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ABSTRACT: Complexation of alkali-metal cations with calix[4]arene
secondary-amide derivative, 5,11,17,23-tetra(tert-butyl)-25,26,27,28-
tetra(N-hexylcarbamoylmethoxy)calix[4]arene (L), in benzonitrile
(PhCN) and methanol (MeOH) was studied by means of micro-
calorimetry, UV and NMR spectroscopies, and in the solid state by X-
ray crystallography. The inclusion of solvent molecules (including
acetonitrile, MeCN) in the calixarene hydrophobic cavity was also
investigated. The classical molecular dynamics (MD) simulations of the
systems studied were carried out. By combining the results obtained
using the mentioned experimental and computational techniques, an attempt was made to get an as detailed insight into the
complexation reactions as possible. The thermodynamic parameters, that is, equilibrium constants, reaction Gibbs energies,
enthalpies, and entropies, of the investigated processes were determined and discussed. The stability constants of the 1:1
(metal:ligand) complexes measured by different methods were in very good agreement. Solution Gibbs energies of the ligand and
its complexes with Na+ and K+ in methanol and acetonitrile were determined. It was established that from the thermodynamic
point of view, apart from cation solvation, the most important reason for the huge difference in the stability of these complexes in
the two solvents lay in the fact that the transfer of complex species from MeOH to MeCN was quite favorable. That could be at
least partly explained by a more exergonic inclusion of the solvent molecule in the complexed calixarene cone in MeCN as
compared to MeOH, which was supported by MD simulations. Molecular and crystal structures of the lithium cation complex of
L with the benzonitrile molecule bound in the hydrophobic calixarene cavity were determined by single-crystal X-ray diffraction.
As far as we are aware, for the first time the alkali-metal cation was found to be coordinated by the solvent nitrile group in a
calixarene adduct. According to the results of MD simulations, the probability of such orientation of the benzonitrile molecule
included in the ligand cone was by far the largest in the case of LiL+ complex. Because of the favorable PhCN−Li+ interaction, L
was proven to have the highest affinity toward the lithium ion in benzonitrile, which was not the case in the other solvents
examined (in acetonitrile, sodium complex was the most stable, whereas in methanol, complexation of lithium was not even
observed). That could serve as a remarkable example showing the importance of specific solvent−solute interactions in
determining the equilibrium in solution.

■ INTRODUCTION

Calixarene derivatives have been well-known as versatile
binders of cations, anions, and neutral molecules.1 The binding
abilities of these macrocyclic compounds toward different
species can be rather easily tuned by introducing the
appropriate substituents at their lower and/or upper rim. The
lower-rim derivatives comprising carbonyl functional groups,
that is, ketones, esters, and amides, have been extensively
studied and shown to form quite stable complexes with alkali-,
alkaline-earth, and transition-metal cations in various solvents.2

The receptor affinity toward particular cation is affected by
several factors, the most important being the nature of the
substituents on phenolic oxygen atoms forming the cation-
binding site, and the compatibility of the size of this site with
that of the metal ion. In addition, the binding process is often

strongly influenced by the solvation of the reactants and the
complex(es) formed.1d,3 In this respect, the specific solvent−
ligand and solvent−complex interactions, that is, inclusion of
the solvent molecule in a calixarene hydrophobic cavity, can
play a very important role in determining the complexation
equilibrium.3a,b,4

In the calixarene derivatives bearing substituents with
secondary-amide groups, both a hydrogen-bond acceptor
(carbonyl group) and a hydrogen-bond donor (−NH−
group) are present, and consequently intramolecular NH···
OC H-bonds can be formed. These bonds need to be
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disrupted upon cation complexation, and that can produce a
remarkable effect on the macrocycle binding abilities.3b,4a,5

Recently, we have reported on a thorough study of the
complexation of alkali-metal cations by a lower-rim secondary
amide calix[4]arene derivative, 5,11,17,23-tetra(tert-butyl)-
25,26,27,28-tetra(N-hexylcarbamoylmethoxy)calix[4]arene (L,
Figure 1), in acetonitrile.4a This Article is focused on detailed

thermodynamic, structural, and computational investigations of
the solvent (benzonitrile, PhCN; methanol, MeOH; acetoni-
trile, MeCN) effect on the complexation reactions of L. For
that reason, microcalorimetry, UV and NMR spectroscopies,
single-crystal X-ray diffraction, and classical molecular dynamics
(MD) computations were employed. The solvation of cations,
ligand, and complexes was addressed, with particular emphasis
on the above-mentioned specific interactions of solvent
molecules with the free and complexed ligand in solution and
in the solid state. In line with this, a solid-state structure of the
ternary LiLPhCN+ complex was determined in which the
lithium cation was coordinated by a nitrile nitrogen atom of the
benzonitrile molecule included in the calixarene hydrophobic
cone. To the best of our knowledge, such coordination of an
alkali-metal cation in the calixarene complex was seen for the
first time. The finding was supported by MD simulations. In
addition, it was found that coordination of the lithium cation by
the solvent molecule was closely related to the observed
selectivity of L in solution. The influence of intramolecular
hydrogen bonds on the complex stabilities was discussed as
well.

■ EXPERIMENTAL SECTION
Materials. Compound L was prepared according to the procedure

described elsewhere.4a The solvents, acetonitrile (MeCN, Merck,
Uvasol and J. T. Baker, HPLC grade), benzonitrile (Sigma Aldrich,
Chromasolv, 99.9%), and methanol (J. T. Baker, HPLC grade) were
used without further purification. The salts used for the investigation
of L complexation were LiClO4 (Sigma Aldrich, 99.99%), LiCl (Fluka,
99%), NaClO4 (Sigma Aldrich, 98+%), KClO4 (Merck, p.a.), KCl
(Merck, p.a.), RbCl (Sigma, 99%), and CsCl (Sigma, 99.5%).
Solubility Measurements. Saturated solutions of L in acetonitrile

and methanol were prepared by adding an excess amount of the solid
substance to the solvent. The obtained mixtures were left in a
thermostat at 25 °C for several days to equilibrate. The concentrations
of saturated L solutions were determined at 25.0 °C spectrophoto-
metrically by means of a Varian Cary 5 spectrophotometer equipped

with a thermostatting device. Calibration curves were obtained by
measuring the absorbances of L solutions of known concentrations.

Spectrophotometry. UV titrations of L with alkali-metal salt
solutions in methanol were performed at (25.0 ± 0.1) °C by means of
a Varian Cary 5 spectrophotometer. The metal salt solution (c = 3.25
× 10−4−0.141 mol dm−3) was added to a ligand solution (V0 = 2.0−
2.5 cm3, c0 = 4.40 × 10−4−7.11 × 10−4 mol dm−3) placed in the quartz
cell (l = 1 cm). After each addition, the UV spectrum was recorded
with a sampling interval of 1 nm and integration time of 0.2 s. All
measurements were done in triplicate. The obtained data were
analyzed by multivariate nonlinear regression analysis using the
SPECFIT program.6

1H NMR Studies. 1H NMR titrations were carried out at 25 °C by
means of a Bruker Avance 600 MHz with a solvent signal used as
standard for titrations in CD3OD or with a TMS signal as standard in
CDCl3 solutions. In titration of L with the sodium cation in methanol,
the solution made of NaClO4 (c = 3.84 × 10−2 mol dm−3) and L (c =
9.72 × 10−4 mol dm−3) was added to the CD3OD solution of L (c =
9.72 × 10−4 mol dm−3). Titrations of L and [NaL]ClO4 with methanol
in CDCl3 were performed by the addition of MeOH solution in
deuterated chloroform (c = 0.411 mol dm−3) to the solution of the
ligand (c = 4.65 × 10−3 mol dm−3) and the complex (c = 4.08 × 10−2

mol dm−3), respectively. Spectra were recorded at 32 pulses. The
equilibrium constants determined from 1H NMR titration data were
computed by HypNMR program.7

Calorimetry. Microcalorimetric measurements were conducted
with an isothermal titration calorimeter Microcal VP-ITC at 25.0 °C.
The calorimeter was calibrated electrically, and its reliability was
additionally checked by carrying out the complexation of barium(II)
by 18-crown-6 in aqueous medium at 25 °C. The results obtained (log
K = 3.75, ΔrH = −31.7 kJ mol−1) were in excellent agreement with the
literature values (log K = 3.73, ΔrH = −31.5 kJ mol−1).8 Thermograms
were processed using the Microcal OriginPro 7.0 program.

In the calorimetric studies of alkali-metal complexation by L, the
enthalpy changes were recorded upon stepwise additions of
benzonitrile or methanol solution of metal salt into solution of ligand
(V0 = 1.4182 cm3). Titrations of the Li+−L and Na+−L complexes
with acetonitrile in benzonitrile were carried out by the addition of
MeCN solution in PhCN to the solution of complexes in the same
solvent. The heats measured in the titration experiments were
corrected for heats of titrant dilution obtained by blank experiments.
The dependence of successive enthalpy changes on the titrant volume
was processed by nonlinear least-squares fitting procedure using the
OriginPro 7.5 program. All measurements were repeated three or
more times.

X-ray Structure Determination. Single crystals of [LiL]ClO4−
PhCN were obtained by slow evaporation of an equimolar benzonitrile
solution of LiClO4 and L.

The crystal and molecular structures were determined by single-
crystal X-ray diffraction. Diffraction measurements were made on an
Oxford Diffraction Xcalibur Kappa CCD X-ray diffractometer with
graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation.9 The data
sets were collected using the ω scan mode over the 2θ range up to 54°.
The structures were solved by direct methods and refined using
SHELXS and SHELXL programs.10 The structural refinement was
performed on F2 using all data. The hydrogen atoms were placed in
calculated positions and treated as riding on their parent atoms [C−H
= 0.93 Å and Uiso(H) = 1.2 Ueq(C); C−H = 0.97 Å and Uiso(H) = 1.2
Ueq(C)]. All calculations were performed and drawings prepared using
the WinGX crystallographic suite of programs.11

Crystal data: C83H121ClLiN5O12, Mr = 1423.24, space group C2/c, a
= 31.569(2) Å, b = 15.806(9) Å, c = 35.945(3) Å, β = 105.781(7)°, V
= 17260(10) Å3, Z = 8, ρ = 1.095 g cm−3, μ = 0.102 mm−1, T = 150 K,
crystal dimensions 0.21 × 0.19 × 0.09 mm3, total of 33 490 collected
reflections, 14 497 unique reflections, 5779 observed reflections [I >
2σ(I)], 974 refined parameters, Δρmax = 1.407 e Å−3, Δρmin = −1.151 e
Å−3, R1(obs) = 0.1419, wR2(all) = 0.4099. CCDC 949221 contains the
supplementary crystallographic data for this Article. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Figure 1. Structure of L.
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A number of problems were encountered during the structure
refinement due to severe disorder of the hexyl chains and, to a minor
degree, tert-butyl groups and the perchlorate anion. The electron
density of the parts of the structure comprising hexyl chains was found
to be almost continuous, with few discernible maxima, which would
correspond to atom locations. The modeling of the hexyl groups was
thus achieved only with numerous restraints of bond distances and
angles as well as thermal parameters. Attempts to further model the
disorder of the hexyl groups have been abandoned, as the data quality
could not justify such an increase in number of refinable parameters,
and also as no reasonable positions of atoms could be located in the
electron difference map. Having thus modeled hexyl chains, the model
was left with several “voids” between symmetry related molecules,
which are in reality occupied by disordered hexyl chains. To account
for the residual disordered electron density, the SQUEEZE procedure
in PLATON was employed.12 After two cycles of the SQUEEZE
procedure and least-squares refinement, convergence was reached. The
total number of electrons in the regions occupied by the disordered
hexyl chains (1604 Å3 per unit cell) was estimated as 246 electrons,
calculated by SQUEEZE, which corresponded to approximately 30
carbon atoms and hydrogen atoms bound to them. Fortunately,
disorder of the hexyl and tert-butyl groups did not affect the calixarene
cone and the coordination polyhedron, and this part of the structure
was successfully modeled with no geometric or other restraints.
Molecular Dynamics Simulations. The molecular dynamics

simulations were carried out by means of the GROMACS13 package
(version 4.5.3). Intramolecular and nonbonded intermolecular
interactions were modeled by the OPLS-AA (Optimized Parameters
for Liquid Simulations-All Atoms) force field.14 Partial charges
assigned to ring carbons bound to CH2 groups that link the
monomers were assumed to be zero. In all simulations, the initial
molecular structure of L was the one obtained from the NaL+ crystal.4a

The L, ML+, and corresponding acetonitrile adducts were solvated in a
cubical box (edge length 72.6 Å) of benzonitrile with about 2150
molecules, and with periodic boundary conditions. The solute
concentration in such a box was about 5 × 10−3 mol dm−3. The
solvent box was equilibrated prior to inclusion of L and its complexes
with the box density after equilibration being close to the experimental
one within 2%. The simulations of the aforementioned chemical
species in methanol were also conducted. Solutes were solvated in a
cubical box (edge length 58.5 Å) of methanol with about 2710
molecules. The solute concentration in these systems was about 0.01
mol dm−3. During the simulations of the systems comprising
calixarene and metal cations, Cl− ion was included to neutralize the
box. The chloride counterion was kept fixed at the box periphery,
whereas the complex was initially positioned at the box center. In all
simulations, an energy minimization procedure was performed
followed by a molecular dynamics simulation in NpT conditions for
50.5 ns, where the first 0.5 ns was not used in data analysis. The Verlet
algorithm15 with a time step of 1 fs was employed. The cutoff radius
for nonbonded van der Waals and short-range Coulomb interactions
was 16 Å. Long-range Coulomb interactions were treated by the Ewald
method as implemented in the PME (Particle Mesh Ewald)
procedure.16 The simulation temperature was kept at 298.15 K with
the Nose−́Hoover17 algorithm using a time constant of 1 ps. The
pressure was kept at 1 bar by the Martyna−Tuckerman−Tobias−
Klein18 algorithm and the time constant of 1 ps. Pictures of calixarene
molecular structures were created using VMD software.19

■ RESULTS AND DISCUSSION

Crystal Structure and Stereochemistry of [LiL]ClO4−
PhCN. The coordination polyhedron about the lithium ion is a
distorted octahedron. The five shortest bonds of the
coordination polyhedron (1.95−2.24 Å) are those between
the lithium ion and oxygen atoms of L. The lithium ion is
placed in the plane of four ether oxygen atoms (it deviates from
the mean plane of the atoms by 0.002(3) Å), and is coordinated
in the fifth position by one of the amide carboxyl oxygen atoms

of L. The sixth coordination position is occupied by a nitrogen
atom of the benzonitrile molecule, which is positioned within
the calixarene cone. This bond of 2.323(12) Å is somewhat
longer than the other bonds of the coordination polyhedron,
and substantially longer than the average lithium−(nitrile)-
nitrogen bond distance (2.05(4) Å) observed in the crystal
structures.20 Although no cases of similar coordination behavior
of benzonitrile in the solid state have been reported to date,
similar coordination of acetonitrile can be seen in a number of
structures of coordination compounds of transition metals with
calix[4]arenes. In all of those cases, the acetonitrile molecule is
captured within the calixarene cone and acts as a ligand to the
central ion. Although in these structures the central cations are
substantially larger than lithium (14 structures of Mo
complexes, 5 of Cr, 4 of W, 3 of V, 2 of Cd, and 1 of Tl,
Figure S1, Supporting Information), the mean M−N distance
(2.24(2) Å)20 is shorter than the Li−N distance in [LiL]ClO4−
PhCN, probably due to the sterically hindered inclusion of
benzonitrile, as opposed to acetonitrile. The other solvents,
such as tetrahydrofurane and pyridine, were also found to enter
the calixarene cone, while coordinating metal ions in
polynuclear calix[4]arene complexes.21

The calixarene cone is of approximate C4 symmetry with the
values of torsion angles about the methylene group bonds being
similar to those in the sodium complex of exact C4 symmetry,

4a

φ between 74° and 89° (82.4° in NaL+) and χ between −76°
and −88° (74.5° in NaL+; for definitions of φ and χ, see ref
22). The cone geometry is somewhat distorted from C4
symmetry to accommodate the phenyl ring of the benzonitrile
molecule. The benzonitrile phenyl ring is placed in the
calixarene cone so that it forms two C−H···π hydrogen
bonds with two rings of the macrocycle (C82−H82···C27 of
3.800(11) Å and C78−H78···C4 of 3.669(9) Å, Figure 2a),

which, in addition to the coordination interaction of the
benzonitrile nitrogen atom with the lithium ion, stabilize the
[LiLPhCN]+ complex. The C−H···π hydrogen bonds also
direct the orientation of the phenyl ring so that it is
approximately perpendicular (85.6° and 86.9°) to the calixarene
phenyl rings with which it interacts, and approximately parallel
to the other two (21.6° and 21.5°; the benzonitrile plane

Figure 2. (a) Molecular structure of [LiLPhCN]+ showing the
intramolecular C−H···π hydrogen bonds between the benzonitrile and
calixarene cone phenyl rings. All C-bound hydrogen atoms apart from
those on benzonitrile moiety have been omitted for clarity. (b) An
[LiLPhCN]+[ClO4]

− ion pair showing hydrogen bonding between the
ions. All C-bound hydrogen atoms have been omitted for clarity.
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approximately bisects the angle between the two calixarene
phenyl ring planes of 42.1°). Thus, the insertion of the
benzonitrile molecule into the calixarene hydrophobic basket
leads to its slight elongation in the direction parallel to the
benzonitrile phenyl ring plane, which can be seen from the
angles between the macrocycle plane (defined as the mean
plane of the four methylene carbon atoms) and two calixarene
cone phenyl rings, which are somewhat larger for the rings
(approximately) parallel to the benzonitrile plane (69.6° and
68.3°) than for those (approximately) perpendicular to it
(56.4° and 54.9°).
The crystal structure of [LiL]ClO4−PhCN can be described

as hydrogen-bonded chains of [LiLPhCN]+[ClO4]
− ion pairs.

The perchlorate ion is caught in a hydrogen-bond pincer
formed by two N−H groups of the calixarene (N3−H3n···O10
of 2.988(11) Å and N4−H4n···O9 of 2.83(2) Å; Figure 2b).
This leaves two calixarene N−H groups free to form hydrogen
bonds with carbonyl oxygen atoms of two neighboring
molecules (N1−H1n···O8 of 2.883(6) Å and N2−H2n···O7
of 2.922(5) Å), leading to formation of chains along the
crystallographic b axis (Figure 3).

Studies of Cation Complexation and Acetonitrile
Inclusion in Benzonitrile. Complexation of calixarene L
with lithium, sodium, and potassium cations in benzonitrile was
studied by means of microcalorimetric titrations. The process
of acetonitrile inclusion in the hydrophobic cone of these
complexes was also investigated by this method.
The addition of LiClO4 or NaClO4 solution in PhCN to the

solution of L resulted in negative enthalpy change. The stability
constants of the complexes formed, along with the correspond-
ing standard reaction enthalpies (Table 1), were computed by
the nonlinear least-squares analysis of the calorimetric data.

Standard reaction Gibbs energies and entropies were calculated
from the above thermodynamic reaction quantities. As an
example, titration data for the complexation of L with the
lithium cation are shown in Figure 4 (those corresponding to
the titration of L with Na+ are given in Supporting Information,
Figure S2). From the data presented in Table 1, it can be seen
that the investigated calixarene derivative readily binds both
lithium and sodium cations in benzonitrile. The titration of L
with KSCN produced no significant heat effects, which could be
a consequence of an isoenthalpic complexation process or low
affinity of the ligand toward the potassium cation in
benzonitrile.
Having obtained the stability constants of LiL+ and NaL+

complexes, it was possible to determine thermodynamic
reaction quantities associated with the acetonitrile molecule
inclusion into the calixarene basket of these species (Table 2).
That was done by microcalorimetric titrations (Figure 5 and
Supporting Information Figure S3) in which the solution of L
with an excess of metal ion was titrated with the solution of
acetonitrile in benzonitrile. According to the high affinity of L
toward lithium and sodium ions in benzonitrile, the analytical
calixarene−cation complex concentration could be safely
approximated by the analytical concentration of L. The
formation of acetonitrile adduct of both complexes is
enthalpically favorable, whereas the standard reaction entropy
for these processes is unfavorable. In addition to the exothermic
process of acetonitrile inclusion in the LiL+, an endothermic
process taking place in the course of titration was also observed
(Figure 5a). This process can be attributed to the endothermic
mixing of acetonitrile and benzonitrile.
Ligand L binds Li+ more strongly than Na+ in benzonitrile

(Table 1), whereas the opposite is true with acetonitrile as
solvent.4a This interesting finding can be thermodynamically
explained by analysis of the difference between standard
transfer Gibbs energies of Li+−L and Na+−L complexes from
acetonitrile to benzonitrile:
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M+−L denotes complex species with or without solvent
molecule in the ligand cone, ΔrG

o(Li+−L, PhCN) and
ΔrG

o(Na+−L, PhCN) are complexation Gibbs energies
obtained in this work (Table 1), whereas the values
ΔrG

o(LiLMeCN+, MeCN) + ΔrG
o(NaLMeCN+, MeCN)

corresponding to formation of complex adducts in acetonitrile
were determined earlier.4a The cation transfer Gibbs energies
ΔtG

o(Li+, MeCN→PhCN) and ΔtG
o(Na+, MeCN→PhCN),

based on Ph4AsPh4B convention, were taken from ref 23. The
obtained value, ΔΔtG

o(M+−L, MeCN→PhCN) = −10.3 kJ
mol−1, indicates that the complexation of the lithium ion by L
in benzonitrile is accompanied by favorable process(es)
stabilizing the complex. This could be the inclusion of the
benzonitrile molecule in the calixarene cone of LiL+ complex
(as evidenced in the solid state), which should then be less
pronounced in the case of NaL+. As an indication of larger
affinity of the lithium complex toward the inclusion of
benzonitrile can serve the difference between the standard
reaction entropies for the inclusion of acetonitrile in the
hydrophobic cavity of lithium and sodium complexes with L in
benzonitrile. The MeCN molecule inclusion in PhCN is

Figure 3. The hydrogen-bonded chains in the crystal structure of
[LiL]ClO4−PhCN.

Table 1. Thermodynamic Parameters for Complexation of
Alkali Metal Cations with L in Benzonitrile at 25 °C
Obtained by Microcalorimetry

cation log K ± SE
(ΔrG° ± SE)/

kJ mol−1
(ΔrH° ± SE)/

kJ mol−1
(ΔrS° ± SE)/
J K−1 mol−1

Li+ 6.17 ± 0.01 −35.24 ± 0.05 −8.9 ± 0.1 88.1 ± 0.4
Na+ 5.54 ± 0.01 −31.61 ± 0.04 −16.6 ± 0.1 50.4 ± 0.5
K+ −a −a −a −a

aNo heat effects were observed upon addition of cation salt solution to
ligand solution. SE = standard error of the mean (N = 3−5).
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entropically less unfavorable for LiL+ than for NaL+ (Table 2),
which could be explained by taking into account possible
substitution of the benzonitrile molecule in LiL+ cone with
acetonitrile. During the latter process, the overall number of
free molecules in the solution remains constant, which in turn
does not decrease translational entropy as would the inclusion
of acetonitrile in an unoccupied cone.
To confirm additionally that the specific interaction of the

benzonitrile molecule with the cone of LiL+ has a dominant
role in determining the relative difference of the Li+−L/Na+−L
complex stabilities in the two solvents, we calculated the
difference between the standard Gibbs energies of transfer of

LiLMeCN+ and NaLMeCN+ species from acetonitrile to
benzonitrile. The reason lies in the fact that this difference is
affected only by the solvation of the complexes, and not by the
inclusion of PhCN molecule, because the hydrophobic cavity of
L is already occupied by MeCN. By combining the
ΔΔtG

o(M+−L, MeCN→PhCN) value (eq 1) and standard
reaction Gibbs energies for the reaction of LiL+ and NaL+ with
acetonitrile in benzonitrile, ΔrG

o(LiLMeCN+, PhCN) and
ΔrG

o(NaLMeCN+, PhCN), respectively (Table 2), the
mentioned difference in standard Gibbs energies of transfer
can be obtained as:
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By comparing the obtained value of only −1.9 kJ mol−1 with
ΔΔtG

o(M+−L, MeCN→PhCN) = −10.3 kJ mol−1 (see above),
it becomes clear that the relative difference in solvation of the
complexes in the two solvents is of little importance, but the
process mainly responsible for the fact that the thermodynamic
stability of Li+−L complex in PhCN is greater than that of

Figure 4. (a) Microcalorimetric titration of L (c = 1.25 × 10−4 mol dm−3, V = 1.4182 mL) with LiClO4 (c = 1.18 × 10−3 mol dm−3) in benzonitrile; t
= 25 °C. (b) Dependence of successive enthalpy change on n(Li+)/n(L) ratio. ■, experimental; −, calculated.

Table 2. Thermodynamic Parameters for the Inclusion of
Acetonitrile in the Complexes of Li+ and Na+ Cations with L
in Benzonitrile at 25 °C Obtained by Microcalorimetrya

ML+ log K ± SE
(ΔrG° ± SE)/

kJ mol−1
(ΔrH° ± SE)/

kJ mol−1
(ΔrS° ± SE)/
J K−1 mol−1

LiL+ 0.62 ± 0.01 −3.56 ± 0.05 −20.3 ± 0.8 −56 ± 3
NaL+ 2.08 ± 0.02 −11.9 ± 0.1 −35.0 ± 0.9 −78 ± 3

aSE = standard error of the mean (N = 3−5).

Figure 5. (a) Microcalorimetric titration of LiL+ (c = 1.13 × 10−3 mol dm−3, V = 1.4182 mL) with MeCN (c = 1.50 mol dm−3) in benzonitrile; t = 25
°C. (b) Dependence of successive enthalpy change on n(MeCN)/n(LiL+) ratio. ■, experimental; −, calculated.
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Na+−L species is the inclusion of PhCN molecule in the cone
of the complexed L, which occurs to a larger extent in the case
of LiL+ as compared to NaL+ complex.
Molecular dynamics simulations of free L, its lithium and

sodium complexes, and their acetonitrile adducts in benzonitrile
were performed. Throughout the simulation of the free
macrocycle, no inclusion of the benzonitrile molecule in the
calixarene hydrophobic basket was observed, and it remained all
of the time in the shape of flattened cone. This shape was
previously observed in the MD simulations of L in acetonitrile
as well as in its solid-state structure.4a An intramolecular NH···
OC hydrogen-bond network was formed between the
substituents at the lower rim, with an average of 2.3 such
bonds present during simulation. In 50% of the structures
where two or more H-bonds were formed, three-centered
hydrogen bonds (two hydrogen atoms bound to one oxygen
atom) were present (Figure S4, Supporting Information).
In the MD simulation of the LiL+ complex, the metal cation

was on average coordinated with 2.4 carbonyl oxygen atoms
(Table S1, Supporting Information). The calixarene basket in
this complex was also in a flattened cone conformation,
although less flattened than in the case of free L. In the course
of the simulations, the inclusion of the benzonitrile molecule in
the hydrophobic cone of LiL+ was observed. The solvent
molecule was oriented either with the nitrile group pointed
toward the bulk (LiLPhCN′+, Figure 6a), or oppositely

(LiLPhCN+, Figure b). In the latter case, the nitrile group
coordinated the metal cation in a fashion similar to that in the
corresponding crystal structure (Figure 2), whereas the former
resembled crystal structures with other noncoordinating
aromatic molecules included in the calixarene cone.24 The
adduct LiLPhCN′+ was observed in about 9% of total
simulation time. This species exhibited the exchange of the
solvent molecule in the hydrophobic basket, where 12 different
PhCN molecules occupied the calixarene cone during
simulation. The cone was more regular than in the case of
the free ligand and LiL+ complex, but it still remained
somewhat flattened. The adduct LiLPhCN+ proved to be

much more stable than LiLPhCN′+ and was observed in about
64% of simulation time. In addition, when the solvent molecule
entered the hydrophobic cone of LiL+ complex and
coordinated the lithium cation, it remained there for the rest
of simulation. The lithium cation was on average coordinated
by four ether oxygen atoms, one carbonyl oxygen atom, and the
nitrile group of benzonitrile, almost identically as in the solid-
state structure (Figure 2). When coordinated by the PhCN
nitrile group, Li+ was shifted from the cation binding site
formed by the lower-rim substituents toward the hydrophobic
cavity of L. The distance of Li+ from the geometric center of
the ether oxygen atoms in LiL+ complex was ∼1.1 Å, whereas in
LiLPhCN+ it amounted to only 0.2 Å (as compared to 0.002 Å
in the crystal). The movement of the lithium cation decreased
the number of ion-coordinating carbonyl oxygen atoms, which
in turn made the interaction of Li+ and L less favorable (−428
kJ mol−1 for LiLPhCN+ as compared to −492 kJ mol−1 for
LiL+). However, that was compensated by the interaction
energy of the specifically bound benzonitrile molecule with the
lithium cation (−56 kJ mol−1) as well as with the macrocycle L
(−30 kJ mol−1). Also, more intramolecular hydrogen bonds
were present in the benzonitrile adduct of Li+ complex with L
(an average of 1.4 H-bonds) than in the complex without
PhCN molecule in the cone (an average of 0.9 H-bonds). The
lithium ion in LiLPhCN′+ and LiLMeCN+ species was
coordinated in a fashion similar to that in LiL+ complex,
although the cation coordination number was larger in
acetonitrile4a and benzonitrile adducts than in the solvent-free
complex. The interaction energy of the lithium cation and L
was the largest for LiLMeCN+ adduct, whereas the average
number of intramolecular hydrogen bonds in this species was
the lowest among the Li+−L complexes simulated. A rather
strong binding of the lithium cation by carbonyl oxygen atom
in LiLPhCN+ can be evidenced by comparison of the
distribution of angles between carbonyl group and Li+ in
different Li+−L complexes in benzonitrile obtained by MD
simulations (Figure S5, Supporting Information). The dis-
tribution corresponding to LiLPhCN+ is much narrower, which
indicates that the carbonyl group is preferably oriented toward
the metal cation in this adduct. It is also noteworthy that the
shape of the calixarene basket is closest to the regular cone in
the LiLMeCN+ and LiLPhCN+ species.
In the MD simulations of NaL+ complex in PhCN, the metal

cation was coordinated with three carbonyl oxygen atoms
(Table S2, Supporting Information). The solvent molecule
inclusion in the calixarene basket was observed in 6% of
simulation time, which was much less than in the case of LiL+.
As with the lithium complexes of L, two types of adduct were
present: one in which the nitrile group of benzonitrile pointed
toward the bulk (NaLPhCN′+), and another where this group
coordinated the metal cation (NaLPhCN+). The former adduct
was present in about 3% of simulation time, and exhibited a
rather frequent solvent molecule exchange (32 different PhCN
molecules occupied the cone during simulation). On the other
hand, NaLPhCN+ was formed on two occasions in the course
of simulation with different solvent molecules. Although the
sodium ion was coordinated by the nitrile group, contrary to
the lithium complex, there was no significant displacement of
the cation toward the calixarene cone. That caused only a slight
decrease of the average Na+ coordination number from 3.0 in
NaL+ to 2.85 in NaLPhCN+. The described difference between
sodium and lithium complexes most likely stems from the
difference in cation sizes. Unlike Li+ (r = 0.76 Å, coordination

Figure 6. Molecular structure of (a) LiLPhCN′+, 11.5 ns, and (b)
LiLPhCN+, 25.5 ns, after the beginning of molecular dynamics
simulation in benzonitrile at 25 °C. Hydrogen atoms bound to carbon
atoms of L have been omitted for clarity.
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number 6),25 sodium cation (r = 1.02 Å, coordination number
6)25 is too big to be accommodated between the ether oxygen
atoms of L. This is reflected in a much lower Na+−PhCN
interaction energy in NaLPhCN+ species (−15 kJ mol−1) as
compared to that corresponding to Li+−PhCN interaction
(−56 kJ mol−1, as stated above), which in turn leads to much
more favorable inclusion of the benzonitrile molecule in LiL+

than in NaL+ complex. These findings corroborate the

conclusions made on the basis of results obtained by
calorimetric titrations.

Cation Complexation in Methanol. Complexation
reactions of L with alkali-metal cations in methanol were also
studied by experimental and computational methods. This
solvent was chosen as a relatively polar one whose molecules
can participate in hydrogen bonding, both as proton donors
and as proton acceptors.

Figure 7. (a) Microcalorimetric titration of L (c = 5.98 × 10−4 mol dm−3, V = 1.4182 mL) with NaClO4 (c = 6.86 × 10−2 mol dm−3) in methanol; t =
25 °C. (b) Dependence of successive enthalpy change on n(Na+)/n(L) ratio. ■, experimental; −, calculated.

Table 3. Thermodynamic Parameters for Complexation of Alkali Metal Cations with L in Methanol at 25 °C Obtained by
Microcalorimetry, Spectrophotometry, and 1H NMR Titrations

cation log K ± SE (ΔrG° ± SE)/kJ mol−1 (ΔrH° ± SE)/kJ mol−1 ((ΔrS° ± SE)/J K−1 mol−1)

Li+ −a,b

Na+ 2.74 ± 0.01c −15.62 ± 0.06c −13.6 ± 0.2c 6.8 ± 0.8c

2.68 ± 0.04d

2.60e

K+ 0.96 ± 0.05f

Rb+ −b

Cs+ −b
aNo heat effects were observed upon addition of cation salt solution to ligand solution. bNo complexation was observed spectrophotometrically.
cDetermined by microcalorimetry. dDetermined by spectrophotometry. eDetermined by 1H NMR spectroscopy. fAssessed by spectrophotometry.
SE = standard error of the mean (N = 3−5).

Figure 8. (a) Spectrophotometric titration of L (c = 7.11 × 10−4 mol dm−3, V0 = 2 mL) with NaClO4 (c = 3.49 × 10−2 mol dm−3) in methanol; l = 1
cm, t = 25 °C. The spectra are corrected for dilution. (b) Dependence of the absorbance at 282 nm on the n(Na+)/n(L) ratio. ■, experimental; −,
calculated.
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The stability constant of NaL+ complex in methanol and the
corresponding standard complexation enthalpy and entropy
were determined by microcalorimetric titrations (Figure 7). In
these experiments, the heat of dilution of sodium perchlorate
solution was comparable to the enthalpy change due to the
reaction studied, and that considerably affected the quality of
the obtained data. To reduce the heat of dilution, an inert
electrolyte, Et4NClO4, was added to the ligand solution,
whereby the electrolyte concentration was similar to that of
the titrant. In that way, more reliable calorimetric data were
obtained. The thermodynamic quantities obtained by process-
ing these data (Table 3) show that, although the complexation
reaction is both enthalpically and entropically favorable, the
corresponding equilibrium constant is about 4 orders of
magnitude lower in methanol than in acetonitrile.4a

Spectrophotometric titrations of L with the sodium cation in
methanol were also conducted (Figure 8), and the stability
constant of NaL+ complex was determined by analyzing the
collected spectra. By inspecting the data listed in Table 3, a very
good agreement between the spectrophotometric and calori-
metric values can be seen.
To gain more detailed insight into the complexation of Na+

by L in methanol, 1H NMR titration of L with Na+ solution was
carried out (Figure 9). The most significant changes in

chemical shift were observed for calixarene Ar−H and tert-
butyl protons. During titration, the ligand signals exhibited
shifting and broadening, which indicated that the exchange
kinetics of Na+ + L complexation reaction was fast on the NMR
time scale. The NaL+ stability constant was determined from
the dependence of the chemical shift of Ar−H and tert-butyl

protons on the Na+ cation concentration (Table 3), and is in
good agreement with the corresponding values obtained by
microcalorimetry and spectrophotometry.
As calix[4]arene−methanol adducts are well-known in the

literature,26 we have decided to investigate the MeOH molecule
inclusion in hydrophobic cavities of L and NaL+ by 1H NMR
titrations of these species with methanol in deuterated
chloroform. The addition of methanol to the solution of L
caused no significant shift in ligand signals (Figure S7,
Supporting Information), apart from signals of amide protons.
On the other hand, the addition of methanol to the solution of
NaL+ caused shifting of signals corresponding to Ar−H and
tert-butyl protons of L (Figure S8, Supporting Information).
The equilibrium constant for the inclusion of MeOH molecule
in the NaL+ complex in CDCl3 (log K = 0.87 ± 0.05) was
determined by processing the dependence of chemical shifts of
L protons on methanol concentration.
For the sake of comparison, an analogous titration of NaL+

with MeCN in CDCl3 was carried out (Figure S9, Supporting
Information). The logarithm of equilibrium constant of the
reaction of acetonitrile molecule inclusion in the NaL+ species
obtained by processing the corresponding 1H NMR data
amounts to 1.46 ± 0.01, indicating that the binding of MeCN
in chloroform is more favorable than that of MeOH (see below
for more details).
The stability constant of KL+ complex in methanol is too low

to be accurately determined by means of microcalorimetric or
spectrophotometric titration. Nevertheless, it was possible to
assess the value of this constant from the results of
spectrophotometric titrations of L with the potassium cation
in methanol (Figure S10a, Supporting Information). Because of
a low affinity of L toward the potassium cation in methanol, in
these titrations the starting titrand solution was a mixture of
calixarene and potassium chloride. The KCl concentration was
slightly below its solubility. During titration, a certain volume of
reaction mixture was removed from the measuring cell and
replaced by the same volume of the ligand solution. In data
analysis, the association of potassium and chloride ions was
taken into account.27 Although the agreement between the
experimental and calculated absorbances was quite good
(Figure S10b, Supporting Information), it should be noted
that at the highest potassium ion concentration only about 20%
of the ligand was in the form of KL+ complex (Figure S10d,
Supporting Information). That makes the reliability of the
determined stability constant questionable.
Addition of Li+, Rb+, or Cs+ chlorides into methanol

calixarene solution produced no significant effect on the
absorbance of L, indicating that no observable complexation
took place. In accord with that, in the calorimetric titration of
the ligand with solution of Li+ salt, no measurable enthalpy
changes were observed. For Rb+ and Cs+, the same conclusion
was made previously for reactions in acetonitrile.4a On the
other hand, the stability constant of the lithium complex with L
in MeCN is rather high (log K = 6.04).4a Such a huge difference
between LiL+ complex stabilities in the two solvents can be
mainly accounted for by the quite stronger solvation of the
lithium cation in methanol, as evidenced by Gibbs energy of
transfer of Li+ from MeCN to MeOH (ΔtG = −25.9 kJ
mol−1).28

The structure of calixarene L in methanol was also explored
by molecular dynamics simulations in which the shape of the
ligand basket resembled the one observed in acetonitrile and
benzonitrile; that is, it adopted a flattened cone conformation.

Figure 9. (a) 1H NMR titration of L (c = 9.72 × 10−4 mol dm−3) with
NaClO4 (c = 3.84 × 10−2 mol dm−3) in CD3OD; t = 25 °C. (b)
Dependence of the chemical shift of Ar−H protons on the n(Na+)/
n(L) ratio. ■, experimental; −, calculated.
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During simulations, an inclusion of the solvent molecule in the
basket was observed. Upon that, the macrocycle hydrophobic
cone became almost regular with C4 symmetry (Figure S11,
Supporting Information). In the structure of LMeOH adduct,
the methyl group of the methanol molecule was oriented
toward the calixarene lower rim, whereas the hydroxyl group
pointed toward an aryl carbon atom (Figure S12, Supporting
Information). The binding mode of the methanol molecule in
the cone was similar to that found in crystal structures of
different calixarene−methanol adducts.26 In total, the LMeOH
species was present during 63% of simulation time, and three
different solvent molecules occupied the ligand basket. Thus,
the molecular dynamics simulations indicated that in methanol,
like in acetonitrile,4a ligand L existed in two forms, the one with
the solvent molecule and the other without it. However, the
lifetime of the LMeOH adduct was considerably shorter than
that of LMeCN.4a In addition, the inclusion of MeOH molecule
in L in methanol was less directly evidenced by 1H NMR
spectroscopy than was the case for MeCN adduct.4a The above
findings lead to a conclusion that, although both MeCN and
MeOH molecules specifically interact with L, the interaction
with acetonitrile is more favorable, and therefore LMeCN
species is more abundant in acetonitrile than LMeOH in
methanol.
As in acetonitrile4a and benzonitrile, intramolecular hydrogen

bonds in the structure of L were also found to form in
methanol. In the case of free ligand, there were on average 2.1
such bonds. In 64% of the cases with two or more H-bonds
present, a three-centered bond (two hydrogen atoms bound to
one oxygen atom) was formed, as in the crystal structures of the
free ligand.4a For the LMeOH adduct, the number of
intramolecular hydrogen bonds was lower than that for free
L, with an average of 1.3 such bonds present. When two or
more hydrogen bonds were formed, in 27% of the cases a three-
centered H-bond was present (Figure S12, Supporting
Information).
In the molecular dynamics simulations of NaL+ and KL+

complexes in methanol, an inclusion of MeOH molecule in the
calixarene basket was also observed (Figure 10). This process
resulted in rigidification of the calixarene basket, which became
more regular than in the solvent-free complex, and that was
reflected in an increase of the cation coordination number. The
structural features of the NaLMeOH+ and KLMeOH+ adducts

were found to be similar to those of NaLMeCN+ and
KLMeCN+.4a No significant difference was observed between
the average numbers of intramolecular hydrogen bonds in these
species. The same holds for the number of carbonyl oxygen
atoms coordinating the metal cation and the cation−ligand
interaction energies (Table S3, Supporting Information).
However, despite the above similarities, the inclusion of
MeCN molecule in the ligand hydrophobic cavity in
acetonitrile solutions of the complexes seems to be appreciably
more favorable than that of MeOH molecule in methanol. This
can be concluded by taking into account that a considerably
larger number of solvent molecules entered and left the ligand
hydrophobic cone in the course of simulations of methanol
solutions. In addition, although both complexes in MeOH
predominantly existed in the form of solvent adducts (Table S3,
Supporting Information), the simulation time in which
calixarene cone was without the solvent molecule was much
longer than that found by the MD simulations of the
corresponding acetonitrile solutions.4a

To get more detailed thermodynamical information about
the solvent effect on the reactions studied, an effort was made
to determine the values of standard Gibbs energies of solution
of L in acetonitrile, benzonitrile, and methanol. For that reason,
the solubilities of the ligand in MeCN and MeOH were
measured (Table 4). In the case of PhCN, we were unable to

determine the solubility of L because of gelation of
concentrated solution. Standard solution Gibbs energies for
methanol and acetonitrile as solvents were calculated from the
solubility data using equation:

γΔ ° = − ° = − ° ≈ − °G RT K RT s c RT s cln ln( / ) ln( / )Lsol

(3)

where s denotes solubility, c° = 1 mol dm−3 is standard
concentration, and γL stands for the activity coefficient of the
ligand, which is assumed to be close to unity. The obtained
values are reported in Table 4 and were used to calculate
transfer Gibbs energies of NaL+ and KL+ complexes from
MeOH to MeCN (Scheme 1) by the following equation:

+
Δ ° → = Δ ° →

Δ ° → + Δ ° − Δ °

+ +G G

G G G

L

L

(M , MeOH MeCN) (M , MeOH MeCN)

( , (MeOH MeCN) (MeCN) (MeOH)
t t

t r r

(4)

Indexes t and r denote transfer and complexation reaction,
respectively.
The ΔtG°(M

+, MeOH→MeCN) values for Na+ and K+ were
calculated by combining the Gibbs energies of transfer of
cations from water to methanol or acetonitrile based on
Ph4AsPh4B convention28 (ΔtG°(M

+, MeOH→MeCN) =
ΔtG°(M

+, H2O→MeCN) − ΔtG°(M
+, H2O→MeOH)).

Even though the investigated calixarene is somewhat more
soluble in methanol than in acetonitrile, the value of the Gibbs
energy of its transfer from MeOH to MeCN is relatively low
(3.28 kJ mol−1). This suggests that the difference in solvation of
the ligand is not predominant in determining the considerable
difference in thermodynamic stabilities of the metal ion

Figure 10. Molecular structure of (a) NaLMeOH+, 30 ns, and (b)
KLMeOH+, 35 ns, after the beginning of molecular dynamics
simulation in methanol at 25 °C. Hydrogen atoms bound to carbon
atoms of L have been omitted for clarity.

Table 4. Solubilities and Derived Standard Solution Gibbs
Energies of L in Acetonitrile and Methanol at 25 °C

solvent 104 × s/mol dm−3 ΔsolG°/kJ mol−1

acetonitrile 4.96 19.01
methanol 18.7 15.60
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complexes in the two solvents. Therefore, apart from cation
solvation (Na+ is somewhat better solvated in MeOH than in
MeCN, whereas the opposite holds for K+, Scheme 1),
obviously that of the complex species should be regarded as
important. Indeed, the ΔtG° values given in thermodynamic
cycles presented in Scheme 1 show the transfer of both NaL+

and KL+ from methanol to acetonitrile to be quite favorable. It
follows that solvation-based stabilization of the complexes in
MeCN relative to MeOH is the decisive factor responsible for
the higher stabilities of the complexes in the former solvent.
According to our previous findings3b,4a and the present results,
this can be accounted for by the fact that favorable inclusion of
the solvent molecule in the hydrophobic cavity of the
complexed ligand is more pronounced in acetonitrile than in
methanol. That presents another good example of the impact of
specific solvent−solute interactions on the stability of macro-
cycle complexes.

■ CONCLUSION
The presented results clearly show how remarkable is the role
of solvent in determining the equilibria of complexation
reactions. To get a detailed insight into the process of binding
of alkali-metal cations with calixarene derivative L in various
solvents, comprehensive solution and solid-state structural,
thermodynamic, and computational studies have been carried
out. The stability constants of the complexes of L with alkali-
metal cations were determined, as were the corresponding
reaction enthalpies and entropies. Both enthalpic and entropic
contributions were found to be favorable for the reactions
examined. However, thermodynamic stabilities of the ML+

complexes were rather solvent dependent (stability decreased
in the solvent order: MeCN > PhCN > MeOH), which could
be accounted for by considering the differences in the solvation
of the cations as well as free and complexed ligand. With this
respect, the specific solvent−solute interaction, that is, inclusion
of the solvent molecule in the calixarene hydrophobic cavity,
was proven to be quite important. Interestingly, macrocycle L
was shown to be a better binder of Li+ as compared to Na+ in
PhCN, which was in contrast to MeCN as a solvent. That could
be explained by the inclusion of the PhCN molecule into the

ligand hydrophobic cone of the LiL+ complex observed in the
solid state. More precisely, in the molecular structure of the
lithium complex of L determined by single-crystal X-ray
diffraction analysis, the PhCN molecule bound in the calixarene
cone was found to coordinate the Li+ cation by its nitrile group.
This favorable nitrile compound−alkali-metal cation interaction
in the calixarene complex was to our knowledge observed for
the first time. The experimental results were supported by those
obtained by MD simulations.
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Tomisǐc,́ V. Croat. Chem. Acta 2012, 85, 541−552.
(5) (a) Nomura, E.; Takagaki, M.; Nakaoka, C.; Uchida, M.;
Taniguchi, H. J. Org. Chem. 1999, 64, 3151−3156. (b) Frkanec, L.;
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