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ABSTRACT: In this paper a theoretical study has been
carried out to investigate the nature of the unusual halogen—
halogen contacts in the complexes R—X:--X—R (with R = —H,
—Cl, —F and X = C|, Br, I). AIM, NBO, and MEP analyses
have been used to characterize X:--X interactions. Formation
of the unusual X---X interactions leads to a significant increase
of electron charge density in the bonding region between the
two halogen atoms. The geometry and stability of these
complexes is mainly due to electrostatic interactions lump(X1)
— hole(X2) and lump(X2) — hole(X1) [or equivalently
[VS,min(Xl) = VS,max(Xz) and VS,min(Xz) = VS,max(Xl)] and
the charge transfers LP(X1) — ¢*(R—X2) and LP(X2) —

R

06*(R—X1). In other words, these findings suggest that the electrostatic interactions and the charge transfer play a substantial role
in determining the optimal geometry of these complexes, as in conventional halogen bonds, even though the dispersion term is
the most important attractive term for all the complexes studied here, save one.

1. INTRODUCTION

Halogen bonding is a net attractive interaction between an
electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the
same, molecular entity.1 In general, these interactions can be
symbolized as R—X---B, in which X is an electrophilic halogen
atom (I, Br, Cl, and F to a lesser extent), R is a monovalent
substituent, and B is a Lewis base.>™*

Moreover, it has long been known that halogen atoms do
participate in halogen—halogen (X:-X)*>~ interactions that
appear to play a significant role in determining the crystal
structure. Extensive studies show that there are two types of
angular arrangements for X---X interactions.® The first
possibility occurs when 8, = 0,, and the second possibility is
when 0, = 180° and 6, = 90° (Scheme 1). This last
arrangement is simply a conventional halogen bond, whereas
that for the X---X interactions of type I is believed to be a result
of close packing in the solid state.”'?

X--X interactions have been used to develop new materials
and to explain the geometric arrangement of other important

Scheme 1. Two Preferred Geometries for Halogen—Halogen
Contacts: Type I, 0, = 6, and Type 1I, 6, = 180°, 0, =~ 90°
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materials.""'> One example is the use of Cl---Cl interactions to
prepare highly stereoregular organic polymers."?

We have recently shown that (in conventional halogen
bonds) the electrostatic forces and charge transfer play an
important role not only in the stabilization of the complex but
also in the conformation of the molecular geometry of
equilibrium.'*'® That is to say, the strong directional
preferences of a halogen bond arise from the tendency to
maximize the main two directional attractive contributions to
the interaction energy, i.e., electrostatics and charge transfer. In
addition, this and other articles have shown that the hole—lump
concept 1provides important answers on the characteristics of
the XBs.'*~”

Most of the studies on X:--X interactions in the literature are
restricted to conventional halogen bonds, whereas X:-X
interactions (type I) have received less attention especially
from a theoretical point of view. Awwadi et al. in a study of X:-
X contacts (type I and type II) in organic compounds using ab
initio calculations and the results of previously reported
crystallographic studies showed that these interactions are
controlled by electrostatics."®

On the contrary, a new type of Lewis acid—base interactions
has recently been reported in the framework of a pnicogen
bond (H,XP--PXH,, for X = —H, —CH,, —NH,, —OH, —F,
and —BH,)."” In these interactions it was observed that both
H,XP molecules are electron-pair donors and acceptors via
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LP(P1) — o¢*(P2-X) and LP(P2) — o¢*(P1-X) charge-
transfer interactions.*

Eskandari et al. through the Laplacian of electron density
showed that the noncovalent P---P, P--N, and N---N
interactions can be categorized as hole—lump interactions.
According to these authors, a region of charge depletion and
excess kinetics energy (hole) in the valence shell charge
concentration (VSCC) of pnicogen atom combines with a
region of charge concentration and excess potential energy
(lump) in the VSCC of another molecule and forms a pnicogen
bond.*!

Moreover, it is well-known that the conventional halogen
bonds tend toward a linear or nearly linear R—X---Y alignment.
Even more, according to IUPAC in its recent interim
definition," it indicates that “The angle R—X---Y tends to be
close to 180° i.e., the halogen bond acceptor Y approaches X
along the extension of the R—X bond”. In the complexes
studied here it can be observed that the equilibrium angle R—
XX is close to 150° so one wonders, are the halogen—
halogen contacts type I conventional halogen bond? What is
the nature of these interactions? What role does the charge
transfer and the electrostatic interaction play in the
determination of the molecular geometry? We believe that a
deep study of the electronic redistribution mechanisms that
occur during the attractive X---X interaction is essential to
understand the nature of these interactions.

2. COMPUTATIONAL DETAILS

The geometries of all the monomers and complexes were fully
optimized using the Moller—Plesset second-order perturbation
theory”* with the aug-cc-pVTZ basis set.”® For the iodine atom,
the Def2-TZVP basis set was used.”* Recent reports have
indicated that the uncorrected interaction energy with large
basis sets provides a better estimate than the BSSE corrected
one using the counterpoise method.>**® Some test calculations
(Table S1 of the Supporting Information) with the aug-cc-
pVQZ and aug-cc-pVSZ basis sets confirm previous findings.
Thus, in the present article the uncorrected MP2/aug-cc-pVTZ
interaction energy will be used.

The localized molecular orbital energy decomposition
analysis (LMOEDA) partition method”” at the MP2 computa-
tional level has been used to compute the interaction energy
terms using eq 1.

E = Eg4 + Eex—rep + EPOI(LMOEDA) + EdiSP 1)

where E,, is the electrostatic term describing the classical
Coulomb interaction of the occupied orbitals of one monomer
with those of another monomer and E,,,., is the attractive
exchange component resulting from the Pauli exclusion
principle and the interelectronic repulsion. E,qimorpa) and
Eg4, correspond to polarization and dispersion terms,
respectively. In addition, the E,qmoepa) have been decom-
posed in the charge-transfer energy, E., and the rest of the
polarization, E,,, following the reduced variational space
(RVS) formalism.*® These calculations have been carried out
with the GAMESS program (version 2013-R1).*

The intermolecular distribution of both the electronic charge
density and L(r) = —'/,V?p(r) function has been studied
within the framework of the atoms in molecules (AIM)
theory>® with the ATMAIl program,®’ with the electron density
obtained at B3LYP level** with the 6-311G(d,p) basis set™
using the MP2/aug-cc-pVTZ optimized geometry. The
B3LYP/6-311G(d,p) computational level allows us to analyze

the electron density of the systems using a full electron
description in all cases. The electron density shift upon
complex formation has been evaluated as the difference
between the electron density of the complex and that of the
isolated monomers at their geometry in the complex.

The natural bond orbital (NBO) method*® has been used to
analyze the stabilizing charge-transfer interactions in the
dimers. NBO analysis was performed with the NBO 3.1
program,35 as implemented in the Gaussian 03.3% Electrostatic
potentials (i.e, most positive, Vs,,.,, and most negative, Vs,
values) for all isolated monomers were computed at B3LYP/6-

311G(d,p) level of theory with the Multiwfn program.®”

3. RESULTS AND DISCUSSION

Geometrical and Energetic Parameters. Table 1 reports
selected geometric parameters and the interaction energies of

Table 1. Selected Geometric Parameters and Interaction
Energies”

complexes d(X--X) Foaw(X+X)® O(R—X--X) AE

HCl--CIH 3.553 3.50 150.96 -29
cICl---CICl 3214 3.50 14721 —6.5
FCl--CIF 3.126 3.50 14427 -S54
HBr--BrH 3.634 3.70 149.28 —63
CIBr---BrCl 3.183 3.70 147.30 -12.3
BrBr--BrBr 3.186 3.70 148.90 -13.8
FBr---BrF 2952 3.70 145.84 -13.6
HI--IH 3.917 3.96 146.83 —6.4
II.--1I 3.366 3.96 149.40 -179
Brl---IBr 3.309 3.96 147.03 -17.8
CIL--ICl 3273 3.96 146.22 -173
FI.--IF 3.025 3.96 14448 -229

“d(X---X): intermolecular distances (A). r,qw(X+X): sum of the van
der Waals radii of interacting atoms (A). 0 in degrees (deg). AE:
interaction energies (k] mol™). bRadii were taken from ref 38.

the studied complexes. It can be seen that in most cases (except
in HCl--CIH complex), X---X intermolecular distances are
substantially shorter than the sum of the van der Waals radii*®
of the halogen atoms. The short intermolecular distances are
caused by the attraction of the molecules that produce an
overlap of the molecular orbitals.

The crystal structure of the solid Cl,, Br,, and I, are available
in the literature but in the three cases, the molecules adopt a
disposition that corresponds to halogen bond of type II (6, 2
170° and 6, = 103°).*>* The intermolecular distances in the
solid phase are always slightly larger than those reported here,
3.330, 3.367, and 3.500 A, respectively.

The interaction energies of the homodimers lie between
—2.9 and —22.9 kJ mol™}, a range that is comparable to the
interaction energies of conventional halogen bonded com-
plexes.* It is interesting to note that the weakest complexes
correspond to those where the interacting halogen atoms are
bound to an atom with low electron-withdrawing capacity (for
instance, hydrogen).

The calculated interaction energy terms with the LMOEDA
methodology have been gathered in Table 2. In all the cases,
the most important stabilization term corresponds to the
dispersion followed by the electrostatic term, in agreement with
a previous report‘“’42 save in the strongest complex FI---IF,
where the electrostatic term is slightly more important than the
charge-transfer and the dispersion ones. The analysis of the
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Table 2. Energy Terms of the Interaction Energy Obtained
with the LMOEDA Methodology”

complexes Eg. Iy Eor E, Egiep

HCI---CIH —14 4.3 -0.1 -0.4 -52
CICI---CIClI -S54 13.8 —-0.6 -2.6 —-11.6
FCl---CIF —6.2 17.0 -1.5 -39 —-10.9
HBr---BrH -39 9.1 —-0.2 —1.1 —10.2
CIBr---BrCl —-14.6 37.6 =27 -8.5 —24.0
BrBr---BrBr -15.1 38.3 -1.1 -9.2 —26.7
FBr---BrF —26.4 71.3 —-8.0 —-19.3 —-31.2
HI---IH —-5.6 12.6 -0.3 -1.9 -11.3
II.--11 —-21.2 62.0 -3.3 —-19.5 —36.0
CII---IC1 -27.5 78.5 —6.3 —28.5 —-34.1
Brl---IBr -25.9 72.9 —4.8 —26.8 —-32.7
FI.--IF —55.2 153.3 —18.5 —52.7 —49.8

“The Ep, and charge-transfer terms, E, have been calculated with the
RVS approach.

polarization shows that the charge-transfer term is the
dominant one being always larger than the rest of the terms.

The complexes with the smaller interaction energies show
the larger contribution of the dispersion, whereas as the
interaction energy increases, the contribution of the electro-
static term to the stabilization energy increases.

Electron Charge Density Analysis. The topological
analysis of the electron density shows the presence of a bond
critical point (BCP) and a corresponding bond path, which
links the interacting halogen atoms. Table 3 gathers the values

Table 3. Local Topological Properties of the Electron
Charge Density at the X--X Interaction BCP*

complexes p(xy) L(ry) H(x,) Ven(rs)
HCI---CIH 0.005 —0.005 0.001 —0.050
CICI---CICl1 0.009 —0.010 0.002 —0.153
ECl---CIF 0.011 —0.011 0.002 —0.156
HBr---BrH 0.006 —0.006 0.001 —0.130
CIBr---BrCl 0.015 —0.012 0.002 —0.427
BrBr---BrBr 0.015 —0.012 0.002 —0.499
FBr---BrF 0.024 —0.017 0.001 —0.680
HI.--IH 0.007 —0.005 0.001 —0.202
1I---1I 0.019 —0.010 0.000 —0.901
Brl---IBr 0.021 —0.011 0.000 —0.908
CII---IC1 0.023 —0.011 —0.001 —0.908
FI.--IF 0.038 —0.013 —0.005 —1.507

“p(r,): electron density (au). L(r,)=—1/4V*p(r,) (au). V,,(r,):
electron—nuclear attractive contribution to virial field (au). H(r):
total electronic energy density (au).

of the local topological parameters at X:--X bond critical points
(BCPs) obtained from the AIM analyses. The electron density
values range from 0.00S to 0.038 au, and the L(r,) ranges from
—0.005 to —0.017 au, which are similar to the values reported
for other halogen bond interactions."*”"” These values indicate
that the observed interactions are within the closed shell
regime.

The signs of the L(r,) function and H(ry,) at the X--X BCPs
can be used to characterize the nature of these interactions.
L(r,) < 0, whereas H(ry) > O for the more weakly bound
dimers, but H(r,) is scarcely negative for the CII---ICl and FI---
IF complexes. Thus, these last interactions can be described as

interactions of moderate strength with partial covalent
character.*?

The electron—nuclear attractive contribution to virial field
measured at the X--X BCP, IV, (r,)|, is a measure of the
electrostatic force exerted by the nuclei X on the electronic
cloud of the intermolecular region. Figure 1 shows a good

1.6 A
[V,..(r)| = 0.0022 [-AE] +0.0145 [-4E] - 0.014
R*=0.9916
= 1.2 4
&
=
'3 0.8 -
0.4 A
0 T T 1
0 4 8 12 16 20 24
-4 (kJ mol ")

Figure 1. Correlation between |V, (r,)| and interaction energies.

quadratic relationship between [V, (r,)| and the interaction
energies. Therefore, the electrostatic interaction between the
electron cloud of the intermolecular region and the nucleus of
the halogen atoms play a key role in stabilizing these
complexes.

Accumulation of electron charge density at the intermo-
lecular region X:--X is an indicator of the existence of an
attractive interaction.*** Figure 2A shows the electron density

=0

° i @)\I—iole-lu'ﬂnlmemcti(:ns
(B)

Y]

Figure 2. (A) Electron density shifts for FBr--BrF at the +0.0005 au
isosurface. Red and blue regions indicate regions of decreased and
increased electron densities, respectively. (B) Envelope at L(r) = 0.014
au for FBr---BrF. The values of p(r) in au at the CPs (3, —3) of L(r)
are indicated (green dots). The bond path are bond critical pints are
indicated with continuous and dashed lines and pink dots.

shifts for FBr---BrF complex. It can be seen that there is a
significant building up of the electron density in the region
between the two bromine atoms. In addition, Figure 2A
illustrates the increase in electron density in that region, and at
the region of the F—Br bond. Electron density loss is
experienced in the region near the two bromine nuclei, and
to a lesser extent in the region near the two fluorine nuclei. It is
the buildup of charge in the region between the two Br nuclei
that results in the formation of this particular halogen bond.
The L(r) = —'/,V?p(r) function shows the regions of the
space where the electron density is locally concentrated [L(r) >
0] or depleted [L(r) < 0].4¢ Recently, this function has been
used to characterized various noncovalent molecular inter-
actions that involving to o-hole concept.'*'>*"~* According to
the hole—lump theory the areas with charge concentration on
the halogen bond acceptors [L(r) > 0] interact with the charge
depleted areas of the halogen bond donor [L(r) < 0]. Figure 2B
shows that the molecules are oriented so that a maximum
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critical point (3, —3) of L(r) in the VSCC of one of the
bromine atom is aligned with the o-hole in the VSCC of the
other bromine atom and vice versa. In other words, the L(r)
function reveals a double hole—lump interaction between both
bromine atoms.

The L(r) function in the isolated BrF molecule shows four
degenerate CPs (3, —3) on the VSCC of the bromine atom
with an electronic density of 0.180 au (Figure S1 of the
Supporting Information). In the FBr-+-BrF complex, only three
CPs (3, —3) of L(r) in each Br atom. The values of the electron
density in the CP located in the molecular plane are smaller
(0.175 au) than the electronic density at the CPs (3, —3) of
L(r) that are out of the plane (0.182 au). That is, complex
formation causes a loss of electronic density in the molecular
plane of the VSCC and an increase of electronic density on the
VSCC of the bromine atom out of the molecular plane relative
to the isolated monomer.

NBO Analyses. The second-order NBO perturbation
analysis provides an evaluation of the stabilization energy due
to charge transfer from the lone pairs of X1 to the o*(R—X2)
orbital and from the lone pairs of X2 to the 6*(R—X1) orbital
(Figure 3). Due to the symmetry of the systems, only the

=5F s

i :
LP(1)Br,—c*(F,-Br,) LP(1)Br,—c*(F,-Br,)

Figure 3. Simultaneous hyperconjugation of the occupied lone pair of
electrons of the bromine atoms LP(Br) with the unoccupied
antibonding orbital ¢* (F—Br).

charge transfer from molecule-1 toward molecule-2 will be
considered. These results are reported in Table 4. These
charge-transfer energies follows the order H-X:--X—H < Cl—
X:+-X—Cl < F=X-X—F (for the same X). That is, the same

order that the electronegativities of the substituents H, Cl, and
F.

The NBO analysis shows that electron transfer from the
LP(1)X1 to the 6*(R—X2) orbital is smaller than the one from
the LP(2)X1 to the o*(R—X2). This is due to the spatial
arrangement of the molecular orbitals LP(1)X1, LP(2)X1, and
6*(R—X2). In other words, NBO analysis shows that electron
transfer is produced in both directions, from the lone pairs on
X1 to the 6*(R—X2) orbital, and from the lone pairs on X2 to
the 6*(R—X1) orbital. The amount of charge transfer in both
directions is always equivalent in each of the complexes. The
comparison of the charge-transfer stabilization energies
obtained with the RVS method (Table 2) and the NBO
(Table 4) shows that the contribution of the latter ones are on
average 3 times the former. Thus, care should be taken when
similar terms obtained with different energy partition method-
ologies are compared. In any case, a good linear correlation is
obtained between the data obtained with the two partition
methods (R?> = 0.98), an indication that a similar trend is
observed within the compounds studied.

The LP’s of X1 and X2 can be associated with their
nonbonding p, and p, orbitals whereas the 6%;_ is roughly the
negative overlap of the p,(R) and p,(X).*°

Figure 4 shows an excellent lineal relationship between
ALP(2)X1 and Ac*(R—X2) with a slope very closed to 1.0.
That is to say, all the charge that the donor orbital had lost was
consequently gained by the acceptor orbital.

These results are consistent with the loss of electron density
shown in the analysis of the L(r) function on the VSCC of the
halogen atom and by the electron density shifts maps (Figure
2A).

Molecular Electrostatic Potentials. The molecular
electrostatic potential (MEP) is a measure of the electrostatic
interaction between a positive test charge and the undisturbed
molecule, without considering the induction, and dispersion
effects.>’ To analyze the electrostatic behavior on halogen X,
the maximum (V,,,) and minimum (Vg,,) electrostatic
potentials on the 0.001 au electron density isosurface have been
located (Figure 5). In all the molecules, Vg ., are found in the
two extremes of the molecule along the symmetry axes. In
addition, in the interhalogen molecules a torus of local Vg, is

Table 4. Natural Bond Orbital Analysis for R—X-X—R Complexes, Occupation Numbers of Selected Molecular Orbitals, and

Second-Order Perturbation Energies E(z)(Donor—)Acceptor)a’b’c

population energies E®
complexes LP(1)X1 LP(2)X1 o*(R—X2) LP(1)X1 — o*(R—X2) LP(2)X1 — ¢*(R—X2)
HCI---CIH 2.00 2.00 0.001 0.5 LS
CICI---CICl 2.00 1.98 0.008 1.6 4.4
FCl---CIF 2.00 1.99 0.015 11 7.4
HBr-BrH 2.00 2.00 0.004 0.5 2.8
CIBr---BrCl 2.00 1.97 0.033 2.4 14.3
BrBr---BrBr 2.00 1.97 0.033 2.6 14.0
FBr---BrF 2.00 1.93 0.068 4.5 323
HI---IH 2.00 1.99 0.008 0.6 4.7
II---1I 2.00 1.94 0.064 S.3 264
Brl---IBr 2.00 1.92 0.081 5.7 32.8
CILI---IC1 2.00 191 0.087 S9 35.6
FI---IF 2.00 1.83 0.164 10.2 81.0

“Energies in kJ/mol and occupation numbers in e. *Due to symmetry NBO analysis is shown only for Donor(monomer-1) — Acceptor(monomer-
2). The interactions Donor(monomer-2) — Acceptor(monomer-1) are identical. “The LP(1) orbital axis is perpendicular to 6z_x and is in the plane
of the complex, whereas the LP(2) orbital axis is perpendicular to 6p_x and is perpendicular to the plane of the complex.

D
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Figure 4. Linear correlation between the change of the electron
population at lone pair of a X atom, ALP(2)X1, vs the change of the
electron population of the antibonding orbital, Ac*(R—X2).

found in the equatorial region between the two halogen atoms
(Figure S2 in the Supporting Information). The Vg min TEgiONS
are around the halogen atoms. In Table S are gathered the
values of the maximum and minimum electrostatic potentials
(Vsmax and Vi) associated with the halogen 6-hole and lone
pairs, respectively. Vg .. values show the expected trends of
increasing values with the electron-withdrawing capacity of the
Ratom (H < Cl < F) and with the size of the halogen (Cl < Br
< I). Moreover, the Vj,;, values decrease with the size of the
halogen (I > Br > Cl) and with the capacity electron-
withdrawing of R atom (F > Cl > H). These last results are
consistent with the interaction energies and X:--X intermo-
lecular distances shown in Table 1 and clearly show that
electrostatic interactions Vg, — o-hole play a key role in the
nature and strength of these unusual X---X interactions.

It is interesting to notice that in the case of the FI molecule
the Vi, on the iodine atom present a positive value.

4. CONCLUSIONS

Ab initio calculations have been carried out on unusual type I
halogen bonding R—X1---X2—R interactions (with R = —H,
—Cl, —F and X = Cl, Br, I), to determine their structures,
interaction energies, and natures of the halogen—halogen
contacts. These calculations predict that these molecular
complexes are always more stable than the separated R—X
species.

The geometrical parameters reveal that R—XI--X2—R
complexes have a planar structure, with X---X intermolecular
distances substantially shorter than the sum of the van der

Table 5. Maximum (Vy,,,) and Minimum (Vy;,)
Electrostatic Potentials on Halogen Atom X“

molecule R—X Vs max Vi min
H-Cl 26.8 —44.4
CI-Cl 108.8 —11.3
F-Cl 186.6 —-0.8
H—-Br 59.4 -39.3
Cl-Br 156.5 -84
Br—Br 125.0 —17.0
F—Br 2222 =21
H-I 87.4 —-31.4
I-1 130.6 —-16.8
Br-1 168.8 —-11.3
Cl-1 190.8 -5.9
F-1 235.6 0.8

“(Vsmax): reflect the o-hole of the halogen X. (Vs ,,): reflect the lone
pairs of the halogen X. All values in kJ mol™".

Waals radii of X1 and X2 atoms, and equilibrium R—X1---X2
angles close to 150°.

According to AIM, NBO, and MEP analyses, the formation
of the studied complexes results from the atomic interaction
between the halogen atoms X1 and X2. The geometry and
stability of these complexes is mainly due to electrostatic
interactions lump(X1) — hole(X2) and lump(X2) — hole(X1)
[or equivalently [Vg\(X1) = Vi(X2) and Vi (X2) —
Vomax(X1)] and charge transfers LP(X1) — o*(R—X2) and
LP(X2) — o*(R—X1). In other words, these findings suggest
that the electrostatic interactions and the charge transfer play a
substantial role in determining the optimal geometry of these
complexes, as in conventional XBs.

Finally, according to LMOEDA methodology the most
important stabilization term corresponds to the dispersion
followed by the electrostatic term.
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BSSE test calculation, L(r) function in the isolated BrF, and
MEP on the 0.001 au electron density isosurface of all the
monomers. This material is available free of charge via the
Internet at http://pubs.acs.org.
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