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Abstract Halogen bonding refers to the non-covalent
interactions of halogen atoms X in some molecules,
RX, with negative sites on others. It can be explained
by the presence of a region of positive electrostatic
potential, the o-hole, on the outermost portion of the
halogen’s surface, centered on the R—X axis. We have
carried out a natural bond order B3LYP analysis of the
molecules CF;X, with X = F, CI, Br and 1. It shows that
the CI, Br and I atoms in these molecules closely
approximate the s°p7p’p! configuration, where the z-axis
is along the R—X bond. The three unshared pairs of
electrons produce a belt of negative electrostatic potential
around the central part of X, leaving the outermost region
positive, the o-hole. This is not found in the case of
fluorine, for which the combination of its high electro-
negativity plus significant sp-hybridization causes an
influx of electronic charge that neutralizes the o-hole.
These factors become progressively less important in
proceeding to Cl, Br and I, and their effects are also
counteracted by the presence of electron-withdrawing
substituents in the remainder of the molecule. Thus a
o-hole is observed for the Cl in CF;CI, but not in
CH;Cl.
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Introduction

The term “halogen bonding” is usually taken to mean the
non-covalent interaction of a halogen atom X in one
molecule with a negative site, such as the lone pair
electrons of a Lewis base, in another. X can be chlorine,
bromine or iodine, but not (to our knowledge) fluorine, and
halogen bonding does not necessarily always occur for the
other halogens, particularly chlorine. X can be part of a
dihalogen, e.g. Br,, or it may be a substituent on some
other molecule, often organic. Thus, halogen bonding can
be depicted as

R-X———:B

where :B is the Lewis base. The R—X-B angle is typically
close to 180°. The strength of the interaction increases in
going from chlorine to bromine to iodine.

The preceding description summarizes the findings of
considerable experimental work, including solution studies
[1-3] and analyses of crystallographic structural data [4—6].
Analogies between halogen and hydrogen bonding have
long been recognized, [7, 8] and Sandorfy et al. have shown
via infrared spectra that the former can compete and
interfere with the latter [9—12].

It is increasingly recognized that halogen bonding occurs
in various biological systems and processes [13, 14], and
can be utilized effectively in drug design. Another area of
application is crystal engineering; [14] co-crystals can be
produced that have specific desired features of structure and
composition, leading to, for example, non-linear optical
activity and enhanced conducting properties.
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Electrostatic potentials and halogen bonding

A seemingly puzzling aspect of halogen bonding is that
halogen atoms are themselves usually viewed as having
partial negative charges. Why then would they interact non-
covalently with a negative portion of another molecule?

It was demonstrated some time ago [15, 16], and again
more recently [13, 17], that this can be explained in terms
of the electrostatic potentials Vg(r) on the halogens’
surfaces. The electrostatic potential at any point in the
space of a molecule is given by

Vi) = ; 7 Zy p(r)dr 0

Afr|_ ¥ —r]

In Eq. 1, Z, is the charge on nucleus 4, located at R,
and p(r) is the molecule’s electronic density. V(r) is a
physical observable, which can be determined experimen-
tally by diffraction techniques [18, 19], as well as
computationally. In analyzing non-covalent interactions,
we have found it effective to calculate V(r) on the
molecular surface, which we take to be the 0.001 electrons
Bohr contour of p(r), as proposed by Bader et al. [20];
this surface potential is designated Vg(r).

The electrostatic potential of any ground-state spherical-
ly symmetric atom is positive everywhere [21, 22]; the
effect of the nucleus dominates over that of the dispersed

Fig. 1 The molecular electro-
static potential, in Hartrees, at
the 0.001 electrons Bohr > iso-
density surface of CF,
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electrons. It is when atoms combine to form a molecule that
the accompanying rearrangements of electronic charge
normally produce one or more regions of negative V(r).
These are often associated with the more electronegative
atoms, and with the 7t regions of unsaturated hydrocarbons
[22].

Figure 1 shows Vg(r) for CF,. As anticipated, the
fluorine hemispheres are negative. However when a
chlorine is substituted, Fig. 2, a positive potential develops
on the outermost portion of its surface, around its
intersection with the C—Cl axis. We shall refer to this
positive region, which is centered on the C—X axis, as the
“o-hole” in the belt of negative potential that encompasses
the chlorine. Analogous results are obtained for CF;Br and
CF;l, but the o-holes on the bromine and the iodine are
progressively larger and more positive (Figs. 3 and 4). Note
that the color scale is the same throughout this paper. The
figures were created with the Molekel program [23, 24].

It is these positive regions that are responsible for the
halogen-bonding capabilities of CF;Cl, CF;Br and CF;l, as
well as other halogen-bearing molecules. However, the
features and even the existence of o-holes depend very
much on the environments of the respective halogen atoms
in the molecules. Thus, halogen bonding by CF5Cl, CF;Br
and CFsl is greatly enhanced by the three electron-
withdrawing fluorines. In their absence, CH;CI does not
even have a o-hole [13, 15-17], and those on the bromine
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Fig. 2 The molecular electro-
static potential, in Hartrees, at
the 0.001 electrons Bohr > iso-
density surface of CF;Cl
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and iodine in CH3Br and CH;I are much weaker. For more The o-Hole

extensive discussions of these features in various haloge-

nated systems, see Auffinger et al. [13] and Politzer et al.  Our objective in this paper is to provide some insight into
[17] There have also been a number of calculations of the  the origins of the positive o-holes manifested by some
strengths of halogen bonds in various systems, [17, 25-27]  halogen substituents. To this end, we present in Table 1 the
which predict interaction energies as high as 8 kcal mol . results of a natural bond order (NBO) population analysis

Fig. 3 The molecular electro-
static potential, in Hartrees, at
the 0.001 electrons Bohr > iso-
density surface of CF;Br
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Fig. 4 The molecular electro-
static potential, in Hartrees, at
the 0.001 electrons Bohr > iso-
density surface of CF;l
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[28] of the electronic configuration of the halogen atom X
in each of the molecules CF;X, where X = F, CIL, Br and L.
The hybrid B3LYP density functional procedure was used
[29, 30], with the 6-311+G(d) basis set [31-41] for CF,,
CF;ClI and CF;3Br, and DGDZVP [42, 43] for CFsl.

In the molecules CF3X, each atom X is involved in a C—
X bonding orbital, ocy, and also has three unshared pairs of
electrons, two of which are in p-orbitals perpendicular to
the C—X axis. The third unshared pair is in what is largely
an s-orbital, but with some degree of p-hybridization along
the C—X axis; Table 1 shows that the extent of this is much
greater when X = F (24.9%) than when X is Cl, Br or I
(12.0 to 8.4%). The lower level of sp-hybridization for the
latter three means that their unshared electron pairs
approximate the s*p3p; distribution of a C1” ion constrained
to have an empty p-orbital. The contribution of each X to
the bonding ocx is primarily a p-orbital, although the
situation is again somewhat different when X = F, for which
there is 25% s-character (more than double what is found
for Cl, Br and I). Also notable is that only for X = F (by far
the most electronegative atom) is there a considerable

Table 1 NBO population analyses for CF;X (X =F, Cl, Br, I)

shifting of the bonding electrons toward X; its share is
71.4%, compared to approximately 50% for Cl, Br and L.

The o-holes seen in Figs. 2, 3 and 4, and in other
molecules [13, 15, 17], simply reflect the fact that the
positive Vg(r) that totally encompasses the free, ground-
state spherically symmetric atom X has not been countered
in that region by an influx of electronic charge. The atom X
in these molecules is similar to a single atom X with an
szpfcpfpzl electronic configuration (where the C—X bond lies
along the z-axis), in which two p-orbitals are filled and one
is half-filled. An example is shown in Fig. 5; a o-hole is
clearly visible, surrounded by a belt of negative potential
(This is not present in the neutral, spherically symmetric X
atom because each of the three p-orbitals then contains, on
average, only 5/3 electrons.).

Why is a o-hole not found when X = F, as well as in
some other instances, e.g. CH3Cl [15, 17]? Firstly, the
higher electronegativity of fluorine gives it a disproportion-
ately large share of the oy bonding electrons, which helps
to neutralize the o-hole. This also applies as chlorine in
CH;Cl, which does not have a o-hole and does not halogen

X NBO charge on X Halogen population Valence populations ocx (NBO) Unshared s-electron pair (NBO)
in the ch-NBO (%)
s p %s Y%p %s Y%p
F —0.332 71.4 1.86 5.47 25.00 74.57 75.12 24.88
Cl —0.004 53.1 1.89 5.10 12.06 87.30 88.00 12.00
Br 0.041 49.4 1.91 5.03 8.54 90.88 91.53 8.47
I 0.107 457 1.91 4.97 8.56 90.50 91.61 8.38
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Fig. 5 The molecular electro-
static potential, in Hartrees, at
the 0.001 electrons Bohr > iso-
density surface of the CI atom.

The electronic configuration is

szpﬁp}%pzl, where a o-bond could

be made in the z-direction
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bond [15, 17]. In CF5Cl, on the other hand, the electron-
attracting power of the chlorine is overwhelmed by that of
the three fluorines. Secondly, a factor that applies only
when X = F is the greater degree of sp-hybridization along
the C—X axis [44, 45], mentioned above and seen in
Table 1. This is further confirmed by Fig. 6, which shows
how much less spherical is the s unshared pair in CF,4 than
in CF;Br. This sp hybridization moves additional, electron-
ic charge into the o-hole.

Fig. 6 The unshared s-electron
pair in CF, (leff) and CF;Br
(right). The former has nearly
three times as much p-character
as the latter (Table 1)

Summary

Halogen bonding involves iodine, bromine and sometimes
chlorine, typically substituted in molecular environments
that are electron-withdrawing. The three pairs of unshared
electrons on the halogen atom X form a belt of negative
electrostatic potential around its central region, leaving a
positive “o-hole” on the outermost portion of its surface,
centered around the R—X axis. This o-hole can interact
favorably with negative sites on other molecules, giving
rise to halogen bonding.

If the electron-attracting power of X is greater than that
of the remainder of its molecule (R), then the halogen atom
may gain enough electronic charge to neutralize the o-hole.
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This result is also promoted by sp-hybridization of the
unshared s-valence electrons of X. Both factors are
operative when X = F, which explains why fluorine does
not participate in halogen bonding.
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