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Abstract The complexation reactions between Mg2?, Ca2?

and Sr2? cations with the macrocyclic ligand, benzo-15-crown-

5 (B15C5), in pure acetonitrile, water, methanol and tetrahy-

drofuran and also in acetonitrile–water (AN–H2O) and in

methanol–tetrahydrofuran (MeOH–THF) binary mixtures

have been studied at different temperatures using conducto-

metric method. The conductance data show that the stoichi-

ometry of the complexes in most cases is 1:1 [ML]. But in the

case of Ca2? cation a 1:2 [ML2] complex is formed in pure

THF, which shows that the stoichiometry of the complexes

may be changed by the nature of the medium. 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 binary mixed

solvents and a non-linear behavior was observed for variation

of logKf of the complexes versus the composition of the solvent

systems. The results show that the selectivity order of B15C5

for the metal cations in two AN–H2O binary solutions (mol%

AN = 25.71 and 50.94) at 25 �C is: Mg2? [Sr2? [Ca2?.

The values of thermodynamic parameters (DHc
0, DSc

0) for for-

mation of complexes were obtained from temperature depen-

dence of stability constants of complexes using the van’t Hoff

plots. The results show that the values and also the sign of these

parameters are influenced by the nature and also the compo-

sition of the binary mixed solvents.

Keywords Mg2? � Ca2? and Sr2? cations �
Benzo-15-crown-5 � Acetonitrile–water and

methanol–tetrahydrofuran binary mixtures �
Conductometry

Introduction

It is well-known that the coordination chemistry of the

heavier alkali and alkaline-earth metal ions is almost entirely

restricted to their complexes with chelating ligands having

‘‘hard’’ oxygen or oxygen and saturated nitrogen donor

atoms. The best known and most important ligands for

complexation with such metal cations, are polyethers, crown

ethers [1, 2] and cryptands [3, 4].

Crown ether is a macrocyclic polyether whose structure

contains hydrogen, carbon and oxygen atoms. Each oxygen

atoms are confined between two carbon atoms and exhibits

a conformation with a hole (accordingly called ‘‘crown’’).

As an ether, crown ethers are soluble in non-polar solvents.

They are capable of strong solvency binding cations in

their central cavity. The exterior of the ring is hydrophobic.

The size of the interior central cavity, fused ring systems,

and side chains and functional groups determine the sol-

vency capacity of the cation and the power of hydrophobic.

The main characteristic of a crown ether is the com-

plexation of the ether oxygens with various ionic species. If

metallic elements pass through the center of the hole, they

stick to oxygen atoms. The crown compound is then termed

‘‘host–guest’’ chemistry; crown ether acts as the ‘‘host’’

taking ionic species as its ‘‘guest’’. Crown compounds

locks guest atoms in a solution and wrap around it. Crown

ethers are used in PTC (phase-transfer catalysts) system [5]

and in encouraging the solubility of inorganic compounds

in organic solvents to promote the chemical reactions.
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‘‘Host–guest’’ chemistry of crown ethers can be a key to

identify the move of essential elements in the body and can

play the part of very complicated biological reactions [6]

such as enzyme’s functions, which can be applied to

develop new pharmaceuticals.

Studies of complexation reactions of crown ethers with

metal ions in different solvents show that the thermodynamic

and kinetic parameters are affected by the nature and com-

position of the solvent systems [7–9]. Non-aqueous solvents

are often mixed with water or some other organic solvents in

order to obtain desirable solvent properties. Although the

complexation of crown ethers with metal cations has been

studied in both aqueous and non-aqueous media, but most of

these investigations have been carried out in neat solvents

[10, 11] and the data about the stability constants and also the

thermodynamic parameters of metal ion complexes with

crown ethers especially with small crown ethers such as

benzo-15-crown-5 in mixed solvents are very sparse [12, 13].

Among the various physicochemical methods [14–17]

which have been used for investigation of cation–macrocy-

clic crown ether interactions in solutions, the conductometry

is a very useful method for determining the stability, selec-

tivity and also the thermodynamic parameters of the crown

ether complexes with various cations in non-aqueous media.

In this paper, the results of thermodynamic study for com-

plexation reactions between benzo-15-crown-5 (Scheme 1)

with Mg2?, Ca2? and Sr2? cations in AN, H2O, MeOH and

THF and AN–H2O and MeOH–THF binary mixtures at dif-

ferent temperatures using conductometric method are reported

and the dependence of stability, selectivity and also the ther-

modynamic quantities for these complexation processes on the

nature and composition of the binary solutions is discussed.

Experimental

B15C5, magnesium nitrate, calcium nitrate and strontium

nitrate all from Merck were used without further purifica-

tion. Acetonitrile (Merck), methanol (Merck) and

tetrahydrofuran (Merck) with the highest purity and triplet

distilled water were used as solvents.

The experimental procedure to obtain the stability con-

stants of complexes was as follows: a solution of metal salt

(5.0 9 10-4 M) was placed in a titration cell and the

conductance of the solution was measured, then a step-by-

Scheme 1 Structure of benzo-15-crown-5 (B15C5)
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Fig. 1 Molar conductance–mole ratio plots for (B15C5�Mg)2?

complex in pure acetonitrile at different temperatures: (times,

15 �C; filled square, 25 �C; triangle, 35 �C; filled diamond, 45 �C)
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Fig. 2 Molar conductance–mole ratio plots for (B15C5�Ca)2? com-

plex in pure acetonitrile at different temperatures: (times, 15 �C; filled
square, 25 �C; triangle, 35 �C; filled diamond, 45 �C)
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step increase of the crown ether solution prepared in the

same solvent (2.5 9 10-2 M) was carried out by a rapid

transfer 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 using a

digital Metrohm conductivity apparatus, model 712, in a

water bath thermostated at a constant temperature which

maintained within ±0.1 �C. The electrolytic conductance

was measured using a cell consisting of two platinum

electrodes to which an alternating potential was applied.

The cell constant was 0.75 cm-1.

Results

The changes of molar conductance, Km, versus the ligand

to cation molar ratio ([L]t/[M]t) for (B15C5�Mg)2?,

(B15C5�Ca)2? and (B15C5�Sr)2? complexes in AN, H2O,

MeOH and THF and their binary mixtures were studied at

different temperatures. Three typical series of molar con-

ductance values as a function of [L]t/[M]t for (B15C5�Mg)2?

complex in pure AN and for (B15C5�Ca)2? complex in pure

AN and pure THF are shown in Figs. 1, 2 and 3, respectively.

The stability constants (logKf) of the B15C5 crown ether

complexes at each temperature were calculated from the

changes of the molar conductance as a function of [L]t/[M]t

mole ratios using a GENPLOT computer program [18].

The details of the calculation of the stability constants of

complexes by conductometric method has been described

elsewhere [19]. The values of logKf for (B15C5�M)2?

(M2?= Mg2?, Ca2? and Sr2?) complexes in various sol-

vent systems are listed in Tables 1, 2.

The van’t Hoff plots of lnKf versus 1/T for all of the

investigated systems were constructed. A typical example of

these plots is shown in Fig. 4. The changes in the standard

enthalpy (DHc
0) for the complexation reactions were obtained

from the slope of the van’t Hoff plots, and the changes in the

standard entropy (DSc
0) were calculated from the relationship

DGc
0

,298.15 = DHc
0 - 298.15DSc

0. The thermodynamic data
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Fig. 3 Molar conductance–mole ratio plots for (B15C5�Ca)2? com-

plex in pure tetrahydrofuran at different temperatures: (times, 15 �C;

filled square, 25 �C; triangle, 35 �C; filled diamond, 45 �C)

Table 1 LogKf values of

(B15C5�Mg)2?, (B15C5�Ca)2?

and (B15C5�Sr)2? complexes in

AN–H2O binary mixtures at

different temperatures

SD standard deviation
a The concentration of each

metal cation was 5.0 9 10-4 M
b Composition of binary

mixtures is expressed in mol%

for each solvent system

Medium LogKf ± SD

15 �C 25 �C 35 �C 45 �C

(B15C5�Mg)2?,a

Pure AN 3.58 ± 0.08 3.75 ± 0.14 3.24 ± 0.18 2.70 ± 0.17

50.94%AN–49.06%H2Ob 3.64 ± 0.10 3.13 ± 0.07 3.00 ± 0.05 2.70 ± 0.16

25.71%AN–74.29%H2O 3.11 ± 0.17 3.08 ± 0.07 4.19 ± 0.06 2.55 ± 0.15

10.34%AN–89.66%H2O 3.63 ± 0.06 3.51 ± 0.04 4.07 ± 0.05 3.60 ± 0.13

Pure H2O 3.17 ± 0.03 3.88 ± 0.04 4.09 ± 0.03 4.02 ± 0.06

(B15C5�Ca)2?,a

Pure AN 3.84 ± 0.13 3.84 ± 0.09 3.77 ± 0.10 3.97 ± 0.07

50.94%AN–49.06%H2Ob 2.98 ± 0.06 2.88 ± 0.06 2.24 ± 0.06 2.24 ± 0.10

25.71%AN–74.29%H2O 2.68 ± 0.10 2.51 ± 0.12 2.86 ± 0.14 2.52 ± 0.04

(B15C5�Sr)2?,a

86.80%AN–13.20%H2Ob 2.68 ± 0.15 2.79 ± 0.14 2.72 ± 0.15 3.21 ± 0.17

50.94%AN–49.06%H2O 3.88 ± 0.08 3.03 ± 0.06 2.46 ± 0.03 2.46 ± 0.10

25.71%AN–74.29%H2O 2.91 ± 0.06 2.91 ± 0.04 2.46 ± 0.07 2.69 ± 0.03

10.34%AN–89.66%H2O 4.10 ± 0.10 2.59 ± 0.07 2.37 ± 0.07 2.75 ± 0.09

Pure H2O 3.17 ± 0.05 2.12 ± 0.06 2.60 ± 0.08 2.29 ± 0.06
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are summarized in Table 3. The variations of logKf versus

the solvent composition for (B15C5�Ca)2? complex in AN–

H2O and for (B15C5�Mg)2? complex in MeOH–THF binary

systems at different temperatures are shown in Figs. 5 and 6,

respectively. The variations of the stability constants of

(B15C5�Mg)2?, (B15C5�Ca)2? and (B15C5�Sr)2? com-

plexes as a function of cationic radii in two AN–H2O binary

systems at 25 �C is shown in Fig. 7.

Discussion

As is seen from Figs. 1, 2 and 3, addition of B15C5 to

Mg2? and Ca2? cations in pure acetonitrile and tetrahy-

drofuran at different temperatures results in an increase in

the molar conductivity which indicates that (B15C5�Mg)2?

and (B15C5�Ca)2? complexes are more mobile than free

solvated Mg2? and Ca2? cations. Similar behavior was also

observed for Mg2?, Ca2? and Sr2? cations in the binary

mixed systems. As is evident from Figs. 1 and 2, the slope

of the corresponding molar conductivity versus [L]t/[M]t

plots changes at the point where the ligand to cation mole

ratio is about 1, which is an evidence for the formation of a

relatively stable 1:1 [ML] complex between Mg2? and

Ca2? cations and benzo-15-crown-5. Similar behavior was

observed for most of the complexes in AN–H2O and

MeOH–THF binary mixtures. In order to make more clear

the 1:1 [M:L] complexation model, the fitting and experi-

mental curves for (B15C5�Mg)2? complex in pure aceto-

nitrile at 25 �C are shown in Fig. 8. As is evident in this

figure, there is a good agreement between the fitting and

experimental data. But in the case of Ca2? cation in pure

THF, the slope of molar conductance mole ratio curves

changes at the point where [L]t/[M]t is about 2 which

indicates the formation of a 1:2 [ML2] complex at different

temperatures in this non-aqueous solvent (see Fig. 3). The

results obtained in this investigation show that the stoi-

chiometry of the macrocyclic complexes may be changed

by the nature of the medium. As is evident in Fig. 3, the

complexation equilibria at 25, 35 and 45 �C seems to be

complex. This behaviour may be due to the changes of the

solvation number of the cation, ligand and even the

resulting complex with temperature.

The data in Table 1 show that as the concentration of

water is increased in AN–H2O binary mixtures, the sta-

bility of (B15C5�Ca)2? complex decreases. In a strong

solvating solvent such as H2O with a relatively high Gut-

mann Donor Number (DN = 33), the solvation of the
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Fig. 4 van’t Hoff plots for (B15C5�Mg)2? complex in MeOH–THF

binary systems: (filled square, mol% THF = 0; triangle, mol%

THF = 33.23)

Table 2 LogKf values of

(B15C5�Mg)2? and

(B15C5�Ca)2? complexes in

MeOH–THF binary mixtures at

different temperatures

SD standard deviation
a The concentration of each

metal cation was 5.0 9 10-4 M
b Composition of binary

mixtures is expressed in mol%

for each solvent system
c The data can not be fitted in

equation

Medium LogKf ± SD

15 �C 25 �C 35 �C 45 �C

(B15C5�Mg)2?,a

Pure THF 3.46 ± 0.08 2.87 ± 0.11 3.02 ± 0.10 2.75 ± 0.09

59.91%THF–40.09%MeOHb 2.76 ± 0.13 2.66 ± 0.17 2.62 ± 0.14 3.41 ± 0.12

33.23%THF–66.77%MeOH 2.51 ± 0.16 2.69 ± 0.13 3.14 ± 0.06 3.58 ± 0.19

14.22%THF–85.78%MeOH 3.05 ± 0.11 2.70 ± 0.07 3.14 ± 0.15 2.87 ± 0.11

Pure MeOH 4.02 ± 0.08 3.38 ± 0.18 3.14 ± 0.14 2.55 ± 0.10

(B15C5�Ca)2?,a

Pure THF c c c c

59.91%THF–40.09%MeOHb 2.32 ± 0.09 2.30 ± 0.10 3.21 ± 0.15 2.30 ± 0.08

33.23%THF–66.77%MeOH 2.78 ± 0.19 2.96 ± 0.10 3.04 ± 0.16 3.85 ± 0.04

14.22%THF–85.78%MeOH 3.45 ± 0.09 3.48 ± 0.18 3.05 ± 0.11 2.72 ± 0.09

Pure MeOH 2.96 ± 0.08 2.45 ± 0.10 2.34 ± 0.18 2.41 ± 0.12
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metal cation and possibly of the ligand should be stronger

than AN with a medium donor ability (DN = 14.1), thus,

the formation of the (B15C5�Ca)2? complex is weakened

as the concentration of water increases in AN–H2O binary

solutions. As is obvious from Table 1, the changes in sta-

bility constants of (B15C5�Mg)2? and (B15C5�Sr)2?

complexes in AN–H2O binary mixtures are not monotonic.

This behavior may be due to interaction between the water

and acetonitrile molecules via hydrogen bonding in their

binary mixtures which results in changing the structure of

the mixed solvents and, therefore, changing the solvation

of the alkaline earth metal cations, the ligand and the

resulting (B15C5�M)2? complexes in AN–H2O binary

solutions. In addition, the preferential solvation of the

studied metal cations and the macrocyclic ligand in these

binary solutions may affect complexation processes [20,

21].

Although MeOH and THF have the same donor numbers

(DN = 20 for MeOH and THF), but as is evident in

Table 2, in some cases, the stability of (B15C5�Mg)2?

complex increases as the concentration of MeOH is

increased. This behavior may be due to the formation of

hydrogen bond between NO3
- anion and MeOH molecules

because the anions are usually solvated in protic and am-

phiprotic solvents via hydrogen bonding. Therefore, the

competition between this counter ion with the macrocyclic

ligand for Mg2? cation is decreased as the concentration of

MeOH increases in MeOH–THF binary mixed solvents.

Moreover, these two solvents possess quite different

dielectric constants (eMeOH = 32.6 and eTHF = 7.3). The

high dielectric constant of MeOH, can exert a decrease in

the electrostatic interactions between the NO3
- anion and

the Mg2? cation in solution and, therefore, the stability

constant of (B15C5�Mg)2? complex increases by increas-

ing the concentration of MeOH in this binary solutions.

As is shown in Fig. 5, the variation of the stability

constant of the (B15C5�Ca)2? complex versus the solvent

composition in AN–H2O binary mixtures, is not linear at

35 and 45 �C and it shows a minimum at mol% AN & 50,

but in the case of 15 and 25 �C, a linear relationship is

observed. The different behavior which is observed for

(B15C5�Ca)2? complex in AN–H2O binary solutions, may

Table 3 Thermodynamic

parameters for (B15C5�Mg)2?,

(B15C5�Ca)2? and

(B15C5�Sr)2? complexes in

AN–H2O and THF–MeOH

binary mixtures

SD standard deviation
a Composition of binary

mixtures is expressed in mol%

for each solvent system
b With high uncertainty

Medium -DGc� ± SD

(25 �C) (kJ/mol)

DHc� ± SD

(kJ/mol)

DSc� ± SD

(kJ/mol)

(B15C5�Mg)2?

Pure AN 22.16 ± 0.37 b 240.05 ± 69.95

50.94%AN–49.06%H2Oa 17.85 ± 1.03 -52.65 ± 8.95 -116.72 ± 29.81

25.71%AN–74.29%H2O 17.57 ± 0.78 b b

10.34%AN–89.66%H2O 20.03 ± 0.13 b b

Pure H2O 21.39 ± 0.82 b b

(B15C5�Ca)2?

Pure AN 21.94 ± 0.54 b 91.83 ± 24.72

50.94%AN–49.06%H2Oa 16.46 ± 0.35 -37.88 ± 10.66 c

25.71%AN–74.29%H2O 14.33 ± 0.69 c c

(B15C5�Sr)2?

86.80%AN–13.20%H2Oa 15.94 ± 0.81 b b

50.94%AN–49.06%H2O 17.28 ± 0.32 -87.03 ± 22.85 -233.94 ± 75.63

25.71%AN–74.29%H2O 16.61 ± 0.21 b b

10.34%AN–89.66%H2O 14.70 ± 0.42 b b

Pure H2O 12.17 ± 0.33 b b

(B15C5�Mg)2?

Pure THF 16.41 ± 0.64 b b

59.91%THF–40.09%MeOHa 15.17 ± 0.95 b b

33.23%THF–66.77%MeOH 15.37 ± 0.76 65.06 ± 8.81 269.76 ± 29.44

14.22%THF–85.78%MeOH 15.39 ± 0.38 b b

Pure MeOH 19.26 ± 1.06 -82.95 ± 10.07 -213.62 ± 33.59

(B15C5�Ca)2?

59.91%THF–40.09%MeOHa 13.14 ± 0.89 b b

33.23%THF–66.77%MeOH 16.88 ± 0.61 b 252.09 ± 72.65

14.22%THF–85.78%MeOH 19.83 ± 1.03 -47.70 ± 12.52 b

Pure MeOH 15.29 ± 0.60 b b
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be related to the changes occurring in the structure of the

solvent mixtures with changing the temperature. As illus-

trated in Fig. 6, the change of the stability constant of the

(B15C5�Mg)2? complex with the composition of MeOH–

THF binary system is not linear. Somewhat similar

behavior was observed for other complexes in AN–H2O

and MeOH–THF binary mixtures. The non-linear rela-

tionship which is observed for these systems is probably

related to structural changes of the solvent systems when

they are mixed with one another. These structural changes

may result in changing the interactions of those solvents

with the solute. The effect of properties of AN–H2O and
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other organic-water mixtures on the solvation enthalpy of

15C5 and some of the other crown ethers has been studied

by Jozwiak [22] and it has been shown that the crown

ethers are preferentially solvated by organic solvents in

these binary mixtures and it has been discussed that in

these mixed solvents, the energetic effect of the preferen-

tial solvation depends quantitatively on the structural and

energetic properties of the mixtures. In addition, the non-

monotonic behaviour observed for variation of logKf of

complexes with the composition of the mixed solvents,

probably reflects a balance between solvation properties,

donicity, hydrogen bonding ability, etc. of the solvent

systems.

The changes of logKf for the formation of (B15C5�Mg)2?,

(B15C5�Ca)2? and (B15C5�Sr)2? complexes versus ionic

radii in two AN–H2O binary mixtures (mol% AN = 25.71

and 50.94) is shown in Fig. 7. The selectivity order of B15C5

for Mg2?, Ca2? and Sr2? cations in these two binary systems

at 25 �C is: Mg2? [ Sr2? [ Ca2?. This result is expected

since the Mg2? ion with a small ionic size can attain a more

convenient fit condition than the other two metal cations for

the ligand’s cavity. Although Ca2? cation has a smaller size

than Sr2? cation, the stability of (B15C5�Sr)2? complex is

more than the stability of (B15C5�Ca)2? complex. This may

be related to the strong solvation of Ca2? cation in compare

with Sr2? cation in these binary solutions. The results

obtained in this study show that the selection of solvents as

mixture components and their concentration may create

possibilities to change the properties of the solvent system in

a desired direction.

The thermodynamic quantities (DHc
0, DSc

0) for com-

plexation processes between B15C5 and Mg2?, Ca2? and

Sr2? metal cations are given in Table 3. As expected, the

values of thermodynamic quantities depend strongly on

the nature and composition of the mixed solvents [23,

24]. This is due to variations in the extent of the contri-

bution of such important parameters as solvation–

desolvation of the species involved in the complexation

reaction (i.e., cations, macrocycle and the resulting com-

plexes), and also the conformational changes of the

macrocyclic ligand in the binary solutions. The experi-

mental results in this Table, indicate that in some of the

binary solutions, the changes in standard enthalpy for the

complexation reactions is negligible, therefore, it seems

that the complexation processes in these solvent systems

are probably athermic. But in some cases of other binary

solutions, the complexation reactions are exothermic or

endothermic.
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