, the hydrogen bond is stronger than

the halogen bond (X=Cl, Br), the bond strengths being

almost equal for X= I. However, trimerization leads to

weakening of the hydrogen bond and causes the halogen

bond involving the iodine atom to strengthen to such an

extent that the N_I_N interaction in the trimer is best

described as symmetric one. Clearly, the stronger bonding

requires an optimum orientation of the N_I bonds relative

to the anisotropically distributed electron density of iodine

atoms, which occurs in the symmetric iodoformamide

trimer.

It is of interest to compare the halogen bonds and

pnicogen bonds (N_X and N_P, respectively), which

along with the chalcogen bonds (N_S) can be treated as

`re-discovered'.101 It is an analogy with halogen bonds that

gave researchers an impetus to look from a new angle at

these weak non-covalent interactions that are characterized

by strict directionality. In particular, the strengths of the

pnicogen, chalcogen and halogen bonds were com-

pared 53, 122 ± 126 and interplay between them was assessed

in terms of the contributions to the interaction energy

E SAPT
int . It was shown 53 that going from the pnicogen bond

to the halogen bond is accompanied by an abrupt increase

in electrostatic attraction in the order N_P, N_S, N_X

and that this attraction is compensated by rapidly increas-

ing exchange repulsion. The total interaction energies of the

complexes with these types of bonds increase upon intro-

ducing electronegative substituents into the electron

acceptor molecules.

The bond strengths in complexes of different functional

isomers having the same atomic composition are also

compared for so-called new types of halogen bonds. For

instance, the complexes F7Cl_P:CH and

F7Cl_C(H):P were used 127 to compare the stabilization

energies of the structures with the halogen bonds Cl_P and

Cl_C(sp) in terms of components of the SAPT-DFT

energies; the QTAIM, ELF and MEP methods as well as

analysis of changes in the calculated values of spin-spin

coupling constants were also used.128, 129 It was found that

the halogen bond involving the lone electron pair of

phosphorus atom is weaker than the bond involving carbon

atom in methynephosphine molecule, one of the first syn-

thetic structures with the triple bond C:P.130

Often, the influence of substitution in a particular frag-

ment of the complex on the strength of a halogen bond is

studied. For instance, halogen bonds become stronger and

more electrostatic in character upon replacement of hydro-

gen atoms by fluorine ones in the CHnF37n group of

electron acceptor molecules X7CHnF37n (n=2, 1, 0).116

Systems with allowed conjugation including molecules con-

taining acetylene fragments are particularly sensitive to the

influence of substitution. A study of the complexes

M7C:C7Br_N:C7M0 (M and M0=Li, Na) showed

that the halogen bond weakens if the alkali metal (M) is in

the halogen donor molecule and strengthens if the metal

atom (M0) is in the electron donor molecule.131

Thus, the most important general conclusion that can be

drawn from analysis of the physical sense of the energy

components determined using the SAPT approach is as

follows: the relative strengthening of halogen bonds is to a

great extent determined by strengthening of electrostatic

interactions (Eels). Earlier,72 it was reported that halogen

bonding should involve mutual polarization of components

of the complex 132 and dispersion interactions between the

components. It should also be noted that strengthening of

halogen bonds is usually accompanied by an increase in the

electrostatic and a decrease in the dispersion contribution to

the interaction energy. Here, secondary interactions in the

system under study may also play an important role. A

comparison of the energies of halogen bonds in different

systems showed that both the dispersion and electrostatic

contributions increase with increasing the atomic number

and, correspondingly, the polarizability of the halogen

atom, thus increasing the total interaction energy.

III.1. Halogen bond accompanied by other non-covalent
interactions
Alternative interactions in halogen-bonded structures can

be of different character, either dominating over the halo-

gen bond or being secondary in importance. Also, a syner-

gistic effect (mutual strengthening of, or cooperativity

between two types of interaction) may appear or weakening

of the halogen bond may occur. In the latter case, one can

expect that the complex with multiple interactions will be
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less stable than the complex in which the same molecules are

bonded by one halogen bond only.

Manifestation of the interplay between non-covalent

interactions in halogen-bonded complexes is often consid-

ered taking systems comprised of more than two molecules

as examples. A number of studies of the complexes in which

the same atom or different atoms from the same molecule

are involved in different-type interactions will be considered

below. Examples of combinations of non-covalent interac-

tions with the halogen bond are shown in the diagram

presented in Fig. 5. Possible situations include involvement

of different atoms of a molecule in different-type conjugated

interactions (II, III ) or simultaneous involvement of one

atom in the donor molecule (IV, V ) or the same halogen

atom in a number of intermolecular interactions (I, VI ).

Emphasize that here we leave interactions involving hyper-

valent halogen atoms (this is allowed for, e.g., iodine

atom 133) out of consideration.

Studies of the energy of non-covalent interactions in the

systems characterized by two or more types of bonding

require evaluation of the synergistic effect. Often,134 ± 138

conclusions whether or not co-existence of several bonds in

trimolecular or larger-size complexes leads to their mutual

strengthening are drawn based on analysis of the corre-

sponding energy effect.139 The energy change DE = DEcoop

(see Ref. 140) or DE=DEsyn (see Ref. 141) is evaluated by

subtracting the interaction energy for dimers from the total

interaction energy (DEtotal) in bimolecular, trimolecular, or

larger-size complexes. Conclusions on the synergism (coop-

erativity) are then made based on the sign and magnitude of

the contributions DE of each combination of non-covalent

interactions in the system.

Usually, the contributions of two-particle and three-

particle interactions to the total binding energy are esti-

mated based on so-called many-body interaction analysis

(MBIA). This methodology was for the first time used to

assess hydrogen bonding in ice polymorphs;142 it is based on

the following relations:

DE17273=DE123 7DE1727DE1737DE273

DEtotal=DE172+DE173+DE273+DE17273+Er

The three-particle contributions, DE17273, are calcu-

lated as differences between the total interaction energy of

the complex and the interaction energies of each pair of

monomers provided that the geometries of the monomers

remain the same as those in the complex. The total relaxa-

tion energy is defined as the energy difference between the

monomers with the optimimzed and fixed geometries. The

total interaction energy of the triad equals the sum of the

relaxation energies (Er) and the energies of the pair and

triple interactions. This approach requires correction of the

basis set superposition error (BSSE).143 Possible extended

schemes of such a correction are available.144

A review 11 by Alkorta et al. mainly concerns theoretical

studies of the cooperativity of multiple interactions and

considers all fifteen possible combinations formed by five

types of non-covalent interactions, viz., hydrogen bonds,

hydride bonds (hB), hydrogen ± hydrogen bonds H_H

(DHB), halogen bonds and interactions between ions and

the aromatic ring p-system (ion ± p interactions). The clas-

sification and examples of combinations of the five types of

interaction are visualized in the form of a square matrix.

Each matrix element presents an example of the co-exis-

tence of two types of non-covalent interactions. In the text

below we present a row from this matrix, which illustrates

possible combinations of different-type non-covalent inter-

actions with the halogen bond. Emphasize that no examples

of the co-existence of (i) two hydride bonds, (ii) a hydride

bond and a hydrogen ± hydrogen bond and (iii) two hydro-

gen ± hydrogen bonds in the same complex have been

reported so far.11 As far as we know, examples of combina-

tions of the halogen bond with (iv) the hydride bond and (v)

hydrogen ± hydrogen bond are also unknown. Note that the

properties of the hydride ± halogen interactions occurring in

the same fragment Rd+7Hd7_X7R (X is a halogen

atom) are well known; they were summarized and compre-

hensively described in the literature.145, 146

Hydrogen Hydride Hydrogen ± Halogen Ion ±p-inter-
bond bond hydrogen bond actions

bond

XB7HB XB7hB XB7DHB XB7XB XB± ion ± p

A number of examples with theoretically estimated

synergistic effects of interactions involving the halogen

bond (XB7HB; XB7XB; XB7ion ± p) is given. Among a

vast variety of examples of the co-existence of the halogen

bond with other types of interaction, the synergistic effect is

more often observed for the XB7HB combination. Con-

trary to this, the XB7ion ± p interactions can mutually

weaken one another without stabilizing the complex.

The cooperativity effects in complexes are mainly

studied in relation to diatomic molecules XY (X, Y=F,

Cl, Br, I). If the best polarizable halogen atom X is bonded

to an electron donor, while the Y atom is involved in the

hydrogen bond as electron donor (Fig. 6), a synergistic

effect will be observed.52, 140, 147 ± 149

Common
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Figure 5. Main types of combinations of halogen bonds with
other types of noncovalent interactions in bi- and trimolecular
complexes.
For I ±VI, see text; XB is halogen bond, HB is hydrogen bond, PB
is pnicogen bond, D is electron donor and X is halogen atom.
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The isosurfaces of the difference electron density

obtained by subtracting the electron density on the mono-

mers with the geometry `as in the complex F3CCl_
NCH_NCH' from the electron density on the complex

are shown in Fig. 7. The isosurfaces exhibit alternation of

the electron density accumulation and depletion regions

upon complexation with the synergistic effect of the halogen

and hydrogen bonds.149 In such systems, the hydrogen bond

and halogen bond strengthen each other, the influence of

the former on the latter being somewhat more evident than

vice versa. It was concluded 150 that the stronger non-

covalent interaction influences the weaker one. Indeed,

even if the halogen bond is on the periphery of the complex

and the central molecule simultaneously acts as both elec-

tron and proton donor as in, e.g., NCH, CNH and FH2P,

the synergistic effect will be observed for both halogen

bonds and hydrogen bonds 148, 149 (Fig. 8).

A similar effect was also disclosed in the assessment of

synergism between the halogen and pnicogen bonds.53 This

extends the range of possible situations to combinations of

the halogen bond with the pnicogen or chalcogen

bonds.122 ± 125

Synergism between the pnicogen and halogen bonds in

the complexes YCl_FH2P_NH3 (Y=F, CCF, OH, CN,

NC) was studied;53 the greatest stabilization of the com-

plexes was observed when the pnicogen bond P_N

strengthened in the presence of the halogen bond F_Cl

(Fig. 9).

According to results of SAPT analysis, each component

of the interaction energy contributes to the mutual strength-

ening of the halogen and pnicogen bonds, but stabilization

1.999�A
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Figure 6. Synergistic effect of the halogen and hydrogen bonds in
complex FCl_HNC_BrCl.
(Plotted using data from Ref. 149).
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Figure 7. Difference electron density isosurfaces at �0.0005 a.u.
illustrating electron density accumulation (solid arrows) and deple-
tion (dashed arrows) in the formation of interactions in the
complex F3CCl_NCH_NCH. (The plot was taken from
Ref. 137; adapted).
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of the complex mainly occurs through the electrostatic

component. The competitive ability of the pnicogen and

halogen bonds may be influenced by the Y substituents, in

particular, the P7F covalent bond.126

Interesting effects are observed in cyclic systems where

additional bonding involves a centre that is immediately

adjacent to the halogen atom and participates along with

that atom in the electron density delocalization. In such

systems, not only atoms or chemical bonds, but also s-holes
and p-holes (local regions of increased positive electrostatic

potential values on the van der Waals surfaces of molecules)

can be involved in conjgation.151 Unlike s-holes, p-holes
correspond to high electrostatic potential regions localized

orthogonally to the plane of sp2-hybridized orbitals

(Fig. 10).152

Synergism in the systems H3N_NO2X_NH3 (X=Cl,

Br, I) was studied from the standpoint of competition

between two electron-rich reaction centres in the NO2X

molecules.151 In different configurations of these complexes,

bonding involves s-hole and p-hole interactions because

these features are pronounced in the NO2X molecules. It

was found that the N_X halogen bond weakens when the

lone electron pairs of NH3 molecules interact with both the

s-hole of the halogen atom and the p-hole of the NO2X

molecule. Also, the interaction LP(NH3)?s-hole (LP is the

lone electron pair) on the halogen atom (Fig. 11 a) is

stronger than an analogous interaction LP(H3N)? p-hole
on the nitrogen atom in the NO2 group. Synergistic effect of

two interactions in the complex appears if the

LP(H3N)? p-hole interaction is replaced by the

H2N7H_X hydrogen bond (Fig. 11 b), i.e., if charge

transfer is organized in a circular manner, from donors to

acceptors. The configurations shown in Fig. 11 b and c

differ in that in the former case the halogen atom simulta-

neously acts as electron donor and acceptor; in this case, the

greatest stabilization of the complex is achieved (except the

case X=Cl).

Structures containing halogen and hydrogen atoms that

act as electron density acceptors, being simultaneously

bonded to the same electron-donating centre (e.g., a Lewis

base), have been intensively studied because this type of

structural fragments occurs in biological systems. A survey

of the Protein Data Bank showed 153, 154 that most halogen

atoms in proteins are involved in interactions with the

carbonyl oxygen atom. Amino group in proteins appeared

to be inaccessible to intermolecular interactions with the

formation of halogen bonds.

Systems of bonds with common electron donor atoms

were studied 155, 156 and the halogen bond co-existing with

the hydrogen bond was characterized. The role of the

common electron-donating centre is played by the carbonyl

oxygen atom (Fig. 12). This bond is perpendicular to the

s-Hole p-Hole

Figure 10. MEP distribution on a 0.001 a.u. electron density sur-
face in I7NO2 molecule. (The plot is based on materials taken
from Ref. 152).
Maximum MEP values: V S

max = 129.7 kJ mol71 in the s-hole
region and V S

max = 113.0 kJ mol71 in the p-hole region.
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double bond in the carbonyl group and was named `orthog-

onal bond, hX'.157 The X_O_H (X=Cl, Br, I) angles

averaged over a selection of peptide are as follows:155

X Cl Br I

X_O_H/deg 88.3 95.0 83.9

This type of bonds plays an important role in biological

systems.158 ± 160

The formation of the hX orthogonal halogen bond has

no effect on the interaction energy in the model peptide

fragments containing hydrogen-bonded carbonyl oxygen

atoms.156 To elucidate whether the hX bond energies are

independent of the degree of connectivity of their common

donor, viz., the carbonyl oxygen atom, B3LYP/6-31G(d)

calculations of the energies of the interaction between two

hydrogen-bonded N-ethylpropanamide (NEPA) molecules

in the presence and in the absence of the hX bond with

bromobenzene were carried out.156 The energy of a complex

of bromobenzene with one NEPA molecule in the presence

and in the absence of the second NEPA molecule was

calculated analogously. Having compared the energies, the

authors of that study concluded that the energy of the hX

bond is independent of the energy of the hydrogen bond.

Systems with evident weakening effect were studied for a

case where a common electron donor forms two halogen

bonds (Fig. 13 a). For instance, if a chlorine atom is

simultaneously involved in the pair interaction with the

thiocarbonyl sulfur atom Cl_S_Cl in the triad

FCl_(H2C)S_ClF (see Ref. 52), both halogen bonds are

weaker than in hypothetical bimolecular system. In the

system shown in Fig. 13 a, they are even weaker than in

the trimolecular system (Fig. 13 b) characterized by the

cooperativity effect.

The description of halogen bonds in combination with

different interactions involving aromatic fragments deserves

attention (Fig. 14). An analysis of the competition between

electron donors in the XB ± p/anion ± p/LP ± p systems

showed that the weakening effect in two combinations,

XB ± p ± anion and XB ± p ± LP, is observed if each compet-

ing interaction is characterized by some concerted direction

of charge transfer 141 (see Fig. 14 a,c). In these cases, the

synergistic effect manifests itself if the charge of an anion is

transferred by the aromatic system through the conjugation

chain to the halogen bond.114

Cooperativity effects in the XB ± p ± p and XB ± ca-

tion ± p systems have been studied recently.161, 162 Synergis-

tic effect is observed if the aromatic system simultaneously

a b

2.728�A 2.728�A 2.284�A

2.423�A

F

F

FFCl

Cl

Cl

C

C

H H

H

H

Cl
S S

Figure 13. Weakening effect in the complex FCl_(H2C)S_ClF containing a common electron donor (a) and cooperative effect with
successive bonding in the complex (H2C)S_ClF_ClF (b). (The plot is based on materials taken from Ref. 52).
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acts as an electron donor for the halogen atom and as

electron acceptor for p ± p interactions. The weakening

effect manifests itself if the aromatic system acts as electron

acceptor for p ± p interactions.161

III.2. Multiple halogen bonds in the presence of multiple
interactions of halogen atoms
Systematic studies of halogen bonds in complexes where the

same halogen atom is simultaneously involved in a number

of different non-covalent interactions are few. Indeed,

unlike the crystal structures, only indirect experimental

data on total identification of multiple interactions are

usually available for molecular complexes in solutions.

Now we will dwell on the studies on the structure and

properties of complexes in which the same halogen atom

simultaneously participates in the halogen bond and in the

hydrogen bond (see Segment I in Fig. 5). We will also

consider some examples of bifurcated, or multiple halogen

bonds (see Segment VI in Fig. 5).

If a halogen atom in complexes is simultaneously

involved in more than one non-covalent interaction, a cyclic

system is always formed provided that both centres inter-

acting with the halogen atom belong to the same molecule.

Such systems are characterized by an increase in the

electron density in the regions of both non-covalent inter-

actions. The effect was established for hydrogen bonds in

cyclic dimers of carboxylic acids in a comparative quantum

chemical study.163 This is in good agreement with the

observed increase in stabilization of interactions in cyclic

complexes; these systems are usually characterized by

strong synergistic effect. For instance, in the complexes

H3N_X(Y)_HF (X=Cl, Br; Y=F, Cl, Br; see

Ref. 149), there are two hydrogen bonds and one halogen

bond between three molecules, the halogen atom being

simultaneously involved in two N_Cl_H interactions

(Fig. 15 a). Also, strong co-operative effect of the hydrogen

bonds, X_H and Y_H, on the N_X halogen bond was

reported.149

A comparison of the iodine basicity (pKBI2) values of

secondary and tertiary thioamides [RC(S)NHR and

RC(S)NRCH3, respectively] showed 164 that the former

have higher basicities. The difference can be as large as 0.9

pKBI2 units. This was explained 165 by the formation of

N7H_I intermolecular hydrogen bond which strengthens

the S_I halogen bond.

Methods of determination of pKBI2 values allow one to

assess the strength of intermolecular interactions involving

molecular iodine.166, 167 Recently, the iodine basicity scale

became popular because it can be used to assess the strength

of interactions with iodine-containing molecules in crys-

tals.168 In particular, the pKBI2 values of 2-aminopyridine

(2.45) and its methylated analogue, (2-N,N-dimethylami-

no)pyridine (0.95), were compared.167 The difference

between them equal to 1.50 pKBI2 units is partially due to

the steric effect. However, the steric effect for 2-methylpyr-

idine (pKBI2= 2.35) and 2-isopropylpyridine (pKBI2= 1.65)

was estimated as *0.70 pKBI2 units. To reveal the nature of

this discrepancy, the effect of the N7H_I hydrogen bond

on the strengthening of the N_ I halogen bond was studied

using the quantum topological characteristics of the elec-

tron density (QTAIM method) and NBO analysis.167 It was

found that the electron density values at bond critical points

are relatively high, a charge of 0.03 e is transferred from the

iodine atom to the antibonding orbital of the N7H bond

and that the second-order stabilization energy E (2) is

3.3 kJ mol71. The results obtained thus evidence in favour

of synergism between these interactions.

A study of interactions of nitrogenous bases in bio-

logically important systems showed that the halogen bond

accompanied by a hydrogen bond (N_Br_H) occurs in

adenine complexes with 5-bromouracil, which exhibit muta-

genic activity. The bromine atom interacts with the donor

centre or with the nitrogen atom in position 1 or 7 of the

purine ring and with a hydrogen atom of amino group. The

interaction energies of these complexes obtained 169 from

ab initio calculations in different approximations are low

and vary from 711.4 [HF/6-311G(d,p)] to 724.1 kJ mol71

[MP2/6-31G(d,p)].

Desiraju et al.170 were the first who studied so-called

Y-shaped three-centre bonds formed in the NO2_X

(X=Cl, Br, I) supramolecular systems (see Fig. 15 b);

these bonds correspond to Segment VI of our classification

presented in Fig. 5. The results of a survey of the Cam-

bridge Structural Database 171 and of high-level ab initio

calculations significantly extended our knowledge of the

geometry of NO2_X interactions.172 A MP2/aug-cc-pVDZ

quantum chemical evaluation of the interaction energies of

CH3X (X=Cl, Br) with CH3NO2 and a comparison of the

strength of the complexes formed through single (O_X)

and bifurcated (O_X_O) halogen bonds showed 173 that

complexes with single O_X bonds are by and large more
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Figure 15. Examples of systems with the multiple halogen bond N_Cl_H (a) and bifurcated halogen bond O_Br_O (b).
(The plot is based on materials taken from Ref. 149).
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stable than complexes with multiple O_X_O interactions

of the halogen atom with oxygen atoms of the nitro group.

An analysis of data retrieved from the Cambridge Struc-

tural Database (Versions from 5.22 to 5.29) revealed no

structures with O_Cl_O symmetric bifurcated bond in the

Cl_O2N unit.173 In turn, `click' synthesis of a series of

isomers with modular positioning of Br_O2N groups in

crystals showed that none of the isomers forms O_Br_O

units with Y-shaped three-centre interactions.174 All these

observations indicate that bifurcated halogen bonds should

be weaker than single ones.

Studies on the halogen bonds formed by iodine atoms in

complexes with N-heterocycles with sterically hindered

basic centres (nitrogen atoms) as well as bifurcated bonds

with multiple nonvalent interactions of iodine atom

N_I_N were reported.175, 176 Weakening of the mutual

influence of two adjacent donor centres, which manifests

itself in weakening of halogen bonds provided that the both

donor centres are simultaneously involved in the bonding,

was emphasized.

When studying bifurcated halogen bonds, 1,10-phenan-

throline attracts considerable attention. This base with two

adjacent electron-donating centres is a much better hydro-

gen bond acceptor than pyridine.167 However, 1,10-phenan-

throline (pKBI2= 1.91) is a weaker halogen bond acceptor

than pyridine (pKBI2= 2.22). This effect can be explained

by comparing the Gibbs free energies of complexes, calcu-

lated from the expression relating the Gibbs free energy to

basicity. Published data 167 including the N(1)_I_N(10)

bond lengths, electron density values at bond critical points,

degree of charge transfer and the second-order stabilization

energy for n(N)?s*(I7I) determined from NBO analysis

showed that two interactions in this complex are identified

as two nonequivalent bonds, namely, the stronger bond,

N(1)_I, and the weaker bond, N(10)_I. Also, the second-

order stabilization energies of two different nitrogen atoms

differ by a factor of ten.167 It was shown that the overlap

between the LP of the base and the s*(X7Y) antibonding

orbitals is much weaker in the case of a bent orientation of

bonds at the iodine atom relative to the pyridine nitrogen

atom. In the crystalline state, namely, in the complex 1,4-

diiodotetrafluorobenzene ± 1,10-phenanthroline, the

N(1)_I and N(10)_I distances also significantly differ

from each other.175, 176

According to B97D/TZVP calculations of the complexes

of 1,4-diiodotetrafluorobenzene with 1,10-phenanthroline-

5,6-dione and 4,40,6,60-tetramethyl-2,20-bipyrimidine with

the TZVPP basis set for the iodine atom, these systems are

good candidates for the formation of bifurcated halogen

bonds,177 viz., complexes with symmetric and asymmetric

bifurcated halogen bonds N_I_N0 were detected. In the

asymmetric complexes of, e.g., 4,5-diazafluoren-9-one with

iodine, one N_I bond is 0.17�A longer than the sum of the

van der Waals radii of the N and I atoms (3.61 �A). Vibra-

tional analysis of symmetric molecular structures in the

harmonic approximation revealed one imaginary frequency,

which does not correspond to the equilibrium state. How-

ever, the possibility for N_I_N0 fragments to exist in the

crystal structures was confirmed by the synthesis of two co-

crystals with symmetric bifurcated halogen bonds.177

For organic halides, the bond with donor centres is of

pronounced electrostatic character. Indeed, spatial proxim-

ity of two lone pairs of nitrogen atom in, e.g., 1,10-

phenanthroline, creates a very low negative electrostatic

potential in the region between the N(1) and N(10) atoms;

its extremal value is V S
min =7246.8 kJ mol71.167 Pyridine

has one lone electron pair and the corresponding minimum

of electrostatic potential is only 7159.0 kJ mol71. These

data contradict the diiodine basicity data (see above) and

point that the MEP is not a universal and self-sufficient

descriptor of the bond strength in molecular complexes, as

was stated in the literature.72

Summing up, elucidation of the role of halogen bonds

(among other non-covalent interactions including hydro-

gen, hydride, pnicogen or chalcogen bonds) in stabilization

of molecular complexes and in combination of the inter-

actions of p-systems with cations, anions or carriers of lone

electron pairs, leads to the following essential considera-

tions:

Ð in complexes of the same composition, the halogen

bond is usually weaker than the hydrogen bond, but it can

dominate over the hydrogen bond if the electrostatic com-

ponent of the interaction of the halogen atom acting as

electron acceptor strengthens due to rather high atomic

polarizability; in these cases, the stabilizing energy effect

also depends on the electron donor atom;

Ð halogen bonds in combination with other types of

non-covalent interactions (hydrogen bond, pnicogen bond,

anion/LP ± p interaction, etc.) can exhibit synergism if with-

drawal of electrons will be accompanied by transfer of the

electron density from the halogen atom to the next struc-

tural fragment immediately or along the conjugation chain.

IV. Problems and contradictions in evaluation of
the halogen bond properties

The vast majority of studies on the structure and properties

of halogen-bonded complexes are still based on the com-

parative assessment of geometric parameters, e.g., internu-

clear distances D_X. However, the geometric approach

gives no comprehensive information on non-covalent inter-

actions in the complexes. A comparative geometric inter-

pretation is particularly different in the case of systems with

multiple halogen bonds; therefore, in recent years, the

properties of complexes have been characterized using the

energy, orbital or charge and electronic parameters. It is of

importance that, by and large, elucidation of the hierarchy

and a comparison of the strength of halogen bonds and

other types of non-covalent interactions using the

approaches based on the orbital approach (NBO) and on

analysis of the electron density (QTAIM) leads to mutually

consistent conclusions.

Nevertheless, there is a variety of systems bonded

through weak interactions (in particular, halogen bonds);

therefore, a comparison of these bonds is complicated

owing to specific features of the chemical structure of such

systems. Electronic effects of different nature should also be

taken into account. Often, interpretation of the results

obtained is complicated by the fact that data are analyzed

within the framework of different approximations and even

different concepts. As a consequence, the search for univer-

sal approach to the interpretation of the data on the

strength of halogen bonds also attracts the attention of

researchers.

Now we will dwell on the sources of discrepancies or

contradictions in the interpretation of results obtained upon

retrieval of large data arrays from different comparative

studies of the strength of halogen bonds.

E V Bartashevich, V G Tsirelson Russ. Chem. Rev. 83 (12) 1181 ± 1203 (2014) 1193



IV.1. Schemes for partitioning the total interaction energy
Elaboration of schemes for partitioning the total interaction

energy into components is due to the need for physical

interpetation of the estimates of the intermolecular inter-

action energy. Various useful partitioning schemes were

proposed,60 ± 64, 68, 69 although none of them is universal.

Let us consider the most popular schemes for partitioning

the total interaction energy, which were used in the last

decade to explain the nature of the variety of halogen

bonds.

In a simplified form the character and strength of

halogen bonds can be characterized from the standpoint of

the molecular mechanics using the positive extra-point

(PEP) approach.178, 179 For instance, an additional param-

eter, namely, the extra local positive charge, is introduced to

describe the s-hole in the MEP on the halogen atom.

Within the framework of the PEP approach the energies of

halogen bonds depend on the balance between the contri-

butions of electrostatic and van der Waals interactions.

Although simple, this scheme applied to halogen-bonded

systems suggests that the contribution of van der Waals

forces is predominant for the chlorine atom, whereas

electrostatic interaction dominates in the iodine-containing

complexes. This conclusion is similar to that based on the

results of quantum chemical calculations.180

The energy partitioning scheme based on the SAPT

approach was discussed above. In addition, there is the

Kitaura ±Morokuma (KM) scheme181, 182 which was used

much more rarely in the last decade. It also treats the total

energy as the sum of different-order perturbation contribu-

tions and uses the electrostatic interaction between the

charge densities of two unperturbed monomers and the

exchange energy of two `frozen' subunits. The second-

order perturbation contribution represents the polarization

energy (a stabilizing factor due to any change in the charge

of a monomer molecule). The charge-transfer component

has the same sense, but it is related to electron transfer from

the donor (D) to acceptor (A) and vice versa. Emphasize

that the degree of charge transfer depends on the approx-

imation used to describe the wave functions of the donor

and acceptor, i.e., the physical sense of this notion is

ambiguous. The KM scheme ignores the contribution of

the dispersion energy.183 Nevertheless, it was reported 53, 122

that both methods, SAPT and KM, give similar estimates of

the contributions of the electrostatic component and

exchange repulsion for complexes with pnicogen bonds.

Correspondingly, the sum of the polarization and charge

transfer contributions in the KM scheme for these bonds

differs from the induction component in SAPT by at most

17%. Since in SAPT the dispersion component for the N_P

bond is small, one can assume that in the case of halogen

bonds of more versatile nature a direct comparison of the

contributions in the SAPT and KM schemes will not lead to

consistent estimates.

The interacting quantum atoms (IQA) concept 184 ± 186

uses yet another approach to energy partitioning into

contributions, namely, a complicated system (molecule or

molecular complex) is separated into atomic basins accord-

ing to the QTAIM. Thus, the IQA method uses atomistic

ideas in analysis of chemical bonds. Here, the energy

contributions are specified based on the pair atom ± atom

interactions; therefore, the energy parameters are deter-

mined by integrating corresponding energy operators over

pairs of atomic basins. This requires the use of the one- and

two-electron density matrices,187, 188 the calculations being

time-consuming. However, an important feature of this

approach consists in that there is no need to change the

chemical paradigm 189 because the energies of the pair

atomic contributions to the total energy are of the order of

a few tens of kcal per mole, thus being convenient for

interpretation of the chemical processes.

A brief outline of the IQA method is as follows. The

contributions of two atoms, A and B (A 6�B), to the total

energy are divided into the intra-atomic energy (E A
intra) and

the energy of interatomic interaction (E AB
inter)

E A
intra � T A � V AA

en � V AA
ee

E AB
inter � V AB

nn � V AB
en � V AB

ne � V AB
ee

Here T A is the kinetic, Ven and Vne are the electron ±

nuclear, Vee is the electron ± electron and Vnn is the nucle-

ar ± nuclear components of the energy. In turn, the elect-

ron ± electron component is divided into the Coulomb

(V AB
C ), exchange (V AB

X ) and correlation contributions (V AB
cor)

V AB
ee � V AB

C � V AB
X � V AB

cor

The total electrostatic interaction energy (E AB
els ) is given

by

E AB
els � V AB

nn � V AB
ne � V AB

en � V AB
C

and the total interatomic interaction energy (E AB
inter) can be

represented by

E AB
inter � E AB

els � V AB
X � V AB

cor

Eventually, the total interaction energy (E ) is the sum of

the self-atom and diatomic contributions

E �
X
A

E A
intra �

1

2

X
A

X
B 6�A

E AB
inter

The boundaries of the atomic basins over which the

summation is performed are specified by the zero-flux

condition for the electron density gradient.187, 188 Thus,

formally, the IQA method is characterized by exact parti-

tion of the energy of a molecule into the one-atom and two-

atom contributions within the framework of quantified

atomistic approach to chemical bonding.184, 190 It was

found 191 that the intra-atomic energies of a particular

atom vary relatively slightly from one compound to another

and that the components of interatomic interactions depend

on the strength and type of these interactions.

An analysis of the electronic structure of complexes of

organoselenium compounds with halogen bonds (Se_I)

and hydrogen bonds (Se_H) within the framework of the

IQA approach revealed specifity of the Se_I intermolecular

interactions.192, 193 Namely, systems with the Se_I inter-

molecular are characterized by almost the lack of electro-

static polarization in the complex, which should manifest

itself as charge transfer from donor to acceptor similarly to

Se_H interactions. In the complexes with the

Se_I(1)7I(2) bonds the iodine atom [A= I(1)] loses its

electrons compared to its state in isolated iodine molecule.

It was shown that the kinetic energy and intra-atomic

Coulomb electron ± electron repulsion decrease. The
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exchange-correlation energy yields the major contribution

to the Se_I(1) interatomic interactions, whereas the con-

tribution of electrostatic interaction for the pair A= I(1),

B=Se is positive and very small (*0.13 kJ mol71). High

exchange-correlation energy was explained 192 by consider-

able covalency of the Se_I bond, which is present together

with the electrostatic repulsion between the outer electron

shells of two large atoms.

A comparison of electrostatic stabilization of the com-

plexes in the SAPT with the effect of electrostatic interac-

tion of atoms E AB
els within the framework of the IQA

approach seemingly leads to contradictory conclusions

about the nature of the halogen bond. However, one should

keep in mind that direct comparison is incorrect because

here we deal with the quantities of different nature,

although formally both of them are related to electrostatic

interactions.

Thus, on the one hand, the variety of schemes for

partitioning the interaction energy into physically interpret-

able components is useful for comparative assessment of

parameters of the halogen bonds. On the other hand, one

should always keep in mind exact physical sense and

mathematical expressions for certain contributions that

can be semantically similar but are obtained within the

framework of different models. This first of all concerns the

contributions of electrostatic interactions. In the schemes

based on the perturbation theory, this component of energy

represents the average value of the Coulomb interaction

operator (V) calculated using the unperturbed wave func-

tions of the components (CA and CB)

E0= hCACBjV jCACBi

Empirical approaches treat the energy of electrostatic

interaction between molecules as the sum of the products of

atomic charges by the electrostatic potential and usually use

only a few of the first terms in the series of multipole

expansion (charge ± charge and charge ± dipole interac-

tions). The charges and dipole moments are evaluated

without internal consistency and include uncontrollable

contributions from different origins.

When describing halogen-bonded systems, one should

keep in mind that the term `charge transfer' is ambiguous.

This ambiguity origins from the early period of the evolu-

tion of charge transfer concept for complexes. Since Mul-

liken, charge transfer has been treated as electron `flow'

from the occupied orbitals of the donor molecule to the

virtual orbitals of acceptor molecule; it is considered as the

source of the major contribution to stabilization of the

complex. However, now the term `charge transfer' charac-

terizes mathematical representation of electron polarization

in the system of interacting molecules. It was pointed out 194

that differences between the notions `charge transfer' and

`polarization' are first of all of semantic nature; however,

methods of their determination are often different.

Modern approaches based on perturbation theory some-

times treat charge transfer as the source of a specific

contribution to the interaction energy. The case in point is

that the induction energy can be divided into a contribution

associated with excitation of electrons from the occupied

orbitals of each monomer to virtual self-orbitals and a

contribution describing electronic excitation from the occu-

pied orbitals of one molecule to virtual orbitals of the other

molecule. The latter is just used to describe charge transfer

as an individual contribution to the interaction energy. This

approach was used by, e.g., Hayes and Stone in their inter-

molecular perturbation theory (IMPT) 195 and in its more

recent versions 196 that combine SAPT with DFT methods.

The contribution to the energy called charge transfer is also

explicitly included in the schemes similar to the Ziegler ±

Rauk approach,197, 198 which associates charge transfer with

mutual polarization of the molecules in the complex (the

wave function of the complex includes states corresponding

to ionized components).

One should keep in mind that the contribution of charge

transfer to the interaction energy cannot be measured

experimentally; therefore it seems appropriate to treat this

contribution as a theoretical, auxiliary component of a

complex intermolecular interaction.

It should be noted that the classical scheme of energy

partition in the SAPT method ignores charge transfer.

There are only sporadic attempts 117 to associate the induc-

tion component of the interaction energy with charge trans-

fer, i.e., the electron density redistribution in the complex

compared to isolated components of the complex.

Modern studies are often concentrated on the role of

induction and on the problem of charge transfer. Moreover,

Politzer et al. 71 characterized complexes with the D_X7Y

halogen bonds as `electrostatically driven interactions'.

However, more recently Politzer agreed that the induction

and dispersion interactions also contribute substantially.199

In his recent study 200 Stone asked: `Is linearity of the

D_X7Y unit due to electrostatics?' He studied a number

of D_ X7Y complexes with such electron donors as N2,

CO, HF, H2O, NH3, HCN, H2S, H2CO and SO2; in most

cases, the X7Y pair was the Cl7F molecule which could

rotate about the axes that are perpendicular to the X7Y

bond line and pass through the halogen atom X; also, the

D_X distance was varied. In carrying out the SAPT(DFT)

analysis 69 it was accepted that charge transfer is included in

the induction energy and the charge transfer energy was not

specified as an individual contribution. Eventually, Stone

wrote that `it is a justifiable generalization to say that the

binding in halogen-bonded complexes BXY is electrostati-

cally driven, in that the electrostatic energy is usually the

largest attractive term...' He also showed that changes in the

total interaction energy of the complex caused by deviation

of the geometry of D_X7Y from linear is not due to

electrostatics. Weakening of interactions upon deviation

from linearity is governed by a considerable increase in

exchange repulsion (Fig. 16). Thus, a pronounced trend

towards linearity of the halogen bond is a consequence of

exchange repulsion rather than electrostatics.

Earlier, Adhikari and Scheiner 201 also showed that the

energy necessary to change the N_A7Y (A=S, P, Hal)

angle in the complexes with ammonia correlates with the

exchange repulsion energy rather than electrostatic attrac-

tion energy.

It should be emphasized that the term `charge transfer'

appears in the QTAIM-based methods in different manner

compared to the orbital and empirical schemes and that the

corresponding contributions to energy 189 and atomic dipole

moments 202, 203 are mathematically described in another

manner. Namely, they are governed by deformation of the

electron density of an atom (molecule) due to transition

from free state to the bound state in the molecule (complex).

In the IQA method, the change in the energy of an atom

upon its transition from the free state with the energy E A
0 to

the bound state with the energy E A is given by
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E A
def � E A � E A

0

The sum
P

A E A
def gives a positive contribution to the

binding energy (Ebind) that is defined as follows:

E bind �
X
A

E A
def �

1

2

X
A

X
B 6�A

E AB
inter

The IQA method deals with two main sources of

deformation energy, viz., charge transfer (CT, interatomic

process) and charge redistribution (CR) due to changes in

the environment (intra-atomic process). Therefore, it is

convenient to separate E A
def into the contribution corre-

sponding to the process in the gas phase [E A
def �CT�] and the

isoelectronic change in energy upon the formation of a

molecule from atoms [E A
def �CR�]. Here, E A

def �CR� is by

default independent of the choice of the state of the initial

atom, being the one and only source of deformation in

homodiatomic molecules (X7X) where no charge transfer

occurs. It also compensates changes in the size and

variations of the surface area of atomic basins.

In the IQA method, the notion `charge transfer' is used

to characterize redistribution of the electron density upon

bonding rather than the energy effect of chemical bond-

ing.189 Contrary to this, Stone 196 evaluated only the charge

transfer energy and emphasized that even the present-day

approach based on SAPT(DFT) does not provide the

picture of the electron density redistribution in molecules

or in the space between the interacting molecules.

One can state that the use of different methods based on

different concepts leads to semantic problems that are due

to the variety of schemes for energy partitioning into

components and to ambiguity of the term `charge transfer'.

This is the current situation. It requires that researchers be

accurate in interpreting data and formulating results when

comparing the strength and character of halogen bonds.

Often, studies of halogen-bonded complexes involve

attempts to evaluate the `charge transfer value'. Most

often, this is done by calculating the difference between

the atomic charges or charges of atomic fragments in a

complex and in isolated molecules. However, it seems better

to call this quantity `the change in charge' rather than the

value of charge transfer.204 ± 207 Assuming that the strength

of the complexes D_X7Y, which is characterized by the

halogen-bond force constant ks, is related to the change in

the charges in the halogen atomic basins, it appears 208 that

this dependence characterizes only a trend of influence of

the bond polarity in the X7Y molecule. The bonds with the

X7Y molecules are stronger than the bonds with the X7X

molecules. Moreover, very similar correlations can be

established ignoring the influence of donor on the acceptor

atomic basin, i.e., by simply considering the charge of the

halogen atom in free X7Y molecule. Also, experimental

data 38 for halogen-bonded complexes in the gas phase

showed that the charge `transferred' from the donor mole-

cule (D) to the acceptor molecule (X7Y) is very small. It

can be determined experimentally as a fraction of charge

driven by the corresponding changes in the nuclear quadru-

pole coupling constants of atoms involved in the formation

of the D_X7Y complexes from noninteracting molecules.

Usually (except the complexes H3P_XY), the degree of the

transferred charge is of the order of a fraction of a per cent.

In most complexes with a single halogen bond, e.g., those

formed by the chlorine molecule D_Cl2, the degree of

intermolecular charge transfer to the acceptor atom is at

most 0.01 e.39 However, the changes in the charges of the

chlorine atomic basins obtained from B3LYP/6-311** cal-

culations span a range from 0.004 (for NH3_Cl2) to 0.041 e

(for H2S_Cl2), which is somewhat overestimated.208 Sum-

ming up, neither the charge of the halogen atomic basin nor

its change upon complexation contain quantitative infor-

mation on the strength of halogen bonds.

IV.2. Problems in evaluation of the energies of halogen bonds
in crystals
Generally, the total interaction energy of a molecular

complex is defined as the energy difference between the

complex and its components, being determined from quan-

tum chemical calculations or using the SAPT and

SAPT(DFT) methods. However, in trimolecular and

larger-size complexes formed through different-type inter-

actions (e.g., the halogen and hydrogen bonds) and more-

over in crystals, correct determination of the energy of each

type of interaction is impossible. Also, the computational

cost, which depends on the size of the system (N), is high,

viz., of the order of N 7 for the SAPT method; this is

comparable with the computational cost of CCSD(T) cal-

culations. It can be reduced to N 5 for the SAPT(DFT)

analysis with inclusion of correlation effects using the DFT

description of monomers,62 but the results obtained may

appear to be dependent on the choice of the functional. The

IQA method is of limited use because no relevant software

is available; in addition, calculations of the two-electron

density matrix of a crystal require huge computing time

even using modern parallel computing technologies.

Gavezzotti and Dunitz 209 ± 211 paid attention to the

advantages of the method based on atom ± atom potentials

for evaluation of the energy parameters of intermolecular

interactions in crystals.212 However, in this case researchers

face the problem of determination of the empirical param-
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eters of potentials and corresponding ambiguity of the

physical sense of the results obtained.

Yet another approach is based on the use of a correla-

tion between the interaction energy and the local properties

of the electron density or related functions. The electron

density at bond critical points [r(rb)] was for the first time

compared with the hydrogen bond energy (EHB) by Boid

and Choi.213 More recently, EHB was related to the poten-

tial energy density of electrons [n(rb)] at the critical point of
the O_H hydrogen bond 214

EHB � ÿ
1

2
n�rb� (4)

(in the atomic system of units). Linear character of this

dependence also holds for F_H interactions.215 Expression

(4) was widely used in studies by Antipin and Lyssenko and

co-workers 216 ± 218 to evaluate the energies of not only

hydrogen bonds, but also various closed-shell non-covalent

interactions in complexes and crystals. The dependence (4)

was assumed to have a universal character independent of

the type of the interacting atoms.

This approach was also used to characterize interactions

between halogen atoms that obey the definition of the

halogen bond. The energies of contacts with participation

of iodine atoms calculated 219, 220 using Eqn (4) were from

77.5 to 773.3 kJ mol71 for O_I interactions in the

crystal of a-HIO3 and 720.1 kJ mol71 for I_I7 interac-

tion in the co-crystal of N-methylpyrazine iodide with

molecular iodine. The energies of the halogen bonds in

these studies were evaluated from parameters of the electron

density distribution determined in the course of high-pre-

cision X-ray diffraction experiments. The local properties of

the calculated and experimental electron densities were also

used in the description of the O_Cl, Cl_Cl, F_Cl, F_ F

interactions in crystals of halo-substituted aromatic com-

pounds.47, 48 Taking complexes of bromine-substituted

hydrocarbons with bromide ions, R7Br_Br7, as exam-

ples, the interaction energy was treated as a linear function

of the local kinetic and potential electronic energies. The

interaction energies of these complexes span a range from

74.2 to 750.2 kJ mol71 (Ref. 206). In another study,221

the interaction energies of the complexes with charge-

assisted halogen bonds R7X_X7_X7R (X=Br, I)

also varied over a wide range from 78.0 to

7125.9 kJ mol71.

More recent studies showed that other electronic prop-

erties at bond critical points can also be used to evaluate the

energy of contacts based on various correlations.222 ± 227 It

was concluded 228 that the electronic kinetic energy density

values at bond critical points better reproduce the exper-

imentally observed sublimation energies for crystals. These

values are also in good agreement with the enthalpies of

formation of hydrogen bonds calculated according to

Iogansen.229 It was shown 100 that the energies of Cl_Cl

contacts in the training set studied can be evaluated using a

common linear dependence 225

EHB=0.429 g(rb)

[g(rb) is the local kinetic energy] for both van der Waals

interactions between halogens and for the halogen bonds.

The possibility of using parameters of the linear corre-

lation between Eint and electronic properties at the critical

point of the halogen bond was tested taking complexes with

typical halogen bonds D_X including NH3_XY,

H2S_XY, H2O_XY, HCN_XY, C2H4_XY, CO_XY

(X=Cl, Br, I; D=N, S, O, C) as examples.230 Assuming

that the halogen bond energy ED_X equals the interaction

energy Eint of molecules in the complex, it was shown 230

that Eint and the local kinetic and potential electronic

energies at the critical points of halogen bonds [g(rb) and

v(rb), respectively] can indeed be determined using the

following linear relationships

Eint= bn(rb)

Eint=7gg(rb)

However, the coefficients of proportionality b and g are

not universal as it was assumed in the literature,48, 216 ± 220

being dependent on the nature of the atoms participating in

the halogen bond. Agreement between the estimates and the

observed Eint values is achieved if b and g vary for the

halogen atoms acting as electron density acceptors:

Atom b g
Cl 0.49� 0.03 0.47� 0.03

Br 0.58� 0.02 0.57� 0.03

I 0.68� 0.04 0.67� 0.05

Summing up, equations of the type (4) are useful for

evaluating the energy of particular halogen and other non-

covalent interactions in crystals. However, the use of a

universal parameter in a linear dependence leads to incor-

rect estimates of the energy of molecular contacts, which is

important in the case of non-covalent interactions. These

parameters of the linear correlation are not universal and

should be determined prior to being used in correlations.

Also, linear character of the dependence of the contact

energy on the local properties [g(rb) or n(rb)] may violate if

strong hydrogen bonds (7DH>60 kJ mol71; see Ref. 100)

and interactions involving halogen atoms in ion pairs are

included in the data set.230

IV.3. Molecular electrostatic potential on specified electron
density isosurfaces
Anisotropy of the electrostatic potential around the termi-

nal halogen atom provides a simple and clear illustration of

the variety of forms of non-covalent interactions involving

terminal halogen atoms (see Fig. 2). Politzer et al. 72 devel-

oped a method for evaluating the interaction energies,

which is based on the properties of the MEP on a specified

electron density surface. Unlike the methods which estimate

the electrostatic contributions to the total energy in differ-

ent manner, positions of extrema of the electrostatic poten-

tial on the outer surface surrounding the molecule are

located unambiguously, i.e., they are independent and

universal quantitative parameters. For the same system,

the relative extrema V S
min and V S

max have physical sense. It

was reported 72 that the MEP is a self-sufficient tool for

prediction of the direction of nucleophilic or electrophilic

attacks and the possibility of formation of halogen bonds

and even their strength.

A correlation between the interaction energy of halogen-

bonded complexes and the MEP minima (V S
min) localized in

the regions of potential bonding sites with halogen atoms

was reported.70 However, it was found empirically that
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correlations between Eint and Pd, where Pd is the energy or

electronic characteristic of a property of the donor in the

halogen-bonded system, are not universal for extended sets

of compounds containing additional, e.g., steric, features or

close-lying electron-donating centres.199 This indicates that

the one and only descriptor is insufficient to describe the

versatile nature of the electronic properties of the halogen

bond in chemically nonequivalent systems.

It is of great importance that the electrostatic potential

analyzed on the van der Waals surface of a molecule is

convenient for a priori assessment of the reactivity. In

systems where the anticipated bond has already formed or

where multiple interactions occur, the use of the electro-

static potential as the bond strength descriptor is of no

sense. Also, the MEP values of molecular complexes and

clusters are determined to within a constant, thus being

inappropriate for quantitative and comparative description

of bond strength in different systems and moreover in the

presence of multiple interactions.

IV.4. Identification of non-covalent interactions using the
reduced electron density gradient (NCI approach)
Recently,231 a `non-covalent interactions' (NCI) approach

was proposed to reveal and identify non-covalent interac-

tions in the 3D space using the reduced electron density

gradient (RDG).232 This is a fundamental dimensionless

quantity in the density functional theory;233 it characterizes

the deviation of the electron density distribution from a

homogeneous case

RDG�r� � 1

2�3p2�1=3
jHr�r�j
r�r�4=3

Regions of 2D and 3D minima of the RDG(r) function

with low electron density values (to this end, a limitation

r(r)<0.05 a.u. is introduced usually) serve as indicators

of non-covalent interactions. The points RDG(r)= 0

match the critical points of the electron density, in

particular, the saddle points corresponding to 1D minima

of the electron density and therefore the (3, 71) critical

points which characterize chemical bonds in the QTAIM

theory. The curvature of the electron density in the 3D

space between atoms or functional groups is visualized

using the NCI isosurfaces,234 i.e., sets of values of the

RDG(r) function in the vicinity of its minima surrounded

by a specified contour. Usually, contours are drawn to

make the image clear.

In compact form, information on non-covalent interac-

tions is provided by the RDG(r)7sign[l2(r)]r(r) plots. In

these axes, minima of the RDG(r) function represent sharp

peaks or so-called spikes directed downward. Taking into

account the sign of the second eigenvalue of the Hessian of

the electron density, l2(r), at the point r, the

RDG(r)7sign[l2(r)]r(r) plot in the region of non-covalent

interactions has two sleeves, of which the left corresponds to

l2< 0 while the right corresponds to l2> 0. The interaction

is treated as stabilizing at l2< 0 (in terms of the QTAIM

the negative sign of l2 corresponds to regions surrounding

the bond critical points) and as weak at l2& 0.234 The

region l2> 0 includes atomic rings and cages. The

RDG(r)7sign[l2(r)]r(r) plots for the region l2> 0 should

always exhibit peaks for intermolecular interactions in the

complexes with cyclic and cage fragments or in crys-

tals.235, 236

The NCI and QTAIM methods were used to compare

intra- and intermolecular interactions between halogen

atoms in perhalogenated ethanes X3C7CY3 (X, Y=F,

Cl).237 For complexes H3N_ClF and H3CCl_ClCF3, the

NCI isosurfaces were revealed with l2<0 between atoms

Cl_Cl, Cl_F in each molecule. However, an analysis of

data obtained by different methods shows that halogen ±

halogen intramolecular interactions in perhalogenated

ethanes differ from typical halogen bonds in the lack of (i)

bond paths in the electron density distribution and (ii)

s-hole on the MEP surface for the halogen atom acting as

electron density acceptor. Nevertheless, the NCI method

revealed relatively weak (van der Waals type) intramolecu-

lar interactions.237

Now we will assess the potential of the NCI analysis

taking identification of non-covalent interactions in chloro-

trinitromethane dimer as an example. This compound has a

very short carbon7chlorine bond in the crystal

[1.694(1) �A], its nature was studied 238 from the standpoint

of specific features of the electrostatic potential. An analy-

sis 239 of the regions of localization of the NCI isosurfaces

and RDG(r)7sign[l2(r)]r (r) plots revealed the following

(Fig. 17). In one chlorodinitromethane dimer, there are

three types of regions characterized by low RDG(r) values,

namely, the O_Cl intermolecular halogen bond; intramo-

lecular interactions between chlorine atom and three oxygen

atoms, Cl_O, and three identical intramolecular interac-

tions O_N between nitro groups from the same molecule.

Let us compare the first two interactions between chlorine

and oxygen atoms. The NCI isosurfaces corresponding to

minima of the RDG(r) function are shown in Fig. 17 a.

The tip of the spike for the intermolecular halogen

bond O_Cl (see region A in Fig. 17 b) coincides with the

critical point of the electron density in the 3D space. The

fragment of the NCI isosurface for the intramolecular

contact Cl_O includes the junction point of three boun-

dary surfaces of four atomic basins (O, N, C and Cl). The

electron density gradient has a minimum value in two

directions only; as a consequence, no bond path 240 and,

correspondingly, no critical point of the electron density

appears in this region.

This example shows that the both approaches, NCI and

QTAIM, demonstrate the ability to provide clear informa-

tion on the intermolecular halogen bond O_Cl (because all

(3, 71) critical points of the electron density can be

assigned to the region of RDG minimum). However, the

QTAIM method shows no bond paths and critical points of

the electron density for intramolecular contacts Cl_O,

whereas the NCI method identifies Cl_O contacts as intra-

molecular non-covalent interactions.

This implies that the NCI approach is more informative

than QTAIM and reveals a number of regions containing

2D extrema of the RDG function in those domains of the

3D space where intramolecular contacts between chlorine

and oxygen atoms cannot be interpreted as chemical bonds.

Also, indicators of Cl_O intramolecular interactions may

resemble halogen bonds.

It was reported 241 that main features of the NCI

approach manifest themselves if the electron density in the

crystal is approximated by the sum of atomic electron

densities (so-called promolecule approximation 242). The

NCI isosurfaces for the unperturbed electron density mod-

els are similar to analogous isosurfaces plotted using exper-

imental data on the electron density.242 It has been stated 234
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that this can give an impetus to wider application of the

NCI methodology for identification of non-covalent inter-

actions in biosystems. However, a thorough examination 243

showed that in `real' situations peaks of the electron density

gradient are shifted towards more `bound' states compared

to the promolecule and thus characterize greater stabiliza-

tion of the complex. In addition, the RDG(r ) parameters of

the promolecule are much less structured. These results cast

some doubt on the optimism with respect to the data on

non-covalent bonding obtained using simple promolecular

NCI models in complex biological systems. However, pros-

pects for the development of the NCI methodology for

detection and analysis of non-covalent interactions in crys-

tals seem to be bright. Here, some advances are accompa-

nied by the design of new software [CRITIC2 (see Ref. 235)

and NCImilano (see Ref. 244)], which enables analysis using

the electron density obtained from self-consistent quantum

chemical calculations with periodic boundary conditions

[CRYSTAL (see Ref. 245)] and the experimental charge

density reconstructed using the multipole model 246

[XD2006 (see Ref. 247) and WinXPRO (see Refs 248 and

249].

At the end of this Section, mention may be made that all

studies of halogen bonds carried out in the last decade and

considered in this review are of complex character and

involve an analysis of a set of different characteristics

determined using one or more approximations and, in

some cases, using different concepts. By and large the

approaches based on analysis of both the orbital and atomic

characteristics give mutually consistent estimates when

comparing the strength of the halogen bond with those of

other types of non-covalent interactions.

When the term `charge transfer' is applied to halogen-

bonded complexes without additional comments, there may

be some confusion in the interpretation of information

because in different methods (Kitaura ±Morokuma, IMPT

and SAPT schemes, on the one hand and the IQA and

QTAIM approaches, on the other hand) it characterizes

different effects. The schemes for interaction energy parti-

tioning into components evaluate (ambiguously) only the

charge transfer energy and do not treat the electron density

redistribution. On the contrary, the QTAIM-type methods

include prediction of the electron density redistribution

between molecules based on the `charge transfer' but

avoided the binding energy.

Inconsistency in estimates in the course of identification

of non-covalent interactions involving halogen atoms may

appear when using approaches based on fundamentally

different indicators of interactions. For instance, the NCI

and QTAIM methods may give mutually inconsistent esti-

mates in detection of non-covalent interactions involving

halogen atoms. The NCI approach provides redundant

information compared to the QTAIM method with respect

to detection of halogen bonds because it reveals a number of

regions of the 2D RDG extrema in those spatial domains

where intramolecular contacts cannot be treated as halogen

bonds. Nevertheless, this provides no obstacles to identifi-

cation of a variety of regions of non-covalent interactions

involving halogen atoms in complexes and crystals using the

RDG function.

Summing up, extension of the range of methods and

approaches by and large influences favourably the possibil-

ity to identify, assess and compare the halogen bond, in

particular, in complex systems, where the bonds in question

are accompanied by alternative or secondary interactions.

Of particuar importance is the possibility to choose com-

plementary methods of investigation. However, conceptual

and semantic problems due to the variety of methods and

approaches require that researchers be accurate in interpret-

ing data and comparing results obtained using different

methods.
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intramolecular interactions
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Figure 17. Structure of chlorotrinitromethane dimer with the NCI
minima regions specified to a contour corresponding to
RDG(r)= 0.6 (a), RDG(r)7sign[l2(r)]r(r) plot (b) and a super-
position of the electron density map and regions corresponding to
minima of the RDG(r) function (c).239

The letters A, B and C denote the spikes obtained in different
representations.
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* * *

The state of the art in the description of the properties of

molecular complexes can be regarded as complete only if

competition or cooperativity effects of multiple non-cova-

lent interactions in the system are considered. It is this

combination that governs the dependence of the properties

of functional compounds on their structure. This fact

should be taken into account in crystal engineering and in

predicting the structure and properties of novel materials

based on halogen-bonded molecular systems. In the text

above we systematized recently obtained information on the

indicators and properties of halogen bonds that co-exist

with other non-covalent interactions. The material pre-

sented in this review illustrates that the variety of halogen

bonds. It follows that specific features of the molecular

structure of compounds should be considered and analyzed

in combination with other non-covalent interactions of

comparable strength.

It should be emphasized that halogen-bonded struc-

tures, with their distinctive features and specific properties,

are convenient systems for testing both newly developed

and improved methods for identification and quantitative

assessment of non-covalent interactions that occur in gas-

phase complexes, in solutions and in crystals. Investigations

of halogen bonds enable characterization of the structure

and properties of candidate functional materials on the

most important structural level, viz., 3D organization of

the electron density.

This review has been written with the financial support

from the Russian Foundation for Basic Research (Project

Nos 13-03-00767a, 14-03-00961).
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