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Abstract It was recently shown that complexes of the

type F–Cl���CN–R, ostensibly halogen bonded, sometimes

have properties (relatively high binding energies, short

Cl–C separations and considerably lengthened F–Cl dis-

tances) that are inconsistent with typical halogen bonds

(Del Bene et al. in J Phys Chem A 114:12958–12962,

2010). We attribute these anomalous features, as well as

analogous observations for F–Cl���SiN–R systems, to the

strong polarization of the CN–R carbons and SiN–R sili-

cons by the electric field of the positive r-hole of the F–Cl

chlorine. This polarization may evolve into some degree of

dative sharing of electrons by the carbons and silicons. This

interpretation is supported by the fact that complexes of

CN–R and SiN–R with Cl–Cl, which has a much weaker

positive r-hole than F–Cl, are considerably less likely to

show the unusual features. It is demonstrated that the full

ranges of binding energies of the CN–R and SiN–R com-

plexes with either F–Cl or Cl–Cl can be represented well

(R2 [ 0.96) in terms of the most negative electrostatic

potentials and the lowest local ionization energies on the

carbon and silicon surfaces. These properties reflect the

electrostatic components of the interactions and the polar-

izabilities/dative reactivities of the carbons and silicons.

Keywords Halogen bonding � Local ionization energies �
Electrostatic potentials � Dative bonding � Polarization

1 Halogen bonding

It was discovered in 1992 [1], and subsequently confirmed

[2, 3], that covalently bonded halogen atoms may have

regions of positive electrostatic potential on their outer

portions, along the extensions of the covalent bonds

(Fig. 1). These regions arise from the anisotropies of the

bonded halogens’ charge distributions [4–10]. The elec-

tronic density on the side of the halogen opposite to the

bond is somewhat diminished, creating a so-called r-hole

[11]. If the electronic density is sufficiently reduced, then a

positive potential develops in the r-hole [12]. Through

such a positive r-hole, a halide R–X (X = halogen) can

interact electrostatically, in a highly directional manner,

with a negative site such as a Lewis base B. In the resulting

complex R–X–B, the angle R–X–B is very close to 180�,

barring secondary effects. The separation X–B is normally

less than the sum of the respective van der Waals radii.

This is called halogen bonding [3, 12–15]; R–X and B are

labeled the halogen bond donor and acceptor, respectively.

The existence of such interactions is well established

experimentally, for example through infrared analyses of

halide solutions [16, 17] and extensive surveys of crystal-

lographic close contacts [3, 18–20]. Computationally,

correlations have been observed, within given structural

frameworks, between the strengths of halogen bonds and

the magnitudes of the positive r-hole potentials [21–23].

This demonstrates the key role of electrostatics in the

interactions.

The r-hole potential depends largely upon two factors:

It increases (a) as the R portion of the halide R–X becomes

more electron-withdrawing, and (b) in going from the

lighter to the heavier halogens, which are more polarizable

and less electronegative [12, 14]. Covalently bonded

fluorine, the least polarizable and most electronegative
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halogen, is often insufficiently anisotropic to have a posi-

tive r-hole; halogen bonding by fluorides is accordingly

less common, but certainly not nonexistent [12, 24–26].

It should be noted that, unless the remainder of the mol-

ecule is extremely electron-withdrawing, a positive r-hole

on a covalently bonded halogen is generally surrounded by

negative potential. This can be seen in Fig. 1. This means, as

was pointed out by Brinck et al. already in 1993 [2], that the

atom can interact electrostatically with both nucleophilic and

electrophilic sites [12, 27–29]. This explains earlier obser-

vations of close contacts in crystalline halides [18–20].

We have described halogen bonding as electrostatically

driven. However, it must be recognized that the formation of

a complex R–X���B also involves mutual polarization

[12, 30]. The electric field of R–X, which reflects the positive

r-hole on X, polarizes the electronic charge of B, while the

electric field of B in turn polarizes R–X. In terms of the latter,

effect can be explained the red-shifting or blue-shifting of the

R–X bond [31–34]. There is evidence that if the electric field

due to the negative site is sufficiently strong, then it can

actually induce a positive r-hole [12]. Finally, there is also a

dispersion contribution to halogen bonding [21].

2 Halogen bonding and beyond

A halogen bond, R–X���B, typically satisfies several crite-

ria: (a) The angle R–X–B is near 180�, unless there are

significant secondary interactions [26]. (b) The binding

energy, for neutral B, is less than about 8 kcal/mol [12].

(c) The R–X bond in the complex may be longer or shorter

than in the free R–X molecule, but usually by no more than

0.03 Å [33, 34]. (d) The X–B separation is generally

5–30% less than the sum of the respective van der Waals

radii [12].

However, a recent computational study of some osten-

sibly halogen-bonded complexes, by Del Bene et al. [35],

found some very striking deviations from these criteria.

They investigated a series of complexes of the type

F–Cl���CN–R, in which R ranged from strongly electron-

withdrawing (R=CN, NO2) to strongly electron-donating

(R = Li, Na). Formally, these can be viewed as examples

of halogen bonding, with the carbon of CN–R being the

negative site. The key computed properties of these com-

plexes—the F–Cl and Cl–C distances and the binding

energies BE—are given in Table 1. They were obtained

with the MP2/aug’-cc-pVTZ procedure [35]. The binding

energies are defined as

BE ¼ EðF�ClÞ þ EðCN�RÞ � EðF�Cl � � �CN�RÞ ð1Þ

using the respective minimum energies at 0 K.

All of the complexes were found to have F–Cl–C angles

of 180�, thus satisfying the linearity criterion. The first four

have BE \ 8 kcal/mol and Cl–C separations of 2.4–2.5 Å,

about 70% of the sum of the chlorine and carbon van der

Waals radii (3.46 Å [36]). The F–Cl bond lengths in these

four systems are about 1.67 Å, just a little longer than the

computed 1.639 Å in free F–Cl. This is all as expected for

halogen bonding.

Starting with F–Cl���CN–CF3, however, there is a dra-

matic increase in the strengths of the interactions as R

becomes more electron-donating and the carbon of CN–R

correspondingly more negative. The Cl–C separation

decreases markedly, to roughly 1.70 Å for the remaining

systems. This is less than half of the sum of the chlorine

and carbon van der Waals radii; it is in fact nearly equal to

the crystallographic Cl–C(sp) bond length, approximately

1.64 Å [37]. Meanwhile the F–Cl bond stretches sharply to

about 1.86 Å, and then gradually lengthens to 2.003 Å.

Finally, the binding energy increases remarkably, to

33.4 kcal/mol for F–Cl–CN–Na! Del Bene et al. inter-

preted their results as indicating that the interactions are

changing from ‘‘traditional’’ halogen bonding to chlorine-

shared and, in the case of the CN–Li and CN–Na com-

plexes, ion-pair halogen bonds.

It is certainly evident that many of the interactions in

Table 1 are beyond what is normally viewed as halogen

bonding. In this context, it may be relevant that F–Cl

possesses the most positive chlorine r-hole that we have

encountered, reaching a maximum of 39.9 kcal/mol at the

B3PW91/6-31G(d,p) level (Fig. 2). This should exert a

rather strongly polarizing electric field upon the CN–R

carbons and perhaps induce a degree of dative (coordinate

Fig. 1 Computed electrostatic potential on the 0.001 au molecular

surface of meta-chloropyrimidine. The chlorine is in the foreground;

the nitrogens are in the back. Color ranges, in kcal/mol, are as

follows: red greater than 20; yellow from 10 to 20; green from 0 to 10;

blue less than 0 (negative). The position of the VS,max on the chlorine

is denoted by a black hemisphere; its value is 13.3 kcal/mol
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covalent) character involving some sharing of their lone

pair electrons. This has already been invoked qualitatively

in earlier analyses of gradations in intermolecular interac-

tions [38, 39].

Our objective in this work has been to try to rationalize

quantitatively the variations in the strength of binding in

the complexes in Table 1. Since both electrostatic and

polarization/dative factors may be involved, we shall focus

upon two relevant properties, the electrostatic potential and

the average local ionization energy. These properties shall

be briefly reviewed in the next two sections. We shall also

look at the effect of the halogen bond donor.

3 The electrostatic potential

The nuclei and electrons of a molecule produce an elec-

trostatic (Coulomb) potential V(r) at any point r in the

space of a molecule. Its value is given by

VðrÞ ¼
X

A

ZA

RA � rj j �
Z

qðr0Þdr0

r0 � rj j ð2Þ

where ZA is the charge on nucleus A, located at RA, and

q(r) is the molecule’s electronic density.

V(r) is a physical observable; it can be obtained

experimentally, using diffraction methods [40, 41], as well

as computationally. The sign in any region depends upon

whether the positive contribution of the nuclei or the

negative one of the electrons is dominant there.

The electrostatic potential is a fundamental molecular

property [42], which has been shown to be an effective

guide to interpreting and predicting noncovalent reactive

behavior. For example, a number of condensed phase

physical properties that depend upon noncovalent interac-

tions can be expressed analytically in terms of the quanti-

tative features of V(r) [42–44].

Table 1 Computed properties for F–Cl���CN–R complexes

Complex Properties of complexa Properties of free CN–Rb

R(F–Cl)c R(Cl–C)d BE VS,min
�IS;min

F–Cl���CN–CN 1.666 2.467 5.48 -17.2 10.17

F–Cl���CN–NC 1.668 2.448 5.88 -21.3 9.89

F–Cl���CN–NO2 1.674 2.411 5.97 -19.1 10.02

F–Cl���CN–F 1.670 2.454 6.18 -25.7 9.58

F–Cl���CN–CF3 1.864 1.696 8.27 -24.4 9.56

F–Cl���CN–Cl 1.854 1.749 8.97 -28.3 9.24

F–Cl���CN–Br 1.867 1.731 10.78 -29.4 9.15

F–Cl���CN–H 1.875 1.712 10.86 -34.2 8.74

F–Cl���CN–CCF 1.877 1.700 11.63 -30.8 9.08

F–Cl���CN–CCH 1.878 1.693 11.64 -29.9 9.17

F–Cl���CN–CH3 1.888 1.724 14.13 -39.5 8.25

F–Cl���CN–SiH3 1.903 1.684 15.45 -34.3 8.64

F–Cl���CN–Li 1.976 1.684 28.94 -59.1 6.62

F–Cl���CN–Na 2.003 1.684 33.40 -65.3 6.10

a R(F–Cl) and R(Cl–C) are distances in Å; BE is binding energy in kcal/mol. Computational level: MP2/aug’-cc-pVTZ. Data taken from

reference [35]
b VS,min, in kcal/mol, and �IS;min, in eV, both refer to the carbons of the CN–R. The positions of the VS,min and the �IS;min coincide; they are on the

extensions of the N–C bonds. Computational level: B3PW91/6-31G(d,p)
c Computed bond length in free F–Cl is 1.639 Å
d Sum of chlorine and carbon van der Waals radii is 3.46 Å [36]

Fig. 2 Computed electrostatic potential on the 0.001 au molecular

surface of F–Cl. The chlorine is in the foreground. Color ranges, in

kcal/mol, are as follows: red greater than 20; yellow from 10 to 20;

green from 0 to 10; blue less than 0 (negative). The position of the

VS,max on the chlorine is denoted by a black hemisphere; its value is

39.9 kcal/mol

Theor Chem Acc (2012) 131:1114 Page 3 of 10

123



For such purposes, V(r) is usually computed and ana-

lyzed on the molecule ‘‘surface,’’ which is commonly taken

to be the 0.001 au (electrons/bohr3) contour of the electronic

density, as proposed by Bader et al. [45]. Defining the

surface as an outer contour of q(r) has the advantage of

being specific to the particular molecule, that is, reflecting

its lone pairs, p electrons, strained bonds, atomic anisotro-

pies, etc. V(r) calculated on the molecular surface is labeled

VS(r); its locally most positive and most negative values, of

which there may be several, are designated as the VS,max and

VS,min, respectively. Thus, positive r-holes are typically

characterized by VS,max, which are normally located along

the extensions of the R–X bonds (see Figs. 1, 2).

4 The average local ionization energy

A quantitative indicator of the polarizability/reactivity of

the electronic charge in a molecule, on a local level, is the

average local ionization energy, �IðrÞ. It was introduced

within the framework of Hartree–Fock theory as [46]

�IðrÞ ¼
P

i qiðrÞ eij j
qðrÞ ð3Þ

In Eq. 2, qi(r) is the electronic density of orbital i at the

point r, ei is the orbital’s energy, and q(r) is the molecular

electronic density. The summation is over all occupied

orbitals.
�IðrÞ is viewed as the energy needed for removal of an

electron at r, focusing upon the point in space rather than a

particular orbital. This interpretation is based upon the

Hartree–Fock formalism [47], with some support from

Koopmans’ theorem [48, 49]. However, �IðrÞ as given by

Eq. 2 has also been found to be effective within the

framework of Kohn–Sham density functional theory

[47, 50, 51]; the magnitudes are different but the trends are

generally the same.
�IðrÞ has been used successfully to analyze and predict

various aspects of molecular reactivity [47, 52]. For such

applications, it is computed on the 0.001 au molecular

surface and denoted �ISðrÞ. Of particular interest are the

points where �ISðrÞ has its minimum values, �IS;min. These

indicate the locations of the least tightly held, most reactive

and polarizable electrons. The �IS;min have been shown to

correctly describe the directing tendencies and ring acti-

vation and deactivation of benzene substituents, to identify

radical sites and strained bonds, to correlate with pKa, etc.

For a recent review, see Politzer et al. [47].

What is particularly relevant to our present interests is

that �ISðrÞ has been related inversely to local polarizability

[47, 53]. This follows from the fact that it is the least

tightly held electrons that are the most affected by an

electric field (i.e., are the most polarizable) [54, 55].

5 VS(r) and �ISðrÞ relationships

The halogen bond donor in all of the systems in Table 1 is

F–Cl. Accordingly, it is presumably the properties of the

CN–R carbons that determine the variations in structures

and binding energies of the resulting complexes. We will

focus in particular upon (a) the most negative electrostatic

potential (VS,min) on the surfaces of the carbons, since these

are what interacts with the chlorine r-hole, and (b) the

lowest local ionization energies (�IS;min) on the carbons, as

an inverse measure of the polarizabilities and availabilities

for dative sharing of their lone pairs.

We have computed the VS,min and �IS;min on the 0.001 au

surfaces of the carbons in the free CN–R molecules

(Table 1). (We need the VS,min and �IS;min prior to interac-

tion, since these are what governs it.) Gaussian 09 [56] was

used at the B3PW91/6-31G(d,p) level to obtain the wave

functions and the Wave Function Analysis–Surface Anal-

ysis Suite [57] for VS(r) and �ISðrÞ.
An interesting feature of an atom that is in the same

valence state (i.e., orbital configuration) in a series of dif-

ferent molecules is that its VS,min and �IS;min in those mol-

ecules correlate extremely well with each other. This may

seem surprising, because VS,min and �IS;min are viewed as

quite different properties. It can be rationalized by noting

that as a site becomes more negative (positive), its elec-

trons should be less (more) strongly bound and �ISðrÞ should

decrease (increase). Thus, direct correlations were found

between the lone pair VS,min and �IS;min of the nitrogen’s in

substituted anilines [60, 61] and the hydroxyl oxygens in

substituted phenols and benzoic acids [62]. Such correla-

tions do not in general exist, however, between different

atoms or different valence states. (For a discussion of

fundamental relationships between �IðrÞ and V(r), see

Politzer et al. [47]).

Figure 3 is a plot of �IS;min versus VS,min for the carbons

of the free CN–R molecules (Table 1). The carbon is in the

same valence state in all of them. We obtain a nearly

perfect linear relationship between �IS;min and VS,min. The R2

value is 0.999 and the F ratio is 8294. (R2 is the proportion

of the variation in �IS;min that is due to the variation in VS,min;

F is the ratio of the weighted explained and unexplained

variations.) �IS;min decreases in direct proportion to VS,min

becoming more negative.

6 Binding energies of complexes

6.1 F–Cl���CN–R

While Table 1 shows notable and sometimes very abrupt

variations in the F–Cl and Cl–C distances as well as in the
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binding energies, it is the latter that we will try to ratio-

nalize in terms of the �IS;min and/or the VS,min of the CN–R

carbons. We use the NCSS code to obtain either one- or

two-variable regressions [63].

In view of the very close correlation between the carbon
�IS;min and VS,min (Fig. 3), seeking a double regression is not

warranted; if BE can be related to either �IS;min or VS,min

alone, then it should be essentially equally well related to

the other, and using both would lead to no significant

improvement. This is indeed the case. As summarized

in Table 2, both BE * �IS;min and BE * VS,min have

R2 C 0.970, root-mean-square (RMS) error B1.5 kcal/mol

and F [ 390. A double regression, expressing BE as a

function of both �IS;min and VS,min, has R2 = 0.981, RMS

error = 1.25 kcal/mol and F = 283.

It is gratifying that these simple relationships are able to

reproduce the striking variation in the computed BE of the

F–Cl���CN–R complexes (Table 1). However, the close

correlation between the carbon �IS;min and VS,min makes it

difficult to assess their relative roles and to determine

whether both of them will sometimes be needed. We

decided, therefore, to expand our study.

6.2 F–Cl���CN–R and F–Cl���SiN–R

In Table 3 are listed the computed properties of eight

F–Cl���SiN–R complexes. These are analogues of eight of

those in Table 1, with silicon having replaced carbon as the

site interacting with the chlorine r-hole. The calculations

were at the same levels as for Table 1.

The F–Cl–Si angles in all of the systems in Table 3 are

180�. However, only the first, F–Cl���SiN–F, meets the other

three criteria for halogen bonding. Starting with the second,

F–Cl���SiN–Cl, the F–Cl distances are much longer than the

bond length of free F–Cl while the Cl–Si separations are

little more than half of the sum of the chlorine and silicon

van der Waals radii (3.9 Å [36]); in fact, they approach the

computed MP2/aug’-cc-pVTZ length of the Cl–Si bond in

Cl–Si:N, 2.038 Å. The BE increase slowly, only those for

SiN–Li and SiN–Na being high. The latter two molecules

have by far the most negative VS,min and lowest �IS;min, as did

their CN-R counterparts (Table 1); these features can be

expected to greatly promote interactions.

Since the silicons in the SiN-R molecules are all in the

same valence state, it can be anticipated that their �IS;min and

VS,min will correlate. This was confirmed (Fig. 4); R2 is

0.978 and the F ratio is 267. However, since carbon and

silicon are different atoms, the respective �IS;min versus

VS,min plots do not coincide. Instead they are nearly par-

allel, with slopes of 0.0857 (CN–R molecules) and 0.0626

(SiN–R molecules; Fig. 4). The separation between the two

lines, as measured by the difference in their intercepts, is

3.3 eV, which is similar to the difference between the first

ionization energies of free carbon and silicon atoms,

3.1 eV [64].

It should not be expected that the BE of the twenty-two

F–Cl���CN–R and F–Cl���SiN–R systems, taken together,

will correlate with just the VS,min of the carbons and sili-

cons or just their �IS;min, since the �IS;min and VS,min do not

correlate with each other (Fig. 4). The key question then

becomes: Can the BE of all twenty-two F–Cl���CN–R and
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Fig. 3 Plot of carbon �IS;min versus VS,min for the fourteen CN–R

molecules in Table 1

Table 2 Binding energy relationships

Complexes Regression equation R2 RMS errora F ratio

F–Cl���CN–R BE = -7.045 (�IS;min) ? 75.40 0.978 1.30 527

F–Cl���CN–R BE = -0.598 (VS,min) - 6.74 0.970 1.51 391

F–Cl���CNR, SiN–R BE = -4.018 (�IS;min) - 0.2768 (VS,min) ? 39.56 0.987 1.02 693

Cl–Cl���CNR, SiN–R BE = -2.985 (�IS;min) - 0.1143 (VS,min) ? 27.63 0.961 0.99 87

BE and VS,min are in kcal/mol; �IS;min is in eV
a Root-mean-square error, in kcal/mol
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F–Cl���SiN–R complexes be represented by the double

regression Eq. 4, in terms of the �IS;min and VS,min of all of

the CN–R and SiN–R molecules?

BE ¼ a�IS;min þ bVS;min þ c ð4Þ

Figure 5 answers this affirmatively; R2 = 0.987, the

RMS error is 1.02 kcal/mol and F = 693 (Table 2).

Figure 5 demonstrates unequivocally the complementary

roles of �IS;min and VS,min in accounting for the variations in

the binding energies of the F–Cl complexes.

6.3 Cl–Cl complexes with both CN–R and SiN–R

molecules

In all of the interactions that have been considered (Tables 1,

3), the positive r-hole has been that of the chlorine in F–Cl;

this has been a constant factor, while the nature of the base

changed. As was mentioned earlier, the chlorine in F–Cl has

a relatively strongly positive r-hole, with VS,max = 39.9

kcal/mol. In order to see the effects of a weaker but still

positive r-hole, we repeated the computational analysis for a

Table 3 Computed properties for F–Cl���SiN–R complexes

Complex Properties of complexa Properties of free SiN–Rb

R(F–Cl)c R(Cl–Si)d BE VS,min
�IS;min

F–Cl���SiN–F 1.654 2.939 1.90 7.0 8.71

F–Cl���SiN–Cl 1.804 2.226 3.42 5.0 8.64

F–Cl���SiN–CCH 1.820 2.191 4.09 4.3 8.58

F–Cl���SiN–CCF 1.829 2.178 4.21 3.4 8.50

F–Cl���SiN–H 1.837 2.173 6.61 -2.9 8.49

F–Cl���SiN–CH3 1.861 2.156 7.77 -6.0 8.14

F–C���SiN–Li 1.928 2.121 20.60 -26.3 6.72

F–Cl���SiN–Na 1.951 2.119 23.93 -32.1 6.28

a R(F–Cl) and R(Cl–Si) are distances in Å; BE is binding energy in kcal/mol. Computational level: MP2/aug’-cc-pVTZ
b VS,min, in kcal/mol, and �IS;min, in eV, both refer to the silicons of the SiN–R. The positions of the VS,min are along the extensions of the N–Si

bonds, while the �IS;min form rings around the sides of the silicon atoms (except for R = Li, in which case the positions of VS,min and �IS;min

coincide). Computational level: B3PW91/6-31G(d,p)
c Computed bond length in free F–Cl is 1.639 Å
d Sum of chlorine and silicon van der Waals radii is 3.9 Å [36]
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Fig. 4 Plot of carbon and silicon �IS;min versus VS,min for the fourteen

CN–R (circles) and the eight SiN–R (triangles) molecules in Tables 1

and 3
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Fig. 5 Plot of predicted versus computed binding energies for F–Cl

complexes with the fourteen CN–R and the eight SiN–R molecules in

Tables 1 and 3
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series of complexes Cl–Cl���CN–R and Cl–Cl���SiN–R. The

chlorine r-hole in Cl–Cl has VS,max = 23.8 kcal/mol, con-

siderably less positive than that of the chlorine in F–Cl.

The computed properties of the Cl–Cl���CN–R and

Cl–Cl���SiN–R systems are in Table 4. Note that for the

CN–R and SiN–R complexes with both F–Cl and Cl–Cl,

the binding energy is always less with Cl–Cl than with

F–Cl. Furthermore, all of the complexes, except for those

with CN–Li and SiN–Li, have Cl–Cl, Cl–C and Cl–Si

distances and BE values that are in the normal ranges for

halogen bonds.

These observations underline the significance of the

strong electric field of the F–Cl chlorine r-hole in pro-

ducing the high binding energies encountered in some of

the complexes in Tables 1 and 3. When the ten BE in

Table 4 are fit to the �IS;min and VS,min of the carbons

and silicons, as per Eq. 4, the resulting relationship has

R2 = 0.961, RMS error = 0.99 kcal/mol and F = 87

(Table 2).

7 Discussion

The polarization/dative sharing interpretation of the devi-

ations of many of the complexes in Tables 1 and 3 from

typical halogen bonding is consistent with the results of

another study by Del Bene et al. [39]. They found that the

complexes of F–Cl with the bases NC–R (isomers of the

CN–R molecules in Table 1) have, overall, quite normal

halogen bonding features (see Table 5). Only F–Cl���NC–Li

shows any tendency for a long F–Cl bond, a relatively

short Cl–N separation and a high binding energy. Del Bene

et al. attributed the differences between the F–Cl���CN–R

and the F–Cl���NC–R complexes, at least in part, to the

carbons being better electron donors. Our computed data in

Table 5 quantify this explanation. While the VS,min for

NC–R and CN–R with the same R are quite similar, the

nitrogen �IS;min are 1.3–2.0 eV higher. Thus, the NC–R

bases have a distinctly lesser propensity for strong polari-

zation and dative sharing.

The important role of polarization is also brought out

very emphatically by the fact that the silicon atoms in four

of the SiN–R molecules in Tables 3 and 4—SiN–F, SiN–

Cl, SiN–CCH and SiN–CCF—have positive VS,min. The

electrostatic potentials on the surfaces of these silicons are

totally positive. This might appear to preclude any attrac-

tive interactions with the positive r-holes of the F–Cl and

Cl–Cl chlorines. However, the silicon atom has a relatively

high polarizability, and the electric fields of the r-holes are

presumably able to induce negative potentials on the sili-

cons’ surfaces with which the positive r-holes can interact.

It can be expected that dispersion also plays a role [21].

The plausibility of the polarization interpretation of the

bonding in the F–Cl and Cl–Cl complexes of these four

molecules can be demonstrated by using the formula [65],

DE ¼ �1=2 ae2
� �

ð5Þ

which gives the change in energy DE of the SiN–R mol-

ecule due to the electric field exerted along the Cl–Si axis

by the chlorine r-hole; a is the polarizability of the silicon

along this axis. For this rough estimate, we use the polar-

izability of a free silicon atom, 5.38 Å3 [64]. The electric

field produced by F–Cl at a distance of 2.20 Å from the

chlorine, corresponding to the complex with SiN–Cl and

Table 4 Computed properties for Cl–Cl���CN–R and Cl–Cl���SiN–R complexes

Complex Properties of complexa Properties of free CN-R, SiN-Rb

R(Cl–Cl)c R(Cl–C,Si)d BE VS,min
�IS;min

Cl–Cl���CN–F 2.010 2.896 3.13 -25.7 9.58

Cl–Cl���CN–Cl 2.013 2.831 3.71 -28.3 9.24

Cl–Cl���CN–H 2.014 2.837 3.73 -34.2 8.74

Cl–Cl���CN–CH3 2.021 2.751 4.59 -39.5 8.25

Cl–Cl���CN–Li 2.524 1.662 14.97 -59.1 6.62

Cl–Cl���SiN–F 2.004 3.377 1.34 7.0 8.71

Cl–Cl���SiN–Cl 2.006 3.320 1.61 5.0 8.64

Cl–Cl���SiN–H 2.008 3.309 1.79 -2.9 8.49

Cl–Cl���SiN–CH3 2.010 3.267 2.07 -6.0 8.14

Cl–Cl���SiN–Li 2.354 2.185 11.05 -26.3 6.72

a R(Cl–Cl) and R(Cl–C,Si) are distances in Å; BE is binding energy in kcal/mol. Computational level: MP2/aug’-cc-pVTZ
b VS,min, in kcal/mol, and �IS;min, in eV, refer to the carbons of the CN–R or the silicons of the SiN–R. Computational level: B3PW91/6-31G(d,p)
c Computed bond length in free Cl–Cl is 1.999 Å
d Sums of chlorine and carbon and chlorine and silicon van der Waals radii are 3.46 and 3.9 Å, respectively [36]
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SiN–CCH (Table 3), is 0.0241 au = 1.24 9 1010 V/m

[Gaussian 09 [56], B3PW91/6-31G(d,p)]. Then DE =

-6.6 kcal/mol. Considering that we did not use the actual

polarizabilities of the silicons, the magnitude of this energy

change DE is quite close to the computed binding energies

of F–Cl with SiN–Cl and SiN–CCH (Table 3) and supports

the polarization interpretation of these interactions. For the

Cl–Cl complexes, in which the SiN–R silicon has a positive

VS,min, DE will be smaller in magnitude (as are the binding

energies) because the electric field is weaker, reflecting the

less positive r-hole of chlorine in Cl–Cl compared to F–Cl.

8 Summary

Complexes of F–Cl and Cl–Cl with CN–R and SiN–R

molecules can exhibit a remarkable range of properties.

These range from those of normal halogen bonds, men-

tioned earlier, to considerably higher binding energies,

much shorter Cl–C and Cl–Si separations (approaching

covalent bond lengths) and longer F–Cl and C–Cl distances.

We attribute these effects to the polarization of the

CN–R carbons and the SiN–R silicons by the electric fields

of the chlorine r-holes. This polarization may merge into a

degree of dative sharing of electrons by the carbons and

silicons. Consistent with this interpretation is the fact that

the departures from normal halogen bonding are more

prevalent with F–Cl than with Cl–Cl; the former has a

much more positive r-hole and therefore a more polarizing

electric field.

We prefer not to enter into a discussion of whether these

stronger interactions should be labeled halogen bonds.

What is significant is that the full range of binding energies

of the complexes with either F–Cl or Cl–Cl can be repre-

sented analytically in terms of (a) the most negative elec-

trostatic potentials VS,min and (b) the lowest local ionization

energies �IS;min on the surfaces of the carbons and silicons.

The VS,min reflect the electrostatic interactions that are well

established as a major driving force in normal halogen

bonding, while the �IS;min are measures of the polarizabili-

ties and dative reactivities of the carbons and silicons. It is

noteworthy that the marked variation in binding energies

that is observed can be predicted from these properties of

the free CN–R and SiN–R molecules prior to interaction.

We conclude by pointing out that halogen bonding is

actually a subset of a broad group of noncovalent interac-

tions. r-Holes are not restricted to Group VII (halogens);

they can also be found on covalently bonded atoms of

Groups IV–VI, again on the extensions of the bonds to

these atoms [12, 28, 29]. Thus, the Group IV, V and VI

atoms can have four, three and two r-holes, respectively

(or more, if the atoms are hypervalent [66–68]). The

magnitudes of the r-hole potentials are governed by the

same factors as apply for the halogens, and the atoms can

interact directionally through positive r-holes with nega-

tive sites. Noncovalent interactions between Group IV–VI

atoms and Lewis bases have been known for decades, both

experimentally and computationally [69–81]. Since 2007,

it has been recognized that most of these are examples of

r-hole bonds [82–87]. We anticipate that polarization/dative

Table 5 Computed properties of complexes of F–Cl with a series of NC–R molecules

Complex Properties of complexa Properties of free baseb

R(F–Cl)c R(Cl–N)d BE VS,min
�IS;min

F–Cl���NC–NO2 1.649 2.631 4.21 -18.4 11.97

F–Cl���NC–CN 1.650 2.608 4.51 -19.6 11.83

F–Cl���NC–CF3 1.651 2.601 4.73 -25.0 11.37

F–Cl���NC–NC 1.651 2.596 4.73 -24.8 11.41

F–Cl���NC–F 1.653 2.578 5.32 -30.8 10.89

F–Cl���NC–H 1.656 2.541 5.49 -32.9 10.69

F–Cl���NC–Cl 1.656 2.536 5.92 -30.7 10.86

F–Cl���NC–CCH 1.657 2.520 6.08 -32.8 10.72

F–Cl���NC–CCF 1.658 2.515 6.20 -33.7 10.59

F–Cl���NC–CH3 1.662 2.473 7.11 -39.6 10.06

F–Cl���NC–Li 1.697 2.263 11.81 -59.2 8.41

a R(F–Cl) and R(Cl–N) are distances in Å; BE is binding energy in kcal/mol. Computational level: MP2/aug’-cc-pVTZ. Data taken from

reference [39]
b VS,min, in kcal/mol, and �IS;min, in eV, both refer to the nitrogen interacting with the chlorine. The positions of the VS,min and the �IS;min coincide;

they are on the extensions of the C–N bonds. Computational level: B3PW91/6-31G(d,p)
c Computed bond length in free F–Cl is 1.639 Å
d Sum of chlorine and nitrogen van der Waals radii is 3.30 Å [36]
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factors (in addition to electrostatic) can have similar effects

for Groups IV–VI as for the halogens.
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