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Abstract A quantum chemistry study was carried out to
investigate the strength and nature of halogen bond interac-
tions in HXeH:~XCCY complexes, where X =Cl, Brand Y =
H, F, Cl, Br, CN, NC, C,H, CH3, OH, SH, NH,. Examination
of the electrostatic potentials V(r) of the XCCY molecules
reveals that the addition of substituents has a significant effect
upon the most positive electrostatic potential on the surface of
the interacting halogen atom. We found that the magnitude of
atomic charges and multipole moments depends upon the
halogen atom X and is rather sensitive to the electron-
withdrawing/donating power of the remainder of the molecule.
An excellent correlation was found between the most positive
electrostatic potentials on the halogen atom and the interaction
energies. For either HXeH:-CICCY or HXeH--BrCCY com-
plexes, an approximate linear correlation between the interac-
tion energies and halogens multipole moments are established,
indicating that the electrostatic and polarization interactions
are responsible for the stability of the complexes. According to
energy decomposition analysis, it is revealed that the electro-
static interactions are the major source of the attraction in the
HXeH--XCCY complexes. Furthermore, the changes in the
electrostatic term are mainly responsible for the dependence of
interaction energy on the halogen atom.
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Introduction

Noncovalent interactions play critical roles in many chemi-
cal and biological phenomena, such as molecular recogni-
tion, conformational transformation, and molecular packing
in crystals [1-6]. Among the various types of noncovalent
interactions, the hydrogen bond is, without doubt, the most
widely studied one. However, other interactions such as, the
dihydrogen bond [7, 8] recently have been the subject of
extensive investigations. A halogen bond is a short-range
R—-X:B interaction, where X is a halogen (typically
chlorine, bromine, or iodine) that is part of the molecule
RX and B is a lone-pair-possessing atom, i.c., a Lewis
base. The R—X-B angle is typically close to 180", which
suggests that the halogen bond is a highly directional
interaction [9, 10]. Halogen bonds share numerous chemical
and physical properties with the hydrogen bonds [11-14].
Indeed, such competition can be used to control crystallization
of simple organic compounds for the synthesis of new mate-
rials [15] and protein-ligand complexation [16—18].

In halogen-bonding, the halogen atom and the electron
donor usually have net negative charges; thus the existence
of halogen bonding was initially viewed as surprising. A
reasonable explanation for this puzzling phenomenon came
from Auffinger et al. [19], Politzer et al. [20], and Clark et al.
[21] who showed the existence of an electropositive crown
(the region of positive charge) at the top of the halogen atom
directed toward the electron donor. According to Politzer’s
viewpoint [22], when a half-filled p orbital participates in
forming a covalent bond, its electron normally tends to be
somewhat localized in internuclear region, thereby diminishing

@ Springer


http://dx.doi.org/10.1007/s00894-013-1912-y

3768

J Mol Model (2013) 19:3767-3777

the electronic density in the outer lobe of that orbital. Through
this positive region, which has been labeled a “o-hole” [22],
the halogen atom can interact attractively with a negative site.
This positive region is usually, but not always, surrounded by a
belt of negative electrostatic potential, which accounts for the
possibility of interacting laterally with a positive site. This is
the reason for the highly directional nature of halogen-
bonding. The directionality of the halogen bond was investi-
gated by quantum mechanical calculations [23-26]. The
calculations reveal that the directionality of the interaction
in the halogen-bonded R-Br-~B complex is higher than that
of the hydrogen bonded R-H:B [27]. The electrostatic
interaction is responsible for the higher directionality of
halogen bond. Theoretical calculations reveal that, for a
given negative site, the strengths of halogen bonds corre-
late with the magnitudes of the o-hole potentials [28-32].
This may emphasize the largely electrostatic nature of these
interactions. However, the combination of electrostatics and
polarization is a major directional driving force in halogen-
bonding [33-35]. Dispersion effects also play an important
role [10, 36]. These are partially balanced by a repulsive
interaction, which becomes dominant at very short X--B
separations. Recently, Riley et al. [37] indicated that halo-
gens with larger, more positive o-holes tend to exhibit
weaker dispersion interactions, which are attributable to
the lower local polarizabilities of the larger o-holes.

With the progress in the study of halogen-bonding, some
unconventional halogen bonds such as the 7t -halogen bond
[38], the single-electron halogen bond [39], and the carbene-
halogen bond [40, 41] have been proposed. Considering the
fact that a partially negatively charged hydrogen atom can
readily interact with an atom with the electron lone-pair
vacancy [42, 43], a different type of halogen bonding has
been established where a hydrogen atom acts as the electron
donor. In such halogen — hydride interactions, the halogen
atom acts as a Lewis acid center and the hydrogen atom, with
an excess negative charge, like a Lewis base. Indeed, char-
acteristics and origin of hydride — halogen interactions has
already been the subject of many theoretical studies [44-47],
since this type of halogen bond plays a similar role as that
of dihydrogen bonds. The dominance of the electrostatic
contribution in the interaction energy of a hydride —
halogen bond was reported by Grabowski et al. [48]
where the variation-perturbation energy decomposition
scheme [49] was used. The significant importance of the
dispersion energy was also indicated for very weakly
bounded systems as for instance HBeH:--CISiF; and
FBeH--CISiF; [48]. On the basis of symmetry-adapted
perturbation theory (SAPT) approach, Jabtonski and
Palusiak [50] have recently found that the induction inter-
action play a dominant role in the interaction LiH--XCF3
and HMgH--XCF3 (X = Cl, Br and I) systems. However,
this finding may be due to the close proximity of partially
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negatively charge hydrogen atom and a bulky and easily
polarizable halogen atom.

Xenon dihydride, HXeH, is frequently found in Xe-
matrices containing hydrogen atoms [51, 52]. It is a linear
centrosymmetric molecule possessing a strong antisymmet-
ric stretching absorption doublet at 1166 and 1181 cm™ ' in a
Xe matrix [53]. The origin of bonding in the HXeH molecule
can be understood on the basis of a resonance hybrid
between (H — Xe)'H and H (Xe — H)", where (H — Xe)"
is mainly covalent, while the interaction between (HXe)" and
H™ is mainly ionic [54]. Due to the negative partial charge
on the hydrogen atoms, some literatures have verified that
the XeH, can provide its electron and further formed the
dihydrogen bond with H,O, (H,O), [55, 56], HF, HCI and
HCN [57]. Considering the similarities between the halo-
gen bond and the hydrogen bond [9-12], we deduce the
existence of the XeH,— halogen bond. Although the struc-
ture and interaction energies for the XeH,—halogen bond
have already been investigated [58], there still remain a
number of important and fundamental issues that demand
deeper understanding. Herein we report our quantum chemis-
try study of HXeH-XCCY type systems, where X = Cl and
Br; Y =H, F, Cl, Br, CN, NC, NH,, C,H, CH3, OH and SH
(Fig. 1). Because the binding energies of halogen bonds are
comparable to those of hydrogen-bonding, high level quantum
chemistry calculations should be adopted to describe them.
The strength and nature of the halogen bonds in these com-
plexes are also compared with their analogue HXeH---HCCY
dihydrogen bonds.

Computational details

The optimized structures of HXeH:-XCCY complexes
were obtained using MP2 method without any symmetry
constraint. For the calculations, a mixed basis set approach was
used; here the Xe atom is described using the pseudopotential
based aug-cc-pVTZ-PP basis [59], while the aug-cc-pVTZ is
used for other atoms. The harmonic vibrational frequencies
were also calculated at the same level to ensure that the
optimized structures are true minima. For each complex,
the interaction energy was calculated using the MP2 and
CCSD (T)/aug-cc-pVTZ (—PP) methods by using the
supermolecule method [60] which is defined as the differ-
ence between the energy of the complex and those of the
individual molecules in isolation:

Ep = En_i E; (1)

where E, is the total energy of the complex of size n, and
E; is the energy of the individual monomers in the cluster
geometry. The results of Eq. 1 are subject to the basis
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Fig. 1 Schematic diagram of
the XeH,--XCCY interaction,
X=Cl,and Br; Y =H, F, Cl, Br,
CN, NC, NH,, C,H, CH3, OH
and SH

superposition error, BSSE, as each molecule uses the basis
set of the others in the complex, decreasing the energy and
resulting in overestimated interaction energies. Hence, BSSE
was corrected by means of Boys and Bernardi counterpoise
(CP) method [61].

To gain a deeper insight into the halogen bonds properties
in terms of meaningful physical components, interaction
energies were decomposed using [62]:

Eint = Eeg + Eexch—rep + Epol + Edis}? (2)

E,; gives the first-order electrostatic term describing the
classical Coulumb interaction of the occupied orbitals of one
monomer with those of another monomer, £y, i the
repulsive first-order exchange component resulting from the
Pauli exclusion principle, E,,,; and E 4, correspond to polar-
ization and dispersion terms. The polarization term contains
all classical induction, exchange-induction, etc., from the
second order up to infinity. All geometry optimizations,

interaction energies and energy components were calculated
using GAMESS package [63].

Results and discussion

The halogen-bonding complexes considered in the present
study are formed from XCCY molecules and HXeH. The
HXeH molecule was chosen for the analysis since the H
atom of the HXeH possesses a meaningful negative electro-
static potential in the Xe — H bond direction, and it may act as
the Lewis base center. The following section is divided into
four subsections. First, a comparison of molecular geometries
and halogen bonds distances of different HXeH:~XCCY
complexes is considered. Second, we present the results
for halogen bonds strengths for the title complexes. Third,
we discuss the interaction energy partitioning and how it
varies with a given Y substitution in the XCCY molecule.
Finally, we compare the properties of the halogen bonded

Table 1 Calculated surface elec-

trostatic potential maxima Vg max Complex Vs.max/keal mol ™! q(X)e uX)eag OX)/ eao2 rxalA Oc-xn/’

(in keal mol "), distributed multi-

pole moments, atomic charge ¢, HXeHCICCH 24.0 0.38 0.76 2.04 2.653 179.7

dipole moment /; and quadrupole HXeH-CICCF 25.5 0.39 0.76 2.04 2.631 179.9

moment O, (in au), intermolecular v ..cicccl 25.9 0.39 0.75 2.03 2.626 179.4

distances rx.y (in A) and angles

By (in ©) for HXeH-~XCCY HXeH CICCBr 324 0.40 0.74 2.03 2.520 179.5
HXeH:+CICCCN 39.1 0.45 0.72 1.98 2.585 179.4
HXeH:+CICCNC 30.8 0.42 0.73 2.00 2.594 179.9
HXeHCICCC,H 27.7 0.41 0.755 2.04 2617 179.6
HXeH-CICCCH; 18.7 0.37 0.78 2.06 2.659 180.0
HXeH CICCOH 19.6 0.37 0.79 2.08 2.659 179.6
HXeH CICCNH, 17.1 0.36 0.79 2.08 2.651 179.6
HXeH--CICCSH 24.1 0.39 0.77 2.05 2515 180.0
HXeH:BrCCH 30.7 0.55 1.03 2.86 2.478 179.9
HXeH:+BrCCF 325 0.55 1.04 2.85 2.478 179.8
HXeH-BrCCCl 324 0.56 1.04 2.85 2.475 180.0
HXeH:BrCCBr 32.6 0.56 1.03 2.84 2.443 179.7
HXeH:+BrCCCN 45.6 0.61 0.98 2.79 2.439 180.0
HXeH:+BrCCNC 40.1 0.58 1.00 2.82 2.481 179.9
HXeHBrCCC,H 33.9 0.58 1.03 2.85 2.526 180.0
HXeHBrCCCHj 259 0.53 1.07 2.89 2.524 179.7
HXeHBrCCOH 26.6 0.53 1.07 2.90 2.507 179.8
HXeH+BrCCNH,  24.7 0.52 1.08 291 2.493 180.0
HXeHBrCCSH 30.7 0.55 1.04 2.87 2515 180.0
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HXeH:-XCCY complexes with their analogue HXeH---HCCY
dihydrogen bonds.

Surface electrostatic potentials and geometries

The electrostatic potentials have been calculated on the surface
of the HXeH and XCCY moieties using WFA code [64].
Table 1 lists the most positive surface electrostatic potentials
Vs.max Of halogen atom in the XCCY monomers. Previous
studies indicated the efficiency of these parameters to reveal
insightful trends about the surface properties of the halogen
bonds [64—66]. Figure 2 shows the overall patterns of surface
electrostatic potential maps for the HXeH, CICCH and
BrCCH. Of primary interest are the locations of the most
negative and the most positive Vs, the Vs min and Vs max, that
are relevant to the approach of electrophiles and nucleophiles,
respectively. For the HXeH, it is evident that the most negative
Vs min 1s associated with the hydrogen atoms on the extension
of the Xe — H bond. The most striking feature is the small
positive electrostatic potential cap at the end region of the
Cl or Br atom along the C — X bond vector, which is
surrounded by an electroneutral area and, next, a large
electronegative domain. The positive region can interact
with an electronegative atom/group, thereby giving rise to
a directional interaction. Consistent with the usual trend that
o-holes become more positive in going to the heavier
elements in a group [66], the bromine Vg . is more
positive than the corresponding chlorine (Table 1). Such
halogen positive region is referred to as the “o-holes”,
because it is centered on the C—X axis and is surrounded
by negative electrostatic potential [66]. It is evident from

Fig. 2 Electrostatic potential
mapped on the surface of
molecular electron density at the
0.001 electrons Bohr ~ *:

a HXeH, b CICCH, and ¢
BrCCH. The color ranges in
keal mol™! for HXeH: red >8.5,
yellow 1.5 to 8.5, green —5.5 to
1.5, blue <—5.5; for CICCH:
red >23.5, yellow 12.0 to 23.5,
green 0.4 to 12.0, blue <0.4; for
BrCCH: red >23.3, yellow 11.6
to 23.3, green —0.1 to 11.6,
blue <—0.1. Black and blue
circles are referred to surface
maxima and minima,
respectively
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Table 2 Calculated BSSE-corrected interaction energies (in kJ molfl)
for HXeH:-XCCY complexes®

Complex EMP2 E,CCSPD
HXeH--CICCH -6.77 —4.48
HXeH-CICCF —6.90 —5.38
HXeH:--CICCCI —6.98 —5.16
HXeH--CICCBr =7.29 =591
HXeH--CICCCN -10.30 =7.51
HXeH--CICCNC —9.46 —6.54
HXeH:-CICCC,H —6.88 —4.75
HXeH--CICCCH; -5.96 —3.81
HXeH--CICCOH -5.98 —3.80
HXeH--CICCNH, —5.65 —3.52
HXeH--CICCSH —6.98 —4.67
HXeH-BrCCH —10.69 —6.51
HXeH--BrCCF -11.23 —6.83
HXeH--BrCCCl —11.48 =7.00
HXeH--BrCCBr —11.48 —7.48
HXeH--BrCCCN —15.66 -10.57
HXeH--BrCCNC -14.73 -9.29
HXeH--BrCCC,H -12.32 =7.72
HXeH--BrCCCHj; -9.55 —5.61
HXeH--BrCCOH -9.19 —5.26
HXeH-BrCCNH, -9.77 —5.69
HXeH--BrCCSH —10.98 —6.69

#CCSD(T) interaction energies were calculated at the MP2 optimized
geometries

Table 1 that the magnitude of the halogen’s o-hole depends
upon the electron-withdrawing/donating power of the Y.
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Also apparent is that the presence of electron-withdrawing
groups (CN, NC, and F) on the XCCY results in higher
halogen Vg max values while the electron-donating OH, CH;
and NH, substituents lead to lower Vg may values.

It has been previously pointed out [67, 68] that the anisot-
ropy distribution of electron density around a covalently
bonded halogen atom can efficiently be represented by plac-
ing an electric quadrupole moment on the halogen atom. Torii
and Yushida [69] indicated that the atomic quadrupole mo-
ments on the halogen atoms play a critical role in determining
the geometries of halogen-bonded complexes. To examine
this issue, we have carried out a distributed multipole analysis
(DMA) [70, 71] of HXeH-*XCCY using the Stone’s GDMA
program [72]. The evaluated atomic charges g(X), dipoles
w(X), and quadrupole moments ©(X) for chlorine and bromine
atoms are given in Table 1. One immediate observation from
the results is that magnitude of atomic charges and multipole
moments depends upon the halogen atom X and is rather

Fig. 3 Correlation beween

CCSD(T) interaction energies
and halogen’s electrostatic 15
potential maxima

sensitive to the electron-withdrawing/donating power of the
substitution Y. Comparing the values of @(X) shown in
Table 1, it is recognized that the magnitude of atomic quad-
rupole moments tend to be somewhat reduced as the H atom is
substituted by an electron-withdrawing group. For a given Y
substitution, the magnitude of the electric dipole and quadru-
pole is increasing in the order of Cl < Br, in parallel with the
known general sequence of the strength of halogen-bonding.
The increase of ©(X) in the order of Cl < Br corresponds to a
decreasing value of the halogen atom electronegativity and is
related to the changes in the values of atomic charges ¢(X) as
well as p(X). This suggests, not only the magnitude of the
electric quadrupole but also the extent of electronegative
nature of the halogen atom contributes to the enhancement
of the electrostatic interaction related to halogen- bonding in
the order CI < Br.

The geometries of monomers and adducts have been fully
optimized at the MP2/aug-ccpVTZ(—PP) level. Table 1 lists
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the optimized halogen---hydride distances/angles for all com-
binations of XCCY and HXeH molecules. All optimized
H---X distances are within sum of van der Waals radii [73],
2.95 A (for H-+Cl) and 3.05 A (for H--Br), which reveals the
existence of the weak halogen-bonding interaction between
halogen and hydrogen atoms. The equilibrium C — X--H
contacts are closely linear, consistent with earlier experimen-
tal [74, 75] and theoretical [28—33] data on halogen-bonded
complexes. This also corresponds to an interaction between
the halogen o-hole and the Vg i, located on hydrogen. For a
given Y substitution, the optimized C — X--H angle for
bromine containing complexes is slightly larger than those
of chlorine. This trend may be attributable to the fact that the
interaction between chlorine and HXeH is the weakest
among those seen in halogen-bonding and is largely based
on dispersion forces (see below). As an interesting feature of
the data presented in Table 1, the bonding distance of the
systems tends to increase as the size of the halogen increases.
Looking at the HXeH--XCCH complexes, the effects of the

electron-withdrawing groups (CN, NC and F) on the opti-
mized geometries are expressed mainly in a shortening of the
H--X distance (rxy). We noted that, however, the magnitude
of these changes varies with the different types of halogen
bond; it is more evident in the H:--Br halogen bonds than in
the H---Cl ones.

Interaction energies

Table 2 presents the BSSE-corrected interaction energies for
the different HXeH-XCCY complexes obtained with MP2
and CCSD(T) methods. As evident from Table 2, MP2
interaction energies are calculated to be —6.77 and —10.69 kJ
mol ! for the HXeH-~CICCH and HXeH:BrCCH, respec-
tively. These are smaller (less negative) than the corresponding
interactions in CNX---HMgH [46] and LiH--XCCH com-
plexes (X = Cl and Br) [50]. For a given Y substitution and
for a given level of theory, the interaction energies of halogen-
bonded HXeH:-XCCY complexes vary as Br > Cl. This

Fig. 4 Correlation beween HXeH:-CICCY
CCSD(T) interaction energies
and halogen’s dipole moments = 0.7 0.72 0.74 0.76 0.78 0.8
o)
é 0 1 1 1 1 j
= Cl dipole moments (eag)
g ]
20 2 A
[3)
5
e 3
.2
5 4
&
5 o®
5 )
—_ ® y=51.26x -43.93
= %61 R2=0.921
©
@] 8 4
HXeH:--BrCCY
0.96 0.98 1 1.02 1.04 1.06 1.08 1.1
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&

@ Springer

Br dipole moments (ea)

y =51.56x - 60.63
R*=0.918



J Mol Model (2013) 19:3767-3777

3773

ordering corresponds to the relative magnitudes of the polar-
izability of the halogen atoms and follows the expected vari-
ation in halogen interaction. The same trend is also valid for
other halogen bonds and is illustrated by the increase of the
magnitude of the electrostatic potential of a o-hole of a rele-
vant halogen atom [23-26].

Figure 3 indicates plots of CCSD (T) interaction energies
versus halogens Vg max for the title complexes. One of the
most pronounced patterns is the relationship between inter-
action energies and halogens Vg max values: higher Vg max
(more positive o-holes) result in complexes that are more
strongly bound. The correlation is remarkably good, with a
correlation coefficient of 0.926 (for the HXeH:-CICCY) and
0.970 (for the HXeH---BrCCY). We noted, however, similar
correlations have been reported for other series of halogen
bond donors with a particular base (negative site) [32, 76-79].
This demonstrates the importance of the positive o-hole, as

Fig. 5 Correlation beween
CCSD(T) interaction energies

reflected by the computed chlorine and bromine Vg .y, in
determining the energetics and stability of the X H halogen
bonds.

As pointed out earlier, the magnitude of halogen’s multi-
pole moments are quite sensitive to the substitution effect
(Table 1). This dependence on the substituent seems to be
correlated to the interaction energy. Figures 4 and 5 show the
relationship between the interaction energy and the halo-
gen’s dipole and quadrupole moments, respectively. For each
case studied, an approximate linear relationship is evident,
indicating that the electrostatic and polarization interactions
are responsible for the stability of the complexes.

Energy decomposition analysis

Insights into the origin and nature of the interactions between
the XCCY and the Lewis base HXeH can be found from a
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partitioning of the interaction energy into different contribu-
tions from electrostatic, exchange-repulsion, polarization and
dispersion effects. It may be noted that there is no rigorous
basis for defining such energy terms [80], since they are not
physical observable quantities. The energy components are
not independent of each other, no matter what procedure is
used. For example, based on perturbation theory, the forma-
tion of F;C — Cl--:O = CH,, F;C — Br:O = CH, and F;C —
I:-:O = CH, complexes, are attributed primarily to the electro-
static and dispersion effects [10]. While the method used by
Palusiak [81], for exactly the same interactions, concludes that
charge transfer and polarization dominate, with electrostatics
contributing only “slightly”. On the other hand, Politzer et al.
[26] indicated, on the basis of binding energy decomposition
of halogen-bonded complexes, that the formation and
observed properties of the resulting noncovalent complexes
can be fully explained in terms of electrostatics/polarization
plus dispersion as the driving forces.

The results of energy decomposition for the HXeH:-XCCY
complexes are given in Table 3. Based on the energy decom-
position results, it is also found that electrostatic effects account
for about 48 % and 50 % of the overall attraction in the
HXeH CICCH and HXeH BrCCH complexes, respectively.
By comparison, the polarization component of these interac-
tions represents about 16 % and 22 % of the total attractive
forces, while dispersion contributes 36 % and 28 % to the

stability of these complexes, respectively. The large value of
Eos for the HXeH:-CICCH (—13.1 kJ mol™') and
HXeH-BrCCH (—27.2 kJ mol ") shows that electrostatic in-
teractions are the major source of the attraction in these com-
plexes. The values of Egig, (—=10.0 and —15.2 kJ mol !, respec-
tively) show that the dispersion interactions is also an important
source of the attraction in the complexes. The large atomic
polarizability of the bromine atom is one of the causes of the
large values of E¢i and Eg;g,. For the same type of complex, the
Ecxchorep becomes more positive in the order Cl < Br, maybe this
is due to the increased overlap between the orbitals of the two
monomers. From Table 3, it is revealed that the changes in Eg
are mainly responsible for the dependence of Ej, on the halo-
gen atom. For either CICCY or BrCCY complexes, the elec-
trostatic interactions depend strongly on the substituent Y. The
E. i values for the 11 complexes of CICCY (BrCCY) change
from —11.6 (—25.1) to —18.5 (—13.6) kJ mol . The polarization
effects also depend on the substituent, although the dependence
is weaker than the electrostatic interactions. On the other hand
the substituents do not largely change the dispersion contribu-
tion. For each HXeH -CICCY and HXeH:-BrCCY complexes,
the electron-withdrawing groups (Y = CN, NC, F and C,H)
have the largest attractive E.y among the others. As seen
from Fig. S1, the Eqq and E,, have strong correlations
with the total interaction energy, while the Ey, is weakly
correlated. This reveals that the electrostatic interactions are

Table 3 Interaction energy

components analyzed by Complex Eeist Eexen-rep Epor Edisp YoE eise YEaisp EolEaisp

MP2/aug-cc-pVDZ(—PP)

method (in kJ mol ™) for HXeH-CICCH -13.14 22.34 -4.52 -10.00 48 36 13

HXeH--XCCY complexes HXeH-CICCF -13.93 23.60 -4.98 -10.08 48 35 1.4
HXeH--CICCCI -14.27 24.10 -5.06 -10.50 48 35 1.4
HXeH--CICCBr -14.43 2439 -5.10 -10.54 48 35 1.4
HXeH--CICCCN -18.49 27.91 -7.07 -10.96 51 30 1.7
HXeH--CICCNC -16.53 26.82 -6.02 -12.13 48 35 1.4
HXeH--CICCC,H -15.02 24.89 -5.36 -10.96 48 35 1.4
HXeH--CICCCH; -11.97 21.71 -4.14 -10.13 46 39 12
HXeH--CICCOH -12.26 22.13 -431 -10.04 46 38 1.2
HXeH--CICCNH, -11.59 21.51 -4.06 -10.08 45 39 1.1
HXeH--CICCSH -13.68 23.47 -4.77 -10.50 47 36 13
HXeH--BrCCH -27.24 4581 -11.80 -15.19 50 28 1.8
HXeH-BrCCF -29.92 50.58 -13.60 -15.69 51 27 1.9
HXeH-BrCCCl -30.04 50.79 -13.56 -16.15 50 27 1.9
HXeH-BrCCBr -30.33 51.34 -13.72 -16.28 50 27 1.9
HXeH-BrCCCN -36.11 57.45 -17.78 -16.65 51 24 22
HXeH--BrCCNC —34.64 57.49 -16.23 -18.70 50 27 1.9
HXeH-BrCCC,H -30.42 50.71 -13.72 -16.61 50 27 1.9
HXeH--BrCCCH, -25.40 44.10 -10.71 -15.36 50 27 1.8
HXeH--BrCCOH —26.69 46.28 -11.55 -15.48 49 30 1.7
HXeH-BrCCNH, -25.10 44.10 -10.54 -15.36 50 29 1.7
HXeH--BrCCSH -28.58 48.66 -12.59 -16.02 49 30 1.6
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Table 4 Calculated BSSE-corrected interaction energies (in kJ molfl)
for HXeH:*HCCY complexes *

Complex EMP2 E,ECSPM
HXeH---HCCH -6.21 —6.63
HXeH--HCCF —6.59 —5.41
HXeH--HCCCl =7.06 —5.68
HXeH:--HCCBr =7.40 -6.16
HXeH--CICCCN —11.06 -9.31
HXeH:--HCCNC -10.26 -8.07
HXeH:--HCCC,H -7.92 —6.32
HXeH:--HCCCH3; =5.02 —4.13
HXeH:--HCCOH —5.28 —4.17
HXeH:--HCCNH, —4.81 -3.70
HXeH:--HCCSH —6.64 -5.29

#CCSD(T) interaction energies were calculated at the MP2 optimized
geometries.

essentially responsible for the substituent effects on the
magnitude of the halogen bond and the polarization in-
teractions also contribute to the substituent effects. All
above-mentioned results for hydride-halogen bond proper-
ties are compatible with those obtained at the MP2 levels
for halogen-nitrogen [31, 32], halogen-oxygen [12, 37, 76],
halogen-carbene [40, 41], halogen-halogen [14] and
halogen-7t [38] interactions.

Comparison of halogen bonds to dihydrogen bonds

In order to compare the halogen bonds properties to that of
dihydrogen bonds, we have carried out calculations on the
HXeH:~HCCY complexes. The optimized H-H bond dis-
tances and of CC-H angles of the optimized geometries of
the complexes are given in Table S1 (Supporting information).
As expected, the majority of the complexes were found to
have linear geometries. The binding distance is calculated to
be 2.01 A in the HXeH-~-HCCH complex. Similarly to what

was found for the halogen-bonded complexes discussed
above, the presence of the electron-donating group (OH,
NH, and CH3) in the HCCY molecule makes a 0.01-0.03 A
increase of the binding distance, whereas the electron-
withdrawing groups (CN, NC and F) result in a shortening
of the binding distance.

Table 4 gives the interaction energy values for the
HXeH---HCCY complexes. The binding energy of the
HXeH-HCCH complex (—6.6 kJ mol ") is roughly compara-
ble to that of HXeH-+CICCH (—6.8 kJ mol ), but is less than
that of HXeH--BrCCH (—10.7 kJ molﬁl). It is noted, however,
we found a slightly larger substitution effect on the calculated
interaction energies of HXeH:--HCCY than those of
HXeH:-CICCY and HXeH--BrCCY. Overall, the dihydrogen
bonds interaction between HXeH and HCCY moieties is less
electrostatic (and more polarizable) in nature than the corre-
sponding HXeH:~-XCCY interactions, with the electrostatic
term accounting for 47-50 % of the overall interaction energy
(Table 5). For each complex studied, the exchange energy term
outweighs the electrostatic term, and the polarization term is
rather important. The Eg is largest in the HXeH--HCCCN
complex and smallest in the HXeH-*-HCCNH,. As the size of
the halogen substituent increases the electrostatic interaction
would be expected to increase. Comparing the data for the
fluorine, chlorine, and bromine substituted HXeH--HCCY
systems, it can be also seen that both the dispersion and
polarization components of the interaction energy increase with
increasing halogen size. Interestingly, there is a larger increase
in the dispersion and polarization terms, going from fluorine to
bromine, than in the electrostatic interaction (Table 5).

Conclusions

We presented a quantum chemistry study on the halogen
bonds interactions between HXeH and XCCY molecules,
where X = Cl, Brand Y = H, F, Cl, Br, CN, NC, C,H, CH3,
OH, SH, NH,. The equilibrium C-X---H contacts are closely

Table 5 Interaction energy

components analyzed by Complex Eerst Eexchrep Epol Edisp YoE cise YoEqisp Eets/Eaisp

MP2/aug-cc-pVDZ(—PP)

method (in kJ morl) for HXeH:--HCCH —10.50 16.57 =5.27 —6.40 47 29 1.6

HXeH-HCCY complexes HXeH--HCCF -10.96 16.86 -5.65 —6.15 48 27 1.8
HXeH---HCCCI -11.51 18.12 —6.11 -6.90 47 28 1.7
HXeH---HCCBr —11.88 19.08 —6.44 —7.11 47 28 1.7
HXeH:--CICCCN -16.40 22.68 -9.79 —6.74 50 20 2.4
HXeH---HCCNC —14.10 21.46 -7.95 -8.91 46 29 1.6
HXeH---HCCC,H —12.22 19.00 —6.61 =7.36 47 28 1.7
HXeH---HCCCHj —8.79 15.23 —4.35 —6.65 44 34 1.3
HXeH---HCCOH -9.04 15.36 —4.52 —6.44 45 32 1.4
HXeH:--HCCNH, —8.24 14.85 —4.14 —6.69 43 35 1.2
HXeH---HCCSH —10.84 17.66 —5.69 —7.07 46 30 1.5
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linear, corresponding to an interaction between the halogen
o-hole and the Vg i, located on hydrogen. Halogen bonding
energies, calculated at the MP2/aug-cc-pVTZ(—PP), span
over a wide range, from —5.65 to —15.66 kJ mol . One of the
most pronounced patterns is the relationship between interac-
tion energies and halogens Vg may values: higher Vg .« (more
positive o-holes) result in complexes that are more strongly
bound. The observed correlations between the strengths of
halogen bonds and the magnitudes of the dipole/quadrupole
moment also suggest that the interaction energies and the
halogen multipole moments reflect the same factors. According
to the energy decomposition analysis, the Eg and £, have
strong correlations with the total interaction energy, while
the Egg, is weakly correlated. The dihydrogen bonds inter-
action between HXeH and HCCY moieties is less electro-
static (and more polarizable) in nature than the corresponding
HXeH--XCCY interactions.
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