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Abstract Proton nuclear magnetic resonance (lH-NMR)
spectroscopy was used to study the complexation reaction
between Mg, Ca®", Sr** and Ba*" ions and 60-crown-20
in a series of binary mixtures of deuterated acetonitrile (AN),
nitromethane (NM) and D,O at 27 °C. Formation constants
of the 1:1 complexes were determined through computer
fitting of the chemical shift/mol ratio data and found to vary
in the order of Ba*" > Sr*™ > Mg*" ~ Ca”". The influ-
ence of the solvent composition on the stability of the
resulting complexes was also discussed. In all cases, the
changes in the stability constants with the solvent composi-
tion were monotonic and showed a good correlation with the
inherent solvation ability of the pure solvents which form the
mixture.
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Introduction

After discovery of crown ethers by Pedersen, a consider-
able progress in macrocyclic chemistry has been made in
the past decades [1]. In this regards a lot of data have been
published on the equilibrium constants and thermodynamic
functions of complex formation of crown ethers with alkali
and alkaline-earth metal cations, transition metal ions,
lanthanide ions, and small organic molecules [2, 3]. One
reason for the interest in this field is that macrocyclic
ligands have enhanced the promotion of selective binding
and transformation of a large variety of substrates such as
inorganic or organic cations, anionic species and neutral
molecules [4-6]. Also the complexation reaction of mac-
rocyclic ligands is very useful for construction of selective
membrane-sensors for different metal ions [7—10]. Despite
the interesting properties of large crown ethers (i.e., larger
than 18-crown-6), including their highly flexible geomet-
rics in solution, which lets them adapt their conformation
for optimum complexation with guest species, there have
been no considerable studies on the complexation reactions
of these compounds with metal ions [11, 12]. An example
of the structural flexibility of this family can be dibenzo30-
crown-10 which forms a 1:1 complex with potassium
iodide, in which all ten oxygen’s wrap around and bind to
the cation in a tennis-ball like conformation [13]. Various
techniques have been used to study the complexation of a
range of ligands with different cations in a variety of non-
aqueous and mixed solvents [14—16]. Among the spectro-
scopic and electrochemical methods used for the study of
metal ion-crown ether complexes, NMR spectroscopy has
been found to act as a very sensitive technique for studying
the changes in the immediate chemical environment of
metal ions in solutions [17, 18]. To the best of our
knowledge there are no report on the complexation reaction
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between 60-crown-20 (60C20) and metal ions, we
attempted to study the complexation reaction of 60C20
with Mg”, Ca®", Sr?* and Ba®™ ions in acetonitrile (AN)
and its various mixtures with nitromethane (NM) and
deuterated water (D,0). Since the alkaline earth metal ions
used have unsuitable NMR properties such as low recep-
tivity, high quadruple moment, insensitive chemical shifts
and etc., we employed "H-NMR [19] to study the metal-
crown ether complexes of interest in acetonitrile (AN),
nitromethane (NM) and D,O mixtures.

Experimental section
Reagent and instrument

The barium perchlorate, calcium perchlorate, magnesium
perchlorate and strontium perchlorate were purchased from
Merck (Darmstadt, Germany) and used after drying by
P,0s5 in vacuum. Deuterated acetonitrile (AN), nitrometh-
ane (NM) and D,O were purchased from Merck (Darms-
tadt, Germany). The free 60-crown-20 (60C20) sample was
synthesized, purified and dried as described elsewhere [20].
The proton NMR spectra were recorded using a Bruker
DPX spectrometer (a frequency of 250.15 MHz) using
TMS as the internal standard.

Stability constants calculations

The 1:1 complex formation reactions can be generally
expressed as:

60C20 + M>** = (M — 60C20)>"

The formation constants of the resulting 1:1 complexes
were calculated using the variation of 'H chemical shift
with the 60C20/M>" mol ratio. It has been shown that, in
the cases where there is a fast exchange between free and
complexed metal ion, the observed chemical shift of the
resulting single NMR signal is given by Eq. 1 [21]:

dobs = {[(KtCL — KiCpp+ — 1) + (K2C2 + K2C?
— 2K:C} — 2K7 C.Cw + 2K:Cyt + 2K;
+2K:Cyp + 1)'?] x (0 — wL) /2K:CLY + 0w (1)

where, K is the formation constant for the 1:1 complex, Cy,
and Cy are the analytical concentration of the 60C20 and
M>" ion, respectively, and oy and Jyy are the corre-
sponding chemical shifts of 60C20 hydrogen atoms in the
pure solvent (free form or in the absence of metal ions) and
the limiting 'H chemical shift of 60C20/M>* complex (a
variable factor). The formation constant of M>"—60C20
complex in different solvent mixtures was calculated by
fitting the observed chemical shifts at various M*"/
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60C20 mol ratios with a nonlinear least-squares program in
MATLAB (version 7.8) [22].

Results and discussion

The 'H-NMR spectra of 60C20 in the presence of different
concentrations of M*" perchlorate in various binary ace-
tonitrile-solvent mixtures were obtained. Typical spectra
are shown in Fig. 1 and the resulting chemical shift versus
M?*/60C20 mol ratio plots in some different solvent
mixtures is given in Fig. 2. In all solvent mixtures studied,
only one population-average signal was observed, indi-
cating that the exchange rate of the cation between the
solution bulk and the complexed sites is very fast as
compared to the time-scale of the NMR studies. From
Fig. 1, it is obvious that the resonance frequency of —CHj,-
protons of 60C20 is shifted to the downfield upon adding
the M>* ion. Thus, using the chemical shift, one can
evaluate the stoichiometry and formation constant of the
M?*"-60C20 complex. A similar trend is observed in all
binary mixtures used.

As seen in the Fig. 2, an increase in the concentration of
the cations gradually shifts the proton resonance downfield. In
the case of Ba®" and Sr*" after reaching an M*":60C20 mol
ratio of about one; further addition of the cation dose not
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Fig. 1 Proton NMR spectra of 60C20 at various Ba*"/60C20 mol
ratio in AN at 27 °C
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Fig. 2 variation of '"H chemical shift as a function of [M>T)/
60C20 mol ratio in AN-NM (75:25) solution at 27 °C

considerably change the resonance frequency, which behavior
is indicative of the formation of a 1:1 complex in the solvent
mixtures. But in the case of Mg®" and Ca*", this phenomena
was however not observed and the resonance frequency of
proton still increased after an M**:60C20 mol ratio of about
one, indicating the formation of weaker complexes between
these ions and 60C20 ligand. The formation constants and
limiting chemical shifts of the M*t—60C20 complex, evalu-
ated by nonlinear least-squares fitting of the chemical shift—
mol ratio data, are listed in Table 1. A sample computer fit of
the mol ratio data are shown in Fig. 3. From the data in
Table 1, itis obvious that the stability of all 60C20 complexes
increased in the order of acetonitrile-D,O < acetoni-
trile < acetonitrile—nitromethane. It is well known that the
Gutmann donors number of solvent [23] is an important factor
in complexation reactions [17-19]. It should be noted that
acetonitrile and nitromethane possess similar dielectric con-
stants (i.e., eany = 37.5, enm = 35.6), but have quite different
donors number (i.e., DNay = 14.1 and DNy = 2.7) 3,
Acetonitrile, as a solvent of intermediate solvating ability, can
thus compete with the crown ether for metal ions more readily
than nitromethane as a solvent of low donicity. In addition, it

Mole ratio

Fig. 3 Computer fit of the variation of the 'H chemical shift of
60C20 as a function of Ba>*/60C20 mole ratio in AN-NM (75:25):
(x) experimental data; (dot line) theoritical calculated

has been shown that acetonitrile can solvate the macrocyclic
ligands to a large extent [24, 25], while nitromethane has no
significant interactions with the ligand [2]. Thus, it is expected
to observe a rather large increase in the stability of the metal
1on—60C20 complexes with addition of nitromethane to ace-
tonitrile solutions. Also, the stability of M*"—60C20 complex
were found to rapidly decrease with increasing the D,O con-
tent of the mixed solvent. Water is a solvent of high solvating
ability (DN = 33) which can strongly compete with ligands in
the complexation process. It is thus reasonable to expect that
the addition of water as compared to acetonitrile (DN =
14.1), decreases the extent of interaction between the ligand
and cation. Furthermore, the lower dielectric constant of
acetonitrile (38.0) in comparison to that of water (78.5) would
cause the electrostatic contributions to the bond formation to
decrease with decreasing the water content of the solvent
mixture. [t is interesting to note that there actually was a linear
relationship between log Ky and the mol fraction of acetonitrile
(Xcwsen) in the mixed solvent (Fig. 4). It hence seems

Table 1 Formation constant of 60C20-M>* complex in various binary mixtures at 300 K

Medium Log Ky + SD
Mg+ Ca2t St Ba2"

Pure AN 2.86 £ 0.01 226 £0.03 4.49 £+ 0.08 5.11 £ 0.08
75% AN-25% NM 311 £ 0.2 2.57 £ 0.04 4.70 £ 0.10 5.33 £0.07
50% AN-50% NM 3.51 £ 0.01 293 £ 0.02 5.03 £ 0.09 5.45 £ 0.09
25% AN-75% NM 3.76 + 0.02 3.25+£0.03 541 £ 0.08 5.68 £ 0.05
Pure NM 3.93 £ 0.01 3.48 +0.03 5.68 + 0.03 5.89 + 0.06
75% AN-25% D,0O 248 £ 0.02 ND 3.23 £ 0.08 3,56 £ 0,06
50% AN-50% D,O ND ND 2.23 £ 0.06 2.65 £ 0.02
25% AN-75% D,0O ND ND ND 2.18 £ 0.03

ND not determined
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Fig. 4 Variation of stability constant of 60C20-Sr>* complex with
the composition of the AN-NM binary system at 27 °C

reasonable to assume that the preferential hydration of the
cation is mainly responsible for the monotonic dependence of
the stability constants on the solvent composition. The data
given in Table 1 revealed that the stability of M**—60C20
complexes varied in the order of Ba*" > Sr*™ > Mg*" ~
Ca”". The stability and selectivity of crown ether complexes
with metal cations depend on several factors, including the
cavity size of the ligand, the character of the heteroatoms in the
polyether ring, spatial distribution of ring binding sites and the
cation diameter [26]. The fitness of the cavity size of a mac-
rocyclic compound is an importance factor, which explains
the selectivity of crown ether complexes, but large crown
ethers (i.e., those larger than 18-crown-6) are very flexible,
and contain many oxygen atoms in their rings, which enables
them to twist around a metal ion of suitable size to let a
maximum number of oxygen atoms in the ring coordinate to
the central cations [27]. The selectivity observed for com-
plexes of 60C20 with the alkaline earth metal cations can be
attributed to the relative size of the metal ions to the cavity of
the polyether ring. Regarding the fact that the ionic radial of
the above cations decreases in the order of Ba®" > Sr*™ >
Ca®" > Mg®". The Ba®" ion with the largest ionic size can
have a more convenient fitting condition in the ligand cavity,
than can the otherions. Mg>" and Ca** ions have smaller sizes
than the cavity and hence cannot properly fit therein. This is
while among the two ions, Mg>" ion forms a rather stronger
complex than Ca>" ion due to its comparatively higher charge
density.
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