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Abstract The stability constants (Kf) for the complexa-

tion reactions of Cr3?, Mn2? and Zn2? metal cations with

macrocyclic ligand, 15-crown-5 (15C5), in acetonitrile

(AN), ethanol (EtOH) and also in their binary solutions

(AN–EtOH) were determined at different temperatures,

using conductometric method. 15C5 forms 1:1 complexes

with Cr3?, Mn2? and Zn2? cations in solutions. A non-

linear behaviour was observed for changes of logKf of the

metal ion complexes versus the composition of the mixed

solvent. The order of stability of the metal–ion complexes

in pure AN and in a binary solution of AN–EtOH (mol%

AN = 52) at 25 �C was found to be: (15C5Zn)2? [
(15C5�Mn)2? [ (15C5�Cr)3?, but in the case of pure EtOH

at the same temperature, it changes to: (15C5�Zn)2? [
(15C5�Cr)3? [ (15C5�Mn)2?. The results also show that

the stability sequence of the complexes in the other binary

solutions of AN–EtOH (mol% AN = 26 and mol%

AN = 76) varies in order: (15C5�Cr)3? * (15C5�Zn)2? [
(15C5�Mn)2?. The values of the standard thermodynamic

quantities (DHC�, DSC�) for formation of (15C15-Cr3?),

(15C5-Mn2?) and (15C5-Zn2?) complexes were obtained

from the temperature dependence of the stability constants

and the results show that the thermodynamics of com-

plexation reactions is affected by nature and composition

of the solvent systems and in most solution systems, the

complexes are enthalpy stabilized but entropy destabilized.

Keywords 15-Crown-5 � Cr3? � Mn2? and Zn2? cations �
Acetonitrile-ethanol binary mixture � Conductometry

Introduction

From the discovery of complexing properties of macrocy-

clic polyetheres (crown ethers) in the mid-1960s by

Pedersen [1], these macrocyclic ligands have played a

leading role in the development of host–guest and supra-

molecular chemistry. These complexes appeared to be salt-

polyether complexes formed by ion–dipole interaction

between the cation and the electronegative oxygen atoms

which are symmetrically placed in the crown ether ring [1].

The factors which influence the stability of the metal

cation-crown ether complexes include: the relative size of

the cation and the cavity of the crown ether, the number of

oxygen atoms in the ring, the coplanarity of the oxygen

atoms, the symmetrical placement of the oxygen atoms, the

basicity of the oxygen atoms, steric hindrance in the

polyether ring, the nature of the cation and the electrical

charge on the cation [2, 3]. The ability of the solvent

molecules to compete with the donor atoms of the ligand

towards the coordination sites of the cation and also the

solvation of the ligand and the resulting complex are

another factors that can thermodynamically influence the

complexation process between such macrocyclic ligands

and the metal cations [4, 5].

Over the years, these heteromacrocyclic ligands have

been used for the construction of new materials and devi-

ces, such as: organic synthesis [6], in construction of

ion-selective electrodes[7, 8], separation of metal cations

[9–12], as solid phase in chromatography columns [13–16],

in the design of fiber optic chemical sensors [17], in ion

exchange membranes [18], recognition of isomers [19] and

also in chemical analysis [20, 21]. Most of the applications

of the crown compounds are based on their complexing

ability to the metal cations. Therefore, study of crown ether

complexation is very important. Among the various
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methods, which have been used for study of complexation

processes between the macrocyclic ligands and the metal

cations, the conductometry is a very sensitive and inex-

pensive method with a simple experimental arrangement.

In addition, in this method, the measurements can be car-

ried out at low solution concentrations, where the interac-

tions between the cations and anions are to be negligible.

The thermodynamic studies of such complexation

reactions result in a better understanding of high selectivity

of these ligands towards different metal cations. We are

especially interested in study of the thermodynamics of

complexation and selectivity profiles of crown compounds

towards the various metal cations [22, 23].

In solution, the metal ion, the crown ether and also the

metal ion–crown ether complex would be surrounded by

solvent molecules that might play a significant role in

shifting the preference for one metal ion over another.

Thus, it is of great importance to study the effect of solvent

on the complexation of metal ions to crown ethers.

The combination of pure solvents as mixed solvents sub-

stantially increases the diversity of reaction media. Investi-

gation of solvent effects on thermodynamic and kinetic

functions is interesting both experimentally and theoretically

in chemical and biochemical analysis. The study of solvent

effects on chemical and physical processes in binary mixtures

is more complicated than in pure solvents, because the solute–

solvent and solvent–solvent interactions can create new sol-

vent properties leading to preferential solvation.

While the complexation of crown compounds with metal

cations have been studied in aqueous solutions and in pure

organic solvents but a little attention has been paid to

complexation of these macrocyclic ligands with metal cat-

ions in mixed binary organic solvents. The goal of the

present investigation, is to study the effect of the nature of

the cation, especially the solvent properties on the stability,

selectivity and of thermodynamic parameters of 15-crown-5

(Fig. 1) complexes with Cr3?, Mn2? and Zn2? metal cat-

ions in pure acetonitrile and pure ethanol and also their

binary solutions (AN–EtOH) at different temperatures,

using the conductometric method.

Experimental

Reagent and solvents

15-crown-5 (Fluka), chromium (III) nitrate (Merck), man-

ganese (II) nitrate (Merck) and zinc (II) nitrate (Merck)

were used without further purification. The solvents: ace-

tonitrile and ethanol (both from Merck) were used with

highest purity. All reagents were purchased from Merck

company.

Procedure

The experimental procedure to obtain the formation con-

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

(1.00 9 10-4 M) was placed in a titration cell and the

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

increase in the crown ether concentration was carried out

by a rapid transfer from crown ether solution prepared in

the same solvent (2.00 9 10-3 M) to the titration cell

using a micropipette 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 Julabo (model F12) thermostated with a con-

stant temperature maintained within ±0.01 �C. The elec-

trolytic conductance 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

1.25 cm-1 was used throughout the studies.

Theory

When a crown compound forms a MaLb
m? complex with a

metal cation, the equilibrium equation can be written as:

aMmþ þ bL$ MaLmþ
b ð1Þ

aCM CL � 1� að ÞCM 1� að ÞCM

where Mm?, L and a are the metal cation, crown compound

and the fraction of free cation, respectively. Thus, the

equilibrium constant, Ke, in different ratios of complex

formation are calculated using the following equations:

Ke ¼ MaLmþ
b

� �
= Mmþ½ �a L½ �b ð2Þ

CM=CL ¼ 1 ð3Þ

CM ¼ Ma½ �mþþ MaLb½ �mþ ð4Þ

CL ¼ Lb½ � þ MaLb½ �mþ ð5Þ

a ¼ Ma½ �mþ= CM ð6Þ

P ¼ MaLb½ �mþ=CM ¼ Ke Lb½ �=1þ Ke Lb½ � ð7ÞFig. 1 Structure of 15-crown-5
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The observed conductivity, j, is given by

j ¼ jmþ
ðMaÞ þ jmþ

ðMaLbÞ ð8Þ

The molar conductivities are given by the following

equations:

Kmþ
ðMaÞ ¼ jmþ

ðMaÞ= Ma½ �mþ ð9Þ

Kmþ
ðMaLbÞ ¼ jmþ

ðMaLbÞ= MaLb½ �mþ ð10Þ

K ¼ j=CM ð11Þ

K ¼ aKmþ
ðMaÞ þ ð1� aÞKmþ

ðMaLbÞ ð12Þ

As a result of Eqs. (12) and (2) can be transformed into:

Ke ¼ Kmþ
ðMaÞ � K=ðK� Kmþ

ðMaLbÞÞ Lb½ � ð13Þ

Where

Lb½ � ¼ CL � CM � P

and

Lb½ � ¼ CL � CM � ðKmþ
ðMaÞ � KÞ =ðKmþ

ðMaÞ � Kmþ
ðMaLbÞÞ

CM, CL are the total concentrations of the metal cation and

crown ether, respectively; [Ma]
m?, [Lb] and [MaLb]m? are

the concentrations of uncomplexed cation, uncomplexed

crown ether and complexed cation, respectively; P is the

experimental mole fraction of the complexed cation or the

ligand, for a 1:1 complex, and a and b are the complexing

degrees of both sides in the case of several degrees of

complexing (Eqs 1–13), j(Ma)
m? and j(MaLb)

m? , are the observed

conductivities of the cation and the crown-cation complex,

respectively; K(Ma)
m? and K(MaLb)

m? are the molar conductivities

of the cation and the crown -cation complex, respectively.

Results and discussion

The changes of molar conductance (Km) versus the ligand

to cation molar ratio ([L]t/[M]t) for complexation of 15C5

with Cr3?, Mn2? and Zn2? metal cations in pure AN and

EtOH and their binary systems were studied at different

temperatures. [L]t is the total concentration of 15C5 and

[M]t is the total concentration of each metal cation in

solution.

Two typical series of molar conductance values as

a function of ligand to metal cation mole ratios for the

formation of (15C5�Zn)2? complex in pure AN and in

AN–EtOH (mol% AN = 52) binary system are shown in

Figs. 2 and 3, respectively. As seen from these Figures,

addition of 15C5 to a solution of Zn2? cation in pure

acetonitrile at different temperatures results in an increase

in molar conductivity. This indicates that the (15C5�Zn)2?

complex is more mobile than free solvated Zn2? cation.

Since the size of the cation is smaller and its charge density

is much higher than the complexed cation, therefore, it is

much more solvated than the bulky complexed cation and

therefore, the complex is more mobile than free solvated

Zn2? cation, so that the molar conductivity increases upon

addition of the ligand to the Zn2? cation solution. Also it

seems that in lower temperatures the structure of the sol-

vent become more rigid, therefore, the solvation of the

species reduces and their mobility increases, which results

in increasing the molar conductivity with decreasing the

temperature.

The slope of the corresponding molar conductivity

versus ligand/metal cation plots changes at the point where

the ligand to cation mole ratio is about 1, which is an

evidence for formation of a relatively stable 1:1 complex

between Zn2? cation and 15C5 in these solvent systems.

Fig. 2 Molar conductance-mole ratio plots for (15C5�Zn)2? complex

in pure acetonitrile at different temperatures (filled diamond 15 �C,

filled square 25 �C, filled triangle 35 �C, times 45 �C)

Fig. 3 Molar conductance-mole ratio plots for (15C5�Zn)2? complex

in acetonitrile-ethanol binary system (mol% AN = 52) at different

temperatures (filled diamond 15 �C, filled square 25 �C, filled triangle
35 �C, times 45 �C)
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In order to make more clear the 1:1 [M:L] complexation

model, the fitting and experimental curves for (15C5�Zn)2?

complex (at 45 �C in pure AN) are shown in Fig. 4. As is

evident in this figure, there is a good agreement between

the fitting and experimental data. Somewhat similar

behavior was observed for Cr3? and Mn2? cations in the

binary mixed solvents.

The stability constants of the 15C5 complexes at each

temperature were calculated (Table 1) from the changes of

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

using a GENPLOT computer program [24]. The details of

the calculation of the stability constants of complexes by

conductometric method has been described elsewhere [25].

Ion–solvent interactions play a very important role in the

studies of stoichiometry, structure, and the stability of

metal cation complexes with crown ethers. Knowledge of

the ionophore solvation properties enables one to choose a

suitable solvent for complexation studies and to obtain

detailed information on the solvent effect. Also in the

complexation process of 15C5 with Cr3?, Mn2? and Zn2?

the solvent plays a critical role [26–28]. In this work we

investigated on the complexation of 15C5 with these three

metal cations in acetonitrile, ethanol and their binary

solutions. The stability constants (logKf) for (15C5-M)n?

(Mn? = Cr3?, Mn2? and Zn2?) complexes in acetonitrile

are bigger than in EtOH. Since the donor ability of EtOH

Fig. 4 The fitting and experimental (filled diamond) curves for

(15C5�Zn)2? at 25 �C complex in pure acetonitrile

Table 1 LogKf values of (15C5�Cr)3?, (15C5�Mn)2? and (15C5�Zn)2? complexes in AN–EtOH binary mixtures at different temperatures

Medium LogKf ± SD

15 �C 25 �C 35 �C 45 �C

(15C5�Cr)3?a

Pure AN b b b b

90%AN–10%EtOHc 4.55 ± 0.13 4.05 ± 0.19 3.01 ± 0.11 3.67 ± 0.14

75%AN–25%EtOH 4.18 ± 0.09 3.33 ± 0.07 3.28 ± 0.12 3.50 ± 0.09

50%AN–50%EtOH d 2.88 ± 0.16 2.83 ± 0.07 2.99 ± 0.06

25%AN–75%EtOH 3.12 ± 0.17 3.50 ± 0.15 3.00 ± 0.14 d

Pure EtOH 3.42 ±0.43 3.05 ± 0.10 3.77 ± 0.15 2.85 ± 0.18

(15C5�Mn)2?a

Pure AN 4.53 ± 0.15 4.46 ± 0.12 4.78 ± 0.30 5.33 ± 0.30

75%AN–25%EtOHc 3.74 ± 0.05 2.98 ± 0.16 d 2.73 ± 0.30

50%AN–50%EtOH 3.10 ± 0.14 3.12 ± 0.12 3.41 ± 0.18 3.21 ± 0.11

25%AN–75%EtOH 3.48 ± 0.14 2.84 ± 0.26 3.24 ± 0.12 3.34 ± 0.07

Pure EtOH 3.04 ± .0.20 d 3.34 ± 0.12 d

(15C5�Zn)2?a

Pure AN 4.52 ± 0.10 4.64 ± 0.11 4.43 ± 0.09 4.36 ± 0.08

75%AN–25%EtOHc 3.71 ± 0.09 3.28 ± 0.06 3.24 ± 0.03 3.45 ± 0.20

50%AN–50%EtOH 3.80 ± 0.10 3.76 ± 0.02 3.65 ± 0.03 3.62 ± 0.04

25%AN–75%EtOH 3.14 ± 0.08 3.45 ± 0.50 3.19 ± 0.08 3.12 ± 0.13

Pure EtOH 3.91 ± 0.14 3.68 ± 0.11 3.33 ± 0.09 3.5 ± 0.10

SD standard deviation
a The concentration of each metal cation was 1.0 9 10-4 M
b The salt is not dissolved in pure AN
c Composition of binary mixtures is expressed in mol% for each solvent system
d The data cannot be fitted to the equation
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(DN = 19) as expressed by the Gutmann donocity [29] is

higher than AN (DN = 14.0), therefore, it competes more

strongly with the ligand for the metal cations than AN.

The complexation reaction between a metal cation with

a ligand in solution, which is an exchange process can be

written as:

Metalnþð ÞSx þ ligandð ÞSy $ metal� ligandð ÞnþSz

þ xþ y� zð ÞS

in which S is the solvent molecule, x, y, z, are the solvation

numbers of the metal cation, ligand and the resulting

complex, respectively. Therefore, the change of free energy

of this reaction, depends on the difference in affinity of

ligand and solvent for the metal cation and also the dif-

ference in affinity of the metal cation and solvent mole-

cules for the ligand. In addition, the solvation of the

resulting complex is effective in the free energy of com-

plexation process. Therefore, in addition of solvation of the

metal cation, the solvation of the ligand and the resulting

complex contribute to the overall free energy of complex

formation in solutions [30].

The thermodynamic characteristics (DH�C and DS�C) of

the complex formation, calculated from the temperature

dependences of the stability constants, are given in

Table 2. The Gibbs energy of the complex formation non-

monotonically varies with the composition of the binary

organic solvents and this indicates on interparticle inter-

actions because of the entropy enthalpy compensation [31].

Physically this means that the enthalpy and entropy com-

ponents of the Gibbs energy directly reflect specifics of

reagent-solvent interactions and characterize qualitative

and quantitative distinctions of systems and processes

under comparison [32].

For all investigated systems, the van0t Hoff plots of log

Kf versus 1/T were constructed. The changes in standard

enthalpy (DH�C) were obtained from the slope of the van0t
Hoff plots and the changes in standard entropy (DS�C) were

calculated from the relationship DG�C298.15 = -RTln

Kf = DH�C - 298.15DS�C. A typical of these plots for

(15C5�Mn)2? complex formation is shown in Fig. 5.

As is evident from Table 2, the overall free Gibbs

energy (DG�C) in pure acetonitrile for formation of

(15C15�Cr)3?, (15C5�Mn)2? and (15C5�Zn)2? complexes

is more appropriate and more stable complexes are formed

in this solvent compared to the other solvent systems. As

expected, the enthalpy and entropy values for complexation

reactions vary with the nature and composition of the

mixed solvents. Since the values of standard entropy and

Table 2 Thermodynamic parameters for (15C5�Cr)3?, (15C5�Mn)2? and (15C5�Zn)2? complexes in AN–EtOH binary mixtures

Medium DG�C ± SD (25 �C) DH�C ± SD DS�C ± SD

(15C5�Cr)3?a

Pure AN b b b

90%AN–10%EtOHc -23.12 ± 0.10 -64.1 ± 0.04 137.2 ± 3.62

75%AN–25%EtOH -19.01 ± 0.14 -39.13 ± 0.03 -67.48 ± 1.02

50%AN–50%EtOH -16.48 ± 0.94 -4.77 ± 0.01 39.27 ± 3.16

25%AN–75%EtOH -17.79 ± 0.84 -8.50 ± 0.00 -31.66 ± 2.79

Pure EtOH -17.22 ± 0.59 -16.4 ± .0.04 3.38 ± 0.00

(15C5�Mn)2?a

Pure AN -25.5 ± 0.68 34.71 ± 0.03 201.84 ± 2.20

75%AN–25%EtOHd -17.00 ± 0.92 -54.62 ± 0.02 -126.18 ± 3.09

50%AN–50%EtOH -17.84 ± 0.70 29.84 ± 0.06 159.80 ± 2.20

25%AN–75%EtOH -18.50 ± 0.50 -1.63 ± 0.03 48.83 ± 0.50

Pure EtOH d d d

(15C5�Zn)2?a

Pure AN -26.48 ± 0.60 -11.73 ± 0.08 49.45 ± 4.13

75%AN–25%EtOHc -18.75 ± 0.33 -15.36 ± 0.17 11.36 ± 1.11

50%AN–50%EtOH -21.50 ± 0.03 -11.63 ± 0.01 33.02 ± 0.45

25%AN–75%EtOH -19.71 ± 0.28 -4.81 ± 0.04 49.96 ± 0.94

Pure EtOH -21.00 ± 0.64 -28.03 ± 0.01 -24.30 ± 2.20

SD standard deviation
a The concentration of each metal cation was 1.0 9 10-4 M
b The salt is not dissolved in pure AN
c Composition of binary mixtures is expressed in mol% for each solvent system
d With high uncertainly
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standard enthalpy for formation of the metal cation-crown

ether complex in solution, vary with different parameters

such as changes in the flexibility of the macrocyclic ligand

during the complexation process, and also with the extent

of cation–solvent, ligand–solvent and complex–solvent

interactions and even with the solvent solvent interactions,

therefore, these thermodynamic quantities change non-

monotonically with the composition of the binary mixed

solvent system. Also it obvious from this table that, in the

most cases, the complexation reactions between 15C5 and

the studied metal cations in AN–EtOH binary solutions are

enthalpy stabilitized but entropy destabilized.

The changes of logKf versus the mole fraction of AN for

(15C5�Cr)3? complex in AN–EtOH binary system at dif-

ferent temperatures are shown in Fig. 6. As is obvious from

this figure, a non-linear relationship is observed between

the stability constant of the (15C5�Cr)3? complex versus

the mole fraction of AN in AN–EtOH binary system.

Similar behavior was observed for (15C5�Zn)?2 and

(15C5�Mn)?2 complexes in AN–EtOH binary system. This

behavior may be related to ethanol-acetonitrile molecular

interactions that lead to changes occurring in the structure

of the solvent mixtures and, therefore, changing in the

solvation properties of the cyclic polyether, cation and

even the resulting complexes in these solvent mixtures.

Some structural changes probably occur in the structure of

the solvents when they mixed with one another. These

structural changes may result in changing the interactions

of those solvents with the solutes. In addition, the prefer-

ential solvation of the cation, anion and the ligand and the

character of its changes with the composition of the mixed

solvent and temperature may be effective in these com-

plexation processes. Somewhat similar behaviors have

been observed for some of the complexation reactions of

crown ethers and aza-crown ethers with metal cations in

various binary mixed solvent solutions [33, 34].

The changes of logKf of the (15C5�Cr)?3, (15C5�Mn)?2

and (15C5�Zn)2? complexes versus the ionic radii of the

metal cations in various AN–EtOH binary mixtures is

shown in Fig. 7. Also 15C5 has a cavity size of 1.7–2.2 Å,

and the Mn2? (1.8 Å) has the optimized diameter for the

complex (15C5�Mn2?). However, logKf indicated in Fig. 7

show no relation with metal diameter even in pure solvent.

The size of the cavity isn’t the only factor that effect on the

complexation process. But other factors such as the type of

the solvent can be effective in complexation process.

Therefore, only based on the size of the crown ether cavity,

Fig. 5 van,t Hoff plots for (15C5�Mn)2? complex in acetonitrile-

ethanol binary systems(mol% AN: filled triangle 50.0, filled square
76.0, filled diamond 100)

Fig. 6 Changes of stability constant (logKf) of (15C5�Cr)3? complex

with the mole fraction of acetonitrile at different temperatures (filled
diamond 15 �C, filled square 25 �C, filled triangle 35 �C, times
45 �C)

Fig. 7 Variation of logKf for (15C5�Cr)3?, (15C5�Zn)2? and

(15C5�Mn)2? complexes vs cationic radii in acetonitrile-ethanol

binary systems at 25 �C: (mol% AN: asterisk 0, filled square 26.0,

times 50.0, filled triangle 76.0, filled diamond 100 [for Cr3? filled
diamond 90])
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we cannot always predict about the stability of the crown

ether complexes for example, although the K? ion has a

very good condition for the cavity size of 18C6, but the

Na? ion in MeOH forms a stronger complex with respect to

K? ion.

Some reversals of the stabilities can be observed which

show that the selectivity order of the ligand for these metal

cations is affected by the nature and composition of the

solvent systems. As is evident from Fig. 7, the order of

selectivity of the metal–ion complexes in pure AN and in a

binary solution of AN–EtOH (mol% AN = 52) at 25 �C is

: (15C5�Zn)2? [ (15C5�Mn)2? [ (15C5�Cr)3?, but in pure

EtOH it changes to: (15C5�Zn)2? [ (15C5�Cr)3? [
(15C5�Mn)2?. It is interesting to note that the selectivity

order of the complexes in the other binary mixtures of AN–

EtOH (mol% AN = 26 and mol% AN = 76) varies as :

(15C5�Cr)3? * (15C5�Zn)2? [ (15C5�Mn)2?. The results

obtained in this study show that the selectivity of the

macrocyclic ligands for metal cations may be changed with

the composition of the binary mixed solvents.
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