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We present a systematic investigation of the nature and strength of the hydrogen bonding in HX---HX and CH3X---HX
(X = Br, Cl and F) dimers using ab initio MP2/aug-cc-pVTZ calculations in the framework of the quantum theory of
atoms in molecules (QTAIM) and electron localisation functions (ELFs) methods. The electron density of the complexes
has been characterised, and the hydrogen bonding energy, as well as the QTAIM and ELF parameters, is consistent,
providing deep insight into the origin of the hydrogen bonding in these complexes. It was found that in both linear and
angular HX.--HX and CH3X-:--HX dimers, F atoms form stronger HB than Br and CIl, but they need short (~2A)

X.--HX contacts.
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1. Introduction

Inter- and intramolecular hydrogen bonds (HBs) are
important factors governing interactions, structures and
conformations of molecules and have long been studied by
spectroscopists and crystallographers.[1-5] HB inter-
actions are, in general, weaker than ionic and covalent
bonds but have a profound effect on many chemical and
physical properties and determine the shapes of large
molecules, such as proteins and nucleic acids.[6] The
classical definition of the HB considers it as an electrostatic
interaction between a positively charged H atom and an
electronegative atom X having almost one lone pair
(usually F, O or N).[7] Many aspects of HBs in structural
chemistry and biology can be readily explained at this level,
and it is certainly the relative success of these views that has
made them dominate the perception of the HB for decades.
[8—10] However, many unusual HBs have been found and
general definitions, such as the aforementioned classical
definition, became obsolete after each new finding. Indeed,
it was experimentally discovered that carbon atoms may act
as proton donors (C—H---Y),[11] that unsaturated bonds
may act as proton acceptors (X—H---m) and that even
hydrogen atoms may be acceptors in the so-called
dihydrogen (H®"---H>") and hydrogen—hydrogen bonds
(H---H), among other unusual HBs.[12—14] Thus, even

though strong HBs tend to adopt a linear arrangement, there
is not a default behaviour for such interactions, challenging
the scientific community to search for approaches to
characterise and understand them.[12—16]

Herein, we present an alternative representation of
HBs in the domain of quantum chemical topology, a
subarea of quantum mechanics.[17] In particular, the
quantum theory of atoms in molecules (QTAIMs) and the
electron localisation functions (ELFs) [18-20] were
applied, which are widely used and considered highly
reliable theoretical methods for the characterisation of
HBs and other long-range interactions, even in difficult
and ambiguous situations.[18—31]

Both the QTAIM and ELF methods use the electron
density (p) as the source of information. They are routinely
used to characterise HBs, especially QTAIMs. In this
context, some useful criteria to characterise the formation
of HBs, based on the QTAIM parameters, were developed
by Popelier [30,31], which may be summarised as follows:
(1) topological consistency: formation of a bond critical
point (BCP) for the HB; (2) the HB BCP electron density
(pupcp) and its Laplacian (vszBcp) should lie in the
range of 0.002-0.040 a.u. and 0.024-0.139 a.u., respect-
ively; (3) there must be a mutual penetration between the
hydrogen and acceptor atoms. This interpenetration is
quantified by Ary = r%—rH and by Arg = r%—rH, where

*Corresponding author. Email: rittner @igm.unicamp.br

© 2014 Taylor & Francis


mailto:rittner@iqm.unicamp.br
mailto:rittner@iqm.unicamp.br
http://dx.doi.org/10.1080/08927022.2014.904514

) and 7 are the non-bonding radii of hydrogen and
acceptor atoms (we approximate the 7Y, and 19
measurement by the shortest distance of the corresponding
nucleus to the 0.001 a.u. surface contour in a conformer
not involved in the HB) and ry and rp are the bonding radii
of the hydrogen and acceptor atoms (measured by the
distance of each atom to the HB BCP), respectively; (4) the
hydrogen atom loses electrons, i.e. its atomic charge
[¢q(H)] decreases; (5) the hydrogen atom is destabilised in
the complexation, which is measured by the variation of
[AE(H)]; (6) the magnitude of the first dipole moment
[M;())] in hydrogen diminishes and (7) the hydrogen
volume [V(H)] decreases with complexation.

Although the ELF method for topological analysis is
based on the same concept of gradient paths as the
QTAIM, the fundamentals of these two theories are quite
different. The ELF is a function that measures the Pauli
repulsion on the kinetic energy density and has a value
close to zero if there is a high probability of finding close
same spin electrons, which implies electron delocalisation,
and close to unity if there is low probability of finding
close same spin electrons, which implies electron
localisation.[32,33] Concerning HB, the ELF method is
less popular than QTAIM, but it has been shown to be a
powerful tool to characterise HB through the so-called
core-valence bifurcation index (CVBI) and may be used
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complementarily to the QTAIM [20,34,35] analysis.
Considering a general X—H---Y HB, the CVBI may be
defined as n(rcv) — M(rxuy),[36] where n(rcy) is the ELF
value at the critical point between the core basin of the
proton donor X atom [C(X)] and the disynaptic valence
basin of the X—H bond [V(X, H)], and n(rxugy) is the
value at the critical point between the V (X, H) and the core
basin of the proton acceptor Y atom [C(Y)]. For relatively
strong and very strong HBs, the CVBI has negative values,
while for relatively medium and weak HBs, CVBI values
are positive. It is important to note that it has been proven
that the localisation of critical points found by the QTAIM
and ELF methods is coincident.[34—36] Moreover, HBs
are interactions without borders and may behave either as a
weak electrostatic van der Waals interaction or even as a
strong bond with covalent character.[20] The QTAIM,
through the total electron energy at the HB BCP (Hygcp)
value,[37] has recently been used to obtain insights into
the origins of this important intermolecular interaction,
particularly those related to its electrostatic/covalent
character.

In the present report, the electron properties of linear
and angular HX- - -HX and CH3X. - -HX dimers (X = Br,
ClI and F) have been characterised by using QTAIM and
ELF methods. Special emphasis has been given to the
different interactions present in the complexes.

Table 1. HB energies (Eyg) in kcal mol~! and bond lengths (in 1&) for the linear HX:--HX and CH3X:--HX dimer equilibrium

geometries.

HX- - -HX dimers

r(HX- - -HX) AH-X(D]? H-X(2)] Eug

HBr(1)- - -HBr(2) 3.162 1.407 1.407 -0.18

HBr- - -HCl 3.384 1.407 1.275 -0.05

HBr- - -HF 7.558 1.407 0.922 -

HCI. - -HBr 2.944 1.275 1.407 —0.41
HCI(1)- - -HC1(2) 2.994 1.275 1.275 -0.32

HCI. - -HF 3.682 1.275 0.922 -0.13

HF- - -HBr 2.205 0.923 1.409 —1.99

HF- - -HCl 2.136 0.923 1.277 —2.29
HF(1)---HF(2) 1.947 0.923 0.925 —3.30

CH;X: - -HX dimers
r(CH;X- - -HX) r(CH;—X)® r(H-X) Eug

CH;Br- - -HBr 2.880 1.927 1.408 -0.84
CH;Br- - -HCl 2.919 1.927 1.276 -0.72
CH;Br- - -HF 3.124 1.927 0.922 —0.45
CH;Cl- - -HBr 2.699 1.783 1.408 —1.13
CH;CI- - -HCl 2.700 1.783 1.276 -1.08
CH;Cl- - -HF 2.714 1.784 0.923 -0.98
CH5F- - -HBr 2.103 1.395 1.410 —2.65
CH,F- - -HCl 2.041 1.396 1.279 -3.03
CH,F- - -HF 1.865 1.398 0.927 —4.30

#r(H—X) monomer distances = 1.407, 1.275 and 0.922 for X = Br, Cl and F, respectively.
b r(CH3—X) monomer distances = 1.925, 1.780 and 1.388 for X = Br, Cl and F, respectively.
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Figure 1. (Colour online) Graphical representations of the HX: - -HX and CH;X- - -HX linear dimer arrangement equilibrium geometries.

2. Computational methods

In this work, all calculations were carried out with the
Gaussian 09 package,[38] while AIMALL [39] and
TopMod [40] packages were used in the QTAIM and
ELF analyses, respectively. The structures of monomers
and dimers were fully optimised at the MP2/aug-cc-pVTZ

level with the counterpoise basis set superposition error
correction [41] included in the optimisation step. The
energy minima were identified by building potential
energy surfaces (PESs), obtained through scanning the
linear and angular dimer distances in steps of 0.03 A from
the equilibrium geometry.

Table 2. Electronic density, electronic density Laplacian, total electron density energy at the HB BCP (p, V2p and H,, respectively) and
integrated atomic properties of the H3 atom in a.u. and atomic distances in A for the linear HX: - -HX dimer arrangements.

p V?p q(H3) EMH3)  MH3) VH3) rni Ans® Ak, H.
H—Br - - +0.104 —0.5421 0.083 46.374 - - - - -
H—CIl - — +0.298 —0.4797 0.136 36.122 — — — — —
H—F — - +0.753 —0.2532 0.118 13.972 — — = — =
HBr- - -HBr 0.003 +0.011 +0.073 —0.5397 0.059 49.571 1.21 0.08 1.949 0.09 +0.0007
HBr- - -HCI1 0.002 +0.007 +0.297 —0.4671 0.130 37.759 1.30 —0.01 2.082 —0.04 +0.0005
HBr- - -HF - — +0.782 —0.2273 0.103 12.008 — — — — —
HCI- - -HBr 0.004 +0.015 +0.079 —0.5376 0.055 48.647 1.15 0.09 1.795 0.14 +0.0010
HCI- - -HCl1 0.003 +0.013 +0.300 —0.4660 0.125 37.501 1.16 0.08 1.836 0.09 +0.0008
HCI- - -HF 0.0004 +0.002 +0.782 —0.2273 0.103 12.280 1.41 —-0.17 2.269 —0.34 +0.0001
HF- - -HBr 0.009 +0.048 +0.128 —0.5203 0.036 41.776 0.89 0.26 1.311 0.33 +0.0025
HF- - -HC1 0.010 +0.054 +0.343 —0.4503 0.101 30.452 0.85 0.30 1.290 0.35 +0.0026
HF---HF 0.014 +0.076 +0.799 —0.2174 0.085 8.715 0.71 0.44 1.236 0.40 +0.0028

Note: Atom numbering in Figure 1.

a r(,}3 and r% were calculated from H3° and X2 atom minimum distances to 0.001 a.u. contourosurface in eac}} corresponding monomer (HF, HCI or HBr),
obtaining ry, = 1.29, 1.24 and 1.15 A, for HBr, HCI and HF, respectively, and r3, = 2.04 A, 12, = 1.93 A and 1%, = 1.64 A.
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Table 3.  Electronic density, electronic density Laplacian and total electron density energy at the HB BCP (p, V?p and H,, respectively)
and integrated atomic properties of the H6 atom in a.u. and atomic distances in A for the linear HX: - -HX dimer arrangements.

p vzp qHT) EHT) M;(H6) V(H6) 'He Argg® r'xs Arxs® H,
H—Br - - +0.104 —0.5421 0.083 46.374 - - - - -
H—Cl1 - - +0.298 —0.4797 0.136 36.122 - - - - -
H—F - - +0.753 —0.2532 0.118 13.972 - - - - -
CH;3Br---HBr ~ 0.010 +0.032 +0.107 —0.5426 0.068 44979  0.95 0.34 1.70 0.34 0.0010
CH;Br- - -HC1 0.005 +0.018 +0.303 —0.4643 0.124 36.847 1.06 0.18 1.85 0.19 0.0010
CH;Br- - -HF 0.003 +0.010 +0.750 —0.2533 0.118 16.328 1.10 0.05 2.02 0.02 0.0006
CH;Cl- - -HBr 0.006 +0.026 +0.093 —0.5322 0.049 46.268 1.02 0.27 1.68 0.25 0.0014
CH;Cl- - -HCl 0.006 +0.024 +0.302 —0.4777 0.125 36.636 1.00 0.24 1.70 0.23 0.0012
CH;ClI- - -HF 0.005 +0.021 +0.751 —0.2525 0.115 15.108 0.96 0.19 1.75 0.18 0.0012
CH;F- - -HBr 0.013 +0.061 +0.154 —0.5253 0.047 39.901 0.84 0.45 1.27 0.37 0.0025
CH5F- - -HC1 0.014 +0.068 +0.339 —0.4641 0.101 30.024  0.79 0.45 1.25 0.39 0.0025
CH;F- - -HF 0.018 +0.091 +0.802 —0.2137 0.081 7.735 0.66 0.49 1.20 0.44 0.0023

Note Atom numbering in Figure 1.
s and r§ were calculated from H6 and X5 atom minimum distances to 0.001 a u. contour surface in each correspondlng monomer (HF, HCI or HBr),

obtaining ry, = 1.29, 1.24 and 1. 15 A, for HBr, HCI and HF, respectively, and s =2 04 A, =1 93 A and s =1 64 A.

The QTAIM and ELF topological analyses were
applied over the wave functions obtained from the MP2/
aug-cc-pVTZ equilibrium geometries (‘density = current’
keyword was used in the Gaussian09 program). The
QTAIM local BCP has been already defined. The QTAIM
zero flux surfaces construction qualities were obtained by
the integrated Laplacian of p values over Q) [L({))], which
were always lower than 10> a.u. The topological analysis

Table 4. ELF values at the critical point between C(X) and V
(X, H) [n(rpux)] and at the critical point between V(X, H) and V
(X) [n(rcv)] and the core valence bifurcation index [CVBI = 7
(rev) — M(rpux)] for the HX- - -HX and CH3X. - -HX linear dimer
arrangements in a.u.

HX. - -HX dimers

N(roax) n(rev) CVBI
HBr- - -HBr 0.003 0.132 0.129
HBr- - -HCI 0.001 0.078 0.077
HBr- - -HF 0.000 0.084 -
HCI. - -HBr 0.005 0.132 0.127
HCI- - -HCl 0.003 0.078 0.075
HCI. - -HF 0.000 0.084 0.084
HEF. - -HBr 0.013 0.134 0.121
HEF- - -HCI 0.014 0.078 0.064
HEF. . -HF 0.019 0.086 0.066

CH;X- - -HX dimers

N(rpHx) n(rev) CVBI
CH;Br- - -HBr 0.024 0.165 0.141
CH;Br- - -HCl 0.007 0.163 0.157
CH;Br- - -HF 0.002 0.173 0.171
CH;CI- - -HBr 0.011 0.075 0.064
CH;Cl- - -HCl 0.011 0.077 0.066
CH;Cl- - -HF 0.007 0.076 0.069
CH;F- - -HBr 0.021 0.107 0.086
CH;F- - -HCl 0.024 0.117 0.093
CH;F- - -HF 0.028 0.093 0.065

of the ELF gradient field, Vn(r), provides a mathematical
model permitting the partitioning of the molecular position
space into basins of attractors, which present, in principle,
a one-to-one correspondence with local chemical objects
such as bonds and lone pairs.[42,43] The ELF calculations
were computed over a grid spacing of 0.1a.u. for each
compound, and the isosurfaces were obtained for an ELF
value of 0.8 a.u. Several applications of ELFs to various
molecules, atomic clusters, molecular clusters, HB
interactions and even to solid systems indicate that this
technique yields meaningful, easily understandable and
visually directive patterns of the interactions between
vicinal atoms.[44—47] A complete description of the ELF
concepts can be found elsewhere.[21,32,48]

3. Results and discussion

Initially, a linear arrangement for the dimeric compounds
HX.--HX and CH;X: - -HX (X = F, Cl and Br) was used to
evaluate the HB energies. It is well known that this
geometry is not preferential, but it may be formed in cases
where geometric restrictions take place and, to the best of
our knowledge, it has not been previously studied in the
literature for these dimers. To estimate the HB energy
(Eyg) in the linear arrangement of HX.--HX and
CH;X:--HX (X =F, Cl and Br) dimers, their ab initio
MP2/aug-cc-pVTZ energies and equilibrium geometries
were obtained (Table 1 and Figure 1). A detailed analysis of
the Eyp values reported in Table 1 shows that for both
HX---HX and CH3X: - -HX dimers, when Br and Cl atoms
act as proton acceptors, they form stronger HBs with HBr
and HCI than with HF, i.e. the X---H—Br (X = Br or Cl)
interactions are stronger than X- - -H—CIl, which in turn are
stronger than X- - -H—F. Indeed, in the HBr- - -HF case, the
corresponding dimer is not formed. However, F atoms form
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Figure 2. (Colour online) ELF isosurfaces for the linear arrangement of the HX: - -HX and CHj- - -HX dimers.

the strongest HB in the linear model when acting as proton
acceptors. For CH3X: - -HX, it is important to note that HB
acceptor F atoms, when acting as proton acceptors, form the
strongest HB in the linear model. For CH;X: - -HX, it is
important to note that HB acceptor F atoms form stronger
HBs because it has been shown, with several examples in
the literature, that F atoms attached to C atoms
(organofluorine compounds) hardly ever participate in
HBs, while, on the other hand, the F atom acts as a very
strong proton acceptor.[49,50] However, this is not the case
in our results, which indicate that the proton acceptor CH;F
molecule forms stronger HBs than inorganic HF compound
in the linear model (Table 1).

As indicated by the HB length distances and energies in
Table 1 and in the PESs (Figures S1 and S2; Supporting
Information available online via the article webpage), F
acting as a proton acceptor should form stronger HBs in
comparison with Br and CI, but in contrast, it needs closer
contact, which in some cases is less than 2 A.

The topological analysis through the QTAIM and ELF
methods was evaluated for the linear CH5X:--HX and
HX. - -HX dimer arrangements (QTAIM molecular graphs
are shown in the Supporting Information Figure S3). In
this way, the QTAIM Popelier criteria [30] and Rozas
et al’s total energy at the BCP (H.) parameter [37]
(Tables 2 and 3) and the ELF CVBI parameter (Table 4)
were obtained for all linear dimers. The local measure of
the density at the BCP has often been treated as a measure
of the HB strength because it correlates with HB energies.
[51-53] As a general trend, a weaker HB is related to
lower density in the BCP. The Popelier criteria (Tables 2
and 3) are not fulfilled by the HBr- - -HCI, HBr- - -HF (there
is no stabilising interaction in this case) and HCI. - -HF. In
fact, all QTAIM parameters indicated in Tables 2 and 3
agree with the Eyp values and highlight the HB force trend
for these dimers. In addition, the ELF CVBI values shown
in Table 4 (The ELF values along the XH- - -X contact line
are shown in Supporting Information Figures S4 and SS5)
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Table 5. HB energies (Eyg) in keal mol ! and bond lengths (in A) for the nonlinear HX: - -HX and CH;X: - -HX dimer equilibrium
geometries.
HX: - -HX dimers
AHX: - -HX) AH—X(D)]* AH—X(2)] / H—X--H Eus

HBr(1)- - -HBr(2) 2.724 1.408 1411 87.87 —1.86

HBr- - -HC1 2.674 1.408 1.280 88.96 —2.00

HBr- - -HF 2.505 1.409 0.927 91.01 —2.60

HCI- - -HBr 2.600 1.276 1.411 90.30 —1.83
HCI(1)- - -HCI(2) 2.538 1.276 1.279 91.11 —2.03

HCI. - -HF 2.346 1.277 0.927 92.65 —-2.79

HF- - -HBr 2.161 0.924 1.410 122.09 —2.24

HE- - -HCl 2.083 0.924 1.279 120.04 —2.66
HF(1)- - -HF(2) 1.852 0.925 0.928 115.04 —4.23

CH3X- - -HX dimers
r(CH3X: - -HX) r(CH;-X)° r(H—X) / C—X---H Eugp

CH;Br- - -HBr 2.567 1.929 1.416 81.9 —3.38
CH;Br- - -HCl 2.539 1.930 1.284 82.3 —3.53
CH;Br- - -HF 2.402 1.931 0.930 85.4 —4.20
CH;Cl- - -HBr 2.436 1.786 1.415 86.3 —3.34
CH;Cl- - -HCl 2.391 1.786 1.284 86.8 —3.56
CH;Cl- - -HF 2.242 1.789 0.931 90.6 —4.50
CH3F- - -HBr 2.045 1.398 1.413 109.6 —=3.17
CH;F- - -HCl 1.972 1.399 1.283 110.3 —3.65
CH;F- - -HF 1.771 1.404 0.930 113.4 —543

#r(H—X) monomer distances = 1.407, 1.275 and 0.922 for X = Br, Cl and F, respectively.
b r(CH3;—X) monomer distances = 1.925, 1.780 and 1.388 for X = Br, CI and F, respectively.

agree with the Eyg and QTAIM results. ELF isosurfaces
(Figure 2) also show an interesting behaviour for the linear
arrangement and indicate that the halogen electron pairs
are distributed in a toroidal ring form, which is in a
perpendicular direction from the H—X/C—X bonds, as
one may expect in the Linnett theory basis.[54] Such
toroidal rings appear less stable for the F atom lone pairs,

geometries should be preferential for CH3X:--HX and
HX.--HX dimer arrangements, but that for F acting as a
proton acceptor, it should not be as important as for Cl and
Br atoms.

In the next step, the angular arrangements for the
CH;X.--HX and HX. - -HX dimers were analysed (PESs
are shown in the Supporting Information, Figures S6 and

S7). The geometrical parameters and Eyp values are
shown in Table 5, and their graphical representations are

which have an approximately spherical distribution. Thus,
this halogen lone pair shape may indicate that angular

Table 6. Electronic density, electronic density Laplacian and total electron density energy at the HB BCP(p, V?p and H., respectively)
and integrated atomic properties of the H3 atom in a.u. and atomic distances in A for the nonlinear HX: - -HX dimers.

p V2p q(H3) E(H3) M, (H3) V(H3) Tus3 Args® rX2 Ary,® H.
H—Br - - +0.104 —0.5421 0.083 46.374 - - - - -
H—Cl - - +0.298 —0.4797 0.136 36.122 - - - - -
H—F - - +0.753 —0.2532 0.118 13.972 - - - - -
HBr- - -HBr 0.011 +0.030 +0.108 —0.5234 0.051 43.829 0.92 0.37 1.80 0.24 0.0009
HBr- - -HCl 0.011 +0.032 +0.322 —0.4540 0.117 32.882 0.89 0.40 1.79 0.25 0.0008
HBr- - -HF 0.014 +0.039 +0.781 —0.2222 0.100 10.049 0.77 0.52 1.74 0.30 0.0002
HCI. - -HBr 0.011 +0.035 +0.113 —0.5233 0.047 43.160 091 0.33 1.69 0.24 0.0013
HCI- - -HC1 0.012 +0.038 +0.327 —0.4533 0.113 32.164 0.87 0.37 1.67 0.26 0.0012
HCI. - -HF 0.016 +0.048 +0.785 —0.2209 0.096 9.420 0.74 0.50 1.61 0.32 0.0004
HF- - -HBr 0.012 +0.055 +0.136 —0.5169 0.034 40.456 0.85 0.30 1.31 0.33 0.0024
HEF- - -HCI 0.014 +0.064 +0.351 —0.4465 0.098 29.330 0.80 0.35 1.29 0.35 0.0024
HF- - -HF 0.021 +0.095 +0.802 —0.2143 0.081 7.502 0.64 0.51 1.21 0.43 0.0015

Note Atom numbering in Figure 3.
{5 and r§ were calculated from H3 and X2 atom minimum distances to 0.001 au. contour surfdce in each correspondmg monomer (HF, HCI or HBr),
obtaining ry, = 1.29, 1.24 and 1. 15 A, for HBr, HCI and HF, respectively, and o =2 04 A, R, =1 93 A and =1 64 A.
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Figure 3. (Colour online) Graphical representations of the nonlinear arrangement HX:--HX and CH3X.--HX dimer equilibrium

geometries.
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Table 7. Electronic density, electronic density Laplacian and total electron density energy at the HB BCP (p, V?p and H,, respectively)
and integrated atomic properties of the H6 atom in a.u. and atomic distances in A for the nonlinear CH;X: - -CH3X dimer arrangements.

P vzp q(H6) E(H6) M, (H6) V(H6) THe Arye” rxs Arys * H.
H—Br — - +0.104 —0.5421 0.083 46.374 — — - — -
H—Cl - - +0.298 —0.4797 0.136 36.122 - - - - -
H—F - - +0.753 —0.2532 0.118 13.972 — — - — -
CH;Br- - -HBr 0.015 +0.040 +0.133 —0.51330 0.049 39.432 0.855 0.44 1.714 0.33 +0.0005
CH;Br- - -HC1 0.016 +0.041 +0.337 —0.4462 0.113 29.591 0.828 0.41 1.709 0.22 +0.0004
CH;Br- - -HF 0.018 +0.046 +0.783 —0.2192 0.098 9.398 0.726 0.42 1.676 —0.04 —0.0006
CH;Cl- - -HBr 0.016 +0.047 +0.139 —0.5123 0.045 38.665 0.830 0.46 1.605 0.44 +0.0009
CH;Cl- - -HCl 0.017 +0.050 +0.345 —0.4447 0.107 28.624 0.798 0.44 1.593 0.34 +0.0007
CH;Cl- - -HF 0.021 +0.057 +0.788 —0.2173 0.093 8.719 0.691 0.46 1.551 0.09 —0.0008
CH;F- - -HBr 0.017 +0.074 +0.157 —0.5094 0.033 37.355 0.780 0.51 1.266 0.77 +0.0026
CH;F- - -HCl 0.019 +0.083 +0.367 —0.43958 0.092 26.749 0.732 0.51 1.242 0.69 +0.0025
CH;F- - -HF 0.028 +0.111 +0.807 —0.2107 0.077 6.731 0.594 0.56 1.178 0.46 —0.0003

Note: Atom numbering in Figure 3.
b ”(1316 and % were calculated from H6 and X5 atom minimum distances to 0.001 a.u. contour surface in each corresponding monomer (HF, HCI or HBr),

obtaining ry,; = 1.29, 1.24 and 1.15 A, for HBr, HCI and HF, respectively, and r%rs =2.04A, roCI5 = 1.93 A and rgs = 1.64 A.

depicted in Figure 3. By comparing the Eyg values in
Tables 1 and 5, it is clear that HBs in the angular
arrangements are stronger than in the linear arrangements
and that, in contrast to the linear model, Br and CI acting
as proton acceptors form stronger HBs, according to the
expected proton donor ability, i.e. X---HF > X.--HC] >
X---HBr. More interestingly, as we are expecting from

Table 8. ELF values at the critical point between C(X) and
V(X, H) [n(rpux)] and at the critical point between V(X, H) and
V(X) [n(rcy)] and the core valence bifurcation index [CVBI = ¢
(rev)—n(rpax)] for the HX.--HX and CH3X:--HX nonlinear
dimer arrangements in a.u.

HX. - -HX dimers

N(romx) n(rev) CVBI
HBr- - -HBr 0.037 0.139 0.102
HBr- - -HCl 0.038 0.078 0.040
HBr- - -HF 0.047 0.085 0.038
HCI- - -HBr 0.032 0.134 0.102
HCI. - -HC1 0.035 0.078 0.043
HCI- - -HF 0.046 0.085 0.039
HF. - -HBr 0.021 0.134 0.113
HF- - -HCl 0.025 0.079 0.054
HF- - -HF 0.041 0.086 0.045

CH;X: - -HX dimers

N(rpax) n(rev) CVBI
CH;3Br- - -HBr 0.061 0.167 0.106
CH;Br- - -HC1 0.061 0.169 0.108
CH;3Br- - -HF 0.068 0.166 0.098
CH;CI- - -HBr 0.056 0.089 0.033
CH;Cl- - -HCl 0.059 0.087 0.038
CH;CI- - -HF 0.069 0.095 0.026
CH3F- - -HBr 0.034 0.154 0.120
CH5F- - -HCl 0.039 0.158 0.119
CH;F- - -HF 0.058 0.133 0.075

the ELF isosurfaces (Figure 2), the HB energy values for
Br and Cl atoms acting as proton acceptors increased by
more than 2kcal mol ™' in some cases from the linear to
the angular model, while the highest increase in energy
for the F atom was only 1kcal mol ™' in the strongest HB
CHj;F- - -HF dimer. Indeed, the nonlinear CH3X- - -HX and
HX. - -HX dimer arrangement ELF isosurfaces (Figure S8
in Supporting Information) show that the HB interactions
are directed towards the halogen lone pairs toroidal ring
and, consequently, indicate that HBs in angular
geometries should be stronger than in the linear
geometries.

A plethora of theoretical and experimental investi-
gation has been carried out in order to understand the
catalytic role of HB donor molecules along the course of
chemical reactions, in particular the effect of the presence
of Lewis acids on the hetero Diels—Alder rearrangement,
[55,56] suggesting that this type of HB interactions
accelerates the hetero-Diels— Alder reaction.

Furthermore, the HB nonlinear QTAIM parameters
(molecular graphs are shown in Figure S9, Supporting
Information), reported in Tables 6 and 7, indicate that
angular HBs are stronger than HBs in the linear
arrangement. In fact, unlike the linear model, even the
HBr- - -HCI, HBr- - -HF and HCI. - -HF complexes fulfil the
Popelier criteria. In addition, the negative values for the
H,. parameter indicate that the organic CH3Br---HF,
CH;CI- - -HF and CH3F---HF dimers have a covalent
character and are the strongest interactions (Table 7),
which is in agreement with the Eup values given in
Table 5. The ELF CVBI values described in Table 8 (ELF
values along the XH:---X contact are shown in Figures
S10 and S11, Supporting Information) are also in
agreement with the Eyg and QTAIM parameters (see
Tables 5-8). Thus, all applied methods in this work
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suggest that the nonlinear arrangements should form
stronger HBs than the linear arrangements and that
CH;X.--HX dimers may form stronger HBs than
HX. - -HX complexes.

4. Conclusions

Our results, which are based on the QTAIM and ELF
methods, suggest that F is a better proton acceptor than Br
and Cl atoms in linear and angular geometries of
CH5X:--HX and HX.--HX dimers, but it needs shorter
HB contacts because F atoms are less polarisable than CI1
and Br atoms. Moreover, our results indicate that organic
CH;X compounds are better proton acceptors than
inorganic HX compounds for the cases studied here.
Furthermore, angular CH;X: - -HX and HX. - -HX arrange-
ments form stronger HBs than linear arrangements, which,
as indicated by the ELF isosurfaces, is a consequence of
the halogen lone pairs toroidal ring shape. We hope that
these findings may be helpful in clarifying the interaction
mode of HB-based complexes, in understanding HBs
involving halogen atoms in inorganic and organic
compounds, as well as in driving synthesis of ligands
with improved hydrogen donor or acceptor ability towards
a biological target.
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