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Abstract A theoretical study is presented with the aim to
investigate the molecular properties of intermolecular
complexes formed by the monomeric units of polyvinyl-
pyrrolidone (PVP) or polyethyleneglycol (PEG) polymers
and a set of four imidazolidine (hydantoine) derivatives.
The substitution of the carbonyl groups for thiocarbonyl in
the hydantoin scaffold was taken into account when
analyzing the effect of the hydrogen bonds on imidazoli-
dine derivatives. B3LYP/6-31G(d,p) calculations and topo-
logical integrations derived from the quantum theory of
atoms in molecules (QTAIM) were applied with the
purpose of examining the N–H⋯O hydrogen bond
strengths formed between the amide group of the hydan-
toine ring and the oxygen atoms of PVP and PEG
polymers. The effects caused by the N–H⋯O interaction
fit the typical evidence for hydrogen bonds, which includes
a variation in the stretch frequencies of the N–H bonds.
These frequencies were identified as being vibrational red-
shifts because their values decreased. Although the values
of such calculated interaction energies are between 12 and

33 kJ mol−1, secondary intermolecular interactions were
also identified. One of these secondary interactions is
formed through the interaction of the benzyl hydrogen
atoms with the oxygen atoms of the PVP and PEG
structures. As such, we have analyzed the stretch frequen-
cies on the C–H bonds of the benzyl groups, and blue-shifts
were identified on these bonds. In this sense, the intermo-
lecular systems formed by hydantoine derivatives and PVP/
PEG monomers were characterized as a mix of red-shifting
and blue-shifting hydrogen-bonded complexes.
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Introduction

It has been established that the chemical knowledge of
biological systems at the molecular level is attributed to the
careful study of various intermolecular interactions, such as
hydrophobic, London dispersion forces, dipole polarizabil-
ity and mainly, hydrogen bonds [1]. In drug design [2], the
study of hydrogen bonds is often performed through virtual
screening analysis or docking calculations [3–5]. However,
recently, a great interest has been taken in studying the
occurrence of hydrogen bonds in polymers [6–9], specifi-
cally those in solid dispersions widely used for pharma-
ceutical preparations [10, 11]. Along these lines of study,
Sigalas et al. [12] have reported results regarding the
release mechanism of felodipine (FLP) in solid dispersions
by using polyvinylpyrrolidone (PVP) and polyethylenegly-
col (PEG) polymers. Besides characterizing the optimized
geometries for the FLP⋯PVP and FLP⋯PEG complexes,
a discussion was undertaken regarding the formation of
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specific hydrogen bonds between the proton donor of the
N–H bond of the felodipine (FLP) and the carbonylic
oxygen (PVP) or the ether oxygen atoms (PEG). Further-
more, Teberekidis and Sigalas [13] have also reported a
detailed theoretical work of the structures and related
phenomena for the FLP⋯PVP and FLP⋯PEG complexes,
and their results are in agreement with experimental data
previously documented [12].

In terms of treatment for neglected diseases [14], it is
widely known that hydantoine derivatives are an important
class of compounds with anti-shistosomiasis and anticon-
vulsant activities [15, 16]. Hydantoin (imidazolidine-2,4-
dione 1a) is a 2,4-diketotetrahydroimidazole discovered by
Baeyer in 1861 [17]. Thiohydantoins and their derivatives,
however, were prepared as bioisosters of hydantoins with
similar biological behavior. In biological medium, the
pharmacokinetics of hydantoin derivatives in a sodium
channel are barely influenced by their structural character-
istics, such as the substitution of aromatic rings, acceptor
sites and hydrogen bonding groups [18]. However, it is
important to stress that hydantoine derivatives such as
imidazolidine and thiazolidine, depending on their substituted
groups, are known by their very limited solubility in aqueous
medium, which induces the necessity of using dimethyl
sulfoxide (DMSO) as a solvent in biological tests. In order
to overcome this solubility problem, the preparation of solid
dispersions, including drugs, in hydrophilic carriers (polymers
like PVP and PEG, for example) is a widely used technique.
Therefore, it would be of interest to verify the behavior of
hydantoine derivatives 1a, 2a, 3a and 4a (Fig. 1) when they
interact with monomeric units of polyvinylpyrrolidone (PVP)
and polyethyleneglycol (PEG) polymers [19]. Such analysis
will be carried out through a detailed characterization of
hydrogen bonds, where the interaction strength for the
(1a-4a)⋯PVP and (1a-4a)⋯PEG intermolecular complexes
must be carefully investigated. The goal of this theoretical
study is to gain information that could be used in future solid
dispersion preparations of the hydantoine derivatives.

Thus, for this report, we proposed a theoretical study of
the molecular parameters of the systems above using
density functional theory (DFT) [20, 21] calculations. First,
we focus on a detailed analysis of geometry and infrared
spectrum, by emphasizing the intermolecular distances and
changes in the electronic structure. Making reference to
hydrogen-bonded complexes, it is well-established that the
molecular changes mentioned above are related to an
enhancement in the bond lengths of the proton donors
[22–24]. From a geometric point of view and in terms of
infrared spectrum, such changes are identified typically as
red-shift effects, where the stretch frequencies of the proton
donors are shifted downward in value, which is followed by
an increase in their absorption intensities [25]. For this
reason, a topological description of the electronic density
will be achieved here by using the quantum theory of atoms
in molecules (QTAIM) [26]. This theory should allow for
the location of concentrations and depletions of charge
density, along with their relationships to vibrational
parameters, such as the red-shifts on proton donor bonds.
Therefore, we hope to analyze the formation of the
NH(1a-4a)⋯O (PVP or PEG) hydrogen bonds along with
other secondary interactions, such as those formed between
the carbonyl or thiocarbonyl groups of the hydantoine
derivatives and the ethylenic hydrogen atoms of PVP or
PEG. Currently, numerous studies regarding hydrogen-
bonded complex structures have been reported, where the
presence of secondary interactions [27–33] or new kinds of
hydrogen bonds formed by multiple proton-acceptor centers
have been demonstrated [34–37]. In this study, we have
invested efforts to identify and characterize all intermolec-
ular interactions on NH(1a–4a)⋯O (PVP or PEG) com-
plexes, including hydrogen bonds or blue-shifting ones.

Computational methods

The optimized geometries of the (1a–4a)⋯PVP and
(1a–4a)⋯PEG complexes were obtained at the B3LYP/6–
31G(d,p) level of theory, where all calculations were
performed in the GAUSSIAN 03 W program [38]. There
have been previous reports, including a large number of
computational studies, about hydrogen-bonded complexes
where DFT functionals have been successfully applied [39,
40]. Thus, we chose the B3LYP as our standard hybrid.
Moreover, we used the 6–31G(d,p) basis set because it has
been considered accurate for predicting molecular proper-
ties of polymers [41] in addition to hydrogen bond
interactions. All QTAIM topological calculations were
executed using the GAUSSIAN 03 W program, according
to the protocol implemented by Cioslowski [42–44]. In
addition, some complementary electronic integrations were
processed with the AIM 2000 1.0 program [45].

Fig. 1 Representation of the hydantoin ring skeletal structures studied
in this work. 1a (imidazolidine–2,4-dione), 2a (2-thioxo-imidazolidin-
4-one), 3a (4-thioxo-imidazolidin-2-one) and 4a (imidazolidine-2,4-
dithione)
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The values of the binding energies (ΔE) were deter-
mined according to the supermolecule approach [46], as
follows:

ΔE ¼ E Hydrogen Complexð Þ
�
X

E IsolatedMoleculesð Þ½ �: ð1Þ
Results of the binding energies, ΔE, were corrected by the
zero point energy (ZPE) [47] values and by Boys and
Bernardi’s Basis sets superposition error (BSSE) [48]
calculations. Finally, each value of corrected interaction
energy ΔEC was obtained with the equation (2):

ΔEc ¼ ΔE � ΔZPE � BSSE: ð2Þ

Results and discussion

Geometry

From B3LYP/6–31G(d,p) calculations, the values of the
most important intermolecular and intramolecular distances
of the PVP⋯1a (I), PVP⋯2a (II), PVP⋯3a (III),
PVP⋯4a (IV), PEG⋯1a (V), PEG⋯2a (VI), PEG⋯3a
(VII) and PEG⋯4a (VIII) complexes are listed in Table 1.
If we consider these results, it is natural to conclude that all
these interactions are hydrogen bonds because at these
distances values in range of 1.823–3.426Å are shorter than
the sum of the van der Waals radii [49] for the respective
atoms involved.

Structurally, it is important to consider that the main
criterion used to measure the hydrogen bond strength is the
perturbation of the molecular properties on the monomers
after formation of the complex. As an example, we chose

two intermolecular systems to be evaluated, the (I) and (V)
complexes. By analyzing the values of the R(O36⋯H6) and
the R(O38⋯H6) hydrogen bond distances, we can observe
that complex (I) is more strongly bonded than (V). Indeed,
this tendency is verified in all the complexes (I-VIII),
although in the case of (I) and (V), we must emphasize that
other secondary hydrogen bonds could be observed.
Besides the (O36⋯H6) and (O38⋯H6) interactions, the
(O36⋯H21) and (O38⋯H21) contacts seem to be chemically
functioning as hydrogen bonds on complexes (I) and (V).
Moreover, the existence of multiple hydrogen bonds on

H-Bonds Hydrogen-bonded complexes H-Bonds Hydrogen-bonded complexes

(I) (II) (III) (IV) (V) (VI) (VII) (VIII)

R(O36⋯H6) 1.837 1.823 1.832 1.826 R(O38⋯H6) 1.899 1.907 2.906 1.914

R(O36⋯H21) 2.309 2.223 2.281 2.190 R(O38⋯H21) 2.453 2.297 2.412 2.260

R(H42⋯O7) 2.369 – 2.385 – R(H47⋯O7) 2.697 – 2.695 –

R(H35⋯O7) 2.919 – 2.626 – R(H47⋯S7) – 3.242 – 3.255

R(H31⋯O8) 2.900 – – – R(H44⋯O7) 2.699 – 2.689 –

R(H31⋯S8) – – 3.268 – R(H44⋯S7) – 3.267 – 3.260

R(H46⋯O7) – 3.115 – – R(H35⋯O7) 2.962 – 2.631 –

R(H46⋯S7) – – – 3.099 R(H35⋯S7) – 3.259 – 2.948

R(S8⋯H23) – 2.627 – 2.933 R(O8⋯H23) 2.875 – – –

R(H50⋯S7) – 3.428 – – R(O8⋯H31) – 2.637 – –

R(S7⋯H6) – – – 3.415 R(S8⋯H10) – – 2.741 –

R(S7⋯H24) – – – 2.988 R(S7⋯H24) – – – 2.712

R(S8⋯H10) – – – 2.708

Table 1 The set of important
interaction distances in
PVP⋯1a (I), PVP⋯2a (II),
PVP⋯3a (III), PVP⋯4a
(IV), PEG⋯1a (V),
PEG⋯2a (VI), PEG⋯3a (VII)
and PEG⋯4a (VIII) complexes
using B3LYP/6-31G(d,p)
calculations

* All R values are given in
angstroms

Table 2 Main structural changes in (1a), (2a), (3a) and (4a)
monomers upon the formation of the PVP⋯1a (I), PVP⋯2a (II),
PVP⋯3a (III), PVP⋯4a (IV), PEG⋯1a (V), PEG⋯2a (VI),
PEG⋯3a (VII) and PEG⋯4a (VIII) complexes using B3LYP/6-31G
(d,p) calculations

Molecular systems Main structural changes

r(NH) Δr(NH) r(CH) Δr(CH)

1a 1.0079 – 1.0853 –

2a 1.0078 – 1.0852 –

3a 1.0077 – 1.0852 –

4a 1.0079 – 1.0853 –

(I) 1.0257 0.0178 1.0824 −0.0028
(II) 1.0267 0.0189 1.0826 −0.0027
(III) 1.0259 0.0182 1.0818 −0.0035
(IV) 1.0269 0.0190 1.0821 −0.0032
(V) 1.0218 0.0139 1.0826 −0.0020
(VI) 1.0233 0.0155 1.0821 −0.0031
(VII) 1.0214 0.0137 1.0819 −0.0033
(VIII) 1.0233 0.0154 1.0815 −0.0038

* All r values are given in angstroms
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complexes (I) and (V) has also been verified, including
(O7⋯H42) and (O7⋯H44), which present distance values of
2.369Å and 2.699Å, respectively. For complex (V), the
distance value of 2.962Å for the (O7⋯H35) interaction also
indicates the formation of an intramolecular hydrogen bond.

The most important structural evidence for the formation
of hydrogen complexes is the enhanced bond lengths of the
proton donors. According to the values listed in Table 2,
one can see that the Δr(NH) and Δr(CH) values indicate an
increase and a decrease of the NH and CH bond lengths on
the imidazolidinic derivatives, respectively. It is important
to pay special attention to the hydrogen bonds (O36⋯H6)
and (O36⋯H21) for complex (I) (see Fig. 2). Nevertheless,
we should mention that enlarging the NH bond length is an
indication of the vibrational red-shifts on this bond.
Naturally, this information is one of the most important

pieces of evidence for the identification of hydrogen-
bonded complexes, although the shortening of the CH
bond length is indeed related to a non-typical type of
intermolecular interaction known as an anti-hydrogen bond.
More recently, this kind of interaction is called a blue-
shifting hydrogen bond. However, it is important to
emphasize that this definition was not given by a geometrical
analysis, but instead, it was named by an interpretation of the
infrared spectrum, allowing for a careful characterization of
these effects on the NH and CH bonds.

Vibrational parameters

In Table 3, the main vibrational modes of the 1a, 2a, 3a and
4a isolated molecules are presented, along with complexes
(I), (II), (III), (IV), (V), (VI), (VII) and (VIII). Essentially,

Fig. 2 Optimized geometries of
the PVP⋯1a (I) and PEG⋯1a
(V) complexes using B3LYP/6-
31G(d,p) calculations and sche-
matic atomic numbering of PVP
and PEG polymers
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these vibrational modes are stretching occurring on the
hydrogen bond proton donors [50]. According to results of
the Δυ(N–H) red-shifts and I NHð Þ;c

I NHð Þ;i absorption intensity
ratios, it is clear that typical hydrogen bonds are formed if
the NH bond is the proton donor center. Specifically, we
would like to note that complexes (II) and (IV) present the
largest Δυ(NH) red-shifts, with values reaching -
341.2 cm−1 and -343.1 cm−1, while the greatest absorption
intensity ratio of 1006.6 was obtained for (III). It is quite
interesting to observe how the infrared spectra of these
systems are affected after the formation of the complex
[51]. However, after analyzing the chemical shifts on the
CH bonds, the results, listed in Table 3, indicate that a blue-
shift was verified instead of a red-shift, as observed in
recent reports by Ribeiro-Claro et al. [52]. Contrary to the
NH bond, slight chemical shifts were observed for the CH
bond, whose values vary from + 24.6 cm−1 to + 35.7 cm−1.
When comparing the red-shifts in hydrogen-bonded com-
plexes, where an increase of the absorption intensities for
the proton donor bonds is known, it is uncommon that
absorption ratios for the blue-shifts present a systematic
reduction [53]. However, our results indicate that even
though the absorption intensities of the NH modes are
increased dramatically, significant reductions in the absorp-
tion intensities of the CH bonds were observed, such as in
complex (VII), which presented an I CHð Þ;c

I CHð Þ;i ratio of 0.10.
By taking into account the Δυ(NH) red-shifts and I NHð Þ;c

I NHð Þ;i
absorption intensity ratios related to the formation of the
(O36⋯H6) and (O38⋯H6) hydrogen bonds in complexes (I)
and (V), respectively, it would be interesting to examine if the
hydrogen bond strength can be explained by these vibrational
effects. According to Fig. 3, a satisfactory linear relationship
between the NH bond length enhancements, Δr(NH), and
their red-shifts, Δυ(NH), can be observed, and a linear
regression coefficient (R2) of 0.99 was calculated. On the

other hand, the (O36⋯H21) and (O38⋯H21) interactions for
complexes (I) and (V), respectively, have the opposite
behaviour because CH stretch frequencies are shifted to
upward values, while the I CHð Þ;c

I CHð Þ;i intensity ratio diminished
substantially. In this sense, two distinct types of intermolec-
ular interactions are observed, the traditional red-shift
hydrogen bonds and the blue-shifting hydrogen bonds [54,
55].

QTAIM analysis and intermolecular energies

The QTAIM approach and its topological calculations have
been used more frequently by theoreticians all over the

Fig. 3 Relationship between the red-shifts, Δυ(NH), and bond
enhancements, Δr(NH), for the NH bond of the (1a), (2a), (3a) and
(4a) isolated molecules upon the formation of the PVP⋯1a (I),
PVP⋯2a (II), PVP⋯3a (III), PVP⋯4a (IV), PEG⋯1a (V), PEG⋯2a
(VI), PEG⋯3a (VII) and PEG⋯4a (VIII) complexes

Molecular systems Vibrational modes

υ(NH) Δυ(NH) I(NH)
I NHð Þ;c
I NHð Þ;i υ(CH) Δυ(CH) I(CH)

I CHð Þ;c
I CHð Þ;i

1a 3673.6 – 41.8 – 3212.5 – 16.0 –

2a 3674.2 – 49.6 – 3213.4 – 16.9 –

3a 3676.8 – 48.9 – 3212.0 – 20.3 –

4a 3673.5 – 57.3 – 3213.7 – 21.3 –

(I) 3351.4 −324.9 933.0 22.3 3242.9 +30.4 5.20 0.32

(II) 3333.0 −341.2 866.9 17.5 3238.0 +24.6 12.5 0.74

(III) 3346.6 −330.2 1006.6 20.5 3248.2 +35.7 8.0 0.40

(IV) 3330.4 −343.1 899.6 15.6 3242.4 +28.7 15.5 0.70

(V) 3413.5 −260.1 544.5 13.0 3237.6 +25.1 2.1 0.13

(VI) 3390.4 −283.8 542.7 10.9 3243.8 +30.4 3.4 0.20

(VII) 3421.5 −255.3 572.0 11.6 3244.9 +32.4 2.1 0.10

(VIII) 3394.5 −279.0 571.8 9.9 3248.7 +35.0 4.3 0.20

Table 3 Vibrational shift modes
of 1a, 2a, 3a and 4a monomers
upon the formation of the
PVP⋯1a (I), PVP⋯2a (II),
PVP⋯3a (III), PVP⋯4a
(IV), PEG⋯1a (V), PEG⋯2a
(VI), PEG⋯3a (VII) and
PEG⋯4a (VIII) complexes
using B3LYP/6-31G(d,p)
calculations

* Values of υ and I are given in
cm−1 and km.mol−1 ,
respectively

* Values of I(NH), i and I(NH),
c mean the absorption intensities
of the isolated molecules and the
complex, respectively
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world [56, 57], in many cases including studies of
intermolecular complexes [58] and biological systems [59]
that were performed successfully. In this current work, the
QTAIM results for complexes (I), (II), (III), and (IV) and
complexes (V), (VI), (VII), and (VIII) are presented in
Tables 4 and 5, respectively. From QTAIM analysis, results
of topological parameters were extracted, including the
electronic densities (ρ) and Laplacians (∇2ρ). These
operators monitor the formation of intermolecular interac-
tions based on depletions and concentrations of charge
density. Small ρ and positive ∇2ρ values are typically
related to intermolecular interactions where the charge
density is concentrated on separate nuclei [60]. On the
other hand, high and negative values of ρ and ∇2ρ suggest
that covalent and/or unsaturated bonds are formed. In other
words, the charge is concentrated along the pathway of the
chemical bond connecting two nuclei through the localiza-

tion of bond critical points (BCPs) [61]. As is widely
known, the QTAIM algorithm integrates the electronic
density on a molecular surface, where topological param-
eters are obtained and used to interpret the chemical
stability [62]. For complexes (I), (II), (III), and (IV) and
(V), (VI), (VII), and (VIII), QTAIM results indicate the
existence of specific interactions between the monomeric
units of the PEG and PVP polymers and the imidazolidine
derivatives. As seen in Fig. 4, in addition to the (O36⋯H6)
and (O38⋯H6) hydrogen bonds, another interaction, among
the O36, O38 and H21 atoms, is formed for complexes (I)
and (V).

In terms of QTAIM parameters, an examination of the
conditions necessary to form secondary interactions can be
explained in terms of the electronic density and Laplacian
operators. For the electronic densities of the (O36⋯H6) and
(O38⋯H6) hydrogen bonds in complexes (I), (II), (III), and

BCP Hydrogen-bonded complexes

(V) (VI) (VII) (VIII)

(O38⋯H6) 0.0307 (0.0802) 0.0308 (0.0791) 0.0303 (0.0791) 0.0289 (0.0755)

(O38⋯H21) 0.0105 (0.0322) 0.0105 (0.0322) 0.0114 (0.0345) 0.0154 (0.0434)

(H44⋯O7) 0.0066 (0.0277) – (–) 0.0066 (0.0229) – (–)

(H47⋯S7) – (–) 0.0143 (0.0313) – (–) 0.0047 (0.0137)

(H44⋯O7) 0.0065 (0.0226) – (–) 0.0067 (0.0231) – (–)

(H44⋯S7) – (–) 0.0142 (0.0310) – (–) 0.0046 (0.0134)

(H35⋯O7) 0.0040 (0.0159) – (–) 0.0075 (0.0264) – (–)

(H35⋯S7) – (–) 0.0084 (0.0269) – (–) 0.0075 (0.0226)

(O8⋯H23) – (–) – (–) – (–) – (–)

(O8⋯H31) 0.0047 (0.0179) 0.0047 (0.0179) – (–) – (–)

(S8⋯H10) – (–) – (–) 0.0120 (0.0454) – (–)

(S7⋯H24) – (–) – (–) – (–) 0.0133 (0.049)

Table 5 Electronic densities (ρ)
and Laplacians (∇2ρ) for impor-
tant interactions in PEG⋯1a
(V), PEG⋯2a (VI), PEG⋯3a
(VII) and PEG⋯4a (VIII)
complexes

* Values of ρ and ∇2 ρ (in
parenthesis) are given in e/a0

3

and e/a0
5 , respectively

BCP Hydrogen-bonded complexes

(I) (II) (III) (IV)

(O36⋯H6) 0.0327 (0.0934) 0.0328 (0.0964) 0.0330 (0.0955) 0.0326 (0.0955)

(O36⋯H21) 0.0131 (0.0401) 0.0158 (0.0460) 0.0134 (0.0445) 0.0170 (0.0491)

(H42⋯O7) 0.0122 (0.0372) – (–) 0.0118 (0.0385) – (–)

(H35⋯O7) 0.0044 (0.0172) – (–) 0.0076 (0.0183) – (–)

(H31⋯O8) 0.0045 (0.0171) – (–) – (–) – (–)

(H31⋯S8) – (–) – (–) 0.0048 (0.0169) – (–)

(H46⋯O7) – (–) 0.0057 (0.0166) – (–) – (–)

(H46⋯S7) – (–) – (–) – (–) 0.0058 (0.0171)

(S8⋯H23) – (–) 0.0075 (0.0266) – (–) 0.0079 (0.0243)

(H50⋯S7) – (–) 0.0029 (0.008) – (–) – (–)

(S7⋯H6) – (–) – (–) – (–) 0.0029 (0.0082)

(S7⋯H24) – (–) – (–) – (–) 0.0073 (0.0227)

(S8⋯H10) – (–) – (–) – (–) 0.0127 (0.0460)

Table 4 Electronic densities (ρ)
and Laplacians (∇2ρ) for impor-
tant interactions in PVP⋯1a (I),
PVP⋯2a (II), PVP⋯3a (III)
and PVP⋯4a (IV) complexes

* Values of ρ and ∇2 ρ (in
parenthesis) are given in e/a0

3

and e/a0
5 , respectively
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(IV) and (V), (VI), (VII), and (VIII), the ρ values are in
range of 0.0326-0.0330 e/a0

3 and 0.0289-0.0308 e/a0
3,

respectively. Corroborating data on the hydrogen bond
distances, the concentration of charge density on the
complexes PVP⋯1a-4a is higher than that observed for
the PEG⋯1a-4a complexes. Nevertheless, the (O36⋯H21)
and (O38⋯H21) blue-shifting hydrogen bonds have charge
densities lower than the red-shifting ones, specifically in the
range of 0.0131-0.0170 e/a0

3 for the PVP complexes and
0.0105–0.0154 e/a0

3 for the PEG systems. Indeed, the
interaction of the PVP and PEG units with the NH proton
donor (imidazolidine ring) bond is preferred over the
formation of the hydrogen-bonded complex, but as sug-
gested here, the blue-shifting hydrogen bonds on the
benzylidene ring are also important. In terms of QTAIM
concepts, we can confirm that all of the interactions
explained above are closed-shell interactions because their
Laplacian values are positive. Still, after analyzing the

results of the QTAIM calculations, besides the hydrogen
bonds and the blue-shifting hydrogen bonds, several
secondary and intramolecular interactions were also char-
acterized. For instance, the (H42⋯O7), (H44⋯O7), and
(H47⋯S7) hydrogen bonds were examined, and they were
formed between the carbonyl and/or thiocarbonyl groups of
the imidazolidine ring and the hydrogen atoms of the PVP
and PEG units, respectively. These interactions, and other
similar ones, are weak hydrogen bonds because low charge
density concentrations were quantified. Therefore, signifi-
cant perturbation in the electronic structure of the
PVP⋯1a–4a and PEG⋯1a–4a complexes has not been
observed.

However, even though several interactions were identi-
fied in PVP⋯1a–4a and PEG⋯1a–4a complexes, it is
important to stress that their intermolecular energies are
distributed among many intermolecular interactions. By

Fig. 5 The relationship between the red-shifts, Δυ(NH), and the
intermolecular energies, ΔEC, for the PVP⋯1a (I), PVP⋯2a (II),
PVP⋯3a (III), PVP⋯4a (IV), PEG⋯1a (V), PEG⋯2a (VI),
PEG⋯3a (VII) and PEG⋯4a (VIII) complexes

Table 6 Electronic parameters of 1a, 2a, 3a and 4a monomers and
PVP⋯1a (I), PVP⋯2a (II), PVP⋯3a (III), PVP⋯4a (IV), PEG⋯1a
(V), PEG⋯2a (VI), PEG⋯3a (VII) and PEG⋯4a (VIII) complexes
using B3LYP/6-31G(d,p) calculations

Complexes Electronic parameters

ΔE BSSE ΔZPE ΔEC

(I) 53.9 16.5 4.7 32.7

(II) 51.5 14.6 4.5 32.4

(III) 54.3 16.5 4.7 33.1

(IV) 50.5 14.6 4.1 29.3

(V) 39.6 19.7 4.9 15.0

(VI) 37.2 16.6 5.0 15.6

(VII) 39.4 19.6 5.1 14.7

(VIII) 36.0 16.8 5.2 14.0

* Values of ΔE, BSSE, ZPE and ΔEC are given in kJ mol−1

Fig. 4 Line plots of QTAIM
electronic density for the
PVP⋯1a (I) and PEG⋯1a (V)
complexes. The black triangles
represent BCPs
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taking into account the BSSE and ZPE corrections on the
uncorrected values of the ΔE hydrogen bond energies, one
can finally obtain the results of the ΔEC corrected hydrogen
bond energies for complexes (I), (II), (III), (IV), (V), (VI),
(VII) and (VIII), as listed in Table 6. A plot graph
illustrated in Fig. 5 shows that a correlation between the
Δυ(N–H) red-shifting of the N–H bonds in the 1a, 2a, 3a
and 4a molecules and the ΔEC corrected hydrogen bonding
energies was not successfully obtained. As is widely known
in studies of hydrogen complexes, the intermolecular
energies and red-shifts are also in full agreement [22–24],
but in this work, such a relationship was not observed
because the existence of a blue-shift on the C–H center of
the benzylidene ring was demonstrated.

Conclusions

In this work, a monomeric model was used to present a
theoretical study of the molecular parameters and the ability
of imidazolidine derivatives (1a, 2a, 3a and 4a) to bind
with polyvinylpyrrolidone (PVP) and polyethyleneglycol
(PEG) polymers. Based on the structural analysis of the
PVP⋯1a–4a and PEG⋯1a–4a hydrogen-bonded com-
plexes at a B3LYP/6–31G(d,p) level of theory, the main
deformations on the imidazolidine derivatives and the PVP/
PEG systems were measured. It was observed that N–H and
C–H bonds of the 1a, 2a, 3a and 4a imidazolidines were,
respectively, increased and decreased upon the formation of
the PVP⋯1a–4a and PEG⋯1a–4a hydrogen-bonded com-
plexes. In the infrared spectrum analysis, these effects on
the N–H and C–H bonds were characterized as red-shifts
and blue-shifts. Although we expected that only the
preferential N–H⋯O red-shifting hydrogen bonds could
be formed, it is very interesting that C–H⋯O blue-shifting
hydrogen bonds were also identified.

To complement these results, QTAIM calculations were
used to confirm the existence of the N–H⋯O red-shifting
hydrogen bonds and the C–H⋯O blue-shifting hydrogen
bonds. Indeed, calculation of the Laplacian (∇2ρ) charac-
terized N–H⋯O and C–H⋯O hydrogen bonds as closed-
shell interactions (∇2ρ>0), whereas N–H and C–H bonds
had a shared covalent character (∇2ρ<0). Furthermore, in
addition to N–H⋯O and C–H⋯O interactions, the appli-
cation of QTAIM localized intramolecular and intermolec-
ular BCPs by which several additional interactions have
been identified (∇2ρ>0). In summary, formation of the
PVP⋯1a–4a and PEG⋯1a–4a hydrogen-bonded com-
plexes is characterized by the existence of many types of
interactions, including the N–H⋯O red-shifting hydrogen
bonds and C–H⋯O blue–shifting hydrogen bonds. Com-
putation of the hydrogen bond energies revealed that
PVP⋯1a–4a complexes are more stable than PEG⋯1a–

4a ones, with ΔEC values in the range of 29.3–33.1 kJ.
mol−1 and 14-15.6 kJ.mol−1, respectively.
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