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Abstract

The complexation reactions between T11, Hg>* and Agt metal cations with 18-Crown-6 (18C6) were studied in acetoni-
trile (AN)-methanol (MeOH) and benzonitrile (BN)-methanol (MeOH) binary mixtures at different temperatures using the
conductometric method. The conductance data show that the stoichiometry of the complexes in most cases is 1:1 (ML),
but in the case of the TI* cation, in addition to a 1: 1 complex, a 1:2 (ML;) complex is formed in solutions. A non-linear
behaviour was observed for the variation of log K ¢ of the complexes vs the composition of the binary mixed solvents. The
stability of 18C6 complexes with T1, Hg>* and Ag* cations is sensitive to solvent composition and in some cases, the
stability order is changed with changing the composition of the mixed solvents. The values of the thermodynamic parameters
(AH?, AS?) for formation of 18C6-T17, 18C6-Hg*? and the 18C6-Ag™ complexes were obtained from the temperature
dependence of the stability constants and the results show that the thermodynamics of the complexation reactions is affected
by the nature and composition of the mixed solvents and in most cases, the complexes are enthalpy destabilized but entropy

stabilized.

Introduction

In 1967, Pedersen described the synthesis of macrocyclic
polyethers and the formation of stable complexes between
these ligands and various metal salts [1]. Today the chem-
istry of the crown compounds forms an important part of the
literature [2, 3]. These studies mainly deal with the stability
and selectivity of metal complexes of crown compounds and
also with the thermodynamic and kinetics of complex forma-
tion in solutions. Most of these studies have been carried out
in neat solvents [4, 5] or partly in mixtures of water and a
few organic solvents [6, 7], consequently a little information
is available about stability, selectivity and thermodynamics
of complex formation in mixed non-aqueous solvents [8].
Studies of crown ethers complexation in different solvents
show that the thermodynamic and kinetic parameters are af-
fected by the nature and composition of the solvent systems
[9]. Macrocyclic crown ethers which are similar to antibi-
otic ligands can be used as models for investigation of ion
transport through membranes in biological systems[10], as a
stationary phase in chromatography [11], and in the design
of fiber optic chemical sensors [12].

A large number of physico-chemical techniques such as
potentiometry [13], calorimetry [14], conductometry [15],
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NMR spectroscopy [16], spectrophotometry [17] and po-
larography [18, 19] have been used for study of complex-
ation reactions between crown ethers with different metal
cations in solutions.

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 thermodynamic paramet-
ers of 18-Crown-6 complexes with T1, Hg?>* and Ag*
cations in AN-MeOH and BN-MeOH binary systems using
the conductometric technique.

Experimental

Reagents and solvents

18C6 (Aldrich), thallium nitrate (Prolabo), mercury(Il)
chloride (Aldrich), silver nitrate (Merck) were used without
further purification. The solvents acetonitrile (Merck), ben-
zonitrile (Riedel) and methanol (BDH) were used with the
highest purity. The water content of the solvents was less
than 100 ppm.

The experimental procedure to obtain the formation con-
stants of complexes was as follows: a solution of metal salt
(5 x 107* M) was placed in a titration cell and the con-
ductance of the solution was measured, then a step-by-step
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Figure 1. Molar conductance — mole ratio plots for the 18C6-T11 complex
in BN-MeOH (mol% BN = 75) at different temperatures.

increase in th crown ether concentration was carried out by
a rapid transfer from crown ether solution prepared in the
same solvent (3 x 1072 M) to the titration cell using a mi-
croburette and the conductance of the solution in the cell was
measured after each transfer at the desired temperature.

Apparatus

The conductance measurements were performed on a digital
AMEL conductivity apparatus, model 60 in a water bath
thermostated with a constant temperature maintained within
=+ 0.03 °C. The electrolytic conductance was measured using
a cell consisting of two platinum electrodes to which an al-
ternating potential was applied. A conductometric cell with a
cell constant of 0.79 cm™! was used throughout the studies.

Results

The variations of molar conductance (A) versus the ligand
to the cation molar ratio ([L]¢/[M];) for complexation of
18C6 with T1+, Hg?* and Ag* cations in AN-MeOH and
BN-MeOH binary systems were studied at different temper-
atures. Four typical series of molar conductance values as a
function of Ligand/Metal Cation mole ratios in BN-MeOH
(mol% BN = 75), BN-MeOH (mol% BN = 75) and AN-
MeOH (mol% AN = 75) binary systems and in neat BN are
shown in Figures 1-4, respectively.

The stability constants of the 18C6 crown ether com-
plexes at each temperature were calculated from the vari-
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Figure 2. Molar conductance — mole ratio plots for the 18C6-Hg"’2
complex in BN-MeOH ( mol% BN = 75) at different temperatures.

180 T T T
°<> 55.0 °C
160 L %00 o 0 0 0 0 o0 "
x 45.0 °C
Xx x
':4 N X X x x x x x x
3
S
~N
140 |- -
§
= . 35.0 °C
.§ ++++ + + + + + + + +
S [ & 5.0 °C
<120 f2. 2s.
AAAA A & & & & a & &
o 15.0 °C
o°oo o o o o o o o0 o
100 + —
| | | | |

O 1 2 S 4 5 6
L]/ [M],

Figure 3. Molar conductance — mole ratio plots for the 18C6-T17 complex
in AN-MeOH (mol% AN = 75) at different temperatures.
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Figure 4. Molar conductance — mole ratio plots for the 18C6-Hg2+
complex in neat benzonitrile at different temperatures.

ation of the molar conductance as a function of Ligand/M™*+
mole ratios using a GENPLOT computer program [20].
The details of the calculation of the stability constants of
complexes by the conductometric method has been de-
scribed elsewhere [18]. The values of the stability constants
(log K 7) for the 18C6-M™ (M™* = T1+, Hg?* and Ag™)
complexes in various solvent systems are listed in Tables 1
and 2.

Assuming that the activity coefficients of the cation and
complex have the same value, Ky is a thermodynamic equi-
librium constant on the molar concentration scale, related
to the Gibbs standard free energy of complexation reac-
tion, AG?. The van’t Hoff plots of log Ky versus 1/T for
all of the investigated systems were constructed. A typical
example of these plots is shown in Figure 5.

The changes in the standard enthalpy (AHCO) for the
complexation reactions were obtained from the slope of the
van’t Hoff plots and the changes in standard entropy (AS?)
were calculated from the relationship AG? o0 s = AH —
298.15AS8%.The thermodynamic data are summarized in
Tables 3 and 4.

The variations of log Ky versus the mole fraction of
MeOH for (18C6.Hg)*? complex in AN-MeOH and BN-
MeOH binary systems at different temperatures are shown
in Figures 6 and 7, and the variation of the stability con-
stant (log K ) of the 18C6-T1", 18C6-Hg>" and 18C6-
Ag™ complexes as a function of cationic radii in various
AN-MeOH binary systems is shown in Figure 8.
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Figure 5. Van’t Hoff plots for the 18C6—Hg2Jr complex in AN-MeOH
binary systems.
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Figure 6. Variation of the stability constant of 18C6-Hg2Jr with the
composition of the AN-MeOH binary systems, at different temperatures.
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Discussion

As seen from Figure 1, addition of 18C6 to thallium ion
in BN-MeOH solutions at different temperatures results in
an increase in molar conductivity which indicates that the
18C6-T17 complex in the BN-MeOH binary system is more
mobile than free solvated TI* ion. The slope of the cor-
responding molar conductivity versus ligand/cation plots
changes sharply at the point where the ligand to cation mole
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Table 1. Log K s values of 18C6-Hg?*, 18C6-Ag™ and 18C6-T1+ complexes in AN-MeOH binary
mixtures at different temperatures

Medium Log K y 4+ SD?

15°C 25°C 35°C 45°C 55°C
18C6-Hg2* b
Pure AN 2.66 £0.04 3.05+£0.02 3.06+001 3.16£0.03 3.10+0.07
75%AN-25%MeOH® 258 £0.08 2.86+0.05 293+0.04 3.134+0.04 -
50%AN-50%MeOH 1.94+0.2 1.9+ 0.1 1.99 £0.08 2.77+£0.06 3.0£0.1
25% AN-75%MeOH ~0 2.144+£0.05 216£0.05 224+0.1 ~0
Pure MeOH 2.1£0.1 224+0.1 234+0.1 24+0.2 2.54+0.1
18C6-Agt B
Pure AN 3.68£0.07 354+£0.06 42+£0.1 4540.1 -
75%AN-25%MeOHC 22402 2.6 £0.1 3.0+£0.2 34 +0.1 3.47 £0.07
50%AN-50%MeOH ~0 ~0 ~0 ~0 ~0
25% AN-75%MeOH 1.6 £0.1 2214002 238+£0.02 252+0.05 2.63+0.07
Pure MeOH 42+0.2 4.6£0.1 48 £0.1 49+02 -
18C6-T1T
Pure AN d d d d d
75%AN-25%MeOH® ¢ e e e e
50%AN-50%MeOH e e e e [
25%AN-75%MeOH e e e e e
Pure MeOH ~0 ~0 ~0 ~0 ~0

4SD= standard deviation.

bThe concentration of each metal cation was 5.0 x 10™4 M.
€Composition of binary mixtures is expressed in mole % for each solvent system.

dThe salt is not dissolved.

®The data cannot be fitted in equations.

Table 2. Log K y values of 18C6-Hg2+, 18C6-Ag™ and 18C6-T1+ complexes in BN-MeOH binary
mixtures at different temperatures

Medium Log Ky + SD?

15°C 25°C 35°C 45°C 55°C
18C6-Hg2* b
Pure BN e e e e e
75%BN-25%MeOH® 349 +£0.04 3.524+0.03 3.884+0.06 3.94+0.08 4.0+0.1
50%BN-50%MeOH 3.02+0.08 307006 338+0.04 341+0.05 35+0.1
25%BN-75%MeOH 293+0.01 301+£004 3.10£0.06 3.13+0.06 3.14+0.05
Pure MeOH 2.1+0.1 22+0.1 23+0.1 24+02 25+0.1
18C6-Agt ®
Pure BN 32402 29+0.1 2.8+0.1 2.64 £0.05 2.59 £0.09
85%BN-15%MeOH®  ~0 ~0 ~0 ~0 ~0
75%BN-25%MeOH®  ~0 ~0 ~0 ~0 ~0
60%BN-40%MeOH ~0 ~0 ~0 ~0 ~0
50%BN-50%MeOH 338+005 33+02 2.92+0.08 291+009 2.76 £ 0.09
25%BN-75%MeOH 32407 3.05+0.08 389+009 28+0.1 28+0.2
Pure MeOH 42+0.2 4.6 +0.1 48 +£0.1 49+02 -
18C6-T1+ b
Pure BN d d d d d
75%BN-25%MeOH®  3.87 £0.08 3.98+0.06 4.15+0.07 43+0.1 4.34 £+ 0.08
60%BN-40%MeOH 29+0.1 3.13+0.08 32+0.1 3440.1 37+0.1
50%BN-50%MeOH 2.8+0.2 3.04+0.1 32+0.1 3.31+0.08 3.44+0.09
25%BN-75%MeOH 44 +0.2 52+£0.6 e e e
Pure MeOH ~0 ~0 ~0 ~0 ~0

4SD = standard deviation.

PThe concentration of each metal cation was 5.0 x 10~4 M.
€Composition of binary mixtures is expressed in mole % for each solvent system.

dThe salt is not dissolved.

®The data cannot be fitted in equations.
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Table 3. Thermodynamic parameters for 18C6—Hg2+, and 18C6-Agt complexes in AN-MeOH

binary mixtures

Medium Log Ky £SD* —AGl+SD* AHO+SD* ASQ+SD?

25°C (25°C) (KJ/mol) (J/mol K)
(KJ/mol)

18C6-Hg?*

Pure AN 3.05 + 0.02 17.4 £0.1 30+3 163 £ 12

75%AN-25%MeOH"  2.86 + 0.05 16.3 + 0.3 29 + 4 155+ 12

50%AN-50%MeOH 1.9 + 0.1 10.9 + 0.8 5448 217429

25%AN-75%MeOH  2.14 %+ 0.05 125+ 06 17+1 100 + 4

Pure MeOH 2240.1 12.5 + 0.4 17+ 4 96 + 12

18C6-Ag™

Pure AN 3.54 +0.06 202+ 0.3 75+ 12 321 + 41

75%AN-25%MeOH® 2.6 + 0.1 150+ 0.8 58 + 4 250 4 12

25%AN-75%MeOH  2.21 + 0.02 1241 2641 45+ 4

Pure MeOH 4.6+0.1 26.3+0.8 2542 17242

4SD = standard deviation.

bComposition of binary mixtures is expressed in mole % for each solvent system.
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Figure 7. Variation of the stability constant of 18C6-Hg2+ with the
composition of the BN-MeOH binary systems at different temperatures.
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ratio is 1, which is evidence for formation of a relatively
stable 1 : 1 complex.

It is evident from Figure 1, that the curvature of the
plots of the 18C6-T1" complex increases as temperature
increases which is evidence for formation of a stronger com-
plex at higher temperatures. A similar behaviour is observed
for the 18C6-Hg*? complex in AN-MeOH and BN-MeOH
binary mixtures and also for the 18C6-T1" in BN-MeOH
binary systems, therefore, there is an endothermic reaction
between TIT an Hg?* ions with 18C6 in these binary mixed
solvents, but in the case of the 18C6-AgJr complex, the
stability constant decreases with increasing temperature in
BN-MeOH binary mixtures which is evidence for an exo-
thermic reaction between Ag™ ion and 18C6 in these solvent
systems.

g mol% AN
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Figure 8. Variation of log Ky for the 18C6-T1T, 18C6-Hg>" and

18C6-AgT complexes vs cationic radii in AN-MeOH binary solvent sys-
tems at 25 °C.

As seen from Table 1, in most cases as the concen-
tration of AN is increased in AN-MeOH binary mixtures,
the stability of the complexes increases. These results seem
reasonable, since in methanol with a relatively high Gut-
mann Donor Number (DN = 20), the solvation of the cations
should be stronger than acetonitrile with lower solvating
ability (DN = 14).

As is obvious from Figure 3, addition of 18C6 to thallium
ion solution, causes the molar conductivity to initially de-



Table 4. Thermodynamic parameters for 18C6—Hg2+, 18C6-Ag™ and 18C6-T11 complexes in
BN-MeOH binary mixtures

Medium Log Ky £SD* —AGl+SD* AHO+SD* ASQ+SD?

25°C (25°C) (KJ/mol) (J/mol K)
(KJ/mol)

18C6-Hg?t

75%BN-25%MeOH®  3.52 + 0.03 20.1 £0.2 25+4 150 £ 12

50%BN-50%MeOH  3.07 % 0.06 17.5 £ 04 215 130 £ 12

25%BN-75%MeOH  3.01 + 0.04 17.2£02 9.6 £ 0.8 90 +£2

Pure MeOH 2240.1 12.5 £ 0.4 17+4 96 + 12

18C6-Ag™

Pure BN 29+0.1 16.7+£0.8 —29+4 —42+17

50%BN-50%MeOH® 3.3+ 0.2 18.8£0.8 —29+2 —33+38

25%BN-75%MeOH  3.05 % 0.08 17.6 £ 0.4 —22+3 ~17+38

Pure MeOH 4.6+0.1 26.3+0.8 2542 172+£2

18C6-TI+

75%BN-25%MeOH®  3.98 + 0.06 227403 23+3 155 £ 12

60%BN-40%MeOH  3.13 £ 0.08 18.0 £ 0.4 33+4 171 £ 12

50%BN-50%MeOH 3.0 £ 0.1 17.1£04 28+ 1 1514

4SD = standard deviation.

b Composition of binary mixtures is expressed in mole % for each solvent system.

crease until the mole ratio reaches 1: 1 and then to increase.
Such behaviour may be described according to the following
equilibria:

(T1%,NO3) + crown ether — T1%. crown ether, NO3
@

T17. crown ether, NO3 + crown ether

— T17F (crown ether); + NO3 (1)
It seems that addition of the ligand to thallium ion solu-
tion results in formation of a relatively stable 1: 1 complex
which is present as an ion-pair (I), then addition of the
second ligand to the ion-pair complex, causes formation of
a stable 1:2 complex with a sandwich structure (II) which
decreases the space for diffusion and interaction of the NO;’
ion with the T1T cation and results in dissociation of the
ion pair. A similar behaviour has been observed by Takeda
and co-workers in their study of complex formation between
18C6 with LiT, KT and Rb™ cations and also for com-
plexation reaction between DC18C6 with T1" cation in
AN-MeOH (mol% AN = 50) binary system [21, 22].

It is interesting to note that in neat benzonitrile (a solvent
with a low donicity; DN = 11.9) as the 18C6/Hg>t mole
ratio increases from O to 1, the molar conductivity increases,
then further addition of the ligand causes the molar conduct-
ivity to decrease. This behaviour probably indicates a two
step complexation, first the formation of a 1 : 1 complex then
addition of the second ligand gives a 2 : 1(ligand : metal ion)
sandwich complex.

As is evident from Tables 3 and 4, the enthalpy and en-
tropy values for the complexation reactions vary with the
nature and composition of the mixed solvents. The exper-
imental values of AH? and AS? show that in most cases,

except for the 18C6-Agt complex in BN-MeOH binary
mixtures, the complexes are entropy stabilized but enthalpy
destabilized, therefore, the entropies of complexation reac-
tions are the principal driving forces for formation of these
complexes. The variations of the log Ky of 18C6-Hg™?
complex as a function of MeOH concentration in AN-MeOH
and BN-MeOH binary systems are shown in Figures 6 and
7, respectively. Investigation of these figures shows that the
complexation process in these mixed non-aqueous solvents
is quite sensitive to the solvent composition.

It is interesting to note that in BN-MeOH solutions,
the variation of the stability constants of the 18C6-Hg??
complex versus the solvent composition is not linear. A non-
linear behaviour is also observed for this complex in AN-
MeOH binary systems. This behaviour may reflect changes
occuring in the structure of the solvent mixtures and, there-
fore, in the solvation properties of the cyclic polyether and
cation or even complex in these solvent mixtures. Some
structural changes probably occur in the structure of the
solvents when they mix with one another. These structural
changes may result in changing the interactions of those
solvents with the solutes compared to the pure solvents.
Prasad and co-workers have studied the interactions between
acetonitrile and methanol molecules by excess adiabatic
compressibility (8F) and excess intermolecular free length
(LI;) measurements at 303.15 K and they showed that these
parameters become increasingly negative with increasing
strength of interaction between the component molecules
[23]. In addition, it has been shown that there is an inter-
action between acetonitrile and methanol molecules (K55 =
1.23) via hydrogen bonding in their binary mixtures [24].

The variation of log K s of the 18C6-Ag™, 18C6-T17
and 18C6-Hg>* complexes vs the ionic radii in various AN-
MeOH binary mixtures is shown in Figure 8. As is evident
from this figure, the order of stability of complexes in 50-



50 mol% and 75-25 mol% of AN-MeOH binary mixtures
is 18C6-T1T > 18C6-Hg>t > 18C6-Agt. The T1T cation
forms a more stable complex with 18C6 than the other two
cations. This result seems reasonable, because the ionic size
of the T1T cation (1.47 °A) is very close to the size of the
18C6 cavity (1.3-1.6 °A) [25, 26]. In addition, the T1* ion
is bound in the complex by an ion—dipole interaction with a
covalent contribution [27]. Since the ionic size of the Ag™
ion is smaller than the size of the 18C6 cavity, and it does
not have a good fit condition, the Ag™ ion forms a less stable
complex compared to the T1T and Hg?* ions.

It is interesting to note that the order of stability of
complexes formed between 18C6 and these cations in neat
methanol is Ag™ > Hg?>™ > T17, therefore, a reversal in
stabilities is observed in neat MeOH compared with AN-
MeOH binary mixed systems. This reversal of stabilities
indicates the possibility of changes in stabilities and, there-
fore, reversal of cation selectivities which can be obtained in
certain compositions of the mixed solvent systems.
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