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ABSTRACT Halogen bonding, a noncovalent interaction between a halogen atom and a
nucleophilic site, is receiving a growing attention in the chemical community stimulating a large
number of theoretical investigations. The DFT approach revealed to be one of the most suitable
methods owing to its accuracy and low computational cost. We report here a detailed analysis of
the performance of an extensive set of DFT functionals in reproducing accurate binding energies
and topological properties for the halogen bonding interaction of either NCX or PhX molecules
(X =F, Cl, Br, 1) with the aromatic system of benzene in the T-shaped configuration. It was
found that the better performance for both sets of properties is provided by a small subset of

functionals able to take into account, implicitly or explicitly (by inclusion of an additive pairwise



potential) the dispersion contribution, that is, ®B97X, M06-2X, M11, mPW2PLYP-D and

B2PLYP-D3.

1. INTRODUCTION

Intermolecular interactions play a key role in supramolecular chemistry, one of the fastest
growing research areas in chemistry with considerable impact in different fields spanning life
and materials sciences.! Several interactions, including principally hydrogen bonding, but also
cation- and anion-7 interactions, electrostatic and exchange forces, metal—ligand interactions and
n—n stacking, have been exploited in the past to assemble new supramolecular architectures with
pre-determined geometrical features and specific functions. On the other hand, halogen bonding
(XB), that is the interaction between a covalently bonded halogen atom X and an acceptor group
A with nucleophilic character, according to the scheme DX/A, has only recently been explored
as a powerful tool at disposal of the supramolecular chemist to direct assembly phenomena.?>
While its use in the real world is still at a very initial stage, especially in the solution phase,
several examples of functional applications can be mentioned, including the control of electrical
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and magnetic properties,* nonlinear optics,’” the separation of isomers,'° catalysis,!!"!” anion

binding in the solution and solid states,'®?° drug design and in protein—ligand complexation.?!*

The scarce initial interest shown towards halogen atoms as potential sites to drive
supramolecular assembly is probably to be ascribed to the common view of these atoms as
spherical entities, neutral in dihalogens or negative in halocarbon moieties. On the contrary, as
demonstrated by Politzer et al. on the basis of electrostatic potential (ESP) analysis,** the
electron density distribution around a halogen atom covalently bonded to a Y atom is strongly

anisotropic owing to the depopulation, with respect to the unbound atom, of the valence p;



orbital placed along the direction of the Y—X bond and a concomitant increase of population of
the px and py orbitals perpendicular to this bond. The charge redistribution associated with the Y—
X bond formation therefore implies a charge reduction in the region outwards the halogen atom,
along the Y-—X bond direction, compensated by an increase of electron charge in a belt around
the bond axis. As a result, the corresponding ESP maps show a positive region along the
extension of the Y-X bond, denoted as c-hole, which acts as a site for nucleophilic attack.?***
The maximum value of the ESP and the size of the positive region strongly depend on the
electron-withdrawing capability of D and on the polarizability of the halogen atom. A good
correlation has been generally observed between the values of the ESP on the c-hole and the

strength of the halogen bond interaction,**?

explaining the experimental observation that the XB
strength decreases in the order X = 1> Br > CI > F according to the decreasing polarizability of
the halogens in that order. Moreover, this model provides a simple explanation for the strong

directionality characterizing halogen bonding, because the XB acceptors, located in the direction

of the rather narrow region of the c-hole, will tend to align along the Y—X bond direction.

An alternative but complementary approach to explain the origin of XB is based on the so-

called lump-hole model,?

which is connected with the topology of the Laplacian of electron
density, V?p(r), in the valence shell of the interacting atoms.?” A formal connection between the
two approaches has been provided by Tognetti and Joubert. ?® Atomic regions with
positive/negative Laplacian are regions of charge depletion/concentration. Following Bader,?’
and quoting Koritsanszky and Coppens,?® “If two reactants approach each other in a Lewis acid-
base-type reaction, their relative orientation can be predicted by the Laplacian functions of their

electron density. Charge concentrations/depletions of one molecule can be considered to be

complementary to depletions/concentrations of the other”. Topological analysis of the Laplacian



in the region of the halogen-bonded atoms reveals exactly the presence of a charge depletion
region along the extension of the Y—X bond (the hole) and a charge concentration region on the
acceptor species A (the lump), which face each other in the intermolecular regions, according to
a “key and lock™ arrangement. The topology of the Laplacian then summarizes all the main
features of XB, namely, its electrophilic-nucleophilic character, its strong directionality and its
energetic basis (the latter connected with the relationship existing between the Laplacian and the

local potential and kinetic energy densities).

The importance of the lump-hole model is also connected with the implicit inclusion of both
interacting species in the topological analysis of their electron density distribution, unlike the c-
hole concept which is more focused on the inherent properties of the isolated XB donor
molecule. In this context, a recent investigation*® showed that the stability of the halogen bonded
complexes is also strongly influenced by the polarizabilities of the XB acceptor molecules, and
in particular of their lone pairs or m-electron system, which determine their nucleophilicity
degree. This indicates that the electrostatic contribution alone is not sufficient to explain strength

and geometrical features of halogen bonded complexes.

The large body of computational studies performed during the last 10 years on XB and other
o-hole interactions has been recently reviewed.®! In particular, some papers assessing the
performance of density functionals in treating specifically XB, in both vacuo? and solution,® or
different noncovalent interactions including XB3* have been recently published. An interesting
analysis of the angular dependence provided by different functionals in YX...XY halogen
bonding, revealing remarkable deviations from the correct CCSD(T)/CBS behavior, has been

reported.>®> The Bader’s Quantum Theory of Atoms in Molecules (QTAIM)?” has been shown to
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be a powerful tool to characterize and interpret the physical nature of halogen bonding
quantify, through analysis of topological local properties and atomic energies, the cooperative
effects involving XB together with other interactions, specifically the beryllium bond. ** One of
the merits of QTAIM consists in its applicability to both the ab initio and experimentally derived
electron density distributions, allowing both a meaningful comparison between information

derived from theory and experiment and their mutual validation. An example of such analysis

concerning halogen bonding is reported in ref. 45.

Despite the large use of QTAIM in characterizing halogen bond interactions or, also, in
excluding to categorize a given interaction as halogen bond, as in the case of selected R—F--*N
interactions,*¢ little attention has been payed, within the DFT framework, to the influence exerted
on the topological properties by the functional used to build up the electron density distribution
to be analyzed. To the best of our knowledge, only one systematic investigation on the ability of
different functionals to predict accurate values of local QTAIM properties of covalent and a few
non-covalent bonds has been previously reported.*’ In QTAIM investigations, it is generally
customary to adopt the same functionals described as the best performing ones by benchmark
studies on accurate determination of interaction energies. As shown here, however, topological
properties of different electron density distributions as obtained for a given system by using such
optimal (from the energy point of view) functionals can show non-negligible differences, which
can hamper a meaningful comparison between properties determined for different non covalent
interactions or for a same interaction taken in different molecular environments. An assessment
of the performance of different functionals, based upon comparison with the corresponding
properties obtained on a reference, Coupled Cluster with Single and Double substitutions

(CCSD) electron density distribution is highly desirable.



Based on the series of accurate calculations previously reported by us on the halogen bonding
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with the aromatic system of benzene in the T-shaped geometry, DX/r,”* we present here the

results of a QTAIM analysis performed on the different wave functions obtained on the NCX/n
and PhX/n (X =F, Cl, Br, I) halogen bonded complexes using the CCSD approach and different
DFT functionals including, in particular, the best performing ones as individuated in our
previous investigation.*'** The importance of the specific kind of halogen bond here considered
relies on its frequent occurrence in biological macromolecules. In the recent survey by W. Zhu
and co-workers,* it was shown that among the 778 short DX/A contacts retrieved in high-quality
structures of the PDB, up to 211 involved delocalized & electron systems as the XB acceptor
partner. Important examples of biological XB involving C—CIl(Br)/xt interactions have been
individuated in the design of potent and bioavailable inhibitors of the enzyme fXa, a serine
protease factor which has been shown to play a key role in the blood coagulation cascade.’® In
the present DX/r study, the D = CN and Ph groups have been chosen, respectively, owing to the
electron-withdrawing character of the former, giving rise to relatively strong XB interactions,
and to the fact that in most XB interactions halogen atoms are linked to aryl groups. A clear
evidence of the presence of a charge depletion region in the Laplacian distribution outwards the

halogen, along the extension of the C—X bond, is shown in Figure 1 for two exemplifying cases,

NCCI and NCBr.




Figure 1. Laplacian of the CCSD/aug-cc-pVDZ electron density distribution of NCCI (left)
and NCBr (right) molecules. The absolute values of the contours (au) increase in steps of 2 x
10", 4 x 10", and 8 x 10" with n beginning at -3 and increasing in steps of 1. The scale of colors
is: Red, contours with V2p(r) ) < -2; Yellow, -0.8 < V?p(r) < -0.4; Green, V?p(r) <10.2|; Cyan,

0.4 < V?p(r) < 0.8; Blue, V?p(r) > 2.

2. COMPUTATIONAL DETAILS

The QTAIM topological analysis of the electron density distribution has been performed on
the dimers of NCX and PhX (X =F, Cl, Br, I) with benzene in the T-shaped geometry. QTAIM
reference values have been obtained on the wave functions obtained at the CCSD level of theory
using the aug-cc-pVDZ basis set, which in the case of iodine included a pseudopotential to
describe the core electrons.’! For the latter atom, a core density has been accordingly added for
the subsequent topological analysis of electron density. The geometries used for the CCSD
calculations have been previously determined in our work, using the CCSD(T) method

extrapolated to the complete basis set (CBS) limit.*!

For DFT calculations, full geometry
optimization constrained to T-shaped geometry was carried out on the BSSE-free potential
energy surface. Up to 17 functionals have been used to test their performance in reproducing
both interaction energies and QTAIM properties related to the DX/r interaction, using as
reference the CCSD(T)/CBS values previously published*! and the presently reported CCSD
values, respectively. In all cases, a large pruned integration grid (99 radial shells and 590 angular
points per shell) has been used to avoid artifacts associated with numerical integration

procedures, as evidenced by previous investigation on the sensitivity of functionals to the size of

the integration grid.>? This problem has been found particularly evident for meta-GGA



functionals, due to its dependence on the local kinetic-energy density in addition to the electron
density and its gradient, which provided spurious oscillations in the potential energy curves
unless very large integration grids are used.”> The tested functionals have been chosen to cover
different categories, that is: (i) the functionals based on the GGA with the add-on dispersion-
correction term, B97-D>*°° and B97-D3;°%"’ (ii) The hybrid GGA functionals (H-GGA),
B3LYP,*-0 B3PW91,%%61:62 pBE1PBE (or PBE0)%** and the recently developed APF and APF-
D functional;® (iii) The range-separated or long-range corrected GGA functionals (LC-GGA),
®B97X% and ®B97X-D;>**’ (iv) The hybrid meta-GGA functionals (HM-GGA), M05-2X,%®
M06-2X,% and M11;7° and (v) The double hybrid GGA functionals (DH-GGA), B2PLYP,*71.72
mPW2PLYP,”>™* B2PLYP-D,” B2PLYP-D3°%72 and mPW2PLYP-D.”> With respect to our
previous work,*® where we tested the ability of 34 functionals at reproducing the interaction
energies of DCI or DBr (D=H, HCC, F, and NC) with the aromatic system of benzene, we have
here excluded those characterized by the worse performance, except for the ubiquitously used
B3LYP, while we have examined the performance of some recently developed functionals, that
is APF, APFD and M11, and that of older functionals with the new DFT-D3°¢ scheme to
describe dispersion correction in DFT. It is worth to point out that the use of the Grimme
pairwise dispersion correction has only an indirect effect on the electron density distribution. In
fact, it consists in introducing an additive term to the standard Kohn-Sham energy while keeping
unmodified the electron density. The latter turns out to experience the dispersion correction
through its effect on the forces acting on nuclei and then on the molecular geometry, which will
be modified (together with the associated electron density) with respect to the uncorrected case.
On the other hand, the exchange and correlation energy expression of double hybrid GGA

functionals include, through the MP2 correction term, non-local correlation effects responsible



for the dispersive interactions. However, since only part of the local GGA correlation energy,
lacking attractive dispersion contributions, is replaced by the MP2 non-local correlation, it is
found that these functionals generally underestimate the long-range dispersion. Addition of a
DFT-D or DFT-D3 correction has been demonstrated to improve the performance of DH-GGA
functionals for non covalent interactions.’>”° It has been furthermore demonstrated that the
functional form of the damping function, determining the short-range behavior of the DFT-D or
DFT-D3 dispersion correction, has only minor impact on the results, provided a proper fitting of
the damping parameters is performed.’ In this connection, we mention that further improvement
with respect to the original D** and D3¢ Grimme’s damping parameters, used in the present
work, has been afterwards obtained’® by a refitting procedure based on a more extended
benchmark set with respect to that previously used by Grimme. New databases covering a larger
range of interaction energies and types have been used, and the existing ones have been extended
to include more points of the potential energy surface along the radial direction, in particular at

shorter intermolecular separations with respect to the equilibrium ones.

The QTAIM topological analysis of the CCSD and DFT electron density distributions was
focused on the determination of local properties. The characterization of intermolecular
interactions can be carried out by looking at the values of local properties at the bond critical
points (BCPs) in the electron density p(r),”’ that is, points at which p(r) is minimum in the bond
direction and maximum in perpendicular directions. Generally the BCP properties taken into
consideration are the electron density, pv, its Laplacian, Vpy, the curvatures of p(r) along the
bond path, A3, and along directions perpendicular to such path, A1 and A», the local potential,
kinetic and total energy densities (Vv, Gb and Hy = Vi, + G, respectively). Closed-shell

interactions, such as the presently investigated weak halogen bonds, imply low py and positive



V2pb, low curvatures Ai, with the parallel curvature A3 largely dominating in magnitude the
perpendicular ones, small local energy densities, with 2Gy > [Vy|, and therefore positive and
small total energy densities Hy. According to Espinosa et al.,”® non bonded interactions can be
classified on the basis of the [Vy| / Gy ratio, which is <1 for closed-shell interactions and >2 for
shared-shell interactions. When the ratio falls between 1 and 2, the interaction shows an
intermediate character. Finally, the ratio of the perpendicular over the parallel curvature, |A1|/ A3,
provides further information for a classification of chemical bonding.” A curvature ratio <<1 is

typical for closed-shell interactions, whereas |A1|/ A3 > 1 has been found for shared interactions.

All calculations were performed using the Gaussian 09 Rev. D.01%

suite of programs. The
QTAIM topological analysis was performed with the AIMAIl program.®! It should be remarked®?
that the energetic properties as evaluated by AIMAII for DFT wavefunctions, both at local and
integrated levels, suffer from the fact that the kinetic energy refers to a fictitious non-interacting
system, missing the correlation term. This in principle would prevent to recover post-HF values
even in the hypothetical case of exact exchange-correlation functional. Some approaches have
been recently developed to overcome this difficulty within QTAIM, based on the use of either
the virial theorem in the Kohn-Sham formalism® or density functional approximations for

determining the correlation kinetic energy. 5%

3. RESULTS AND DISCUSSION

As reported in our previous investigation*! on DX/ interacting systems (D = NC, Ph; X =F,
CL, Br, ) involving halogen atoms and the n-electron system of the benzene ring in the T-shape

configuration, the underlying interaction is quite weak, in particular when the bonded group is

the phenyl ring. Going from fluorine to iodine, the reference BSSE-corrected CCSD(T)/CBS
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interaction energies ranged from -1.56 to -4.84 kcal/mol when D was the strongly electron-
withdrawing CN group and from -0.42 to -2.87 kcal/mol for D = Ph, at intermolecular distances
in the ranges 3.10 — 3.50 and 3.20 — 3.65 A, respectively.*! In all cases, however, an energy
minimum on the DX/nt PES was always detected, though the weaker interactions, i.e., those
involving fluorine and/or the phenyl ring as D group, should be hardly viewed as halogen
bonding due to the predominant contribution of dispersive forces with respect to the electrostatic
ones, which prevail in the stronger interactions.*! It should also be pointed out that fluorine has
been included in the present analysis owing to its borderline role, giving rise to XB only when it

is bonded to a strongly electron-withdrawing moiety.3¢

The reference values of the QTAIM topological properties, determined on the CCSD/aug-cc-
pVDZ electron density distributions, are gathered in Table 1. In all cases, atomic interaction lines
of maximum electron density (that is, bond paths being the systems at their equilibrium
geometry) connecting the halogen atom with the six carbon atoms of the phenyl ring have been
found (see Figure 2 for the molecular graphs of the bromine complexes), confirming that these
atoms are chemically bonded according to QTAIM. In the case of the PhX/m systems, where the
T-shaped approach of PhX to the benzene ring generates a slight asymmetry in the carbon atoms
of the latter, negligible differences were found among the topological properties related to the
four equivalent carbon atoms with respect to those determined for the other two carbons,

therefore only average values have been considered in the present analysis.
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Figure 2. Molecular graphs of the complexes NCBr/n (left) and PhBr/nt (right) obtained on the
CCSD/aug-cc-pVDZ electron density distribution. Green/red circles correspond to bond/ring

critical points.

Table 1. Bond critical point properties of the NCX/n and PhX/n (X=F, Cl, Br, I) interactions

computed on the CCSD/aug-cc-pVDZ electron density distribution.[?!

DX Pb V2pb M A3 Vb G [A1| /A3 Hp [Vo| /Gp

NCF 0.0036 0.017 -0.0022 0.0187 -0.00264 0.00338 0.116 0.00074 0.78
NCCI 0.0048 0.016 -0.0025 0.0185 -0.00271 0.00334 0.137 0.00063 0.81
NCBr 0.0050 0.015 -0.0023 0.0170 -0.00268 0.00317 0.137 0.00048 0.85
NCI  0.0053 0.015 -0.0025 0.0175 -0.00269 0.00321 0.141 0.00052 0.84

PhF  0.0031 0.014 -0.0018 0.0162 -0.00218 0.00288 0.112 0.00071 0.75
PhCl  0.0039 0.013 -0.0020 0.0146 -0.00222 0.00268 0.134 0.00047 0.82
PhBr 0.0041 0.012 -0.0019 0.0138 -0.00220 0.00257 0.141 0.00038 0.85
Phl 0.0044 0.012 -0.0020 0.0141 -0.00214 0.00257 0.143 0.00043 0.83
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[ Symbols denote BCP electron density, pp; Laplacian of the density, Vpp; Eigenvalues of the
density Hessian matrix, Ai; local potential, kinetic and total energy densities, Vy, Gy, and

Hb=Vu+Gp, respectively. All quantities are expressed in a.u.

Despite the rather different interaction energies obtained for the series NCX with respect to the
PhX one, the corresponding values of topological properties at the BCPs for a same halogen
atom are fairly similar. In particular, the py values were in the ranges 0.0036-0.0053 a.u. for
NCX systems and 0.0031-0.0044 a.u. for PhX systems. Such values are comparable with those
commonly obtained for weak hydrogen bonds such as the DH/x interaction.3®° In all cases the
positive sign of V2pyp and the relationships |A1|/ A3 < 1 and [Vb|/ Gb < 1 confirm the closed-shell

character of these interactions.

Up to 17 DFT functionals have been then tested to assess their ability at reproducing the values
of interaction energy, equilibrium distance between the halogen atom and the plane of the
benzene ring and topological properties at the BCPs. All the computed values of these properties
are reported in Tables S1-S4 for the NCX/n systems and in Tables S5-S8 for the PhX/m systems
(X =F, Cl, Br and I, respectively), together with the corresponding reference values. The ratios
between the values obtained at the DFT level and the reference values, which provide an
immediate indication of the deviations of the different DFT functionals from the reference, are
given in Tables S9-S16. The corresponding MP2 values are also reported for completeness,
confirming the previously noted tendency of this method to overestimate the strength of the
interaction when delocalized n systems are involved.’! This is particularly evident for the weaker
PhX/m interaction. The topological analysis on the MP2 electron density distribution, on the

other hand, provides BCPs properties in general very close to the CCSD reference.
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All the functionals tested in the present work provided stable halogen-bonded dimers between
NCX and benzene, while some functionals were not able to reproduce the binding for any or just
a few dimers involving the PhX molecules. In particular, B3LYP and B3PW91 provided
repulsive curves for all PhX/nt dimers, APF for the dimers involving F, Cl and Br halogen atoms,
and B2PLYP, M05-2X, M06-2X, M11, mPW2PLYP, PBE1PBE and ®B97X for only those
involving fluorine. It is also noteworthy that, even in the cases where an attractive curve was
obtained for the DF/r interaction (both D = NC and Ph cases), the values of AEcp and
equilibrium distance were characterized by large errors in several instances, owing to the well-
known difficulty in accurately reproducing dispersive contributions by means of DFT
approaches. For this reason the following discussion on the performance of the functionals in
describing the DX/m halogen bonding on a statistical basis will be carried out both including and
excluding the complexes with X = F, recognizing in the latter case that the term ‘halogen

bonding’ is more appropriate only for the heavier halogen atoms.

Quick information about the performance of the functionals can be obtained by looking at the
mean absolute relative errors, <& = <|(x — Xref) / Xref >, computed on interaction energies,
<&>akcp, and on the whole set of topological properties at the BCPs, <e>qram. They are reported
in Table 2 and graphically shown in Figures 3 and 4 for <&>agcp and <&>qram, respectively. The
averages were performed on both separately the NCX/rm and PhX/n systems, owing to their
different energetic features, and on all systems, in all cases including and excluding the
complexes with X = F as just commented. For the <e>qram errors, the average was further
performed on all the BCPs topological properties taken into consideration, where, in particular,

we have considered separately Vi, and Gy, and A1 and A3, rather than the related quantities, Hy =
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Vi + Gy or [Vy|/Gop and |A1]/A3. The latter are in fact sometimes well determined only as a
consequence of a compensation of errors when summing up or computing the ratio between Vy
and Gy or between A1 and A3. This is evident by looking at the ratios between DFT and CCSD
reference values (see Tables S9-S16), which are close to 1 even for the less performing
functionals. The means were obviously computed only for the systems where an attractive
interaction was determined, so that no errors are reported for the PhX/n interaction studied by
B3LYP and B3PW91. Moreover, the worst functionals, as judged on the basis of their large <&
values (such as APF) should be considered even poorer because the reported errors do not take

into account that they are not able to reproduce all the PhX/m bonded dimers.

Table 2. Mean absolute relative errors on interaction energies, <&>agcp, and on the topological
properties at the BCPs, <g>qram, for the NCX/rt, PhX/m and DX/n (D = NC and Ph) systems,

including and excluding the cases with X = F, as obtained for the different DFT functionals.

<€>AEcp <E>QTAIM

NCX NCX PhX PhX DX DX NCX NCX PhX PhX DX DX

no F no F no F no F no F no F

MP2 0.10 0.11 024 021 017 0.16 0.03 0.03 0.05 0.05 0.04 0.04
B97D 0.10 0.13 0.18 0.19 0.14 0.16 0.17 0.12 025 016 021 0.14
B97D3 0.12 0.13 0.11 010 011 o011 019 0.12 028 019 0.23 0.15
B3LYP 0.73 0.72 - - 0.73 0.72 0.57 0.54 - - 0.57 054
B3PW91 0.76 0.74 - - 0.76 0.74 0.60 0.50 - - 0.60 0.50
PBE1PBE 0.44 0.43 0.86 086 065 0.64 0.31 0.26 053 053 042 0.39
APF 0.59 0.56 090 090 075 0.73 0.42 0.35 055 055 049 0.45
APFD 0.20 0.19 0.20 0.12 0.20 0.16 0.06 0.06 0.05 0.06 0.06 0.06
®B97X 0.09 0.04 0.11 0.11 010 0.07 0.09 0.10 0.08 0.08 0.09 0.09
©B97XD 0.09 0.08 0.23 0.10 0.16 0.09 0.20 0.15 024 017 022 0.16
M052X 0.03 0.01 032 032 017 0.17 0.07 0.04 012 012 010 0.08
M062X 0.10 0.12 0.04 0.04 0.07 0.08 0.12 0.12 0.07 0.07 0.10 0.10
M11 0.08 0.09 0.13 013 011 o011 0.07 0.05 0.03 0.03 0.05 0.04
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B2PLYP 0.45 0.44 0.85 0.80 0.65 0.62 0.29 0.28 0.46 0.46 0.38 0.37
mPW2PLYP 0.29 0.31 0.71 0.61 0.50 0.46 0.25 0.25 0.38 0.38 0.31 0.32
B2PLYPD 0.03 0.04 0.23 0.21 0.13 0.13 0.05 0.05 0.08 0.08 0.06 0.06
B2PLYPD3 0.05 0.04 0.16 0.08 0.10 0.06 0.08 0.06 0.12 0.10 0.10 0.08
mPW2PLYPD 006 002 017 017 012 0.10 005 006 010 011 008 0.8
ENCX H®NCX(noF) MPhX MPhX(noF) MDX MDX(noF)
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Figure 3. Mean absolute relative errors on interaction energies, <&>agcp, for the different DFT

functionals. Color of the bars means: Light blue, NCX/rt; Orange, NCX/n excluding fluorine;
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Gray, PhX/r; Yellow, PhX/n excluding fluorine; Blue, NCX/rt and PhX/n; Green, NCX/m and

PhX/n excluding fluorine. Missing bars denote that the functional does not reproduce bonded

dimers.
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Figure 4. Mean absolute relative errors on topological properties at BCPs, <&>qram, for the

different DFT functionals. Color of the bars means: Light blue, NCX/n; Orange, NCX/nt

excluding fluorine; Gray, PhX/m; Yellow, PhX/m excluding fluorine; Blue, NCX/n and PhX/r;
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Green, NCX/n and PhX/n excluding fluorine. Missing bars denote that the functional does not

reproduce bonded dimers.

Inspection of Figure 3 further supports, by inclusion of new functionals, our previous result*®
about the importance to include dispersion to treat the DX/m halogen bonding interaction.
B3LYP, B3PW91, PBEIPBE, APF, B2PLYP and mPW2PLYP functionals provide in fact
percentage <&>agcp errors well above an acceptable 20% threshold, even when able to give
bonded dimers. This is particularly evident by comparing errors obtained for a same functional,
with or without dispersion correction term. Results, in fact, greatly improve passing from APF to
APF-D, from B2PLYP to B2PLYP-D or B2PLYP-D3 and from mMPW2PLYP to mPW2PLYP-
D. The only unexpected ‘anomaly’ is represented by ®B97X which is on average superior to
®B97X-D, except for the fact that including the dispersion term permits to recover the binding
also for the dimer involving PhF. It is to be pointed out that the present weakly bonded DX/n
interacting systems should be somehow distinguished from the commonly investigated halogen
bonds involving lone pairs, for which Kozuch and Martin®? in their comprehensive study
concluded that dispersion corrections provide a spurious overestimation of the XB strength. On
the other hand, the role of dispersion in such more strongly interacting systems has been recently
highlighted by Otero-de-la-Roza et al.,”* who showed that dispersion correction, introduced in
their work by means of the exchange-hole dipole moment (XDM) pairwise model,”** improves
the XB description provided a functional with low delocalization error is used. The authors
demonstrate that such error is almost exclusively determined by the fraction of exact exchange in

the adopted functional.
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On the whole, only very few functionals provide percentage errors on energy below or slightly
above 10%, also excluding the very weak interaction involving fluorine atom. They are the
previously suggested ®B97X (7%), ®B97X-D (9%), M06-2X (8%) and mPW2PLYP-D (10%),
and the presently tested B97-D3 (11%), M11 (11%) and B2PLYP-D3 (6%), though some of
them (0B97X, M06-2X and M11) are not able to describe an attractive interaction between PhF
and benzene. Few other functionals present only slightly larger errors, namely, B97-D (16%),
APF-D (16%), M05-2X (17%) and B2PLYP-D (13%), whose performance is then comparable to
that of MP2 (16%). It is to be noted that the recently developed D3 add-on correction term>®

represents a remarkable improvement with respect to the D one.>*

When looking at Figure 4, on the other hand, it appears that not exactly the same best
functionals, i.e., those characterized by <&>ag¢p < 0.10, are also able to reproduce the reference
QTAIM properties with errors smaller than 10%. They are APF-D (6%), ®B97X (9%), M05-2X
(8%), M06-2X (10%), M11 (4%), B2PLYP-D (6%), B2PLYP-D3 (8%) and mPW2PLYP-D
(8%), with M11 showing the highest accuracy, comparable to that of MP2 (4%). Among them,
APF-D, M05-2X and B2PLYP-D show a very good performance for the determination of
topological properties but are not so good for evaluation of interaction energies, similar to MP2.
The opposite behavior is found for B97-D3 and ®B97X-D, providing low <&>agcp errors but
moderate (about 15%) percentage errors in the determination of the topological properties. In
conclusion, only ®B97X, M06-2X, M11, mPW2PLYP-D and B2PLYP-D3 functionals are able

to accurately reproduce both the reference properties.

All the other functionals reproduce very badly the binding energies as well as the QTAIM

properties, though in general smaller errors are obtained for the latter. As already mentioned,
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B3LYP and B3PWBII1 are not able to describe any attractive interaction for the dimers involving
the PhX molecule, and the errors for the dimers involving the NCX moiety are about 36% for the
binding energy and 25% for the QTAIM properties. Even larger errors are obtained for the
remaining functionals, that is, PBE1PBE (64%, 39% for percentage <&>agcp, <E>QTAIM €ITOTS,
respectively), APF (73%, 45%), MPW2PLYP (46%, 32%) and B2PLYP (62%, 37%). It is
clearly evident that the inclusion of the dispersion term is crucial also to well reproduce the
QTAIM properties, besides the binding energies. The definite improvement from APF to APF-D,
from B2PLYP to B2PLYP-D or B2PLYP-D3 and from MPW2PLYP to mPW2PLYP-D is in fact
noted also by looking at the <e>qram errors, and the anomaly of the pair ©B97X/0wB97X-D is
confirmed. Finally, contrarily to what found for the binding energies, a slightly better description

of the topological properties is provided by the D dispersion correction term with respect to the

D3 one.

4. CONCLUSIONS

The performance of different DFT functionals for the study of the DX/n halogen bonding
interaction has been here tested by joined analysis of average errors on both binding energies and
topological properties determined at bond critical points according to QTAIM. The averages
were performed on DX/t dimers with D = NC and Ph, and all halogen atoms X =F, Cl, Br and L.
Owing to the mixed dispersive and electrostatic nature of the DX/r halogen bonding, it resulted
that functionals which correctly describe the dispersion correction are mandatory to accurately
reproduce energetic and topological properties, though not the same functionals show the better
performance for both sets of properties. The recommended functionals to investigate the present

interaction are shown to be ®B97X, M06-2X, M11, mPW2PLYP-D and B2PLYP-D3, the latter
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two presenting however higher computational costs with respect to the former ones owing to
their double hybrid nature. The best functionals are able to reproduce the QTAIM properties with
accuracy comparable with that of MP2, which, on the other hand, is here confirmed to be not
suitable for the determination of accurate DX/n interaction energies. The worse performance in
both energetic and topological properties is shown by the hybrid GGA functionals, including in
particular the B3LYP and B3PW91 functionals, whose use is then strongly discouraged for

studying the DX/m halogen bonding interaction.
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A detailed analysis of the performance of an extensive set of DFT functionals in reproducing
accurate binding energies and topological properties for the halogen bonding interaction of either

NCX or PhX molecules (X = F, CI, Br, I) with the aromatic system of benzene in the T-shaped

configuration is here reported.
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