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Abstract An innovative theoretical study of intermolec-

ular properties of standard hydrogen-bonded complexes of

H2O���HCF3, NH3���HCF3, H2O���HF, and NH3���HF is

presented in this work. Several computational strategies

were used, so initially the MP2/6-311??G(d,p) level of

theory was applied to determine the optimized geometries

by which the structural parameters, electronic properties,

and the stretch vibration modes of these systems were

examined. By taking into account the infrared spectrum

analysis, the frequency shifted either to the red- or blue-

region is the principal interpretation upon formation of

intermolecular complexes. Due to this, the analysis of the

interaction strengths corroborates with these vibration

behaviors, and besides, the Natural Bond Orbital calcula-

tions revealed systematic changes in the percentage of the

s and p orbitals, by which the stretch deformations on the

proton donors (HF and HCF3) could be understood. In

advance, it was quoted the appearing of intermolecular

covalence in these complexes, and this event could be

theoretically discovered through the topological computa-

tions based on the Bader’s Quantum Theory of Atoms in

Molecules.

Keywords Hydrogen bond � Infrared spectrum �
NBO � QTAIM

Introduction

Even after all these years, the hydrogen bond interactions

are still considered one of the most studied themes in

worldwide chemistry [1]. This prestige was acquired due

the great importance and eminent influence of the H-bond

attractions in the elucidation of several problems not only

in chemistry [2, 3] but also in correlated areas, where

among many of them we can cite the physics [4], spec-

troscopy [5], and biology [6] as the most privileged ones.

Indifferently, it must be emphasized that the correct

examination of the H-bond properties can be entirely

compromised if the intermolecular basis of this interaction

is not known in details [7]. In line with this, the routine

adopted in hydrogen bond studies naturally leads to

understanding of the interaction strength [8–11], where the

proton acceptors containing lone electrons pairs (O, N, or

S) often yield strong intermolecular contacts and many of

them containing traits of covalence [12]. Is then, by this

scenery that a lot of investigations have been performed

always in seeking by the existence of covalence in

hydrogen bonds [13].

In physics, a long time ago that intermolecular covalence

has been researched [14], but on viewpoint of the theoretical

chemistry this phenomenon was carefully taken into

account only in recent years [12, 15]. In this context, here is

presented a theoretical contribution based on the analysis of

structural parameters, electronic properties, vibration

stretch modes [16–23], and topological integrations [24] of

intermolecular model systems formed by H2O and NH3 as

acceptors of proton, while HCF3 and HF represent the

donating ones, namely as H2O���HCF3, NH3���HCF3,

H2O���HF, and NH3���HF. These systems have already been

analyzed in several circumstances [8, 12, 25, 26] either by

theoretical or experimental procedures, but the main goal of
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this work aims to demonstrate the relationship between the

interaction strength determined via supermolecule approach

and the charge density concentration, and at this current

time the purpose is not simply the identification of the

intermolecular covalent character but how this event influ-

ences in the appearing and displacement of the red- and

blue-shifts in the proton donors [27].

The theoretical procedures to analyze hydrogen bond

properties request a quite efficient computational method.

It is usual to find in several works that MBPT (Many-Body

Perturbation Theory) [28] at the MP2 second-order level

[29] is the most recommended theoretical parameterization

because the electronic correlation is completely taken into

account. As direct consequence, the available experimental

data derived from structure or vibration sources are pre-

cisely reproduced [30]. Also, the requirement of a complete

basis set is required because beyond the description of

heavy atoms (C, N, and O), an overcare with the overlap of

the intermolecular wave function reflected in the Basis Sets

Superposition Error (BSSE) is mandatory [31]. Due to this,

the MP2/6-311??G(d,p) method was chosen as the level

of theory to be used in this work, and it is expected that the

structural, electronic, and vibrational properties of the

H2O���HCF3, NH3���HCF3, H2O���HF, and NH3���HF com-

plexes can be successfully evaluated.

On the spectroscopy context, the stretch frequency

modes of donors and acceptors of protons are the main-

stream in any intermolecular study of hydrogen-bonded

complexes [32]. It is well-known that variation on these

modes often leads to the arising of the red- and blue-shift

effects, which are displacements to the regions with lower

and higher energies in the infrared spectrum [33]. In turn,

these events are consequences of weakness or strengthen-

ing in the proton donor oscillator, and these occurrences

can be suitably explained by means of the molecular orbital

analysis, in particular ruled by the criteria of the Natural

Bonding Orbital (NBO) [34]. Besides the contribution of

the atomic orbitals (s or p) to the formation of the chemical

bond as well as it should be highlighted that this is closely

related with the variation in the stretch frequencies of the

monomers upon the formation of the complex (A���B), the

NBO calculations also can provides the interaction energy

(DE) between pairs of atoms (A and B) into a chemical

bond as follows [35]:

DEnðAÞ!r�ðBÞ ¼ qnðAÞr�ðBÞ
nðAÞ Fj jr � ðBÞh i2

enðAÞ � er�ðBÞ
� � ð1Þ

where A and B symbolize the sub-parts (Y and HX) of a

hydrogen bond (Y���HX), wherein Y is a high charge center

formed by lone electron pairs or p bonds while B is a

proton donor. Nevertheless, A and B also can be

interpreted as any other atom that forms the chemical

bonds of the supermolecule. Since, the first investigations

signed by Bader and Popelier [36, 37] up to the published

works in the most recent years have clearly shown that the

application of the Quantum Theory of Atoms in Molecules

(QTAIM) [38, 39] is decisive in the characterization of the

hydrogen bonds and others similar intermolecular

interactions. On the hydrogen bond viewpoint, it is by

the location of the bond critical points (BCP) that the

electronic density and its Laplacian are modeled. The

Laplacian shape is the cornerstone to identify if depletion

or electronic accumulation shall occur within the

internuclear region: r2q[ 0 (close-shell contacts) and

r2q\ 0 (shared interactions). The first designation

presents a low electronic density (q) on the BCP, and

thereby it is used to examine the hydrogen bonds. About

the second one, it is through this criterion that all covalent

bonds are identified because high electronic densities are

accounted if r2q\ 0. Either covalent (-G/U \1) or non-

covalent (-G/U [1), it is through the contributions of the

kinetic electronic density energy (G) and potential

electronic density energy (U) that the real bonding

strength between two atoms can be unveiled:

2Gþ U ¼ �h2

4m

� �
r2q ð2Þ

In fact, the intermolecular properties of the H2O���HCF3,

NH3���HCF3, H2O���HF, and NH3���HF complexes have

been exhaustively studied with a lot of publications docu-

mented in the specialized literature [40–43]. On the other

hand, actually the complexes formed by these molecules

are being re-examined in this current work although at light

of the most recent theoretical approaches and novel per-

spectives, e.g., the intermolecular covalence. Thus, it is

expected a great contribution in this field, mainly by con-

sidering the insertion of the infrared vibration study as

fundamental analysis in this regard.

Computational details

The optimized geometries of the H2O���HCF3, NH3���HCF3,

H2O���HF, and NH3���HF hydrogen-bonded complexes

were obtained through the application of the MP2/6-

311??G(d,p) level of theory wherein all calculations were

executed by the GAUSSIAN 03 W quantum software [44].

The computations of the orbital analysis and QTAIM

integrations were all developed in GAUSSIAN 03 W

through the activation of the following standard keywords:

‘‘POP = (NBO)’’ and ‘‘AIM = CHARGES.’’ Besides

some additional QTAIM calculations were made by the

QBAIM 11.12.19 and AIMStudio 11.12.19 subunits per-

taining to the AIMAll 11.05.16 [45] quantum package.
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Results and discussion

Structural and vibration shifts

The equilibrium geometries of the H2O���HCF3 (I),

NH3���HCF3 (II), H2O���HF (III), and NH3���HF (IV)

complexes located at a minimum of the potential energy

surface with total absence of imaginary frequencies are

portrayed in Fig. 1. On this illustration, the bond lengths

obtained by MP2/6-311??G(d,p) are also drawn, while

the values of the isolated monomers are gathered in

Table 1. If the Lewis acid–base concept was taken into

account, it is acceptable that (IV) is shorter bonded rather

than (III). In this same theory, but regarding the acid

interpretation, actually these last complexes are the shortest

bound ones than (I) and (II) because the hydrofluoric acid

is a median strength acid. Meanwhile, the H-Bond distance

values of 2.1964 (I), 2.2880 (II), 1.7310 (III), and 1.7023

(IV) are very shorter than sum of the tabulated van der

Waals radii for H, O, and N, whose results for O���H are

2.72 or 2.61 Å, whereas 2.75 or 2.64 Å are values corre-

sponding to N���H attraction [46, 47]. In according with

Klein [48], although this empirical ensemble states the

H-bond formation, this scenery is not common once the

overwhelming majority of the hydrogen-bonded complexes

have not intermolecular distances quite short like these

ones. Furthermore, it must be worthwhile to mention that

I–IV are relatively strong bonded complexes, and this

statement may lead directly the assessment of drastic

deformations on the bond lengths of the proton donors. In

Table 1, the values of 0.0150 Å (III) and 0.0313 Å (IV)

indicate that H–F is the most varied bond rather than

0.0015 Å (H–O in III) and 0.0016 Å (H–N in IV),

respectively. This situation accords perfectly with the

chemical literature of the hydrogen bonds, although an

opposite behavior is verified in the rest of the systems.

Respectively in I and II, a reduction of -0.0020 Å fol-

lowed by a very soft one of -0.00002 Å were computed in

the HC bond lengths in HCF3. Of course, bonded systems

such as I and II formed by long intermolecular distances

often yield slight variations on the structures of the su-

permolecules, just like is observed in p complexes of

acetylene and cyclic hydrocarbons as proton acceptors [49–

51].

In conformity with the structural results discussed

above, it should be expected a satisfactory relationship

with the profile of the vibrational modes, and through the

analysis of the results organized in Table 2 this occurs

indeed. The shorter bound complexes (III and IV) pres-

ent the new vibrational modes higher whose respective

values are 223.2 and 265.7 cm-1, where this last one is

in good concordance with other theoretical results at

CCSD(T) level of theory divulged by Botschwina and

Oswald [52]. Moreover, it can be also highlighted that the

absorption intensity values of 5.84 and 7.67 km mol-1

evince how much III and IV are intermolecular complexes

strongly bonded. Only for comparison, the absorption

intensity results for I and II are 0.54 and 0.73 km mol-1,

respectively. Regarding the proton donors, HCF3 and HF, a

direct relationship between the variation on their bond

lengths and frequency shifts was found, in which both the

red-shifts and blue-shifts are inserted. In III and IV, a

natural increasing in rH-F corroborate fully with the

respective red-shift values of -347.2 and -718.3 cm-1. In

I, a reduction in rH-C of HCF3 associated with the blue-

shift of ?35.4 cm-1 is evidenced, but otherwise the less

evident variation of -0.00002 Å in II manifests itself

uncorrelated with a slight red-shift of -3.3 cm-1, wherein

a blue-shift even though sensitively displaced was expec-

ted, by the same insight pointed out by van der Veken and

Fig. 1 Optimized geometries of the H2O���HCF3 (I), NH3���HCF3

(II), H2O���HF (III), and NH3���HF (IV) complexes obtained through

the MP2/6-311?G(d,p) calculations
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coworkers [53] in studies of a series of halo-hydrocarbons.

In this insight, the characterization of the NH3���HCF3

complex based on its frequency shift is obscure whether

MP2/6-311??G(d,p) is the standard level of calculation,

what is not observed in H2O���HCF3 even though its blue-

shift of ?35.4 cm-1 differs from other works, e.g., the

value of ?10 cm-1 revised by Hobza and Havlas [54], but

is quite near to ?33 documented by Kryachko and Zee-

gers-Huyskens [55]. Independently, besides these findings

the most important is the real elucidation of this complex

on the basis of vibrational analysis.

Electronic parameter and NBO analysis

The values of the uncorrected H-bond energies

(DE = Esupermolecule - Eisolatedmonomers) and with correc-

tions (DEC = DE ? BSSE ? ZPE) are listed in Table 3.

These DEC values are a reflection of the interaction

strength in the circumstances that the electronic charge

transference amounts (DQ) between molecular frontier

orbitals corroborate with this in full [56, 57]. Figure 2

illustrates the relationship between the values of the BSSE

correction H-bond energy and intermolecular charge

transfer moieties computed via NBO (DQNBO) and QTAIM

(DQQTAIM) conditions, and the Eqs. (3) and (4) give sup-

port in this analysis:

DEC ¼ 530:23DQNBO � 8:10; R2 ¼ 0:999 ð3Þ

DEC ¼ 473:08DQQTAIM � 5:52; R2 ¼ 0:994 ð4Þ

It can be seen that the correlation between DEC and

DQ modeled by NBO is slightly better in comparison with

QTAIM, which is often considered one of the most effi-

cient approaches for measuring the charge transfer [58, 59].

Also, the complexes of HCF3 are much less stable in

comparison to those wherein the hydrofluoric acid is the

proton donor, e.g., III is twice strongly bonded than I and,

amazingly the stabilization of IV is the beyond of triple

than anyone of I or II. However, the values of charge

transfer presented above indicate a measurement of the

electron fraction transferred along the proton donor mole-

cule as a whole, i.e., the charge transfer is not concentrated

in H–X, although in the case of X = CF3(HCF3) is mostly

dispersed among the fluorine atoms, and therefore the

interpretation of the frequency shifts in the proton donors

can be seriously compromised [60].

In Table 3 are also listed the other parameters derived

from NBO computations, such as the percentage of the

s and p orbitals of X (X = F, and C not CF3). About these

ones, it should be focused the p orbitals, since its variance

is a consequence of the Bent rule for chemical bonds,

whose adaptation to hydrogen bond studies made by Gra-

bowski revealed that the contribution of the s orbitals of X

must be enhanced upon complexation [61]. According to

the results of 1.35 (I), 1.74 (II), 4.41 (III), and 6.98 (IV),

besides these values be in total concordance with the

insight quoted above, a systematic and efficient relation-

ship with the corrected H-bond energies is stated [see

Eq. (5)], as can be seen in Fig. 3.

DEC ¼ �4:171D%sX � 4:142; R2 ¼ 0:995 ð5Þ

By this picture, some considerations should be carefully

interpreted. First of all, it can be seen that IV is the strongly

Table 1 Values of the bond lengths on the monomers (H2O, NH3,

HCF3, and HF) as well as the variations on the complexes (I–IV)

computed by the MP2/6-311??G(d,p) level of theory

Systems Bonds

H–O H–N H–X

H2O 0.9593 – –

NH3 – 1.0137 –

HCF3 – – 1.0872

HF – – 0.9166

Ia 0.0012 – -0.0020

IIa – 0.0018 -0.00002

IIIa 0.0015 – 0.0150

IVa – 0.0016 0.0313

All values are given in Å
a Variations in the bond lengths of the proton donors H–F (X = F)

and H–CF3 (X = CF3) of the Y���H–X H-bonds with Y = O (I and

III) or N (II and IV)

Table 2 Values of the new vibrational modes (H-bond stretch fre-

quency) and red- and blue-shift effects ðDtstrand Istr
c =Istr

m Þ of the I–IV
complexes obtained from the MP2/6-311??G(d,p) calculations

IR modes H-bonded complexes

I II III IV

tstr
Y���H 114.0 120.1 223.2 265.7

Istr
Y���H 0.54 0.73 5.84 7.67

tstr
O�H 3874.2 – 3881.9 –

Dtstr
O�H -13.0 – -5.3 –

Istr
O�H;c 18.4 – 135.7 –

Istr
O�H;c=Istr

O�H;m 1.4 – 10.3 –

tstr
H�X 3259.4 3220.7 3851.2 3480.2

Dtstr
H�X ?35.4 -3.3 -347.2 -718.3

Istr
H�X;c 1.19 10.7 795.2 1498.4

Istr
H�X;c=Istr

H�X;m 0.03 0.30 5.6 10.6

tstr
N�H – 3515.6 – 3225.3

Dtstr
N�H – -10.9 – -1.2

Istr
N�H;c – 0.33 – 108.4

Istr
N�H;c=Istr

N�H;m – 0.20 – 65.3

Values of tstr and I are given in cm-1 and km mol-1, respectively

The Y���H–X H-bonds with Y = O (I and III) or N (II and IV)
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bound complex and its D%sX is the largest among the

values for I, II, and III. Besides the H-bond energy, the

intermolecular distance of IV is the shortest, what would

lead me to assume that its frequency shift would be blue

instead red because the rehybridization effect sustains this

statement. Second, the increases of D%sX in IV as well as

in III are very well correlated with the red-shift values of

-347.3 and -718.3 cm-1 respectively, as supported by the

Eq. (6) and Fig. 4:

Dtstr
HX ¼ �134D%sX þ 226:964; R2 ¼ 0:999 ð6Þ

Third, note that only the small results of s-character are

in concordance with the very slight frequency shifts of

H2O���HCF3 and NH3���HCF3, and surely the blue-shift of

?35.4 cm-1 is justified by the D%sX value of 1.35 in I. So,

the increasing of the s-character in X sustains the weakness

of the H–X bond because its p-character is reduced. At last,

if an electrophilic addition reaction of H–X on Y to form

Table 3 Values of the H-bond energies (uncorrected and corrected),

charge transfers (DQ), and NBO parameters of the I–IV complexes

obtained through the MP2/6-311??G(d,p) calculations

Parameters H-bonded complexes

I II III IV

DE -19.13 -22.32 -42.07 -55.95

DZPE 3.93 4.55 11.99 12.69

BSSE 5.32 5.70 9.14 9.18

DEC -9.88 -12.07 -20.94 -34.08

DQNBO -0.0040 -0.0090 -0.0210 -0.0500

DQQTAIM -0.0080 -0.0180 -0.0290 -0.0061

DEn Yð Þ! r�ðH�XÞ 4.1 6.53 17.5 37.1

%sH 99.83 99.82 99.61 99.56

D%sH -0.03 -0.04 -0.09 -0.14

%sX 31.57 31.96 25.73 28.30

D %sX 1.35 1.74 4.41 6.98

%pH 0.17 0.18 0.39 0.44

D%pH 0.03 0.04 0.14 0.19

%pX 68.22 67.84 74.16 71.60

D%pX -1.36 -1.74 -4.40 -6.96

Values of DE, DZPE, BSSE, DEC, and DEn(Y) ? r*(H–X) are given in

kJ mol-1

Values of DQ are given in electronic units (e.u.)

Values of %s and %p are related to the proton donor within the

intermolecular model Y���H–X of the hydrogen bonds with X = CF3

(I and II) or F (III and IV)

Fig. 2 Relationship between the corrected H-bond energies and

charge transfer amounts of the I–IV complexes

Fig. 3 Relationship between the corrected H-bond energies and

variation on the percentage of the s-character of X (X = CF3 or F) in

the I–IV complexes

Fig. 4 Relationship between the frequency shifts (red or blue) and

variation on the percentage of the s-character of X (X = CF3 or F) in

the I–IV complexes
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hydronium ion or ammonium cation is assumed to

corroborate with these findings, often the formation of

X- due to the formation of Y–H is caused by the breaking

of H–X (see Scheme 1 is the standard model while 2 and 3

make reference to III and IV) and the increasing and

reduction of s- and p-characters are in line with this, and in

addition the forward X- entity means less polarizability

associated with a disfiguration of the overlap molecular

orbital of the proton donors [62].

Yþ HX! Y� � �HX! YHþ þ X� ! YHX ðScheme1Þ

H2Oþ HF! H2O� � �HF! H3Oþ þ F� ðScheme2Þ

H3Nþ HF! H3N� � �HF! H4
þNþ F� ðScheme3Þ

In another point of view, the NBO energy computed

through the Eq. (1) also reinforce the current thesis that

stronger bound complexes (III and IV) with largest red-

shift effects are formed with drastic enhancements on s-

character of X (F or CF3). This insight is validated by the

Eq. (7) [63] optimized in agreement with the Fig. 5, in

which can be perceived that stronger hydrogen-bonded

complexes really present the largest s-character variation in

X.

DEn Yð Þ! r�ðH�XÞ ¼ 5:674D%sX � 4:233; R2 ¼ 0:988

ð7Þ

QTAIM analysis and prediction of the interaction

strength

In Table 4 are listed the values of the topological param-

eters: q, r2q, G, and U. Moreover, the results of the

QTAIM atomic radii calculated by taking into account the

BCP of H–X is also available. According to the Eq. (2), the

positive results for r2q show that I–IV complexes are

intermolecularly stabilized. In terms of charge density, the

low values of q also corroborates to that [64, 65]. However,

it should be highlighted that albeit IV is strongly bound its

intermolecular charge density is relatively high not only in

comparison with I–III, but also with other H-bonded sys-

tems [66–68]. Concordant with the literature [69–71], the

absolute linear coefficient (R2) of 0.986 [Eq. (8)] yielded

by the Fig. 6 indicates a good relationship between the

results of DEC and qY���HX:

DEC ¼ �673:155qY���HX � 0:505; R2 ¼ 0:986 ð8Þ

Meanwhile, one much more efficient procedure to

predict the interaction strength can be performed through

the association between molecular parameters and

topological descriptors of the proton donors (Dmol), such

as qHX and r2qHX. Although it has been used specific

referential points on the intermolecular structure (DrHX),

instead of these here and in agreement with other works the

frequency shifts (Dtstr
HX ¼ tstr

HX;complex � tstr
HX;monomer) were

used in Eq. (9) because best correlations are obtained.

Fig. 5 Relationship between the NBO binding energies and variation

on the percentage of the s-character of X (X = CF3 or F) in the I–IV
complexes

Table 4 Values of the intermolecular topological parameters of the

I–IV complexes determined by QTAIM integrations

Parameters H-bonded complexes

I II III IV

qY���H 0.01405 0.01549 0.03402 0.04778

r2qY���H 0.05612 0.05015 0.14960 0.13172

GY���H 0.01177 0.01070 0.03550 0.04027

UY���H -0.00951 -0.00886 -0.03370 -0.04761

-GY���H/UY���H 1.23764 1.20767 1.05341 0.84583

HY���H 0.00226 0.00184 0.00180 -0.00734

qH–X 0.31882 0.31788 0.34639 0.32361

r2qH–X -1.32660 -1.32786 -2.9130 -2.59621

GH-X 0.01706 0.01666 0.07279 0.07663

UH-X -0.36577 -0.36529 -0.87375 -0.80232

-GH-X/UH-X 0.04664 0.04560 0.08333 0.09551

HH-X -0.34871 -0.34863 -0.80009 -0.72569

rH 0.3433 0.3393 0.1364 0.1384

DrH -0.0149 -0.0188 -0.0044 -0.0024

rX 0.7421 0.7481 0.7952 0.8094

DrX 0.0128 0.0188 0.0194 0.0338

Values of q and r2q are given in e.ao
-3 and e.ao

-5, respectively

Values of G, U, and H are given in electronic units (e.u.)

Values of rH, DrH, rX, and DrX are given in Å

The Y���H–X H-bonds with Y = O (I and III) or N (II and IV) and

X = CF3 (I and II) or F (III and IV)

750 Struct Chem (2014) 25:745–753

123



Dmol ¼ ½ DtStr
HX

�� ��=toHX

� �2þ DqHXj j=qoHXð Þ2

þ ðjDr2qHXj=r2qoHXÞ2�1=2
ð9Þ

where DqHX = qHX,complex – qHX,monomer and Dr2qHX =

r2qHX,complex - r2qHX,monomer. Figure 7 and Eq. (10)

show the excellent relationship between DEC and Dmol.

DEC ¼ �104:286Dmol � 6:842; R2 ¼ 0:992 ð10Þ

These H-bond energy values keep indicating that IV is

the strongest bound system, not only because its

intermolecular distance is shorter than 1.80 Å, but mainly

because the relationship -GN���H/UN���H of 0.84583 is

smaller than 1 as well as the total electronic density

energy (H) is negative, whose value is -0.00734 e.u., i.e.,

the NH3���HF complex is partially covalent bound.

Regarding the other systems, the values of –G/U and H

are 1.23764 and 0.00226 e.u. for I, 1.20767 and 0.00184

e.u. for II, and finally 1.05341 and 0.00180 e.u. for III,

respectively. Even the intermolecular distance of III is

smaller than 1.80 Å, precisely the computed value is

1.7310 Å, H2O���HF is almost partially covalent.

Recently, a QTAIM study for hydrogen bond interac-

tions revealed that the variation on bond radii computed in

the BCP between H and X within H–X bond path can

explain the frequency shift of this oscillator as follows:

DrX [DrH if red-shift occur or DrX \ DrH for blue-shift.

Indeed, the frequency shifts of II–IV agree with this rule,

what is not observed in I because the respective values for

DrC of 0.0128 and DrH of -0.0149 Å not justify the blue-

shift of ?35.4 cm-1. Thus, the relationship between the

frequency shifts Dtstr
HX

� �
of the proton donors and the

variations on the BCP radii of X (DrX) along the H–X axis

is plotted in Fig. 8, in which a satisfactory linear correla-

tion coefficient (R2) of 0.928 is obtained through the

Eq. (11):

Dtstr
HX ¼ �36671:106DrX þ 520:244; R2 ¼ 0:928 ð11Þ

Conclusions and highlights

In summary, the theoretical study presented in this current

work raises an important question related to the hydrogen

bond strength, mainly those possessing covalent character.

The intermolecular model complexes of H2O���HCF3,

NH3���HCF3, H2O���HF, and NH3���HF have shown sys-

tematic tendencies, either in structural or vibrational anal-

ysis. Regarding the H-bond energies, the computed values

Fig. 6 Relationship between the corrected H-bond energies and

intermolecular electronic densities of the I–IV complexes

Fig. 7 Relationship between the corrected H-bond energies and

molecular parameters (vibration associated with topology) of the I–IV
complexes

Fig. 8 Relationship between the frequency shifts (red or blue) and

variation on the percentage of the s-character of X (X = CF3 or F) in

the I–IV complexes
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are in good correlation with the intermolecular charge

transfers, as well as with the intermolecular density

amounts determined topologically by the QTAIM protocol.

Furthermore, the most incisive conclusion found in this

work is that the interpretation of the frequency shifts at

light of the BCP radii of X is fails, in special for the

weakest bound complex of H2O���HCF3 in which its blue-

shift of ?35.4 cm-1 would be justified by DrX \ DrH,

what does not occur. In line with this, it is widely known

that the stretch frequencies of the proton donors in weakly

bound complexes often are shifted to blue-region and vice

versa in regards to the strongly bound ones in which the

red-shifts are manifested [18, 72]. Not only this, but the

argument of the Bent rule [73] is concordant with the

increase of the s-character of X (F or C), but in total dis-

agreement with the red-shifted of the stretch frequencies of

H–F and H–C once blue-shift was the expected vibrational

effect. Although this new interpretation differs from

chemical literature, the variation in s-character of X is well

adjusted with the intermolecular strength or H-bond ener-

gies, frequency shifts either from red or blue nature, and

NBO binding energies.
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Lehmann JK, Verevkin SP, Köckerling M, Ludwig R (2011) Phys

Chem Chem Phys 13:14064–14075

5. Elsaesser T (2009) Acc Chem Res 42:1220–1228

6. Shen J, Wang H, Xia Y (2013) Struct Chem 24:559–571

7. Desiraju GR (2011) Angew Chem Int Ed 50:52–59

8. Grabowski SJ (2001) Chem Phys Lett 338:361–366

9. Oliveira BG, Ferreira FS, Araújo RCMU, Ramos MN (2007)
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19. Oliveira BG, Araújo RCMU, Carvalho AB, Ramos MN (2009)

Struct Chem 20:663–670
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