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Abstract Through the B3LYP/6-311++G(d,p) calculations,
theoretical studies of structural parameters, electronic properties,
infrared vibration modes, and charge density topologies on the
C,H,O HX and C,HsN HX (X = F or O-F) heterocylic hy-
drogen complexes are presented. The H-bond distances and high
energies point out strong contacts and stable interactions in these
complexes, and the relationships between the frequency shifts on
the H-F and H-O bonds as well as O-F o-holes with the inter-
action strength are the benchmarks of this current work. The
computations of charge transfer amounts in light of the ChelpG
and NBO approaches revealed a separation of charge density on
the O—F o-holes, whose statement is reinforced by the QTAIM
descriptors. Despite that O H and N H H-bonds have been
characterized as closed-shell interactions, qualitatively the ap-
pearance of a partial covalent profile also was unveiled by the
QTAIM protocol.

Keywords Covalent - Heterocyclic - Hydrogen bonds -
NBO - QTAIM

Introduction

In recent years, the research works in intermolecular chemis-
try attained an excellence state with high complexity levels
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[1-4]. In spite of the experimental procedures or theoretical
methods widely used in the studies of intermolecular chemis-
try [5-7], the benchmark of a weakly bound system is the
knowledge of its properties [8, 9], in particular those derived
from spectroscopy analyses [10]. As such, one of the most
important properties is the stretch frequency shifted to down-
ward values or upward ones [11-14], which are known as red
and blue shifts [15, 16]. In the preamble of the intermolecular
chemistry, these vibration modes are constantly manifesting
on the proton donors, and ideally, the increase and decrease of
their bond lengths are testified [17-19]. Meanwhile, the asso-
ciation between the frequency shifts and the intermolecular
strength points out that the stretch frequency of the proton
donor is shifted to red or blue if the system is weak or strongly
bound [20], respectively. Actually, these relationships are val-
id only if the hybridization on the orbitals of the proton donor
bonds outweighs the hyperconjugation phenomenology based
on the charge transfer [21].

Nevertheless, among the large set of intermolecular sys-
tems stabilized via hydrogen bonds, halogen bonds,
dihydrogen bonds or hydride bonds [22-24], in all of them
the stretch frequencies of their proton donors shift to red or
blue independently of the interaction strength [25]. In line
with this in parts, some time ago some theoretical studies of
hydrogen-bonded complexes formed by heterocycles and
monoprotic acids revealed the appearance of frequencies
shifted to the red in the hydrofluoric acid as well as in the
hydrochloric acid [26-28]. Unlike the downward vibration
mode, the great goal of all these reports was based on the
unveiling of the noncovalent character with interaction ener-
gies in the range of 50 kJ mol ', In addition to that, other
proton donors with blue shift characteristics interact weakly
with heterocycles, e.g., F;CH and C,H4O upon the formation
of the C,H4O HCF; complex with two hydrogen bonds,
namely O H (primary on the lone electron pairs of oxygen)
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and F H (secondary on the axial hydrogen atoms of the ring
[27, 29]. In another situation, the properties of a particular
class of proton donors with dual interaction features have been
documented [30]. Widely known as hypofluorous acid, this
proton donor symbolized by HOX (X represents halogen ele-
ments, in this case fluorine) is suitable to form pnicogen
bonds, hydrogen bonds, halogen bonds or dihydrogen bonds
[31-36]. In this current work, a theoretical study about the
formation of the C,H4O HOF and C,HsN HOF complexes
will be carried out in order to unveil the frequency shifts in the
H-O bonds, and in addition to that, a comparison with the
C,H4O HF and C,HsN HF systems must be worthwhile.
Another point of view concerns if these modes manifest to-
ward red or blue fields as well as if both the interaction ener-
gies and o-hole of the O—X bonds [37-39] exert some influ-
ence in this regard [40].

Traditionally, the electronic structure methods whose archi-
tectures were developed on the basis of the ab initio formal-
ism, in particular the post-Hartree-Fock approaches, are
known as the most useful and accurate in studies of intermo-
lecular systems [41—43]. On the other hand, even though the
density functional calculations have some limitations to ac-
count the dispersion forces, the motivation to assume that
hybrids are suitable methods to study a large range of systems
has never been so evident [44, 45], mainly if the great goal is
the formation of hydrogen-bonded systems [46]. Actually, this
outcome is delineated by the performances of some func-
tionals, the B3LYP [47-53], for instance. In view of this, the

Fig. 1 Optimized geometries of
the C,H,O HOF (1),

C,H,0 HF (II), C,HsN  HOF
(IIT) and C,HsN HF (IV)
heterocyclic hydrogen complexes
obtained from B3LYP/6-311++
G(d,p) calculations
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first aims of this work are the determination of the optimized
geometries in deep potential surfaces, whose results
must be in consonance with the computations of the
interaction energies and infrared spectra of the C,H,O HX
and C,HsN HX complexes (X = F or O-F), and then the
B3LYP was chosen.

Besides the B3LYP functional, the computational scheme
of this work is also embodied by the Bader’s quantum theory
of atoms in molecules (QTAIM) [54, 55], as well as by the
calculations derived from natural bond orbital (NBO) [56].
Regarding the first one, the great aim is the characterization
ofthe O Hand N H hydrogen bonds through the location of
bond critical points (BCP), by which the electronic densities
on the chemical bonds can be quantified [57]. In addition,
from electronic density can be estimated a series of
topological descriptors, namely as Laplacian (V2p), kinetic
electronic density energy (G), potential electronic density
energy (U), and atomic radii (distance from nuclear center to
BCP) [58]. Specifically by means of the Laplacian (V>p) and -
G/U ratio, the interaction strength may be analyzed, and in
furtherance, to be correlated with the profiles of the
frequency shifts [21, 25]. The NBO calculations point out
the contributions of the s- and p-hybrid orbitals of the HX
molecules [40], wherein the frequency shifts can be
theoretically unveiled if the manifestation of red shifts and
blue shifts are caused by an increase (p-hybrid orbitals
is enhanced) and decrease (p-hybrid orbitals is
reduced) of polarization in H-X [59].
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Table 1 Values of the redshifts,
absorption intensity ratios, and
new vibrational modes of the I-I'V
heterocyclic hydrogen complexes

Computational procedure and details

IR modes

VH-Xx
IH—X,m
Vo-F
Io-kEm

IR modes

Avy_x
lH—X,c/ lH—X,m
Avo g
IO—F,c/ IO—F,m
Vy H

Iy u

UF g

o
IFH

Isolated proton donors

HF
4096.0 (3962.0)°
130.1 (77)°

Hydrogen complexes

I
3362.7 (-371.5)
834.7 (17.4)
927.8 (~17.3)
16.4 (1.6)

2424

322

59.24

6.69

1l
3557.8 (-538.2)
1264.8 (9.7)

2543
233
70.5
6.5

HOF
37342 (3537)°
47.90

945.1 (886)°
10.01

I
30203 (-713.9)
1475.9 (30.8)
9212 (-23.9)
18.4 (1.8)

2749

264

542

19

v
3135.8 (-960.2)
1079.9 (8.3)

281.1
14.9
91.0
0.9

Values of v and T are given in cm™' and km mol ™', respectively

2 Ref. [70]
b Ref. [71]
¢ Ref. [72]

The geometries of the C;H4O HXand CoHsN HX (X=F or
O-F) complexes were optimized at B3LYP/6-311++G(d,p)

Table 2 Values of the hydrogen
bond energies, variations of
dipole moment, ChelpG, and
NBO charge transfers (variations
in parentheses) of the I-IV
heterocyclic hydrogen complexes

theoretical level with all calculations performed by the
GAUSSIAN 03 W and 98 W programs [60]. The optimized
geometries of the monomers (C,H40, C,HsN, HOF, and HF)
also were obtained through this same theoretical level. The

Parameters Hydrogen complexes
I I I v
AE —40.22 —42.99 -56.53 -63.27
AZPE 7.12 9.87 7.45 10.76
BSSE 457 1.24 5.54 0.64
AE€ —28.53 —31.88 —43.54 —51.87
An -0.17 0.46 1.14 1.43
AQEHeIPG -0.056 -0.092 -0.156 —-0.225
AQNE© -0.038 -0.045 -0.065 -0.076
AgHh ChetpG 0.4100 (~0.0040) 0.3940 (-0.0570) 0.3020 (—0.1120) 0.2500 (-0.2010)
Agh NBO 0.44740 (0.0200) 0.5500 (0.0020) 0.4770 (0.0230) ~0.6200 (—0.0720)
AQ®- ChetpG ~0.3530 (—0.6640) — —0.3450 (—0.0340) —
Aq®- NBO —0.325 (-0.0280) — ~0.3460 (—0.0490) —
AgP CheleG -0.1130 (-0.0100) —0.486 (~0.0350) -0.1130 (-0.0100) —0.4750 (—0.0240)
Aq™ NBO —0.1870 (—0.0300) ~0.5950 (—0.0470) ~0.1960 (—0.0390) —0.6200 (—0.0720)

* Values of AE, AZPE, BSSE, and AE® are given in kJ mol!;

* Values of Ap are given in Debye;
* Values of Q™"PG and QUNBO are 0.414 and 0.454 (HOF), respectively;

* Values of QOPPS and QONEO are —0.311 abd —0.297 (HOF), respectively;
* Values of Q“"PS and QMO are —0.103 and —0.157 (HOF), respectively;
* Values of Q“"PS and Q"NBO are 0.451 and 0.548 (HF), respectively;

* Values of QPG and QO are —0.451 and —0.451 (HF), respectively
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hydrogen bond energies have been appraised on the basis of
the supermolecule approach, whose values were corrected by
the zero-point vibrational energies [61] and values of the basis
sets superposition error (BSSE) [62]. The generation of the
molecular electrostatic potential (MEP) was performed
through the gOpenMol 3.0 graphical program [63, 64]. The
QTAIM calculations were processed through the AIMAIl
11.19.14 [65] and AIM2000 1.0 [66] topological quantum
chemistry packages.

Results and discussion
Structure and infrared spectrum

The optimized geometries of the C,H,O HOF (I),
C,H,O HF (II), C,HsN HOF (1), C,HsN - HF (IV) com-
plexes are illustrated in Fig. 1, in which are also depicted the
values of the O Hand N H H-bond distances as well as the
variations in the bond lengths of the H-X proton donor centers
(X' =F or O-F), the C-N, C-0, and C—C bonds and F-O o-
roles. Regarding the H-bond distances, the complexes II and
IV formed by hydrogen fluoride as proton donor are shorter
bound —0.0761 and —0.0862 A in comparison with the I and
1T systems being formed by hypofluorous acid. In spite of the
theoretical value of 1.6623 A [27] being in good agreement
with the experimental datum of 1.7000 A [67], the IV com-
plex is the shortest bound one instead of II. Furthermore, the
complexes of C,H;sN are shorter bound than those formed by
C,H,4O. In addition, the profile of the H-bond distance must be
taken into account to predict drastic structural modifications
on these small three-membered rings, one of them is the ring
opening. In line with this, it can be perceived that the C-N
bond lengths are more markedly enhanced in 0.0049 (III) and
0.0039 (IV) than 0.0123 (I) and 0.0120 A (II) of the C-O
bonds. It is important to be stressed that the variation of the
C-N and C-O bond lengths is directly proportional to the H-
bond distance only regarding the pairs of complexes I-II and
II-1V, and not among them at all.

In comparison with similar heterocyclic systems [27], such
as those whose proton donor is HCI, for instance, the H-bond
distances of 1.7384 (I), 1.6623 (II), 1.7089 (III), and 1.6227
(IV) are slightly longer. Thus, the bond length variations in the
proton donors are also less evident, although the values of
0.0370 and 0.0450 A of III and IV are more or less twice than
0.0203 and 0.0244 A of T and II, respectively. Regarding the
O-F o-hole bonds, the length variation of 0.0090 is incipient
in I, although the value 0f 0.0119 A found for III seems in line
with the benchmark of proton donors. Some time ago, some
works highlighted a certain distortion in the H-bonds, in par-
ticular the non-linearity (0) caused by secondary interactions,
which, here, can be interpreted by the F H* contact [68]. The
0 angle arises when a distortion on the H-X bond is evidenced

@ Springer

|
H L
\C/ \N/ A
VAR Y
H ’..P/H
H\\‘( \H
"\ /°T a |
N H
=N ¢
H AN
rd ‘...°p/H P o‘ G
i H ..
F\\" \H .-H
\O
H |:/
o 1 o
>c/H\N‘ N
" “p—H W "-..
CI\\’ \H H\
F
H H T
,"u / H c H
H c H N_—\/ |
C———N
VAV
W b “ H
| \o
F /
H, H H 5
; C< E H\ ~ C|: / "
\
H/C_§ C\H H/c H N‘J
H .'H
| N

F

Fig. 2 Heterocyclic hydrogen complexes: Ref. [73]: A, B, and C; Ref.
[13]: D, E, and F; Ref. [27]: H and J

due to a misalignment in the YHX axis (Y =O orNand X =F
or OF). The computed values for the 8 angle at the B3LYP/6-
311++G(d,p) level of theory are 10.02 (I), 9.2 (IT), 7.5 (I1I),
and 4.1° (IV). Even by taking into account that the contact of
F H* secondary interactions may be feasible, the distance
values of 2.9430 (I), 3.2732 (II), 3.0245 (III), and 3.3944 A
(IV) are longer than the sum of van der Waals tabulated radii
[69] (2.67 A) which informs that F H* is unapproachable. It
is not necessary to examine the H-bond distances based on the
van der Waals radii because the O H and N H contacts are
extremely shorter than 2.75 and 2.72 A. However, a challenge
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Fig. 3 Comparison among the interaction energies of the complexes
pictured in Fig. 2

of distance and strength between the Y H (Y = O or
N) and F H" links is stated, wherein once the first type
is short (III and IV) the second one is longer and vice
versa (I and II).

Table 1 lists the values of the infrared vibration modes of
HF and HOF monomers and I, II, III and IV complexes.
Exclusively for the monomers, the theoretical values [27] of
the stretch frequencies and absorption intensities are in close
agreement with the available experimental data [70-72]. In a
parallelism of the stretch frequencies of the H—O bonds before
and after complexations of HX with C;H,0 and C,H;N, the
computed red shift values are extremely large if compared
with other heterocyclic hydrogen-bonded complexes. The ab-
sorption intensity ratios values of 17.4 (I), 9.7 (II), 30.8 (I1I),
and 8.3 km mol ' (IV) are not fairly correlated with the re-
spective red shift results of —371.5, —538.2, =713.9 and
—960.2 cm ', in turn these modes are correlated with the in-
termolecular distance in each pair of complexes. In other
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Fig. 4 Relationships between the H-bond energies and transfer transfers

0.02 HOF HF

Fig. 5 MEP fields of the C,H4,0, C,HsN HOF, HOF, and HF
monomers. Positive and negative MEP fields are represented by the
blue and red isosurfaces, respectively

words, the proton donor frequency shifts are affected by the
intermolecular distance, and of course, by the intermolecular
strength, actually. As such, the identification of the red shifts
on the F—O o-roles may reinforce the stronger interaction
character of the III complex in comparison with I. This rela-
tionship should be testified in this current work, although only
later in forward analyses. The identification of the new vibra-
tion modes shows that the III and IV complexes are stronger
bound than I and II. Although the structural analysis has
discarded the formation of the secondary interactions between
fluorine and axial hydrogen atoms of the C,H4O and C,HsN
3-membered rings, it was possible to identify the stretch fre-
quencies and absorption intensities of these interactions,
whose values of 59.24 (I), 70.5 (II), 54.2 (IIT), and 91 (IV).

Fig. 6 MEP fields of the C,H,O HOF (I), C,H4,O HF (II),
C,HsN HOF (III), and C,HsN HF (IV) heterocyclic hydrogen
complexes. Positive and negative MEP fields are represented by the
blue and green isosurfaces, respectively
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Fig. 7 Relationship between the H-bond energies and frequency shifts

Interaction energy, dipole moment and charge transfer

The values of the corrected hydrogen bond energies are pre-
sented in Table 2. These corrected H-bond energies with var-
jation between —28.53 and —51.87 kJ mol ™! represent the pe-
culiar characteristics of the I-IV complexes, whose interaction
strengths provide a higher stabilization beyond the non-
covalent limit [21, 25, 73]. By Fig. 2 and in accordance with
Fig. 3, the intermolecular strengths of the heterocyclic com-
plexes are depicted in two facets, namely as: i) systems stabi-
lized by n n pnicogen bonds whose proton donor is a phos-
phorus with a lone-electron pair (n) [74] and t H or
pseudo-t H hydrogen bonds whose proton acceptor is a 7t

-1

40 4

IIm
.45

AEC, kJ.mol

.50 4
nlV

-55 T T T T T
0.75 0.80 0.85 0.90 0.95

-G/U

Fig. 8 Relationship between the H-bond energies and kinetic/potential
electronic density energy ratios

cloud of hydrocarbons [13]; ii) systems stabilized by n H
hydrogen bonds whose proton acceptor is a lone-electron pair
(n) [27]. Note that, the III (I) and IV (J) complexes with
aziridine are more stabilized than several intermolecular sys-
tems. It is through the H-bond energies that a real diagnosis of
the interaction strength, and mainly, of the main molecular
changes that affect the intermolecular system can be unveiled.
As a matter of fact, the values of AE® increase from the I
complex up to IV, and ideally the variations of the dipole
moment Ap also enhances in this same context. Once the
dipole moment is closely related with the intermolecular
charge transfer in the threshold of HOMO (proton acceptor)

Table 3  Values of the QTAIM topological parameters of the H-F, H-O, and O-F bonds of the I-IV heterocyclic hydrogen complexes
BCPs Hydrogen complexes

I 1 11 v
PH_O 0.3392 (-0.0251) — 0.3198 (—0.0445) —
V’puo —2.3985 (0.1751) — —2.1742 (0.3994) —
Un o —0.7262 (0.0464) — —0.6785 (0.0941) —
Guo 0.0633 (—0.0013) — 0.0675 (0.0027) —
-G/Uy o 0.0871 (0.0034) — 0.0993 (0.0157) —

Po-F 0.2539 (—0.0085) —

0.2509 (~0.0115) —

V0o r 0.3197 (0.0220) — 0.3281 (0.0304) —

Uo.r ~0.3475 (0.0136) — ~0.3428 (0.0183) —

Go r 0.2137 (~0.0040) — 0.2124 (~0.0052) —

-G/Uo ¢ 0.6149 (0.0121) — 0.6196 (0.0168) —

Prr — 0.3345 (-0.035) — 0.3108 (~0.0587)
V2ou r — —2.4326 (0.3674) — ~2.1149 (0.6851)
Upr — ~0.7787 (0.0886) — ~0.7121 (0.1552)
Grir — 0.0853 (0.0017) — 0.0971 (0.0081)
-G/Upr — 0.1095 (0.0131) — 0.1287 (0.0323)

* Values of p and V? p are given in e.a, > ande.a, °, respectively;

* Values of U and G are given in electronic units
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Table 4  Values of the QTAIM topological parameters of the Y H
hydrogen bonds of the I-IV heterocyclic hydrogen complexes

BCPs Hydrogen complexes

I 1I I 1\%
Py H 0.0407 0.0467 0.0530 0.0624
Voy 0.1296 0.1495 0.1059 0.1162
Uy u —0.0364 —0.0456 —0.0480 —0.0619
Gy u 0.0344 0.0414 0.0372 0.0455
-G/Uy y 0.9445 0.9078 0.7750 0.7350

* Values of p and V2 p are given in e.a, > ande.a, °, respectively;

* Values of U and G are given in electronic units

and LUMO (proton donor) frontier orbitals, the correlation
between the AEC values versus charge transfer amounts
(AQ) must be worthwhile, whose values (Table 2) computed
via ChelpG and NBO protocols are illustrated in Fig. 4. As
good approaches, two relationships (Egs. 1 and 2) between
AE® and AQ with linear coefficients of 0.992 (ChelpG) and
0.996 (NBO) are modeled:

AEC = —19.54 AQCPS 4 14557 |
AEC = —4.13AQN° +618.92

=099 (1)
? =0.996. (2)

As can be seen, the relationship in light of the NBO data is
slightly better correlated than ChelpG. In Table 2 the values of
the variation on atomic charges on the hydrogen, oxygen, and
fluorine atoms in each one of the I-IV complexes are also
organized. In opposition to the ChelpG results of AqH"PS,
the description of the intermolecular electronic mechanism by
the NBO calculations fails regarding the balance of atomic
charges on hydrogen atoms, in which only in IV a gain of
electron density is revealed. No matter if by ChelpG or

fluorine of both complexes II and IV. However, a drastic
increase of charge density on the oxygen rather than the fluo-
rine in the hypofluorous acid seems reasonable to be affirmed
due to the ChelpG values of —0.6640 and —0.0100 e.u. in I as
well as —0.0340 and —0.0100 e.u. in ITI. On the other hand, an
accentuated equilibrium of charge density along the OF bond
is revealed by means of the NBO values of —0.0280 and
—0.0300 in I as well as —0.0490 and —0.0390 e.u. in IIIL
Qualitatively, this scenario is consonant with the o-hole pro-
file once the electronegativities of oxygen and fluorine are
fairly similar, and therefore, a separation of charge density
leads to a depletion within the internuclear region.
Otherwise, this is not observed by means of the analysis of
the molecular electrostatic potential, whose picture is illustrat-
ed in Fig. 5 (monomers) and Fig. 6 (complexes). Regardless
the interaction strength, the complexes formed by C,H,O
have MEP surfaces varying between —0.02 and 0.02 e.u.
whereas the corresponding values for C,HsN are —0.04 and
0.04 e.u. Note that the positive MEP fields along the o-hole
are not clear, although the negative MEP regions on oxygen
and fluorine (complexes I and III) are well described. The
positive MEP site in the O H and N H H-bonds show low
concentrations of charge density, which may be better exam-
ined via QTAIM topography as closed-shell interactions. So, it
is not mandatory that electronegative elements display nega-
tive MEP sites and vice versa for positive ones, as has been
pointed out by Metrangolo et al. [75, 76]. Regardless of the
interaction strength, the formation of hydrogen-bonded sys-
tems is a process by which some molecular effects should be
taken into account. One of them is the frequency shift on the
proton donor bond, whose magnitude is directly related with
the interaction energy. In line with this, Fig. 7 plots a graph
between the corrected H-bond energies and frequency shifts of
the H-X bonds (X = F or OF), whose profile yields a linear
relationship ruled by Eq. (3) displayed below:

NBO, an increase of charge density is accounted on the AEC = 0.04Avy_x—11.38, 2 =0.979. (3)
Table 5 Values of the QTAIM
topological parameters for the Hydrogen complexes
CCY ring (Y = O or N) of the I-
IV heterocyclic hydrogen I I I v
complexes
RCPs
Pccy 0.2051 (—0.0039) 0.2050 (—0.0040) 0.2024 (-0.0017) 0.2028 (—0.0013)
Vocey 0.3239 (0.0108) 0.3236 (0.0105) 0.2168 (0.0050) 0.2169 (0.0001)
Ucey ~0.3165 (0.0083) ~0.3164 (0.0084) ~0.2927 (0.0032) ~0.2937 (0.0022)

Geey 0.1987 (=0.0028)

0.1986 (~0.0029)

0.1735 (~0.0009)

0.1740 (~0.0004)

* Values of p and V2 p are given in e.a, > and e.a, >, respectively;

* Values of U and G are given in electronic units
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Fig. 9 Bond path, bond critical points, and ring critical points on the
C,H,0 HOF (I), CbH4O HF (II), C,HsN HOF (III), and
C,HsN HF (IV) heterocyclic hydrogen complexes

As expected, the largest calculated red shifts of
—713.9 and —906.2 cm ' of the III and IV complexes
are in agreement with the high H-bond energies, where-
as the I and II complexes with median interaction strengths,
have red shifts that are almost half of the values of III and
V.

QTAIM parameters and NBO analysis

Table 3 enumerates the results of the QTAIM parameters. The
shared interaction profile on the H-F and H-O bond is re-
vealed through the negative Laplacian values and -G/Uy o

ratios lower than 0.5. Surely, the shared interaction outcome
and covalent character by means of the —G/U ratios with
values varying between 0.6149 (I) and 0.6196 (I1I) are dem-
onstrated for the O—F bonds. On the other hand, the o-holes on
the O—F bonds are stated in part by the positive Laplacian
(0.3197 and 0.3281 e.a, °) and smaller electronic density
amounts whether compared to those values of H-O. Upon
the formation of the I and III complexes, reductions of elec-
tronic density were measured in the range of —0.0251 and
—0.0445 e.a, > (H-O) as well as —0.0085 and —0.0115 e.a, °
(O—F), indicating weakness in the bond strength on the HOF
structure. Moreover, increasing the Laplacian values also
point out the trend to depletion of charge density in the
BCPs of the H-F, H-O, and O-F bonds. Within the intermo-
lecular region, the Y H H-bonds (Y = O for I and II whereas
Y =N for III and IV) present low electronic densities ranged
from 0.0407 up to 0.0624 c.a, > followed by positive
Laplacian values of 0.1296 (I), 0.1495 (II), 0.1059 (I1I), and
0.1162 e.a, > (IV). However, in accordance with the contri-
butions of the kinetic and potential electronic density energies,
the relationship —G/U furnish values smaller than 1.0, specif-
ically 0.9445 (I), 0.9078 (1I), 0.7550 (III), and 0.7350 (IV),
whose profiles corroborate with the high H-bond energies
computed previously, indicating that the I-IV complexes are
partially covalent bound. This insight is useful to predict the
interaction strength, and in Fig. 8, a close and excellent rela-
tionship ruled by Eq. (4) between the values of AE and -G/
Uy gy give support to the thesis that aziridine supply the het-
erocyclic strongest hydrogen complexes (Table 4).

AEC€ = 106.16(—G/Uy...y)-128 , 1> =0.986 (4)

Table 5 lists the values of the electronic density, Laplacian,
kinetic, and potential electronic density energies for the ring
critical points (RCP) within the C,H4O and C,H;sN structures
with all values computed after complexation and the variations

Table 6 Values of the QTAIM

atomic radii of hydrogen, oxygen, Atomic radii Hydrogen complexes
and halogens on the H-O, O-F,
and H-F bonds of the I-IV I I I v
heterocyclic hydrogen complexes
H-O O-F H-F H-O O-F H-F
rH 0.1873 — 0.1553 0.1919 — 0.1624
(—0.0068) (0.0012) (—0.0022) (0.0083)
0 0.8039 0.6926 — 0.8170 0.6928 —
(0.0260) (0.0004) (0.0391) (0.0003)
rF — 0.7523 0.7913 — 0.7551 0.8047
(0.0089) (0.0232) 0.0117) (0.0366)

* Values are given in angstroms (A');

* H-F: tH=0.1541 A and rF=0.7681 A;
* H-0: rtH=0.1941 A and r0=0.7779 A;
* O-F: 10=0.6925 A and rF=0.7434 A

@ Springer



J Mol Model (2015) 21: 286

Page 9 of 11 286

Table 7 Values of the s- and p-

characters of the hybrid orbitals of ~ Hybridizations Hydrogen complexes
the H-F, H-O, and O-F bonds of
the I-IV heterocyclic hydrogen I I m v
complexes
H-O O-F H-F H-O O-F H-F
sH 99.77 — 99.73 99.77 — 99.71
(-0.040) (-0.12) (-0.040) (-0.14)
pH 0.23 — 0.27 0.23 — 0.29
(0.040) (0.12) (0.040) (0.14)
sO 25.19 6.65 — 27.57 6.50 —
(4.400) (—0.830) (6.78) (—0.98)
pO 74.70 93.20 — 7233 93.36 —
(—4.380) (0.880) (-6.75) (1.04)
sF — 8.47 24.93 — 8.59 27.33
(0.060) (4.63) (0.18) (7.03)
)23 — 9141 74.98 — 91.30 72.59
(-0.070) (—4.61) (-0.18) (=7.00)

All values are given in %;

* H-F: sH=99.85 %, pH=0.15 %, sF=20.30 % and pF=79.59 %,
* H-0: sH=99.81 %, pH=0.19 %, s0=20.79 % and pO=79.08 %;
* O-F: sO0=7.48 %, p0=92.32 %, sF=8.41 % and pF=91.48 %

in parentheses. Another indication of the strain ring relaxation
are the reductions of —0.0038 (I), —0.0040 (II), —0.0017 (III),
and —0.0013 (IV) of the electronic densities. Of course these
electronic density amounts are smaller than those determined at
each BCP because the electron flux on RCP is sensitively re-
duced, but it can be seen that no relationship between these
variations and interaction strength seem to be valued.
Throughout this work, a clear mention regarding the formation
of secondary interactions have been discussed either by struc-
tural or vibrational data. The locations of BCPs between F and
H* would lead to the formation of double RCPs with five (I
and TV) and six (I and IIT) members. Due to this, the F H
contact would be validated, contributing decisively for the

T T T T

8 7 £ 5 4 3 2 4 0
Ap, %

Fig. 10 Relationship between the frequency shifts and variations on the
p-hybrid orbitals

stabilization of the I-IV complexes. As can be seen in Fig. 9,
besides the RCPs (C—C-Y with Y = O or N), the BCPs along
the C-H, C-C, C-Y, Y H, H-F, H-O, and O-F, any BCPs
between F and H* were not localized by the QTAIM calcula-
tions in order to characterize the secondary interaction F H*.
In QTAIM, the BCP is a descriptor located in a bond path
which interconnects two nuclei. Dealing with this, the single
distance between each nucleus is considered a QTAIM atomic
radius, which can vary whenever the position of the BCP
move along the bond path. Table 6 lists the values of the
QTAIM radii of the hydrogen, oxygen, and fluorine of both
HF and HOF followed by the variations upon the formation of
the I-IV complexes. On the fluoride of the hydrofluoric acid
are observed the greater variations of atomic radii, whose
values of ArF are 0.0232 (II) and 0.0366 A (IV). Otherwise,
the most incisive variations on hypofluorous acid are related
to the oxygen in the H-O bond, whose values of 0.0260 (II)
and 0.0391 A (II) are slightly greater than 0.0232 (IT) and
0.0366 A (IV) of the fluoride in the O—F bonds. In line with
this, Table 7 gathers the values of the s- and p-hybrid orbitals
computed it light of the NBO approach for the H-F, H-O, and
O-F bonds of the I-IV complexes. Firstly, in the HF bonds is
observed a percentage increase of the sF orbital whereas the
PF is reduced. It would be expected a direct relationship be-
tween the pF reductions of —4.61 (IT) and —7.00 % (IV) with
reduction of the fluoride radius, although, undoubtedly this
does not occur because the rF enlarges. In fact, once these s-
and p-contributions are connected with the hybrid orbital, and
in the sense of weakening of the H-F bond detected by the red
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shifts, certainly the contribution of the pF orbital must be
reduced in this regard. In HOF molecule, however, the most
drastic variations of hybrid orbitals concerns the H-O bonds,
ideally because the red shifts on this oscillator are much more
evident rather than those computed to the O—F bond. The
values of sO and pO in I are 4.400 and —4.380 % whereas
in IT are 6.78 and —6.75 %, respectively. Note that the contri-
butions of the p-hybrid orbitals are always diminishing. To the
best of our knowledge, a relationship is established between
the frequency shifts and variations of the p-hybrid orbitals
(Eq. 5), such as is illustrated in Fig. 10.

Av = 118.93Avy x + 18.79, 1* = 0.967 (5)

The benchmark of the s- and p-contributions regarding the
electropositive and electronegative elements (hydrogen and
fluoride or oxygen) must display the Bent’s rule of the chem-
ical bond [77]. Once the red shifts have been characterized in
the HF and HO bonds, an increase of polarization in light of p-
orbitals moieties was expected. However this scenery was not
possible because these orbitals represent a hybrid one, and if
the weakening of the proton donor bond is quoted, surely its p-
contribution must be decreased.

Conclusions

The formation of H-bonds in the C,H,O HOF, C,H,O HF,
C,HsN HOF, and C,HsN HF heterocyclic complexes was
discussed here from the theoretical viewpoint. The good agree-
ment between the bond length enhancements and frequency
shifts was established, although the red shift values of the H-F
and H-O bonds are much more evident than those of the O-F o-
holes. In fact, the close relationship between the corrected H-
bond energies and frequency shifts of the H-F and H-O bonds
show the influence of the interaction strength in this regard. In
addition, the charge transfer amounts also reveal linear and sys-
tematic tendencies with the red shift values. Besides the short H-
bond distances followed by the intense new vibration modes and
high H-bond energies (< —50 kJ.mol ), the QTAIM calculations
pointed out a partial covalence feature in the O Hand N H H-
bonds. Once again regarding the interaction strength, which
shows itself partially covalent in the C,H4,O HOF,
C,H,O HF, C,HsN HOF, and C,HsN HF complexes, the fre-
quency shifts values agree well with the H-bond energies. At last,
was modeled another linear and efficient relationship between
the red shifts and the variation on the p-orbital of the HX bonds,
including until the o-holes.
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