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Abstract

The complexation reactions between Mg2+,Ca2+,Sr2+ and Ba2+ metal cations with macrocyclic ligand,
dicyclohexano-18-crown-6 (DCH18C6) were studied in methanol (MeOH)–water (H2O) binary mixtures at
different temperatures using conductometric method . In all cases, DCH18C6 forms 1:1 complexes with these metal
cations. The values of stability constants of complexes which were obtained from conductometric data show that the
stability of complexes is affected by the nature and composition of the mixed solvents. While the variation of
stability constants of DCH18C6-Sr2+ and DCH18C6-Ba2+versus the composition of MeOH–H2O mixed solvents is
monotonic, an anomalous behavior was observed for variations of stability constants of DCH18C6-Mg2+ and
DCH18C6-Ca2+ versus the composition of the mixed solvents. The values of thermodynamic parameters (DHc�,
DSc�) for complexation reactions were obtained from temperature dependence of formation constants of complexes
using the van,t Hoff plots. The results show that in most cases, the complexation reactions are enthalpy stabilized
but entropy destabilized and the values of thermodynamic parameters are influenced by the nature and composition
of the mixed solvents. The obtained results show that the order of selectivity of DCH18C6 ligand for metal cations
in different concentrations of methanol in MeOH–H2O binary system is: Ba2+>Sr2+>Ca2+> Mg2+.

Introduction

The first report of crown compounds was published in
1967 by Pedersen. He discovered the macrocyclic ligand,
dibenzo-18-crown-6 (DB18C6) and observed that this
compound and similar homologous form very strong
complexes with alkali and alkaline earthmetal cations [1].
After then, many researches have been carried out on
complexation and applications of these compounds in
different areas, such as chemical analysis [2], organic
synthesis [3], in constructionof ion-selective electrodes [4],
separation ofmetal ions [5] and recognition of isomers [6].

Because of the vital role of alkali and alkaline earth
metal cations in biological systems [7], an important part
of the researches deals with the complexes of these metal
cations with crown compounds. Macrocyclic crown
ethers are similar to antibiotic ligands, both in structure
and in their ability to form stable complexes and,
therefore, these compounds can be used as models for
investigation of ion transport through membrane in
biological systems [8]. Studies of complexation reaction
of crown ethers with metal ions in different solvents
show that the thermodynamic and kinetic parameters

are affected by the nature and composition of the
solvent system [9, 10].

Different physico-chemical techniques such as polar-
ography [11, 12], potentiometry [13, 14], spectropho-
tometry [15, 16], NMR spectrometry [17], calorimetry
[18], conductometry [19, 20], fluorescence spectroscopy
[21], electrospray ionization mass spectrometry [22] and
capillary zone electrophoresis [23, 24] have been used to
study the complex formation between macrocyclic
ligands and different metal cations in solutions. Among
these various methods, the conductometric technique is
a sensitive and inexpensive method with a simple
experimental arrangement for such investigations.

Since one of our main research interests is the
influence of solvent properties on the thermodynamics
of complexation reactions of macrocyclic ligands, we
studied the complexing ability of dicyclohexano-18-
crown-6 (DCH18C6) towards alkaline metal cations in
MeOH–H2O binary mixtures using conductometric
method.

Materials and experimental procedures

DCH18C6 (a mixture of the cis-syn-cis and cis-anti-cis
isomers) (Fluka), magnesium nitrate (BDH), calcium* Author for correspondence. E-mail: ghrounaghi@yahoo.com
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nitrate (Merck), strontium nitrate (SEARLE) and bar-
ium perchlorate (Merck) were used without further
purification. Methanol (Merck) with the highest purity
and triplet distilled water were used as solvents.

The experimental procedure to obtain the formation
constants of complexes is as follows: a solution of metal
salt (2 · 10)4M) was placed in a titration cell and the
conductance of the solution was measured , then a step-
by-step increase in the crown ether concentration was
performed by a rapid transfer from crown ether solution
prepared in the same solvent (0.01 M ) to the titration
cell using a microburette and the conductance of the
solution in the cell was measured after each transfer at
the desired temperature.

The conductance measurements were performed on a
digital AMEL conductivity apparatus, model 60, in a
water-bath thermostated at a constant temperature
maintained within ±0.03 �C. The electrolytic conduc-
tance was measured using a cell consisting of two
platinum electrodes to which an alternating potential
was applied. A conductometric cell with a cell constant
of 0.79 cm)1 was used throughout the studies.

Results

The variations of molar conductance Km versus the
ligand to the cation molar ratio ([L]t/[M]t) for complex-
ation of DCH18C6 with Mg2+, Ca2+, Sr2+ and Ba2+

cations in MeOH–H2O binary systems were studied at
different temperatures. The variations of Km versus ([L]t

/
[M]t) for DCH18C6-Ba2+ in MeOH–H2O binary mix-
ture and for DCH18C6-Sr2+ in pure MeOH are shown
in Figures 1 and 2, respectively.

The stability constants of DCH18C6 crown ether
complexes at each temperature were calculated from
variation of molar conductance as a function of
[Ligand]/[Mn+] molar ratio using a GENPLOT com-
puter program [25]. The details of calculation of the
stability constants of complexes by conductometric
method have been described in reference [20]. The
stability constants (log Kf) for DCH18C6-M2+

(M2+ ¼Mg2+, Ca2+, Sr2+ and Ba2+) complexes in
various solvent systems at various temperatures are
listed in Table 1.

The changes in the standard enthalpy (DHc�) for
complexation reactions were obtained from the slope of
the van,t Hoff plots assuming that DCp is equal to zero
over the entire temperature range investigated. The
changes in standard entropy (DSc�) were calculated from
the relationship DGc�, 298.15 ¼ DHc�)298.15 DSc�. The
results are summarized in Table 2.

The variation of log Kf versus the mole fraction of
MeOH for DCH18C6-Sr2+ and DCH18C6-Mg2+com-
plexes in MeOH–H2O binary system at different tem-
peratures is shown in Figures 3 and 4, respectively, and
the variation of stability constant (log Kf) of DCH18C6-
M2+ (M2+ ¼Mg2+, Ca2+, Sr2+, Ba2+) complexes as a
function of cationic radii in various MeOH–H2O binary
systems is shown in Figure 5.

Discussion

As is obvious from Figure 1, addition of DCH18C6 to
barium ion solution at different temperatures shows a
decrease in molar conductivity. This indicates that

Figure 1. Molar conductance–mole ratio plots for DCH18C6-Ba2+

complex inMeOH–H2O (mol%MeOH ¼ 60) at different temperatures.

Figure 2. Molar conductance–mole ratio plots for DCH18C6-Sr2+

complex in neat MeOH at different temperatures.
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DCH18C6 forms a complex with Ba2+ cation and this
complex is less mobile than free solvated Ba2+ ion.
Similar behavior was observed for Sr2+ ion. The slope
of the corresponding molar conductivity Km versus
[Ligand]/[Cation] ([L]t/[M]t) plots changes sharply at the
point where the ligand to cation molar ratio is 1, which
is an evidence for formation of a relatively stable 1:1
complex.

An anomalous behavior was observed in the case of
complexation of Sr2+ ion with the ligand in pure
methanol. As is obvious from Figure 2, addition of
DCH18C6 to strontium ion in pure MeOH at different
temperatures causes the molar conductivity to initially
decrease until the mole ratio reaches 1:1 and then to
increase. Such behavior may be described according to
the following equilibria:

ðSr2þ; NO�3 Þþ crown ether¢Sr2þ � crown ether, NO�3

ðIÞ

Sr2þ � crown ether; NO�3 þ crown ether

¢Sr2þ � ðcrown etherÞ2 þNO�3
ðIIÞ

It seems that addition of the ligand to strontium ion
solution results in formation of a relatively stable 1:1
complex (I) which is present as an ion-pair, then
addition of the second ligand to ion-pair complex,
causes formation of a stable 1:2 complex with a
sandwich structure (II) which decreases the interaction
of NO �3 ion with strontium cation and results in
dissociation of ion-pair. Similar behavior has been
observed by Takeda and his coworkers [26] in their
study of complex formation between 18C6 with K+ and
Rb+ cations in propylenecarbonate, and also by Roun-
aghi et al. [27] for complexation of DCH18C6 with Tl+

in MeOH-AN binary mixture.
The variation of stability constant (log Kf) of

DCH18C6-Sr2+ complex as a function of solvent
composition in MeOH–H2O binary mixture is shown
in Figure 3. There is a linear relationship between log Kf

values and the mole fraction of methanol in mixed
solvent system. It seems reasonable to assume that in
this case, it is the preferential hydration of Sr2+ cation
by water molecules that is responsible for this mono-
tonic dependence of stability constant on the solvent
composition. In water with a high Gutmann Donor

Table 1. Log Kf values of DCH18C6-Mg2+, DCH18C6-Ca2+, DCH18C6-Sr2+ and DCH18C6-Ba2+ complexes in MeOH–H2O binary mixtures
at different temperatures

Medium Log Kf ± SDa

15 �C 25 �C 35 �C 45 �C 55 �C

DCH18C6-Mg2+d

70%H2O–30%MeOHe 3.51 ± 0.09 2.80 ± 0.09 b 2.7 ± 0.2 2.5 ± 0.1

40%H2O–60%MeOH 2.62 ± 0.03 3.14 ± 0.03 b 2.9 ± 0.1 2.85 ± 0.09

20%H2O–80%MeOH 2.76 ± 0.09 2.5 ± 0.1 2.1 ± 0.2 2.3 ± 0.1 2.28 ± 0.09

Pure MeOH 1.9 ± 0.3 2.1 ± 0.1 b 2.5 ± 0.1 2.57 ± 0.04

DCH18C6–Ca2+d

70%H2O–30%MeOHe 2.8 ± 0.1 3.19 ± 0.05 2.81 ± 0.06 b 1.8 ± 0.1

40%H2O–60%MeOH 3.42 ± 0.04 3.82 ± 0.09 3.72 ± 0.06 3.26 ± 0.03 3.02 ± 0.05

20%H2O–80%MeOH 4.27 ± 0.06 3.97 ± 0.08 2.3± 0.2 3.41 ± 0.03 3.20 ± 0.07

Pure MeOH 1.02 ± 0.07 2.3 ± 0.1 3.25 ± 0.03 2.9 ± 0.2 3.43 ± 0.05

DCH18C6–Sr2+d

80%H2O–20%MeOHe 3.55 ± 0.05 3.49 ± 0.02 3.42 ± 0.02 3.19 ± 0.07 3.16 ± 0.05

70%H2O–30%MeOH 3.99 ± 0.03 3.85 ± 0.02 3.69 ± 0.01 3.57 ± 0.02 3.49 ± 0.03

60%H2O–40%MeOH 4.3 ± 0.1 4.06 ± 0.05 3.99 ± 0.02 3.96 ± 0.03 3.71 ± 0.02

40%H2O–60%MeOH 5.4 ± 0.3 4.66 ± 0.08 5.1 ± 0.2 4.50 ± 0.07 4.36 ± 0.06

20%H2O–80%MeOH >6 >6 >6 >6 >6

Pure MeOH c c c c c

DCH18C6–Ba2+d

80%H2O–20%MeOHe 4.43 ± 0.06 4.16 ± 0.04 4.09 ± 0.05 3.88 ± 0.04 3.82 ± 0.05

70%H2O–30%MeOH 4.81 ± 0.03 4.48 ± 0.01 4.29 ± 0.03 4.15 ± 0.03 3.97 ± 0.01

60%H2O–40%MeOH 5.1 ± 0.1 5.07 ± 0.09 4.6 ± 0.1 4.62 ± 0.06 4.34 ± 0.05

40%H2O–60%MeOH 5.2 ± 0.4 5.09 ± 0.09 4.9 ± 0.1 4.82 ± 0.06 4.87 ± 0.07

20%H2O–80%MeOH >6 >6 >6 >6 >6

Pure MeOH >6 >6 >6 >6 >6

a SD = Standard deviation.
b With high uncertainty.
c Fitting of data in equations [20] is impossible.
d The concentration of each metal cation was 2 · 10)4 M.
e The composition of binary mixtures is expressed in mol% for each solvent.
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Figure 3. Variation of stability constant of DCH18C6-Sr2+ complex
with the composition of the MeOH–H2O binary system at different
temperatures.

Figure 4. Variation of stability constant of DCH18C6-Mg2+ complex
with the composition of the MeOH–H2O binary system at different
temperatures.

Table 2. Thermodynamic parameters for DCH18C6-Mg2+, DCH18C6-Ca2+, DCH18C6-Sr2+ and DCH18C6-Ba2+ complexes in MeOH–H2O
binary mixtures

Medium Log Kf ± SDa (25 �C) DGc�± SDa (kJ·mol)1) DHc�± SDa (kJ·mol)1) DSc�±SDa (J·mol)1·K)1)

DCH18C6–Mg2+
c

70%H2O–30%MeOHd 2.80 ± 0.09 )15.9 ± 0.4 )41.8 ± 12.5 b

40%H2O–60%MeOH 3.14 ± 0.03 )17.9 ± 0.2 12.5 ± 4.2 100 ± 21

20%H2O-80%MeOH 2.5 ± 0.1 )13.8 ± 0.8 b b

Pure MeOH 2.1 ± 0.1 )11.7 ± 0.4 33.4 ± 4.2 150 ± 17

DCH18C6-Ca2+
c

70%H2O–30%MeOHd 3.19 ± 0.05 )18.2 ± 0.3 b b

40%H2O–60%MeOH 3.82 ± 0.09 )21.7 ± 0.4 )54.3 ± 8.4 )104 ± 29

20%H2O–80%MeOH 3.97 ± 0.08 )22.6 ± 0.4 )50.2 ± 4.2 )88 ± 21

Pure MeOH 2.3 ± 0.1 )12.9 ± 0.8 100 ± 29 b

DCH18C6-Sr2+
c

80%H2O–20%MeOHd 3.49 ± 0.02 )19.9 ± 0.1 )19.6 ± 2.9 b

70%H2O–30%MeOH 3.85 ± 0.02 )21.9 ± 0.1 )23.4 ± 0.4 )5.4 ± 1.2

60%H2O–40%MeOH 4.06 ± 0.05 )23.2 ± 0.3 )21.3± 0.8 7.1±2.5

40%H2O–60%MeOH 4.66 ± 0.08 )26.8 ± 0.4 )50.2 ± 8.4 b

DCH18C6-Ba2+
c

80%H2O–20%MeOHd 4.16 ± 0.04 )23.8 ± 0.2 )27.6 ± 0.2 )12.5 ± 4.2

70%H2O-30%MeOH 4.48 ± 0.01 )25.6 ± 0.1 )36.4 ± 3.3 )37.6 ± 8.4

60%H2O–40%MeOH 5.07 ± 0.09 )28.9 ± 0.4 )36.8 ± 3.3 )25.1 ± 8.4

40%H2O–60%MeOH 5.09 ± 0.09 )28.9 ± 0.4 )18.4 ± 3.7 37.6 ± 12.5

aSD = Standard deviation.
bWith high uncertainty.
cThe concentration of each metal cation was 2 · 10)4 M.
dThe composition of binary mixtures is expressed in mol % for each solvent.
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Number (DN ¼ 33), the solvation of Sr2+ cation should
be stronger than methanol of lower solvating ability
(DN ¼ 20), therefore, the stability of DCH18C6-Sr2+

complex increases as the concentration of water is
lowered in MeOH–H2O binary mixtures.

It is interesting to note that while the stability
constant of DCH18C6-Sr2+ varies monotonically and
linearly with the solvent composition in MeOH–H2O
binary mixtures, a very different behavior is observed
for DCH18C6-Mg2+ complex (Figure 4). As is shown in
Figure 4, the change in stability constant at various
temperatures is not monotonic. Somewhat similar
behavior is observed for DCH18C6-Ca2+ complex in
the same binary systems. The anomalous behavior
which is observed for variations of stability constants
of DCH18C6-Mg2+ and DCH18C6-Ca2+ complexes
versus the composition of MeOH–H2O mixed solvents is
due to some kinds of solvent–solvent interactions
between these dipolar protic solvents and, therefore,
changing the structure of solvent system when they are
mixed with one another. It has been shown that the
viscosity of the mixed solvents passes through a max-
imum which indicates the strong interaction between
water and alcoholic solvents [28–30].

As illustrated in Table 2, the calculated thermody-
namic parameters for DCH18C6-Mg2+, DCH18C6-
Ca2+, DCH18C6-Sr2+ and DCH18C6-Ba2+ in
MeOH–H2O binary systems show that the DHc

� and
DSc� values are influenced by the solvent and vary with
the solvent composition, but they do not vary mono-
tonically with the solvent composition. Since there are
many factors which contribute to changes in complex-
ation enthalpies and entropies, we should not expect a
regularity between these parameters and the solvent

composition of these binary mixture of associated
solvents.

The variation of log Kf for formation of DCH18C6-
Mg2+, DCH18C6-Ca2+, DCH18C6-Sr2+ and DCH
18C6-Ba2+ complexes versus the ionic radii in two
MeOH–H2O binary mixtures (mol% MeOH ¼ 30 and
60) is shown in Figure 5. As is evident in this Figure, the
order of selectivity of these complexes at 25 �C is:

DCH18C6-Ba2þ > DCH18C6-Sr2þ

> DCH18C6-Ca2þ > DCH18C6-Mg2þ

Similar selectivity order was observed in other compo-
sitions of the mixed solvent systems. The results in this
investigation are similar to the results which have been
obtained by Izatt and his coworkers [31] in studying of
these complexes using calorimetry technique in aqueous
solutions at 25 �C.
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