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Conductometric Studies on Cation-Crown Ether
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Crown ethers have proved to be unique cyclic molecules for molecular recognition of suitable
substrates by hydrogen bonds, ionic interactions, and/or hydrophobic interactions. The study
of interactions involved in complexation of different cations with crown ethers in mixtures
of solvents is important for a better understanding of the mechanism of biological transport,
molecular recognition, and other analytical applications. This fundamental review summarizes
different aspects of cation-crown ether complexes studied by conductometry in diverse solvent
systems. A comprehensive literature summary is presented in tabular form for the complexation
of cations with different crown ethers and their derivatives and other related crown ethers,
highlighting their formation constant and thermodynamic parameters in diverse solvent media.
Various factors that influence the stability and selectivity of cation-crown ether complexes have
been discussed for thermodynamic consideration.

Supplemental materials are available for this article. Go to the publisher’s online edition of Critical
Reviews in Analytical Chemistry to view the free supplemental file.

Keywords Crown ethers, conductometry, cations, solvent system, formation/stability constant,

thermodynamic parameters

INTRODUCTION

Crown ethers are one of the most widely studied family of
host compounds in the field of supramolecular chemistry, in-
volving non-covalent interactions. Since the fortuitous discov-
ery of macrocyclic polyethers by Pedersen in 1967 (Pedersen,
1967), there has been a huge interest in these compounds as com-
plexing agents, primarily for metal ions and also for some neutral
and anionic species. The complexation of potassium ion with
DB18C6 in 1967 was the defining moment in the emergence of
crown ether chemistry, especially for alkali and alkaline earth
cations. Crown ethers are compounds with at least three or more
oxygen atoms incorporated in a monocyclic carbon backbone.
The name “crown” was coined due to their unique shape, which
resembles a crown. A typical characteristic of crown ethers is the
way in which they interact with various ionic species via ether
oxygen atoms. They exhibit strong affinity and high selectivity
for alkali and alkaline earth metal ions because of a hydrophilic
cavity consisting of heteroatoms, demarcated by a lipophilic en-
velope of ethylene units (Lamb et al., 1979; Popov and Lehn,
1979; Lifson et al., 1987; Potvin and Lehn, 1987; Dietrich et al.,
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1991). “Host-guest” chemistry of crown ethers (wherein the
crown plays the “host” and the “guest” is the incoming species)
can be a key to identify the movement of essential elements
in the body and can play the part of very complicated biologi-
cal reactions (Stolwojk et al., 1987), such as enzyme functions,
which can be applied to develop new pharmaceuticals.

Crown ethers have found applications in many areas based
on their ability to selectively recognize cations of different ionic
size. The ammonium ion is of special significance as it plays
a fundamental role in biological processes. In analytical chem-
istry, crown ethers’ selective cation binding properties are ex-
ploited in separation and transport processes for the recovery
or the removal of cations, from very dilute solutions (trace en-
richment of radionuclides) and in the design of ion-selective
electrodes. They have also been used as stationary phase in
chromatographic techniques. Owing to their ability to dissolve
salts in organic media, by reducing the cation/anion interaction
(i.e., by shielding the cation and activating the anion), they have
been used in many syntheses, as catalysts in phase-transfer catal-
ysis, or enzyme mimics. They also have medical applications
as diagnostic or therapeutic agents (Lamb et al., 1979; Popov
and Lehn, 1979; Potvin and Lehn, 1987; Lindoy, 1989; Gokel,
1994; Arnaud-Neu et al., 2003).

Due to their wide range of applications, crown ethers have
been modified to enhance their complexing ability for cations
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of different sizes. Some of these modifications include the use
of alkyl substituents, aromatic sub-cyclic units, nitrogen and/or
sulfur atoms substituted for oxygen in the macrocyclic ring,
and other changes that provide crowns with unique complexing
properties. Enormous amounts of data have been reported on the
equilibrium constants and thermodynamic functions of complex
formation of crown ethers with alkali and alkaline-earth metal
cations, transition metal ions, lanthanide ions, and small organic
molecules (Izatt et al., 1992; Wagner-Czauderna et al., 1999).
The interactions between these ligands and metal cations are
generally non-covalent in nature (Pedersen, 1970; Pedersen and
Frensdorff, 1972). The selectivity behavior of crown ethers for
metal cations has often been explained based on the size-fit
concept, i.e., a more stable complex is formed when the cation
size matches the size of the crown ether cavity.

Many diverse physicochemical techniques such as nuclear
magnetic resonance (NMR) spectrometry (Irandoust et al.,
2010; Shamsipur et al., 2003), mass spectrometry (Malhotra
et al., 1990; Katritzky et al., 1992), capillary electrophoresis
(Katsuta et al., 2002), calorimetry (Buschmann et al., 2001,
2008), polarography (Rounaghi et al., 2002; Samec and Papoff,
1990), ion-selective electrodes (Yidiz et al., 2004; Erk et al.,
1999), spectrophotometry (Buschmann et al., 1997; Semnani
and Shamsipur, 1997), potentiometry (Zolgharnein et al.,
2007; Kuzmina et al., 2009), and fluorescence (Yapar and Erk,
2001; Erk and Gogmen, 2000) have been used to study the
complex formation between crown ethers and metal cations in
solution. In addition to these techniques, conductometry offers
a simple and an inexpensive experimental arrangement for
such investigations. The advantage of conductometry is that the
measurements can be carried out with high precision at very low
concentration in solution systems. Conductance measurements
of a solution of metal salt in the presence of a crown ether
provide two valuable pieces of information: the stability of the
cation-crown ether complex and transport phenomena of metal
salt-crown ether complex in the solution. Also, it is one of the
most reliable methods for obtaining the formation constants of
cation-macrocyclic complexes (Takeda et al., 1991).

Owing to the vast amount of literature available for complex-
ation of cations with crown ethers employing diverse analytical
techniques, the scope of this review is limited to conductomet-
ric studies only. The literature was scanned for peer-reviewed
research articles and review articles dealing with cation-crown
ether complexes in the past four decades. The keywords se-
lected for the search included “conductometry,” “crown ether,”
“cation,” and “complexation.” The year-wise distribution (group
of five years) of most relevant research publications (103) is
presented in Figure 1. The majority of these papers (61%) have
appeared in the Journal of Inclusion Phenomena Macrocyclic
Chemistry (37%), the Journal of Solution Chemistry (13%), fol-
lowed by the Bulletin of the Chemical Society of Japan with
11% contribution, while the remaining 39% are reported in 17
different journals as shown in Figure 2. In our effort to make
the article useful to expert and student alike, it embraces the
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FIG. 1. Year-wise (group of five years) distribution of research
publications on cation-crown ether complexes studied by con-
ductometry in the past four decades.

fundamentals of conductivity measurement, outlines a math-
ematical treatment for calculating formation constant, and
includes a detailed discussion of the factors influencing cation-
crown ether complexes in solution and their effect on thermo-
dynamic parameters like enthalpy, entropy, and free energy.

FUNDAMENTALS OF CONDUCTIVITY MEASUREMENT
The principle of conductivity measurement is based on the

Ohm’s law, which explains the conductance in metals as well

as in electrolytes. It states that the current (I, amperes) flowing
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FIG. 2. Number of research publications in different journals
in the past four decades. A, Journal of Inclusion Phenomena
and Macrocyclic Chemistry; B, Journal of Solution Chemistry;
C, Bulletin of the Chemical Society of Japan; D, Polish Journal
of Chemistry; E, Journal of Chemical and Engineering Data;
F, Journal of Molecular Liquids; G, Russian Journal of Inor-
ganic Chemistry; H, Inorganica Chimica Acta; 1, Journal of
Chemical Society, Faraday Transactions; J, Indian Journal of
Chemistry; K, Journal of Chemical Thermodynamics; L, Rus-
sian Journal of Coordination Chemistry; M, Analytica Chimica
Acta; N, Journal of Coordination Chemistry; O, Journal of the
Chinese Chemical Society; P, one article each in Talanta, Journal
of Physical Chemistry, Russian Journal of General Chemistry,
Polyhedron, and Bulletin of the Korean Chemical Society.
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through a conductor is equal to the electromotive force (E, volts)
divided by the resistance of the circuit (R, ohms). Mathemati-
cally, it is expressed as

I =— 1
R [1]
For a conductor at a given temperature, the resistance is ex-
pressed as
length

resistance X — [2]
crosssection

It is measured in ohms. However, for a solution of electrolytes it
is more convenient to use the reciprocal of the resistance, which
is termed conductance.

crosssection
conductance X —— [3]
length
Since conductance is the reciprocal of resistance, the unit of
conductance is termed ohm~! or mho.

Ways of Expressing Conductance (Crockford and Knight,
1964)
Specific Conductance

As shown in Equation [3], the conductance of a solution is
proportional to the cross section and inversely proportional to
the length. If each of two electrodes is 1 cm? in area and if these
are placed 1 cm apart, the conductance of 1 cm? of the solution
is termed the specific conductance. It is denoted by «.

Equivalent Conductance

This is defined as the conductance of a solution that contains
1 g equivalent of the electrolyte placed between electrodes 1 cm
apart (the electrodes completely covering the opposite sides of
the volume of the solution). Mathematically this can be written
as

1000«
A=
C

where « is the specific conductance, A is the equivalent con-
ductance, and C is the concentration in equivalents per liter.

(4]

Molar Conductance

This is defined as the conductance of a solution that contains
1 mole of the electrolyte placed between electrodes 1 cm apart.
For the substances in which the equivalent and molar weights
are same, the equivalent conductance and the molar conductance
have the same value.

Determination of Equivalent Conductance (Crockford and
Knight, 1964)

This can be determined by obtaining the specific conduc-
tance of the solution and applying Equation [4]. The specific

conductance could be obtained by using a conductance cell
with electrodes 1 cm? in area and 1 cm apart. An exact knowl-
edge of the size of the electrodes and their distance apart is hard
to obtain by actual measurement, but the combination of these
magnitudes, known as the cell constant, is obtained by introduc-
ing into the cell a solution of the known specific conductance
(usually 0.1 N potassium chloride). The conductance is then
measured and the cell constant is calculated as

K

observed conductance x distance between electrodes/area

k = observed conductance x cell constant

Conductance Measurement and Evaluation of Formation
Constant K; (Takeda et al., 1991)

A solution in which ions are dissolved is capable of con-
ducting an electric current. The extent of conductivity of such
solution depends on, among other factors, the concentration,
ionization, and solvation of the ions. The latter two factors
change in the presence of a crown ether ligand. By measur-
ing the change in conductivity of a metal salt solution to which
crown ether is added, valuable information is obtained about
the cation-crown ether interaction. Conductometry gives infor-
mation about the stoichiometry of complexation and affinity
of ligands for cations. A conductometric experiment is gener-
ally carried out by titrating a metal salt solution with a crown
ether ligand in a suitable solvent system. Such a titration may
give rise to two different conductometric effects. In the case
in which the applied metal salt is fully dissociated in the ap-
plied solvent, complexation by a crown ether leads to a large
cationic complex of metal ion and crown ether. This complex
can have less mobility in solution than the uncomplexed metal
cation, resulting in diminished capacity of charge transport and
hence diminished conductivity of the solution. In the case when
a crown ether is titrated to a metal salt solution in which the
metal salt is not fully dissociated, the opposite conductometric
effect is observed. Since the crown ether coordinates to the metal
cation, leaving the anion undisturbed, enhanced dissociation of
the metal salt results, and hence the conductivity of the solution
is increased.

In some cases there is a negligible change in conductance
in spite of an increase in the crown ether concentration; conse-
quently, conductometric determination of the complex forma-
tion constant becomes impossible. Two factors are responsible
for a negligible change in conductance in spite of an increase
in the crown ether concentration: (a) when hardly any complex-
ation occurs between crown compounds and cations, and (b)
mobilities of a resulting cation-crown compound complex and
the corresponding cation are equal at the same concentration.
The first factor is responsible in the majority of cases. When
conductance measurements are made at very low concentration
in solvents of relatively high dielectric constants, corrections
for viscosity changes and association between a cation, i.e., a
cation-crown compound complex, an uncomplexed cation, and
an anion are neglected.
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The following mathematical treatment to calculate the for-
mation constant is based on Evans et al. (1972) and Nedler and
Mead (1965).

For a 1:1 metal-ligand binding, the equilibrium can be de-
scribed as

Mt + L & ML* (5]

where M™, L, and ML represent the free solvated cation, the
free ligand, and the complex respectively. The thermodynamic
equilibrium constant K for the association is given by

B [ML*] f (ML+)
' IMAIIL £ (M) £ (L)

where[ML"], [M*], [L], and f represent the equilibrium mo-
lar concentrations of the complex, the free cation, the free lig-
and, and the activity coefficients of the species indicated, respec-
tively. Under the dilute conditions used, where the ionic strength
is less than 0.001 M, the activity coefficient of the uncharged
ligand f(L) can be reasonably assumed to be unity. The use
of the Debye-Hiickel limiting law of electrolytes leads to the
conclusion that f(ML™') = f(M™); thus, Equation [6] reduces
to

[6]

[ML*]
K= ——— 7]
[MT][L]
If « is the fraction of total metal cation that is uncomplexed with
the ligand, then the following equations result:

[M7] = o [M], (8]
[ML*] = (1 —a)[M], [9]
[L]=[L]; = (I — ) [M], [10]

where[M],, [L],, [M*], [ML"], and [L] represent the con-
centration (in molarity) of total cation, total ligand, free un-
complexed cation, and the complex and free solvated ligands
respectively.

The dilute conditions used make it possible to neglect ion
aggregation and corrections for viscosity changes. The mo-
lar conductivities A can be calculated by using the following
equation:

1000k
(M],

[11]
where « is the conductivity of the test solution in Siemens.cm™".
On the other hand, A can be related to o by the following
equation,:

A=O{AM+ +(1_a)AML [12]

where A+ and Ay represent the molar conductivities of the
ligand free metal salt solution and the complexed cation solution
at the same concentration, respectively. Rearranging Equation
[12] gives an expression for ¢« as

A—Apr

o= —- [13]

Substituting Equations [8] and [9] into Equation [7] gives the
following equation:

I-o

Kyp+ = 14
ML+ o IL] [14]
Substituting the value of o from Equation [13] in [14]:
Ay+ — A
K = 15
ML= e T [15]
Further, substitution of Equation [13] into Equation [10] gives
Ay+ — A
L=[L,-|—— | [M 16
[L] = [L], (AW_AML)[ I [16]

Substitution of Equation [16] into Equation [15] gives the ex-
pression for Ky +:

Ay — A
Ky = [17]
A— A [L], — Aur— A [M]
ML t AM+ — AML t
The above equation can be simplified as
Ky = hi [18]

azax[L]; — aza[M];

wherea; = Ay+ — A, ao = Ay+ — Ay, andas = A — Ay
Here, Equation [18] can be rearranged to form a quadratic
equation in terms of A as

aN>+bA+c=0 [19]

b= (Kyr+[L]l; +1)
and ¢ =[MKyr+AAyL

where a = Ky +[M];,
— M) Ky (A+ Ayr),
—ay (L1 Kyr+A + Ayp).

Thermodynamic Criteria for Complexation (Arnaud-Neu
etal., 2003)

The two fundamental equations AG =—RT In K and AG =
AH —TAS are useful in comparing the contributions of enthalpy
and entropy towards the stability of different complexes. The
enthalpy contribution can be obtained experimentally by calori-
metric titration or through van’t Hoff plots, although the latter
tends to be less reliable, especially if AH is not satisfactorily
constant over the temperature range investigated or the tempera-
ture range investigated is not sufficient. Complexation enthalpy
changes are mainly related to: (i) cation-crown interactions, (ii)
solvation of the metal ion, the crown, and the metal complexes
formed in solution, (iii) repulsion between neighboring donor
atoms, and (iv) steric deformation of the crown. Entropy changes
are linked to: (i) change in the number of particles involved in
the complexation process, and (ii) conformational changes of
the crown ether accompanying the complexation. In general,
there is an enthalpy-driven stabilization, but in some cases, as
for highly solvated cations for which complete or partial des-
olvation is an important step of the complexation process, the
stabilization may be entropy-driven. There is often an entropy-
enthalpy compensation effect, typical of alkali and alkaline earth



Downloaded by [Pontificia Universidad Javeria] at 18:11 23 August 2011

240 F. A. CHRISTY AND P. S. SHRIVASTAV

TABLE 1
Size of cations and crown ethers

Ionic Ionic

radius radius Crown
Cations (A) Cations (A) ether  Radius (A)
Lit 0.74 Ca*t 1.00 12C4 0.60-0.75
Na*t 1.02 Hg** 1.02 15C5 0.85-1.1
K+ 1.38 Sr¥t 1.18 16C5 0.9-0.95
Rb* 1.49 Pb** 1.19 18C6 1.3-1.6
Cs* 1.70  Ba** 1.35  21C7 > 1.75
Agt 1.15 U0, *? 1.80 24CS8 > 2.0
Tt 1.50 Fe 3+ 0.64 30C10 2.8-3.2
H;0* 1.70 Crt3 0.80
NH,* 1.48 Au’t 0.84
Mn™*2 0.67  Er’t 0.89
Nit? 0.69 Y 0.90
Mg*? 0.72 Eu’t 0.95
Cut? 0.73 Lat3 1.03
Zn*? 0.74 Ce’t 1.08
Cot? 0.75 Sn*t 0.72
cdxt 0.95

Ionic radii and crown ether cavity size are from Arnaud-Neu et al.
(2003), Liu et al. (2003), Izatt et al. (1985), and Khopkar (2008).

cations, in which an enthalpy gain is accompanied by an entropy
loss, or vice versa.

Factors Governing Complexation and Selectivity
of Crown Ethers (Arnaud-Neu et al., 2003)

The factors responsible for the stability of cation-crown com-
plexes can be classified as (a) relative size of a cation and crown
compound cavity, (b) cation charge, (c) cation type, (d) counter
anion, (e) number of donor atoms, (f) type of donor atom,
(g) electron density of crown cavity, (h) crown substituents,
(i) crown ether-ring flexibility, and (j) physical properties of a
solvent. The major contributing factor towards binding and se-
lectivity is attributed to size compatibility of the cation and the
crown ether cavity. The cations that match the cavity size of the
macrocycle are located in its center and optimize the interactions
with the oxygen heteroatoms. The dimensions of the cations and
the majority of crown ethers covered in this article are listed in
Table 1 (Arnaud-Neu et al., 2003; Liu et al., 2003; Izatt et al.,
1985; Khopkar, 2008), while the solvent properties are summa-
rized in Table 2 (Arnaud-Neu et al., 2003; Gutmann, 1978; Re-
ichardt, 2003). The size effect is the biggest contributor towards
the stability of small cations that completely enter the cavity;
however, other factors are more important for larger cations. The
size adequacy concept in combination with the flexibility of the
crown due to the presence of substituents allows for accommo-
dation of medium- and large-size cations at some expense of
energy. For example, 12C4 or 15CS5 has cavities too small to

TABLE 2
Solvent properties
w.10%° Specific gravity
Solvents ¢, (Cm) DN AN at 20/4, (g/cm3)
DCE 10.36 6.1 0.0 16.7 1.270
NM 35.87 12.0 2.7 20.5 1.137
NB 34.78 14.0 4.4 14.8 1.204
BN 25.2 0.0 11.9 8.2 1.000
ACN 35.94 13.1 14.1 19.3 0.782
Di 2.3 1.5 14.8 10.8 1.033
PC 65.1 16.7 15.1 18.3 1.200
AC 20.56 9.0 17.0 12.5 0.790
EtOAc 6.02 5.9 17.1 9.2 0.895
H,0 78.36 6.2 18-33* 54.8 0.998
MeOH 32.66 9.6 19.0 41.3 0.794
THF 7.58 5.8 20.0 8.0 0.888
DMF 36.71 12.7 26.6 16.0 0.945
DMA 38.9 12.4 27.8 13.6 0.945
DMSO 46.45 13.5 29.8 19.3 1.101
EtOH 24.55 5.5 31.5 37.1 0.789

&, = relative permittivity (dielectric constant) of the solvents.

= dipole moments in Coulomb meter (Cm), measured in benzene,
tetrachloromethane, 1,4-dioxane, or n-hexane at 20°. . 30°C (Reichardt,
2003).

DN = Gutmann donor number, defined as the negative enthalpy value
for the 1:1 adduct formation between a given electron-pair donor sol-
vent and the standard Lewis acid SbCl5, in dilute solution in the non-
coordinating solvent 1,2-dichloroethane, for which a DN of zero is
assigned.

AN measures the power of a given solvent to accept electron pairs as a
Lewis acid and is a dimensionless number.

“Depends on how it is assessed, as water reacts with SbCls.

Values for different solvent properties are obtained from Arnaud-Neu
et al. (2003), Gutmann (1978), and (Reichardt, 2003).

accommodate some cations like Rb* or Cs*. In such cases, the
complexation takes place outside the circular bi-dimensional
cavity, and the cation completes its coordination sphere with a
second crown molecule to form a “sandwich complex.” On the
other hand, very large crown ethers like 30C10 are able to wrap
around a small cation like Na™ completely, so as to optimize
the cation interactions with the donor sites. Thus, selectivity
profiles of rigid crown ethers present peak selectivities, whereas
more flexible crowns lead to plateau selectivities with a general
decrease of the extent of complexation (Lamb et al., 1979).
The cation-crown binding energy also depends on the number
of oxygen heteroatoms present in the macrocyclic structure. This
factor determines not only the size of the cavity but also the bond
energies with the cation. Conformational changes of the crown
as well as the size of the rings formed upon complexation are the
additional factors responsible for the stability of complexes. The
nature of the cations always plays an important role. The alkali
and alkaline earth metal ions are considered as “hard” acids in
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the Pearson classification (Pearson, 1963), the bonding with the
oxygen heteroatoms is essentially electrostatic in nature, and,
therefore, the charge density of the cations is dominant. Metal
ions like Ag*, Pb?>*, and TI* are potentially softer and should, in
principle, lead to less stable complexes with oxygen donor sites.
However, their high polarizability and the covalent character of
the bonds can lead in some cases to highly stable complexes.

One of the most important factors that needs significant con-
sideration is the “solvation effect,” which involves solvation of
the crown compound, the cation, and the complex. In sufficiently
polar solvents, where the interactions with the counter ions are
negligible, stability of the complex is related to the standard
Gibbs free energies of solvation of the different species by the
following equation:

—RTInK = AbindGo'i‘AsolvGo(NICM_) - AsolvGo(l\/In-‘r)
- AsolvGo(C)_AconfGo(C)

where the terms on the right refer to the free energy for cation-
crown bonding, for solvation of the cation-crown complex,
for cation solvation, for solvation of crown, and for crown
conformational changes (Srivanavit et al., 1977). Solvation of
the cation depends strongly on the ionic size and on the nature
of the solvent. Some of the important solvent parameters that
affect complexation include the relative permittivity (dielectric
constant) of the solvents, their dipole moments, and, in partic-
ular, the Gutmann donor numbers, DN, which are a measure of
the electron-donating properties of a solvent (Gutmann, 1978).
The donor number is defined as the negative enthalpy value for
the 1:1 adduct formation between a given electron-pair donor
solvent and the standard Lewis acid SbCls, in dilute solution
in the non-coordinating solvent 1,2-dichloroethane, for which
a DN of zero is assigned. DN reflects the ability of the solvent
to solvate cations and other Lewis acids (Reichardt, 1979,
Chipperfield, 1999). DN values range from zero, for solvents
like hexane or tetrachloromethane, to 61.0 for triethylamine.
In general, it is observed that the smaller the values of DN, the
more stable the cation-crown ether complex.

The present article summarizes a comprehensive literature
review through April 2011 on the complexation of cation with
different crown ethers and their derivatives, studied by con-
ductometry. The salient features of these methods like cations
studied, solvent(s) used, stability constants at different tem-
peratures, and thermodynamic parameters are presented in
Tables 3-9'. The discussion that follows has been segregated
broadly into four parts, which deal with univalent, bivalent, and
tetravalent cation and other bulky cation complexes with vari-
ous crown ethers. The factors affecting complexation like the
nature of the solvent (polarity, donicity, and solvating power),
size of the cation, type of counter anion, size of the crown
macrocycle, number of donor atoms, type of donor atom, ef-
fect of substituents on the crown ether, flexibility, and effect of

ITables 8 and 9 are supplemental files available online.

temperature are discussed. To limit the length of the article, the
results of selected references are critically evaluated, stressing
the above-mentioned criteria.

DISCUSSION

Crown Complexes with Monovalent Cations (H;O0™,
NH,*, Lit, Nat, K*, Rbt, Agt, Cs*, and TI*)

Complex formation of hydronium ion (from HClO4) with
several crown ethers in DCM, ACN, and NB solutions has been
studied by Amini and Shamsipur (1992). The stability constants
of the resulting 1:1 complexes in ACN and NB were found to
vary in the order 18C6 > DB30C10 > DC18C6 > DB18C6 >
DB21C7 > DB24C8 > B15C5. However, in NB an unusual con-
ductance behavior was observed for the complexation of 18C6
and DC18C6 with H3;O™" ion. The unexpected increase in con-
ductance from mole ratio (Cerown/Crzo+) of 1 up to mole ratio
of 2 was ascribed to the ion pairing of hydronium perchlorate,
brought about by the addition of crown ether, and/or the for-
mation of a second sandwich adduct with a 2:1 (crown/H;0™)
stoichiometry in the solvent system used. This behavior may
be rationalized by considering the following equilibria in NB
solution:

H;0™, Cl0; < H30™(crown) ClO,
< H;0%(crown), Cl1O;

In contrast to ACN and NB, the complexation process in DCM
resulted in the dissociation of the ion-pairs formed, which was
evident from the large conductance values after addition of
crown ethers to the hydronium perchlorate solutions. In ACN,
the stability of hydronium ion complexes with smaller crown
ether (15C5) was much weaker than with 18C6 as the cavity
size of 15C5 is too small for the ionic size of H;O" ion (3.4 A).
The stability of H;O" complexes with larger crown ethers varies
in the order DB30C10 > DB21C7 > DB24CS8. It is well known
that that large crown ethers such as 30C10 are flexible enough
to wrap around the cations of proper size so as to encapsu-
late them in a three-dimensional structure, allowing the oxygen
atoms in the ring to participate in bond formation (Shamsipur
et al., 1980).

Among other cations, ammonium ions have special signif-
icance as they play a fundamental role in different biological
processes, and the study of thermodynamics of its complexes
with crown ethers has been of special interest (Lehninger, 1984;
Frensdorff, 1971; Cram and Cram, 1974). There are at least five
different factors that contribute towards the stability of ammo-
nium and alkylammonium complexes with macrocyclic ligands.
These include the cavity size of the crown ether, the number and
type of donor atoms in the ring, the number and nature of alkyl
groups, the number of N-H bonds in the cation available for
H-bonding, and the solvation energies of the species in different
solvent systems involved in the complexation reactions. Hasani
and Shamsipur (1994) studied the interaction of NH4* ions with
several crown ethers in ACN solution. The stability constants of
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TABLE 3
Cation complexes with 12C4 and its derivatives
/N
[0 0]
(o] o
\__/
12-crown-4
Cation Solvent logK —AG¥AHYAS® References
25°C
Lit ACN 3.40 NA Hopkins and Norman (1980)
MeOH < 0.0 NA Zollinger et al. (1987)
MeOH 1.32 D’ Aprano et al. (1995)
ACN 3.14 D’ Aprano et al. (1995)
Na™ ACN 3.32 NA Hopkins and Norman (1980)
MeOH 2.05,1.73° NA Zollinger et al. (1987)
MeOH 1.09 D’ Aprano et al. (1995)
ACN 4.42
K+ MeOH 1.73, 0.86° NA Zollinger et al. (1987)
MeOH 1.41 NA D’ Aprano et al. (1995)
ACN 2.23
Rb* MeOH 1.65, 0.87¢ NA Zollinger et al. (1987)
Cst MeOH 1.60, 0.74¢ NA Zollinger et al. (1987)
T+ ACN 4.01 NA Jabari et al. (1993)
AC 3.12
DMF d
Agt ACN d NA Jabari et al. (1993)
AC d
DMF d
NH,*+ NB 2.72 NA Hasani and Shamsipur (1993)
ACN <2
DMF <2
20°C 25°C 30°C 35°C
Ph(CH3);NTI~  H,O 1.96 2.00 2.04 2.08 —/14.2/86 Marji et al. (1999)
(C,H5)NTBr~  H,O0 1.96 2.00 2.05 2.08 —/13.7/84
(C,Hs5);HNTCI- H,O0 2.72 2.76 2.78 2.82 —/10.9/89.9
T
/N
SIS
o o
\__l_/
CHs
Tetramethyl 12-crown-4
25°C
Lit ACN 3.46 ——/— Hopkins and Norman (1980)
2KJ/mol.
J/mol.K.

“Indicates value of logK,, second formation constant.

dComplex not formed.
NA: not available.
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TABLE 4
Cation complexes with DB30C10 and its derivatives

£l WY

o

NS |- ~
g j
D\_ :.___0\_’:_,0\\_-.;_'CI\_';!O
Dibenzo-30-crown-10
Cation Solvent logK —AG¥AHYASP References
25°C
Li* DCE 4.68 NA Amini and Shamsipur (1991)
NM 4.49 NA
Na*t DCE 5.25 NA Amini and Shamsipur (1991)
NM 4.66 NA
ACN 3.14 NA
AC 3.04 NA
Na™ NM 6.73 NA Katsuta et al. (2005b)
K+ DCE 5.96 NA Amini and Shamsipur (1991)
NM 5.37 NA
ACN 4.36 NA
AC 4.39 NA
DMF 3.13 NA
K* NM 6.38 NA Katsuta et al. (2005b)
Rb* DCE 5.60 NA Amini and Shamsipur (1991)
NM 5.26 NA
ACN 4.76 NA
AC 4.26 NA
Rb* NM 5.55 NA Katsuta et al. (2005b)
15°C 25°C 35°C 45°C
Rb™ ACN 4.83 4.64 4.50 4.25 —/—33/-21 Shamsipur and Saeidi (2000)
Cs™ DCE 4.92 NA Amini and Shamsipur (1991)
NM 4.56 NA
ACN 3.81 NA
AC 3.70 NA
Cs™ NM 4.34 NA Katsuta et al. (2005b)
15°C 25°C 35°C 45°C
Cs™ ACN 4.33 4.20 4.08 3.63 —/—38/—49 Shamsipur and Saeidi (2000)
Agt DCE 5.27 NA Amini and Shamsipur (1991)
NM 4.79 NA
ACN 4.22 NA
AC 3.88 NA
Agt AC 3.53 NA Jabari et al. (1993)
DMF <2 NA
T+ DCE 6.30 NA Amini and Shamsipur (1991)
NM 5.48 NA
ACN 5.15 NA
AC 5.03 NA
TI+ ACN 5.66 NA Jabari et al. (1993)
AC 5.39 NA
DMF — NA

(Continued on next page)
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TABLE 4
Cation complexes with DB30C10 and its derivatives (Continued)
Cation Solvent logK —AGYAHY/AS® References
DMF-ACN (wt.%) 15°C 25°C 35°C 45°C
T+ Pure DMF 2.74 2.48 2.19 <2 —/—46/—109 Khayatian et al. (2003)
80:20 3.17 2.92 2.53 <2 —/—54/—127
60:40 3.58 3.35 2.90 2.39 —/—=70/—173
40:60 4.06 3.81 3.30 2.75 —/—=T77/—189
H;O* ACN 4.54 NA Amini and Shamsipur (1992)
NB > 6 NA
NH,* NB > 6 NA Hasani and Shamsipur (1993)
ACN 5.13 NA
DMF <2 NA
5°C 15°C 25°C 35°C
NH,* ACN 5.46 5.28 5.13 — —/26.2/10.2 Hasani and Shamsipur (1994)
A NN
d o o O 0 COOH
( .
Be e % PSS
4’-Carboxy-benzo-30-crown-10
5°C 15°C 25°C 35°C
Na* ACN 4.42 4.25 4.01 3.82 —/—33.4/-35 Rouhollahi et al. (1999)
K* ACN 6.11 5.66 5.31 4.96 —/—67.2/—125
Rb™ ACN 5.79 5.38 5.06 4.78 —/—55.0/—87
Cst ACN 5.16 4.90 4.63 4.39 —/—42.3/-53
T+ ACN 6.34 5.90 5.52 5.06 —/=70.6/—132
#KJ/mol.
5J/mol.K.

NA: not available.

the resulting 1:1 complexes at various temperatures varied in the
order DC18C6 > 18C6 > DB30C10 > DB21C7 > DB24CS8 >
DB18C6 > 15C5 > B15CS.

Compared to alkali and alkaline earth cations, NH4* ions
have two distinct features that can explain the observed sta-
bility trend. The first is the hydrogen bonding ability with the
donor atoms of the macrocycles, and, second, it has a tetrahe-
dral arrangement of hydrogen atoms about the central nitrogen
atom, which can lead to special stereochemical arrangements.
The preferred tetrahedral arrangement in NH4™ ion has also
been shown by ab initio calculations (Pullman and Armbruster,
1975). The cavity size and the conformations of DB18C6 and
18C6 are most suitable for NH, ™ ion to bind with three out of
six available oxygen atoms to form a stable complex. Thus, one
of the four NH4" hydrogen atoms protrudes upward from the
center of and perpendicular to the plane of the donor oxygen
atoms in the ring. Further, due to the electron donating effect of
cyclohexyl groups and electron withdrawing ability of the benzo
groups, the stability of the NH4"-DC18C6A complex is much
higher than that of the NH; -DB18C6 complex. On the other

hand, the cavity size of 15CS5 is too small to accommodate the
NH, 7 ion, thus they form the weakest complex of all the crown
ethers studied. Comparing the larger cavity size crown ethers
(DB21C7, DB24C8, and DB30C10) it is apparent that NH4"
ion fits more comfortably into the cavity of DB21C7 through
hydrogen bonding than that of DB24C8. However, DB30C10A,
although having the largest cavity size in the series, forms a
much more stable complex than DB21C7 or DB24C8 due to its
high flexibility. DB30C10 can easily twist around the NH4* ion
to form a stable “wraparound” complex, wherein all 10 oxygen
atoms can more or less play some part in bond formation. A con-
ductance study of the interaction between substituted NH4 ™ ions
with 12C4, 15C5, and 18C6 in aqueous solutions is reported at
different temperatures (Marji et al., 1999). The stability of these
complexes depends mainly on the number of hydrogen bonds
between N-H and the ether oxygen atoms. The formation con-
stants (log Ky) of the 1:1 complexes at different temperatures
varied in the order 18C6 > 15C5 > 12C4 for the same salt,
while with the same crown ether the formation constants fol-
lowed the order (C2H5)3NHCI > (C2H5)4NBI‘ > (CH3)3NPhI
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TABLE 5

Cation complexes with other crown ethers

Dibenzo-diaza-15-crown-4

245

Cation Solvent logK —AG*AHYAS® References
20°C 25°C 30°C 35°C
Agt ACN 5.61 5.60 5.59 5.58 —/—=3.45/41.5 Marji and Taha (2000)
Ni%* ACN 5.21 5.18 5.15 5.12 —/—10.4/64.3
Fe™3 ACN 4.94 4.93 4.92 4.90 —/—4.50/79.2
-
C B
o]
A/
16-crown-5
25°C
Lit ACN 4.4 NA Takeda et al. (1992)
PC 32 NA
MeOH — NA
Na* ACN 53 NA
PC 5.7 NA
MeOH 4.1 NA
K* ACN 3.5 NA
PC 33 NA
MeOH 2.9 NA
Rb* ACN 2.9 NA
PC 2.5 NA
MeOH 2.4 NA
Cst ACN 23 NA
PC 2.1 NA
MeOH 2.0 NA
T+ H,O 0.73 NA Takeda and Kimura (1991)
Srt? H,O 2.08 NA
Ba™? H,0 1.84 NA
f Oﬁo CH;
hY
0 CH3
{/ o]
o _J
Dimethyl-16-crown-5
25°C
Lit ACN 4.1 NA Takeda et al. (1992)
PC 3.13 NA
Nat ACN 4.3 NA
PC 4.0 NA

(Continued on next page)
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TABLE 5
Cation complexes with other crown ethers (Continued)
Cation Solvent logK —AG¥YAHYASP References
MeOH 3.53 NA
K+ ACN 3.13 NA
PC 2.89 NA
MeOH 2.43 NA
Rb* ACN 2.64 NA
PC 2.14 NA
MeOH 2.05 NA
Cs™ ACN 2.40 NA
PC 1.61 NA
MeOH 1.73 NA
]
OI(\ Ay
o7 s s/ko
s/
Hexathia-18-crown-6-tetraone
15°C 25°C 35°C 45°C
Cot? ACN 5.12 4.86 4.63 4.40 277/ —41.9/ —47.6 Ganjali et al. (1998)
Nit? ACN 5.25 4.98 4.79 4.53 284/ — 41/ —43
Cut? ACN 5.35 5.12 4.87 4.66 29.2/ —40.7/ — 39
Zn*? ACN 5.04 4.76 4.52 4.25 27.1/ —45.8/ — 62
Cd*? ACN 6.12 5.67 5.27 4.85 32.3/ —173.9/ — 139
Pb+2 ACN >7 6.87 6.13 5.44 39.2/ — 121/ — 290
Hg? ACN > 8 7.5 6.58 6.31 43/—108/—240
ol
(0] (o]
L)
N
19-crown-6
25°C
Lit H,0 0.76 NA Takeda et al. (1999)
ACN 3.73 NA Takeda et al. (2000)
PC 2.29 NA
MeOH — NA
DMF — NA
DMSO 1.72 NA
Nat H,0 0.93 NA Takeda et al. (1999)
ACN 4.31 NA Takeda et al. (2000)
PC 4.49 NA
MeOH 2.83 NA
DMF — NA
DMSO — NA
K+t H,0 1.27 NA Takeda et al. (1999)
ACN 4.62 NA Takeda et al. (2000)
PC 4.49 NA
MeOH 421 NA

(Continued on next page)
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TABLE 5
Cation complexes with other crown ethers (Continued)
Cation Solvent logK —AGYAHYASP References
DMF 2.60 NA
DMSO 2.01 NA
Rb™ H,O 1.33 NA Takeda et al. (1999)
ACN 4.06 NA Takeda et al. (2000)
PC 3.72 NA
MeOH 3.76 NA
DMF 2.25 NA
DMSO 1.73 NA
Cs™ H,O 0.71 NA Takeda et al. (1999)
ACN 3.29 NA Takeda et al. (2000)
PC 2.92 NA
MeOH 3.00 NA
DMF 1.89 NA
DMSO 1.54 NA
Agt H,O 0.93 NA Takeda et al. (1999)
T+ H,O 1.08 NA
Ca™ H,0 1.26 NA
Srt? H,0 1.83 NA
Bat? H,O 1.95 NA
Cd*? H,O 1.54 NA
Pb*? H,O 2.38 NA
oD otV
5T M s
-8 e -1
LAS s
I I
Oxathiadibenzocrown ethers
25°C
Cut21 ACN 4.8 25.3/—48.9/-79.2 Ashram et al. (2010)
Znt2I ACN 3.5 24.7/—33.5/—29.7
Cd*+%1 ACN 3.0 16.8/85.3/342.2
Pb+21 ACN 5.0 29.3/—145.9/-391.4
Cut2-11 ACN 4.2 23.8/—6.3/58.8
Pb*2-11 ACN 5.0 29.2/—120.9/-307.4
*KJ/mol.
°J/mol.K.

NA: not available.

The thermodynamic data indicated that the complexes formed
with different substituted ammonium ions were enthalpy desta-
bilized but entropy stabilized. The reason for positive values
for enthalpy AH was attributed to the strong competition of
the solvent with crown molecules for the substituted ammo-
nium cations. The higher logKy values for triethylammonium
ion-crown ether complexes can be due to the tetrahedral ar-
rangement around the central nitrogen atom such that the H' is
directed towards the cavity of the crown ether.

To study the influence of other factors such as the size of
macrocyclic cavity, steric effect of the alkyl group attached to
the -NH;* group, and Gutmann donicity of the solvents on the
stability of ammonium ion-crown ether complexes, Sadeghi and
Valavi (2003) investigated complex formation of ammonium
and four n-alkylammonium perchlorate salts with DB18C6,
DB21C7, and DB24C8 in ACN, NB, and NM solvents and their
binary mixtures. All the investigated cations had a—NH3 " group
that is expected to form a complex with crown ethers. In NB, the
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TABLE 6
Cation complexes with DB21C7

T

[+]

—0

o-

0\/ /

o—

Dibenzo-21-crown-7

Cation Solvents logK —AGYAHYASP References
25°C
Na*t NM 6.04 NA Katsuta et al. (2005a)
ACN 2.96
PC 3.15
15°C 25°C 35°C 45°C
Na* ACN 3.20 3.14 3.08 3.03 —/—10.0/26  Shamsipur et al. (2006)
K+ NM 5.70 NA Katsuta et al. (2005a)
ACN 4.64
PC 4.53
15°C 25°C 35°C 45°C
K* ACN 4.53 4.35 4.22 4.10 —/—24.7/01 Shamsipur et al. (2006)
Rb* NM 5.40 NA Katsuta et al. (2005a)
ACN 4.70
PC 4.58
15°C 25°C 35°C 45°C
Rb* ACN 4.64 4.48 4.39 4.20 —/—24.9/03 Shamsipur et al. (2006)
Cs™ NM 4.65 NA Katsuta et al. (2005a)
ACN 4.23
PC 3.97
15°C 25°C 35°C 45°C
Cst ACN 4.53 4.35 4.22 4.10 —/—=24.7/01  Shamsipur et al. (2006)
Agt AC 3.15 NA Jabari et al. (1993)
DMF <2
T+ ACN 5.28 NA Jabari et al. (1993)
AC 5.07
DMF —
DMF-ACN (wt.%) 15°C 25°C 35°C 45°C
T+ Pure DMF 2.70 242 <2 <2 —/—17.8/—18.9 Khayatian et al. (2003)
80:20 2.83 2.55 2.13 <2 —/—59/—151
60:40 3.18 2.84 2.65 2.38 —/—45/-97
40:60 3.54 3.29 3.05 2.69 —/—48/—101
H;O" ACN 4.20 NA Amini and Shamsipur (1992)
NB >5
NH,t NB > 6 NA Hasani and Shamsipur (1993)
ACN 4.16
DMF <2
25°C 35°C 45°C 55°C
NH;© ACN 4.16 4.07 3.97 3.83 —/—20.3/11.7 Hasani and Shamsipur (1994)
ACN-DMSO (mole%) 15°C 25°C 35°C 45°C
NH;*  Pure ACN 4.3 4.1 4.0 3.9 —/—22.9/2.3 Khayatian and Karoonian (2008)
90:10 3.5 3.1 2.77 24 —/—63.7/—154.1

(Continued on next page)
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TABLE 6
Cation complexes with DB21C7 (Conitnued)

Cation Solvents logK —AGYAHYASP References
80:20 <2 <2 <2 <2 ——/—
NB-ACN (mole%)

NH;™  Pure NB >6 NA Sadeghi and Valavi (2003)
75:25 5.38 NA
50:50 5.03 NA
25:75 4.65 NA
Pure ACN 4.16 NA
NM-ACN (mole%)

Pure NM 5.88 NA
75:25 5.34 NA
50:50 4.74 NA
25:75 4.39 NA
Pure ACN 4.16 NA

MeNH; " Pure NB 5.58 29.4/—13.9/52.0
75:25 5.01 NA
50:50 4.58 NA
25:75 4.07 NA
Pure ACN 3.61 NA
NM-ACN (mole%)

Pure NM 4.68 26.6/—11.1/52.0
75:25 441 NA

50:50 4.19 NA

25:75 3.76 NA

Pure ACN 3.61 20.8/—18.5/7.72
NB-ACN (mole%)

EtNH3;* Pure NB 5.22 30.6/—12.7/53.35
75:25 4.96 NA
50:50 4.30 NA
25:75 3.90 NA
Pure ACN 343 20.1/—18.2/6.34
NM-ACN (mole%)

Pure NM 4.65 26.4/—10.3/54.0
75:25 4.32 NA
50:50 4.05 NA
25:75 3.62 NA
Pure ACN 343 NA

PrNH3* NB-ACN (mole%)

Pure NB 5.19 27.9/—12.0/53.4
75:25 4.67 NA

50:50 4.21 NA

25:75 3.80 NA

Pure ACN 3.37 19.0/—20.5/—5.03
NM-ACN (mole%)

Pure NM 4.63 27.2/—10.6/55.7
75:25 4.31 NA

50:50 4.01 NA

25:75 3.61 NA

Pure ACN 3.37 NA

(Continued on next page)
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TABLE 6
Cation complexes with DB21C7 (Conitnued)

Cation Solvents logK —AGYAH¥YASP  References
BuNH3* NB-ACN (mole%)

Pure NB 4.89 28.6/—13.9/49.3

75:25 4.64 NA

50:50 4.24 NA

25:75 3.86 NA

Pure ACN 3.40 19.4/—14.6/16.1

NM-ACN (mole%)

Pure NM 4.68 25.4/—11.3/47.3

75:25 4.41 NA

50:50 4.06 NA

25:75 3.64 NA

Pure ACN 3.40 NA
#KJ/mol.
bJ/mol.K.

NA: not available.

trend in log Ky values was NHy* > CH3NH3;™ > C,Hs NH3 ™"
> C3H;NH;" > C4HoNH; ™. Similar behavior was also seen in
other solvents as well. With the increase in the size of the alkyl
group, the steric factor comes into play, which results in the loss
of complex stability. The methyl group has a destabilizing effect
on the binding ability of the CH;NH; ™ cation because it causes
elongation of the N...O distance, which might be responsible
for a weaker complex than the NH4* complex. Further, the log
K; value for the binding of NH4* and other n-alkylammonium
cations with 21C7 was considerably higher than that for 18C6
or 24C8. The size of 18C6 (diameter cavity 2.6 A) is too small
to produce a good fit for the NH; ™ ion (ion diameter 2.9 A), thus
giving a weaker complex. When the cavity becomes large, i.e.,
in 24C8 (diameter cavity 4 A), the cation cannot be sufficiently
close to the oxygen atom and the log K; value is decreased. In
this study, all three solvents had nearly the same dielectric con-
stant but with different donicities. In strong solvating solvents
like ACN, the complex formation is poor due to a highly ordered
and tightly bound solvating shell in the NH4" ion, whereas in
solvents with low donicity, such as NB and NM, a more sta-
ble complex was formed. Although the donor ability of NB
is greater than that of NM, the stability constant of the crown
ether-alkylammonium ion complex in NM was lower than that
in NB. This behavior may be attributed to the fact that the NM
molecules form a molecular complex with crown ether. In addi-
tion, in NB, the existence of the benzo group in the solvent may
decrease the N...O interaction, so the stability constant of the
complex increases. A similar study with alkyl ammonium ions
was done by Hasani and coworkers (2003), wherein they used
some aza-substituted crown ethers in binary ACN-DMSO mix-
tures. The formation constants of the 1:1 complexes, determined
from the molar conductance-mole ratio plots, were found to vary
in the order DBDA15C4 > DA18C6 > A18C6 > DBzDA18C6.

In all cases, the substitution of alkyl groups on the ammonium
ion decreased the stability of the resulting crown complexes in
the following sequence: NH;* > CH3NH3 " > C,Hs NH;* >
(C,Hs5); NH,+ > (C,Hs);NH™. It was observed that the solvat-
ing ability of the solvent, as expressed by the Gutmann donor
number (Gutmann, 1978), plays an important role in this study.
DMSO s a solvent of high solvating ability (DN = 29.8) that can
compete strongly with macrocyclic ligands for the cations. Thus,
addition of ACN, which has a low donicity (DN = 14.1) com-
pared to DMSO, increased the extent of interaction between the
donor atoms of the macrocycles and the cations. The molar con-
ductance of both the solvated cations and complexes decreased
in the order ACN > 80 wt.% ACN > 60% wt.% ACN > 40 wt.%
ACN > 20 wt.% ACN > DMSO. This is due to both the higher
viscosity and higher solvating ability of DMSO than ACN.

Solvent properties are considered as one of the major factors
influencing the formation constants of cation-crown ether com-
plexes. The complexation reactions between B15C5, B18C6,
and DB18C6 with alkali and Ag* cation have been studied in
a typical solvent, NM (Inerowicz et al., 2000). The formation
constant of 1:1 and 1:2 complexes formed was determined and
found to decrease with increasing cation size. In general the
stability order was Lit, Agt > Nat > K* > Rb* > Cs™ for
all the crown ethers. NM is a peculiar solvent with a relative
permittivity, ¢ = 35.9 and a very low Gutmann donor number
(2.7). Thus, the solvent molecules compete poorly for position
in the first coordination sphere of a metal cation due to its weak
coordinating properties. This results in fairly high formation
constants of the investigated complexes in the solvent.

The effect of substituent on the crown ether molecule and the
role of solvent was investigated by studying the complexation of
4’-nitrobenzo-15-crown-5 with NH, ™, Li*, Na*, and K™ cations
in ACN-MeOH binary solutions (Rounaghi and Razavipanah,
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TABLE 7
Cation complexes with DB24C8 and its derivatives
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Dibenzo-24-crown-8
Cation Solvents logK —AGYAHYASY References
25°C
Nat PC 4.1 —/—37/—46 Takeda and Yano (1980)
MeOH-H,0 (70:30, wt.%) 1.54 —/—32.4/-79.1
Na™ ACN 4.1 Takeda (1983)
15°C 20°C 25°C 30°C 35°C
Na™ ACN 356 345 336 334 311 —/—-34/-48 Tawarah and Mizyed (1989)
Nat NM 7.75 NA Katsuta et al. (2004)
K+ PC 3.7 —/—34.5/-44.4 Takeda and Yano (1980)
MeOH 3.5 —/—35.3/—49.4
MeOH-H,0 (70:30, wt.%) 2.42 —/—35.7/-73.6
K* ACN 3.8 NA Takeda (1983)
15°C 20°C 25°C 30°C 35°C
K+t ACN 403 3.87 3.86 3.81 3.67 —/—24/-8 Tawarah and Mizyed (1989)
DMF-MeOH (mole%) 15°C 25°C 35°C 45°C 55°C
K+ Pure DMF 193 183 176 1.74 1.57 —10.46/—8.368/6.987 Rounaghi et al. (1999)
61.1:38.9 230 224 213 2.10 2.04 12.67/—11.88/2.678
34.3:65.7 275 2.62 256 2.50 2.41 15.14/—14.97/0.543
14.9:85.1 3,56 3.43 327 3.17 3.11 19.54/-21.21/-5.61
Pure MeOH 3775 3770 347 332 3.19 20.71/27.36/—22.30
K+ NM 5.42 Katsuta et al. (2004)
ACN-NM (wt.%) 15°C 25°C 35°C 45°C
K* Pure ACN 3.66 3.55 3.14 2.5 19/—53/—113 Taghdiri et al. (2007)
80:20 4.04 3838 375 3.63 22/—-24/—6
60:40 409 399 385 3.65 23/-25/-10
40:60 438 423 4.12 1.00 24/—22/8
Rb™ PC 3.5 —/—32.9/—42.3 Takeda and Yano (1980)
MeOH 3.8 —/—39.4/-57.7
MeOH-H,0 (70:30, wt. %) 2.55 —/—36.5/-73.6
Rb™ ACN 3.8 NA Takeda (1983)
15°C 20°C 25°C 30°C 35°C
Rb™ ACN 443 424 419 391 374 —/-58/—116 Tawarah and Mizyed (1989)
15°C 25°C 35°C 45°C
Rb™ ACN 411 398 3.83 3.72 —/23/-2 Shamsipur and Saeidi (2000)
Rb* NM 4.92 Katsuta et al. (2004)
ACN-NM (wt.%) 15°C 25°C 35°C 45°C
Rb™ Pure ACN 3.67 3.56 326 294 20/—43/-79 Taghdiri et al. (2007)
80:20 392 383 3.63 3.50 22/—26/—13
60:40 404 3.89 378 3.63 22/—-23/—4
40:60 418 4.04 393 3.83 23/—-20/-9
Cs™ PC 3.46 —/—32.3/—-42.3 Takeda and Yano (1980)

(Continued on next page)
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TABLE 7
Cation complexes with DB24C8 and its derivatives (Continued)
Cation Solvents logK — AGYAHYAS® References
MeOH 3.84 —/—36.8/—49.0
MeOH-H,0 (70:30, wt.%) 2.48 —/—37.4/-717.8
Cs* ACN 49 NA Takeda (1983)
15°C  20°C 25°C 30°C 35°C
Cst ACN 411 403 394 381 372 —/-34/-39 Tawarah and Mizyed (1989)
15°C 25°C 35°C 45°C
Cs™ ACN 424 408 4.05 3.73 —/—=27/—13 Shamsipur and Saeidi (2000)
Cs* NM 4.36 Katsuta et al. (2004)
ACN-NM (wt.%) 15°C 25°C 35°C 45°C
Cs™ Pure ACN 3.77 349 337 3.14 20/—37/-55 Taghdiri et al. (2007)
80:20 376 3.62 340 3.14 30/—38/-26
60:40 4.04 387 377 3.61 23/—-24/-3
40:60 414 399 385 3.70 24/—-26/—4
Agt AC 4.20 NA Jabari et al. (1993)
DMF <2
DMSO-H,0 (90:10, v/v) 1.75 NA Ijeri and Srivastava (2003)
PC-EC (20:80, mass%) 5.02 NA Samant et al. (2003)
TI+ ACN 5.13 NA Jabari et al. (1993)
AC 4.90
DMF —
DMF-ACN (wt.%) 15°C  25°C 35°C 45°C
TI™ Pure DMF <2 <2 <2 <2 NA Khayatian et al. (2003)
80:20 236 217 227 <2 —/—6/—13.7
60:40 3.07 265 227 <2 —/—68/—177
40:60 322 289 270 239 —/—47/—101
ACN-NM (wt.%) 15°C 25°C 35°C 45°C
TI+ Pure ACN 4776 4.63 449 435 25/—-24/3 Taghdiri et al. (2007)
80:20 474 460 442 430 26/—26/—0.2
60:40 495 479 474 453 25/-23/7
40:60 5.00 492 486 4.74 20/—15/20
H;0" ACN 4.00 NA Amini and Shamsipur (1992)
NB >5
NH;© NB > 6 NA Hasani and Shamsipur (1993)
ACN 3.91
DMF <2
5°C 15°C 25°C 35°C
NH,© ACN 415 398 391 3.75 —/21.3/2.8 Hasani and Shamsipur (1994)
NB-ACN (mole%) 25°C
NH,; * Pure NB >6 NA Sadeghi and Valavi (2003)
75:25 5.14 NA
50:50 4.75 NA
25:75 4.29 NA
Pure ACN 3.71 NA
NM-ACN (mole%) NA
Pure NM 5.66 NA
75:25 4.40 NA

(Continued on next page)
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Cation Solvents logK —AGYAH¥YASP References
50:50 4.74 NA
25:75 3.91 NA
Pure ACN 3.71 NA
NB-ACN (mole%)
MeNH;™ Pure NB 5.00 29.1/—29.5/—1.34
75:25 4.23 NA
50:50 3.82 NA
25:75 3.27 NA
Pure ACN 2.77 15.7/—13.9/6.04
NM-ACN (mole%)
Pure NM 4.30 24.6/—18.3/21.2
75:25 3.88 NA
50:50 3.45 NA
25:75 3.11 NA
Pure ACN 2.77
NB-ACN (mole%)
E(NH3* Pure NB 4.97 28.0/—29.2/—4.03
75:25 4.18 NA
50:50 3.44 NA
25:75 3.06 NA
Pure ACN 2.80 16.0/—12.9/10.4
NM-ACN (mole%)
Pure NM 4.06 23.3/—13.8/31.2
75:25 3.73 NA
50:50 3.39 NA
25:75 3.09 NA
Pure ACN 2.08
PrNH;3* NB-ACN (mole%)
Pure NB 4.67 27.1/—28.7/-5.37
75:25 4.14 NA
50:50 3.38 NA
25:75 2.95 NA
Pure ACN 2.76 16.0/—14.0/6.71
NM-ACN (mole%)
Pure NM 4.02 23.1/—18.5/15.4
75:25 3.68 NA
50:50 3.30 NA
25:75 3.07 NA
Pure ACN 2.76
BuNH;™" NB-ACN (mole%)
Pure NB 4.64 26.7/—26.9/—0.671
75:25 4.12 NA
50:50 3.45 NA
25:75 2.92 NA
Pure ACN 2.72 15.8/—16.2/—1.34
NM-ACN (mole%)
Pure NM 4.12 23.4/—14.1/31.2
75:25 3.76 NA
50:50 3.48 NA

(Continued on next page)
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TABLE 7
Cation complexes with DB24C8 and its derivatives (Continued)
Cation Solvents logK —AGYAHYASP References
25:75 2.91 NA
Pure ACN 2.72
Mg*? MeOH 2.71 NA Chen et al. (1987)
Mg+2 PC-EC (20:80, mass%) 4.83 NA Samant et al. (2003)
ACN-DMF (mole%) 15°C 25°C 35°C 45°C 55°C
Mg*?  90:10 220 22 2.29 237 254 12.55/14.64/92.05 Rounaghi et al. (2004)
80:20 246 2,61 264 270 2.73 14.65/12.55/87.86
60:40 2.0 229 23 2.3 2.4 12.97/20.92/104.6
40:20 284 264 20 2.0 2.0 14.65/—33.47/—62.76
20:80 274 256 257 248 2.63 14.65/—12.55/12.55
Pure DMF 226 215 1.89 180 1.5 12.55/-33.47/-71.13
Ca™? Pure ACN 321 344 347 356 371 20.92/20.92/92.05
80:20 3.0 2.86 2.6 293 2.85 16.74/—4.18/54.39
60:40 273 2.8 2.8 2.67 2.7 16.74/—2.5154.39
40:60 <1 <1 <1 <1 <1 NA
20:80 254 257 26 2.61 2.8 14.64/6.28/71.13
Pure DMF 276 2.3 2.62 22 2.2 12.97/—33.47/—66.94
25°C
Cat?> MeOH 2.40 NA Chen et al. (1987)
Cat? PC-EC (20:80, mass%) 4.01 NA Samant et al. (2003)
Mn*t2  DMSO-H,0 (90:10, v/v) 1.85 NA Ijeri and Srivastava (2003)
Co*?  MeOH 2.71 NA Chen et al. (1987)
Co™? DMSO-H;0 (90:10, v/v) 1.54 NA Tjeri and Srivastava (2003)
Nit2  MeOH c NA Chen et al. (1987)
Nit? DMSO-H;0 (90:10, v/v) 1.55 NA Tjeri and Srivastava (2003)
Cu*?  MeOH 2.02 NA Chen et al. (1987)
Cu*? DMSO-H;0 (90:10, v/v) 1.74 NA Ijeri and Srivastava (2003)
Cut? PC-EC (20:80, mass%) 4.35 NA Samant et al. (2003)
Znt?  MeOH c NA Chen et al. (1987)
Zn*? DMSO-H,0 (90:10, v/v) 1.57 NA Tjeri and Srivastava (2003)
Srt? PC-EC (20:80, mass%) 4.07 NA Samant et al. (2003)
ACN-DMF (mole%) 15°C 25°C 35°C 45°C 55°C
Srt? 90:10 3.01 277 280 291 295 16.74/13.39/—121.34 Rounaghi et al. (2004)
80:20 2.4 3.01 267 288 2.89 17.15/21.76/129.70
60:40 2770 276 2779  2.81 2.83 16.74/8.37/83.68
40:20 221 231 266 272 2.88 12.97/30.96/146.44
20:80 2.19 250 252 252 255 16.7/16.74/112.97
Pure DMF 246 251 290 2.80 293 14.64/22.18/100.42
Bat? Pure ACN 403 410 4.15 426 44 23.43/12.55/121.34 Rounaghi et al. (2004)
80:20 3.3 334 338 328 333 17.57/2.09/66.94
60:40 297 3.08 3.03 3.12 3.09 16.74/6.28/75.31
40:60 2.5 2.87 3.09 3.06 3.05 16.74/20.92/129.79
20:80 2.69 284 287 289 3.03 16.74/13.39/100.41
Pure DMF 2.2 2.56 1.8 2.2 1.9 14.64/—12.55/8.37
25°C
Bat? PC-EC (20:80, mass%) 3.73 NA Samant et al. (2003)
Pb*? MeOH 2.33 NA Chen et al. (1987)
Pb+2 DMSO-H,0 (90:10, v/v) 2.97 NA Jjeri and Srivastava (2003)

(Continued on next page)
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TABLE 7
Cation complexes with DB24C8 and its derivatives (Continued)

Cation Solvents logKk —AG¥AH¥ASP References
UO,*?  EtOAc-ACN (mole%) 15°C  25°C 35°C 45°C

Pure EtOAc e e e e Rounaghi et al. (2010)

60:40 371  3.83 3.69 3.56 22/—80/d

40:60 341 335 323 327 19/-35/d

20:80 372 3.61 349 3.56 21/—11/d

Pure ACN 354 350 342 332 20/—13/23

DMEF-ACN (mole%) 15°C  25°C 35°C 45°C

Pure DMF 254 270 320 2.80 15/d/d

70:30 280 274 280 2.70 16/—4/38

40:60 270 270 266 2.65 15/-3/43

20:80 283 278 271 2.4 16/—6/34

Pure ACN 354 350 342 3.32 20/—13/23

MeOH-ACN (mole%) 15°C  25°C 35°C 45°C

90:10 2.67 270 266 2.66 15/d/46

80:20 2.85 283 268 254 16/—18/d

60:40 2.82 281 254 283 16/d/d

30:70 2.82 283 278 275 16/d/d

Pure ACN 354 350 342 332 20/—13/23

EtOH-ACN (mole%) 15°C  25°C 35°C 45°C

90:10 2.68 282 268 279 16/d/d

70:30 236 233 255 258 13/d/d

50:50 2,55 249 225 2.82 14/d/d

30:70 2770  3.02 288 271 17/d/d

Pure ACN 354 350 342 332 20/—13/23

PrOH-ACN (mole%) 15°C  25°C 35°C 45°C

Pure PrOH 2,53 206 270 2.70 NA

70:30 2770 280 2.83 2.63 16/d/d

40:60 286 249 283 254 14/d/d

20:80 3.05 276 277 277 16/d/d

Pure ACN 354 350 342 3.32 20/—13/23
Crt3 DMSO-H;0 (90:10, v/v) 3.16 NA Ijeri and Srivastava (2003)
Fet3 DMSO-H,;0 (90:10, v/v) 3.45 NA [jeri and Srivastava (2003)

MeOH-DMF (mole%) 15°C  25°C 35°C 45°C
Y Pure MeOH 2.82 285 291 295 16.26/7.83/8079 Rounaghi et al. (2009)

85:15 d d d d NA

64.5:34.6 2770 2779 284 290 15.91/11.37/91.49

38.7:61.3 278 284 290 292 16.18/7.60/79.75

Pure DMF 259 279 286 290 15.93/17.06/110.64

EtOH-DMF 15°C  25°C 35°C 45°C

Pure EtOH 279 295 299 295 16.85/d /69.15

79.8:20.2 296 273 292 d 15.56/18.96/ d

56.8:43.2 2773  2.83 2091 d 16.13/15.19/105.04

30.5:69.5 289 292 295 299 16.65/5.80/72.295

Pure DMF 259 279 286 290 15.93/17.06/110.64

ACN-DMF 15°C  25°C 35°C 45°C

Pure ACN 3.07 d d 3.10 NA

(Continued on next page)
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TABLE 7
Cation complexes with DB24C8 and its derivatives (Continued)
Cation Solvents logK —AG¥AH¥ASP References
81.6:18.4 295 285 2.5 d 16.26/—16.98/ d
59.6:40.4 293 290 2.87 2385 16.55/—4.842/39.26
33.0:67.0 290 2.79 d 2.67 15.93/—12.33/17.02
Pure DMF 259 279 286 290 15.93/17.06/110.64
THF-DMF 15°C  25°C 35°C 45°C
Pure THF e e e 2.95 NA
73.9:26.1 e e e e NA
48.5:51.5 3.08 d d d NA
23.9:76.1 295 3.1 3.1 3.02 17.77/d/d
Pure DMF 259 279 286 290 15.93/17.06/110.64
n/“‘-cx_b--'\x
_~~.__0 Lo
[ 1
“/"\_0 o
Noo o/
et
Dicyclohexano-24-crown-8
ACN-NM (wt.%) 15°C  25°C 35°C 45°C
K+ Pure ACN 452 442 437 4.26 —25/—14/36 Rofouei et al. (2008)
80:20 469 463 451 441 —26/—17/32
60:40 468 4.66 455 4.43 —26/—15/38
40:60 492 478 470 4.52 —27/-22/22
Rb™ Pure ACN 431 413 4.09 4.04 —23/—17/22
80:20 459 453 438 4.27 —25/—19/21
60:40 455 443 432 4.19 —25/-21/15
40:60 465 457 445 439 —26/—16/34
Cs* Pure ACN 435 425 4.08 3.98 —24/-22/5
80:20 457 434 425 414 —25/-24/2
60:40 467 459 443 438 —26/—18/27
40:60 5.06 5.07 490 5.07 —29/-3/87
T+ Pure ACN 5.66 547 542 521 —31/-25/23
80:20 589 578 562 554 —32/-21/39
60:40 588 578 565 553 —33/-21/41
40:60 593 584 577 564 —33/—17/55
25°C
Ag® DMSO-H,0 (90:10, v/v) 1.80 NA Ijeri and Srivastava (2003)
Agt PC-EC (20:80, mass%) 4.49 NA Samant et al. (2003)
Mg+2 PC-EC (20:80, mass%) 4.46 NA Samant et al. (2003)
Cat? PC-EC (20:80, mass%) 3.88 NA Samant et al. (2003)
Mnt?  DMSO-H,0 (90:10, v/v) 1.98 NA Ijeri and Srivastava (2003)
Cot? DMSO-H,0 (90:10, v/v) 1.64 NA Ijeri and Srivastava (2003)
Nit? DMSO-H,0 (90:10,v/v) 1.61 NA Tjeri and Srivastava (2003)
Cut? DMSO-H,0(90:10, v/v) 1.76 NA Tjeri and Srivastava (2003)
Cu*? PC-EC (20:80, mass%) 3.97 NA Samant et al. (2003
Zn™? DMSO-H,0 (90:10, v/v) 1.63 NA Ijeri and Srivastava (2003)
Pb+2 DMSO-H,0 (90:10, v/v) 3.14 NA Ijeri and Srivastava (2003)
Srt2 PC-EC (20:80, mass%) 3.87 NA Samant et al. (2003)
Bat? PC-EC (20:80, mass%) 3.50 NA Samant et al. (2003)
Crt3 DMSO-H,0 (90:10,v/v) 3.23 NA Tjeri and Srivastava (2003)

(Continued on next page)
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TABLE 7
Cation complexes with DB24C8 and its derivatives (Continued)
Cation Solvents logK —AGYAHYASY References
Fet? DMSO-H; 0(90:10, v/v) 3.63 NA Ijeri and Srivastava (2003)

§
\J’j

4-Carboxy-benzo-24-crown-8

25°C
Li* NM 4.00 NA Ganjali et al. (1996)
ACN <2 NA
DMF <2 NA
Na* NM 4.51 NA
ACN 3.71 NA
DMF <2 NA
K+ NM >6 NA
ACN 4.81 NA
DMF 2.35 NA
Rb* NM >6 NA
ACN 4.28 NA
DMF 2.26 NA
Cs™ NM >6 NA
ACN 4.16 NA
DMF <2 NA
{‘/w ’D _CONH,
JO
Lo 0
4’-Amido-benzo-24-crown-8
25°C
Li* NM 4.53 NA Ganjali et al. (1996)
ACN <3
DMF <2
Na* NM 5.22 NA
ACN 4.50
DMF <2
K+ NM >6 NA
ACN 5.07
DMF 3.08
Rb* NM >6 NA
ACN 4.71
DMF 2.96
Cs™ NM 6.23 NA
ACN 4.53
DMF <2
2KJ/mol.
®J/mol.K.

“No or very small change in conductance.
9High uncertainity

“The data cannot be fitted in equations
NA not available.
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2008). The order of stability of complexes formed in pure MeOH
depended on the size compatibility; Na™ with an ionic size of
(0.98 10\) and 4'-nitrobenzo-15-crown-5 with a similar cavity
diameter (0.86—1.1 A) formed the most stable complex. The
stability order was Na™ > Li™ > NH;* > K*. But some reversal
in stability was observed with the changes in composition of
mixed solvent systems. In 50-50 mole% of ACN-MeOH binary
mixture, the stability sequence was Kt > Li* > Nat > NH4™".
But in the case of 25-75 mole% ACN-MeOH, the sequence
was NHy" > Na® > Li* > K*. The values of thermodynamic
parameters for the formation of these complexes were obtained
from temperature dependence of the stability constants using
the van’t Hoff plot. The results showed that the complexes were
both enthalpy and entropy stabilized. The strength of alkali
ion interaction with crown ethers is known to depend on the
basicity of the ether oxygen (Ungaro et al., 1976). The electron
withdrawing character of the -NO, group decreases the basicity
of the two aromatic oxygen atoms and thus the stability of the
complexes was lower than that of 15C5 and B15CS5.

Rounaghi et al. (2007b) have studied the complexation re-
actions between Lit, Nat, and KT cations with DB18C6 in
ACN-MeOH and THF-CHCl; binary mixtures at different tem-
peratures. Addition of DB18C6 to Na™ cation in ACN-MeOH
(75 mol% of ACN) at different temperatures results in a de-
crease in molar conductivity, which indicates that the complex
is less mobile than the free solvated cation. However, in the case
of Lit ions under the same conditions, there was an increase
in the molar conductivity on addition of DB18C6. The nature
and charge on the cation affects the shape of the conductivity
plots. Li* ions are small and are easily solvated by the solvent
molecules; upon complexation, the crown ether replaces the
solvation sheath around the cation and as a result the species be-
comes less bulky and more mobile than the corresponding free
solvated cation. An interesting observation was noted in the case
of K* ion upon addition of crown ether, the molar conductivity
initially decreased until the mole ratio (Ceown/Ck+) reached 1
and then started to increase. This behavior can be explained
according to the following equilibria:

(K*, Cl0; ) + DB18C6 <> K*, DB18C6, CIO;
K*, DB18C6, CIO; + DBI18C6 < K*,(DB18C6), + CIO;

Addition of DB18C6 to K* ion solution results in the formation
of relatively stable 1:1 complex, which is present as an ion-
pair, then further addition causes formation of a sandwich-type
complex with a 1:2 stoichiometry. This decreases the space
for diffusion and interaction of the ClO4~ ion with the KT
cation and results in the dissociation of the ion-pair, and thus
the conductivity increases. Similar behavior has been reported
for the complexation of Li*, K, and Rb* by 18C6 (Takeda
etal., 1980) and also for TI" complex with DC18C6 (Rounaghi
et al., 2001) and 18C6 (Rounaghi et al., 2003) in ACN-MeOH
binary solution.

The complex formation between Na*t, K+, Rb*, Cs*, and TI™
and DCH18C6 in ACN-H,O binary systems at different temper-
atures has been investigated by Soorgi et al. (2008). DCH18C6
formed 1:1 complexes with these metal ions and the selectivity
order of the complexes in 25.3 and 50.4 mol% ACN was TI*
> Kt > Rb* > Cs™ > Na*t. Nonlinear behavior was found be-
tween the formation constants and the composition of the mixed
solvent systems. The ACN molecules added to water were as-
sumed to occupy cavities in the water network structure. Davis
and Douhéret (1986) inferred the presence of three structurally
different regions over the ACN-H,O mixture composition range.
Also, Catalan et al. (2003) showed that acidity, basicity, and po-
larity for ACN-H,O binary mixture do not change linearly with
the solvent composition. From the values of thermodynamic
properties it was evident that in most of the cases the complexes
were enthalpy stabilized and entropy destabilized.

Shamsipur and coworkers (2006) studied the thermodynam-
ics of DB21C7 complexes with Na®, KT, Rb*, and Cs* ions
in ACN at different temperatures. The formation constants of
the resulting 1:1 complexes were determined from the molar
conductance-mole ratio plots at 15°, 25°, 35°, and 45°C. The
stability order of DB21C7 complexes was RbT > Kt > Cs™ >
Na*. The observed trend can be justified based on size compat-
ibility of cations and the crown ether cavity. In fact, the ionic
size of Rb™ ion (3.02 A) is appropriate for the cavity size of
DB21C7 (3.4 A), while the sizes of Kt and Nat are too small
for the cavity. On the other hand, the ionic size of Cs™ ion is
relatively so large that it can only partially penetrate inside the
cavity, resulting in a weaker complex. The thermodynamic data
for complexation of alkali cations revealed that the complexes
were both enthalpy and entropy stabilized. It was interesting to
note that the large negative AH values for Rb™ and K* com-
plexes, in comparison with the Cs* and Na™ complexes, reflect
much better fitting of these two cations inside the cavity and
consequent overlapping of the donor and acceptor partners. In
contrast, the AS values of RbT-DB21C7 and K*-DB21C7 were
much less positive than those for Na* and Cs™ complexes. This
is most probably due to the conformational change of the crown
ether from a rather flexible structure in the free state to a rigid
conformation in the stable metal ion complex form, which re-
sults in the decrease in entropy of the system.

Thermodynamic study of DCH24C8 complexes with KT,
Rb™, Cs™, and TI" ions in binary ACN-NM mixtures has also
been studied by conductometry (Rofouei et al., 2008). The sta-
bility constants of the resulting 1:1 complexes at 25°C in all
solvent mixtures varied in the order TI" > K* > Rb* ~ Cs™.
Since DCH24C8 is too large for the size of the metal ions,
the “cation-in-the-hole” model (Izatt et al., 1985) has a lim-
ited usefulness in predicting its relative binding capacity with
the cations. DCH24CS8 is flexible enough that it can wrap itself
around a metal ion of proper size so that all donating oxygen
atoms of the ring can participate in bond formation. Evidence
for the existence of such tri-dimensional structures both in solid
(HasSek et al., 1979) and in solution (Farhadi and Shamsipur,
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1999) state has been reported. The increased stability of T1*-
DCH24CS8 complex is probably due to the increased polarizabil-
ity of TI" ion, despite its less suitable size for the complexation
with DCH24CS8. Further, it was found that the stability of the re-
sulting complexes increased with increasing NM content in the
solvent mixture, due to its low donicity (DN = 2.7) compared
to ACN (DN = 14.1). The thermodynamic data revealed that
the complex formation process was both enthalpy and entropy
stabilized. The complex formation of Ag*, TI*, and alkali metal
ions with DB30C10 has been studied in DCE, NM, ACN, AC,
and DMF by Amini and Shamsipur (1991). The stability con-
stants of the 1:1 complexes formed followed the sequence TI*
> Rb* ~ Kt > Agt > Cs*™ > Na' > Li*. Further, the stability
of the complexes with DB30C10 in different solvents decreases
in the order DCE > NM > ACN > AC > DMF, which can be
correlated to the solvating power of the solvents, as expressed by
the Gutmann donor number (Gutmann, 1978).The data obtained
in this study support the existence of a “wraparound” structure
for the complexes due to the large size of the crown ether.

Conductance study of complex formation of TI* and Ag™
ions with several crown ethers in ACN, AC, and DMF sol-
vents has been reported by Jabbari et al. (1993). The stability
constants of the 1:1 complexes were found to decrease in the
order DA18C6 > DCH18C6 > DB30C10 > 18C6 > DB21C7
> DB24C8 > DB18C6 > B15C5 > 12C4 for TI* complexes
and DA18C6 > DCHI18C6 > 18C6 > DBI18C6 > DB24C8
> DB30C10 ~B15C5 > DB21C7 for Ag™ complexes. There
was an inverse relationship between the stabilities of the com-
plexes and the solvating abilities of the solvents, as expressed
by the Gutmann donor number (Gutmann, 1978). Comparing
the 18-crowns used in the study, where the ring frame remains
the same, the stabilities of the resulting complexes with both
TI* and Ag" ions vary in the order DA18C6 > DCH18C6 >
18C6 > DB18C6. The substitution of two oxygen atoms by two
nitrogen atoms in the 18C6 ring increases the stability of the
complexes significantly. These results are quite predictable as
both TIT and Ag™ ions are soft acids and would interact more
strongly with nitrogen atoms of the ring as soft bases. Also,
the presence of two cyclohexyl groups on 18C6 can pump elec-
trons into the ring and thus increase the basicity of the donating
oxygen atoms. Introduction of two electron-withdrawing benzo
groups reduces the donicity of oxygen atoms in the ring and
hence reduces the cation-crown interactions.

Crown Complexes with Bivalent Cations (Mg**, Ca’*,
MI12+, C02+, Ni2+, Cu2+, Zl"l2+, Sl"2+, Ba2+’ Cd2+, Hg”,
Pb%t, and UO,%%)

Complexation reactions between alkaline earth cations
(Mg?*+, Ca?*, Sr**, and Ba’*) with DB24C6 were investi-
gated in ACN-DMF binary mixtures at different temperatures
by Rounaghi and coworkers (2004). In all solvent mixtures,
DB24CS8 formed 1:1 complexes with these cations. It was found
that stability of complexes in these solvent systems was affected

by the nature and composition of the solvent. The stability con-
stants increased with increasing mol% of ACN, which has lower
donicity than DMF. The general selectivity order found (Mg”*
< Ca’t < Sr?** < Ba?*) was in accordance with the size-fit con-
cept: cavity ring size (> 4 A) and relative size of metal cations.
However, in the case of Mg?* and Sr’* anomalous behavior
for the stability constants (log Ky) was observed with increase
in the mole fraction of ACN. In 40 mol% ACN, the selectivity
was reversed, that is, the Mg2+-DB24C8 complex was more
stable than the Sr’*-DB24C8 complex. This behavior may be
related to hetero-selective solvation of cations and also due to
solvent-solvent interactions in the binary mixtures. The thermo-
dynamic parameters of complex formation evaluated using the
van‘t Hoff plots showed that the complexation reactions were
enthalpy destabilized but entropy stabilized and were also influ-
enced by the nature and composition of the mixed solvents. The
influence of solvent on the complex formation between these
cations and B15C5 in some pure and binary solvent mixtures
has been studied by Rounaghi and coworkers (2010d). The con-
ductance data showed that the stoichiometry of the complexes
in most cases was 1:1, but in the case of Ca%* cation 1:2 [ML,]
was observed in THF, which shows that the stoichiometry of
the complexes can be changed by the nature of the medium.
Moreover, the complexation equilibria at different temperatures
were quite complex for Ca’>*, which may be due to changes in
solvation of the cation, macrocycle, or even the complex with
temperature. In ACN-H,O binary mixtures, with the increase
in concentration of water, there was a decrease in the stability
of Ca>*-B15C5 complex. This may be due to relatively higher
Gutmann donor number of H,O, which can lead to higher sol-
vation of the cation or possibly the macrocycle. Contrary to
this observation, the changes in the stability constants of Mg?*-
B15C5 and Sr**-B15C5 were not monotonic. This behavior
may be due to interaction between ACN and H,O molecules
via hydrogen bonding in their binary mixtures, which results in
changes in their structure and therefore the solvation behavior.
In MeOH (DN = 20) and THF (DN = 20) solvent mixture, the
stability of Mg?+-B15C5 complex was found to increase with
increase in MeOH concentration. This behavior may be due to
the formation of hydrogen bonding between NO3; ™ anion (from
MgNO3) and MeOH molecules because the anions are usually
solvated in protic and amphiprotic solvents via hydrogen bond-
ing. Therefore, the competition between this counter ion with
B15C5 for Mg?* is decreased as the concentration of MeOH
increases in MeOH-THF binary mixed solvents. Additionally,
the dielectric constant for MeOH (32.6) and THF (7.3) are quite
different, thus MeOH can decrease the electrostatic interactions
between the NO3;~ anion and Mg?* cation, resulting in higher
stability of Mg>* complexes. The selectivity order of B15C5
for the three cations in binary ACN-H,0 mixtures was Mg>* >
Ca’* > Sr’*. Since Mg?* ion has a small ionic size compared
to CaZt and Sr2*, it can attain a more convenient fit condition
with B15CS5. Although Ca?* cation has a smaller size than Sr**
cation, the stability of the Sr>*-B15C5 complex is greater than
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the stability of the Ca?*-B15C5 complex. This may be related to
the strong solvation of Ca?* cation compared to Sr** in these bi-
nary solutions. The values of thermodynamics parameters (AH
and AS) and their sign vary significantly with the nature and
composition of the mixed solvents. These variations can be at-
tributed to solvation-desolvation of the species involved in the
complexation reactions and also the conformational changes of
the macrocyclic ligand. Complexation of alkaline earth cations
with 18C6 (Ansarifard and Rounaghi, 2005) and DCH18C6
(Rounaghi and Moffazzeli, 2005) have also been reported in
H,0-MeOH and H,O-EtOH binary mixtures. The stability con-
stants with 18C6 varied in the order Mg?>* < Ca’>* < Sr’* <
Ba?* in these binary solvent mixtures. However, as reported
previously (Rounaghi et al., 2010b), the thermodynamic param-
eters were quite sensitive to the nature and composition of the
mixed solvents. Similar results were obtained with DCH18C6
as well, however, the complexation reactions were enthalpy sta-
bilized but entropy destabilized in most of the cases. A conduc-
tance study of 1:1 19C6 complexes with various divalent ions
and some monovalent ions has also been reported in water at
25°C (Takeda et al., 1999). The stability order of the complexes
formed is Pb?* > Ba?* > Sr’* > Cd** > Ca’*. The ionic sizes
of Ca’>* and Cd?* are almost the same, while the Gibbs energy
of hydration is smaller for Cd** (-1801 kJ/mol) than for Ca**
(-1593 kJ/mol). Thus, 18C6 is expected to form a more stable
complex with Ca’>* in water than with Cd>*, but the opposite
holds for 19C6. In a similar manner, Pb>* and Sr?>* are nearly
equal in size and also have almost the same hydration energies,
Sr?t (-1447 kJ/mol) and Pb?* (-1497 kJ/mol). But still, Pb**
forms a stronger complex with 19C6 than Sr*>* in water. This
could be related to increased flexibility of 19C6 over 18C6 due
to an additional methylene group in the ring.

Crown ethers that are designed for chelating transition and
heavy metal ions are mixed crown ethers containing differ-
ent types of soft chelating atoms. Ashram and coworkers
(2010) studied the complexation and thermodynamics of two
oxathiadibenzocrown ethers (dibenzo-O,Ss-macrocycle-I and
dibenzo-03S4-macrocycle-II) with Cu?*, Pb*+, Zn*>*, and Cd**
ions in acetonitrile. All the complexes formed had 1:1 stoi-
chiometry. The study revealed that variation of the heteroatoms
in the crown ether cavity altered the selectivity and that the
soft cation Pb>* forms the most stable complexes with both the
macrocycles. The stability order for complexes with I followed
the sequence Pb?>* > Cu?* > Zn>* > Cd** and Pb** > Cu’*
with II. However, there was no change in the molar conductance
when II was added to Zn>* and Cd** solutions, which suggests
either no complex formation or similar mobility of metal ions
and their complexes. The complexes of Pb?* with I and II had
the largest negative enthalpy changes, negative entropy changes,
and negative free energy changes. This observation can be ex-
plained based on the two concepts of the size fit and hard and soft
acid base (HSAB) conjecture. To accommodate a Pb>* ion, the
crown ether cavity attains a certain conformation such that the

repulsion between adjacent C-O and C-S dipoles is minimum
and the interaction of these dipoles with the cation is maximum.
The soft nature and size of the Pb>* ion allows it to have the
strongest interaction with the C-S dipoles. A similar study of
some transition and heavy metal complexes with 1,10-DA18C6
in binary ACN-DMSO mixture has been reported at different
temperatures (Ghasemi and Shamsipur, 1996). The formation
constants (log Ky) of the resulting 1:1 complexes were deter-
mined and found to vary in the order Pb*>* > Cd** > Cu’* >
Ni?* > Co?* > Zn’*. The sequence of the first transition se-
ries complexes with DA18C6 follows the Irving-Williams order
(Irving and Williams, 1953), which generally holds for the equi-
librium constants of transition metals. Pb>* ion with an ionic
size of 2.38 A forms the most stable complex with DA18C6
(cavity size 2.6-3.2 A) mainly because of the best fitting con-
ditions. Further, there was a linear relationship between the
formation constants and increasing weight percent of ACN in
the mixed solvent systems due to relatively low solvent donicity
of ACN compared to DMSO. Additionally, the lower dielectric
constant of ACN (38.0) than DMSO (45.0) contributed towards
electrostatic bond formation with increasing percentage of ACN
in the mixed solvent system. The TAS versus AH plots of all
the thermodynamic data obtained showed a fairly good linear
correlation, indicating the existence of enthalpy-entropy com-
pensation in the complexation reactions. Ganjali and coworkers
(1998) have studied the interaction between Co**, Ni**, Cu?™,
Zn**, Cd**, Hg?*, and Pb** ions with HT18C6TO in DMSO at
different temperatures. The formation constants of the resulting
1:1 complexes were determined from the molar conductance-
mole ratio data and found to vary in the order Hg>* > Pb** >
Cd** > Cu?* > Ni** > Co?* > Zn?*. This is based on the size
of the cations relative to the macrocycle cavity and the hard-
soft acid-base character of the cations and the donating sites of
the macrocycle. The first-row transition metal ions Co?t, Ni2*,
Cu?*, and Zn** are all small for the cavity of HT18C6TO and
have a borderline character according to the HSAB principle of
Pearson (1963). Thus, their HT18C6TO complexes are consid-
erably weaker than those with the heavy metal ions studied and
follow the Irving-Williams order (Irving and Williams, 1953),
which generally holds for the equilibrium constants of transition
metals (Ghasemi and Shamsipur, 1996). On the other hand, both
Hg?* and Pb?* ions, with the same ionic radius, have the best
size to fit suitably inside the cavity of the thiacrown ether used.
The stronger Hg?t-HT18C6TO complex compared to Pb>*-
HT18C6TO may be attributed to the much softer acid character.
It is important to note that although the Cd** ion possesses
a softer acid character than Pb?*, the stability of its complex
is lower than that of the Pb>*-HT18C6TO complex. This can
be related to poor fitting conditions of the Cd** ion inside the
HT18C6TO cavity. The thermodynamic study revealed that all
the complexes were enthalpy stabilized but entropy destabilized.
The main reason for the negative entropy was related to the de-
crease in the conformational entropy of HT18C6TO brought
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about upon complexation from a rather flexible free state to a
structured rigid complex.

Relatively few studies have been reported to date for the com-
plexation of uranyl ions (UO,%*) with crown ethers. Fard and
coworkers (2009) studied complex formation between 18C6 and
DA18C6 with UO,%* in some binary mixed aqueous and non-
aqueous solvents. The complexation reaction between UO,>*
cation and 18C6 was studied in ACN-MeOH, NM-MeOH, and
PC-MeOH, while UO,2t-DA18C6 complexation was investi-
gated in ACN-MeOH, ACN-EtOH, ACN-EtOAc, MeOH-H,O0,
EtOH-H,0, ACN-H,0, DMF-MeOH, DMF-EtOH, and DMF-
EtOAc binary solutions at 25°C. The stability order of UO,>*-
DA18C6 complex in pure solvents was H,O > MeOH > EtOH,
which can be due to high solvation of DA18C6 in alcoholic
solvents compared to H,O. In the case of the U0,%t-18C6 com-
plex the stability sequence in pure organic solvents was EtOH
> ACN ~ NM > PC ~ MeOH. The conductance data showed
1:1 complex stoichiometry with both the crown ethers in most
of the binary solvent mixtures, however, 1:2 [UO,%t: (crown)s]
was also found in some of the cases. From the values of stability
constants it was evident that the nature and the composition of
the solvent systems played a significant role in the complex sta-
bility and also the stoichiometry of the complexes formed with
both the crown ethers. Addition of DA18C6 to UO,%* cations
in MeOH-H,0, EtOH-H,0, ACN-H,0, and DMF-MeOH sol-
vent systems resulted in a decrease in molar conductivity, while
an increase in molar conductivity was observed in ACN-EtOH,
ACN-EtOAc, and DMF-EtOAc as well as for UO,2t-18C6 com-
plexation in ACN-MeOH, NM-MeOH, and PC-MeOH binary
solutions. This behavior can be explained on the basis of the sol-
vation effect. The UO,?* ions must have been weakly solvated
in MeOH-H,0 and EtOH-H,O solvent systems, thus upon com-
plexation the species becomes bulkier and results in a decrease
in molar conductivity. On the other hand, due to a high degree of
solvation in ACN-MeOH and subsequent complex formation by
replacing the solvent sheath around the UO,* ions, the moving
entity becomes less bulky and more mobile. Spectroscopic study
of UO,2*-crown ether complexes in nonaqueous solvents has
shown that the crown ethers with six oxygen donor atoms form
inclusion complexes with the UO,%* ion in the center of the
cavity, but aza crowns coordinate externally to the UO,%* ions
(Kelly et al., 2004). In the case of 18C6, a complex with high co-
ordination symmetry is formed. The crystal structures of UO,**
complexes with DA18C6 have revealed that linear uranyl moiety
is included in the macrocycle with hexagonal-bipyramidal coor-
dination geometry (Thuery et al., 1995). Thermodynamic study
of complex formation between DB18C6 and UO,>* cations in
EtOAc-DMF, EtOAc-AN, EtOAc-THF, and EtOAc-PC at differ-
ent temperatures has also been reported (Rounaghi and Kakhki,
2009). The results demonstrate that the thermodynamics of the
complexation reaction between UO,>* cation and DB18C6 is
affected strongly by the nature and composition of the mixed
solvents. Very recently in another report (Rounaghi et al., 2011),
UO,%* cation along with Ce**, Y3, and Sr’>* have been studied

with DB18C6 in ACN-Di mixed solvent systems with similar
results.

Crown Complexes with Trivalent Cations (Cr3*, Fe3*, Y3+,
La3t, Ce3+, Eu3t, Er¥*, and Au®t)

The stability constants for the complexes of Cr3* and Fe’*
ions along with several other bivalent transition metal ions in
DMSO:H,0 (90:10, v/v) with 15CS, B15CS5, 18C6, Db18C6,
DC18C6, DB24C8, and DCH24C8 has been studied (Ijeri and
Srivastava, 2003). The choice of this specific composition of
binary solvent mixture was taken to prevent the hydrolysis of
Cr** and Fe** salts and to ensure the solubility of the benzo and
dibenzo crown ethers. In general, the stability constant values
for Cr** and Fe** with different crown ethers were higher than
those of several divalent ions (except Pb?>*) studied. Trivalent
and divalent ions have a high charge-to-radius ratio because of
which they are highly solvated. Upon complexation, the crown
ether molecule replaces the solvent sheath around the metal
ion, and as a result the moving entity becomes less bulky and
more mobile. Among different crown ethers, Cr’* and Fet ions
formed more stable complexes with DB24C8 and DCH24CS8,
even though there is no match between the ionic size and cav-
ity diameter. The reason for this behavior could be due to the
flexibility of the larger crown ethers, which can wrap around
the smaller ion, giving rise to stable and stronger complexes.
The effect of counter anions (nitrate and perchlorate) on the
complexation of Fe3* and other divalent ions, Cu>*, Cd**, and
Hg?*, with PhA15C5 has been studied in ACN-H,O by Marji
and Fraihat (1999). The formation constants were determined at
different temperatures and binary solvent mixtures. It was found
that the stability constants of PhnA15C5 with metal nitrate salts
in 95% ACN-H,O follow the sequence Hg>* > Cu’* > Fe’* >
Cd**. Replacing nitrate by perchlorate resulted in higher stabil-
ity constant values while retaining the same trend. This behavior
can be explained based on the size of these counter anions. Since
the perchlorate ion has a larger radius (2.36 A) than the nitrate
jon (1.89 A), it is possible to stabilize its electron density more
than that of the nitrate ion. Thus, the nitrate ion becomes more
nucleophilic and as a result the metal-crown interaction is weak-
ened. Further, the solvent properties also influenced the stability
of these transition metal-PhA15C5 complexes. The formation
constants for a given complex increased with increasing weight
percent of acetonitrile because of its low donicity value. In an-
other report, Marji and Taha (2000) have studied effect of size of
the macrocycle and the hard and soft acid base (HSAB) character
of metal ions, which can influence the stability of the complex.
The thermodynamic stabilities of Fe**, Ni?*, and Ag* with two
diaza-crown ethers (DBzDA18C6 and DBDA15C4) of different
cavity size were determined conductometrically in ACN at dif-
ferent temperatures. The formation constants of 1:1 complexes
with these diaza-crown ethers followed the order Ag*™ > Ni**
> Fe** in accordance with Pearson’s principle of HSAB char-
acter. The ionic size of Ag* (2.3 A) fits suitably in the cavity



Downloaded by [Pontificia Universidad Javeria] at 18:11 23 August 2011

262 F. A. CHRISTY AND P. S. SHRIVASTAV

of DBzDA18C6 (2.3-3.2 A), while Fe** forms the least sta-
ble complexes with both the crown ethers, as it is relatively
hard compared to Ag* and Ni** ions. Further, the log K; val-
ues of Fe** with DBA,15C4 were higher than those with the
DBzDA18C6 complex, which could be due to good size fit of
Fe’* (1.3 A) with the cavity of DBDA15C4 (~1.4 A).

The complexation reaction of DB24C8 with the Y** ion was
studied in some binary mixtures of MeOH, EtOH, ACN, and
THF with DMF at different temperatures using the conducto-
metric method (Rounaghi et al., 2009b). The stability order of
1:1 Y3*-DB24C8 complex in pure nonaqueous solvents was
ACN > EtOH > MeOH > DMF, which is consistent with
the inverse order of their solvating abilities as expressed by
the Gutmann donor number (Gutmann, 1978). The stability of
the Y3+-DB24C8 complex in binary mixed solutions followed
the sequence ACN-DMF > EtOH-DMF > MeOH-DMF, which
can be attributed to the inherent solvating ability of the pure
solvents that form the mixture. However, a nonlinear relation-
ship was found for the stability constants of Y**-DB24C8 in
ACN-DMF binary system with increasing mol% of ACN. Some-
what similar observations were found for other binary mixtures
as well. This behavior can be due to some kind of solvent-
solvent interactions between these solvents, thereby changing
the structure of these mixtures and their solvating ability for
the cation, DB24C8, and possibly the resulting complex. Stud-
ies have been reported to investigate such interactions in some
binary solvent systems (Krestov et al., 1994). In a typical mix-
ture such as ACN-DMEF, there is a mutual destruction of dipo-
lar structures of these aprotic solvents with the release of free
dipoles (Rounaghi et al., 2007d). As a result, the strong dipolar
interaction between ACN and DMF molecules is predictable.
The experimental values obtained for enthalpy and entropy sug-
gest that in most of these binary systems, the Y>*-DB24C8
complex was enthalpy destabilized and entropy stabilized, thus
the contribution of entropy was the principal driving force for
complexation. However, in the typical case of ACN-DMF the
complex formation was stabilized from both the enthalpy and
entropy.

Very recently, the complexation reaction between Y>*, La’*,
Eu’t, and Er** cations with DCH18C6 has been studied in
ACN-DMF and ACN-MeOH binary systems at different tem-
peratures (Kazemi, 2010). The conductometric data showed 1:1
stoichiometry in both solvent systems in different mole ratios.
In pure solvents, the stability constants of the complexes follow
the order ACN > MeOH > DMEF. This can be explained by the
Gutmann donor number concept (Gutmann, 1978); DMF, which
has a higher donicity (DN = 26.6) than ACN (DN = 14.1) and
MeOH (DN = 20), competes more with the crown ether for
the metal cations and hence results in weaker complexes. The
selectivity pattern of DCH18C6 for these cations showed that in
addition to the ionic size of lanthanides, chemical and physical
properties of the mixed solvent systems played a significant role
by changing the solvating capacity of the metal cations, crown
ether molecules, and even the resulting complexes. In pure

MeOH, the selectivity order for these cations was Y3t >La’t >
Er** > Eu®*, which is in agreement with the results of a previous
report (Ohyoshi and Kohata, 1989). The selectivity sequence of
DCH18C6 for these cations in ACN-MeOH binary system (25
and 50 mol% MeOH) was Y3 > Er’* > Eu?* > Lat, while
in 75 mol% MeOH it changed to Eu** > Er’t > Y3 > La’*,
The results for thermodynamic parameters for complexation
in ACN-MeOH and ACN-DMF were influenced by the nature
and the composition of the binary systems. Recently, Rounaghi
et al. (2011) have studied complex formation of Ce**, Y3+,
UO0,2*, and Sr*t ions with DB18C6 in ACN-Di and Ce3*,
Fe3t, Y3+, Cd*t, Au’t, and Sn*t ions with 4-NB15C5 in
ACN, MeOH, and NB solvent systems (Rounaghi et al., 2010c).
In ACN-Di solvent system, the molar conductivity initially
decreased by addition of DB18C6 to a solution containing
Ce**/Y3* ion (NO;~ salts). However, in pure ACN there was
a decrease up to 1:1 mole ratio (due to ion-pair formation) and
then an increase in molar conductivity upon further addition
of DB18C6. This behavior may be due to the formation of 1:2
(ML;) complex with a sandwich structure, which decreases
the space for diffusion and interaction of NO3~ with Ce3+/Y3+,
resulting in dissociation of the ion pair giving rise to increase
in the molar conductivity of the solution. The selectivity of
4'-NB15C5 for Au’t was the least of the trivalent ions, Cd?>*and
Sn*t ions in MeOH, however, in ACN the stability order was
Y3*> Au’t > Fe’* > Cd**. The complex stoichiometry
of Aut with 4-NB15C5 in ACN, MeOH, and NB was 1:1
(M:L).

Crown Complexes with Tetravalent Cation (Sn**)

So far only one tetravalent cation, Sn**, has been studied
for complex formation with 4-NB15C5 along with Fe*, Y3+,
Ce**, Au*t, and Cd** ions (Rounaghi et al., 2010c). The study
was intended to evaluate the effect of different nonaqueous sol-
vents (ACN, MeOH, and NB) on the stoichiometry and selec-
tively of the complexes formed with these cations at different
temperatures. The stoichiometry observed in MeOH and ACN
was uniformly 1:1 (M:L) for all the cations, except for Sn*t,
which showed a2:1 (M:L) ratio in ACN. Addition of 4-NB15C5
to Sn** solutionin ACN at different temperatures showed a grad-
ual increase in the molar conductivity up to 1:1 mole ratio and
then increased rapidly. The initial increase in conductivity can
be due to the mobility of the solvated complex, which is very
close to the mobility of the free solvated Sn** ion. The sharp in-
crease in molar conductivity thereafter may be attributed to the
formation of M:L, sandwich complex, which is less solvated
than the M:L complex formed initially. This behavior can be
described by the following equilibria:

4 — NB15C5 + Sn*" < (4 — NB15C5 - Sn*h)
(4 —NB15C5 - Sn*") + 4 — NB15C5
< [(4 — NB15C5),-Sn**]
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Crown Complexes with Anilinium (An*) lon, Pyridinium
(Py™) lon, and Their Derivatives

Shamsipur and Ganjali (1997) studied the complexation re-
actions between the protonated salts of aniline (An*), o-hydroxy
aniline (HAn™), o-amino aniline (AAn™), and 2,3-benzo aniline
(BAn™) with 18C6 and DA18C6 by conductometry in ACN,
DME, and their mixtures at 25°C. It was found that the molar
conductance of each protonated amine nitrate solution in the
solvents used decreases in the order ACN > ACN + DMF >
DMF, mainly due to the large difference in the viscosity of the
two solvents. From the logKy values it was evident that the nature
of the solvent has a very fundamental influence on the stability
of the resulting 1:1 complexes between the protonated amines
and the macrocyclic ligands. Since in the complexation process,
the ligand must compete with solvent molecules for the cations,
variation of the solvent properties is expected to change the ap-
parent binding abilities of the complexes. The binding ability
of the solvents was in agreement with the Gutmann DN value,
so the stability of the protonated amine-macrocycle complexes
followed the sequence ACN > ACN-DMF > DMF. It was also
observed that, in the aromatic anilinium series studied, increas-
ing the bulkiness of the organic substituent in the ortho position
results in a loss of complex stability. In all the solvent systems
studied, the stability order for 1:1 complexes was An™ > AAn™
> HAn" > BAn". Comparing the two macrocycles, complexes
with DB18C6 were more stable due to the stronger N*-H. . .N
hydrogen bonding than the N*-H. . .O bonding in 18C6.

Based on a similar concept, a thermodynamic study of
some pyridinium ion derivatives (Py*, MePy+, DMePy*, and
TMePy*) with 18C6, A18C6 and DA18C6 has been reported
in ACN at different temperatures (Ganjali et al., 2000). The
major factor responsible for the stability of the protonated pyri-
dinium complexes was the steric hindrance due to the presence
of methyl groups in the ortho position of the Py* ions. In general,
the 1:1 formation constants (logKy) with all three macrocycles
at different temperatures followed the order Py™ > MePy* >
DMePy™ > TMePy*. Further, in all the cases, the complexes
were enthalpy stabilized and entropy destabilized.

CONCLUDING REMARKS

This review presents an extensive compilation of literature
reports on the conductometric studies of cation-crown ether
complexes. Conductometry, although a simple and cost effec-
tive technique compared to other sophisticated techniques like
NMR, polarography, calorimetry, ion-selective electrodes, flu-
orescence, and spectrophotometry, has amply demonstrated its
utility in the investigation of cation-macrocyclic crown ether
interactions in solutions. Conductometric titrations with crown
ethers have proved to be very useful in determining the stability
constants, selectivity, and also the thermodynamic parameters of
the crown ether complexes with various cations in nonaqueous
and aqueous/nonaqueous media. Studies on complexation reac-
tions of crown ethers with cations in different solvents show that

the thermodynamic and kinetic parameters are affected by the
nature and composition of the solvent systems. Conductance
measurements of crown-complexable electrolytes in the pres-
ence of crown compounds also provide valuable information on
ion-solvent and ion-ion interactions of the complexes in solu-
tions. It is worth noting that even after more than four decades
since it was first discovered in 1967, crown ether chemistry is
still being explored despite the emergence of new supramolec-
ular entities like calixarenes, resorcinarenes, thiacalixarenes,
calixpyrroles, and others. This can be attributed to their unique
and unparalled behavior, especially towards alkali and alkaline
earth cations and their wide range of application areas. One
major limitation associated with other supramolecular entities
for cation complexation in solution is their limited solubility
in water-miscible solvents. However, with the knowledge ac-
quired from the solution chemistry of cation-crown complexes,
we believe that the scope and future prospect of conductometric
studies with other supramolecules like calixarenes and thiacal-

ixarenes are also a promising preposition.

ABBREVIATIONS

AAn™ o0-Amino anilinium ion
AB24CS8 4’-Amido-benzo-24-crown-8
AC Acetone

ACN Acetonitrile

A18C6 Aza-18-crown-6

An™t Anilinium ion

BAn* 2,3-Benzo anilinium ion
B15C5 Benzo-15-crown-5

B18C6 Benzo-18-crown-6

BN Benzonitrile

15C5 15-Crown-5

16C5 16-Crown-5

18C6 18-Crown-6

19C6 19-Crown-6

24C8 24-Crown-8

30C10 30-Crown-10

CB24C8 4-Carboxy-benzo-24-crown-8
CB30C10 4’-Carboxy-benzo-30-crown-10
DAI15C5 Diaza-15-crown-5

DA18C6 Diaza-18-crown-6

DB18C6 Dibenzo-18-crown-6
DB21C7 Dibenzo- 21-crown-7
DB24C8 Dibenzo 24-crown-8
DB30C10 Dibenzo 30-crown-10
DBDA15C4 Dibenzo-diaza-15-crown-4
DBPY18C6 Dibenzo-pyridino-18-crown-6
DBzDA18C6 Dibenzyldiaza-18-crown-6
DCH18C6 Dicyclohexyl-18-crown-6
DCH24CS8 Dicyclohexano-24-crown-8
DDzDA18C6 Didecyldiaza-18-crown-6
DCE 1,2-Dichloroethane

Di Dioxane

DMA Dimethylacetamide
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DM16C5 Dimethyl-16-crown-5
DMePy™ 2,4-Dimethyl pyridinium ion
DMF Dimethylformamide

DMSO Dimethylsulfoxide

DT18C6 Dithia-18-crown-6
DTbDCHI18C6  Di-tert-butyl-dicyclohexano-18-crown-6
EC Ethylene carbonate

EtOAc Ethyl acetate

EtOH Ethanol

HAn* o-Hydroxy anilinium ion
HA18C6 Hexaaza-18-crown-6
HT18C6TO Hexathia-18-crown-6-tetraone
MeOH Methanol

MePy* 2-Methyl pyridinium ion

NB Nitrobenzene

4’-NB15C5 4’-Nitrobenzo-15-crown-5
NM Nitromethane

PC Propylene carbonate
PhA15C5 Phenylaza-15-crown-5

PrOH Propanol

Py*t Pyridinium ion

TMePy™* 2,4,6-Trimethyl pyridinium ion
THF Tetrahydrofuran

T™12C4 Tetramethyl 12-crown-4
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