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Abstract In a previous study we investigated the effects of
aromatic fluorine substitution on the strengths of the halo-
gen bonds in halobenzene...acetone complexes (halo=
chloro, bromo, and iodo). In this work, we have examined
the origins of these halogen bonds (excluding the iodo
systems), more specifically, the relative contributions of
electrostatic and dispersion forces in these interactions and
how these contributions change when halogen o-holes are
modified. These studies have been carried out using density
functional symmetry adapted perturbation theory (DFT-
SAPT) and through analyses of intermolecular correlation
energies and molecular electrostatic potentials. It is found
that electrostatic and dispersion contributions to attraction in
halogen bonds vary from complex to complex, but are
generally quite similar in magnitude. Not surprisingly, in-
creasing the size and positive nature of a halogen’s o-hole
dramatically enhances the strength of the electrostatic
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component of the halogen bonding interaction. Not so ob-
viously, halogens with larger, more positive o-holes tend to
exhibit weaker dispersion interactions, which is attributable
to the lower local polarizabilities of the larger o-holes.
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Introduction
Halogen bonding

Halogen bonding offers a rich array of possibilities for the
design of new materials, in areas ranging from electronics to
pharmaceuticals [1, 2]. There is also increasing recognition
of its importance in biochemistry and molecular biology, for
instance in the binding of ligands to proteins [3—6]. This
diversity reflects the “tunability” of halogen bonding; it can
be modified not only by changing the molecular environ-
ment of the halogen (e.g., making it more or less electron-
withdrawing [7]) but also by changing the halogen itself.
For instance, iodobenzene interacts more strongly with a
Lewis base than does bromobenzene. However if the pres-
ence of iodine should be undesirable for a particular appli-
cation, 3,5-difluorobromobenzene has been shown to
interact equally well [8].

Halogen bonding is due to the presence of regions of
positive electrostatic potential on the outer portions of many
covalently-bonded halogens X, along the extensions of the
bonds to the halogens; see Figs. 1 and 2 [4, 9, 10]. Through
these positive regions, they can interact electrostatically with
negative sites, such as the lone pairs of Lewis bases B. The
resulting complexes, R-X...B, are typically characterized by
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Fig. 1 Computed electrostatic potentials on 0.001 au molecular surfa-
ces of chlorobenzene (a), 3,5-difluorochlorobenzene (b) and penta-
fluorochlorobenzene (c¢). The chlorine is facing the viewer in each
case. Color ranges, in kcal mol’, are: red, greater than 20; yellow,
between 20 and 10; green, between 10 and 0; blue, negative

the X...B separations being less than the sums of the respec-
tive van der Waals radii and the angles R-X...B being close to
180°, i.e., the interactions are essentially linear (barring sec-
ondary interactions that influence these angles [8, 11]).

The positive potentials on the halogens are the results of
their anisotropic charge distributions, which show deple-
tions of electronic density on the sides of the halogens
opposite to the bonds R-X [12-16]. The regions of dimin-
ished electron density have been labeled “o-holes” [17]. If
the depletion is sufficient, the o-hole acquires a positive
electrostatic potential, i.e., a positive o-hole, which can
interact with a negative site. o-holes are always along the
extensions of the bonds to the halogens; this accounts for the
directionality of halogen bonding. If the anisotropy of hal-
ogen X is not sufficient for its o-hole to have a positive
potential, then it will be negative, although less so than the
surrounding region on the atom. It should be noted that the
electrostatic interaction in halogen bonding always involves
mutual polarization, of R-X by the electric field of B and of
B by the electric field of the positive o-hole on X [18].

For a given R, the o-hole potential on the halogen X in R-
X becomes more positive in the order F<< CI<Br<I (fol-
lowing the trend in the halogens’ polarizabilities) [4, 9, 10].
It is also more positive as R is more electron-withdrawing.
For a given B, the binding energy of the complex R-X...B
increases as the potential of the o-hole of X becomes more
positive [7, 8, 19].

The combination of electrostatics and polarization is a
major directional driving force in halogen bonding [10].
Dispersion also plays an important role [7, 20]. These are
partially balanced by a repulsive interaction, which becomes
dominant at very short X...B separations. Our objective in

this work has been to investigate and approximately
quantify the relative contributions of electrostatics/
polarization and dispersion, and how they depend upon the
separation, the particular halogen and its molecular
environment.

Interaction energies

It is sometimes conceptually useful to think of an interaction
energy as composed of contributions from various factors —
electrostatics, polarization, charge transfer, dispersion, orbit-
al interaction, exchange repulsion, etc. — as is commonly
done in perturbation theory techniques [21-23]. However it
should be kept in mind that there is no rigorous basis for
defining such contributions [22]. Only the overall interac-
tion energy is a physical observable. A fundamental prob-
lem is that the proposed components are not independent of
each other. For example, polarization is an intrinsic part of
the electrostatic interaction. And where is the boundary
between polarization and charge transfer [24, 25]? As Chen
and Martinez pointed out [24], “...charge transfer is an
extreme manifestation of polarization, ...” It is accordingly
not surprising that the various procedures that have been
proposed for decomposing interaction energies sometimes
lead to contradictory conclusions; for an example, see Politzer
etal [10].

Nevertheless, even taking note of these limitations, it is
possible to estimate the electrostatic and the dispersion
portions of noncovalent interaction energies. For the former,
one can calculate the Coulombic interaction between the
unperturbed ground-state charge distributions of the partic-
ipants in the complex [21, 26]. This is a well-defined quan-
tity, and while it neglects the accompanying polarization, it
should give at least a lower bound to the magnitude of the
actual electrostatic/polarization interaction energy. Earlier
work suggests that polarization can usually be expected to
augment this by less than about 25% [7, 26, 27].

The dispersion portion of the interaction energy is asso-
ciated with the intermolecular electronic correlation
[28-30]. Correlation energy is also well defined, as the
difference between exact and true Hartree-Fock energies.
Accordingly, we will take the difference between accurate

Fig. 2 Computed electrostatic potentials on 0.001 au molecular surfa-
ces of bromobenzene (a), 3,5-difluorobromobenzene (b) and penta-
fluorobromobenzene (¢). The bromine is facing the viewer in each
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correlated and Hartree-Fock interaction energies, labeled
AE,, as an approximation to the dispersion energy [30].
While AE,,,, reflects not only the intermolecular correlation
but also the changes in intramolecular correlation of the
halobenzene and acetone, these changes should be very
small since we will maintain the ground-state geometries
of these molecules. We will compare our AE,,, with the
dispersion energies predicted by the widely-used symmetry-
adapted perturbation theory (SAPT) [21, 23].

Methods

We have investigated six halobenzene-acetone complexes; the
halobenzenes and their identifying labels are shown below in
Scheme 1. The interactions are through the positive o-holes
on the halogens X, where X=Cl or Br. Acetone was chosen to
be the Lewis base because (a) it has been shown to form strong
halogen bonds [7] and (b) it is among the simplest models of
the carbonyl groups found in biological systems.

Our procedure for optimizing the geometries of the com-
plexes has been described in detail earlier [8]; it can be
summarized as follows (see Fig. 3):

(1) The geometries of the free halobenzenes and acetone
were optimized using gradient techniques at the densi-
ty functional B3LYP/6-31+G(d) level, and were sub-
sequently kept fixed.

The next three steps were carried out with the MP2/aug-
cc-pVDZ procedure.

(2) Potential energy curves were generated for the com-
plexes along the X...O separations, holding both the
C-X...0 and the X...0=C angles at 180°.

(3) At the X...O energy minima, the angles X...0=C
were allowed to vary.

(4) Using the optimum X...0=C angles, potential energy
curves along the X...O separations were again obtained.
The resulting minimum energy structures were taken to
be the final representations of the complexes.

The preceding optimization technique was employed in
order to maintain the C-X...O angle at 180°. This ensured

X
X X
F F
F F F F
F
X-benz; X =Cl, Br X-benz-2F X-benz-5F

Scheme 1 Configurations of halogen bond donors considered in this
work

Fig. 3 Schematic models of halogen bonding in the complexes studied
in this work

that the dominant interaction is the X...O halogen bond,
with minimal contributions from secondary interactions
such as are sometimes observed [8, 11, 31, 32].

The halobenzene and acetone geometries from step (1)
above were also utilized to construct Hartree-Fock/aug-cc-
pVDZ potential energy curves along the X...O separations.
The optimized MP2 X...0O=C angles were used.

The interaction energies as functions of the X...O
separations, AE(X...0), were calculated with Eq. (1):

AE(X . O) - Ecomplex (X . O) - [Ehalobenzene + Eacetone} . ( 1)

Ecomplex(X---O)y Ehalobenzene and Eacetone are the Computed
energies at 0 K of the complex at the separation X...O and
the free halobenzene and acetone molecules. No zero-point
energies are included. Counterpoise corrections were used
to account for the basis set superposition error [33]. The
dispersion contributions to the interaction energies at the
various separations were approximated by AE..(X...0),
which is the difference between the corresponding MP2 and
Hartree-Fock AE:

AEcor(X...0) = AEyp(X...0) — AEgr(X...0). (2)

Potential energy curves and interaction energies were
also computed by means of density functional symmetry-
adapted perturbation theory (DFT-SAPT) [21, 23, 34, 35],
with the LPBEOAC functional [36] and the aug-cc-pVTZ
[37] basis set. In SAPT, the interaction energy is written as a
sum of first- and second-order terms, which are commonly
combined into electrostatic, induction, dispersion and ex-
change contributions. In DFT-SAPT a term accounting for
higher order effects (mainly from induction), 6HF, also
contributes to the interaction energy [34, 35, 38]. The
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electrostatic energy, Eqjectr, 18 determined as the Coulombic
interaction between the unperturbed ground-state reactants.
We will use Egjeeir @8 our measure of the electrostatic inter-
action and both AE_,, and the DFT-SAPT dispersion term,
Egisp, to represent dispersion.

In view of the key role of the electrostatic potential in
halogen bonding, we have calculated this for each of the six
halobenzenes, focusing particularly upon the chlorine and
bromine o-holes. The electrostatic potential V(r) that the
nuclei and electrons of a molecule create at any point r is
given by:

Za p(r)dr’
V(r):zA:|R _/ R (3)

AT

In Eq. (3), Z4 is the charge on nucleus A, located at R, and
p(r) is the molecule’s electronic density.

V(r) is a physical observable, which can be determined
experimentally by diffraction methods [39, 40] as well as
computationally. Its sign in any region depends upon wheth-
er the positive contribution of the nuclei or the negative one
of the electrons is dominant there.

The electrostatic potential is a quantity of fundamental
importance [41]. Ayers has shown that knowledge of V(r)
suffices to completely characterize a molecular system [42],
and atomic and molecular energies have been expressed as
exact functionals of V(r) [43]. It is an effective guide to the
interpretation and prediction of noncovalent interactions
[41, 44]; a variety of condensed phase properties that de-
pend upon such interactions can be represented analytically
in terms of statistically-defined features of V(r).

In analyzing interactive behavior, we generally evaluate
V(r) on the molecular “surface” [45], since this is what is
“seen” by an approaching entity. Following Bader et al.
[46], we take the surface to be the 0.001 au (electrons/bohr’)
contour of the molecule’s electronic density. This has the
advantage of reflecting specific aspects of the molecule,
such as lone pairs, 7t electrons, atomic anisotropies, etc. In
this work, the electrostatic potentials were computed with
the B3PW91/6-311G* procedure using the WFA-SAS code
[45], to be consistent with earlier studies of fluorinated
halobenzene molecules [8].

Results

Electrostatic potentials of halobenzenes

Figures 1 and 2 present the computed electrostatic potentials
on the 0.001 au surfaces of the six halobenzenes being
considered. The three with X=Cl are in Fig. 1, the X=Br

are in Fig. 2. The chlorines and bromines are in the centers
of the figures, and the positive o-holes are clearly visible.
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These become larger and more positive as the number of
electron-attracting fluorines on the ring increases and in
going from X=Cl to X=Br. These trends are typical [4,
10], as was mentioned earlier. In Table 1 are listed the values
of the most positive potentials, the Vg ax, that are associat-
ed with the o-holes of the chlorines and bromines.

Note that each positive o-hole is surrounded by negative
electrostatic potential on the lateral sides of the chlorine or
bromine. This accounts for the observed ability of many
covalently-bound halogens to interact linearly through their
o-holes with nucleophiles (halogen bonding) and laterally
with electrophiles [4, 7, 10, 47-50]. It also brings out the
fallacy of assigning a single positive or negative charge to a
covalently-bonded halogen.

Figures 1 and 2 show a marked similarity between the o-
hole potentials of the chlorine in Cl-benz-2F and the bro-
mine in Br-benz; this is confirmed by their Vg iax, Which are
11.9 and 12.2 kcal mol™, respectively (Table 1). Such a
similarity is also seen in the chlorine o-hole of Cl-benz-5F
and the bromine o-hole of Br-benz-2F; the Vg .y are 18.9
and 18.4 kcal mol™'. Since the magnitudes of the Vs max of
o-holes are a major determinant of the strengths of ensuing
interactions [7, 8, 19], these examples show how halogen
bonding can be “tuned” by appropriate choices of the halo-
gen and substituents [8].

Properties of complexes with acetone

Table 1 also includes the MP2 optimum X...O separations,
X...0=C angles and interaction energies AE of the six
complexes with acetone. The X...O distances are all less
than the sums of the relevant van der Waals radii, which are
3.28 A for C1...0 and 3.37 A for Br...O [51]. The X...0=C
angles are in the neighborhood of 120°, which is consistent
with the o-hole interacting with a lone pair of the oxygen

[7].

Table 1 MP2 optimum X...O separations (A) and X...0=C angles
(degrees), MP2 interaction energies AE (kcal mol™), estimated
dispersion energies AE,, (kcal mol™") and B3PW91/6-311G* o-hole
electrostatic potential maxima Vg may (kcal mol']) of halogens X

MP2 MP2 AE AEcorr  Vs.max
X...0) (X...0=C) (MP2)
Complex
Cl-benz 3.16 118 -1.30 -198 53
Cl-benz-2F  3.10 120 -1.74 -1.85 119
Cl-benz-5F  3.00 121 —2.63 —2.00 189
Br-benz 3.13 122 —2.23 244 122
Br-benz-2F  3.04 123 —2.78 —2.17 184
Br-benz-5F 291 124 —4.09 236 272
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As has been found in earlier studies [7, 8, 19], there is a
good correlation between the interaction energies and the
Vs max; R?=0.955. As the o-hole becomes more positive,
the halogen bond becomes stronger (AE more negative).

DFT-SAPT results

Table 2 contains the DFT-SAPT optimum X...O separations,
the interaction energies AE and the estimated electrostatic and
dispersion contributions to the AE, E¢jeer and Egis,. The MP2
and DFT-SAPT X...O distances and AE are very similar but
do show a certain pattern: The MP2 X...O are shorter and the
AE more negative, but only by an average of 0.02 A and 0.11
keal mol™. It will be noted that, for all six complexes, our
DFT-SAPT calculations indicate that the largest attractive
contributions come from the dispersion and electrostatic
terms; induction effects play a smaller role in these complexes
(see Figs. S1-S6 in supplementary material).

The Egjeerr Tepresent largely the electrostatic interactions
between the unperturbed ground states of the halobenzenes
and acetone. Eje.r 1s more negative in direct proportion to the
o-hole Vg . of the halobenzene becoming more positive;
R?=0.951. Both the MP2 and the DFT-SAPT interaction
energies AE correlate remarkably well with the DFT-SAPT
Eelectr; the linear R? are 0.9997 and 0.997, respectively.

The Egisp in Table 2, which are the DFT-SAPT predic-
tions of the dispersion components of the interactions, are to
be compared to the AE,,,, in Table 1, which were obtained
by applying Eq. (2). The two sets of values are within 1.5
kcal mol™ of each other, with the DFT-SAPT always being
the more negative, but the trends are different. Eg;s, becomes
monotonically more negative in going from Cl-benz to Br-
benz-5F, while AE_,,, tends to hover within one small range
for the chlorine systems and another for the bromine. How-
ever both Egis, and AE.,,, indicate that the dispersion con-
tributions to the interactions are greater for the bromine
derivatives. This is consistent with the higher polarizability

Table 2 Selected DFT-SAPT results: Optimum X...O separations (A),
electrostatic and dispersion energies Ecjeer and Egigp, (kcal mol'l), and
total interaction energies AE (kcal mol™). The X...O=C angles are the
same as in Table 1

DFT-SAPT DFT-SAPT DFT-SAPT DFT-SAPT

X...0) Eelectr Edisp AE
Complex
Cl-benz 3.19 —-1.08 -2.32 -1.19
Cl-benz-2F  3.13 -1.79 —2.49 -1.71
Cl-benz-5F  3.00 -3.19 -2.99 -2.61
Br-benz 3.15 -2.57 =3.11 -2.09
Br-benz-2F  3.05 -3.53 -3.20 —2.64
Br-benz-5F  2.93 —5.66 -3.80 -3.90

of the bromine atom, since dispersion is a function of
polarizability [21, 23, 28, 29].

Energy curves

Figures 4, 5, 6, 7, 8 and 9 show, for each complex, the
variation with X...O separation of AE(MP2), AE ., Egisp
and Ejecr. Only AE(MP2) passes through a minimum; the
others represent attractive components of the interactions
and decrease monotonically.

For each complex, the two measures of the dispersion
energy, AE o and Egip, are nearly identical at large X...0
separations but begin to move apart as the equilibrium X...0
distance is approached. Eg;p is always more negative. For the
three chlorobenzenes, the Egjsp, curves are almost
superimposable (Fig. 10), and the AE,,, are also very
similar (Fig. 11). The bromobenzene curves are somewhat
more negative (Figs. 10 and 11) as would be expected from
the greater polarizability of bromine. There is an interesting
tendency for Egis, and especially AE,, to become less
negative as the number of fluorines increases. This is
particularly marked in comparing Br-benz to Br-benz-2F and
Br-benz-5F.

Proceeding to E .. and looking first at the chlorine
systems, at large X...O separations the E., curves are
less negative than AEc,, and Egi, but then they begin to
descend rapidly (Figs. 4, 5, and 6), more so as the o-hole Vg,
max 18 more positive, and eventually they cross both AE,,
and Egisp. The more positive Vg max, the larger the X...O at
which the crossing occurs. Tables 1 and 2 show that as the

5 LA B R I R B B B | R M R T 1 T T

Energy (kealimol)
&

Distance (A)

Fig. 4 Computed energy quantities for Cl-benz, as function of Cl...O
separation. Green circles denote AE(MP2), blue squares denote
AE o=AE(MP2) - AE(HF), red circles denote DFT-SAPT Eg;g, and
black diamonds denote DFT-SAPT Egjeetr
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Energy (kcal/imol)
&

Distance (A)

Fig. 5 Computed energy quantities for Cl-benz-2F, as function of
Cl...O separation. Green circles denote AE(MP2), blue squares
denote AE.,,=AEMP2) - AE(HF), red circles denote DFT-SAPT
Egisp and black diamonds denote DFT-SAPT Egjecir

number of fluorines increases and the chlorine o-hole Vg max
becomes more positive, the magnitude of Egje at the equi-
librium X...O distance approaches and finally, for Cl-benz-
SF, exceeds both AE ., and Egjgp.

For the three bromine systems, the Ej..( curves are more
negative than for the chlorine (Figs. 4, 5, 6, 7, 8 and 9 and
Fig. 12). They begin their rapid descents at larger X...O, so
that at the equilibrium separations Egje.r 1S more negative
than both AE,, and Egj, already for Br-benz-2F. For Br-

5 —r 1 v [ v 1 T 1 | B T B | T 1 T 1 | T T

Energy (kcal/mol)
&n
T

Distance (A)

Fig. 6 Energy quantities for Cl-benz-5F, as function of Cl...O
separation. Green circles denote AE(MP2), blue squares denote
AE ,,=AE(MP2) - AE(HF), red circles denote DFT-SAPT Eg;, and
black diamonds denote DFT-SAPT Egjeetr
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Fig. 7 Computed energy quantities for Br-benz, as function of Br...O
separation. Green circles denote AE(MP2), blue squares denote
AEor=AE(MP2) - AE(HF), red circles denote DFT-SAPT Eg;, and
black diamonds denote DFT-SAPT Egjeet

benz-5F, Egjeeqr is below AE.,,, and Egig, even at large X...

O. These trends are again associated with the bromine o-
hole Vg max being increasingly positive.

Discussion and summary

A general pattern is evident in Figs. 4, 5, 6, 7, 8, 9, 10, 11
and 12. As the halobenzene and acetone initially approach

T T L B T

ST

TTT T[T 7T

Energy (kcalfmal)

\
o
L B e o . T [ I e [P e B o e e T
ey ey pus oy ey gy e ey
| | |

_zullllillll 1111j||||i||||f1||1}1111

25 3 35 4 45 5 55
Distance (A)

=]

Fig. 8 Computed energy quantities for Br-benz-2F, as function of
Br...O separation. Green circles denote AE(MP2), blue squares
denote AE.,,=AEMP2) - AE(HF), red circles denote DFT-SAPT
Egisp and black diamonds denote DFT-SAPT Egjecyr
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Fig. 9 Computed energy quantities for Br-benz-5F, as function of
Br...O separation. Green circles denote AE(MP2), blue squares
denote AE.,,=AEMP2) - AE(HF), red circles denote DFT-SAPT
Egisp and black diamonds denote DFT-SAPT Egjecqr

each other, at large separations, both the electrostatic and the
dispersion components of the interaction energies become
more negative (stronger) in a gradual manner. For disper-
sion, this continues at shorter X...O distances. However the
electrostatic component, at an X...0 of roughly 3.5 A,
begins to decrease rapidly. The relative contributions of
dispersion and electrostatics at the equilibrium separations
depend upon the rates of change of the respective curves,
which now may differ considerably, depending on the size
and charge of the halogen o-hole. Accordingly, as is seen in
Tables 1 and 2, dispersion dominates at equilibrium in some
complexes and electrostatics in others. However they are

2 | =
: s "
-25 - o B -
-
B |
Y pe
= [ |
g 35 | Py -
= | !
S 4 e ¥
= §
7] i )
5 45 - - e CIOF
w [ B e Cl2F
8 ® CI-5f
e = BrOF
- = Br2F
B
"
2.7 238 2.9 3 3.1 3.2 3.3

Distance (A)

Fig. 10 Computed DFT-SAPT Egg, as function of X...O separation

Fig. 11 Computed AE,,,, as function of X...O separation

usually of comparable magnitudes (unless the o-hole Vg max
is very positive) and this is likely to be the case even when
polarization is taken into account, since it can be expected to
normally be less than about 25% of the magnitude of Ejecir
[7, 26, 27].

Figure 12 shows that for the three chlorobenzenes, as for
the three bromobenzenes, the electrostatic interaction is
strengthened (Ejecr 1S more negative) as the o-hole Vg max
increases. This is entirely as expected. What is more inter-
esting is that the dispersion interaction weakens in the same
direction (Figs. 10 and 11, Egisp. and especially AEcq,
becoming less negative). This can be explained by noting
that the shifting of valence electronic charge that gives rise
to a positive o-hole potential also diminishes the local

Eelectr (kcal/mol)

27 28 29 3 31 32 33
Distance (A)

Fig. 12 Computed DFT-SAPT Ejc as function of X...O separation
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polarizability of the halogen. An effective measure of local
polarizability has been demonstrated to be the local surface
ionization energy Is(r) [52, 53] (they vary inversely). For
the free chlorine atom, the computed value is 11.03 eV
[B3PWO91/6-311G(d)], compared to 13.32 eV for Cl-benz,
13.87 eV for Cl-benz-2F and 14.70 eV for Cl-benz-5F. The
corresponding magnitudes for the free bromine atom and the
three bromobenzenes are 9.98 eV, 12.43 eV, 12.97 ¢V and
13. 83 eV. Thus the increases in Vg max are accompanied by
significant decreases in polarizability in the vicinities of the
o-holes and a consequent diminishing of dispersion ener-
gies. It follows that the dominant role that has been found
for Eciectr When Vs max 1s very positive [7, 20] reflects not
only a strengthened electrostatic interaction but also weak-
ened dispersion.

Finally we wish to comment on the fact that the sequence
of the six Egjeer curves in Fig. 12 does not reflect the fact
that the o-hole Vg max of Cl-benz-2F and Br-benz are essen-
tially the same, as are those of Cl-benz-5F and Br-benz-2F.
This is presumably because E... represents the electrostat-
ic interaction of acetone with the entire halobenzene mole-
cule not just its chlorine or bromine o-hole. The Eje and
AE at equilibrium do correlate with Vg .. as already
pointed out; however the equilibrium points are at different
X...0 distances for the various complexes.
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