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1 INTRODUCTION

Pedersen first discovered the complexation of
crown ethers with alkali metal ions [1]. The formation
of complexes by binding of metal cations is caused by
electrostatic ion�dipole interaction between the cat�
ions and electron�rich oxygen donor atoms present in
the polyether ring. The stability of these complexes
depends on the relative sizes of the cation and the cav�
ity size of the polyether ring. The factors which influ�
ence the stability of crown ether�metal cation com�
plexes are: the relative sizes of the crown ether cavity
and the metal ion; the number of the oxygen atoms in
the crown ether ring; the coplanarity structure of the
crown ether ring; the symmetrical placement of the
oxygen atoms; the basicity of the oxygen donor atoms;
steric hindrance in the crown ether ring; the tendency
of the ion to associate with the solvent [2]. The obser�
vation that macrocyclic crown ethers form stable com�
plexes with rare earth metal cations has stimulated a
great deal of interest in these compounds because of
their possible applications in various branches of
chemistry and biology.

1 The article is published in the original.

Among the many different kinds of crown ether
compounds, some of the most popular and fundamen�
tal types are monobenzo and dibenzo crown ethers. By
introduction of various kinds of functionalities on the
aromatic unit of such crown ethers through electro�
philic substitution reactions, the properties of crown
ethers may be altered to give improved metal ion com�
plexation and transport ability [3, 4]. Among the
recently synthesized crown ethers, the reports about
the chemical behaviors of 4'�nitrobenzo�15C5 are rare
and it has received a great deal of attention due to its
selectivity in metal ion complexation ability.

Lanthanum was discovered in 1839 by a Swedish
scientist, Carl Gustav Mosander. Lanthanum is con�
sidered biologically inactive and non�essential. Toxi�
cological data for La, and the rare earth element
(REE) in general, are relatively scarce, but the toxicity
of La is generally considered to be moderate to low.
Inhaled REE as a dust probably causes pneumoconio�
sis, and ingested REEs can accumulate in the skele�
ton, teeth, liver and lungs. It is the most electropositive
(cationic) element of the rare earth group, is uni�
formly trivalent, and its binding is almost exclusively
ionic. It is a hard ‘acceptor’ with an overwhelming
preference for oxygen containing anions. Therefore,
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the most common biological ligands are the carboxyl
and phosphate groups with which it can form very tight
complexes [5]. There are several lanthanum com�
pounds that are available commercially. These include
oxide, carbonate, chloride and fluoride. Among these
compounds, lanthanum carbonate has been used in
the medical industry for preparing a pharmaceutical
drug. Fosrenol (La2(CO3)3), the FDA (US Food and
Drug Administration) approved drug, is used as a
phosphate binding agent for patients with hyper phos�
phataemia. Another application of lanthanum is
found to be in water treatment, for removing oxyan�
ions, such as phosphate and arsenate.

From the soil, lanthanides are transported to lakes,
rivers and ground water and consequently to the plants
growing in the area, animals and humans, where their
different amounts are accumulated in different tissues.
It has been found that in the human organism, higher
amounts of lanthanides accumulate in cancer cells
than in healthy ones, which may mean that lan�
thanides could be used in diagnosing cancer and its
treatment. Studies on eliminating of lanthanides from
animal organisms has been studied using strong com�
plexing agents such as N�phosphonomethyl glycine.
The effect of lanthanides on cultivated plants and fruit
trees has also been investigated. The results show that
the presence of lanthanides in plant tissues increases
absorption of nitrogen, phosphorus and potassium,
thus accelerating the process of ripening of plants and
increasing the growth of their mass; the color of the
vegetables and fruit is more intense, their taste is better
and their nutritive value higher. The positive effect of
lanthanides on plants has given rise to increasing inter�
est in studies on their use as a supplement to artificial
fertilizers [6]. Because of the increasing interest in bio�
inorganic and coordination chemistry, as well as, in
the increased industrial use of lanthanum compounds
and their enhanced discharge, toxic properties and
other adverse effects, the study of complexation pro�
cess of the La3+ cation with the macrocyclic ligands
such as crown ethers is important.

In the present work, we studied the complex forma�
tion between the La3+ cation and the macrocyclic
ligand, 4'�NB15C5, in pure EtOH, AN, MeOAc, and
DCE and also in EtOH�AN, EtOH�MeOAc, EtOH�
DCE and EtOH�NB binary solvent systems at various
temperatures using the conductometric method. The
effects of the solvent properties on the stability, sto�
ichiometry, and also the thermodynamics of the com�
plexation process between La3+ and 4'�nitrobenzo�
15C5 are discussed in this paper.

REAGENTS AND APPARATUS

The analytical�grade, 4'�NB15C5 and lantha�
num(III) nitrate (with highest purity, >99%) were pur�
chased from Merck Company and were used without
any further purification except for vacuum drying. The
solvents: acetonitrile, 1,2�dichloroethane, ethanol,

methylacetate and nitrobenzene, all from Merck, were
used with the highest purity. The conductivity of each
solvent was less than 3.0 × 10–7 S–1 cm–1 at 298.15 K.

The conductance measurements were performed
using a digital, WTW conductivity apparatus model
LF2000 in a water bath thermostated with a constant
temperature within ±0.03°C. The electrolytic conduc�
tance was measured using a cell consisting of two plat�
inum electrodes to which an alternating potential was
applied. A conductometric cell with a cell constant of
0.958 cm–1 was used throughout the studies.

PROCEDURE

In order to study the complexation process between
4'�NB15C5 and La3+, 20 mL of the metal salt solution
(5 × 10–4 M) was placed in titration cell. The conduc�
tance of the solution was measured at each fixed tem�
perature. Then, a known amount of the macrocycle
solution prepared in the same solvent (2 × 10–2 M),
was added in a stepwise manner using a pre�calibrated
microburette. The conductances of the solutions were
measured at the equilibrium temperature. This proce�
dure was continued until the total concentration of the
ligand was approximately five times higher than that of
the metal cation. The conductance of the solution was
measured after each addition, and the data were used
for the calculation of the stability constant of the 1 : 1
[ML] complex in various solvent systems.

RESULTS AND DISCUSSION

Conductance Studies

The changes of the molar conductivity (Λm) versus
the ligand to cation molar ratio ([L]t/[M]t) for com�
plexation of 4'�nitrobenzo�15C5 with La3+ cation was
measured in pure AN, EtOH, DCE and MeOAc, and
also in their binary solvent solutions at various temper�
atures. [L]t is the total concentration of the ligand and
[M]t is the total concentration of the metal cation. Two
typical examples of molar conductance–mole ratio
plots for the complex which was formed between
4'�nitrobenzo�15C5 and La3+ cation in two different
solvent systems at various temperatures are shown in
Figs. 1 and 2.

Investigation of the molar conductivity plots for
formation of (4'�nitrobenzo�15C5La)3+ complex
shows that the slope of molar conductivity curves at
different temperatures changes sharply up to the point
that the ligand to cation mole ratio is about 1 which is
an evidence for formation of a 1 : 1 [M : L] complex
between the La3+ cation and the macrocyclic ligand.
In order to make more clear the 1 : 1 [M : L] complex�
ation model, the fitting and experimental curves for
(4'�nitrobenzo�15C5La)3+ complex in EtOH�DCE
(mol % EtOH = 25%) at 298.15 K is shown in Fig. 3.
As is evident in this figure, there is a very good agree�
ment between the fitting and experimental data.
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As is evident from Figs. 1 and 2, addition of
4'�NB15C5 to La3+ cation solution in pure EtOH and
EtOH�NB (mol % NB = 90%) binary solvent system,
results an increase in molar conductivity, which indi�
cates that the (4'�nitrobenzo�15C5La)3+ complex in
these solvent systems is more mobile than free solvated

La3+ cation. Somewhat similar behavior was observed
in the other solvent systems. Since the (4'�nitrobenzo�
15C5La)3+ complex is more bulky than La3+ cation,
therefore, it is much less solvated by the solvent mole�
cules, and hence its mobility increases with respect to
the free solvated La3+ cation. It is obvious from these
Figures, that as the temperature increases, the curva�
ture of the molar conductivity plots of (4'�nitrobenzo�
15C5La)3+ complex decreases which is an evidence for
formation of a weaker complex at higher temperatures.
Therefore, the complexation process between
4'�NB15C5 and La3+ cation is exothermic.

Stability Constant of the Metal Ion�Ligand System

The stability constant of (4'�nitrobenzo�15C5La)3+

complex at each temperature was calculated from the
changes of the molar conductance as a function of
[4'�nitrobenzo�15C5]/[La3+] molar ratios using a
GENPLOT computer program [7]. The details of cal�
culation of the stability constants of complexes by
conductometric method have been described in refer�
ence [8]. The obtained values of the stability constant
(logKf) for (4'�nitrobenzo�15C5.La)3+ complex in
various solvent systems are listed in Table 1. As is evi�
dent from this Table, the stability order of
(4'�nitrobenzo�15C5La)3+ complex in the studied
binary solvent systems at 25°C with 10 mole percent of
EtOH was found to be: EtOH�MeOAc > EtOH�NB >
EtOH�AN ~ EtOH�DCE. But at 15 C at the same com�
position it changes to: EtOH�NB > EtOH�MeOAc >
EtOH�AN ~ EtOH�DCE. The results obtained in the
present work, show that the stability order of the
(4'�nitrobenzo�15C5La)3+ complex changes with the
composition of the binary solvent solutions as well as
with the temperature.
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Fig. 1. Molar conductance–mole ratio plots for (4 '�
nitrobenzo�15C5La)3+ complex in pure EtOH, at differ�
ent temperatures: (×) 45°C, (�) 35°C, (�) 25°C, (�)
15°C.
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Fig. 2. Molar conductance–mole ratio plots for (4 '�
nitrobenzo�15C5La)3+ complex in EtOH�NB binary sys�
tem (mol % NB = 90%), at different temperatures: (×)
45°C, (�) 35°C, (�) 25°C, (�) 15°C.
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Fig. 3. The fitting and experimental curves for
(4'�nitrobenzo�15C5La)3+ complex in EtOH�NB (mol %
NB = 90%) binary solvent system at 298.15 K.
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Effect of Solvent upon the Complexation Reaction

The solvation process plays a major role in molec�
ular and cationic recognition influencing the stability
of molecular conformation. The structure and confor�
mation of such molecules are essential to rule out their
ionophoric properties, however, the complex forma�
tion and ion transport phenomena in solution are still
not completely understood. The data given in Table 1,
clearly illustrate the fundamental role of the solvent
properties upon complex formation between the La3+

cation and 4'�NB15C5. Comparison of the data given
in this table, reveals that, the (4'�nitrobenzo�
15C5La)3+ complex is more stable in the EtOH�
MeOAc binary mixed systems compared with other
binary mixed solvent solutions. This can be attributed
to the lower dielectric constant of MeOAc (ε = 6.7)
compared with DCE (ε = 10.4), NB (ε = 34.82) and
AN (ε = 36), therefore, an increase in electrostatic
interaction between 4.�NB15C5 and the La3+ cation
in solution. Consideration of logKf for (4'�nitrobenzo�

15C5La)3+ complex, with the mole ratio of 10% with
respect to EtOH, shows that the stability constant of
(4'�nitrobenzo�15C5La)3+ in the binary mixed sol�
vents at 25°C is: EtOH�MeOAc>EtOH�NB>EtOH�
AN ~ EtOH�DCE. This indicates that the dielectric
constant of the solvent is not a dominant factor in this
complexation reaction. Unexpected behavior of DCE
may be related to changes occurring in the structure of
the solvent mixtures and, therefore, to changes in the
solvation properties of the cyclic polyether, cation and
even the resulting complex, in these solvent mixtures.
These structural changes may result in changing of the
interactions of these solvents with the solutes.

In addition, preferential solvation of the cation,
anion and ligand, and their changes with the composi�
tion of the mixed solvents and temperature may affect
the complexation processes. Preferential solvation of
ions by one of the components of a mixed solvent sys�
tem depends on two factors: the relative donor–
acceptor abilities of the component molecules towards

Table 1. Stability constant (logKf) values for the (4'�nitrobenzo�15C5La)3+ complex in EtOH�AN , EtOH�MeOAc, EtOH�DCE
and EtOH�NB binary mixtures

Medium Mol % EtOH
logKf ± SDa

288.15 K 298.15 K 308.15 K 318.15 K

EtOH�AN 100 3.22 ± 0.16 2.72 ± 0.11 2.59 ± 0.12 2.68 ± 0.12

75 2.58 ± 0.12 2.69 ± 0.13 2.71 ± 0.13 2.61 ± 0.30

50 2.70 ± 0.12 2.71 ± 0.11 2.71 ± 0.11 2.69 ± 0.12

25 2.75 ± 0.12 2.67 ± 0.13 2.73 ± 0.10 2.57 ± 0.13

10 2.85 ± 0.14 2.70 ± 0.12 2.57 ± 0.15 2.79 ± 0.10

EtOH�MeOAc 100 3.22 ± 0.16 2.72 ± 0.11 2.59 ± 0.12 2.68 ± 0.12

75 2.68 ± 0.12 2.69 ± 0.12 2.68 ± 0.12 2.73 ± 0.09

50 2.72 ± 0.11 2.74 ± 0.10 2.62 ± 0.17 2.70 ± 0.12

25 2.79 ± 0.09 2.81 ± 0.12 2.89 ± 0.16 2.81 ± 13

10 3.41 ± 0.10 3.71 ± 0.14 2.52 ± 0.30 2.93 ± 0.16

EtOH�DCE 100 3.22 ± 0.16 2.72 ± 0.11 2.59 ± 0.12 2.68 ± 0.12

75 2.70 ± 0.11 2.70 ± 0.11 2.71 ± 0.10 2.68 ± 0.13

50 2.76 ± 0.09 2.58 ± 0.12 2.75 ± 0.13 2.57 ± 0.14

25 2.79 ± 0.08 2.69 ± 0.11 2.57 ± 0.13 2.68 ± 0.11

10 2.72 ± 0.17 2.79 ± 0.10 2.70 ± 0.15 2.55 ± 0.17

EtOH�NB 100 3.22 ± 0.16 2.72 ± 0.11 2.59 ± 0.12 2.68 ± 0.12

75 2.78 ± 0.13 2.73 ± 0.10 2.71 ± 0.11 2.92 ± 0.10

50 2.82 ± 0.15 2.71 ± 0.11 2.69 ± 0.11 2.59 ± 0.11

25 3.94 ± 0.18 3.10 ± 0.08 3.37 ± 0.10 2.57 ± 0.16

10 4.18 ± 0.13 3.48 ± 0.08 2.74 ± 0.08 2.51 ± 0.20

aSD = standard deviation.
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the ion and the interactions between the solvent mol�
ecules themselves. The solvating properties of the
components in mixed solvents can even be signifi�
cantly modified by solvent–solvent interactions when
the energy of the latter is comparable with the energy
difference of solvent–ion interactions for both com�
ponents [31].

Standard Thermodynamic Parameters
for the Complexation Process

The van’t Hoff plots of LnKf versus 1/T for all of
the investigated solvent systems were constructed. The
changes in the standard enthalpy  for the com�ΔHc°( )

plexation reaction were obtained from the slope of the
van’t Hoff plots assuming that ΔCp is equal to zero over
the entire temperature range investigated. The
changes in the standard entropy  were calcu�

lated from the relationship  =  –

298.15  The thermodynamic data are summa�
rized in Table 2. As is evident from this Table, in most
cases, the complexation reaction between 4'�NB15C5
and the La3+ cation in the binary solvent solutions is
entropy stabilized. The experimental results which are
given in Table 1, indicate that in the most solvent sys�
tems, the stability of the (4'�nitrobenzo�15C5La)3+

complex does not change within experimental error

ΔSc°( )

Δ
�

c,298.15G ΔHc°

ΔSc°.

Table 2. Thermodynamic parameters for the (4'�nitrobenzo�15C5La)3+ complex in EtOH�AN, EtOH�MeOAc, EtOH�DCE
and EtOH�NB binary mixtures

Medium Mol % EtOH
  ± SDa (at 25°C)  ± SDa   ± SDa 

(kJ mol–1) (kJ mol–1) (J mol–1 K–1)

EtOH�AN 100 15.51 ± 0.64 0 0

75 15.34 ± 0.76 0 58.41 ± 9.33

50 15.51 ± 0.65 0 49.22 ± 3.50

25 15.26 ± 0.76 0 53.68 ± 11.35

10 15.43 ± 0.71 0 0

EtOH�MeOAc 100 15.51 ± 0.64 0 0

75 15.36 ± 0.66 0 59.91 ± 4.80

50 15.63 ± 0.59 0 40.70 ± 14.00

25 16.06 ± 0.69 0 62.85 ± 13.00

10 18.09 ± 0.84 0 0

EtOH�DCE 100 15.51 ± 0.64 0 0

75 15.40 ± 0.63 0 49.33 ± 3.00

50 14.73 ± 0.74 0 0

25 15.38 ± 0.66 0 0

10 15.95 ± 0.58 0 0

EtOH�NB 100 15.51 ± 0.64 0 0

75 15.60 ± 0.61 0 72.992 ± 5.00

50 15.44 ± 0.66 –12.47 ± –2.40 0

25 17.67 ± 0.50 –66.90 ± 26.82 0

10 19.84 ± 0.46 –100.27 ± 12.20 –269.75 ± 40.00

aSD = standard deviation.

°−Δ cG °Δ cH °Δ cS
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with temperature and the slope of the van’t Hoff plots
is nearly zero which show that the complexation pro�
cess between 4'�NB15C5 and La3+ is athermic in these
binary solvent solutions.

As seen from Fig. 4, the change of the stability con�
stant (logKf) of (4'�nitrobenzo�15C5La)3+ complex
versus the composition of EtOH�DCE binary solvent
solution changes non�monotonically with the compo�
sition of the mixed solvents. Somewhat similar behav�
ior was observed in the other binary mixed solvent sys�
tems. This anomalous behavior may be related to
changes occurring in the structure of the solvent mix�
tures due to the interactions between these dipolar
organic solvents and, therefore, changing the solvation
number of the dissolved species in the solution. In
addition, the heteroselective solvation of the metal
cation, ligand and even the resulting complex and for�
mation of the mixed solvates, may be effective in such
a behavior.

CONCLUSIONS

The results obtained for complexation of La3+ cat�
ion with 4'�NB15C5 in methanol, acetonitrile, meth�

ylacetate, dichloroethane and their binary solvent sys�
tems show that the stability and thermodynamics of
complexation reaction between La3+ cation and mac�
rocyclic ligand, 4'�NB15C5 is governed by the nature
and composition of the solvent medium. 4'�NB15C5
forms a 1 : 1 complex with La3+ cation in all solvent
systems. The changes in the stability constant (logKf)
of the complex versus the composition of the mixed
solvents are non�linear. This behavior is probably due
to a change in the structure of the binary solvent solu�
tions as their composition is varied. The results
obtained in the present work, show that the stability
order of the (4'�nitrobenzo�15C5La)3+ complex
changes with the composition of the binary solvent
solutions as well as with the temperature. Therefore,
results indicate the possibility of changes in stabilities
of metal ion�macrocyclic complexes and, therefore,
changes of selectivities of the ligands which may be
obtained in certain composition of the mixed solvent
systems. The experimental results show that in most
studied solvent systems, the complexation process is
athermic, but in a few cases it is exothermic. In addi�
tion, in most solvents the (4'�nitrobenzo�15C5La)3+

complex is stabilized from entropy view point.
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