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A B S T R A C T

The calix[4]arene molecule, abbreviated as CX[4], is known by the four phenolic groups and a hydrophobic cavity
able to enclose small molecules. The interactions between CX[4] and NO3, NO2, CO2, and N2 gas molecules have
been studied. These guest species are placed inside and outside the cavity of the host molecule CX[4]. The for-
mation of H-bonding has been deeply discussed based on the infrared spectrum and the polarizability analysis.
Global and local indices have been calculated for a series of gas (NO3, NO2, CO2 and N2) in interaction with the CX
[4] molecule to explain the electrophilic or nucleophilic activations in endo-vs. exo-cavity interaction zone. As
expected, there is a correlation between the proposed global electrophilicity and global nucleophilicity together
for an explanation of the chemo-selectivity region. Finally, the topological parameter analyses of the host-guests
interactions have been estimated by using DFT calculations.
1. Introduction

The selectivity of the anionic or cationic guests in microscopic or
macroscopic systems facilitates the recognition of the magnetic and
electrostatic properties of the several guests’ complexes [1, 2, 3, 4, 5].
The CX[4] exhibit a hydrophobic cavity form [6] and a specific chemical
composition. Moreover, the CX[4] is characterized by a specific height
and a diameter, these two parameters facilitate the complexation with
small molecules [7, 8, 9]. The specific cavity of the CX[4] has attracted
the experimenters and may be used in the medical [10, 11, 12] or
micro-biological field [13, 14]. In the literature, there are several works
which discuss the interaction of CX[4] with small molecule (CH4) and gas
molecules (NH3 and C2H2) [5, 15, 16, 17]. Herein, we have studied the
physical and chemical properties of the CX[4]-NO3, CX[4]-NO2, CX
[4]-N2 and CX[4]-CO2 complexes (The specific gas in the endo or
exo-cavity position). We have discussed the interactions between the CX
[4] molecule and NO3, NO2, CO2 and N2 gases outside or inside the
cavity. The encapsulation of these gases may be a good subject for
pollution. The NO3, NO2, CO2 and N2 gases have been chosen in our study
because they can form a dipole-dipole or CH…π hydrogen-bonding in-
teractions with CX[4].
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By using DFT calculations, we have described the dynamic stabilities
of the endo-vs. exo-cavity of the CX[4]-gas complexes. The nucleophi-
licities and electophilicities distribution sites of these host-guests com-
plexes have been performed. The vibrational properties of the CX[4]-gas
complexes have been studied. The polarizability study of the stable host-
guests has explained the transfer of the charge between the gases to the
π-electron of the phenol ring. The recognition of the weak or the strong
and the nature of the interactions of such guest with a cage molecule have
been analyzed by the AIM topological parameters.

2. Computational details

The optimization of CX[4] and CX[4]-gas have been performed by the
Density Functional Theory (DFT) method by using the global hybrid
generalized gradient approximation B3LYP [15, 18, 19, 20] coupled to
the D3BJ (empirical Becke and Johnson damping dispersion corrections)
in combination with the 6-31þG(d) basis set, as implemented in a
Gaussian 09 package [21] and the GaussView [22] as a visual program.
The binding energies have been calculated taking into account the Basis
Set Superposition Error (BSSE) counterpoise correction (CP) according to
the formalism of Boys and Bernardi [23].

The binding energies (Eb) are given by the following formula:
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ΔECX½4��gas ¼ECX½4��gas � ECX½4� � Egas þ BSSE (1)
where ECX[4]-gas, ECX[4] and Egas are the total energies of the host-guest
and host or guest molecules. The reactivity parameters based on the
Fukui function have been calculated in the same framework. The infrared
spectrum and the polarizability of these studied compounds have been
analyzed by the DFT/B3LYP-D3BJ method. The different topological
parameters have been calculated using the Bader's atoms in molecules
(AIM) theory by the AIM2000 program [24,25].

3. Results and discussions

The CX [4]-gas complexes have been optimized at B3LYP-D3BJ/6-
31þG(d) level of theory, and shown in Figures 1 and 2. The NO3, NO2,
CO2 and N2 gases have been studied in the endo and exo-cavity positions.
The highest binding energy value (21.33 kcal/mol) has been obtained for
CX[4]-CO2 complex.

The binding energy values are listed in Table 1. Obviously, the CX[4]-
CO2(endo) complex is more stable than CX[4]-CO2(exo). Based on the
dipole-dipole interactions between the CX[4] and the CO2 gas, the CX[4]-
CO2(endo) complex has the larger stability. The NO3 gas may be placed in
the exo or endo-cavity positions. In this context, we have shown that the
interaction of the NO3 gas outside the cavity is very weak (There is a
divergence).

Moreover, we have calculated tow complexes of the CX[4]-NO3, NO3
perpendicular to the 4-fold axis of CX[4] and the NO3 gas parallel to the
4-fold axis. The CX[4]-NO3(þ) is characterized by a very weak energy in
comparisonwith the CX[4]-NO3(//). The Eb energy of the CX[4]-NO3(//) is
equal to 22.56 kcal/mol. The CX[4]-NO3(//) have a larger binding energy
than CX[4]-N2(exo/endo), CX[4]-CO2(exo/endo) and CX[4]-NO2(exo/endo). In
Figure 1. Optimized geometries of the CX[4]-gas (CX[4]-CO2(endo) (a), CX[4]-CO2

NO2(exo) (f*), CX[4]-NO2(exo) (g*), CX[4]-N2(endo) (h) and CX[4]-N2(exo) (i)) structure
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the CX[4]-NO3(þ) complex, we have noted a C4 symmetry. In addition,
the formation of the low dipole moment between the CX[4] and the
NO3(//) gas imposed a larger stability for this host-guest. In this context,
the orientation of the O⋯H groups does not change during the interac-
tion of the CX[4] with the NO3 gas. For the CX[4]-N2 complex, we have
optimized two geometries based on the position of the N2 in order to
show the stable host-guest. First, the N2 gas is located outside of the
cavity. Second, this gas located perpendicular to the 4-fold axis of CX[4].
From Table 1, we conclude that the binding energy Eb calculated for CX
[4]-N2(endo) is stronger than of CX[4]-N2(exo). Also, we note that the more
stable complex is characterized by a binding energy value equal to 18.90
kcal/mol. However, we show a single O⋯H stretching band position in
the infrared spectrum of the CX[4]-N2 (N2 in parallel position). For CX
[4]-NO2, we show that the NO2 is placed in the area of the O–H link
network of the phenolic groups in the two CX[4]-NO2(exo) complexes. The
CX[4]-NO2(endo) is specified by the energy binding equal to 20.54 kcal/
mol. The CX[4]-NO2(endo) has the highest Eb value in comparison to CX
[4]-CO2(exo/endo). This stability may be explained by the lowest dipole
moment. The IR spectrum shows that this complex has a single O–H
stretching band. The same results are obtained from CX[4]-N2(exo) and CX
[4]-CO2(endo). Finally, we demonstrate that the stabilization of these
complexes is explained by the formation of the dipole-dipole interactions
between the host and the guest.

We have used the NO3, NO2, CO2 and N2 gas to be encapsulated by the
CX[4] molecules [26, 27, 28, 29, 30]. We have carried out several gas
capture tests inside and outside the cavity. Moreover, we conclude that
the host-guests complexes given in Figure 2 are the most stable. The
specific gas studied in the endo-vs. exo-cavity region will be very
important to explain several electronic properties. Moreover, it is useful
for the chemist to understand the photo-physical proprieties of these new
(exo) (b), CX[4]-NO3(paral.) (c), CX[4]-NO3(perp.) (d), CX[4]-NO2(endo) (e), CX[4]-
s using B3LYP-D3BJ/6-31þG(d) method (Top view).



Figure 2. Optimized geometries of the stable CX[4]-gas (CX[4]-CO2 (a), CX[4]-N2 (b), CX[4]-NO2 (c), and CX[4]-NO3 (d)) structures using B3LYP-D3BJ/6-31þG(d)
method (Top view).
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endo-vs. exo-CX[4] complexation. There is a very recent work that has
used a TFSI� molecule as a guest for the β-cyclodextrin molecule [21]. In
the same context, we try to test the interaction of these gases with the CX
[4]. We note that these complexes can be a solution for new applications
in the future.

The local and global reactivity parameters have been stimulated by
the Fukui function theory [32], such as these parameters can be calcu-
lated by two methods; Frontier molecular orbital (FMO) or charge dis-
tribution for q ¼ þ1, q ¼ 0 and q ¼ -1 using the equations of Fukui:

f þA ¼ qðNþ 1Þ � qðNÞ (2)

f �A ¼ qðNÞ � qðN� 1Þ (3)

f 0A ¼ 1
2
ðqðNþ 1Þ� qðN� 1ÞÞ (4)

In this context, first, we attempt to find out the reactive sites for
Table 1. Binding energy (in (kcal/mol)) of CX[4]-gas complexes without Eb and with

Complexes Eb

CX[4]-NO3 (//) 24.62

CX[4]-NO3(þ) 16.51

CX[4]-N2(exo) 16.89

CX[4]-N2(endo) 16.90

CX[4]-NO2(exo)f* 18.17

CX[4]-NO2(exo)g* 18.11

CX[4]-NO2(endo) 17.83

CX[4]-CO2(endo) 18.62

CX[4]-CO2(exo) 18.10
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electrophilic and nucleophilic attacks of CX[4]-gas by means of Fukui
function. The approximate form of Fukui function based on atomic
charge distribution will be used here. Commonly, there is no evident
qualitative difference between the dual descriptor evaluated based on
charge electron density of the three states (Nþ1, N, N-1) and the one
based on the charge spin density of the two states (Nþ1, N-1). We have
calculated the electronic parameters Softness (S0, S� and Sþ), hardness
(h0, h� and hþ) by using the Fukui functions (f0, f� and fþ) by the orbital
aspect. In addition, we have investigated the QTAIM topological
parameter of the endo-vs. exo-CX[4]-gas complexes to understand the
nature of the interactions of these supra-molecular complexes in detail
and the nature of bonds, particularly the cooperativity of hydrogen
bonding of each system.

The study of the infrared spectrum and the linear polarizability (α0)
[5, 33] explained the frequency shifting phenomena for CX[4]-CO2, CX
[4]-N2, CX[4]-NO2 and CX[4]-NO3 complexes (Figure 3 and Table 2).
These organic compounds can be used in optical switching, optical logic
BSSE correction.

BSSE Eb (with BSSE)

6.17 30.79

6.05 22.56

1.70 18.59

1.80 18.70

1.82 19.99

1.80 19.91

2.71 20.54

2.71 21.33

2.71 20.81
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and optical interconnections for developing new technologies. The har-
monic frequencies have been calculated for different complexes in order
to show the effect of the encapsulation of host gases in the CX[4] cavities.
The red-shifted of the O–H stretching vibrations found in (CX[4]-NO3, CX
[4]-NO2, CX[4]-CO2, and CX[4]-N2) are compared to the free CX [4] one.
In Figure 3, we have plotted the infrared spectra of the four stable
host-guest complexes. In the literature, Furel et al. [35, 36] have been
studied the experimental infrared spectrum of the free CX[4] molecule.
The experimental spectrum shows O–H stretching vibration in the region
varying from 2900 to 3500 cm�1. This region is characterized by five
stretching vibrational bands around 3254 (υO-H), 3168 (υO-H), 2951
(υCH2) and 2916 cm�1 (υCH2 sym), respectively.

To take into account the an-harmonic effect, we have scaled our
calculated frequencies by 0.956. The region between 3250 and 3400
cm�1 is characterized by the O–H stretching vibration. However, the CX
[4]-N2 complex have two peaks around 3177 cm�1 and 3181 cm�1,
respectively. These bands may be assigned to the O–H asymmetric vi-
brations. The same result for the CX[4]-CO2 complex. Furthermore, the
band located at 3160 cm�1 is due to the degenerate of the H-bonding
vibration of the phenolic O–H groups. The H-bonding between the
phenol groups in the CX[4]-CO2(endo) and CX[4]-N2(exo) complexes are
affected by the incorporation of CO2, and N2 gases. This fact is explained
by the red-shift of the O–H stretching band in each compound.
Contrarily, the CX[4]-NO2 complex has a peak located at 3170 cm�1

corresponding to the vibration of the O–H asymmetric band. One may
observe another peak in the region of 3193 cm�1 (O–H asym. stretching
vibration). In addition, the CX[4]-NO2 complex is characterized by
several C–H stretch bands located less than 1800 cm�1. From Figure 3,
we show that the interactions of the NO3 gas with the CX[4] lead to a split
of the O–H peak to four peaks. These later are located in the vicinity of
2928, 3100, 3204 and 3298 cm�1, respectively. Also, we show that the
CX[4]-NO3 complex has a very red-shifted O–H band in comparison to
the others complexes. Finally, we note that the region between 600 and
1800 cm�1 is specified by the Car-H, Cmeth.-H and C¼C stretching vi-
brations in the CX[4]-NO2 and CX[4]-CO2 complexes.

Likewise, we demonstrated that a region appears in the CX[4]-NO3
complex less than 1800 cm�1 is characterized by several peaks corre-
sponding to the Carom.-H and Cmeth.-H stretching vibrations. We have
noted that the red-shifted values between the CX[4]-gas complexes are
around to 44 (CX[4]-NO3), 24 (CX[4]-NO2), and 9 cm�1 (CX[4]-CO2),
respectively. In conclusion, the red-shift of the O–H stretching bands
explain the sensibility of the gas to encapsulate in the inside cavity of the
CX[4] molecule. From Table 2, we may deduce that the polarizability
values of the CX[4]-CO2, CX[4]-N2 and CX[4]-NO2 are approximately
between 50 � 10�24 and 58 � 10�24 esu. In addition, these values are
almost 10 times higher than the value of the prototype molecule (The
α0 of urea is equal to 5 � 10�24 esu).
Figure 3. Infrared spectra of the stable CX[4]-gas complexes.
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Also, it is very clear that the CX[4]-NO3 complex may be a good
candidate of nonlinear optical applications, this complex is characterized
by a polarizability almost to 60 � 10�24 esu. The value of the polariz-
ability (α0) of the CX[4]-NO3 explained the red-shifting of the H-binding
stretching vibration. The greater polarizability of the three host-guests
relative to the urea may be explained by the charge transfer between
the gases to the π-electron of the phenol ring.

Understanding the relative affinity of each stable host-guest com-
plexes is very important to known the specific properties of atoms. For
this idea, we have calculated the local and global softness or hardness,
recently proposed by Franco-P�erez et al. [37]. These reactive parameters
have been used to take into account the distribution of electrophilic and
nucleophilic active sites. All these reactive parameters are calculated in
the same framework. The studied systems have been chosen to test the
new index of the Softness/hardness parameters in these specific regions.
Indeed, regarding the MEP graphs (Figure 4), it is the zone with V(r) <
0 that we are interested in. For both CX[4]-gas interactions, with V(r) >
0 where an electrophilic zone and V(r) < 0 is a nucleophilic zone. The
results are illustrated in Table 3. To better understand the sites to
interpret (See Figure 2 and Table 3). For the explanation of the reactive
interactions of the CX[4]-gas complexes using the atomic charge distri-
bution, we have taken into account the Fukui function in each site. From
Table 3, we can deduce that, the O1 atom has the strongest nucleophilic
sites in the CX[4]-CO2 complex with the highest S� connect to the H1.
However, S� values for H2 is the biggest than the S� of H1.

This zone is characterized by the strongest attraction of electrons
(electrophilic region). The S�/Sþ values of the specific atoms are more
descriptive for this gas. Concerning the orbital interaction in the CX[4]-
N2 gas, the oxygen atom O1 has the strongest nucleophlie with the least
value S�/Sþ ratio in comparison with N2 atoms (see Table 3). As ex-
pected, this atom seems decreasing the nucleophilicity to the center of
the cavity.

In addition, the O3 atom includes the maximum nucleophilic sites
with the highest value of S-/Sþ ratio in comparison with other specific
atoms (see Figure 2 and Table 3). For the CX[4]-NO3 complex, we find
that the O3 atom exhibits a large nucleophilic site characterized by the
highest values of S�/Sþ. The minimum of the repulsive electron has been
surrounded by the O4 atom. This information explained that the
maximum of nucleophilic region co-exists in the center of the cavity. The
NO2 gas is the hardest guest with a global/local hardness value equal to
0.7871 and 0.0499 respectively. This guest is characterized by the h�/hþ

values equal to 15.6504. The nucleophilic minimum sites exist in the CX
[4]-NO3 complex, such as the O4 atom that has a h�/hþ ratio values equal
to -1506.609. Looking again Table 3, O3 in the center of the cavity of the
CX[4]-NO2 complex explains well the strong electrostatic interaction of
NO2 gas with the CX[4] molecule. In the CX[4]-NO3 complex, the most
electrophilic zone (H1) is described by the strongest H-binding interac-
tion. The CX[4]-NO3 complex exhibits the most dramatic change (RSD ¼
85.3%). It means that the local hyper-softness (LHS) should be a much
better candidate for the correlations with the experimental catalytic ac-
tivity. The explanations of the relative nucleophilicity (S�/Sþ ratio),
electrophilic and nucleophilic hardness/softness check that, the CX[4]-
NO2 and CX[4]-NO3 complexes are very iso-electronic in comparison
with the other host-guests.

The nature and the strength of the interactions between CX[4] and
the specific gases have been determined by the AIM and NCI-RDG
analysis. For all Bond Critical Points (BCPs) caused by the encapsula-
tion of the host gases in CX[4], we have calculated the chief topological
parameters; the electron density (ρ) and it's laplacian (r2ρ) by the Atom
In Molecule (AIM) theory. Other topological parameters are also
extracted, such as the kinetic energy density (G), the Hamiltonian kinetic
energy (H), the interaction energy (EX...Y) and the ellipticity (ε). The AIM
molecular graphs have been shown in Figure 5 the different BCPs in the
CX[4]-gas complexes.

The topological parameters calculated at selected BCPs are listed in
the Table 4. One may see that for the CX[4]-CO2, the electron density



Table 2. Polarizability (α0) and first order hyperpolarizability (β0) values of the CX[4]-gas complexes calculated at B3LYP-D3BJ/6-31þG(d) level of theory.

CX[4]-gas CX[4]-CO2 CX[4]-N2 CX[4]-NO2 CX[4]-NO3

α0 (10�24 esu) 50.12 52.55 56.41 58.28

β0 (10�33 esu) 2521.41 2543.54 2574.83 2586.62

Polarizability (α0): 1 a.u. ¼ 0.1482 � 10�24 esu, for hyperpolarizability (β0): 1 a.u. ¼ 8.6393 � 10�33 esu.

Figure 4. MEP analysis of the stable CX[4]-gas (CX[4]-CO2 (a), CX[4]-N2 (b), CX[4]-NO2 (c) and CX[4]-NO3 (d)) complexes calculated by B3LYP-D3BJ/6-
31þG(d) level.
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values are found between 0.0021 to 0.0064 a. u. and the Laplacian is
negative. The BCP2 of this complex has a highest electron density value.
The interaction energy (EBCP2) is equal to -5.614 kJ/mol. Also, we note
that the ellipticity is equal to1.67 a. u. which indicates that the C59⋯O56
is an instable interaction. Moreover, the CX[4]-N2 complex is charac-
terized by the existence of four BCPs. The electron density values in these
BCPs of this complex are around to 0.0020 a. u. The Laplacian values are
positive. We show that the interactions between the CX[4] and the N2 gas
are weak, which is proved by the N58⋯O26 and N58⋯O27 interactions.
The H-bonding energy in these BCPs is equal to -1.296 kJ/mol. We have
noted that the CX[4]-NO2 complex is characterized by a weak intermo-
lecular interactions.

The value of the interaction energy in the BCP3 is worth to1.82 kJ/
mol. In this BCP, we can deduce the height stability of the interaction
between O58 and C26 atoms by the low value of the ellipticity ε ¼ 1.43.
The AIM topological parameters for the CX[4]-NO3 complex demon-
strated that this complex has the highest interactions at the level of the
BCP5 and BCP6. Moreover, the electron density values in these in-
teractions are equal to 0.0375 and 0.0194 a. u., respectively. The
5

ellipticity value is equal to 3 in these BCPs. This result has explained that
the interaction between O60 and C9 is less stable in comparison with
other inter-atomic interactions. On the other side, we notice that the H-
bonding interaction O58⋯H51 has a weak value of ellipticity equal to
0.06. In addition, this result confirm that this H-bonding interaction is
very stable than others. This idea proves that the interaction between the
host and the guest is related to the stability of the inter-atomic in-
teractions. The NCI-RDG analysis shows that the CX[4]-NO3 complex is
characterized by the existence of weak Van der Waals interaction (green
color) between O60⋯C12, O60⋯C9, O58⋯C20 and O58⋯C25 (Figure 6).

We found that this complex shows the existence of the H-bonding
type interaction between the O58 atom and H51 atom (blue color). We
have noted that the CX[4]-NO3 complex shows that the O58⋯C26 inter-
action (NCI graphs) reflect the larger stability of this host-guest. This
result is well confirmed by the AIM theory. The AIM and the NCI-RDG
analyses have demonstrated that the presence of attractive and repul-
sive interactions between the gas and the CX[4] molecule is very
necessary for the stability of the encapsulated complexes inside of its
cavity.



Table 3. Condensed to atom: Fukui function, local softness, local hardness and relatives softness and relatives hardness values of reactive atom of CX[4]-gas complexes.

f- fþ f0 S- Sþ S�/Sþ h- hþ h�/hþ

CX [4]-CO2 O1 0.0308 -0.0028 0.0139 0.0039 -0.0004 -9.7500 0.4941 -0.0287 -17.2160

O2 0.00001 -0.0001 -0.00008 0.000002 -0.00002 -0.1000 0.0015 -0.0014 -1.1232

O3 0.00004 -0.00008 -0.00001 0.000006 -0.00001 -0.6000 0.0014 -0.0007 -1.9985

H1 -0.00005 0.0014 0.00069 -0.000008 0.00019 -0.0421 -0.0118 0.0115 -1.0260

H2 0.00005 0.0026 0.00135 0.000007 0.00034 0.0205 -0.0192 0.0211 -0.9099

C1 -0.0002 0.0014 0.00059 -0.000025 0.00018 -0.1389 -0.0133 0.0110 -1.2090

CX [4]-N2 O1 0.0455 -0.0029 0.0213 0.0059 -0.00038 -15.5261 0.7194 -0.0333 -21.6036

H1 0.0003 0.0013 0.00078 0.000029 0.00017 0.1705 -0.0068 0.0106 -0.6409

N1 0.0000 0.000005 0.000002 0.00000 0.000001 0.0000 -0.000003 0.00003 -0.1000

N2 0.000004 0.000007 0.000005 0.000001 0.000001 1.0000 0.000013 0.00005 0.2600

CX [4]-NO2 O1 0.000001 0.2096 0.1305 0.00000 0.0392 0.0000 -1.9727 1.5044 -1.3111

O2 -0.00003 0.2605 0.1302 -0.000004 0.0391 -0.000102 -1.9696 1.5017 -1.3116

O3 0.0551 0.00009 0.0277 0.0083 0.000015 553.3333 0.7817 0.0499 15.6504

H1 0.0004 -0.00004 0.00015 0.000052 -0.000006 -8.6666 0.0054 0.00007 77.0000

N1 0.00006 0.4674 0.2337 0.000008 0.0702 0.00011 -3.5322 2.6943 -1.31103

CX [4]-NO3 O1 -0.00007 0.0004 0.00017 -0.000009 0.000053 -0.1698 -0.0039 0.0029 -1.33525

O2 0.0003 -0.0028 -0.0013 0.000032 -0.00037 -0.0864 0.0244 -0.0206 -1.1850

O3 -0.0006 -0.0054 -0.0029 -0.000069 -0.00072 0.0958 0.0326 -0.0401 -0.8121

O4 0.1103 -0.0004 0.0549 0.0147 -0.000052 -282.6923 1.6572 -0.0011 -1506.6

N1 -0.0002 0.0010 0.0042 -0.000026 0.00014 -0.1857 -0.0106 0.0077 -1.3903

H1 0.0016 0.00017 0.00089 0.00022 0.000022 10.0000 0.0231 0.0013 18.4880

Figure 5. AIM molecular graphs showing the different BCPs in CX[4]-CO2 (a), CX[4]-N2 (b), CX[4]-NO2(c) and CX[4]-NO3 (d) calculated at B3LYP-D3BJ/6-31þG(d)
level of theory.
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Table 4. Topological parameters: electron density ρ(r), Laplacian of electron densityr2ρ(r), electronic kinetic energy density G(r), total electron energy density H(r), the
eigenvalues λ1, λ2, λ3, ellipticity of electron density ε and interaction energy EX…Y(r) in kJ/mol.

BCPs ρ (a.u) Δ2ρ (a.u) G (a.u) H (a.u) EX..Y (KJ/mol) λ1 (a.u) λ2 (a.u) λ3 (a.u) λ1/λ3 ε

CX [4]-CO2 BCP1 0.0029 -0.0029 0.0022 0.0007 -1.968 -0.0022 -0.0021 0.0160 0.1375 0.05

BCP2 0.0064 -0.0070 0.0057 0.0014 -5.614 -0.0056 -0.0021 0.0358 0.1564 1.67

BCP3 0.0021 -0.0022 0.0016 0.0006 -1.337 -0.0016 -0.0011 0.0115 0.1391 0.45

CX [4]-N2 BCP1 0.0021 -0.0017 0.0014 0.0004 -1.296 -0.0012 -0.0004 0.0086 0.1395 2.00

BCP2 0.0020 -0.0017 0.0013 0.0004 -1.296 -0.0012 -0.0004 0.0085 0.1412 2.00

BCP3 0.0021 -0.0017 0.0013 0.0004 -1.288 -0.0012 -0.0004 0.0085 0.1412 2.00

BCP4 0.0020 -0.0017 0.0013 0.0004 -1.271 -0.0012 -0.0004 0.0084 0.1429 2.00

CX [4]-NO2 BCP1 0.0025 -0.0019 0.0016 0.0004 -1.576 -0.0014 -0.0007 0.0097 0.1443 1.00

BCP2 0.0024 -0.0018 0.0015 0.0003 -1.500 -0.0013 -0.0006 0.0093 0.1398 1.17

BCP3 0.0026 -0.0023 0.0019 0.0005 -1.816 -0.0017 -0.0007 0.0117 0.1453 1.43

BCP4 0.0026 -0.0023 0.0018 0.0005 -1.775 -0.0017 -0.0007 0.0115 0.1478 1.43

BCP5 0.0019 -0.0019 0.0015 0.0004 -1.386 -0.0012 -0.0004 0.0093 0.1290 2.00

BCP6 0.0019 -0.0019 0.0014 0.0004 -1.319 -0.0011 -0.0004 0.0090 0.1222 1.75

CX [4]-NO3 BCP1 0.0016 -0.0015 0.0012 0.0004 -1.019 -0.0007 -0.0002 0.0071 0.0986 2.50

BCP2 0.0023 -0.0021 0.0016 0.0004 -1.538 -0.0012 -0.0003 0.0097 0.1237 3.00

BCP3 0.0064 -0.0048 0.0040 0.0008 -4.280 -0.0047 -0.0018 0.0256 0.1836 1.61

BCP4 0.0072 -0.0057 0.0050 0.0007 -5.578 -0.0054 -0.0018 0.0300 0.1800 2.00

BCP5 0.0375 -0.0302 0.0309 -0.0006 -41.348 -0.0612 -0.0579 0.2400 0.2550 0.06

BCP6 0.0194 -0.0154 0.0141 0.0014 -16.671 -0.0175 -0.0128 0.0920 0.1902 0.37

BCP7 0.0079 -0.0063 0.0056 0.0007 -6.428 -0.0053 -0.0029 0.0334 0.1587 0.83

Figure 6. NCI-RDG plots of the electron density and its reduced gradient of the inclusion complexes for CX[4]-gas (CX[4]-CO2(a), CX[4]-N2(b), CX[4]-NO2(c) and CX
[4]-NO3(d)). The iso-surfaces were constructed with RGD ¼ 0.5 a. u and the colors scaling from -0.01 to -0.01 a. u.
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4. Conclusion

The encapsulation of NO3, NO2, CO2 and N2 gases in the CX[4] cav-
ities have been investigated by using DFT calculations. The optimization
of the studied complexes has shown that the position of the gas inside the
cavity is very stable than that outside of the cavity. This fact is clearly
explained by the distribution of electrophilic and nucleophilic active
sites. The infrared spectrum and the polarizability study have explained
the role of the NO3 gas in the red shifted of the O–H band in comparison
with the other gases. The local softness and hardness parameters of the
various inclusion complexes specified the high rigidity and conductivity
of CX[4]-NO3 in comparison with the other complexes. The AIM analysis
has shown clearly the strong interactions of the gas NO3 and NO2 with
the endo-cavity environment of the CX[4].

Declarations

Author contribution statement

B. Gassoumi, H. Ghalla, R. Ben. Chaabane: Conceived and designed
the analysis; Analyzed and interpreted the data; Contributed analysis
tools or data; Wrote the paper.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

Acknowledgements

The authors acknowledge financial support from the Tunisian’s
Ministry of high education and scientific research.

References

[1] M. Athar, M.Y. Lone, P.C. Jha, Recognition of anions using urea and thiourea
substituted calixarenes: a density functional theory study of non-covalent
interactions, Chem. Phys. 501 (2018) 68–77.

[2] S. Kumagai, K. Hayashi, T. Kameda, N. Morohashi, T. Hattori, T. Yoshioka,
Identification of number and type of cations in water-soluble Csþ and Naþ calix[4]
arene-bis-crown-6 complexes by usingESI-TOF-MS, Chemosphere 197 (2018)
181–184.

[3] G. Arena, A. Contino, F.G. Gulino, A. Magrı,̀ D. Sciotto, R. Ungaro, Complexation of
small neutral organic molecules by water soluble calix[4]arenes, Tetrahedron Lett.
41 (2000) 9327–9330.

[4] A. Ortolan, I. Oestroem, G. Caramori, R. Parreira, A. Mu~noz-Castro,
F.M. Bickelhaupt, Anion recognition by organometallic calixarenes: analysis from
relativistic DFT calculations, Organometallics 37 (2018).

[5] B.J.C. Cabral, K. Coutinho, S. Canuto, Dynamics of endo- vs. exo-complexation and
electronic absorption of calix[4]arene-Ar2, Chem. Phys. Lett. 612 (2014) 266–272.

[6] T. Haino, D.M. Rudkevich, A. Shivanyuk, K. Rissanen Jr., J.R.: induced-fit molecular
recognition with water-soluble cavitands, Chem. Eur J. 6 (2000) 3797–3805.

[7] A. Wei, Calixarene-encapsulated nanoparticles: self-assembly into functional
nanomaterials, Chem Commun (Camb) (2006) 1581–1591.

[8] J.-F. Wang, L.-Y. Huang, J.-H. Bu, S.-Y. Li, S. Qin, Y.-W. Xu, J.-M. Liu, C.-Y. Su,
A fluorescent calixarene-based dimeric capsule constructed via a M II –terpyridine
8

interaction: cage structure, inclusion properties and drug release, RSC Adv. 8
(2018) 22530–22535.

[9] J.L. Atwood, G.A. Koutsantonis, C.L. Raston, Purification of C60 and C70 by
selective complexation with calixarenes, Nature 368 (1994) 229–231.

[10] E. Da Silva, A.N. Lazar, A.W. Coleman, Biopharmaceutical applications of
calixarenes, J. Drug Deliv. Sci. Technol. 14 (2004) 3–20.

[11] S.A. Fahmy, F. Ponte, M.K. Abd El-Rahman, N. Russo, E. Sicilia, T. Shoeib,
Investigation of the host-guest complexation between 4-sulfocalix[4]arene and
nedaplatin for potential use in drug delivery, Spectrochim. Acta Mol. Biomol.
Spectrosc. 193 (2018) 528–536.

[12] D.T. Schühle, J.A. Peters, J. Schatz, Metal binding calixarenes with potential
biomimetic and biomedical applications, Coord. Chem. Rev. 255 (2011)
2727–2745.

[13] S. Balasaheb Nimse, T. Kim, Biological applications of functionalized calixarenes,
Chem. Soc. Rev. 42 (2013) 366–386.

[14] B. Hua, L. Shao, Z. Zhang, J. Sun, J. Yang, Pillar[6]arene/acridine orange
host–guest complexes as colorimetric and fluorescence sensors for choline
compounds and further application in monitoring enzymatic reactions, Sensor.
Actuator. B Chem. 255 (2018) 1430–1435.

[15] B. Gassoumi, H. Ghalla, R.Ben. Chaabane, DFT and TD-DFT investigation of calix[4]
arene interactions with TFSI� ion, Heliyon 5 (2019), e02822.

[16] Y. Inokuchi, K. Soga, K. Hirai, M. Kida, F. Morishima, T. Ebata, Ultraviolet
photodissociation spectroscopy of the cold Kþ⋅Calix[4]arene complex in the gas
phase, J. Phys. Chem. 119 (2015) 8512–8518.

[17] S. Kaneko, Y. Inokuchi, T. Ebata, E. Apr�a, S.S. Xantheas, Laser spectroscopic and
theoretical studies of encapsulation complexes of calix[4]arene, J. Phys. Chem. 115
(2011) 10846–10853.

[18] L.I. Shamova, G.A. Shamov, I.S. Antipin, A.I. Konovalov, Modeling Kþ and Agþ
complexation by thiacalix[4]arene amides using DFT: the role of intramolecular
hydrogen bonding, J. Phys. Chem. 113 (2009) 5691–5699.

[19] G. Mazzone, M.E. Alberto, F. Ponte, N. Russo, M. Toscano, Anion-π weak
interactions in a heteroaromatic calixarene receptor. A theoretical investigation,
Inorg. Chim. Acta. 470 (2018) 379–384.

[20] B. Gassoumi, M. Chaabene, H. Ghalla, R.B. Chaabane, Role of hydrogen bonding
interactions within of the conformational preferences of calix[n ¼ 4,6,8]arene: DFT
and QTAIM analysis, J. Mol. Model. 26 (2019) 12.

[21] G09 | Gaussian.com, http://gaussian.com/glossary/g09/.
[22] Dennington RI, Keith T, Millam J, GaussView Version 5.0.8. Semichem Inc.
[23] S.F. Boys, F. Bernardi, The calculation of small molecular interactions by the

differences of separate total energies. Some procedures with reduced errors, Mol.
Phys. 19 (1970) 553–566.

[24] R.F.W. Bader, Atoms in Molecules: a Quantum Theory, Oxford University Press,
Oxford, 1994.

[25] Y. Monascal, L. Cartaya, �A. �Alvarez-Aular, A. Maldonado, G. Chuchani, The ion pair
mechanism in the thermal deamination of primary amines catalyzed by HBr in the
gas phase: DFT and AIM analysis, Chem. Phys. (2018).

[26] Chapter 7:Filling the Baskets: Complex Formation with Calixarenes, Calixarenes,
2008.

[27] M. Yilmaz, S. Erdemi_r, Calixarene-based receptors for molecular recognition, Turk.
J. Chem. 37 (2013) 558–585.

[28] J.H. Hymel, J. Townsend, K.D. Vogiatzis, CO2 capture on functionalized
calixarenes: a computational study, J. Phys. Chem. 123 (2019) 10116–10122.

[29] R. Galindo-Murillo, L.E. Aguilar-Su�arez, J. Barroso-Flores, A mixed DFT-MD
methodology for the in silico development of drug releasing macrocycles. Calix and
thia-calix[N]arenes as carriers for Bosutinib and Sorafenib, J. Comput. Chem. 37
(2016) 940–946.

[30] R. Galindo-Murillo, M.E. Sandoval-Salinas, J. Barroso-Flores, In Silico design of
monomolecular drug carriers for the tyrosine kinase inhibitor drug imatinib based
on calix- and thiacalix[n]arene host molecules: a DFT and molecular dynamics
study, J. Chem. Theor. Comput. 10 (2014) 825–834.

[32] J. Ol�ah, C. Van Alsenoy, A.B. Sannigrahi, Condensed Fukui functions derived from
stockholder Charges: assessment of their performance as local reactivity descriptors,
J. Phys. Chem. 106 (2002) 3885–3890.

[33] Polarizability and Hyperpolarizability in Gaussian | Dr. Joaquin Barroso’s Blog,
(n.d.).

[35] N.O. Mchedlov-Petrossyan, L.N. Vilkova, N.A. Vodolazkaya, A.G. Yakubovskaya,
R.V. Rodik, V.I. Boyko, V.I. Kalchenko, The nature of aqueous solutions of a cationic
calix[4]arene: a comparative study of dye–calixarene and dye–surfactant
interactions, Sensors 6 (2006) 962–977, https://doi.org/10.3390/s6080962.

[36] V.L. Furer, A.E. Vandyukov, S.R. Zaripov, S.E. Solovieva, I.S. Antipin,
V.I. Kovalenko, FT-IR and FT-Raman study of hydrogen bonding in p-alkylcalix[8]
arenes, Vib. Spectrosc. 95 (2018) 38–43.

[37] M. Franco-P�erez, C.A. Polanco-Ramírez, J.L. G�azquez, P.W. Ayers, Local and
nonlocal counterparts of global descriptors: the cases of chemical softness and
hardness, J. Mol. Model. 24 (2018) 285.

http://refhub.elsevier.com/S2405-8440(20)31398-0/sref1
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref1
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref1
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref1
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref2
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref3
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref3
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref3
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref3
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref4
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref4
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref4
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref4
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref5
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref5
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref5
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref6
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref6
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref6
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref7
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref7
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref7
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref8
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref9
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref9
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref9
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref10
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref10
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref10
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref11
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref11
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref11
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref11
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref11
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref12
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref12
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref12
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref12
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref13
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref13
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref13
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref14
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref15
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref15
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref15
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref16
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref16
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref16
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref16
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref16
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref17
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref17
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref17
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref17
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref17
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref18
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref18
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref18
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref18
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref18
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref19
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref19
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref19
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref19
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref19
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref20
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref20
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref20
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref20
http://gaussian.com/glossary/g09/
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref23
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref23
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref23
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref23
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref24
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref24
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref25
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref25
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref25
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref25
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref25
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref26
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref26
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref27
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref27
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref27
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref27
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref28
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref28
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref28
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref29
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref30
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref30
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref30
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref30
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref30
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref32
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref32
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref32
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref32
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref32
https://doi.org/10.3390/s6080962
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref36
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref36
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref36
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref36
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref37
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref37
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref37
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref37
http://refhub.elsevier.com/S2405-8440(20)31398-0/sref37

	A theoretical study of the global and local electrophilicity, nucleophilicity, polarizability and QTAIM theory for calix[4] ...
	1. Introduction
	2. Computational details
	3. Results and discussions
	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	Acknowledgements
	References


