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Abstract This theoretical study presents a comparative
analysis of the molecular properties of heterocyclic
(C2H4O⋯HF and C2H5N⋯HF) and homocyclic
(C3H6⋯HF) hydrogen-bonded complexes. Initially, the
equilibrium geometries of these complexes were analyzed
in detail at the B3LYP/6–311++G(d,p) level of theory.
Subsequently, the interaction energies and polarizabilities
were also evaluated, as well as the infrared stretch
frequencies and absorption intensities. In addition, by
combining intermolecular criteria and charge density
concepts, calculations of Bader’s theory of atoms in
molecules were used to determine the maxima and minima
for electron density in order to measure the strength of the
n⋯H and pπ⋯H hydrogen bonds. Finally, the possibility
of an F⋯Hα secondary interaction between the fluoride
(F) of hydrogen fluoride and the axial hydrogen atoms
(Hα) of the C2H4O and C2H5N heterocyclic rings was
explored.

Keywords AIM . B3LYP. Heterocyclic . Homocyclic .

Hydrogen bonds

Introduction

It has long been known that hydrogen bonds belongs to a
non-covalent interaction category often investigated by
experimentalists and theoreticians [1]. Nowadays, the
hydrogen bond plays a fundamental role in important
scientific research, e.g., the study of solvation in the
biological medium [2], characterization of the building
blocks of protein chains, amino acids and enzymes [3], as
well as in the development of new pharmacological drugs
[4]. A historical survey reveals a large number of reports of
new insights into the molecular parameters of hydrogen-
bonded complexes [5–6].

A commonly used experimental technique is Fourier
Transform Microwave Spectroscopy (FTMS) [7], which
estimates the equilibrium geometry of intermolecular
systems by analyzing their inertial moments and rotational
constants [8–10]. On the other hand, the study of hydrogen-
bonded complexes has also been carried out using
theoretical calculations [11–14], mainly in special cases
where some of the classic parameters of weakly bound
systems, such as attraction energies, infrared stretch
frequencies, absorption intensities, and obviously the
charge transfer [15], are difficult to explore experimentally.
For this reason, Rozas et al. [16] and Tang et al. [17] have
shown that the C3H6⋯HF homocyclic hydrogen-bonded
complex is formed and stabilized by means of a pseudo (p)
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π⋯H hydrogen bond, which is manifested by an interac-
tion of proton donors aligned exactly at the middle of the
C–C bond of the cyclopropane (C3H6) moiety. In our recent
studies [18–20], however, the chemical nature of
C2H4O⋯HF and C2H5N⋯HF heterocyclic hydrogen-
bonded complexes was discussed in terms of their n⋯H
hydrogen bonds, which originate from the interaction of
hydrogen fluoride (HF) with the n-lone pairs of oxygen and
nitrogen of the three-membered rings (C2H4O and C2H5N)
[21–22]. In fact, intermolecular cyclic systems (heterocyclic
and homocyclic) have been widely studied by many
research groups all over the world [23–24], although it
has to be said that some questions about these systems,
such as those of an electronic or vibrational nature [25], still
require further investigation.

Nevertheless, an interesting conclusion of our studies on
hydrogen-bonded complexes is that the charge transfer
mechanism may be useful in the interpretation of observ-
able parameters, e.g., polarizability and infrared stretching
modes [15]. Not surprisingly, however, it has been widely
reported that charge transfer also plays an essential role in
explaining some effects inherent to molecular energy [26–
31], although it should be noted that the charge transfer
phenomenon is essentially non-observable because the
quantification of atomic charges is not based on physical
arguments [32]. In other words, atomic charges are not
computed directly from ab initio wave functions, which
usually leads to some divergence in interpretation if atomic
charge partitions derived from distinct approaches are used
[15]. To avoid this, it is recommended to use a method that
has been implemented by means of purely physical
parameters, for example electron density. Such an objective
can thus be effectively associated with the quantum theory
of atoms in molecules (QTAIM) [33–35], whose efficiency
is well-known in the scientific community, particularly in
studies that characterize intermolecular interactions by
measuring electron density, as well as in the interpretation
of surface operators [26–41].

In this work, we have performed a theoretical study of the
molecular properties of the C3H6⋯HF, C2H4O⋯HF and
C2H5N⋯HF hydrogen-bonded complexes using density
functional theory (DFT) [42–43], as well as by analysis of
molecular descriptors embodied in QTAIM topological
integrations. Besides structural, electron and vibrational
parameters, by taking into account QTAIM descriptors such
as electronic density (ρ), Laplacian (∇2ρ) and charge transfer
(δQ(Ω)), our main goal is that of examining charge density
maxima and minima, thereby predicting the strength of
pπ⋯H and n⋯H hydrogen bonds. We have also investigat-
ed the existence of a secondary F⋯Hα interaction between
the fluoride (F) of the hydrogen fluoride and the axial
hydrogen atoms (Hα) of the C2H4O and C2H5N heterocyclic

rings. Thereby, we expect to demonstrate the reactivity of the
C2H4O and C2H5N heterocyclic compounds in comparison
with the C3H6 homocyclic system.

Computational methods

The optimized geometries of the C2H4O⋯HF, C2H5N⋯HF
and C3H6⋯HF hydrogen-bonded complexes were obtained
at the B3LYP/6–311++G(d,p) level of theory [44–46] with
calculations performed using the GAUSSIAN 98W pro-
gram [47]. To obtain the QTAIM data, all topological
calculations were executed using GAUSSIAN software
[48–50], although some integrations were also processed
using the program AIM 2000 1.0 [51]. The values of
interaction energies (ΔE) of the hydrogen-bonded com-
plexes (A⋯B) were determined as follows [52]:

ΔE ¼ E A � � �Bð Þ � E Að Þ þ E Bð Þ½ � ð1Þ
According to Eq. 2, the ΔE results were corrected by

zero point vibrational energy (ZPE) [53] and basis sets
superposition error (BSSE) [54].

ΔEC ¼ ΔE �ΔZPE� BSSE ð2Þ

Results and discussion

Geometry

Hydrogen bond distance

Taking the B3LYP/6–311++G(d,p) calculations as a basis,
the optimized geometries of the C2H4O⋯HF, C2H5N⋯HF
and C3H6⋯HF hydrogen-bonded complexes are illustrated
in Fig. 1. Some time ago, Legon et al. [55] reported FTMS
data on the experimental structure of the C2H4O⋯HF
complex, and determined a value for the R(n⋅⋅⋅H) hydrogen
bond distance of 1.700 Å. In view of the data collected in
Table 1, it can be seen that our R(n⋅⋅⋅H) theoretical result of
1.662 Å is in satisfactory agreement with the experimental
value mentioned above [55]. In the C3H6⋯HF homocyclic
complex, the R(pπ⋯H) hydrogen bond distance presents a
result of 2.080 Å [8], which is longer than the values of
1.662 Å and 1.623 Å for the corresponding C2H4O⋯HF
and C2H5N⋯HF systems. One explanation for this is that
the low charge density on the C–C bond of the cyclopro-
pane results in a low quantity of intermolecular charge
being transferred to the HF molecule. Thereby, C3H6⋯HF
is thus considered to be a weakly bound complex. So, the
large R(pπ⋯H) hydrogen bond distance provides some
structural justification of the lower reactivity of the
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homocyclic system in comparison with the heterocyclic
complexes.

Non-linearity in the hydrogen bonds

The electronic structure of C2H4O and C2H5N is composed
of oxygen and nitrogen atoms that have n-lone pairs of
electrons orthogonally aligned to the trigonal surface of these
heterorings. Besides the formation of n⋯H hydrogen bonds,
another interesting structural aspect can be seen regarding the
F⋯Hα secondary interaction between the fluoride and axial

hydrogen atoms (Hα) of the three-membered rings [56]. It
can be hypothesized that the F⋯Hα secondary interaction
shows some structural distortions in the C2H4O⋯HF and
C2H5N⋯HF hydrogen-bonded complexes, such as the
linearity deviation (θ) on the n⋯H hydrogen bonds. From
the B3LYP/6–311++G(d,p) results listed in Table 1, the
respective θ values of 9.2° and 4.0° for C2H4O⋯HF and
C2H5N⋯HF suggest the existence of linearity deviation in
their hydrogen bonds. However, the R(F⋅⋅⋅Hα) theoretical
distances of 3.273 Å and 3.394 Å for the C2H4O⋯HF and
C2H5N⋯HF hydrogen complexes are longer than the van
der Waals radii for hydrogen (H=1.2 Å) and fluoride (F=
1.35 Å) atoms, which add up to a combined length of 2.55 Å
[57]. Thus, although FTMS [55] analysis suggests the
existence of F⋯Hα, the R(F⋅⋅⋅Hα) results indicate that this
secondary interaction is unlikely to form.

Important structural changes

By further comparing the cyclic structures, an elongation of
the rHF bond length can be detected (see Table 1), whose
δrHF variations are 0.025 Å, 0.045 Å and 0.010 Å for the
C2H4O⋯HF, C2H5N⋯HF and C3H6⋯HF complexes, re-
spectively. It should be noted that δrHF cannot be considered
the only evidence of cyclic complexation, because significant
variations are observed on the rCY “heterobond” (notation
for CO and CN bonds of C2H4O and C2H5N, respectively),
whose values for the C2H4O⋯HF and C2H5N⋯HF hydro-
gen-bonded complexes are 0.012 Å and 0.032 Å, respec-
tively. These “heterobond” enhancements are an indication
of the relaxation of the C2H4O and C2H5N strained
molecules. On the other hand, it should be noted that δrCC
does not deform significantly in view of the results of
−0.001 Å and −0.002 Å.

Table 1 Main structural parameters of heterocyclic and homocyclic
C3H6⋯HF, C2H4O⋯HF and C2H5N⋯HF hydrogen-bonded com-
plexes using the B3LYP/6–311++G(d,p) calculations. CY is the
“hetero” bond, where Y represents the oxygen and nitrogen atoms in
the C2H4O and C2H5N rings, respectively; values of R and δr are in
Angstroms (Å); values of θ are in degrees

Parameter Hydrogen-bonded complexes

C2H4O⋯HF C2H5N⋯HF C3H6⋯HF

R(n···H) 1.662 (1.700)a 1.623 —
R(pπ⋯H) — — 2.080 Å
R(F···Hα) 3.273 3.394 —
θ 9.2 4.0 —
δrHF 0.025 0.045 0.010
δrCY 0.012 0.032 —
δrCC −0.001 −0.002 —

a Reference [55]

Fig. 1 Optimized geometries of C3H6⋯HF, C2H4O⋯HF and
C2H5N⋯HF hydrogen-bonded complexes using the B3LYP/6–311
++G(d,p) calculations
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Infrared harmonic spectrum

Vibrational modes of three-member rings

In the context of the structural results presented in this
study, we have already discussed the fact that variations of
rCY “heterobonds” constitute important evidence regarding
the formation of heterocyclic hydrogen-bonded complexes.
Hence, for the sake of accuracy, it is very important to
identify the υCY-i stretch modes of the CO and CN bonds of
the C2H4O and C2H5N monomers prior to the formation of
the heterocyclic hydrogen-bonded complexes. Thus,
according to the B3LYP/6–311++G(d,p) results listed in
Table 2, the values of 1,298 cm−1 and 1,266 cm−1

correspond to the υCO-i and υCN-i stretch frequencies.
Moreover, these values are in satisfactory agreement with
the available experimental data of 1,250 cm−1 and
1,200 cm−1 for the C2H4O [58] and C2H5N [59] monomers,
respectively. In fact, a knowledge of the variations in the
stretch modes for CO and CN bonds is essential to explain
the strain relaxation phenomenon on the C2H4O and C2H5N
rings [60]. This trend is confirmed by the ΔυCY frequency
shifts, whose values are −3.7 cm−1 and −20.6 cm−1

(Table 3). Of course, the infrared variations on the CO
and CN bonds can also be described by an increase in their
absorption intensities, whose (ACY,c/ACY-i) ratios are 1.4
and 2.4 for the C2H4O⋯HF and C2H4N⋯HF hydrogen-
bonded complexes, respectively.

Shift modes on the HF acid

Of the many changes observed in the infrared spectrum of
hydrogen-bonded complexes, the most pronounced effect is
related to the stretch frequencies of the proton donors,
which are shifted downwards, while their absorption
intensities are increased drastically. According to the

B3LYP/6–311++G(d,p) results presented in Table 3, the
ΔυHF shifts of the C2H4O⋯HF, C2H5N⋯HF and
C3H6⋯HF complexes are −538.2 cm−1, −960.2 cm−1 and
−222 cm−1, and the (AHF,c/AHF-I) absorption intensity ratios
are 9.7, 8.3 and 5.6, respectively. In short, it can be seen
that the strongest n⋯H hydrogen bonds cause large shifts
in the stretch modes of HF. However, the formation of
hydrogen bond complexes is one phenomenon responsible
for manifestation of the hydrogen bond stretch frequencies,
whose modes are characterized at low values of spectrum
with weak absorption intensities. Table 2 therefore also lists
the υ(n⋯H) hydrogen bond stretch frequencies of the
C2H4O⋯HF and C2H5N⋯HF heterocyclic complexes,
whose values are 254.3 cm−1 and 281.1 cm−1, respectively.
In terms of absorption intensities, the A(n⋅⋅⋅H) values of
23.3 km mol−1 and 15.0 km mol−1 are lower than those
observed for hydrogen fluoride, although by analyzing the
new stretch mode υ(pπ⋯H) of 127.2 cm−1 and its absorption
intensity A(pπ⋯H) of 1.62 km mol−1, it can be seen that
these modest values are in fact indications of how weakly
bound the C3H6⋯HF homocyclic complex actually is.

Electronic structure

Charge transfer and polarizability

Electrostatic interaction and charge transfer [1] are the
principal factors used to determine molecular energy and
hence predict intermolecular interactions, in particular
hydrogen bonds. The values of the charge transfers
(δQHF

(Ω)) and variations in dipole moments (δμ) for the
C2H4O⋯HF and C2H5N⋯HF heterocyclic hydrogen-
bonded complexes are listed in Table 4. First, it can be
seen that C2H5N⋯HF is the strongest hydrogen-bound
system because of the higher calculated charge transfer

Table 2 Values of the main stretch modes and absorption intensities
of the HF, C2H4O and C2H5N isolated molecules using B3LYP/6–311
++G(d,p) calculations. CY is the “heterobond”, where Y represents the
oxygen and nitrogen atoms in the C2H4O and C2H5N rings,
respectively; values of υ and A are given in cm−1 and km mol−1,
respectively

Parameter Isolated molecule

HF C2H4O C2H5N

υCY-i — 1,298 (1,250)a 1,266 (1,200)b

AυCY-i — 15.2 10.7
υHF-i 4,096 (3,962)c — —
AHF-i 130 (77)d — —

a Reference [58]
b Reference [59]
c Reference [61]
d Reference [62]

Table 3 Values of the main stretch modes and absorption intensities
of the heterocyclic and homocyclic hydrogen-bonded complexes using
B3LYP/6–311++G(d,p) calculations. CY is the “heterobond”, where Y
represents the oxygen and nitrogen atoms in the C2H4O and C2H5N
rings, respectively; values of υ and A are given in cm−1 and km mol−1,
respectively

Parameter Hydrogen-bonded complex

C2H4O⋯HF C2H5N⋯HF C3H6⋯HF

ΔυCY -3.7 -20.6 —
(ACY,c/ACY-i) 1.4 2.4 —
ΔυHF -538.2 -960.2 -222
(AHF,c/AHF-i) 9.7 8.3 5.6
υ(n···H) 254.3 281.1 —
A(n···H) 23.3 15.0 —
υ(pπ⋯H) — — 127.2
A(pπ⋯H) — — 1.62
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δQHF
(Ω) of −0.087 e.u.. By way of comparison, the charge

transfer value of −0.030 is one more indication that
C3H6⋯HF is a weakly bound complex. For notation
purposes only, the results of atomic charges (Q) and
consequently charge transfers (δQ(Ω)) were obtained
through the QTAIM calculations as follows:

q Ωð Þ ¼ Z �
Z

Ω

r r!; x
� �dt ð3Þ

Note that all δQHF
(Ω) values are negative, which

indicates a dominant charge donation from the highest
occupied molecular orbital (HOMO) represented by n-lone
electron pairs of oxygen and nitrogen to the hydrogen σ*
lowest unoccupied molecular orbital (LUMO) of the HF
molecule. This leads to an electrical rearrangement of the
molecular structure, which can be interpreted as an increase
in the dipole moment, δμ. The positive values for δμ
indicate that the polarizability of the heterocyclic hydrogen-
bonded complexes is larger than the vector sum of the
respective isolated molecules, especially in the case of the
C2H5N⋯HF complex, whose value of 1.43 D lead us to
affirm that C2H5N is more reactive with HF than C2H4O or
C3H6.

Interaction energy

Table 4 also presents results for corrected interaction
energies (ΔEC), uncorrected interaction energies (ΔE),
BSSE quantities and ZPE thermodynamic corrections.
Initially, however, it is worth stressing that the values of
31.20 kJ mol−1 and 51.90 kJ mol−1 of the C2H4O⋯HF and
C2H5N⋯HF complexes are higher than those of van der
Waals contacts (∼8 kJ mol−1) [63] or biological interactions
(∼35 kJ mol−1) [64]. The C3H6⋯HF complex presents the

lowest interaction energy, whose value of 9.55 kJ mol−1

shows that cycloprane yields a less stable intermolecular
system. In determining ΔEC values, ZPE contributed the
most and BSSE the least. Note that BSSE values range
from 0.46 kJ mol−1 to 1.90 kJ mol−1 for C3H6⋯HF
homocyclic and C2H4O⋯HF heterocyclic complexes,
respectively. By taking into account the conclusions
reported by Rozas et al. [16], the B3LYP/6–311++G(d,p)
level of theory is in fact sufficient to determine minima for
BSSE contributions.

QTAIM molecular topology

Characterization of n⋯H and pπ⋯H hydrogen bonds

It is evident that specific features of hydrogen bonding
cannot be interpreted only in terms of intermolecular
energy, but may also be adequately defined quantum
mechanically and computed by using QTAIM theory. The
QTAIM methodology performs a numerical integration of
electron density, whereby a number of topological param-
eters, such as electron density (ρ) and the Laplacian (∇2ρ)
descriptor are calculated. Tables 5 and 6 present the values
of electron density and Laplacian descriptors for the
isolated molecules, as well as for the C2H4O⋯HF,
C2H5N⋯HF, and C3H6⋯HF hydrogen-bonded complexes.

According to the scheme elaborated by Koch and
Popelier [65], the characterization of intra- and/or inter-
molecular interactions is based on bond critical points
(BCP) [33] located between neighboring atoms, according
to which two essential criteria must be obeyed: (1) besides
the proton donor, the acceptor center for positive charge
must contain a minimum level of electron density, and (2)
typical values for the Laplacian descriptor of charge density
must be carefully interpreted. The Laplacian descriptors
computed lead us to consider that ∇2ρ<0 and ∇2ρ>0 when
covalent bonds (shared) or intermolecular/intramolecular

Table 5 Values of electron densities (ρ) and Laplacian field (∇2ρ) of
the HF, C2H4O and C2H5N isolated molecules. CY is the “hetero-
bond”, where Y represents the oxygen and nitrogen atoms in the
C2H4O and C2H5N rings, respectively; values of ρ and ∇2ρ are given
in e/a0

3 and e/a0
5, respectively

Parameter Isolated molecule

HF C2H4O C2H5N

ρHF-i 0.369 — —
ρCC — 0.255 0.245
ρCY — 0.248 0.251
∇2ρ HF-i -2.890 — —
∇2ρCC — -0.558 -0.486
∇2ρCY — -0.358 -0.467

Table 4 Values of charge transfer (δQHF
(Ω)), dipole moment (δμ),

uncorrected interaction energies (ΔE), basis sets superposition error
(BSSE), changes in zero point vibrational energy (ΔZPE) and
corrected interaction energies (ΔEC) of the heterocyclic and homo-
cyclic hydrogen-bonded complexes using B3LYP/6–311++G(d,p)
calculations. Values of ΔE, ΔEC, BSSE, and ΔZPE are in kJ mol−1;
values of δQ(Ω) are in electronic units (e.u.); values of δμ are in Debye
(D)

Parameter Hydrogen-bonded complex

C2H4O⋯HF C2H5N⋯HF C3H6⋯HF

δQHF
(Ω) −0.049 −0.087 −0.030

δμ 0.45 1.43 0.85
ΔE 43.00 63.24 16.43
BSSE 1.90 0.64 0.46
ΔZPE 9.90 10.70 6.42
ΔEC 31.20 51.90 9.55
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(closed-shell) contacts are examined [66–70], respectively.
Undoubtedly, these conditions are satisfied for the
C2H4O⋯HF and C2H5N⋯HF heterocyclic complexes,
where their BCP (see Fig. 2) describes the proton donor
as being HF, whereas the proton acceptors are the oxygen
and nitrogen atoms of the C2H4O and C2H5N rings,
respectively.

For n⋯H hydrogen bonds, the electron density values
are 0.046 e/a0

3 and 0.062 e/a0
3 for the C2H4O⋯HF and

C2H5N⋯HF complexes (ρ=10–3 e/a0
3 is typical for van der

Waals complexes) [16], respectively. Moreover, the
∇2ρ(n⋅⋅⋅H) positive values of 0.149 e/a0

5 and 0.116 e/a0
5

indicate that the n⋯H hydrogen bonds possess the typical
characteristic of closed-shell interactions. In other words,
the charge density is concentrated on separated nuclei, i.e.,
in the O⋯H and N⋯H hydrogen bonds. In fact, the n⋯H

hydrogen bond of the C2H5N⋯HF complex shows a higher
concentration of electron density, which demonstrates the
greater susceptibility of the C2H5N heterocyclic to bind
with HF. For the C3H6⋯HF homocyclic complex, the
hydrogen bond presents the lowest values of ρ(pπ⋯H) and
∇2ρ(pπ⋯H), of 0.017 e/a0

3 and 0.058 e/a0
5, respectively.

F⋯Hα secondary interaction versus QTAIM parameters

One of the most important objectives of this study was the
identification of the F⋯Hα secondary interaction between
fluoride (F) of the HF acid and the axial hydrogen atoms
(Hα) of the C2H4O and C2H5N rings. In light of the QTAIM
results, the secondary interaction was not characterized
because neither BCP was found between the F and Hα

atoms [71–74]. There is a debate in the field of structural
analysis where it is admitted that the R(F⋅⋅⋅Hα) distance must
be either longer than or equal to the van der Waals radii.
Our QTAIM results suggest that formation of this interac-
tion is unlikely as there are no other interactions in the
C2H4O⋯HF and C2H5N⋯HF heterocyclic hydrogen-
bonded complexes besides the n⋯H hydrogen bonds.

Concentration of charge density on heterocyclic hydrogen-
bonded complexes

Table 4 also shows the topological parameters of HF. As
can be clearly seen in the relief maps (3-D) and contour line
plots (2-D) graphically illustrated in Fig. 3, the electron
density in HF is higher that of the n⋯H hydrogen bonds.
Due the accumulated concentration of electron density, the
HF covalent bond was characterized by AIM postulates as a
shared interaction by means of the Laplacian values of
−2.432 e/a0

5 and −2.110 e/a0
5 on the C2H4O⋯HF and

C2H5N⋯HF heterocyclic hydrogen-bonded complexes,
respectively. As observed in the analysis of structural
parameters and vibrational modes, the formation of the
C2H4O⋯HF and C2H5N⋯HF heterocyclic hydrogen-
bonded complexes causes a significant deformation of the
molecular properties of the isolated molecules, principally

Fig. 2 Bond paths and bond
critical points (BCP) of the
C2H4O⋯HF and C2H5N⋯HF
heterocyclic hydrogen-bonded
complexes obtained through
quantum theory of atoms in
molecules (QTAIM) integra-
tions. BCP are represented by
the smallest spheres

Table 6 Values of electron densities (ρ) and Laplacian fields (∇2ρ) of
the heterocyclic and homocyclic hydrogen-bonded complexes. CY is
the “heterobond”, where Y represents the oxygen and nitrogen atoms
in the C2H4O and C2H5N rings, respectively; values of ρ and ∇2ρ are
given in e/a0

3 and e/a0
5, respectively

Parameter Hydrogen-bonded complex

C2H4O⋯HF C2H5N⋯HF C3H6⋯HF

ρ(n···H) 0.046 0.062 —
ρHF-(n···H) 0.335 0.311 —
ρ(pπ⋯H) — — 0.017
ρHF-(pπ⋯H) — — 0.355
ρ(F⋯Hα) nda nd —
ρCC 0.258 0.247 —
ρCY 0.239 0.245 —
∇2ρ(n···H) 0.149 0.116 —
∇2ρ HF-(n···H) −2.432 −2.110 —
∇2ρ(pπ⋯H) — — 0.058
∇2ρ HF-(pπ⋯H) — — −2.266
∇2ρCC −0.581 −0.504 —
∇2ρCY −0.294 −0.456 —
∇2ρ(F⋯Hα) nd nd —

a Not determined
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the CY “heterobonds” of the three-membered rings. Indeed,
analysis of the AIM results presented in Tables 5 and 6
shows that the electron density on the CY bond is
diminished, which confirms the tendency towards strain
relaxation on the C2H4O and C2H5N rings upon the
formation of the heterocyclic hydrogen-bonded complexes.
Moreover, an increase in the Laplacian values for the CO
and CN bonds can be observed, which is similar to the
electron density results discussed above. For instance, the
∇2ρCY values of −0.358 e/a0

5 and −0.467 e/a0
5 for isolated

three-membered rings (C2H4O and (C2H5N) are more
negative compared with −0.294 e/a0

5 and −0.456 e/a0
5

when the respective C2H4O⋯HF and C2H5N⋯HF hetero-
cyclic hydrogen-bonded complexes are formed.

Conclusions

Based on B3LYP/6–311++G(d,p) calculations, it has been
demonstrated that C2H4O⋯HF and C2H5N⋯HF heterocy-

clic complexes are more strongly bound than the C3H6⋯HF
homocyclic complex. The chemistry of the C2H4O and
C2H5N monomers was discussed by focusing on the
relaxation of these strained rings, which was described using
rupture trends on the CY “heterobonds”. Furthermore, a
detailed investigation on HF was carried out, from which
some interesting results were obtained, such as the increase
in the length of the rHF bond, variation in ρHF electron
density quantified using QTAIM calculations, and vibration-
al red-shift effects. In addition, an exploratory investigation
based on QTAIM topology was performed for the purpose of
identifying the maximum and minimum electron density and
Laplacian shapes. It was demonstrated that heterocyclic
complexes have a greater concentration of intermolecular
charge density, which is in accord with the higher values of
interaction energies. Although formation of an F⋯Hα

secondary interaction between the fluoride of HF acid and
the Hα atoms of the C2H4O and C2H5N rings was previously
indicated by FTMS analysis, our results did not confirm the
existence of F⋯Hα because no connection between the F

Fig. 3 Representation of relief
maps (3-D) and contour line
plots (2-D) of the electron den-
sity of the C2H4O⋯HF and
C2H5N⋯HF heterocyclic hy-
drogen-bonded complexes using
the QTAIM calculations. The
charge concentration indicated
by ∇2ρ<0 identifies the fluorine
atoms of the HF acid. In con-
trast, ∇2ρ>0 indicates a deple-
tion of electron density, which is
represented by n⋯H hydrogen
bonds

J Mol Model (2009) 15:123–131 129



and Hα atoms was identified using QTAIM calculations. To
corroborate this result, it is very important to point out that
this secondary interaction was not possible because the R
(F⋯Hα) distances are longer than the van der Waals radii.
Finally, the main conclusion of this study is that
C2H4O⋯HF and C2H5N⋯HF heterocyclic complexes are
stabilized by only one hydrogen bond, n⋯H, which is
formed by the interaction between the n-lone pairs of oxygen
and nitrogen atoms and the HF molecule.

Acknowledgments Thanks to Brazilian funding agencies CAPES
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