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Abstract. Complexation of oxonium and ammonium cations with two calix[4]arene amino acid deriva-
tives, namely 5,11,17,23-tetra-tert-butyl-26,28,25,27-tetrakis-(O-methyl-D-o-phenylglycylcarbonylmethoxy)-
calix[4]arene (1) and 5,11,17,23-tetra-tert-butyl-26,28,25,27-(O-methyl-L-leucylcarbonylmethoxy)calix[4]-
arene (2), in acetonitrile and methanol was studied by means of spectrophotometric and calorimetric titra-
tions at 25 °C. The classical molecular dynamics simulations of the macrocycles and the corresponding
complexes with NH;" and H;O" were carried out in order to investigate their possible structures in solu-
tion. The examined calix[4]arene derivatives were shown to be rather efficient binders for H;O" cation
and moderately efficient for NH,' in acetonitrile, whereas the complexation of these cations in methanol
could not be observed. The structures of the complexes obtained by means of molecular dynamics simula-
tions suggested the involvement of ether and carbonyl oxygen atoms in the complexation of both NH,"
and H;O". An inclusion of an acetonitrile molecule into the hydrophobic cavity of the free and complexed
ligands was observed as well. The difference in binding affinities of 1 and 2 towards NH," and H;0" ions
could be explained by taking into account cation solvation, difference in their size and in the strength of
hydrogen bonding between cations and the ligand binding sites. (doi: 10.5562/cca2172)
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INTRODUCTION

Calixarenes have been widely recognized as suitable
parent compounds for the synthesis of efficient recep-
tors of ions and neutral molecules." Their main ad-
vantages as host templates are the relatively simple
synthesis and the possibility of both, lower- and upper-
rim functionalization.'? Additionally, by the appropriate
choice of the introduced donor atoms and the number of
the repeating phenolic units notable selectivity and high
affinity towards variety of guests can be achieved.’”
Among the numerous calixarenes investigated, a class
of macrocycles functionalized with carbonyl-containing
substituents at the lower rim, which include calixarene
ketones, esters and amides, have been reported as effec-
tive receptors for alkali and alkaline—earth metal cati-
ons.*®7 In general, calix[4]arene derivatives prefer
smaller cations (e.g. Li" and Na'), whereas the larger
metal ions (e.g. Rb’, Cs") fit well into the hydrophilic
cavities of calix[6]arenes. Apart from the cation size,
the binding process is often strongly influenced by the

solvation of the reactants and the complex formed® '°. In
acetonitrile, the inclusion of a solvent molecule into the
calixarene hydrophobic cavity'®!” was shown to be
synergetic with the cation complexation. In the deriva-
tives having substituents with secondary amide groups
the presence of intramolecular NH---O=C hydrogen
bonds considerably reduces the ionophoric activity of
macrocycles compared to tertiary amide deriva-
tives, 101821

Interestingly, unlike the binding of alkali—metal
cations by calixarenes, the complexation of simple mo-
lecular cations, i.e. H;O" and NH,', which are similar in
size to K" and Rb’, has been rarely explored. Kiiz et
al*?* studied the binding of oxonium ion with ca-
lix[4]arene esters, ketones and tetraacids by means of 'H
and *C NMR spectroscopy in acetonitrile and nitroben-
zene, as well as by quantum chemical DFT in vacuo
calculations. The experimentally obtained results indi-
cated that complexation occurred through hydrogen
bonding between the cation and both ether and carbonyl
oxygen atoms of the ligand. In all cases H;O" ion was

T This article belongs to the Special Issue devoted to the 85™ anniversary of Croatica Chemica Acta.
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more extensively hydrogen bonded with ether than with
carbonyl oxygen atoms. The mentioned authors estab-
lished that the p-tert-butylcalix[4]arene tetraacetic acid
exhibited moderate affinity towards the oxonium ion in
nitrobenzene (Ig K = 2.1).* On the other hand, the sta-
bility constant of the complex of H;O" cation with p-
tert-butylcalix[4]arene tetraacetate in acetonitrile was
estimated to be much higher.” The DFT in vacuo calcu-
lations were in accord with the experimental results. In
the energetically most favourable complexes the hydro-
gen bonding of the cation with the phenoxyl oxygen
atoms was preferred. Similarly, Dybal ef al.” examined
the binding of H;O" ion by the p-tert-butyltetrathia-
calix[4]arene tetraacetate. They established relatively
high affinity of this receptor for the oxonium cation
(Ig K=5.1) in nitrobenzene. The results of DFT calcula-
tions were analogous to those obtained by Kiiz et al.”***
The binding of oxonium ion with a cali[4]arene second-
ary—amide derivative, namely p-fert-butylcalix[4]arene
tetrakis(V,N-dimethylacetamide), was investigated by
Makrlik ef al.*® The stability of the complex formed in
nitrobenzene was found to be quite high (Ig K = 10.9).
The computational DFT based investigations revealed a
preference of H;O" for the hydrogen bonding with am-
ide carbonyl with respect to the ether oxygen atoms.

The complexation of NH," by calixarene deriva-
tives functionalized at the lower rim was far less fre-
quently explored. Makrilik ef al.”’ investigated the bind-
ing of this cation with p-tert-butyltetrathiacalix[4]arene
tetraacetate in nitrobenzene. The affinity of this macrocy-
cle towards ammonium cation was found to be somewhat
lower (Ig K = 4.3) than that for H;O" (Ref. 25), indicating
the preference of the receptor for the smaller ion.

In the present work we have studied the complexa-
tion of NH," and H;O" by two calix[4]arene amino acid
derivatives 1 and 2 (Figure 1) in acetonitrile (MeCN)
and methanol (MeOH). The main goal of the investiga-
tions was the quantitative description of the thermody-
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Figure 1. Structures of compounds 1 and 2.
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namics of complexation reactions. To shed more light
on the possible structures of the ligands and their com-
plexes in MeCN, classical molecular dynamics (MD)
simulations were performed as well. The conjoined ex-
perimental and computational approach has provided
a deeper insight into the factors governing the binding
of ammonium and oxonium cations by the examined
calixarene derivatives. The influences of the cation sol-
vation, its size and the hydrogen bonding with the ligands
on the reactions studied were particularly addressed.

EXPERIMENTAL

Materials

Compounds 1 and 2 were prepared according to the
procedures described elsewhere.'” The binding of H;O"
and NH," in acetonitrile (Merck, Uvasol) was studied by
the addition of HCIO, (Merck, 70 % suprapur) or
NH,4CIO4 (Sigma-Aldrich, 99.8 %) to the solutions of
hosts. The same procedure was applied in the case of
methanol (Merck, Uvasol) as a solvent. The solvents
were used without further purification. The stock solu-
tions of perchloric acid were prepared from the concen-
trated aqueous HCIO, solution and were diluted with
acetonitrile or methanol to appropriate concentrations.
A small amount of water (p(H,O) = 5 %o) was added to
acetonitrile in order to ensure the presence of H;O"
species and to suppress the formation of acetamide (an
intermediate in acetonitrile hydrolysis) in water free
acidic medium.” The solutions of the ligands were also
prepared using acetonitrile with the same content of
water. It should be noted that we have spectrophotomet-
rically and potentiometrically observed that a process
involving hydrogen ions took place in the freshly pre-
pared HCIO, solutions which equilibrated after approx-
imately 48 hours. For that reason, the solutions were
prepared at least 48 h prior to use, and than standardized
potentiometrically with aqueous solution of tris(hydroxy-
methyl)aminomethane (Aldrich, 99.9 %, ultrapure grade).

Spectrophotometry

UV titrations were performed at (25.0 £ 0.1) °C by
means of a Varian Cary 5 double-beam spectropho-
tometer equipped with a thermostatting device. The
spectral changes of 1 and 2 solutions (V, = 2.2 cm’,
co=1x10"to0 2 x 10 mol dm™) were recorded upon
stepwise addition of HClO, (¢ = 5 x 10~ mol dm™) or
NH,ClO,4 (¢ =2.5 x 102 mol dm ™ or 4 x 10> mol dm ™)
solution directly into the measuring quartz cell (Hellma,
Suprasil QX, / = 1 c¢cm). Absorbances were sampled at
1 nm intervals, with an integration time of 0.2 s. All
measurements were done in triplicate. The obtained
spectrophotometric data were processed using HYPER-
QUAD? and ORIGINPRO 7.5 programs.



J. Pozar et al., Complexation by Lower-rim Calix[4]arene Derivatives 543

Calorimetry

Microcalorimetric measurements were performed by
an isothermal titration calorimeter Microcal VP-ITC
at 25.0 °C. In the calorimetric titrations, the enthalpy
changes obtained upon stepwise, automatic addition of
NH,CIO, (¢ =4 x 10 mol dm ) or HCIO, (¢ =7 x 10
mol dm ) to solutions of 1 and 2 (¢ =2 x 10* mol dm >
to 7 x 10 mol dm ) were recorded. Blank experiments
were performed in order to eliminate the enthalpy
changes corresponding to titrans dilution in pure sol-
vent. The dependence of successive enthalpy change on
the titrans volume was processed by non-linear least-
square fitting procedure using ORIGINPRO 7.0 pro-
gram. Titrations for each cation/ligand system were
repeated three or more times.

The reliability of calorimeter was checked by carry-
ing out the complexation of barium(Il) by 18-crown-6 in
aqueous medium at 25 °C. The results obtained (Ig K =
3.75, AH =—31.7 kJ mol ') were in good agreement with
the literature values (IgK = 3.73, AH=-31.5 kI mol ").*’

Molecular Dynamics Simulations

The molecular dynamics simulations were carried out
by means of a GROMACS®' package (version 4.5.3).
Intramolecular and nonbonded intermolecular interac-
tions in calixarene ligands and NH," cation were mod-
elled by the OPLS-AA (Optimized Parameters for Liq-
uid Simulations-All Atoms) force field.** Partial charges
assigned to ring carbons bound to CH, groups that link
the monomers were assumed to be zero as described in
Ref. 33. The initial structures of the free ligands were
those in which the calixarene basket had a conformation
of a C4 square cone. Bond stretching and angle bending
parameters for H;O" ion were those of TIP3P water and
partial charges of hydrogen and oxygen atoms were
taken from Ref. 34. The initial structures of the calix-
arene complexes were made by placing a cation in the
center of lower rim cavity between ether and carbonyl
oxygen atoms. In the case of H;O" complexes two dif-
ferent initial structures were used, one with hydrogen
atoms of hydronium cation facing the ligand ether oxy-
gen atoms, the one with the opposite orientation. The
CL" species (C" denotes the molecular cation) were
solvated in a cubical box (edge length 58.5 A) of ace-
tonitrile with 2750 molecules, and with periodic bound-
ary conditions. Solute concentration in such a box was
about 0.01 mol dm . Solvent box was equilibrated prior
to introducing the hosts and the corresponding cation
complexes, with box density after equilibration being
close to the experimental one within 5 %. During the
simulations of the systems, Cl” ion was included to
neutralize the box. The chloride counterion was held
fixed at the box periphery whereas the complex was
initially positioned at the box center. In all simulations

an energy minimization procedure was performed fol-
lowed by a molecular dynamics simulation in NpT con-
ditions for 50.5 ns, where first 0.2 ns were not used in
the data analysis. Whenever an association of calixarene
complex with the chloride anion was observed, the
corresponding data were discarded and more simula-
tions were performed in order to bring the total si-
mulation time to about 50 ns. Therefore, due to the
1-MeCN-H;0'—Cl and 1-MeCN-NH, —CI  associations
two simulations for each complex were performed with
their duration being 25 ns. The Verlet algorithm™® with a
time step of 1 fs was employed. Cutoff radius for
nonbonded van der Waals and short-range Coulomb
interactions was 16 A. Long-range Coulomb interac-
tions were treated by the Ewald method as implemented
in the PME (Particle Mesh Ewald) procedure.***” Simu-
lation temperature was kept at 298.15 with Noose-
Hover’®* algorithm using a time constant of 1 ps. Pres-
sure was kept at 1 bar by Martyna-Tuckerman-Tobias-
Klein*® algorithm and a time constant of 1 ps.

RESULTS AND DISCUSSION

Upon addition of NH4CIO, or HCIO, into the acetonitrile
solutions of 1 and 2 a hypochromic effect on the larger
part of the UV spectra of the ligands was observed,
accompanied by the occurrence of isosbestic point(s). As
examples of the obtained spectrophotometric data, the
results of titrations of 1 with HCIO4 and 2 with NH4C1O,
are shown in Figures 2 and 3, respectively.

The stability constants of the ammonium complexes
with the investigated calixarene derivatives, obtained by
processing the collected titration data according to a sim-
ple 1:1 binding model, are listed in Table 1.

For the quantitative description of the complexa-
tion equilibria involving H;O" and the examined
macrocycles, the presence of several species comprised
of H' and various number (1) of water molecules (n =
1-4) in HCIO4(MeCN) with added water has to be taken
into account. The values of the equilibrium constants for
the formation of H(H,0)," cations were taken from the
literature,”® and were used in the processing of the col-
lected spectrophotometric data. The obtained values of
the stability constants of H;O" complexes with the in-
vestigated ligands in acetonitrile are given in Table 1.

The addition of HC10, or NH4C1O, into the meth-
anol solutions of the examined calixarene derivatives
did not cause any significant changes in the correspond-
ing UV spectra, indicating very weak or non-existent
complexation in this solvent.

The complexation of H;O" and NH," by com-
pounds 1 and 2 was also investigated by means of
microcalorimetric titrations. Thermograms obtained by
titrations of these macrocycles with NH4CIO, in ace-
tonitrile are shown in Figures 4a and Sa.

Croat. Chem. Acta 85 (2012) 541.



544 J. Pozar et al., Complexation by Lower-rim Calix[4]arene Derivatives

0.0

T T T T T T T T T 1
250 260 270 280 290 300
A/nm

0.70

(b)

A 0.68

0.66
0.64
0.62

0.60

4 6 8 10
n(HCIO,) / n(1)

o
N

Figure 2. Spectrophotometric titration of 1 (¢ = 2.0 x 10* mol dm, ¥, = 2.2 mL) with HCIO, (¢ = 5.03 x 10~ mol dm™) in
acetonitrile. / =1 cm; 3 = (25.0 £ 0.1) °C. The spectra are corrected for dilution (a). Dependence of absorbance at 282 nm on

n(HC1O4)/n(1) ratio, experimental (m); calculated (—) (b).
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Figure 3. Spectrophotometric titration of 2 (¢ = 2.0 x 10~ mol dm™, ¥, = 2.2 mL) with NH,CIO4 (¢ = 4.0 x 10 mol dm™) in
acetonitrile. / = 1 cm; ¢ = (25.0 £ 0.1) °C. The spectra are corrected for dilution (a). Dependence of absorbance at 282 nm on

n(NH4ClO,)/n(2) ratio, experimental (m);calculated (—) (b).

Table 1. Stability constants of the complexes of NH," and H;O" cations with 1 and 2 in acetonitrile at 25 °C.

lg K + SE®
Ligand NH," H,0"
spectrophotometry microcalorimetry spectrophotometry
1 2.64 £0.07 2.53+0.01 4.82+0.05
2 2.95+0.01 2.72+£0.01 4.93+£0.06

@ SE = standard error of the mean (N = 3—4)

The stepwise addition of NH4ClO, into solutions
of 1 and 2 in acetonitrile resulted in exothermic enthal-
py changes. The standard reaction enthalpies and the
equilibrium constants (hence the standard reaction
Gibbs energies) for the complexation of NH," with
the examined calixarenes were determined by a least-
squares non-linear regression analysis of the calorimet-

Croat. Chem. Acta 85 (2012) 541.

ric titration data (Figures 4b and 5b). The standard reac-
tion entropies were calculated by means of equations
A.G° =—RT In K and A,G° = A,H° — TA,S°. The obtained
thermodynamic parameters are listed in Table 2.

Due to the fact that the reaction enthalpies for the
formation of [H(H,0),] © (n = 1-4) cations in acetoni-
trile were not available, the enthalpies of H;O"
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Figure 4. Microcalorimetric titration of 1 (¢ = 5 x 10 mol dm, ¥ = 1.42 ml) with NH,CIO, (¢ = 3.5 x 102 mol dm™) in aceto-
nitrile at 25 °C (a); Dependence of successive enthalpy change on n(NH4C10,)/n(1) ratio, experimental (m);calculated (—) (b).

(a)

40 9
35 (K
30

25

P/ uw

20

T T T 1
20 40 60 80 100 120 140 160
t/ min

0.0 - (b)
—0.2
o
E 04
=
3
<
—0.6
—0.8
T T T T T T
0 5 10 15 20 25 30
n(NH,CIO,) / n(2)

Figure 5. Microcalorimetric titration of 2 (¢ =2 x 10~ mol dm™, ¥ = 1.42 ml) with NH,CIO4 (¢ = 3.5 x 102 mol dm™) in aceto-
nitrile at 25 °C (a); Dependence of successive enthalpy change on n(NH,4C10,4)/n(2) ratio, experimental (m);calculated (—) (b).

Table 2. Thermodynamic parameters for complexation of ammonium cation with calixarene derivatives 1 and 2 in aceto-

nitrile at 25 °C.

Ligand (AG° £ SE)® / kI mol ™! (AHP + SE)® / kJ mol™ (AS° = SE)® /T K™ mol ™!
1 ~14.31+0.01 ~36.26 + 0.06 732402
2 ~15.53 £ 0.07 -30.4+0.6 -50+2

@ SE = standard error of the mean (N = 3)

complexation with examined calixarenes could not be
determined. The microcalorimetric titrations of both
ligands with HCIO4(MeCN/H,O(p = 5%o)) revealed
that the binding of oxonium at specified solvent compo-
sition was accompanied by the positive enthalpy chang-
es. However, it should be noted that even at such low
content of water, the H" ion in solution is mostly present
in the form of [H(H,0),]" and [H(H,0)]" cations.”® The
formation of H;0" ion from these species is expected to
be endothermic, which could in turn result in unfavour-
able enthalpy changes accompanying the complexation of

oxonium ion under the conditions employed. However,
one would reasonably anticipate the reactions of H;O"
cation with ligands 1 and 2 to be exothermic, as indicat-
ed by the results of MD simulations.

In order to obtain an insight into the structure of
calixarene ligands 1 and 2 and their complexes with
H;0" and NH," in solution, classical molecular dynam-
ics simulations were performed. For both ligands, at the
beginning of the simulation, the shape of the hydropho-
bic basket immediately changed from initial square cone
(C4 symmetry) to a flattened cone (C, symmetry). These

Croat. Chem. Acta 85 (2012) 541.
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Figure 6. Structures of 1-MeCN (a) and 2-MeCN (b) adducts taken from a MD simulation snapshot. Hydrogen atoms that are not

involved in hydrogen bonding are omitted for clarity.

conformational changes were reflected in the distances
of the opposing aryl carbon atoms that are directly
bound to fert-butyl groups (Figure S1). In the case of Cy
cone conformation these distances are the same, and in
flattened cone they are different. After 1.66 ns for lig-
and 1 and 0.28 ns for ligand 2, an inclusion of acetoni-
trile molecule in the calixarene hydrophobic cone was
observed (Figures S1 and S2). Unlike in the case of the
calix[4]arene secondary—amide derivative which we
studied earlier,'" after the inclusion of solvent molecule
in 1 and 2 the shape of the cone remained somewhat
flattened, although it resembled the regular square cone
conformation. This deviation from C, symmetry is most
likely due to the steric effects of the large substituents at
the lower rim of the herein investigated ligands. In the
MD simulations of the free ligand 1 the same solvent
molecule that entered the basket remained in it until the
end of simulation (50 ns). As for the ligand 2, four dif-
ferent acetonitrile molecules occupied the hydrophobic
cavity during the simulation (Figure S2).

Both ligands are secondary—amide calixarene de-
rivatives and have a possibility of forming intramolecu-
lar hydrogen bonds between the amide groups of the
substituents. Indeed, the formation of two kinds of in-
tramolecular NH---O=C hydrogen bonds was observed
in the case of macrocycle 1, namely two-center and
three-center ones. In the latter case, two hydrogen atoms
were bound to one carbonyl oxygen. Criteria used for an
interaction to be characterized as hydrogen bond were
that the N-H—O angle was between 100° and 180°, and
that the distance between nitrogen and oxygen atoms
was not larger than 3.5 A. The number of intramolecular
hydrogen bonds ranged from 0 to 3, with an average for
1 being 1.43, and for 1-MeCN 2.33. When two or more
hydrogen bonds were formed, in 14 % cases the three-

Croat. Chem. Acta 85 (2012) 541.

center bond was found for 1, and 43 % for 1-MeCN.
The preference of free 1 to form mostly two-center
hydrogen bonds can also be seen in the crystal structure
of 1 where only these type of intra- and intermolecular
H-bonds were observed."” Concerning the ligand 2, on
average 1.75 hydrogen bonds were formed during the
simulation. No three-center bonds were observed. In
2-MeCN adduct the average number of hydrogen bonds
formed was 1.58. When two or more hydrogen bonds
were formed, in 11 % cases three-center bond was
found. Numbers of intramolecular hydrogen bonds are
given in Table 3, whereas bond length and angle distri-
butions of hydrogen bonds for both ligands and their
acetonitrile adducts are presented in Figures S3 and S4.

The results of the MD simulations of H;O" com-
plexes with the investigated ligands showed that the
conformation of the calixarene basket in L-H;0" and
L-MeCN-H;0" (L denotes 1 or 2) complexes was very
close to the square cone (Figure S5). Immediately after
the beginning of the simulations of 1-H;0™ and 2-H;0",
an acetonitrile molecule entered the calixarene cone.
During the simulations of both complexes, another two
or three solvent molecules occupied the calixarene bas-
ket (Figure S6). A positive allosteric effect of cation
binding on the inclusion of acetonitrile molecule was
reflected in the time in which the cone was vacant
which was reduced by more than an order of magnitude
in the case of the L-H;0" species with respect to the
free ligands.

Oxonium cation exhibited large orientational mo-
bility in the calixarene cavity. Such mobility was also
observed by Kiiz et al**** in the investigations of oxo-
nium complexes with similar calixarene ligands. As a
consequence of this mobility a diversity of structures,
with respect to type and number of hydrogen bonds



J. Pozar et al., Complexation by Lower-rim Calix[4]arene Derivatives 547

(b)

Figure 7. Structures of 1-MeCN-H;0", {6,4,2,1,0,2,0,0} (a), and 2-MeCN-H;0", {6,2,4,0,1,2,0,0 } (b), complexes taken
from a MD simulation snapshot. Hydrogen atoms of calixarene ligands are omitted for clarity.

between H;O" and calixarene ligand, were observed in
the MD simulations. In order to classify these structures
we have devised an indexing scheme based on the num-
ber and type of hydrogen bonds between H;O" and the
ligand. The same scheme was also used for the com-
plexes with NH," cation. To each structure of CL" com-
plexes a following binding mode vector was assigned:

{Ntot 5 Nether s Ncarb s N}c,ether 5 N}c,carb 5 N}c,mixed s N4c,ether s N4c,carb}

where N, denotes a total number of hydrogen
bonds, N.per 1S a total number of H-bonds with ether
oxygens, and Ny, is a total number of H-bonds formed
with amide carbonyl oxygens, Nscemer corresponds to a
number of three-center H-bonds that involve two ether
oxygens, Ns b 1S an index of the three-center H-bonds
with carbonyl oxygens, and N . denotes a number of
three-center hydrogen bonds with one ether and one
carbonyl oxygen. Nacemer and Nagcary cOrrespond to the
numbers of four-center hydrogen bonds with two ether
and one carbonyl or two carbonyl and one ether oxygen
atoms, respectively. Although the above scheme seems
relatively complicated, it is a suitable way to categorize
the variety of binding modes of H;O" and NH," in CL"
complexes.

Criteria used for an interaction to be characterized
as a hydrogen bond were that the donor-H-acceptor
angle was between 100° and 180° and that the distance
between hydrogen atom and acceptor oxygen atoms was
not larger than 2.6 A.

In the simulations of 1-H;O" complex a number of
150 different structures were found, with ten most
abundant structures making up 44 % of total structure
population. The most occurring structures for the stud-
ied calixarene complexes with oxonium cation are listed

in Table S1. Two most abundant major classes were
{6,4,2} with 19 % and {5,3,2} with 17 % occurrence
ratio. Structure with the highest occurrence ratio of 6 %
was {6,4,2,1,0,2,0,0} (Figure 7a). In this rather
symmetrical arrangement oxonium ion is bound to
calixarene molecule with 6 hydrogen bonds, all of them
being three-center ones (one is formed with two ether
oxygen atoms and two of them are of mixed type,
formed with one ether and one amide carbonyl oxygen
atoms). During the simulation there were on average
5.65 hydrogen bonds formed between oxonium ion and
the ligand 1, 3.34 of them being with ether oxygen and
2.31 with carbonyl oxygen atoms (Table 3). Hydrogen
bonds with ether oxygen atoms were similar in average
bond length and O-H-O angle to those formed with
carbonyl oxygens, although their distributions are some-
what different (Figure S7).

Even though the oxonium ion binds to the proton
acceptor atoms in the lower—rim hydrophilic cavity of
the calixarene molecule, formation of intramolecular
hydrogen bonds was observed in 1-MeCN-H;0" com-
plex (on average 0.47 bonds, Table 3).

Oxonium complex with ligand 2 was also studied
by molecular dynamics simulations. Structure analysis
resulted in 157 different structures. First 10 most occur-
ring structures make 42 % of total population. Major
classes {6,4,2} and {5,3,2} were found to be dominat-
ing with occurrence ratio of 17 % and 15 %, respective-
ly, as was the case in the 1-MeCN-H;O" complex.
However, the structure that is most abundant, denoted as
{6,2,4,0,1,2,0,0}, with occurrence ratio of 6 %, does
not belong to these groups. In this structure one three-
center hydrogen bond with carbonyl oxygen atoms and
two mixed three-center hydrogen bonds were present
(Figure 7b). Second most abundant structure of

Croat. Chem. Acta 85 (2012) 541.
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Table 3. Average number of hydrogen bonds in ligands 1 and 2 and their complexes with H;0" and NH," obtained by MD simu-

lations.
SpeCieS N inlramol(a) N, cation(a) N, elher(a) N, carbonyl(a)
1 1.43 - - -
1-MeCN 2.50 - - -
1- H, OJr _(b _(® _(b) _®
1-MeCN-H;0" 0.47 5.65 3.34 2.31
1-NH," _® _® _® _®
1-MeCN-NH," 0.015 6.54 3.36 3.18
2 1.75 - - -
2-MeCN 1.58 - - -
2-H,0" _® _® _® _®
2:-MeCN-H;0" 0.33 5.75 3.14 2.61
2-NH," _® _b) _(b) (b
2-MeCN-NH," 0.12 6.70 3.49 3.21

@ Ningramol — NUmber of intramolecular hydrogen bonds, N .o, — total number of hydrogen bonds formed between molecular cation

and calixarene ligand, Negper —
calixarene ligand, Nearbonyi
calixarene ligand.

number of hydrogen bonds formed between molecular cation and ether oxygen atoms of
— number of hydrogen bonds formed between molecular cation and carbonyl oxygen atoms of

® There was not enough data to make an analysis due to the short simulation time in which the species was observed.

2-MeCN-H;0" complex has the same binding mode
vector values as the most occurring structure of
1-MeCN-H;0" species.

The total number of hydrogen bonds between ox-
onium ion and ligand 2 was found to be on average 5.75
(3.14 with ether oxygen and 2.61 with carbonyl oxygen
atoms, Table 3). The average values of hydrogen bond
length and angle with ether oxygens were close to those
corresponding to the bonds formed with carbonyl
oxygens, but the distributions of these quantities were
slightly different (Figure S8). Intramolecular hydrogen
bonds were also present in 2-MeCN-H;0" complex with
the average of 0.33 bonds being formed throughout the
simulation (Table 3).

Interaction energies between calixarene ligands
and oxonium cation were also computed. The average
value of the energy of L-H;0" interaction was found
to be —400 kJ mol " for 1-H;0" and —416 kJ mol ' for
2-H;0". These values are in rather good agreement with
the interaction energy of oxonium ion with a similar
ligand (407 kJ mol™") obtained by DFT calculations,**
which supports our choice of force field parameters for
H;0" cation used in molecular dynamics simulations.

MD investigations of the complexes of NH," with
1 and 2 were also conducted. In both 1-NH," and
2-NH," at the beginning of the simulation an acetonitrile
molecule entered the calixarene cone and remained
there until the end of simulation (Figures S9 and S10).
This indicated a strong positive allosteric effect of NH,"
complexation on the inclusion of MeCN molecule in the
hydrophobic cavities of the ligands studied.
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A larger number of binding modes was observed
for L-MeCN-NH," complexes compared to L-MeCN:-
H;0"; 177 for 1-MeCN-NH," and 224 for 2-MeCN:-
NH,". The most occurring structures for the studied
calixarene complexes with ammonium cation are listed
in Table S1. Ten most abundant binding modes between
ammonium cation and ligand 1 make 51.8 % of
structure population. The most dominating major
classes of 1:-MeCN-NH," complex were found to be
{6,3,3}, {7,4,3} and {8,4,4} with the occurrence
ratios of 17.5 %, 16.7 % and 16.3 %, respectively.
The most abundant structure from {6,3,3} class was
{6,3,3,0,1,1,0,0} (Figure 8a) with 6.8 % occurrence
ratio. In this structure ammonium cation is bound to
ligand 1 by two hydrogen bonds with ether oxygen
atoms, one carbonyl oxygen three-center hydrogen
bond, and one mixed three-center hydrogen bond.

As for the ligand 2, ten most abundant structures
made 44.3 % of total structure population. The most
dominant major classes were {7,4,3} with 19.7 %,
{8,4,4} with 16.5 % and {6,3,3} with 15.7 % of struc-
ture population. The structure with the highest occur-
rence ratio of 5.2 % was the one with the values of bind-
ing mode vector being {7,4,3,1,0,2,0,0} (Figure 8b).
In this structure one hydrogen bond is formed with
amide carbonyl oxygen atom, one three-center H-bond
is formed with ether oxygen atoms, and there are also
two three-center H-bonds of mixed type.

The average number of the hydrogen bonds be-
tween ammonium cation and calixarene ligands was
larger than in the corresponding calixarene-oxonium
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(b)

Figure 8. Structures of 1-MeCN-NH,", {6,3,3,0,1,1,0,0 } (a), and 2:-MeCN-NH,", {7,4,3,1,0,2,0,0 } (b), complexes taken
from a MD simulation snapshot. Hydrogen atoms of calixarene ligands are omitted for clarity.

complexes. During the simulation there were on average
6.54 hydrogen bonds formed in 1-MeCN-NH," species,
3.36 with ether oxygen atoms and 3.18 with amide car-
bonyl oxygen atoms (Table 3). In 2-MeCN-NH," com-
plex, ligand 2 formed on average 6.7 hydrogen bonds
with ammonium cation, 3.49 of them being with ether
oxygen atoms and 3.21 with carbonyl oxygen atoms
(Table 3). Hydrogen bonds in L-NH," complexes are of
similar average lengths and angles with the distributions
of these quantities for ether and carbonyl oxygen atoms
being more alike than in the case of L-MeCN-H;O"
complexes (Figures S11 and S12). The number of intra-
molecular hydrogen bonds in L-MeCN-NH," species was
considerably lower than in the complexes of L with oxo-
nium ion, or these bonds were non-existent (Table 3).

The absolute value of the average cation—ligand
interaction energies for L-MeCN-NH,  species are
about 20 kJ mol™' lower than those corresponding to
L-MeCN-H;0" complexes.

The values of the stability constants presented in
Table 1 reveal a considerable preference of the exam-
ined macrocycles towards oxonium with respect to
ammonium cation. The well-known factor with a direct
impact on the complex stability is the compatibility of
the cation and calixarene hydrophilic cavity sizes. The
oxonium cation (#(H;0") = 1.30 A, coordination num-
ber (CN) = 6)* similar in size to potassium (r(K") =
1.33 A, CN = 6),* fits well into the calix[4]arene ion-
binding site, so its binding with the oxygen atoms of the
ligand is expected to be quite favourable. On the other
hand, the complexation of larger ammonium cation
(r(NH,") = 1.48 A, CN = 6)* should be less advanta-
geous. When comparing the stabilities of the herein

reported complexes, apart from cation size, a hydrogen
bonding of H;O" and NH," with ether and amide car-
bonyl oxygen atoms of the ligands should also be taken
into account. The structures of the complexes obtained
by MD simulations suggest that the ammonium cation is
more extensively hydrogen bonded than the oxonium
one. As mentioned earlier, in the complexes 1-MeCN--
NH," and 2-MeCN-NH,', on average 6.54 and 6.70
hydrogen bonds were formed, respectively, whereas in
the cases of 1-MeCN-H;0" and 2:-MeCN-H;0" 5.65 and
5.75 such bonds were observed during the computation-
al experiments. However, one should keep in mind that
due to the difference in electronegativity of nitrogen and
oxygen atoms (y(O) = 3.44 eV, y(O) = 3.04 eV (Pau-
ling))** the oxonium cation should form stronger hydro-
gen bonds with host molecules. On the basis of the
above considerations, one would expect interactions
between oxonium ion and the investigated ligands to be
more favourable than those corresponding to ammoni-
um cation. The results of MD simulations support the
above reasoning. Namely, the formation of the oxonium
cation complexes with ligands 1 and 2 was found to be
more energetically favourable than the formation of the
corresponding complexes with the ammonium cation.
Prior to the inclusion into the hydrophilic ligand
cavity, the cation must release directly and indirectly
bound solvent molecules. Because of the mentioned
differences in cation size and electronegativity of cen-
tral atoms, H;O" should be more strongly solvated than
NH,'. On the other hand, the number of hydrogen bonds
that can be formed with acetonitrile molecules is larger
in the case of ammonium cation, which could, in turn,
result with more favourable solvation of this cation.
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Table 4. Thermodynamic parameters of monovalent cation complexation with phenylglycine calixarene derivative 1 and standard

Gibbs enegies of cation solvation in MeCN.

Cation AG® / kJ mol ™! AH® / kJ mol™ AS°/JK ! mol™ AsiG° / kJ mol™
H;0" 274 @ @ -
K* —24.6® —40.3® —-50® 296
NH," -14.31 -36.26 -73.2 -276
Rb* (b)) _ (b)) _(b)(d) —275©

@ Could not be determined.
® Data from Ref. 10.

© Calculated from the Gibbs energy of cation hydration and the Gibbs energy of transfer from H,O to MeCN.*!

@ No complexation was observed.

Unfortunately, thermodynamic parameters for H;O"
solvation in acetonitrile, needed to take into account the
differences in cation solvation from the thermodynamic
point of view, could not be found in the literature. How-
ever, the relative contribution of ammonium and oxoni-
um ion solvation to the observed difference in the affini-
ties of ionophores 1 and 2 towards these cations in
MeCN can be estimated on the basis of the correspond-
ing standard hydration Gibbs energies (AysG°). Name-
ly, the large difference in A, G° between H;0" and
1\11'14Jr (Ahdeo(H30+) = 424 kJ molfl, AhdeO(NH4+) =
—335 kJ mol")* indicates that the thermodynamically
more favourable solvation of the oxonium ion in MeCN
could be expected as well, since the standard Gibbs
energies of transfer of cations from water to organic
solvents (A;G°), by means of which solvation parame-
ters in MeCN can be calculated, are typically much
lower than 91 kJ mol " (AyyqG° (NH,") — Ay aGO(H;0")).
For instance, the standard Gibbs energy of transfer of
ammonium cation from water to MeCN, determined
based on PhsAsPh,B convention,*' amounts to 16 kJ
mol . The transfer of H;O™ from water to acetonitrile
would hence have to be quite endergonic (for more than
91 kJ mol™") in order to result with less favourable solv-
ation of oxonium with respect to ammonium ion in
MeCN. Consequently, from the point of view of cation
solvation, the inclusion of ammonium ion is most likely
favoured compared to H;0". The experimentally ob-
served higher affinity of 1 and 2 for H;O" ion can thus
be explained by the more advantageous hydrogen bond-
ing and stronger electrostatic interactions of oxonium
cation with the calixarene binding sites.

It is interesting to compare the standard thermo-
dynamic functions of H;O" and NH4" complexation in
acetonitrile with the corresponding values for the
complexation of K and Rb", i.e. alkali-metal cations of
comparable size. The direct comparison can only be
made in the case of phenylglycine derivative whose
affinity towards alkali metal cations was previously
studied in detail.'" Nevertheless, due to the similar
thermodynamic parameters for the complexation of
H;0" and NH," with both ligands, the conclusions made

Croat. Chem. Acta 85 (2012) 541.

in the case of phenylglycine based receptor 1 should
also hold for the leucine derivative 2.

When the values of standard thermodynamic func-
tions for the binding of different cations with the com-
pound 1 are examined (Table 4), the appreciably lower
affinity of the ligand for NH," with respect to K™ be-
comes evident. From the point of view of cation solva-
tion, the binding of ammonium is favoured over potas-
sium cation, which can be seen from the fact that the
standard Gibbs energy of potassium ion solvation in
acetonitrile is 20 kJ mol' lower than that for ammoni-
um one (Table 4).*' Likewise, the enthalpically benefi-
cial formation of hydrogen bonds with host molecule
should result in greater stability of 1-NH," when com-
pared to the corresponding potassium complex. The
higher selectivity of phenylglycine calixarene derivative
for K" could therefore be a consequence of the smaller
radius of the alkali-metal cation ((K") = 1.33 A; CN =
6, (NH;)=1.48 A; CN =6)."

Interestingly, although the Rb" has quite similar
radius to that of NH," (#(Rb") = 1.49 A; CN = 6),*' the
complexation of this cation with ligand 1 in acetonitrile
could not be observed.' Since the solvation of rubidium
cation in MeCN is, from the thermodynamical point of
view, almost equal to that of ammonium cation (Table 4),
the difference in the hosting ability of compound 1 for
ammonium and rubidium ions clearly emphasizes the
favourable influence of the hydrogen bonding with the
molecular cation on the equilibrium of the complexation
reaction.

Because of the lack of thermodynamic parameters
for oxonium ion solvation in acetonitrile, a thermody-
namic interpretation of the observed differences in the
affinity of 1 for the alkali-metal cations compared to
H;0" remains at somewhat speculative level. However,
the large difference in standard hydration Gibbs ener-
gies between H;0" and K' (A, qG°(H;0") = —424 kJ
mol ™' (Ref. 43), Ay aGo(K") = —345 kJ mol ' (Ref. 41))
indicates that the solvation of oxonium ion in acetoni-
trile is expected to be more exergonic than the solvation
of potassium cation. Consequently, due to the similar
sizes of potassium and oxonium ions, and significantly
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more favourable hydration (and hence most likely
solvation in MeCN) of H;O" compared to K', the
phenylglycine based receptor should display higher
affinity for K than for H;O". The observed preference
of the ionophore 1 towards H;O" can, therefore, be
explained by to the formation of hydrogen bonds be-
tween this cation and the pendant arms of the
macrocycle.

The ability of calix[4] secondary-amide derivative
1 to host alkali-metal cations is largely reduced in
methanol in comparison with acetonitrile.'™*' As
solvations of this compound in MeOH and MeCN were
found to be similar,' the reason should lie in different
solvations of the cation(s) and the complex(es) formed.
Indeed, the solvation of the alkali-metal complexes with
1 was proven to play an important role in favouring the
binding process in acetonitrile over methanol. That was
attributed to the inclusion of MeCN molecule into the
hydrophobic cavity of the complexed ligand."® Accord-
ing to the results of MD simulations, the same reasoning
can be applied in the case of the herein investigated
complexation reactions.

The transfer of ammonium ion from methanol to
acetonitrile is rather unfavourable (A,G° = 10 kJ mol )*'.
The stronger solvation of NH," in MeOH hence opposes
its binding with 1 and 2 in this solvent (which was not
even observed), thereby favouring the complexation in
MeCN. Although the A,G°(MeOH—MeCN) value for
H;O" is not available, the same conclusion can most
likely be drawn in the case of complexation of this cation.

CONCLUSION

On the basis of the results of the MD simulations it
could be concluded that free ligands 1 and 2 and their
solvent adducts coexist in the acetonitrile solution. The
existence of intramolecular hydrogen bonds between the
amide groups of the substituents was observed for both
1 and 2, which most likely strongly affects the
ionophoric properties of both ligands in acetonitrile.'**!

The complexation of NH," and H;O" results with
substantial conformational changes of macrocycles 1
and 2, with the shape of basket resembling the C, square
cone. Both cations exhibit relatively large mobility
inside the binding sites of the calixarenes examined. On
average, the number of hydrogen bonds with the sub-
stituents of the ligands is larger in the case of ammoni-
um compared to oxonium cation. However, the com-
plexes of 1 and 2 with the H;O" ion were found to be
energetically more stable than the corresponding com-
plexes with NH," cation. The preferable inclusion of
MeCN molecule into the hydrophobic cavity of the
complexes with respect to the free ligands was observed
in all cases, which supports the hypothesis that the pre-
organisation of calixarene cavity is of great importance
for the binding of the solvent molecule.'®*

The stability constants of the complexes were de-
termined by means of spectrophotometric and microcalo-
rimetric titrations. The values obtained by different meth-
ods are in satisfactory agreement. The results of calori-
metric investigations indicate that complexation of NH,"
cation with 1 and 2 in acetonitrile is enthalpy driven.

The binding abilities of 1 and 2 for H;O" are much
higher than those for NH,'". The selectivity of the lig-
ands towards oxonium with respect to ammonium cati-
on in acetonitrile can be explained by taking into ac-
count the cation size and the more favourable hydrogen
bonding of H;O" with the ether and amide carbonyl
oxygen atoms of the examined ligands. The ammonium
and oxonium complexes with ligand 1 are thermody-
namically more stable than the corresponding complex-
es of alkali-metal ions of similar size, namely rubidium
and potassium cations. The higher affinity for NH4"
with respect to Rb", and for H;O" with respect to K,
can be mostly attributed to the advantageous hydrogen
bonding of molecular cations with the ion binding site
of the compound 1.

The result of a remarkable influence of the solvent
on the studied complexation equilibria was reflected in
the fact that the complexation of the examined molecu-
lar cations by calix[4]arene derivatives 1 and 2 in meth-
anol could not be observed at all.

Supplementary Materials. — Supporting informations to the
paper are enclosed to the electronic version of the article. These
data can be found on the website of Croatica Chemica Acta
(http://public.carnet.hr/ccacaa).
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Figure S1. Distances between the opposing phenyl carbon ataabsre directly connected to ttest-
butyl group during the MD simulations of a) ligah@nd b) ligand® in acetonitrile at 25C.
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Figure S2. Index numbers of acetonitrile molecules that occlpgrophobic cavity in a) ligantl and

b) ligand2 during MD simulations in acetonitrile at 26.
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Figure S3. Hydrogen bond a) length and b) angle distributiimngreel and1-MeCN obtained by MD
simulations at 25C.
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Figure $4. Hydrogen bond a) length and b) angle distributiimngree2 and2-MeCN obtained by MD

simulations at 25C.
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Figure Sb. Distances between the opposing phenyl carbon ateasre directly connected to ttest-
butyl group during the MD simulations of 2)H;O" and b)2-H;O" complexes in acetonitrile at 28.
Due to thel-MeCN-HO-CI association two simulations were performechwite duration of 25 ns
each. Only the results of the first simulation sinewn.
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Figure S6. Index numbers of acetonitriie molecules that occupydrophobic cavity in a)
1-MeCN-HO" and b) 2-MeCN-HO" during MD simulations in acetonitrile at 2%. Due to
1-MeCN-NH—CI association two simulations were performed with duration of 25 ns each. Only
the results of the first simulation are shown.
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Figure S7. Hydrogen bond distribution according to a) disebetween proton and hydrogen acceptor
and b) angle i1-MeCN-HO" complex obtained by MD simulations at %5
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Figure S8. Hydrogen bond distribution according to a) diseabetween proton and hydrogen acceptor
and b) angle i2-MeCN-HO" complex obtained by MD simulations at %5
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Figure S9. Distances between the opposing phenyl carbon atleamsre directly connected to ttest-
butyl group during the MD simulation of 4)NH," and b)2-NH; complexes in acetonitrile at 2&.
Due to1l-MeCN- NH —CI association two simulations were performedulite duration of 25 ns each.
Only the results of the first simulation are shown.
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Figure S10. Index number of an acetonitrile molecule that o@esiphydrophobic cavity in a)
1-MeCN-NH" and b) 2-MeCN-NH" during MD simulations in acetonitrile at 2%. Due to
1-MeCN-NH—CI association two simulations were performed with duration of 25 ns each. Only
the results of the first simulation are shown.
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Figure S11. Hydrogen bond distribution according to a) disebetween proton and hydrogen
acceptor and b) angle inMeCN-NH," complex obtained by MD simulations at 25
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Figure S12. Hydrogen bond distribution according to a) disebetween proton and hydrogen
acceptor and b) angle ;iMeCN-NH," complex obtained by MD simulations at Z5



Table S1. Dominant binding modes of oxonium cationLifVieCN-HO" complexes obtained by MD

simulations.

1 2

Bonding mode Occurrence  Bonding mode Occurrence
ratio ratio
{6,4,2,1,0,2,0,0} 6.3 % {6,2,4,0,1, 2,@ 6.2 %

{6,4,2,0,0,1,1, 0} 5.2 % {6,4,2,1,0,2,0 5.4 %
{7,5,2,1,0,1, 1, 0} 4.8 % {7,5,2,1,0, 1,0 4.6 %
{5,4,1,1,0,1,0, 0} 4.7 % {6,4,2,0,0, 1,0 4.6 %

{6,3,3,1,1,1,0,0} 4.6 % {5,3,2 1,0, 1,0 3.9 %

Table S2. Dominant binding modes of ammonium cationLilfMeCN-NH," complexes obtained by

MD simulations.

1 2

Bonding mode Occurrence  Bonding mode Occurrence
ratio ratio
{5,3,200,1,0,0} 7.6 % {7,4,3,1,0, 2,@ 52%

{6,3,3,0,1,1,0,0} 6.8 % {5,3,20,0, 1,0 5.1 %
{7,4,3,1,1,1,0, 0} 6.3 % {6,3,3,0,0, 2,0 5.1 %
{8,4,4,1,1,2,0,0} 5.9 % {8,4,4,1,1, 20 5.1 %

{6,4,2,1,0,1,0,0} 4.9 % {6,4,2,1,0, 1,0 4.6 %




Figure S13. Molecular structures df-MeCN-HO" complex with dominant binding modes of oxonium
cation obtained by MD simulations; a) {6, 4, 2001, 1, 0}, b) {7, 5,2,1,0,1,1,0},¢) {5, 4, 1, O,

1,0,0},d){6,3,3,1,1,1,0,0}



Figure S14. Molecular structures df-MeCN-HO" complex with dominant binding modes of oxonium
cation obtained by MD simulations; a) {6, 4, 2012, 0, 0}, b) {7, 5, 2,1, 0, 1, 1, 0}, ¢) {6, &, O, O,

1,1,0},d) {5 3,2,1,0,1,0, 0}.

10



Figure S15. Molecular structures ofl-MeCN-NH" complex with dominant binding modes of
ammonium cation obtained by MD simulations; a) 352, 0, 0, 1, 0, 0}, b) {7, 4, 3, 1, 1, 1, O, @),

{8,4,4,1,1,2,0,0},d){6,4,2,1,0,1,@.

11



Figure S16. Molecular structures o2-MeCN-NH" complex with dominant binding modes of
ammonium cation obtained by MD simulations; a) 352, 0, 0, 1, 0, 0}, b) {6, 3, 3, 0, 0, 2, 0, @),

{8,4,4,1,1,2,0,0},d){6,4,2,1,0,1,@.
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