
Computational and Theoretical Chemistry 998 (2012) 173–182
Contents lists available at SciVerse ScienceDirect

Computational and Theoretical Chemistry

journal homepage: www.elsevier .com/locate /comptc
Interplay between dihydrogen and alkali–halogen bonds: Is there some
covalency upon complexation of ternary systems?

Boaz G. Oliveira ⇑
Universidade Federal da Bahia, Instituto de Ciências Ambientais e Desenvolvimento Sustentável, Barreiras, BA 47801-100, Brazil

a r t i c l e i n f o
Article history:
Received 23 May 2012
Received in revised form 15 July 2012
Accepted 16 July 2012
Available online 16 August 2012

Keywords:
Dihydrogen bonds
Alkali–halogen bonds
Covalence
B3LYP
QTAIM
2210-271X/$ - see front matter � 2012 Elsevier B.V.
http://dx.doi.org/10.1016/j.comptc.2012.07.031

⇑ Tel.: +55 77 3614 3152.
E-mail address: boazgaldino@gmail.com
a b s t r a c t

In this study, a theoretical investigation of traditional dihydrogen bonds and novel alkali–halogen bonds
was performed in relation to the formation of NaH� � �HCF3 and NaH� � �HCCl3 binary and NaH� � �2(HCF3)
and NaH� � �2(HCCl3) ternary complexes. The B3LYP/6-311++G(3df,3pd) level of theory was used to deter-
mine the optimized geometries of these complexes, mainly in order to examine the most important
structural deformations. In addition to the infrared harmonic spectrum from which the red- and blue-
shift effects were interpreted following NBO analysis, intermolecular energies (BSSE and ZPE included),
dipole moment variations, quantification of charge transfer through the CHELPG and Mulliken
approaches, and the Bader topology were considered in the modeling of the intermolecular covalence
through the measurement of the kinetic and potential electronic energy densities.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recently, a noteworthy increase in the number of new intermo-
lecular interaction types has been observed [1]. According to Rzepa
[2], there is a multifarious bonding zoo since so many atoms are in-
volved in the formation of chemical bonds. Based on this insight,
the interface between proton donors and acceptors plays a crucial
role whether the bonding zoo displays an intermolecular profile
incorporated into a well-known hydrogen bond model referred to
as Y� � �HAX [3]. Hydrogen bond is one of most important intermo-
lecular interactions existing in nature, which led Fellet to declare:
‘‘Without them, life as we know it could not exist, yet the exact defini-
tion of the hydrogen bond’’ [4]. As such, it should be highlighted that
the electronegativities of Y and X are limited because the intermo-
lecular contact Y� � �H is often noncovalent [5], whereas the moiety
HAX is conceived as purely covalent. In a section of the journal
Nature called ‘‘News and Views’’ Martin and Derewenda [6] pro-
vided a review of the historical background of the hydrogen bond,
whose content rightly delineated the covalent character of this
interaction. Dealing with this in depth, in a preliminary paper [7]
and later in a review [8], Grabowski and collaborators presented
a global profile adjusted to predict covalency in every interaction
type known up to the present time, in which the hydrogen bond
is one of the most contemplated in this regard.

Some time ago, however, Crabtree’s research group [9]
introduced a new idea of intermolecular contacts, wherein the
All rights reserved.
electronegative element Y became dispensable. Thus, would two
hydrogen atoms interact one with one another? Although the
‘‘hydrogen� � �hydrogen’’ is a plausible interaction [10], the dihydro-
gen bond MAH� � �HAX (with M = alkaline earth metal) is the new
intermolecular cornerstone to be considered [11]. Nowadays, dihy-
drogen bonds are drawing scientific interest from many researches
centers, mainly those whose leaders are chemists and physicists,
and through their studies on crystal structures obtained by means
of X-ray crystallography, it is clear that the solid state of the
matter, biochemical processes involving enzymes or proteins,
and proton transfer reactions are greatly supported by the dihydro-
gen bond properties [12].

In a recent publication, we have detailed a theoretical investiga-
tion of dihydrogen bonds in systems whose spectroscopy charac-
teristics are quite particular; some of them displaying red- and
blue-shifts in the stretch frequencies of their proton donors [13].
However, since blue is a spectroscopy signal inherent to the CAH
bond of the fluoroform (HCF3), the existence of an uncommon
red-shift for this bond has been found upon the formation of the
dihydrogen-bonded complex NaH� � �HCF3 [13]. This occurs because
weakly bound complexes are formed in hydrides (MAH) derived
from lithium (M = Li), beryllium (M = Be), and magnesium
(M = Mg), whereas the complexes with the strongest bonds are
stabilized by sodium. Nevertheless, it is not mandatory that inter-
molecular complexes are formed via only one hydrogen bond [14].
Bifurcate hydrogen bonds or even those possessing multiple sites
with donors (Lewis acid) and acceptors (lone-electron pairs or p
clouds) of protons can lead to the formation of ternary systems
[15–19], whose stability is arguably improved. In this context,
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the aim of this study was to investigate the formation of ternary
dihydrogen-bonded complexes [20], such as NaH� � �2(HCF3) and
NaH� � �2(HCCl3), and a comparative analysis of their properties
with those obtained for the binary complexes NaH� � �HCF3 and
NaH� � �HCCl3 [13] was carried out.

In addition to fluoroform, chloroform (HCCl3) was also consid-
ered in this study, since a red-shift is the only vibrational event
observed in the HAC bond of HCCl3. In practice, it is very important
to ascertain whether the appearance of a red- or blue-shift is occa-
sioned by the interaction strength or by the specific oscillator of the
proton donor type. Moreover, it should be emphasized that NaH is
being extensively tested as a powerful Lewis base because the for-
mation of the ternary bound systems requires a high charge density
concentration, otherwise the simultaneous interaction with two
proton donors, either HCF3 or HCCl3, cannot occur. If this is the case,
the overall goal of this study can only be reached through a compu-
tational chemistry strategy for studying intermolecular systems
[21]. Initially, a standard calculation level was chosen according to
its accuracy in determining the intermolecular structures precisely
in a deep potential energy surface. According to the theoretical
literature, the application of the Density Functional Theory (DFT)
[22] in studies on dihydrogen-bonded systems is a routine task
which provides satisfactory results on the structure [23], interaction
energy [24], infrared stretching frequencies [25], and topological
sites formed by high and low concentrations of charge density
[26]. In line with this, the B3LYP popular hybrid was used herein,
but in association with 6-311++G(3df,3pd), specifically chosen for
its capacity to minimize the overlap errors in the region of intermo-
lecular contact beyond the basis set limit [27,28]. In agreement with
the studies of Kaczor et al. [29] and Louis et al. [30], B3LYP/6-
311++G(3df,3pd) represents the appropriate level of theory to be
used in the investigation of the dihydrogen-bonded complexes,
and a good performance in predicting a parameter series: structural,
electronic, vibrational, and topological, is expected.

In addition to the structure, spectroscopic characteristic and
interaction energy determined through the arguments of the
supermolecule approach [31], there are some electronic parame-
ters inherent to intermolecular systems that need to be analyzed.
One of them is the charge transfer between the orbital frontier of
HOMO and LUMO, which are the channels mimicking the Lewis
concept of base and acid [32], respectively. In this case, these spe-
cies correspond to sodium hydride and fluoroform or chloroform.
In order to explore intermolecularly the electronic fluxes between
the orbitals of these molecules, the charge transfer analysis will be
performed through the Charge from Electrostatic Potentials using a
Grid-based algorithm (CHELPG) [33]. Several atomic charge ap-
proaches are available [34], and the CHELPG was selected because
its computational effort required to compute the one-electron inte-
gral of the Molecular Electrostatic Potential (MEP) is very low, and
its efficiency in studies on intermolecular systems is widely estab-
lished [35,36], in particular in the interpretation of the vibrational
red- and blue-shifts of hydrogen-bonded complexes [37]. Never-
theless, it was assumed that a comparative study with traditional
atomic charge partitions would be useful, mainly Mulliken popula-
tion analysis, which was performed [38]. It is widely established
that the Mulliken approach is highly basis-set dependent [39],
which is very promising because a complete Pople algorithm is
applied herein [40]. It is essential that the intermolecular nature
is revealed, particularly with regard to the orbital configuration
of the donating proton (HAX) and hydride (MAH). It is due to
the applicability and efficacy of the Natural Bond Orbital (NBO)
[41] that the interaction zoo of MAH� � �HAX can be modeled in
terms of polarization and electronic delocalization at the overlap-
ping wave function.

Besides the computation of the charge transfer, through which,
indirectly, slight intermolecular electronic densities can be found
for the interaction between NaH and HCF3 or HCCl3, it is vital to
determine quantitatively the charge density, and thereby verify
the existence of the dihydrogen-bonded system [13]. This scenario
can only be attained by using the application of the Quantum The-
ory of Atoms in Molecules (QTAIMs) [42], through which the inter-
molecular systems are characterized by means of the pure charge
density (q) and the second derivative or differential operator of
its gradient, namely the Laplacian (r2

q) calculated at the Bond Crit-
ical Point (BCP), and through the virial theorem incorporating the
kinetic and potential energies:

2Gþ U ¼ �h2

4m

 !
r2q ð1Þ

Furthermore, the overall goal of the QTAIM is not only to model
intermolecular systems or electronic structures as a whole, but ide-
ally the chemical bond and its covalent profile. In other words, if
the noncovalence on NaAH� � �HAX (with Y = NaAH) or even the
covalence on HAX (with X = CF3 or CCl3) are preserved after com-
plexation of the binary systems NaH� � �HCF3 and NaH� � �HCCl3, such
trends must be examined in the ternary systems NaH� � �2(HCF3)
and NaH� � �2(HCCl3) because their stabilization energies are pre-
sumably lowest since strongest intermolecular strengths with
higher covalence are often observed.

2. Computational details

The optimized geometries of the NaH� � �HCF3, NaH� � �HCCl3,
NaH� � �2(HCF3) and NaH� � �2(HCCl3) complexes were determined
at the B3LYP/6-311++G(3df,3pd) level of theory with all calcula-
tions carried out in the GAUSSIAN quantum package version 03
[43]. The calculations of the CHELPG atomic charges, Mulliken
and NBO population analysis were determined applying the rou-
tine of GAUSSIAN 03, but the balances of the charge transfers from
HOMO (NaH) to LUMO (HCF3 or HCCl3) were computed as follows:
molecular or total charge transfer: DQ = Q(NaAH)complex �
Q(NaAH)monomer. The measurement of the intermolecular energies
(DE) was carried out with the supermolecule approach as
follows: DEbinary = E(NaAH� � �HAX) � E(NaAH) � E(HAX)] and DEternary =
E[NaAH� � �2(HAX)] � E(NaAH) � 2E(HAX)] with X = CF3 or CCl3. The refine-
ment of these bonding energies (DEbinary and DEternary) was carried
out in accordance with the counterpoise correction from the Boys
and Bernardi Basis Sets Superposition Error (BSSE) [44] together
with the contribution of the Zero Point vibrational Energy (ZPE)
[45], such that: DEC = DE + BSSE + DZPE for each individual binary
and ternary system. The topological integrations of the QTAIM
formalism were processed through the GAUSSIAN 03 program,
although some additional calculations were performed in the
versions 11.12.19 and 1.0 of the AIMAll [46] and AIM2000 [47]
academic programs, respectively.

3. Results and discussion

3.1. Structures and vibrational spectra

Fig. 1 illustrates the optimized geometries of the binary com-
plexes NaH� � �HCF3 (I) and NaH� � �HCCl3 (II), as well as the ternary
complexes NaH� � �2(HCF3) (III) and NaH� � �2(HCCl3) (IV). In Table 1
these values are presented again together with the most important
deformations of the structures of the sodium hydride, fluoroform,
and chloroform, such as those which occurred in the NaAH and
HAC bonds. A slight reduction in the bond length of the sodium hy-
dride was computed, with dr(NaAH) values for I and II of
�0.0006 Å and �0.0020 Å, respectively. On the other hand, the
variations of 0.0046 Å and 0.0166 Å calculated for HAX (X = CF3

or CCl3) of I and II, respectively, cannot be considered slight



Fig. 1. Optimized geometries of the binary NaH� � �HCF3 (I) and NaH� � �HCCl3 (II), as well as of the ternary complexes NaH� � �2(HCF3) (III) and NaH� � �2(HCCl3) (IV) obtained
from B3LYP/6-311++G(3df,3pd) calculations.

Table 1
Structural and vibrational parameters of the I and II binary dihydrogen complexes, as
well as for of the III and IV ternary alkali–halogen complexes obtained through the
B3LYP/6-311++G(3dp,3df) calculations.

Parameters Complexes

I II III IV

dr(NaAH) �0.0006 �0.0020 0.0785 0.0925
dr(HAX) 0.0046 0.0166 0.0027 0.0218
dr(CAW) 0.0063 0.0048 0.0386 0.0461
R(H� � �H) 1.9090 1.7250 2.1404 1.7934
R(Na� � �W) – – 2.4345 2.9000
t(NaAH) 1245.80 1265.62 1079.76 1031.31
I(NaAH) 351.7 539.35 565.80 233.62
dt(NaAH) +77.87 +97.69 �88.17 �136.62
I(NaAH),c/I(NaAH),m 1.63 2.49 2.62 1.08
t(HAX) 3039.01 2929.71 3080.95 2848.7
I(HAX) 57.52 510.93 52.47 1228.03
dt(HAX) �82.65 �257.77 �40.71 �338.77
I(HAX),c/I(HAX),m 2.13 305.94 1.94 735.34
t(CAW) 686.51 366.74 683.46 361.29
I(CAW) 20.91 0.68 43.60 0.61
dt(CAW) �6.69 +1.03 �9.74 �3.42
I(CAW),c/I(CAW),m 1.70 4.53 3.55 4.06
t(H� � �H) 91.71 97.68 69.16 81.28
I(H� � �H) 0.02 0.12 0.34 0.00(1)
t(Na� � �W) – – 47.54 35.89
I(Na� � �W) – – 1.06 0.65

Values of t and I are given in cm�1 and km mol�1, respectively; values of R and r are
given in Å; X = CF3 or CCl3; W = F or Cl; values of t(NaAH) and I(NaAH) for the sodium
hydride monomer are 1167.93 cm�1 and 215.93 km mol�1, respectively; values of
t(HAX) and I(HAX) for the fluoroform monomer are 3121.66 cm�1 and
26.95 km mol�1, respectively; values of t(HAX) and I(HAX) for the chloroform
monomer are 3187.48 cm�1 and 1.67 km mol�1, respectively.
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enhancements. It can be seen that the differences between the
bond length variations of II in comparison with I are enormous.
On the other hand, the CAW bond lengths are moderately to highly
varied, and the respective values are 0.0063 Å and 0.0048 Å for the
binary systems I and II. Up to now, variations in CAW (W = F or Cl)
should not be preferential since the dihydrogen bond strength is
directly influenced by the NaAH and HAC bonds and vice versa.
As such, the values of 1.9090 Å and 1.7250 Å for the dihydrogen
bond distances indicate that chloroform provides a more strongly
bound interactive complex, and therefore more accentuated
changes were verified in the following bonds: NaAH and HAC.

Regarding the ternary dihydrogen complexes III and IV, their
dihydrogen bond distances are longer in comparison with the bin-
ary complexes. In a contrasting reflection on this, it is well-known
that ternary hydrogen complexes formed by p or lone-electron
pairs as proton acceptors are much more stable than binary com-
plexes in terms of their intermolecular distances [14–19]. This
observation is not proven here, but it is common because increases
in double or bifurcate dihydrogen bond distances are well-known
[48,49], e.g., dihydrogen-bonded systems formed by ethyl cation
and beryllium hydride [50]. From the structural viewpoint, it can
be seen that the values of 2.1404 Å (III) and 1.7934 Å (IV) for
H� � �H are shorter than the sum of the van der Waals radii for the
hydrogen atom, whose tabulated datum is 1.09 Å [51]. Moreover,
a novel interaction so-called alkali–halogen bond (the alkali being
sodium) occurs between sodium and fluorine (Na� � �F) or chlorine
(Na� � �Cl). This statement is supported by the van der Waals radii
of Na (2.27 Å), F (1.47 Å), and Cl (1.75 Å), whose summed values
of 3.74 Å (Na + F) and 4.02 Å (Na + Cl) are longer than the corre-
sponding results of 2.4345 Å (III) and 2.9000 Å (IV) shown in
Fig. 1. Corroborating these findings, significant variations of
0.0386 Å and 0.0461 Å in the CAW bonds can be noted, which
was not observed in the binary systems. On comparing binary with
ternary complexes, a change in the sodium hydride can be noted.
In I and II, the NaAH bond shows a reduction in its length whereas
an increase in the NaAH bond length was detected in the ternary
systems III and IV. These contrasting structural profiles certainly



Fig. 2. Relationship between the values of the distances R(H� � �H) and R(H–X) obtained
from B3LYP/6-311++G(3df,3pd) calculations.

Fig. 3. Relationship between the values of the t(H� � �H) and R(H� � �H) obtained from
B3LYP/6-311++G(3df,3pd) calculations.
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lead to very distinct vibrational effects, which are the spectroscopy
cornerstone for identifying the formation of intermolecular inter-
actions, that is, hydrogen bonds [52], dihydrogen bonds [53], or
even the alkali–halogen bonds introduced herein.

In order to obtain accurate structural correlations in intermo-
lecular systems, some time ago Grabowski [54] presented an inter-
esting relationship between the dihydrogen bond distances and
bond lengths of proton donors according to the Bond Valence mod-
el [55]. The results reported herein were collected through the
application of the B3LYP/6-311++G(3df,3pd) level of theory, but
the profile featured in Fig. 2 seems to be very similar to those gen-
erated by the BV model. An extremely close relationship between
R(H� � �H) and R(HAX) is established by means of the polynomial
coefficient R2 of 0.99:

yðRÞ ¼ 11;190ðRÞ2 � 24;590ðRÞ þ 13;510; R2 ¼ 0:99 ð2Þ

There is a trend toward weakness in the bonds of the proton do-
nors (HAX) of HCCl3 from II up to the formation of IV. Thus, the
stretch frequency of the oscillator t(H–X) is downward readjusted
by �81.00 cm�1 (dt(H–X)IV � dt(H–X)II) followed by an absorption
intensity ratio of 2.4, which together are red-shift signals in the
vibrational spectrum, whose theoretical values are also given in
Table 1. On the other hand, HCF3 behaves as a blue-shifted proton
donor because the value of its stretch frequency t(H–X) is upward
shifted by +42 cm�1 (dt(H–X)III � dt(H–X)I), which is a widely-
established spectroscopic characteristic for fluoroform [56]. In
total corroboration with recent investigations [57], it is demon-
strated that intermolecular complexes with shorter distances such
as those observed in IV are identified by red-shift events on the
stretch frequencies of their proton donors. In contrast to this,
stretch frequencies of longer intermolecular distances are shifted
to blue, e.g., complex III.

Besides the chemical shifts, Table 1 also lists the values for the
new vibrational modes, commonly referred as intermolecular
infrared stretch frequencies t(H� � �H) and their absorption intensities
I(H� � �H) for the systems I, II, III, and IV investigated in this study.
Applying the same comparative procedure of analysis used for
the binary systems to the ternary systems, blue-shifts in sodium
hydride were determined, whose values for I and II were
+77.87 cm�1 and +97.69 cm�1, respectively. In contrast, red-shifts
were identified in the H–X oscillator for which, although the value
of �257.7 cm�1 in II is large, the result of �82.65 cm�1 for I is unu-
sual because fluoroform is a standard proton donor model with
blue-shift characteristic [57]. Hence, some chemical shifts, such
as the red of �6.69 cm�1 and the blue of +1.03 cm�1, are inconsis-
tent with the observation of the systematic increase in the CAF and
CACl bond lengths of I and II. Although the CAF and CACl bond
lengths are those with the largest variations in the ternary com-
plexes, their stretch frequencies are slightly downward shifted,
corresponding to lower red-shift values of �9.74 cm�1 and
3.42 cm�1 for III and IV, respectively. These red shifts are associ-
ated with those observed for NaAH, in which the computed values
of �88.17 cm�1 and �136.62 cm�1 for III and IV are surprising be-
cause blue-shift effects of +77.87 cm�1 and +97.69 cm�1 have been
previously observed for this oscillator upon the formation of the
binary systems I and II. All of these red- and blue-shift effects
can be explained through structural analysis, i.e., elongation and
reduction of the corresponding bond length. For both sodium hy-
dride and halocarbon bonds (CAF or CACl) it should be noted that
no correlation between the magnitude of the red- and blue-shifts
and the absorption intensity ratios was found. Besides the
downward shift in the stretch frequencies, the specialized litera-
ture reports that red-shift effects for proton donors are often char-
acterized by an increase in the absorption intensities [58], which in
this study may also occur in the case of blue-shift effects. In other
words, there is no tendency for chemical shifts, of red or blue
origin, according to the absorption intensity.

In relation to the stretch frequencies t(H� � �H) of the dihydrogen
bonds, their values are in good agreement with the intermolecular
distances. Note that R(H� � �H) is shorter in II, although its t(H� � �H) va-
lue of 97.68 cm�1 is slightly higher than the 91.71 cm�1 of I. In sat-
isfactory agreement with traditional bound complexes [59], the
stretch frequencies t(H� � �H) presented extremely low absorption
intensities, which is spectroscopically inherent to any intermolec-
ular interaction type. In conformity with the results of the intermo-
lecular distances debated elsewhere, the ternary complexes
presented weak dihydrogen bond stretch frequencies, whose val-
ues of 69.16 cm�1 (III) and 81.28 cm�1 (IV) are accompanied by
the lowest results for absorption intensity. With regard to the
stretch frequencies of the alkali–halogen bonds, their values calcu-
lated by the B3LYP/6-311++G(3df,3pd) level show a direct correla-
tion with the bond lengths, as can be seen by the linear coefficient
R2 of 0.95 graphically illustrated in Fig. 3.
yðtÞ ¼ �52:5ðRÞ þ 183:5; R2 ¼ 0:96 ð3Þ

Since t(Na� � �F) and t(Na� � �Cl) are modes containing low absorption
intensities in the range of 0.65–1.06 km mol�1, their localizations
on the vibrational spectrum could only be obtained following
preliminary structural identifications. Thus, although both alkali–
halogen bonds Na� � �F and Na� � �Cl have been discovered, they are
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not sufficiently strongly bound to overestimate the stabilization of
the ternary complexes. Therefore, the H� � �H dihydrogen bonds are
still predominant in this regard.
3.2. Stabilization energy, dipole moment, and charge transfer

In this study, the stabilization energy is referred as the intermo-
lecular energy. However, henceforth they will be interpreted as
dihydrogen bond energies in I and II, where the intermolecular
cooperativity between dihydrogen bonds versus alkali–halogen
bonds in III and IV should be taken into account. Thus, the energy
values for the pure dihydrogen bonds DEC

ðH���HÞ, as well as the
cooperative energies of the dihydrogen–alkali–halogen bonds
DE(H� � �HANa� � �W), are listed in Table 2. Besides the structural and
vibration results, the corrected values for DEC

ðH���HÞ of
�19.67 kJ mol�1 and �23.10 kJ mol�1 clearly verify that the binary
complex II is more strongly bound than I. Indeed, it has been estab-
lished that chloroform provides a higher degree of stabilization in
comparison with fluoroform upon formation of the dihydrogen
bond. In ternary systems, however, the corrected values for
DE(H� � �HANa� � �F) of �46.88 kJ mol�1 and DE(H� � �HANa� � �Cl) of
�63.15 kJ mol�1 also sustain the systematic stabilization discussed
above, wherein IV with the HCCl3 proton donor is more strongly
stabilized than III bound with HCF3. For this discussion, a brief
comment should be made with regard to the values for
DE(H� � �HANa� � �F) and DE(H� � �HANa� � �Cl), which reflect the contribution
of four interactions, two of them being dihydrogen bonds (H� � �H)
and the others the alkali–halogen bonds (Na� � �F and Na� � �Cl) intro-
duced herein. This is a typical cooperative example [60,61] and, as
such, it is not possible to compute accurately the strength of each
isolated interaction because one uniform energy distribution occa-
sioned by the symmetry of the ternary complexes is rooted in their
electronic structures. Such cooperative energy diffusion leads to a
weakness of the interaction mainly with regard to the dihydrogen
Table 2
Values of the interaction energies of the I and II binary dihydrogen complexes, as well
as the estimated ones of the III and IV ternary alkali–halogen complexes obtained
through the B3LYP/6-311++G(3dp,3df) level of theory. Dipole moment changes (Dl),
charges transfer amounts (DQ), and NBO parameters are also presented.

Parameters Complexes

I II III IV

DE(H� � �H) �25.15 �29.54 – –

DEC
ðH���HÞ �19.67 �23.10 �11.72 �15.78

DE(H� � �HANa� � �W) – – �58.72 �72.10

DEC
ðH���HANa���WÞ

– – �46.88 �63.15

DE(Na� � �W) – – �8.05 �6.97
DZPE 3.34 3.03 6.93 5.41
BSSE 2.14 3.41 4.91 3.53
Dl 1.26 1.82 �5.53 �3.62

DQCHELPG
ðH���HÞ

�0.002 �0.024 – –

DQCHELPG
ðH���HANa���WÞ

– – 0.002 �0.043

DQMull
ðH���HÞ

0.159 0.222 – –

DQMull
ðH���HANa���WÞ

– – �0.087 �0.557

DQNBO
ðH���HÞ

0.029 0.053 – –

DQNBO
ðH���HANa���WÞ

– – 0.028 0.092

p(HAX) 60.39 66.52 60.63 67.40
s(HAX) 32.63 32.94 32.72 33.97
DE2r(MAH)–r�ðHAXÞ 42.34 63.62 29.28 78.49

DE2n(CAW)–r�ðNaAXÞ – – 16.88 33.72

Values of Dl are given in Debye (D); values of DE, DZPE, and BSSE are given in
kJ mol�1; values of DQ are given in electronic units (e.u.); W = F or Cl; about the
ternary systems, their values of DE(Na� � �W) and DEC

ðH���HÞ were not corrected by the
BSSE approach, although their amounts were estimated from the corrected results,
DEC
ðH���HÞ; p and s represent the polarization and s-character of the HAX bond, whose

values are given in %.
bonds in ternary systems, as discussed in this paper. This is an un-
likely behavior because hydrogen complexes formed by multiple
[62,63] interactions often provide intermolecular strengthening
and, once again, this does not occur in the case of dihydrogen
bonds.

A simple procedure to account for each cooperative energy va-
lue of DE(H� � �H), DE(Na� � �F), and DE(Na� � �Cl) is by taking into account
the linear relationship between the intermolecular energy and
chemical shifts of the proton donors, particularly when compared
with the new vibrational modes. This coupling of the properties
successfully predicts the interaction strength of hydrogen-bonded
complexes. In this study, the cooperative energy incorporated into
III and IV is not equally distributed along the DE(H� � �H) dihydrogen
bonds or the DE(Na� � �Cl) and DE(Na� � �F) alkali–halogen bonds com-
puted from the supermolecule (subtracting the total energy from
the subsystems of interest) [31]. Even with the linear relationship
between the structure and the spectrum plotted in Fig. 3, the high-
est interaction energies relate to the shortest bonding distances in
a partially covalent zone, which has been highlighted by Szatyłowi-
cz [64]. In Fig. 4, two profiles should be analyzed, which reflect the
linear relationship (y1) between the interaction energies and the
new vibrational modes of the H� � �H dihydrogen bonds in I–IV.
Nevertheless, if the contributions of the alkali–halogen bond ener-
gies are included, a parabolic relationship (y2) is conceived, such as
that obtained by Jabłoński and Solà [65]. It can be seen that
although the Na� � �Cl and Na� � �F interaction strengths are extre-
mely low, the energy distribution is considerably changed by them.

y1ðDECÞ ¼ �0:39ðtÞ þ 16; R2 ¼ 0:99 ð4Þ
y2ðDECÞ ¼ �0:004ðtÞ2 þ 0:03ðtÞ � 12; R2 ¼ 0:99 ð5Þ

Another important parameter often used to predict the inter-
molecular strength is the variation in the dipole moment
(Dl = lsupermolecule � Rlmonomers) computed from monomers
(Rlmonomers) up to the formation of the supermolecule entity
(lsupermolecule). Motivated by induced effects, it is widely known
that the more deformed the intermolecular systems the more
strongly bonded they are [25,66]. Thus, the Dl values of 1.26D
and 1.82D (see Table 2) show that II is more deformed by the com-
plexation, which leads to the affirmation that its interaction
strength is overestimated. Upon formation of the ternary com-
plexes, however, the polarizabilities of �5.53D (III) and �3.62D
(IV) are lower in comparison with the isolated monomers, such
as NaH, HCF3, and HCCl3. This finding is similar to the observations
Fig. 4. Relationship between the values of the interaction energies and new
vibrational modes obtained from B3LYP/6-311++G(3df,3pd) calculations.
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documented by Parra and Zeng [67]. Note that IV is not as sensitive
to the dipole moment variation as III. This again indicates the re-
duced stability of III and IV, in which the distributive energy per
interaction is quite low. According to several reports [68–70],
one of the most efficient criteria to validate the variations in the di-
pole moment is the computation of the charge transfer (DQ) via
distinct available approaches, and the CHELPG values for I, II, III
and IV are given in Table 2. As explained previously, DQCHELPG

ðH���HÞ is
associated with the electronic quantity lost by sodium hydride to
HCF3 and HCCl3. For the binary complexes, the higher value of
�0.024 a.u. indicates that II is much more strongly bound than I.
Nevertheless, a positive balance of charge transfer would be ex-
pected since hydride sodium must transfer electrons either to
HCF3 or HCCl3, which was not observed. In contrast, a loss of charge
density is observed for these halocarbons, which can be treated as
typical Lewis bases instead of acids. With regard to ternary com-
plexes, unfortunately neither correlation could be obtained, but
the variation of charge density in IV is also consistent with hydride
sodium being a Lewis acid, in which case both the fluoroform and
chloroform would be bases.

The charge transfer from sodium hydride to halocarbons may
explain the interaction strength. In this regard, the values obtained
in the Mulliken analysis given in Table 2 successfully describe this
scenario. In the binary systems, the greater charge transfer loss of
0.222 e.u. for NaH occurs due to its stronger interaction with HCCl3,
which corroborates the higher dihydrogen bond energy computed
for II. It is worth noting that the weaker interaction strength in I is
associated with its smaller charge transfer of 0.159 e.u. In the ter-
nary systems, both the III and IV accumulate charge on NaH, whose
values are �0.087 e.u. and �0.557 e.u., respectively. This means
that a retroactive charge transfer occurs in NaH caused by its
mutual interaction with two proton donors, either HCF3 or HCCl3.

In other words, the charge is concentrated by DQ Mull
ðH���NaANa���WÞ and

simultaneously depleted by DQMull
ðNa���FÞ or DQ Mull

ðNa���ClÞ, respectively. It
can be seen that the greatest charge transfer of �0.557 e.u. was
computed for IV, so a good agreement with its stronger interaction
strength in comparison with III is demonstrated. In fact, it is not
usual that the charge transfer measurement based on the Mulliken
protocol provides efficient interpretations involving the

intermolecular parameters. Herein, the results for DQMull
ðH���HÞ show

good interpretation and satisfactory correlations with the
interaction strengths. Regarding NBO, the values of DQNBO

ðH���HÞ and

DQNBO
ðH���HANa���WÞ must be interpreted carefully. For example, the

charge transfer values of 0.029 e.u. and 0.028 e.u. indicate similar
interaction strength between I and III, which is an inconsistency
because the results of DEC

ðH���HÞ are extremely distinct. The same pro-
file is not observed between II and IV but, particularly among
binary and ternary systems, the NBO charge transfer is the only
one that characterizes NaH as Lewis base. Moreover, a clear expla-
nation for the strength of the interaction between I and II is con-
ceived, as well as that between III and IV.

Table 2 not only shows the charge transfer but also other NBO
values. One of these is the polarization p of the H–X bond, which
is in good agreement with the values of DQNBO

ðH���HÞ and
DQNBO

ðH���HANa���WÞ and is well correlated with the interaction energy.
This means that considerable polar deformations in the proton do-
nors are caused by the higher dihydrogen bond energy of II
(�23.10 kJ mol�1) in comparison with I (�19.67 kJ mol�1), and la-
ter the dihydrogen–alkali–halogen from III (�46.88 kJ mol�1)
rather than IV (�63.15 kJ mol�1). Additionally, it is not only
through the NBO analysis that the interaction strength between
candidates for Lewis acids or bases can be revealed, but also in
the light of electronic delocalization in the overlapping wave func-
tions, such as r(MAH) � r�(HAX) for the dihydrogen bonds
(MAH� � �HAX) and n(CAW) � r�(NaAH) for the alkali–halogen
ones (CAW� � �NaAH). This is well-known as the second-order
(DE2) perturbation theory energy, calculated according to the do-
nor orbital occupancy (q), the orbital energy difference between
donor (d) and acceptor (a), and the Fock matrix element (F) [71]:

DErðMHÞ!r�ðHXÞ ¼ qrðMHÞr�ðHXÞ
hrðMHÞjFjr�ðHXÞi2

½erðMHÞ � er�ðHXÞ�
ð6Þ

DEnðCWÞ!r�ðNaHÞ ¼ qnðCWÞr�ðNaHÞ
hnðCWÞjFjr�ðNaHÞi2

½enðCWÞ � er�ðNaHÞ�
ð7Þ

From these equations, the electronic delocalization values pre-
sented in Table 2 corroborate well with the dihydrogen bond ener-
gies computed through the application of the traditional
supermolecule approach [31], and chloroform provides the forma-
tion of a stronger intermolecular bonded system (II). With regard
to the total interaction strength (H� � �HANa� � �W) in the ternary
complexes, the value of 78.49 kJ mol�1 for DEr2

ðMAHÞ � r�ðHAXÞ agrees

satisfactorily with the result of �63.15 kJ mol�1 for DEC
ðH���HANa���WÞ. In

fact, there was a predominant contribution of the halogen bond,
which was quantified by the results of 16.88 kJ mol�1 and
33.72 kJ mol�1 for DE2nðCAWÞ � r�ðNaAHÞ in the III and IV systems,
respectively. It is worth mentioning that the lone-electron pair of
the chlorine yields not only a high NBO perturbation energy, but
also a definitive stabilization for the ternary complex IV. These
findings are partially in line with those reported for strongly bound
systems with covalent character, such as H2O� � �OH-, NH3 � � �NHþ4 ,
and NH3� � �HF [8], although the partial covalence is unapproachable
via NBO at this current time.

3.3. QTAIM modeling: atomic radii, charge density concentration, virial
theorem and comparative covalence

The pioneering Bader [72] elaborated the QTAIM foundation,
engendered in accordance with a quantum mechanical formalism
projected on the molecular surface of molecular systems [73],
and subsequently of intermolecular systems [74]. From the equa-
tions of Schrodinger and Schwinger [75], an elegant set of equa-
tions rule an intrinsic QTAIM protocol through the connection
between electronic cooperativity and the momentum of open sys-
tems with macroscopic chemical properties [76]. Nowadays, the
QTAIM applicability reaches beyond the pure theoretical context,
as reported by Abramov [77], Matta and Arabi [78], and others
[79,80]. One of them is the spectroscopic nature of the harmonic
vibrational modes previously discussed herein. Grabowski [81]
idealized an interpretation for the chemical shifts (red or blue) of
proton donors (H–X with X = CF3 or CCl3) based on BCPs localized
along their bonds. It was established that variations in the atomic
radii of carbon and hydrogen are the reason for the red- and blue-
shift effects as follows: drX > drH means red-shift while drX < drH
means blue-shift. Based on the results listed in Table 3, all red-shift
values for the HAX oscillator are explained by the increase in the
carbon radius in comparison with hydrogen because the carbon
s-character (see Table 2) of 30.52% is not considerably enhanced
in comparison with the results of 32.63% (I), 32.94% (II), 32.72%
(III), and 33.97% (IV). Moreover, the carbon polarization of
56.78% is increased to 60.39% (I), 66.52% (II), 60.63% (III), and
67.40% (IV). In other words, higher polarization values are associ-
ated with larger atomic radii, and hence are the cornerstone to
explaining the red-shift events in relation to the HAX bond. The
blue-shifts in NaAH occur with drNa > drH, which is unusual since
the very slight increase in the s-character from 99.18% (NaH mono-
mer) to 99.48% in the I and II complexes cannot be associated with
a significant decrease in polarization (% Na) in ranges of 13.23%



Table 3
Values of the atomic radii determined from the location of the BCP of the monomers, binary dihydrogen complexes, and ternary alkali–halogen systems.

Systems Atomic radii

rNa(NaAH) rH(NaAH) rC(CAW) rW(CAW) rC(CAH) rH(CAH)

NaH 0.8772 0.9969 – – – –
HCF3 – – 0.4571 0.8816 0.7144 0.3563
HCCl3 – – 0.7790 0.9965 0.7043 0.3567
I 0.9965 (0.1192) 0.8796 (�0.1172) 0.4586 (0.0014) 0.8865 (0.0048) 0.7360 (0.0216) 0.3581 (0.0017)
II 0.9963 (0.1191) 0.8783 (�0.1185) 0.7751 (�0.0039) 1.0049 (0.0084) 0.7388 (0.0345) 0.3577 (0.0010)
III 1.0188 (0.1408) 0.9343 (�0.0625) 0.8963 (0.0171) 1.7065 (0.0187) 0.7373 (0.0229) 0.3347 (�0.0216)
IV 1.0239 (0.1467) 0.9432 (�0.0537) 0.7838 (0.0047) 1.0375 (0.0410) 0.7463 (0.0420) 0.3359 (�0.0208)

All values are given in Å; the atomic radii variations are listed in parentheses.

Table 4
QTAIM (BCP) topological descriptors of the binary dihydrogen complexes (I and II), as
well as of the ternary alkali–halogen ones (III and IV) obtained through the Bader‘s
calculations routine.

Parameters Complexes

I II III IV

q(NaAH) 0.0341 0.0340 0.0301 0.0290
r2q(NaAH) 0.1304 0.1307 0.1094 0.1068
G(NaAH) 0.0314 0.0315 0.0263 0.0254
U(NaAH) �0.0303 �0.0304 �0.0252 �0.0241
�G(NaAH)/U(NaAH) 1.0380 1.0399 1.043 1.0526
q(HAX) 0.3104 0.2978 0.3118 0.2943

r2
qðH—XÞ

�1.2660 �1.1610 �1.2834 �1.1386

G(HAX) 0.0228 0.0307 0.0224 0.0301
U(HAX) �0.3622 �0.3507 �0.3657 �0.3450
�G(HAX)/U(HAX) 0.0630 0.0863 0.0613 0.0874
q(CAW) 0.2817 0.1916 0.2576 0.1744

r2
qðC���WÞ

�0.4129 �0.2553 �0.3959 �0.1979

G(CAW) 0.3229 0.0658 0.0270 0.0600
U(CAW) �0.7491 �0.1956 �0.0639 �0.1695
�G(CAW)/U(CAW) 0.4311 0.3364 0.4225 0.3540
q(H� � �H) 0.0165 0.0240 0.0136 0.0243

r2
qðH���HÞ

0.0328 0.0423 0.0244 0.0374

G(H� � �H) 0.0078 0.0114 0.0058 0.0104
U(H� � �H) �0.0075 �0.0122 �0.0054 �0.0115
�G(H� � �H)/U(H� � �H) 1.047 0.9333 1.056 0.9036
q(Na� � �W) – – 0.0131 0.0101
r2q(Na� � �W) – – 0.0775 0.0452
G(Na� � �W) – – 0.0163 0.0092
U(Na� � �W) – – �0.0132 �0.0071
�G(Na� � �W)/U(Na� � �W) – – 1.2200 1.2885

Values of q and r2q are given in e=a3
o and e=a5

o, respectively; values of G and U are
given in atomic units (a.u.); X = CF3 or CCl3; W = F or Cl.
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(monomer) to 9.95% (I) and 9.23% (II). Therefore, the blue-shift
effect and length reduction are clearly evident for the NaAH bond.

The values for the topography descriptors computed following
the QTAIM procedure for the I–IV systems are listed in Table 4.
In agreement with the positive Laplacian values of 0:0328 e=a5

o

and 0:0423 e=a5
o for the H� � �H dihydrogen bonds of the I and II bin-

ary systems, the NaAH bonds also present the same closed-shell
character, whoser2

q values are 0:1304 e=a5
o and 0:1307 e=a5

o. There
are, thus, two simultaneous noncovalent interactions in I and II,
namely H� � �H and NaAH. Moreover, this contact leads to
depletions in the electronic density, with values of 0:0165—
0:0341 e=a3

o which are very low. In a recent paper, Grabowski
et al. [82] predicted the covalent character of several binary and
ternary system types by assuming a relationship (�G/U) between
the positive values of the kinetic electronic energy density (G)
and negative values of the potential electronic energy density (U)
computed by the QTAIM routine through the BCP localization.
Not surprisingly, considering the high dihydrogen bond energy of
�23.10 kJ mol�1 and the shortest intermolecular distance of
1.7250 Å, it should be expected that the covalence partially
dominates the intermolecular zoo of H� � �H in II instead of a nonco-
valent profile. Thus, it is stated that the dihydrogen bond systems
formed by chloroform are not only more stable or strongly bound,
but their intermolecular frameworks belong to the selective class
of partially covalent systems.

In the case of the ternary complexes, an extension of the param-
eters discussed in relation to the binary complexes is carried out,
although there are four interactions of which two are dihydrogen
bonds and two alkali–halogen bonds. In practice, one analysis is
performed for the dihydrogen bonds and other to the alkali–halo-
gen bonds. The H� � �H dihydrogen bonds were identified by means
of the intermolecular electronic density values q(H� � �H) of
0:0136 e=a3

o (III) and 0:0243 e=a3
o (II) accompanied by their corre-

sponding positive Laplacians r2q(H� � �H) of 0:0244 e=a5
o (III) and

0:0374 e=a5
o (IV). In structural analysis, the presence of the Na� � �F

and Na� � �Cl alkali–halogen bonds has been estimated empirically
based on the van der Waals radii [83]. Herein, these interactions
are quantum-mechanically validated through the q(Na� � �F) and
q(Na� � �Cl) quantities of 0:0131 e=a3

o and 0:0101 e=a3
o, as well as the

positive r2q(Na� � �F) and r2q(Na� � �Cl) values of 0:0775 e=a5
o and

0:0452 e=a5
o, respectively. The NaAH bonds remain noncovalent,

as can be seen by the q(NaAH) values of 0:0301 e=a3
o (III) and

0:0290 e=a3
o (IV). In addition, the Laplancian fields are positive,

which suggests noncovalence in NaAH. Generally, if the �G/U rela-
tionship is taken into account, the interactions of dihydrogen
bonds or sodium hydride bonds seem to be noncovalent in nature.
As an exception to this, the H� � �H dihydrogen bond in IV is partially
covalent given the �G(H� � �H)/U value of 0.9036. Even if dihydrogen
bond pairing is formed in a hydride, its intermolecular partial cova-
lent character is not lost in comparison with the binary system (II).
Comparing the �G(H� � �H)/U(H� � �H) values of 0.9333 (II) and 0.9036
(IV), clearly NaH� � �2(HCCl3) is intermolecularly more covalent than
NaH� � �HCCl3, i.e., the contribution of the potential electronic en-
ergy density is greater in the dihydrogen bonds of the ternary com-
plex. If the bound distances are evaluated, it can be affirmed that
R(H� � �H) of II < R(H� � �H) of I. For the alkali–halogen bonds, a similar
tendency was observed, which is mainly related to the high nonco-
valent character. The �G/U values of 1.2200 (III) and 1.2885 (IV)
indicate a definitive weakness for Na� � �F and Na� � �Cl. In this regard,
Fig. 5 plots a linear relationship between the �G/U results and the
intermolecular distances computed at the B3LYP/6-311++G
(3df,3pd) level of theory.

yð�G=UÞ ¼ 0:32ðRÞ þ 0:37; R2 ¼ 0:96 ð8Þ

Although the interactions investigated herein presented very
distinct energy values, individual examinations should be per-
formed in order to verify their strengths. Some time ago, a new
measure of the interaction strength based on structural data in
association with the QTAIM topology was proposed [84]. Subse-
quently, we have suggested that good relationships can also be
modeled through spectroscopic parameters instead of structural
ones [85]. An equation to predict the interaction strength is con-



Fig. 5. Relationship between the �G/U ratios and intermolecular distances obtained
from B3LYP/6-311++G(3df,3pd) calculations.

Fig. 6. Relationship between the values of the estimated intermolecular energies
and molecular parameter (Dmol).

Fig. 7. Bond paths, BCP, RCP, and covalent characterization by means of H = G + U
for the IV complex.

180 B.G. Oliveira / Computational and Theoretical Chemistry 998 (2012) 173–182
ceived by means of the variation in the bond length or in the chem-
ical shift (red or blue) of the proton donor (HX) combined with q
and r2

q.

Dmol ¼ dtHX

toHX

� �2

þ dqHX

qoHX

� �2

þ
dr2

qHX

r2
qoHX

 !2
2
4

3
5

1=2

ð9Þ

The molecular complex parameter (Dmol) can be fitted by
structural (dr) or spectroscopy (dt) data. Besides the QTAIM param-
eters (dqHX = |qoHX � qHX| and dr2qHX = |r2qoHX �r2qHX|), it can
be noted that Dmol was estimated via vibrational chemical shifts
(dt = |toHX � tHX|). Up to now, the interaction energies estimated
herein can be considered indirect values, but this equation can val-
idate them all. Fig. 6 illustrates the relationship between the values
for the dihydrogen bond energies of I, II and others, such as the
dihydrogen-bonded complexes LiH� � �HCF3, LiH� � �HCCl3, and
NaH� � �HF [86,87].

yðDECÞ ¼ �93:6ðDmolÞ � 15:3; R2 ¼ 0:99 ð10Þ

Although the ternary complexes are formed by a symmetrical
(cooperative) energy distribution, the simultaneous presence of
dihydrogen bonds and alkali–halogen leads to the quantification
of their interaction energies through the application of Eq. (9)
being unapproachable. Thus, the binary systems are more suitable
in this regard because their intermolecular energies are directly
incorporated into a single interaction strength and, as such, other
systems were inserted with the purpose to reinforcing the state-
ment debated herein. As is well-known, the dihydrogen complex
NaH� � �HF is strongly bonded and almost covalent, either based
on its intermolecular energy of �52.15 kJ mol�1 or even the �G/U
ratio of 0.5350. Among the complexes examined in this study, only
those formed by chloroform yielded partial covalent character, and
therefore they are much less stabilized than NaH� � �HF. In other
words, the covalent character is not systematic in terms of interac-
tion energy, and a careful examination of the QTAIM topological
parameters is mandatory in this situation. In summary, it can be
reported that the remaining bonds (FAC, ClAC, and CAH) are cova-
lent or topologically shared. The Laplacian values are negative and
vary between �0:3959 e=a5

o and �1:2834 e=a5
o in III, and

�1:1386 e=a5
o and �0:1979 e=a5

o in IV. In line with this, the �G/U
values are significantly lower, thus indicating the pure covalence
of these bonds. Finally, for the high and low electronic density cen-
ters located in BCPs along the intermolecular surfaces examined in
this study, it may be necessary to discuss another topological
descriptor, namely the Ring Critical Point (RCP), whose values for
the ternary complex IV are shown in Fig. 7. The algebraic difference
between BCP and RCP is related to the Poincaré–Hopf relationship
[42] in terms of non-zero curvatures of q at the critical point, yield-
ing the coordinates (3,�1) and (3,+1). According to the QTAIM
framework, BCP is an interatomic pathway containing electronic
density without chemical bond characteristics and RCP is defined
by an intersection of interatomic surfaces that form a ring. Accord-
ing to Castillo et al. [88], from the lowest G values of 0.0049 a.u.
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and 0.0043 a.u. it can be easily noted that a slower charge density
flux is observed for RCP compared with BCPs. Moreover, the elec-
tronic densities of 0:0070 e=a3

o and 0:0067 e=a3
o are smaller and

the Laplacian fields tend toward annulment, i.e., qBCP > qRCP and
r2qBCP >r2qRCP.
4. Concluding remarks

A theoretical investigation of the interaction strength and cova-
lent tendency in systems formed by dihydrogen bonds and new al-
kali–halogen bonds was presented herein. From the structural
point of view, the intermolecular distances behave well. These
values are in agreement with the tabulated van der Waals radii
for Na� � �W dihydrogen bonds and for the H� � �W (with W = F and
Cl) of the alkali–halogen bonds. Upon the formation of the
NaH� � �HF3 and NaH� � �HCCl3 complexes, chloroform (HCCl3) pro-
vides the strongest bond with a difference in the intermolecular
energy in range of 4 kJ mol�1. Vibrational events inherent to red-
and blue-shifts were identified for these binary systems and also
for the ternary complexes NaH� � �2(HCF3) and NaH� � �2(HCCl3). As
is well-known, red-shift effects were verified for the more strongly
bound complexes whereas the blue-shifts of weaker ones were
caused by variation in the polarization of the carbon atom of the
proton donor, either HCF3 or HCCl3, as well as through the estima-
tion of the atomic radii. As such, and in agreement with the QTAIM
foundations, the H� � �H dihydrogen bonds revealed partially cova-
lent intermolecular profiles with strongly bonded complexes, such
as NaH� � �HCCl3 and NaH� � �2(HCCl3) and, although being less stable
than a pure intermolecular covalent complex like NaH� � �HF, the
covalence described qualitatively by the kinetic and potential elec-
tronic energy densities plays a decisive role in the rationalization
of the interaction strength.
Acknowledgments

FAPESB, CAPES, and CNPQ Brazilian Funding Agencies.
Appendix A. Supplementary material

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.comptc.
2012.07.031. These data include MOL files and InChiKeys of the
most important compounds described in this article.
References

[1] S.J. Grabowski, Halogen bond and its counterparts: Bent’s rule explains the
formation of nonbonding interactions, J. Phys. Chem. A 115 (2011) 12340–
12347.

[2] H.S. Rzepa, The importance of being bonded, Nat. Chem. 1 (2009) 510–512.
[3] G.R. Desiraju, A bond by any other name, Angew. Chem. Int. Ed. 49 (2010) 2–

10.
[4] M. Fellet, Without them, life as we know it could not exist, yet the exact

definition of the hydrogen bond, New Sci. 211 (2011) 9.
[5] E.R. Johnson, S. Keinan, P. Mori-Sánchez, J. Contreras-García, A.J. Cohen, W.

Yang, Revealing noncovalent interactions, J. Am. Chem. Soc. 132 (2010) 6498–
6506.

[6] T.W. Martin, Z.S. Derewenda, The name is bond � HBond, Nat. Chem. Biol. 3
(1999) 403–406.

[7] S.J. Grabowski, W.A. Sokalski, E. Dyguda, J. Leszczyński, Quantitative
classification of covalent and noncovalent H-bonds, J. Phys. Chem. B 110
(2006) 6444–6446.

[8] S.J. Grabowski, What is the covalency of hydrogen bonding?, Chem Rev. 111
(2011) 2597–2625.

[9] T. Richardson, S. de Gala, R.H. Crabtree, P.E.M. Siegbahn, Unconventional
hydrogen bonds: intermolecular BAH� � �HAN interactions, J. Am. Chem. Soc.
117 (1995) 12875–12876.

[10] C.F. Matta, L. Huang, L. Massa, Characterization of a trihydrogen bond on the
basis of the topology of the electron density, J. Phys. Chem. A 115 (2011)
12451–12458.
[11] R. Custelcean, J.E. Jackson, Dihydrogen bonding: structures, energetics, and
dynamics, Chem. Rev. 101 (2001) 1963–1980.

[12] D. Hugas, S. Simon, M. Duran, C. Fonseca Guerra, F.M. Matthias Bickelhaupt,
Dihydrogen bonding: donor–acceptor bonding (AH� � �HX) versus the H2

molecule (AAH2AX), Chem. Eur. J. 15 (2009) 5814–5822 (and some
references herein).

[13] B.G. Oliveira, M.N. Ramos, Dihydrogen bonds and blue-shifting hydrogen
bonds: a theoretical study of AH� � �HCF3 and TH2� � �HCF3 model systems with
A = Li or Na and T = Be or Mg, Int. J. Quant. Chem. 110 (2010) 307–316.

[14] B.G. Oliveira, R.C.M.U. Araújo, A.B. Carvalho, M.N. Ramos, A theoretical
study about the non-linearity of the hydrogen bonding in the
C2H4OAC2H2 and C2H4SAC2H2 and heterocyclic systems, Quim. Nova 30
(2007) 1167–1170.

[15] B.G. Oliveira, R.C.M.U. Araújo, F.S. Pereira, E.F. Lima, W.L.V. Silva, A.B. Carvalho,
M.N. Ramos, A theoretical study of molecular properties of C2H4� � �2HF,
C2H2� � �2HF and C3H6� � �2HF trimolecular hydrogen-bonded complexes, Quim.
Nova 31 (2008) 1673–1679.

[16] B.G. Oliveira, R.C.M.U. Araújo, F.F. Chagas, A.B. Carvalho, M.N. Ramos, The
electronic structure of the C2H4O� � �2HF tri-molecular heterocyclic hydrogen-
bonded complex: a theoretical study, J. Mol. Model. 14 (2008) 949–955.

[17] B.G. Oliveira, M.L.A.A. Vasconcellos, R.R. Olinda, E.B.A. Filho, Uncommon
hydrogen bonds between a non-classical ethyl cation and p hydrocarbons: a
preliminary study, Struct. Chem. 20 (2009) 81–90.

[18] B.G. Oliveira, R.C.M.U. Araújo, A.B. Carvalho, M.N. Ramos, Hydrogen bonds
determine the structures of the ternary heterocyclic complexes C2H4O� � �2HF,
C2H5N� � �2HF and C2H4S� � �2HF: density functional theory and topological
calculations, J. Mol. Model. 17 (2011) 2847–2862.

[19] B.G. Oliveira, R.C.M.U. Araújo, Theoretical aspects of binary and ternary
complexes of aziridine� � �ammonia ruled by hydrogen bond strength, J. Mol.
Model. 18 (2012) 2845–2854.

[20] B.G. Oliveira, M.L.A.A. Vasconcellos, The ethyl cation as proton donor for
dihydrogen bonds in the mC2Hþ5 � � �nMgH2 (m = 1 or 2 and n = 1 or 2) complex:
a theoretical study, Inorg. Chem. Commun. 12 (2009) 1142–1144.

[21] I. Rozas, On the nature of hydrogen bonds: an overview on computational
studies and a word about patterns, Phys. Chem. Chem. Phys. 9 (2007) 2782–
2790.

[22] Y. Zhao, D.G. Truhlar, Density functionals with broad applicability in
chemistry, Acc. Chem. Res. 41 (2008) 157–167.

[23] B.G. Oliveira, R.C.M.U. Araújo, A.B. Carvalho, M.N. Ramos, A chemometrical
study of intermolecular properties of hydrogen-bonded complexes formed by
C2H4O� � �HX and C2H5N� � �HX with X = F, CN, NC, and CCH, J. Mol. Model. 15
(2009) 421–432.

[24] L. Rao, H. Ke, G. Fu, X. Xu, Y. Yan, Performance of several density functional
theory methods on describing hydrogen-bond interactions, J. Chem. Theory
Comput. 5 (2009) 86–96.

[25] B.G. Oliveira, E.C.S. Santos, E.M. Duarte, R.C.M.U. Araújo, M.N. Ramos, A.B.
Carvalho, An MP2 and DFT study of heterocyclic hydrogen complexes
CnHmYAHX with n = 2, m = 4 or 5, Y = O, S or N and X = F or Cl, Spectrochim.
Acta A 60 (2004) 1883–1887.

[26] B.G. Oliveira, R.C.M.U. Araújo, A.B. Carvalho, M.N. Ramos, The molecular
properties of heterocyclic and homocyclic hydrogen-bonded complexes
evaluated by DFT calculations and AIM densities, J. Mol. Model. 15 (2009)
123–131.

[27] M. Masamura, The effect of basis set superposition error on the convergence of
interaction energies, Theor. Chem. Acc. 106 (2001) 301–313.

[28] W.Z. Liang, M. Head-Gordon, Approaching the basis set limit in density
functional theory calculations using dual basis sets without diagonalization, J.
Phys. Chem. A 108 (2004) 3206–3210.

[29] A. Kaczor, R. Almeida, A. Gómez-Zavaglia, M.L.S. Cristiano, R. Fausto, Molecular
structure and infrared spectra of the monomeric 3-(methoxy)-1,2-
benzisothiazole 1,1-dioxide (methyl pseudosaccharyl ether), J. Mol. Struct.
876 (2008) 77–85.

[30] S. Canneaux, B. Xerri, F. Louis, L. Cantrel, Theoretical study of the gas-phase
reactions of iodine atoms (2P3/2) with H2, H2O, HI, and OH, J. Phys. Chem. A 114
(2010) 9270–9288.

[31] F.B. van Duijneveldt, J.N. Murrell, Some calculations on the hydrogen bond, J.
Chem. Phys. 46 (1967) 1759–1768.

[32] W.B. Jensen, The Lewis acid-base definitions: a status report, Chem. Rev. 78
(1978) 1–22.

[33] C.M. Breneman, K.B. Wiberg, Determining atom-centered monopoles from
molecular electrostatic potentials. The need for high sampling density in
formamide conformational analysis, J. Comput. Chem. 11 (1990) 361–373.

[34] F. Martin, H. Zipse, Charge distribution in the water molecule � a comparison
of methods, J. Comput. Chem. 26 (2004) 97–105.

[35] B.G. Oliveira, M.L.A.A. Vasconcellos, Hydrogen bonds in alcohols:water
complexes: a theoretical study about new intramolecular interactions via
CHELPG and AIM calculations, J. Mol. Struct. (THEOCHEM) 774 (2006) 83–
88.

[36] B.G. Oliveira, L.F.C.C. Leite, A quantum chemical study of red-shift and blue-
shift hydrogen bonds in bimolecular and trimolecular methylhydrazine–
hydrate complexes, J. Mol. Struct. (THEOCHEM) 915 (2009) 38–42.

[37] B.G. Oliveira, R.C.M.U. Araújo, Relationship between charge transfer and
intermolecular interactions in heterocyclic hydrogen-bonded complexes,
Quim. Nova 30 (2007) 791–796.

[38] R.S. Mulliken, Electronic population analysis on LCAO-MO molecular wave
functions. I, J. Chem. Phys. 23 (1955) 1833–1840.

http://dx.doi.org/10.1016/j.comptc.2012.07.031
http://dx.doi.org/10.1016/j.comptc.2012.07.031


182 B.G. Oliveira / Computational and Theoretical Chemistry 998 (2012) 173–182
[39] J.J. Philips, M.A. Hudspeth, P.M. Browne Jr., J.E. Peralta, Basis set dependence of
atomic spin populations, Chem. Phys. Lett. 495 (2010) 146–150.

[40] E. Davidson, D. Feller, Basis set selection for molecular calculations, Chem. Rev.
86 (1986) 681–696.

[41] F. Weinhold, C.R. Landis, Natural bond orbitals and extensions of localized
bonding concepts, Chem. Educ. Res. Pract. Eur. 2 (2001) 91–104.

[42] R.F.W. Bader, Atoms in Molecules. A Quantum Theory, Clarendon, Oxford,
1990.

[43] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,
J.A. Montgomery, Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox,
H.P. Hratchian, J.B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann,
O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K.
Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A.
Pople, Gaussian, Inc., Pittsburgh, PA, 2003.

[44] S.F. Boys, F. Bernardi, The calculation of small molecular interactions by the
differences of separate total energies. Some procedures with reduced errors,
Mol. Phys. 19 (1970) 553–566.

[45] D.A. McQuarrie, Statistical Thermodynamics, Harper and Row, New York,
1973.

[46] T.A. Keith, T.K. Gristmill Software, Overland Park KS, AIMAll (Version
11.05.16), 2011.

[47] AIM2000 1.0 designed by F. Biegler-König, University of Applied Sciences,
Bielefeld, Germany.

[48] B.G. Oliveira, R.C.M.U. Araújo, M.N. Ramos, Multiple proton donors on
BeH2� � �2HCl trimolecular dihydrogen-bonded complex: some theoretical
insights, Struct. Chem. 19 (2008) 665–670.

[49] B.G. Oliveira, R.C.M.U. Araújo, J.J. Silva, M.N. Ramos, A theoretical study of three
and four proton donors on linear HX� � �BeH2� � �HX and bifurcate BeH2� � �2HX
trimolecular dihydrogen-bonded complexes with X = CN and NC, Struct. Chem.
21 (2010) 221–228.

[50] B.G. Oliveira, M.L.A.A. Vasconcellos, A B3LYP and QTAIM study of a new proton
donor for dihydrogen bonds: the case of the C2Hþ5 � � �nBeH2 complexes (n = 1 or
2), Struct. Chem. 20 (2009) 897–902.

[51] <http://www.ccdc.cam.ac.uk/> (accessed on May, 2012).
[52] B.G. Oliveira, R.C.M.U. Araújo, M.N. Ramos, M.Z. Hernandes, K.R. Cavalcante, A

theoretical study of the solvent effects in ethylene oxide: hydrofluoric acid
complex using continuum and new discrete models, J. Mol. Struct.
(THEOCHEM) 802 (2007) 91–97.

[53] I. Alkorta, J. Elguero, S.J. Grabowski, How to determine whether intramolecular
H� � �H interactions can be classified as dihydrogen bonds, J. Phys. Chem. A 112
(2008) 2721–2727.

[54] S.J. Grabowski, Hydrogen bonding strength � measures based on geometric
and topological parameters, J. Phys. Org. Chem. 17 (2004) 18–31.

[55] I.D. Brown, View of lone electron pairs and their role in structural chemistry, J.
Phys. Chem. A 115 (2011) 12638–12645.

[56] P. Hobza, Z. Havlas, Blue-shifting hydrogen bonds, Chem. Rev. 100 (2000)
4253–4264.

[57] B.G. Oliveira, R.C.M.U. Araújo, M.N. Ramos, A theoretical study of blue-shifting
hydrogen bonds in p weakly bound complexes, J. Mol. Struct. (THEOCHEM)
908 (2009) 79–83.

[58] R.C.M.U. Araújo, M.N. Ramos, An ab initio MP2 study of HCNAHX hydrogen
bonded complexes, J. Braz. Chem. Soc. 9 (1998) 499–505.

[59] W. Mikenda, S. Steinböck, Stretching frequency versus bond distance
correlation of OD(H)� � �F hydrogen bonds in solid hydrates, J. Mol. Struct. 326
(1994) 123–130.

[60] R.C.M.U. Araújo, V.M. Soares, B.G. Oliveira, K.C. Lopes, E. Ventura, S.A. do
Monte, O.L. Santana, A.B. Carvalho, M.N. Ramos, Theoretical study of
cooperative effects in the homo- and heteromeric hydrogen bond chains
(HCN)nAHF with n = 1, 2, and 3, Int. J. Quantum Chem. 106 (2006) 2714–2722.

[61] B.G. Oliveira, R.C.M.U. Araújo, V.M. Soares, M.N. Ramos, A theoretical study
about the electronic cooperative effect on hydrocyanide chains using DFT
calculations and AIM topological parameters, J. Theor. Comput. Chem. 7 (2008)
247–256.
[62] B.G. Oliveira, R.C.M.U. Araújo, A.B. Carvalho, M.N. Ramos, Small heterocyclics
as hydrogen bond acceptors and donors: the case of the C2H3XS� � �NH3

complexes (X = H, F and CH3), Struct. Chem. 20 (2009) 663–670.
[63] B.G. Oliveira, M.C.A. Lima, I.R. Pitta, S.L. Galdino, M.Z. Hernandes, A theoretical

study of red-shifting and blue-shifting hydrogen bonds occurring between
imidazolidine derivativesand PEG/PVP polymers, J. Mol. Model. 6 (2010) 119–
127.

[64] H. Szatyłowicz, Structural aspects of the intermolecular hydrogen bond
strength: H-bonded complexes of aniline, phenol and pyridine derivatives, J.
Phys. Org. Chem. 21 (2008) 897–914.
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