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Abstract DFT calculations were reported for calix[4]
arene derivatives [i.e., formylaminocalix[4]arene (1)
and formylaminocalix[4]bis-crown-3 (2)] binding cations
M+ (Li+, Na+, and K+) and anions X- (F-, Cl-, and Br-)
simultaneously. The B3LYP function together with the
LANL2DZp basis set was used in order to obtain
insights into the factors determining the nature of the
interactions of these compounds with X- and M+. Based
on the molecular electrostatic potential (MEP) analysis,
the result complexes M+X-/H (H01, 2) were investigat-
ed. For all the complex structures, the most pronounced
changes in geometric parameters upon interaction were
observed in the host segment compared with the free
receptors. Two main types of driving force, N-H X-

hydrogen bonds and electrostatic interactions between
M+ and oxygen atoms, were confirmed. The recognition
trends for 1 and 2 toward M+X- followed the same
order: M+F- > M+Cl- > M+Br- (M+ is same to each
other) and Li+X- > Na+X- > K+X- (X- is same to each
other). The binding energy, enthalpy change, Gibbs free
energy change, and entropy change of complexation
formation have been studied by the calculated thermo-
dynamic data. In all cases, the inclusion energy changes
with 2 were more negative than those with 1, correlat-
ing with the flexible space available by the two crown
ether moieties in 2. The calculated results of the model
system have been reported and should be useful to the
experimental research in this field.

Keywords Calix[4]arene derivatives . Density functional
theory (DFT) . Ion pair recognition . Supramolecular
chemistry

Introduction

The design and application of new heteroditopic receptor
systems capable of simultaneous coordination of both an-
ionic and cationic guest species has recently attracted a great
deal of interest, as these systems have the potential to act as
salt solubilization, extraction, and membrane transport
agents [1]. A number of receptors whereby an anion and
cation are bound separately within the receptor have been
reported previously [2–11]. In these systems, the cation may
be bound using a number of common motifs including
crown ethers, and π-electron donors, such as functionalized
calixarenes, while the anion is coordinated using Lewis
acidic, electrostatic, or hydrogen bonding interactions. In
fact, in many cases, ion-pair receptors containing binding
sites for both cations and anions display affinities for ion
pairs or their constituent pairs of ions that are enhanced
relative to simple ion receptors. In 2009, Secchi and cow-
orkers described the ion pair receptors, where the upper rim
of the cone-calix[4]arene moiety is covalently connected
with an anion recognizing urea group through a methylene
spacer [12]. These receptors display a binding ability that is
enhanced by up to two orders of magnitude for organic salts
with respect to the simple cation receptors. In the resulting
complexes, the cations are bound to the electron-rich arene
rings of the calix[4]arene moiety via cooperative C-H π
and cation-π interactions, while the anions interact with the
urea moiety via hydrogen bonds. By contrast, the monotopic
receptors recognize these organic salts via only C-H π and
cation-π interactions (i.e., without the benefit of additional
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anion-host interactions). Therefore, the development of ion-
pair receptors is one of the most attractive fields of supra-
molecular chemistry.

Computational methods have significantly improved over
the last years allowing now a better theoretical understanding
of the features and binding properties of supramolecular rec-
ognition events [13–17]. In this work, two novel calix[4]arene
derivatives, formylaminocalix[4]arene (1) and formylamino-
calix[4]bis-crown-3 (2) (see Fig. 1), as ion-pair receptors have
been designed. The relative binding affinities as well as bind-
ing sites and interaction modes of receptors 1 and 2 toward ion
pairs M+X- (M 0 Li, Na, K and X 0 F, Cl, Br) were

theoretically investigated using the density functional theory
(DFT) method. The calculated results also provide the infor-
mation toward the derivatization possibility, which would be
of general interest to experimental chemists.

Computational methods

The geometrical structures of formylaminocalix[4]arene (1),
formylaminocalix[4]bis-crown-3 (2), and complexes,M+X-/H
(M 0 Li, Na, K; X 0 F, Cl, Br; H01, 2) were fully optimized
using the DFT methods at the LANL2DZp basis set with the
exchange potential of Becke [18] and correlation functional of
Lee, Yang, and Parr [19] (B3LYP). LANL2DZp basis set
contains the standard LANL2DZ basis set including an addi-
tional set of polarization function [20–22]. The obtained in-
teractional energies of the complexation were corrected for
both basis set superposition error (BSSE) by the Boys-
Bernardi full counterpoise method [23] and zero-point energy
correction (ZPE). Harmonic vibrational frequencies and in-
tensities were calculated both for free host and guest species
and the complexes at 298.15 K. All calculations were per-
formed by using Gaussian 09 program [24].

The complexation reaction for the calculation of thermo-
dynamic properties were shown as follows:

Hfree þMþ
free þ X�

free ! MþX� H=ð Þcomplex: ð1Þ

Wherein H is receptor 1, 2; M is Li, Na, and K; X is F, Cl,
and Br.

For this system, the binding energy ΔE can be expressed
as follows:

ΔE ¼ E MþX� H=ð Þcomplex � E Hð Þfree � E Mþð Þfree
� E X�ð Þfree þ Ebsse: ð2Þ

The Gibbs free energy change (ΔG) of the complexation
reaction was given by

G ¼ G MþX� H=ð Þcomplex � G Hð Þfree � G Mþð Þfree
� G X�ð Þfree: ð3Þ

Equation 3 was also used to calculate the changes in
enthalpy (ΔH) and entropy (ΔS).

Results and discussion

Optimized geometry and electronic potential surface
of receptors 1 and 2

Both the free calix[4]arene derivatives 1 and 2 are in cone
conformations. The cone conformation has a cavity which

Fig. 1 Chemical structures of the used species in the cone con-
formation, formylaminocalix[4]arene (1) and formylaminocalix[4]
bis-crown-3 (2)
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has inspired the use of calix[4]arene as host molecules and
potential enzyme mimics. The obtained optimized geome-
tries of 1 and 2 are shown in Fig. 2 with the selected most
interesting geometrical parameters listed in Tables 1 and 2.
As indicated by all the real frequencies, the optimized
structures appear to be true minima. Inspection of Fig. 2,
reveals that the optimized structure 1 is present in almost
C2V symmetry form. As to the substitutions of the calix[4]
arene, both the upper side amide functions –NHC(O)H and
the lower side methoxyl groups can perfectly overlap with
the opposite ones. Furthermore, receptor 1 is found to adopt
a pinched cone conformation, in which the distances of
N45-N49 and N47-N51 are 5.233 Å and 12.105 Å, respec-
tively. Accordingly, the distances for O62-O63 and O61-
O64 are 5.720 Å and 3.395 Å, respectively, through the
rigid phenyl group. Such a big distance difference is im-
proved in receptor 2, and the distances of N45-N49 and
N47-N51 are 6.957 Å and 10.038 Å, respectively. In the
host 2, there are two weak hydrogen bonds between neigh-
bor N-H group and the carbonyl oxygen, the distances for
H48 O58 and H52 O60 are 2.291 Å and 3.771 Å, respec-
tively. These weak interactions may play an important role
in stabilizing of structure 2. Due to the replacement of four
methoxyl groups on the lower rim of 1 by two crown-3
subunits, the symmetry of 2 decreases slightly. Two crown
ether loops are not perfectly overlapped with each other
because of the electrostatic repulsion and spatial effect.

Molecular electrostatic potential (MEP) [25] has been
found to be useful to explore molecular recognition, and a
MEP analysis could reveal for a guest the preferential

binding site in the host molecule [26, 27]. The MEP surfaces
of receptors 1 and 2 have been generated from the Gaussian
output files at the B3LYP/LANL2DZp level. The MEP (in
a.u.) presented over electronic isodensity 0.005 electron/
bohr3 are illustrated in Fig. 3. As shown in Fig. 3, the
electronic isodensity surfaces of 1 and 2 show the strongly
positive values on the hydrogen atom of the amide group –
NHC(O)H at the wide upper rim of calix[4]arene with
intense blue, where 1 and 2 would be preferentially attacked
by nucleophilic reagents. The negative MEP values are
mainly from two kinds of oxygen atoms with red color,
the oxygen atom of the amide group and the oxygen atom
of the phenolic group in 1 and the crown ether subunit in 2
at the narrow lower rim of calix[4]arene, where the electro-
philic reagents could interact with the receptors. Based on
the MEP results, it is presumed that the receptors 1 and 2
could bind the anion X- of ion-pair M+X- by the amide
group at the wide upper rim and the cation M+ at the narrow
lower rim of calix[4]arene moiety.

Optimized geometries of complexes

The optimized representative structures of the complexes,
M+X-/H (M 0 Li, Na, K; X 0 F, Cl, Br; H01, 2) are shown
in Fig. 4, and the most relevant parameters for M+X-/H
optimized at B3LYP/LANL2DZp level are given in Tables 1
and 2.

As shown in Fig. 4, halide anions X- (X 0 F, Cl, Br) are
bound to the amide groups (-NH) on the upper rim of the
calix[4]arene via the hydrogen bonding (N-H X-) in

Fig. 2 Optimized structures of
1 and 2 calculated with the
B3LYP/LANL2DZp method.
The red, blue, deep gray, and
shallow gray spheres refer to O,
N, C, and H atoms, respectively
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Table 1 Selected geometrical parameters of receptor 1 and its complexes M+X-/1 calculated at B3LYP/LANL2DZp level (distance (D) in Å, angle (A)
in degree)

Parameters 1 Li+F-/1 Na+F-/1 K+F-/1 Li+Cl-/1 Na+Cl-/1 K+Cl-/1 Li+Br-/1 Na+Br-/1 K+Br-/1

D(N45-H46) 1.015 1.076 1.081 1.078 1.036 1.037 1.038 1.033 1.045 1.046

D(N49-H50) 1.015 1.104 1.080 1.078 1.046 1.037 1.037 1.038 1.016 1.016

D(N45-N49) 5.233 4.671 4.428 4.348 4.930 5.069 4.046 5.464 5.549 5.457

D(N47-N51) 12.105 11.969 10.302 10.045 10.078 10.034 9.990 11.523 9.468 9.281

D(O61-O64) 3.395 3.602 4.467 5.059 3.703 4.485 5.078 3.678 4.525 4.955

D(O62-O63) 5.720 5.200 4.877 5.364 5.220 4.819 5.415 5.001 4.801 5.320

D(O61-O62) 3.499 3.248 3.224 3.581 3.010 3.183 3.696 3.137 3.249 3.484

D(O63-O64) 3.314 3.006 3.224 3.579 3.496 3.190 3.643 2.957 3.188 3.591

D(O61-M+) 1.878 2.234 2.537 1.914 2.242 2.547 1.890 2.256 2.556

D(O62-M+) 3.268 2.439 2.699 3.283 2.413 2.752 3.064 2.392 2.708

D(O63-M+) 2.015 2.440 2.700 1.990 2.406 2.701 1.997 2.413 2.704

D(O64-M+) 1.876 2.234 2.537 1.894 2.243 2.549 1.887 2.269 2.535

D(H46-X-) 1.483 1.481 1.492 2.309 2.270 2.249 2.459 2.292 2.280

D(H50-X-) 1.391 1.484 1.492 2.136 2.270 2.220 2.394 4.347 3.011

A(N45-H46- X-) 162.1 152.5 150.3 144.1 135.5 157.5 139.4 151.6 151.6

A(N49-H50- X-) 162.9 152.3 150.3 162.3 135.5 158.4 141.5 98.9 100.1

D(M+-X-) 5.963 6.621 7.071 6.411 7.326 7.206 7.076 7.288 6.959

Dexp(M
+-X-) 1.564 1.926 2.172 2.021 2.361 2.667 2.170 2.502 2.821

Table 2 Selected geometrical parameters of receptor 2 and its complexes M+X-/2 calculated at B3LYP/LANL2DZp level (distance (D) in Å, angle
(A) in degree)

Parameters 2 Li+F-/2 Na+F-/2 K+F-/2 Li+Cl-/2 Na+Cl-/2 K+Cl-/2 Li+Br-/2 Na+Br-/2 K+Br-/2

D(N45-H46) 1.016 1.084 1.083 1.083 1.037 1.039 1.055 1.041 1.044 1.039

D(N49-H50) 1.015 1.082 1.082 1.082 1.040 1.038 1.015 1.019 1.016 1.021

D(N45-N49) 6.957 4.569 4.526 4.469 5.300 5.191 5.263 5.693 5.690 5.499

D(N47-N51) 10.038 10.450 10.334 10.303 10.157 10.070 9.616 9.860 9.572 9.796

D(O61-O64) 4.109 4.201 4.559 5.019 4.181 4.553 5.046 4.175 4.574 5.012

D(O62-O63) 5.408 4.367 4.628 5.008 4.386 4.625 5.050 4.393 4.631 5.015

D(O61-O62) 3.121 2.924 3.081 3.188 2.919 3.060 3.276 2.927 3.110 3.187

D(O63-O64) 2.941 2.976 3.098 3.198 2.964 3.090 3.210 2.953 3.087 3.177

D(O83-O90) 3.433 2.911 3.455 4.614 2.889 3.426 4.516 2.882 3.384 4.549

D(O61-M+) 2.185 2.343 2.619 2.172 2.338 2.614 2.158 2.340 2.614

D(O62-M+) 2.256 2.420 2.681 2.295 2.421 2.668 2.231 2.407 2.670

D(O63-M+) 2.201 2.332 2.597 2.184 2.325 2.594 2.241 2.331 2.594

D(O64-M+) 2.078 2.301 2.583 2.081 2.303 2.587 2.081 2.315 2.583

D(O83-M+) 2.141 2.406 2.678 2.144 2.399 2.662 2.129 2.391 2.664

D(O90-M+) 2.616 2.583 2.849 2.560 2.580 2.849 2.633 2.577 2.840

D(H46-X-) 1.472 1.475 1.476 2.276 2.246 2.054 2.357 2.374 2.374

D(H46-X-) 1.483 1.483 1.480 2.221 2.264 2.834 2.884 2.999 2.999

A(N45-H46- X-) 155.6 154.5 154.1 136.7 138.3 156.8 145.2 142.8 142.8

A(N49-H50- X-) 155.0 154.0 153.9 140.2 137.1 96.8 107.2 112.0 112.0

D(M+-X-) 6.931 7.099 7.461 7.559 7.757 7.737 7.641 7.738 8.239

Dexp(M
+-X-) 1.564 1.926 2.172 2.021 2.361 2.667 2.170 2.502 2.821
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complexes M+X-/H, whereas the alkali cations M+ (X0Li,
Na, K) are complexed by the phenoxy groups (for receptor
1) or the crown ether components (for receptor 2) at the
lower rim of the calix[4]arene subunit. This result confirmed
the MEP prediction. On this basis, the ditopic receptors 1
and 2 bound M+X- as an ion-pair, wherein the constituent
ions are spatially separated by the host molecule.

As can be seen from Fig. 4, the upper segments in the
fully optimized complexes M+X-/1 and M+X-/2 are similar
to each other with several N-H X- hydrogen bonds being
involved. The receptor 1 or 2 acts as proton-donor, in which
two opposite N-H bonds (N45-H46 and N49-H50) provide
protons to each halide anions X-. It leads to the formation of
the intermolecular N-H X- hydrogen bonds. Furthermore,
the other two intramolecular hydrogen bonds (N47-
H48 O58 and N51-H52 O60) formed with the de-
creased distance of H48-O58 and H52-O60 resulting
from the inductive effect of anions X-. All these hydro-
gen bonds enhance the stability of the resulting complexes.
However, due to the different ionic radii and electro-
negativity of the three halide anions: F-, Cl-, and Br-, the
calculated geometrical structures of the inclusion complexes
have many differences.

Inspection of Fig. 4 and Tables 1 and 2, shows the
intermolecular distances of H46 F- in Li+F-/1, Na+F-/1,
and K+F-/1 are 1.483, 1.481, and 1.492 Å, respectively.
The angles N45-H46 F- in three complexes are 162.1,
152.5, and 150.3°, respectively. The distance differences

between H50 F- and H46-F- in three complexes are small
as well as the angle differences. Compared with the free
receptors 1 and 2, the N45-H46 and N49-H50 bond lengths
are all elongated more than 0.06 Å after the formation of the
inclusion complex M+F-/1 and M+F-/2, respectively, show-
ing the strong N-H F- hydrogen bonds. The intramolecular
hydrogen bonds (N47-H48 O58 and N51-H52 O60) also
existed in complexes M+Cl-/H and M+Br-/H (H01 and 2).
However, there are significant differences between hydro-
gen bonds N-H Cl- and N-H Br- in these corresponding
complexes. As to M+Cl-/1, the distances of H46 Cl- and
H50 Cl- are 2.309 and 2.136 Å in Li+Cl-/1, 2.270 and
2.270 Å in Na+Cl-/1, and 2.249 and 2.220 Å in K+Cl-/1,
respectively. The N45-H46 Cl- and N49-H50 Cl- bond
angles in above three complexes are 144.1 and 162.3°,
135.5 and 135.5°, and 157.5 and 158.4°, respectively. As
to M+Br-/1 (M0Li, Na, K), the corresponding H46 Br- and
H50 Br- bond lengths are 2.459 and 2.394, 2.292 and
4.347, 2.280 and 3.011 Å, and the N45-H46 Br- and
N49-H50 Br- bond angles are 139.4 and 141.5, 151.6 and
98.9, 151.6 and 100.1°, respectively. It is clear that either the
distances of H X- or the angles N-H X-, the hydrogen
bonding interactions N-H Br- are weaker in complexes
M+Br-/1 than in M+Cl-/1. The same results are found for
complexes M+Cl-/2 and M+Br-/2. What’s more, compared
with the free receptors 1 and 2, the lengths of N45-H46 and
N49-H50 bond lengths in M+Cl-/H and M+Br-/H are elon-
gated less than 0.04 Å (Tables 1 and 2). All of the above

Fig. 3 Plots of the molecular
electronic potential presented of
receptors 1 and 2
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Fig. 4 The structure (side
view) of complex M+X-/H
optimized at the B3LYP/
LANL2DZp level with
hydrogen bonds (dH···X

-<2.5 Å)
in dashed blue lines
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suggests that the order of the interactions between halide
anions and receptors is F->Cl->Br-, which is in line with the
electronegativity order of halogens.

As shown in Fig. 4 and Tables 1 and 2, the lower segments
in the optimized complexes M+X-/1 and M+X-/2 are signifi-
cantly different due to the differences of the corresponding
free receptors 1 and 2. It is clear that the distances of O61-O64
increase which results in the distances of N47-N51 decrease
after the free receptors 1 and 2 coordinating with the ion pairs.
What’s more, the distances of O62-O64 are all decreased in
complexes compared with the free receptors.

In complex Li+F-/1, the interatomic distances between
Li+-(O61 ∼ O64) are 1.878, 3.268, 2.015, and 1.876 Å,
respectively. It is clear that the D(Li+-O62) is much larger
than the other three D(Li+-O). That’s to say, Li+ does not
locate in the center of the narrow lower rim surround by the
four phenolic oxygens. Similar results are found in com-
plexes Li+Cl-/1 and Li+Br-/1. However, in complexes
Na+X-/1 and K+X-/1 (X 0 F, Cl, Br), the distances between
M+ (M 0 Na and K) and O61 ∼ O64 are close to each other.
It is indicated that Na+ or K+ is trapped in the center
composed of four phenolic oxygens by metal-oxygen elec-
trostatic interactions. The average distance D(Na+-O) in
complex Na+F-/1 is 2.337 Å, and D(K+-O) 2.618 Å in
K+F-/1. The binding selectivity often associates with the
ionic radius of the alkali cation and the cavity it will occupy.
According to the lock-and-key complementarity rule [28],
Li+ is too small to coordinate with all the electron donating
oxygen atoms. Even so, the short interatomic distances for
Li+-(O61, O63, O64) indicate the strong interactions be-
tween host and guest for isolated molecules in gas phase.
In complex Li+F-/2, the interatomic distances between Li+-
(O61 ∼ O64) are 2.185, 2.256, 2.201, and 2.078 Å, respec-
tively, which are slightly longer than the corresponding
distances in complex Li+F-/1 except for D(Li+-O62). How-
ever, two further Li+ binding sites exist in complex Li+F-/2,
namely, O83 and O90. The distances of Li+-O83 and Li+-
O90 are 2.141 and 2.616 Å. Therefore, Li+ is trapped in a
cavity composed of phenolic oxygens and ether oxygens by
metal-oxygen electrostatic interactions. The interatomic dis-
tance of O83-O90 decreases by 0.522 Å after the free
receptor 2 coordinating with Li+F- resulting from the induc-
tive effect of Li+ O interactions. It reveals that the receptor
2 has to undergo considerable folding/twisting to bring the
binding sites into close proximity with the cation. As to
complexes Na+F-/2 and K+F-/2, the distances of O83-O90
are 3.455 and 4.614 Å, respectively, according to the size of
cations. On this basis, it was proposed that the cations M+

are bound to the cavity composed of two crown-3 ether
segments, and the interactions of alkali cations with the
receptor 2 are stronger than with 1. The average interatomic
distances for M+-O in the complexes M+X-/1 and M+X-/2
tend to increase from Li+ to Na+ to K+, which is consistent

with a increase of the ionic radius of the alkali cation. It is
predicted that the selectivity sequence of receptors 1 and 2
for alkali cations in the order of increasing ionic radius, i.e.,
Li+ > Na+ > K+.

To address the ion-pair recognition properties of recep-
tors 1 and 2 in more detail, we list the experimental dis-
tances between M and X atoms in alkali metal halides MX
in Tables 1 and 2 [29]. As shown in Tables 1 and 2, all the
calculated distances D(M+-X-) are twice longer than the
experimental values Dexp(M

+-X-). Therefore, the ion-
pairing of M+ and X- is separated completely in the result
complexes. Comparing D(M+-X-) in Table 2 with the
corresponding values in Table 1, the former is bigger. This
reflects the two crown ether segments in receptor 2 could
bind cooperatively M+, and the coordination of atoms O83
and O90 with M+ could draw down M+ (Fig. 4). It is
predicted that the ability of 2 to bind cation M+ was stronger
than that of 1.

Binding energies and stabilities

The calculated binding energies (ΔE), enthalpy changes
(ΔH), Gibbs free energy changes (ΔG), and entropy
changes (ΔS) of the result complexes M+X-/H based on
the Eqs. 2 and 3 at the B3LYP/LANL2DZp level are listed
in Table 3.

Table 3 The binding energies ΔE (with ZPE and BSSE correction,
kJ mol-1), enthalpy change ΔH (kJ mol-1), Gibbs free energy change
ΔG (kJ mol-1), and entropy change ΔS (J (mol·K)-1) of the complex-
ation reaction at 298 K

Complex Ebsse ΔE ΔH ΔG ΔS

Li+F-/1 103.41 −905.56 −1012.18 −926.73 −286.73

Na+F-/1 104.99 −778.55 −891.18 −800.63 −303.87

K+F-/1 105.23 −668.57 −780.81 −692.24 −297.12

Li+Cl-/1 71.56 −771.49 −848.36 −775.58 −244.22

Na+Cl-/1 60.12 −662.54 −728.81 −641.72 −292.28

K+Cl-/1 70.43 −589.55 −664.62 −582.94 −273.82

Li+Br-/1 40.52 −748.91 −794.52 −721.84 −243.88

Na+Br-/1 45.62 −632.15 −683.24 −597.46 −287.84

K+Br-/1 48.46 −512.41 −565.15 −483.35 −274.50

Li+F-/2 110.45 −968.73 −1087.66 −1002.27 −286.55

Na+F-/2 108.28 −860.98 −976.82 −889.24 −293.87

K+F-/2 108.25 −731.94 −847.04 −759.81 −292.72

Li+Cl-/2 66.02 −856.20 −929.34 −847.05 −276.15

Na+Cl-/2 63.58 −748.36 −818.04 −733.72 −282.95

K+Cl-/2 72.00 −605.60 −682.67 −600.27 −276.51

Li+Br-/2 47.97 −827.03 −883.55 −796.20 −293.14

Na+Br-/2 47.99 −717.36 −770.32 −707.53 −210.72

K+Br-/2 45.05 −587.60 −639.35 −550.51 −298.12
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As can be seen from Table 3, the calculated binding
energies (ΔE) of the complexes M+X-/H show the order
like that: ΔEMþF� H= ΔEMþCl� H= ΔEMþBr� H= (for the same
cation M+). This is attributed to the different properties
of the three halide anions: F-, Cl-, and Br-. The higher
the eletronegativity and the smaller the size of the
halogen atom, the stronger the hydrogen bond. There-
fore, compared to M+Cl-/H, the complexes M+F-/H are
much easier to exist. However, due to the relatively
lower electron density on anion Br-, the interaction
between Br- and HN- groups is comparatively weak.
On the other hand, the calculated ΔE for the two
receptors 1 and 2 increases as the alkali cations’ size,
i.e., ΔELiþX� H= ΔENaþX� H= ΔEKþX� H= (for the same anion
X-). Based on the above discussions, both the receptors
1 and 2 show more selectivity toward Li+F- and less
selectivity toward K+Br- among the considered ion pairs
M+X-. In addition, the negative value of entropy
change, ΔS, suggested that the entropy decreased dur-
ing the complexation process. The high negative values
of the Gibbs free energy changes and enthalpy changes,
ΔG and ΔH, indicated spontaneous and exothermic
nature of the recognition process. Therefore, the inclu-
sion behavior of ion pairs M+X- with receptors 1 and 2
were driven by enthalpy under the calculation condition.

Figure 5 shows the Gibbs free energy change of the
complexation reactions (1), where we can compare the
selectivity of receptors 1 and 2 toward ion pairs M+X-.
The ΔG results show the same order for all M+X-, that is,
ΔGMþX� 2= ΔGMþX� 1= (the M+X- in M+X-/2 is the same as
that in M+X-/1). Therefore, the receptor selectivity of 2
toward the considered ion pairs is higher than that of 1 at
the same condition. The selectivity difference between

receptors 1 and 2 mainly comes from the different structural
feature. In receptor 2, two crown-3 ether segments on the
lower rim of calix[4]arene can form a flexible cavity and
have more recognition sites for cations M+. Therefore, re-
ceptor 2 can interact with M+ more effectively than 1,
though the strength of interaction with anions X- is similar
to each other.

Conclusions

The fully optimized structures of the receptors 1, 2, and their
complexes with ion pairs M+X- (M 0 Li, Na, K; X 0 F, Cl,
Br) have been obtained at B3LYP/LANL2DZp level in the
gas phase. The calculation results indicated that the ion pair
receptors 1 and 2 can bind M+X- with a 1:1 stoichiometry,
and in the complexes the constituent ions are spatially
separated by the receptor molecule. Both 1 and 2 can inter-
act with alkali metal cations M+ via the oxygen atoms at the
lower rim of the calix[4]arene, while forming hydrogen
bonding interaction between the anion X- and the formyla-
mino groups on the upper rim of the calix[4]arene. From the
energetic point of view, the very high stability of the com-
plexes M+X-/H reflect the strong interactions between the
host and guest molecules, which rest not only on the ar-
rangement of the binding sites but also on the intrinsic
properties of the alkali metal cations and the halide anions.
The receptor selectivity of 2 toward the considered ion pairs
is higher than that of 1. This study contributes to understand
the driving forces and binding sites for the complexation of
formylaminocalix[4]arene and formylaminocalix[4]bis-
crown-3 with ion pairs and provides insights into the host
design for ion-pair recognition.

Fig. 5 Change in Gibbs free
energy for the complexes
M+X-/H (M 0 Li, Na, K; X 0 F,
Cl, Br; H01, 2.) calculated at
B3LYP/LANL2DZp level
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In addition, the solvent effect plays an important role in
the stabilization of a particular conformation. Generally
speaking, the most favorable structure in the gas phase
may not be the most preferred one in solution. Studies of
the ion-pair recognition properties in various solution are
currently underway in our research group.
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