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1. Introduction

Toward a uniform description of hydrogen bonds
and halogen bonds: correlations of interaction
energies with various geometric, electronic and
topological parameterst

Jian-Wei Zou,*® Meilan Huang,® Gui-Xiang Hu® and Yong-Jun Jiang®

Halogen bonds, which are specific non-covalent interactions similar to hydrogen bonds, play crucial roles in
fields as diverse as supramolecular assemblies, crystal engineering, and biological systems. A total of 108
halogen-bonded and hydrogen-bonded complexes formed by different electron acceptors and NHs,
namely, R—A---NHsz (A = H, Cl, Br or I), have been investigated at the MP2(full)/aug-cc-pVDZ(-PP) level of
theory. The relationships between the interaction strengths and various geometric and electronic
structures, as well as topological properties, were established, with a particular focus on the uniformity
of these two types of interaction. The dependence of the BSSE-corrected interaction energy (AES®") on
the interatomic distance (ra...n) appeared to be nonlinear for both halogen-bonded and hydrogen-
bonded systems; the relationship between AE®" and the difference between ra...y and the sum of the
van der Waals radii (Ara...n) can be fitted to a combined quadratic regression equation. Furthermore, we
demonstrated that the linear correlations between AE®" and p,(BCP) (the electron density at bond
critical points in the A---N bond) and its Laplacian V2po(BCP) can be used to provide a combined
description of hydrogen bonds and halogen bonds, with correlation coefficients of 0.964 and 0.956,
respectively. The dependence of the interaction strength on the electrostatic potential corresponding to
an electron density of 0.002 a.u. along the R—A bond vector (ESPg o95), the amount of charge transferred
(Qcy) and the second-order perturbation stabilization energies of n(NHz) — o*(R-A) (E?) were also
examined. Strong halogen-bonded complexes were found to exhibit different linear correlations from
weak halogen-bonded and hydrogen-bonded systems. Nevertheless, for the latter two types of system,
a uniform regression equation can be constructed. These relationships not only improve our
understanding of the nature of halogen bonding but also provide a feasible approach for predicting or
determining the relative strengths of hydrogen bonds and halogen bonds, in particular when both types
of non-covalent interaction coexist and compete with each other.

assemblies** and crystal engineering,*® as well as biochem-
istry’”® and medicinal chemistry.'***

Intermolecular interactions play important roles in many
aspects of physics, chemistry, the life sciences and materials
science.' Hydrogen bonding is undoubtedly the most important
and comprehensively studied example. Halogen bonding,
which is a form of non-covalent interaction between halogen
atoms and electronegative atoms with a lone pair of electrons
(frequently N or O), has elicited much interest during the last
decade owing to its importance in the fields of supramolecular
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The similarity between hydrogen bonds and halogen bonds
has long been noted; in fact, the term “halogen bond” stems
from their resemblance to a great extent.” It has been revealed
that both are directional interactions in which the electrostatic
contribution is generally thought to be dominant, and existing
explanations of the characteristics of hydrogen bonds can also
be applied to those of halogen bonds, and vice versa. Moreover,
some concepts have been extended from hydrogen bonding,
e.g., blue-shifting hydrogen bonds, charge-assisted hydrogen
bonds, single-electron hydrogen bonds, and hydrogen bond
cooperativity, and have all found their corresponding counter-
parts in halogen bonding.

The determination of the strength of intermolecular inter-
actions is critical in the study of physical, chemical and
biochemical processes. Halogen bonds are comparable in
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strength to hydrogen bonds and thus may compete with and, in
some cases, interfere with the latter.’*>* It has even been
demonstrated that compounds that are capable of co-
crystallizing with both hydrogen bond donors and halogen
bond donors, when dissolved in a mixture of both only form co-
crystals with the latter.>

The existence and strength of weak interactions can be
determined by several techniques. Crystal structures deter-
mined by X-ray data, measurements of thermodynamic
complexation constants, red shifts in infrared spectra and the
chemical shift in nuclear magnetic resonance (NMR) have often
been used to characterize the existence and strength of
hydrogen bonds.***® Theoretical calculations can not only
provide optimized geometries of hydrogen-bonded complexes
and the interaction energies of two approaching monomers but
also shed light on variations in electronic structures during the
bonding process and have therefore become an essential
method for studying hydrogen bonds.”

In view of the importance of hydrogen bonds, it is of great
interest to study the relationships between different measures
of the strength of hydrogen bonds, and this topic has been
presented in many recent publications.*®® These relationships
fall mainly into two categories. One is the connection between
experimentally determined hydrogen bond strengths and
theoretically derived quantities. For instance, several studies
have aimed at predicting scales of hydrogen bond basicity/
acidity (hydrogen-bond-donating/accepting ability) using the
minima (Vinin) and maxima (Vg max) Of electrostatic potentials
(ESPs) or computed interaction energies.”*° The other category
comprises the correlation of interaction energies with various
geometric, electronic and topological descriptors, among which
Bader's “atoms in molecules” (AIM) topological parameters and
ESP values are frequently used.** In a series of studies, Gra-
bowski**** investigated various conventional and unconven-
tional hydrogen-bonded complexes and established several
excellent linear relationships between interaction energies and
AIM topological parameters. In a recent communication,
Rozenberg** summarized two dozen excellent linear relation-
ships between calculated interaction energies and electron
densities at critical points and disclosed that the relationships
reported by different authors are, in fact, close to one another
(the slopes differ by less than 30%). In addition to the above-
mentioned Vi, and Vg nax, Other ESPs at a given site in the
molecule have been used for measuring hydrogen bond
strengths. For example, Galabov et al*™’ found a strong
correlation between hydrogen bonding energies and ESPs at the
nuclei of electron donor atoms (Vx_p). Suresh et al.*® conducted
an analysis of ESPs for a group of 26 hydrogen-, halogen- and
dihydrogen-bonded complexes with diverse donor and acceptor
molecules and showed that the difference in the change in the
ESP at the sites of donor and acceptor atoms due to the
formation of the complex (AAVy) was strongly correlated with
the binding strength of the complex. In a more recent study*
they demonstrated that such a correlation could be extended to
a wider range of electron donor-acceptor complexes. Similar
correlation analyses have also been performed for halogen
bonds, either separately or together with other electron donor-
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acceptor interactions; however, these have not been as system-
atic as those for hydrogen bonds.**> Because there are great
similarities between halogen bonds and hydrogen bonds, it is
interesting to speculate whether a combined description can be
given of the relationships between different indicators of the
interaction strength of hydrogen bonds and halogen bonds. As
the understanding of halogen bonds is far from sufficient,
besides enabling a more thorough comparison between these
two forms of non-covalent interaction such a study may also
provide us with an insight into the nature of halogen bonds.

In addition, because hydrogen bonds and halogen bonds
may coexist and compete with each other in certain specific
systems,'** it would be important to determine whether there
is a possibility of predicting the predominant interactions using
relatively simple theoretical calculations. In the present work,
we have investigated the relationships between interaction
strengths and various geometric and electronic structures, as
well as topological properties, with a particular focus on the
uniformity of hydrogen bonds and halogen bonds.

2. Computational details

The geometries of hydrogen bond and halogen bond donors
and acceptors, as well as the corresponding complexes,
including all electrons, were fully optimized using the Mgller-
Plesset second-order perturbation theory (MP2) method.
Dunning's aug-cc-pVDZ correlation-consistent basis set was
adopted for all atoms except iodine. The Stuttgart-Koln MCDHF
RSC effective core potential (ECP, 28 core electrons) basis set
(aug-cc-pVDZ-PP*), which was obtained from the EMSL Basis
Set Exchange, was used for iodine atoms. To ensure the reli-
ability of the calculated results, hydrogen-bonded and bromine-
bonded systems were further considered at a higher level of
theory, namely, MP2(full)/aug-cc-pVTZ. The interaction energy
of each complex was defined as the difference between the total
energy of the complex and the sum of the total energies of the
monomers. Basis set superposition error (BSSE) was incorpo-
rated into the calculations in order to obtain corrected inter-
action energies using the counterpoise (CP) technique
developed by Boys and Bernardi.** Atomic charges and second-
order perturbation stabilization energies (E?)) were computed
by means of natural population analysis (NPA) and natural
bond orbital (NBO) analysis, respectively. The former was used
to calculate the amount of charge transferred from the electron
donor to the acceptor, and the latter provided a measurement of
the contribution of charge transfer from the viewpoint of local
orbital interactions. Electrostatic potentials (ESPs) and electron
densities along the R-A (A = H, Cl, Br or I) bond vector were
calculated for the hydrogen bond and halogen bond donors in
order to determine the electrostatic contribution to the non-
covalent interactions. All the above computations were per-
formed with the Gaussian 09 suite of programs.*> The topo-
logical properties of the electron density (p.) and its Laplacian
(V?pe) at bond critical points in each complex were character-
ized using the atoms in molecules (AIM) methodology with AIM
2000 software.*®

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1 General description of the systems studied, the
interaction energies and the computation method

Table S1 (ESIT) summarizes the systems and interaction ener-
gies calculated at the MP2(full)/aug-cc-pVDZ(-PP) level of theory.
A total of 34 hydrogen-bonded complexes formed by different
electron acceptors and NH;, which was chosen as a representa-
tive electron donor, and 74 halogen-bonded complexes were
considered. To avoid confusion, henceforth R-H---NH; and
R-X---NH; (X = Cl, Br or I) represent hydrogen- and halogen-
bonded complexes, respectively, whereas R-A---NH; refers to
both types. The types of hydrogen bond and halogen bond
donors were diversified and the atoms connected to H or X in
the R groups included nitrogen, oxygen, halogens, sulfur and
carbon in different hybridization states.

We found that the optimized R-A--N angles in all the
complexes studied are larger than 160° (most are >170°). The
approximate linearity of this angle ensures that the interaction
between the electron acceptor and NH; in each complex is
primarily attributed to monodentate hydrogen bonds or halogen
bonds (i.e., other secondary interactions can be ignored).

The interaction strengths span a broad range, with the
interaction energies (AE) ranging from approximately 2.0 to
13.3 kecal mol ™" for hydrogen bonds and from 0.3 to 19.9 kcal
mol ! for halogen bonds. After BSSE was taken into account,
the interaction energies (AE®") were predicted to be 1.1-11.6
keal mol ' and —0.3-16.5 kcal mol " for the hydrogen- and
halogen-bonded systems, respectively. The AE®" values are
negative for CH3;CH,Cl, (CH;3),CHCl and (CH;3);CCl, which
implies that the chlorine-containing molecules and NH; are
weakly bound. According to a recent comparison*” of different
binding energies used for benchmarking non-covalent interac-
tions, the counterpoise correction was safe for general use and
therefore AE“ would be adopted in subsequent discussions. In
fact, both AE values are strongly correlated (the correlation
coefficient is 0.994), which indicates that there is little differ-
ence between the use of corrected and uncorrected interaction
energies for the purpose of comparison.

A comparison of complexes containing the same attached R
group indicates that the halogen bond strengths in R-X:--NH;,
decrease in the order of R-I > R-Br > R-Cl, and the hydrogen
bond strengths in R-H---NHj; are slightly lower than or roughly
equal to the halogen bond strengths in the R-Br---NHj;
complexes. Furthermore, the effects of the R group on the
hydrogen bond or halogen bond strengths were examined. We
found that the interaction strengths of various R groups with
different electron-accepting atoms follow the order: F > Cl > Br >
0 > N > C(sp) > C(sp?) > C(sp®) for both hydrogen-bonded and
halogen-bonded complexes.

Regarding the computation method, the MP2/aug-cc-pVDZ
level of theory has been widely used for studying reasonably
weak non-covalent interactions.**?® This level is believed to
represent a good compromise between accuracy and calculation
cost, in particular for more than one hundred systems, as
studied in the present work. Nevertheless, to ensure the
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reliability of the calculated results two series of complexes,
namely, R-A---NH; (A = H or Br), were further examined at the
MP2(full)/aug-cc-pVTZ level of theory using the MP2(full)/aug-
cc-pVDZ optimized geometries. Table S2 (ESIt) lists the calcu-
lated interaction energies and some parameters relevant to the
interaction strength, which will be presented in the following
discussion. We noted that the results calculated by the two
different computation methods are close to each other and,
moreover, are strongly correlated, with a correlation coefficient
R of nearly unity (Fig. S17).

3.2 Dependence of interaction energies on geometric
parameters

One of the most important geometric characteristics of hydrogen
bonds and halogen bonds is that the distance between the donor
and acceptor atoms is shorter than the sum of their van der
Waals (vdW) radii. Table S17 lists the interatomic distances 7,...x.
It can be seen that the intermolecular distances range from 1.689
to 3.349 A. These separations are generally less than the sums of
the Bondi's vdW radii of the atoms involved, except for the three
above-mentioned weakly bound chlorine-containing complexes,
in which the CI---N distance is slightly longer than the sum of the
vdW radii of Cl and N (3.30 A).

Plots of the interaction energy versus the interatomic
distance are displayed in Fig. 1. It is observed that the hydrogen-
bonded and halogen-bonded systems exhibit different depen-
dences. This is not surprising, because the vdW radius of
a halogen atom is significantly larger than that of a hydrogen
atom. The dependences for both types of system (in particular,
the halogen-bonded systems) appear to be nonlinear. Quadratic
polynomial fitting of the values of AE“" and r,...y yielded strong
correlations, with correlation coefficients (R) of 0.920 and 0.980,
respectively, for the halogen-bonded and hydrogen-bonded
systems (Fig. 1), which means that the interaction energies
become dramatically higher with a reduction in r4...N.

It is noteworthy that the two hydrogen-bonded complexes
that contain hydrogen halides (HX, X = Cl or Br) as the
hydrogen bond donor deviate significantly from the regression
lines. Moreover, we observed that the interaction strengths of
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Fig. 1 Dependence of AE“®" on ra...n.
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these two complexes, in comparison with that of the homolo-
gous complex (HF---NHj3), do not increase but decline with an
increase in the acidity of HX, i.e., AE(HF) > AE(HCI) > AE(HBr).
The same results were also reported in previous studies of the
hydrogen bonding interactions of HX with ammonia®** and
water,* as well as methanol derivatives.” However, for the
hydrogen-bonded complexes formed between HX and benzene,
which is a much weaker hydrogen bond acceptor, the calculated
binding energies follow the opposite order, ie., AE(HBr) >
AE(HCI) > AE(HF).*>* This anomalous behavior can be ascribed
to the high Brensted acidities of HCl and HBr (HF is a weak
acid) and the ion-pair character of XH---NHj, i.e., the complexes
not only exist in the form of neutral hydrogen-bonded struc-
tures, namely, X-H---NHj3, but also display some attributes of
ion pairs, namely, X ---[NH,4]".5” According to the classification
of hydrogen bonds in chemical leitmotifs (CLs) proposed by
Gilli et al.,’® they are classed as double charge-assisted hydrogen
bonds (CL#2), in contrast to all the other hydrogen-bonded
systems (ordinary hydrogen bonds, CL#1). Similarly, the
complex formed between iodine monofluoride and NH; (F-I---
NHj;) exhibits a relatively large deviation owing to substantial
charge transfer (it is classed as an inner complex according to
the Mulliken notation®’). The corresponding data points for
these three complexes were therefore identified as outliers and
excluded from the curve fittings and correlation analyses.

The difference between the sums of the vdW radii of the
approaching atoms and the interatomic distance, namely, Ar,...
N (ATa..y = Ta + 'y — I'x...n), May also be used as a measure of
interaction strength. Grabowski*® investigated several conven-
tional and unconventional hydrogen-bonded systems contain-
ing HF as a fixed proton donor and showed that the relationship
between the interaction energy and Ary...y can be well fitted by
a quadratic polynomial regression (R = 0.971). He also
demonstrated that this nonlinear dependence holds for
samples containing unrelated complexes and even with a range
of proton donors.>* Accordingly, we investigated the depen-
dence of AE®" on Ara...y (Fig. 2). It was found that the data
points corresponding to hydrogen-bonded and halogen-bonded
systems were interspersed and could even be completely fitted
by the same quadratic regression equation. The fit was
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Fig. 2 Dependence of AE“®" on Ara...n.
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satisfactory (R = 0.978) when the above-mentioned outliers were
omitted. In other words, the dependences of the interaction
strength on the difference in distance Ar,...y were similar for
hydrogen bonds and halogen bonds.

In addition, the formation of hydrogen bonds and halogen
bonds led to a slight variation in the R-A bond and a small shift in
the corresponding frequency.* For the hydrogen-bonded systems
considered here, in only one case it was observed that the R-A
bond contracted (or led to a blue shift), whereas for the halogen-
bonded systems, it was found that the R-A bond contracted in 29
cases (almost one-third of the systems investigated). Blue shifting
is much more common in the halogen-bonded systems in
comparison with that in the hydrogen-bonded systems.

3.3 Relationship between interaction energies and
electrostatic potentials

It has been well documented that electrostatic interactions are
predominant in hydrogen bonds and most halogen bonds. The
molecular ESP is a rigorously defined quantum mechanical
property. It not only enables a qualitative understanding of the
distribution of electrostatic charge within a molecule, but also
provides a very effective tool for the quantitative prediction of
various non-covalent interactions, including hydrogen bonds
and halogen bonds.3®*%61:6>

The relationships between halogen bond strengths and
quantities derived from ESPs were investigated.*® It was sug-
gested that the ESP corresponding to an electron density of
0.002 a.u. along the R-X axis, namely, ESP, oo,, is the optimal
descriptor of the electrostatic contribution for correlation with
the binding energy. A similar conclusion has been reached for
hydrogen bonds.® It was found that strong correlations exist
between the hydrogen bond acidities of solutes and the ESPs on
surfaces defined by the 0.002 a.u. contour of electron density,
although these are family-dependent.

Fig. 3 presents a plot of AE®" versus the calculated value of
ESPy 002 (Table S17). The 73 halogen-bonded complexes were
divided into two different series according to the type of elec-
tron acceptor. Series I includes 14 strongly bound complexes
(represented by empty squares and with relatively large

O R-X Series |
m R-X Series Il =3
o RH B o

AE*(kcal/mol)

; ; : ; —
0 20 40 60 80 100
ESP, ,,(a.u.)

Fig. 3 Dependence of AE“®" on ESPg g02.
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interaction energies), which contain dihalogens, HOX, and
NH,X as electron acceptors. The other 59 weakly bound
complexes (filled squares), which contain HCI, HBr and carbon-
bonded halogen molecules as electron acceptors, are classified
as Series II.

Obvious linear relationships between the interaction ener-
gies and the ESPs were observed for the complexes in both
series. The correlation coefficients are 0.983 and 0.952 for Series
I and II, respectively. The slope of the linear regression line is
0.215 for Series I, which is significantly larger than that for
Series II (0.109). This means that the interaction energy is
proportional to the electrostatic potential, but the slope of the
correlation line is dependent on the type of halogen bond, i.e.,
the interaction energies for complexes with strong halogen
bonds will be underestimated if the correlation established for
complexes with relatively weak halogen bonds is used, which
implies that charge transfer may play a more significant role in
complexes with strong halogen bonds.

For hydrogen-bonded complexes, no evident family depen-
dence was observed. It was shown that their interaction
strengths display a linear correlation with the values of ESP ¢,
(empty circles in Fig. 3). The correlation coefficient was found to
be 0.960 after two outliers (HCl and HBr) were excluded. The
slope of the regression line is 0.126, which lies between those of
the regression lines for the halogen-bonded complexes in Series
I and II but is apparently closer to the latter. This indicates that
the electrostatic contribution is more dominant in hydrogen
bonds and weak halogen bonds in comparison with strong
halogen bonds. Moreover, because the slopes of the regression
lines for the complexes with hydrogen bonds and weak halogen
bonds are similar to each other, it is possible to establish
a combined linear correlation for both systems. The resulting
regression equation (eqn (1)) exhibits a high correlation coeffi-
cient (R = 0.965), which even exceeds the individual correlation
coefficients.

AE®" = 0.1252 x ESPg o2 — 0.9053

N =93, R=10.9654, Sd = 0.7268, F = 1248.5 6))]

Because ESPy o, is a monomer-based quantity that corre-
sponds to the electron-accepting abilities of R-H and most R-X
molecules but does not relate to the complexity of the entire
complex, it provides us with a convenient means of predicting
the relative interaction strengths of hydrogen bonds and
halogen bonds (see below).

It is worth mentioning that the ESP at the site of an electron
donor atom (Vy) has been successfully used as a descriptor of
reactivity for the study of hydrogen bonds.**” For the hydrogen-
bonded complexes studied here, our results indicate that the
linear correlation between this descriptor and the interaction
energy (R = 0.935) is not stronger than that between ESP ¢,
and AE®" (R = 0.960). Moreover, because different atomic
nuclei have distinctly different Vi values, it is undoubtedly the
case that this descriptor cannot be used to provide a combined

This journal is © The Royal Society of Chemistry 2017
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description of hydrogen bonds and halogen bonds. Similarly,
we investigated the relationship between AE®" and AAVy,
which is a parameter based on Vy as mentioned above, for
hydrogen-bonded and bromine-bonded systems and obtained
a strong combined correlation (R = 0.956) (Table S3 and Fig. S1,
ESIT), which further supports the wide-ranging applicability of
this descriptor for quantifying the strength of non-covalent
interactions.*® Nevertheless, because the determination of
AAVy is dependent on calculations on both the monomer and
the complex it is not a good descriptor from the perspective of
prediction.

In addition, the atomic charge can also be used for the
quantitative estimation of the electrostatic contribution of
a molecule. For instance, Famini et al® proposed a set of
computational parameters for constructing a so-called theo-
retical linear solvation energy relationship (TLSER), in which
the magnitude of the most negative charge in the molecule was
used to describe the electrostatic basicity of the hydrogen bond.
In addition, partial atomic charges calculated by fitting the
respective ESPs in the vdW region are often used to simulate the
electrostatic interactions in molecular mechanical (MM) force
fields® (e.g., the AMBER force field). However, it was shown that
almost all the halogen atoms studied bear negative NPA or
CHelpG charges. The results indicate that the interactions of
halogen-containing molecules with electronegative atoms are
repulsive, but this is evidently inconsistent with the fact that
a halogen bond is an attractive interaction. Therefore, the
relationships between interaction energies and partial atomic
charges were not considered further.

3.4 Relationship between interaction energies and amounts
of charge transferred

It is generally accepted that hydrogen bonds have electrostatic
as well as covalent components, and the latter are more prom-
inent for strong hydrogen bonds.>* Similarly, covalent-type
components are dominant in strong halogen bonds, and,
before the concept of the halogen bond was widely recognized,
halogen-bonded complexes, typically those formed between
electron donors and dihalogen molecules, were classified as
charge-transfer complexes.®® In other words, charge redistribu-
tion occurs upon the formation of hydrogen-bonded or halogen-
bonded complexes, and the interaction strength is closely
related to the amount of charge transferred (Qcr) from the
electron donors to the acceptors.

Table S11 summarizes the values of Q¢r for all the hydrogen-
bonded and halogen-bonded systems, and the dependence of
AE®" on Qcr is shown in Fig. 4. For the strongly halogen-
bonded complexes (Series I), our calculated results indicate
that the values of Qcr are in the range of 9-149 me, and there is
an excellent linear correlation (R = 0.962) between the interac-
tion energy and Qcr, as indicated in Fig. 4 (dotted line). A
similar correlation can also be established for the complexes of
hydrogen halides with carbon-bonded halogen molecules
(Series 1II), although it is somewhat weaker than that for the
complexes in series I (solid line in Fig. 4, R = 0.939). However,
the slope of the linear regression line for Series II is larger than

RSC Adv., 2017, 7, 10295-10305 | 10299
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Fig. 4 Dependence of AE“®" on Qcr-

that for Series I (154.21 versus 80.20), which is in contrast to the
relationship between AE®" and ESPy 5.

For the hydrogen-bonded systems, the values of Qcr were
calculated to be 7-91 me. Abnormally large amounts of charge
(79 and 91 me) were observed to be transferred in the Br-H- -
NH; and Cl-H---NH; complexes. Again, these were considered
as outliers and excluded from the subsequent regression anal-
ysis. The resulting linear correlation is fairly satisfactory, with
a correlation coefficient of 0.983. The slope of the regression
line is again closer to that for the weakly halogen-bonded
complexes (Series II), which means that the sensitivities of
AE®®" to the value of Q¢r are comparable for hydrogen bonds
and weak halogen bonds, and therefore the linear dependence
of AE® on Qcr can be expressed by a combined regression
equation (R = 0.972).

Considering the obvious correlations between both charge
transfer and electrostatic contribution and the interaction
strength and their complementary effects in determining the
interaction energy, it is expected that a combination of Q¢r and
ESP, 0, can be used to better interpret the variations in the
interaction strengths of hydrogen bonds and halogen bonds.
The resulting linear regression equation for the entire data set
excluding the three outliers is expressed as follows:

AE®" = 51.50990ct + 0.0920ESPg o9» — 0.6745

N =105, R =0.990, Sd = 0.4614, F = 2534.8 2)

The multiple correlation coefficient is as high as 0.990, i.e.,
98.0% of the variation in the interaction energy can be
explained by using Qcr and ESP, o, as descriptors. Fig. 5
illustrates the consistency between the values of AE®" calcu-
lated directly and those predicted by eqn (2). We found that the
data points, whether these corresponded to weak or strong
halogen bonds or to hydrogen bonds, fit the regression line
perfectly, which indicates that the interaction strengths of both
hydrogen- and halogen-bonded complexes can be described in
the same way via a combination of Qcr and ESPy o0;-
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Fig. 5 Relationship between the values of AE®" calculated directly
and those predicted from eqgn 2.

3.5 Relationship between interaction energies and second-
order stabilization energies

Natural bond orbital (NBO) analysis provides an alternative
valuable tool for our understanding of the formation of
a molecular complex with respect to local orbital interactions.*”
In particular, the second-order perturbation stabilization
energy (E?) has been used to correlate the strengths of
hydrogen bonds and halogen bonds.**® This describes the
charge transfer interactions between a pair of donor-acceptor
orbitals and is calculated as follows:

E? = AE; = qiF i)Y l(ei — &) ©)

where g; is the occupancy of the donor orbital, ¢; and ¢ are
diagonal elements (orbital energies), and F(i;j) is the off-diagonal
NBO Fock matrix element. For each of the complexes being
studied, it was disclosed that the stabilization energy is mainly
attributed to second-order orbital interactions of the lone-pair
donor orbital of the donor NH; with the c*-acceptor orbital of
R-A. The values of E®) calculated on the basis of these orbital
interactions range from 0.42 to 61.15 kcal mol ' (Table S17).

Fig. 6 illustrates the dependence of the interaction strength
on E®, which exhibits some similarity with the relationship
between AE®" and Qcr. The hydrogen-bonded complexes and
the halogen-bonded complexes in Series I and II display three
different linear correlations with correlation coefficients of
0.986, 0.977 and 0.947, respectively. The halogen-bonded
complexes of HCl and HBr deviate significantly from the
correlation and therefore were excluded from the regression
analysis. The regression line of the hydrogen-bonded systems in
Fig. 6 is closer to that of the strongly halogen-bonded systems
(Series I) than that of the weakly bonded systems (Series II),
which is different from the case observed in Fig. 4.

In fact, the second-order stabilization energy not only repre-
sents the intrinsic connection between the pair of donor-
acceptor orbitals, but is also correlated with the amount of charge
transferred. Plots of E® versus Qcr are illustrated in Fig. 7. Strong
correlations were observed for the hydrogen-bonded complexes
(R = 0.986, dotted line), as well as for the halogen-bonded

This journal is © The Royal Society of Chemistry 2017
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complexes (R = 0.996, solid line), among which weak and strong
halogen bonds are no longer distinguished. The slope of the
regression line for the halogen-bonded complexes is larger than
that for the hydrogen-bonded complexes, which indicates that
the amount of charge transferred in the complexes with halogen
bonds is more sensitive to orbital interactions.

It is worth mentioning that although variations in electron
density and NBO have been extensively used to analyze the
formation of hydrogen and halogen bonds, correlations
between the interaction strength and the values of Qcr and E(Z),
in contrast to geometric, topological and ESP-derived parame-
ters, are uncommon. Moreover, most previous works deal with
either specific complexes (e.g., base pairs®) or only a few simple
and homogeneous hydrogen-bonded complexes.””> Therefore,
it is difficult (or seems meaningless) to make a comparison with
these results.

3.6 Relationship between interaction energies and AIM
topological parameters

The atoms in molecules (AIM) theory developed by Bader™
represents a very important means of studying various non-
covalent interactions. Several typical topological parameters

This journal is © The Royal Society of Chemistry 2017
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derived from AIM analyses, such as the electron density at bond
critical points (BCPs) (pp(BCP)), and its Laplacian (V>p,(BCP))
have been proven to be very effective in describing the existence
and strength of hydrogen bonds and halogen bonds.*"7*7®

Here, AIM analyses were performed for each of the hydrogen-
and halogen-bonded complexes, in which there was one BCP
between the hydrogen or halogen atom of the acceptor R-A and
the N atom of the donor NHj;. The values of p,(BCP) and
V2p,(BCP) at this BCP are listed in Table S1.t The values of
pp(BCP) are within the range of 0.0064-0.0538 a.u. for the
halogen-bonded systems and 0.0094-0.0533 a.u. for the
hydrogen-bonded systems. Their Laplacians (V>p,(BCP)) span
the ranges of 0.0151-0.1585 a.u. and 0.0267-0.1506 a.u. for the
halogen-bonded and hydrogen-bonded systems, respectively.

It has been suggested that the interaction strength, whether
the system is halogen-bonded or hydrogen-bonded, is strongly
correlated with the value of p,(BCP).”*”® Rozenberg®* summa-
rized in a recent publication 24 linear correlations between
interaction energies and values of p,(BCP) for hydrogen bonds
that were calculated at the MP2 level of theory. He observed that
these high-quality relations are close and can be expressed as
a general linear relationship. Strong correlations between AE“"
and pp,(BCP) also exist for the complexes studied in the present
work. The correlation coefficients are 0.982 and 0.966 for the
hydrogen-bonded (with the exception of HCl and HBr) and
halogen-bonded systems, respectively. Moreover, the two
regression lines overlap perfectly, so that a single regression
equation can be used to describe them in combination (eqn (4)
and Fig. 8).

AE®" (kJ mol™') = —5.595 + 1159.6 x pu(BCP) (a.u.)

N =105, R =0.973,Sd = 3.139, F = 1852.8 (4)

The quality of eqn (4), although inferior to those of the
relations established for homogeneous samples of hydrogen- or
complexes, is

halogen-bonded significantly high, with

AE”'(kcal/mol)

: . —_— .
0.00 0.01 0.02 0.03 0.04 0.05 0.06
p,(BCP)(a.u.)

Fig. 8 Dependence of AE“®" on p,(BCP).
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a correlation coefficient of R = 0.973. Moreover, both the
intercept and the slope in eqn (4) are very close to those in the
general relationship proposed by Rozenberg®** for hydrogen
bonds (—6.6 and 1215, respectively), which further supports the
theory that p,(BCP) can be used to describe hydrogen and
halogen bonds in combination.

A similar analysis was also conducted to establish the rela-
tionship between AE®" and V?p,(BCP). We found that the general
qualities of the regression models used for the hydrogen-bonded
(R = 0.974) and halogen-bonded systems (R = 0.942) (Fig. 9) are
inferior to those of the regression models of AE“" versus pp(BCP).
Although the two regression lines are not as similar as they
appear in Fig. 8, a uniform regression model that encompasses
complexes with hydrogen bonds and those with halogen bonds
was obtained with significantly high quality (R = 0.950).

3.7 Applications of the relationships

Because theoretical studies of halogen bonds are much less
extensive than those of hydrogen bonds, the establishment of
dependences between the interaction strength and various
physical quantities and a comprehensive comparison of these
two types of non-covalent interaction may improve our under-
standing of the nature of halogen bonding. Besides, the rela-
tionships established in the current research may also find
practical applications.

One practical application is the prediction of the electron-
accepting abilities of hydrogen bond or halogen bond donors.
This is particularly important in systems in which hydrogen
bonds and halogen bonds coexist or compete with each other.
Aakerdy et al® studied the structural competition between
hydrogen-bonded and halogen-bonded supramolecular syn-
thons. Two molecules A and B were selected carefully to co-
crystallize with 1-methyl-2-(pyridin-4-yl)-1H-benzimidazole (C),
which is a molecule with two electron donor sites (Fig. 10). The
proton in the oxime -OH group in both A and B was shown to
bind to the N site of the imidazole moiety in C during co-
crystallization. The imine proton and halogen atom in A and B
competed for the other N site, namely, that in the pyridine
moiety, in C via hydrogen bonding and halogen bonding inter-
actions. We propose that it is possible to determine which type of
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Fig. 10 Supramolecular synthons A and B bearing donor sites of both
a hydrogen bond and a halogen bond.

interaction is predominant by estimating the electron-accepting
abilities of these three sites in A and B on the basis of ESP
calculations. The calculated values of ESP, o, of the bromine
atom (A) and the iodine atom (B) at the MP2(full)/aug-cc-pVDZ(-
PP) level of theory are 35.04 and 47.73 kcal mol ™', respectively.
The corresponding value of the imine proton (33.99 kcal mol ™)
is close to that of the bromine atom in A, but significantly lower
than that of the iodine atom in B. This result is consistent with
the experimental observation of an N---I halogen bondina1:1
co-crystal of B and C.* A similar N---Br interaction was not
observed in a co-crystal of A and C, which was in part because the
strength of a N---Br halogen bond is comparable with that of
a C-H---N hydrogen bond on the basis of their ESPy ¢, values,
and it is certain that the final crystal structure is the result of
a balance between numerous weak interactions.

It is worth noting that direct calculations of the interaction
strengths for such systems at a reasonably high level of theory,
although time-consuming, are not infeasible. We calculated the
BSSE-corrected and uncorrected interaction energies for
complexes of A and B with pyridine at the MP2(full)/aug-cc-
pVDZ(-PP) level of theory. The N---I interaction energy
between B and pyridine was calculated to be 7.14 kcal mol ™"
(BSSE-corrected), which is higher than the C-H---N interaction
energy by ca. 2.7 keal mol~'. However, the difference between
the latter and the N---Br interaction energy in the complex of A
with pyridine, with or without the correction for BSSE, is less
than 0.1 kcal mol . These results are in excellent agreement
with the predictions from our ESP calculations (Fig. 10).

Another potential application is the utilization of the AIM
topological properties to determine the relative strengths of
hydrogen bonds and halogen bonds in complex systems. In fact,
the parameter p,(BCP) has been extensively used to study
intramolecular hydrogen bonds and hydrogen bond coopera-
tivity.””** Similar studies of halogen bonds have also been re-
ported sporadically.®**® Hydrogen bonds and halogen bonds
were, however, considered separately in previous studies.

In view of the strong uniform dependence between AE*" and
pb(BCP), as was established above, when hydrogen bonds and
halogen bonds coexist and, in particular, when they are
competitive and unavoidably entangled with other weak inter-
actions, this provides a feasible approach to the determination
of the relative strengths of the two types of interaction via the
examination of their p,(BCP) values.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

Ab initio calculations were performed for a series of hydrogen-
bonded and halogen-bonded complexes formed between
various electron acceptors and NH;, namely, R-A---NH; (A = H,
Cl, Br or I). The relationships between the interaction strength
(expressed in terms of the BSSE-corrected interaction energy,
AE®®) and the interatomic distance (ry...), the difference
between the interatomic distance and the sum of the respective
van der Waals radii (Ar,...n), the electrostatic potential corre-
sponding to an electron density of 0.002 a.u. along the R-A bond
vector (ESPy0,), the amount of charge transferred (Qcr), the
second-order perturbation stabilization energy of n(NH;) —
o*(R-A) (E?), the electron density at bond critical points of the
A---N bond (pp(BCP)) and its Laplacian (V>p,(BCP)) were estab-
lished to clarify the similarities and differences between these
two types of intermolecular interaction.

We found that the dependences of AE®" on ry... and Ara...
are nonlinear for both hydrogen bonds and halogen bonds, and
the latter (AE®" versus Ara...n) can be fitted to a combined
quadratic regression equation. Linear correlations between the
interaction strength and the values of ESPg ¢, Qcr and E®,
although family-dependent, have been successfully constructed,
with correlation coefficients ranging from 0.939 to 0.986. The
sensitivities of the interaction strength to the values of ESP, oo,
and Qcr for weakly halogen-bonded systems are significantly
different from those for strongly halogen-bonded systems but are
close to those for hydrogen-bonded systems. This result suggests
that linear relationships established separately for complexes
with hydrogen bonds and weak halogen bonds can be integrated
using uniform regression equations. Moreover, owing to the
complementary effects of ESP, o0, and Qcr in determining the
interaction strength, an excellent biparametric equation that
combined these two properties was obtained. Because the value
of ESP, o0, corresponds to the electron-accepting ability of R-H
and most R-X molecules and is independent of the entire
complex, it provides us with a convenient means of predicting the
relative strengths of hydrogen bonds and halogen bonds.

Finally, two uniform linear regression models of AE“*" versus
pp(BCP) and V?p,(BCP) that encompass complexes with
hydrogen bonds and those with halogen bonds were obtained.
The topological properties of hydrogen bonds and halogen
bonds provide alternative descriptors for determining their
relative strengths, in particular when these two types of inter-
action are competitive with each other and direct calculations of
the interaction energies are not feasible.
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