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Abstract

A conductance study of the interaction between Tl+ ion and 18-crown-6 (18C6), dicyclohexano-18-crown-6 (DC18C6),
benzo-18-crown-6 (B18C6), diaza-18-crown-6 (DA18C6), dibenzyldiaza-18-crown-6 (DBzDA18C6) and hexaaza-18-
crown-6 (HA18C6) in dimethylformamide-acetonitrile mixtures was carried out at various 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 HA18C6> DA18C6> DBzDA18C6> 18C6> DC18C6> B18C6. The enthalpy and entropy of the
complexation reactions were determined from the temperature dependence of the formation constants.

Introduction

The synthesis of macrocyclic crown ethers [1], and the dis-
covery of their ability to form stable and selective inclusion
complexes with a variety of metal ions have led to an ex-
tensive study of these ligands and their complexes [2–4].
The thermodynamics of complexation of crown ethers have
been mainly studied with alkali and alkaline earth cations in
water and in various nonaqueous solvents [2, 3]. However, in
comparison with numerous literature reports on alkali- and
alkaline earth-crown complexes, the systematic investigation
of the thermodynamics of transition and heavy metal ion
complexes with macrocyclic ligands in various solvents have
received much less attention.

The monovalent thallium ion is a polarizable soft ion
[5] with an ionic radius of 1.49 Å [6] which has been sug-
gested as a probe for potassium ion in biological systems
[7, 8]. It can substitute for K+ in activation of some im-
portant enzymes such as ATPase [9] and pyruvate kinase
[10]. Thus, information about the stability and selectivity
of Tl+ complexes with macrocyclic ligands are of special
interest in this respect. It is well known that the topolo-
gical features of the macrocyclic crown ethers involving the
cavity size, the nature and number of donor atoms in the
ring and the type of substituents on the ligand, as well as
the nature of solvent play important roles in both the se-
lectivity and stability of the resulting macrocycle-metal ion
complexes [2, 3]. Since the ionic size of Tl+ ion matches
best the cavity of 18-crowns (2.8-3.2 Å) [11], in this work,
we decided to study the influence of different substituents on
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the 18-crown-6 macrocyclic ring and the solvent properties
on the thermodynamics of the corresponding thallium ion
complexes.

In recent years, we have employed conductance meas-
urements as a sensitive and powerful technique to study
the complexation of macrocyclic ligands with different
cations in a variety of nonaqueous and mixed solvents
[12–20]. In this paper we report a conductance study
of the thermodynamics of Tl+ ion complexes with 18-
crown-6 (18C6), dicyclohexano-18-crown-6 (DC18C6),
benzo-18-crown-6 (B18C6), diaza-18-crown-6 (DA18C6),
dibenzyldiaza-18-crown-6 (DBzDA18C6) and hexaaza-18-
crown-6 (HA18C6) in binary dimethylformamide (DMF)-
acetonitrile (AN) mixtures. The structures of the crown
ethers used are shown in Figure 1.

Experimental

Reagent-grade thallium nitrate, HA18C6 and DBzDA18C6
(all from Fluka) were of the highest purity available and
used without any further purification except for vacuum dry-
ing over P2O5. 18C6, DC18C6, B18C6 and DA18C6 (all
from Fluka) were purified and dried by the previously re-
ported methods [20]. Reagent-grade DMF and AN (both
from Merck) were purified and dried as described elsewhere
[21]. The conductivities of the solvents were less than 1.0×
10−7 S cm−1. All the DMF-AN mixtures were prepared by
weight.

Conductance measurements were carried out with a Met-
rohm 712 conductivity meter. A dip-type conductivity cell
made of platinum black was used. The cell constant at the
different temperatures used was determined by measuring
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Figure 1. Structures of the macrocyclic ligands.

the conductivity of a 0.010 M solution of analytical-grade
KCl (Merck) in triply distilled deionized water. The spe-
cific conductance of this solution at various temperatures
have been reported in the literature [22]. The correspond-
ing cell constant at 5.0, 15.0, 25.0, 35.0 and 45.0◦C were
0.840, 0.834, 0.832, 0.829 and 0.820 cm−1, respectively. In
all measurements, the cell was thermostated at the desired
temperature± 0.03◦C using a MLW thermostat. Errors as-
sociated with the measured conductivities were estimated to
be at the most 1.5%.

In a typical experiment, 10 mL of the desired thallium
nitrate solution (1.00× 10−4 M) was placed in the titra-
tion cell, thermostated to the desired temperature and the
conductance of the solution was measured. Then, a known
amount of the concentrated crown ether solution was added
in a stepwise manner using a calibrated micropipette. The
conductance of the solution was measured after each ad-
dition. The ligand solution was continually added until the
desired ligand to cation mole ratio was achieved.

The formation constants,Kf , and the limiting molar
conductances,3o, of the resulting 1 : 1 complexes between
the macrocycles used and Tl+ ion in different DMF-AN
mixtures at various temperatures were calculated by fit-
ting the observed molar conductances3obs at various
macrocycle/Tl+ mole ratios to the previously derived equa-
tions [23] which express the3obs as a function of the free
and complexed metal ions and the formation constant by
using a nonlinear least-squares program KINFIT [24]. The
details are described elsewhere [12–20].

Figure 2. Molar conductance vs [crown]/[Tl+ ] for various crown-Tl+ sys-
tems in 60% DMF: (1) B18C6; (2) 18C6; (3) DA18C6; (4) DC18C6; (5)
DBzDA18C6; (6) HA18C6.

Results and discussion

The molar conductance of TlNO3 (1.00 × 10−4 M) in
four different DMF-AN mixtures was monitored as a func-
tion of 18-crown to metal ion mole ratio at various tem-
peratures. Some of the resulting molar conductance vs.
macrocycle/Tl+ mole ratio plots are shown in Figures 2 and
3. In all cases, there is a gradual decrease in the molar con-
ductance with an increase in the crown ether concentration.
This behavior shows that the complexed thallium is less
mobile than the solvated Tl+ ion. As seen from Figures 2
and 3, in some cases such as the complexation of Tl+ ion
with HA18C6, addition of the ligand to a metal ion solu-
tion causes a continuous decrease in the molar conductance,
which begins to level off at a mole ratio greater than one,
indicating the formation of a stable 1 : 1 complex. However,
in some other cases such as the Tl+-B18C6 system, although
the molar conductance does not show any tendency for lev-
eling off even at a molar ratio of about 4, the corresponding
mole ratio data show a considerable change in their slopes
at a mole ratio of about one, emphasizing the formation of
some weaker 1 : 1 complexes.

In order to have a clearer picture of the thermodynamics
of the complexation of Tl+ with the 18-crown macrocycles
used, it is useful to investigate the enthalpic and entropic
contributions to these reactions. The1H ◦ and1S◦ of the
complexation reactions in different DMF-AN mixtures were
evaluated from the temperature dependence of the forma-
tion constants by applying a linear least-squares analysis
according to the equation:

2.303 logKf = −1H
◦

RT
+ 1S

◦

R
. (1)
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Figure 3. Molar conductance vs [HA18C6]/[Tl+ ] plots in 100% DMF at
different temperatures: (1) 15◦C; (2) 25◦C; 35◦C; (4) 45◦C.

The formation constants of all Tl+-18-crown complexes in
different solvent mixtures at various temperatures, obtained
by computer fitting of the molar conductance-mole ratio
data, are summarized in Table 1.

The formation constants for the Tl+ complexes with aza-
substituted crown ethers in the solvent mixtures of higher
AN content are not reported, mainly due to the high val-
ues of their formation constants (i.e., Kf > 106) which
cannot be accurately evaluated by the curve fitting program
KINFIT [13, 25]. A sample computer fit of the mole ratio
data is shown in Figure 4. Our assumption of 1 : 1 stoi-
chiometry seems reasonable in the light of the fair agreement
between the observed and calculated molar conductances. It
is noteworthy that, in the process of calculation of formation
constants, the association between Tl+ and NO−3 ions was
considered negligible, under the highly dilute experimental
conditions used (1.0× 10−4 M) [26]. Since the concentra-
tion of macrocycles was kept below 5.0× 10−4 M during the
experiments, correction for the viscosity changes was also
neglected.

In accordance with Equation (1), the plot of logKf vs.
1/T for different Tl+-macrocycle complexes was linear for
all cases studied. The enthalpies and entropies of complex-

Figure 4. Computer fit of the molar conductance-mole ratio data for the
DA18C6-Tl+ system at 25◦C in 60% DMF; (×) experimental point; (#)
calculated point; (=) experimental and calculated points are the same within
the resolution of the plot.

ation were determined in the usual manner from the slopes
and intercepts of the plots, respectively. The resulting1H◦
and1S◦ values are also included in Table 2.

The data given in Table 1 clearly illustrate the funda-
mental role of the solvent properties in the Tl+-18-crown
complexation reactions studied. In all cases, the stability
of the resulting complexes increases rapidly with increasing
weight percent of AN in the solvent mixture. It is known that
the solvating ability of the solvent, as expressed by the Gut-
mann donor number [27], plays an important role in different
complexation reactions [12–21, 25]. There is actually an in-
verse relationship between the stability of the complexes and
the solvating ability of the solvents. DMF is a solvent of high
solvating ability (DN = 26.6) which can strongly compete
with macrocycles for the cation. Thus, it is not unexpected
to observe that addition of AN as a relatively low donicity
solvent (DN = 14.1) to DMF will increase the stability of the
complexes.

Comparison of the data given in Table 1 reveals that the
stability of the resulting Tl+-macrocycle complexes varies in
the order HA18C6> DA18C6> DBzDA18C6> 18C6>
DC18C6>B18C6. The results indicate that among different
18-membered crown ether derivatives used, where the ring
frame remains the same, the Tl+ ion interaction as well as
the thermodynamic parameters depends significantly on the
nature of the substituents on the ring, which control both
the electron-pair donicity and the flexibility of the ligand
molecules, and the nature of donating atoms, as well as the
properties of the solvent mixtures used.

The substitution of all or some of the oxygen atoms in
the 18C6 macrocyclic ring with NH groups increases the
stability of Tl+ complexes significantly. The thallium ion, as
a soft acid, would interact more strongly with the donating
soft bases, the nitrogen atoms, as compared to the interaction
with the oxygen atoms as hard bases [5]. On the other hand,
the increased stability of the Tl+ complex with DA18C6
over that with DBzDA18C6 originates from its favorable en-
tropic term. The highly negative1S◦ values obtained from
the Tl+-DBzDA18C6 system seem to reflect a pronounced
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Table 1. Formation constants and enthalpy and entropy values for different Tl+-18-crown-6 complexes in various DMF-AN mixturesa

Crown wt% logKf
ether DMF in solvent 1H ◦ 1S◦

mixtureb 5 ◦ C 15◦C 25◦C 35◦ C 45◦ C (kJ mol−1) (J mol−1 K−1)

18C6 100 – 3.98± 0.06 3.82± 0.02 3.66± 0.02 3.34± 0.06 −27.2± 0.4 −18± 1

80 – 4.05± 0.05 3.87± 0.04 3.71± 0.04 3.60± 0.04 −26± 1 −15± 3

60 – 4.21± 0.02 4.07± 0.04 3.93± 0.03 3.87± 0.05 −20± 1 9± 5

40 4.80± 0.06 4.73± 0.04 4.60± 0.04 – - - −17± 2 33± 8

DC18C6 100 – 3.68± 0.02 3.53± 0.03 3.32± 0.03 3.21± 0.02 −28± 1 −28± 5

80 – 3.96± 0.07 3.79± 0.03 3.60± 0.02 3.46± 0.02 −29.6± 0.7 −27± 2

60 – 4.69± 0.03 4.49± 0.04 4.38± 0.03 4.25± 0.03 −25± 1 2± 5

40 5.36± 0.07 5.20± 0.04 5.03± 0.05 4.74± 0.03 – −33± 3 −16± 10

B18C6 100 – 2.87± 0.03 2.76± 0.08 2.58± 0.10 – −25± 3 −30± 9

80 – 3.20± 0.04 3.03± 0.08 2.85± 0.07 - - −30± 1 −42± 5

60 – 3.43± 0.04 3.27± 0.07 3.10± 0.06 2.83± 0.11 −35± 3 −53± 9

40 – 4.00± 0.06 3.73± 0.06 3.52± 0.06 - - −41± 1 −65± 5

DA18C6 100 – 4.06± 0.04 4.00± 0.02 3.89± 0.04 3.83± 0.03 −14± 1 29± 3

80 – 4.31± 0.03 4.20± 0.04 4.10± 0.04 4.06± 0.03 −15± 1 30± 4

60 5.00± 0.05 4.84± 0.04 4.77± 0.04 4.69± 0.05 – −21± 1 21± 10

DBzDA18C6 100 – 3.82± 0.2 3.51± 0.03 3.28± 0.04 – −44± 2 −81± 5

80 – 4.16± 0.03 3.94± 0.03 3.64± 0.03 3.35± 0.04 −48± 2 −86± 7

60 – 4.89± 0.06 4.55± 0.04 4.27± 0.04 4.06± 0.03 −49± 2 −76± 6

HA18C6 100 – 5.56± 0.09 5.48± 0.09 5.35± 0.09 5.23± 0.08 −20± 1 39± 4

80 – 6.31± 0.18 6.14± 0.16 6.06± 0.15 5.87± 0.16 −24± 2 36± 6

60 – > 6.5 > 6.5 > 6.5 – –

a The errors associated with all thermodynamic parameters are given as± SD.
b The corresponding mole fractions of DMF (XDMF ) in the solvent mixtures are: 100%, 1.00; 80%, 0.69; 60%, 0.46; 40%, 0.27.

decreased in flexibility of the DBzDA18C6 molecule upon
complexation with Tl+ ion. This is possible only if the two
benzyl arms of the ligand participate (from the top and bot-
tom) in complex formation with the cation located inside its
macrocyclic cavity [2–4]. Therefore, the stability constant of
the N-substituted macrocycle-Tl+ complexes is in the order
HA18C6> DA18C6> DBzDA18C6.

As also seen, the substitution of cyclohexyl or benzo
groups on the 18C6 ring will result in diminished stability of
the resulting Tl+ complexes. In the case of DC18C6, this is
due to the reduced flexibility of the macrocyclic ring, which
prevents the ligand wrapping itself around the central Tl+
ion, resulting in some decreased stability of the resulting
complex, as compared with that of 18C6. This is reflected
in more positive1S◦ values for the Tl+-18C6 complex, in
most solvent mixtures, in comparison with the Tl+-DC18C6
system. It is interesting to note that by increasing the %wt
of acetonitrile in the mixed solvent (Table 1, DMF %wt of
60 and 40) the Tl+-DC18C6 complex is more stable than
Tl+-18C6. This is most probably due to the rather strong
interaction between 18-crown-6 and acetonitrile [29, 30]. In
the case of B18C6, the observed pronounced decrease in
the stability of the resulting Tl+ complex may be attributed
to some combination of the decreased ligand flexibility and
the electron-withdrawing effect of the benzo group, which
weaken the electron-donor ability of the oxygen atoms, res-
ulting in much weaker metal ion interaction [2, 13]. Thus,
the stability sequence is 18C6> DC18C6> B18C6.

The thermodynamic data in Table 1 reveal that, in all
cases, the complexes are enthalpy stabilized. However, de-

pending on the nature of the macrocycle and the solvent
composition, some of the complexes are entropy destabil-
ized and some are entropy stabilized. A similar behavior
of the entropy of the complexation of different macrocyclic
complexes has been frequently reported in the literature [2,
3]. This is due to variation in the extent of the contribu-
tion of such important parameters as solvation-desolvation
of the species involved in the complexation reaction (i.e.,
Tl+ ion, macrocycle and the resulting complex) as well as
the conformational change of the macrocyclic crown ethers
from a rather flexible structure in the free state to a rigid
conformation in the complexed form [25].

Table 1 shows that, as expected, for the case of all Tl+-
18-crown systems studied, the thermodynamic data vary
significantly with the solvent properties [2, 3, 15, 16, 20, 25].
However, in all cases, the observed increase (or decrease,
depending on the nature of the macrocycle) in the1H ◦
value upon addition of AN to the solvent mixture will be
compensated by an increase (or decrease) in the correspond-
ing1S◦ value. The existence of such a compensating effect
between1H ◦ and1S◦ values, which has been frequently
reported for a variety of metal-ligand systems [15, 16, 31–
35], would cause the overall change in the1G◦ value of
the complex to be smaller than might be expected from the
change in either1H ◦ or1S◦ independently.

References

1. C. J. Pedersen:J. Am. Chem. Soc.89, 7017 (1967).



113

2. R. M. Izatt, J. S. Bradshaw, S. A. Nielsen, J. D. Lamb, J. J.
Christensen, and D. Sen:Chem. Rev.85, 271 (1985).

3. R. M. Izatt, K. Pawlak, J. S. Bradshaw, and R. L. Bruening:Chem.
Rev.91, 1721 (1991).

4. R. M. Izatt, K. Pawlak, J. S. Bradshaw, and R. L. Bruening:Chem.
Rev.95, 2529 (1995).

5. R. G. Pearson:J. Am. Chem. Soc.85, 3233 (1963).
6. R. D. Shannon:Acta Crystallogr.32A, 751 (1976).
7. F. J. Kayne and J. Ruben:J. Am. Chem. Soc.92, 220 (1970).
8. R. J. F. Williams:Quart. Rev. Chem. Soc.24, 331 (1970).
9. J. S. Britten and M. Blank:Biochim. Biophys. Acta.159, 160 (1968).

10. F. J. Kayne:Arch. Biochem. Biophys.143, 232 (1971).
11. C. J. Pedersen:J. Am. Chem. Soc.92, 386 (1970).
12. A. Jabbari, M. Hasani, and M. Shamsipur:J. Incl. Phenom.15, 329

(1993).
13. M. Hasani and M. Shamsipur:J. Incl. Phenom.16, 123 (1993).
14. M. Hasani and M. Shamsipur:J. Solution Chem.23, 721 (1994).
15. M. Shamsipur and J. Ghasemi:J. Incl. Phenom.20, 157 (1995).
16. J. Ghasemi and M. Shamsipur:J. Solution Chem.25, 485 (1996).
17. M. R. Ganjali, A. Rouhollahi, A. Moghimi, and M. Shamsipur:Polish

J. Chem.70, 1172 (1996).
18. M. Shamsipur and M. Ganjali:J. Incl. Phenom.28, 315 (1997).
19. M. R. Ganjali, A. Rouhollahi, A. Mardan, and M. Shamsipur:J.

Chem. Soc., Faraday Trans.94, 1959 (1998).
20. M. Shamsipur and H. R. Pouretedal:J. Solution Chem.28, 1193

(1999).
21. M. S. Greenberg and A. I. Popov:Spectrochim. Acta31A, 697 (1975).
22. Y. C. Wu and W. F. Koch:J. Solution Chem.20, 391 (1991).
23. Y. Takeda:Bull. Chem. Soc. Jpn.56, 3600 (1983).
24. V. A. Nicely and J. L. Dye:J. Chem. Educ.48, 443 (1971).
25. M. Shamsipur, G. Rounaghi, and A. I. Popov:J. Solution Chem.9,

701 (1980).
26. G. J. Janz and R. P. T. Tomkins:Nonaqueous Electrolyte Handbook,

Vol. 1, Academic Press, New York (1972).
27. V. Gutmann:The Donor-Acceptor Approach to Molecular Interac-

tions, Plenum, New York (1978).
28. G. W. Gokel, D. J. Cram, C. L. Liotta, H. P. Harris, and F. L. Cook:

Org. Synth.56, 30 (1977).
29. H. S. Gold and M. R. Rice:Talanta29, 637 (1982).
30. Y. Inoue and T. Hakushi:J. Chem. Soc., Perkin Trans. 2, 935 (1982).
31. Y. Inoue, F. Amano, N. Okada, H. Inada, M. Ouchi, A. Tai and T.

Hakushi:J. Chem. Soc., Perkin Trans. 21239 (1990).
32. Y. Inou, T. Takushi, Y. Liu, L. H. Tong, and S. Tin:J. Am. Chem. Soc.

115, 425 (1993).
33. E. Grunwald and C. Steel:J. Am. Chem. Soc.117, 5687 (1995).
34. T. Shi and L. I. Elding:Inorg. Chem.36, 528 (1997).




