
Journal of Inclusion Phenomena and Molecular Recognition in Chemistry 15: 329-340, 1993. 329 
@ 1993 Kluwer Academic Publishers. Printed in the Netherlands. 

Conductance Study of Complex Formation of 
Thallium and Silver Ions with Several Crown Ethers 
in Acetonitrile, Acetone and Dimethylformamide 
Solutions 

ALI  JABBARI,  M A S O U M E H  HASANI  and MOJTABA SHAMSIPUR* 
Department of Chemistry, Shiraz University, Shiraz, Iran. 

(Received: 18 January 1993; in final form: 24 May 1993) 

Abstraet. The complexation reactions between T1 + and Ag + ions and several crown ethers have 
been studied conductometrically in acetonitrile, acetone and dimethylformamide solutions at 25~ 
The stability constants of the resulting 1 : 1 complexes were determined, and found to decrease in 
the order DA18C6 > DC18C6 > DB30C10 > 18C6 > DB21C7 > DB24C8 > DB18C6 > B15C5 
> 12C4, in the case ofT1 + complexes, and in the order DA18C6 > DC18C6 > 18C6 > DB18C6 
> DB24C8 > DB30C10 ~ B15C5 > DB21C7 for Ag + complexes. There is an inverse relationship 
between the stabilities of the complexes and the Gutmann donicity of the solvents. The influence of 
a number of atoms in the macrocycle and of substituents in the polyether ring on the stability of the 
complexes is discussed. 
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1. Introduction 

The first report  of  the synthesis of  macrocyclic polyethers (crowns) and the forma- 

tion of  stable complexes  between these ligands and alkali and alkaline earth cations 
by Pedersen [1] opened the door  to several broad and fruitful areas of  chemical  
investigation. During the past two decades several hundreds of  macrocyclic  lig- 
ands [lave been synthesized and their complexation reactions with a variety of  
metal ions and with neutral molecules have been studied by a number  of  different 

physiochemical  techniques [2-4]. 
Perhaps the most  fundamental  thermodynamic property of  a metal complex 

is its stability, in a given medium and at a given temperature, as expressed by 
its formation constant. In order to understand the formation of  a macrocyclic  
complex it is important to elucidate various factors that affect the complexation 
reaction equilibria. The relative size of  the cation and the macrocyclic  cavity, the 
number  and the nature of  binding sites, the flexibility of  the ligand structure, the 
ac id-base  character  of  metal ions and, especially, the nature of  the solvent are 
among the important  factors which influence both the stability and selectivity o f  
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the macrocyclic complexes [2,3]. 
Because of the importance of both thallium and silver ions in biological and 

environmental processes [5-7], studies on the selective complexation of these 
cations with macrocyclic ligands are of particular interest. Both T1 + and Ag + are 
polarizable, soft ions [8] with the respective ionic radii of 1.49 A and 1.15 A [9]. In 
this paper we report a conductometric study of the complexation reactions between 
T1 + and Ag + ions and the macrocyclic poly-ethers 12-crown-4 (12C4), benzo- 
l 5-crown-5 (B 15C5), 18-crown-6 (18C6), dicyclohexyl- 18-crown-6 (DC 18C6), 
dibenzo- 18 -crown-6 (DB 18C6), 1,13-diaza- 18 -crown-6 (DA 18C6), dibenzo-21 - 
crown-7 (DB21C7), dibenzo-24-crown-8 (DB24C8) and dibenzo-30-crown-10 
(DB30C10) in acetonitrile (AN), acetone (AC) and dimethylformamide (DMF) 
solutions at 25~ 

2. Experimental 

Reagent grade thallium perchlorate (K and K) and silver perchlorate (Fluka) were 
of the highest purity available and used without further purification except for 
vacuum drying over P205. Crown ethers DB30C10, DB24C8, DB21C7 (all from 
Parish), DB18C6, DC18C6, DA18C6, 18C6 and B15C5 (all from Merck) were 
purified and dried using the previously reported methods [10-13]. 12C4 was used 
as received. 

HPLC grade acetonitrile (Fluka) and acetone (Merck) were used as received. 
Dimethytformamide (Merck) was purified and dried by the previously described 
method [14]. The conductivities of the solvents were less than 1 x 10 -7 Q-1 cm-1. 

The conductance measurements were carried out with a General Radio 1608-A 
Impedence Bridge. A dip-type conductivity cell, made of platinum black, with a cell 
constant of 0.4358 cm -1 was used. In all measurements the cell was thermostated 
at 25.00 g: 0.03~ using a Lo-Temtrol 154 Precision Scientific thermostat. 

In a typical experiment, 50 mL of the salt solution in the desired solvent (1.0 x 
10 -4 M; 1 M = 1 mol dm -3) was placed in the titration cell, thermostated to 
25~ and its conductance was measured. A known amount of the crown ether 
solution, prepared in the same solvent, was then added in a stepwise manner using 
a precalibrated micropipette. The conductance of the solution was measured after 
each addition. Addition of the crown ether solution was continued until the desired 
crown ether-to-metal ion mole ratio was achieved. 

The 1 : 1 binding of T1 + and Ag + ions With various crown ethers can be 
expressed by the following equilibrium 

K• 
M + +crown ~- M+-crown (1) 

The corresponding equilibrium constant, Kf, is given by 

[M +-crown] f(M+-crown) (2) 
Ky = [M+] [crown] f (M +)/ (crown)  
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where [M+-crown], [M+], [crown] and f represent the equilibrium molar concen- 
trations of complex, free metal ion, free ligand and the activity coefficients of the 
species indicated, respectively. Under the dilute conditions used, the activity coef- 
ficient of uncharged crown ether, f(crown), can be reasonably assumed as unity 
[10, 15--17]. The use of the Debye-Hfickel limiting law of 1 : 1 electrolytes [18] 
leads to the conclusion that f (M+-crown) ~ f(M+),  so the activity coefficients in 
Equation (2) cancel. 

Thus the complex formation constant in terms of the molar conductance can be 
expressed as [19,20] 

[M+-crown] (Am - -  A o b s )  

Ky = [M+] [crown] = (Aobs - Ac) [crown] (3) 

where 

C M + ( A m  - Aobs) 
[crown] = Ccrow n - -  (4) 

( a m  -- 1 c )  

Here, Am is the molar conductance of metal ion before addition of crown ether, Aobs 
the molar conductance of solution during titration, Ac the molar conductance of 
the complexed metal ion, Ccrown the analytical concentration of crown ether added 
and CN+ the analytical concentration of metal perchlorate. Upon rearrangement of 
Equation (4) 

/~f [crown] a + (1 q- KfCM -k -KfCcrown) [crown] -Ccrown = 0 (5) 

For the evaluation of the formation constants from molar conductance vs. mole 
ratio data, a nonlinear least-squares curve fitting program, KINFIT, was used [21]. 
The program is based on the iterative adjustment of the calculated values of the 
molar conductance to the observed values and the adjustable parameters are Kf and 
Ac. The free crown ether concentration was calculated from Equation (5) by means 
of a Newton-Raphson procedure. Once the value [crown] had been obtained, the 
molar conductance was calculated by using the estimated values of Kf and Ac at 
the current step of the program. Refinement of the parameters is continued until 
the sum-of-squares of the residuals between calculated and observed values of 
the molar conductance for all experimental points is minimized. The output of 
the program comprises refined parameters, the sum-of-squares and the standard 
deviation of the data. 

3. Results and Discussion 

In order to evaluate the effect of adding crown ethers on the molar conductance of 
thallium and silver perchlorates in AN, AC and DMF solutions, the conductivity 
at a constant salt concentration (1.0 x 1 0  - 4  M) was monitored while increasing 
the crown ether concentration at 25~ The corresponding molar conductance vs. 
crown ether/metal ion mole ratio plots are shown in Figures 1-4. In the case of silver 
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Molar conductance vs. Ccrow./C-n+ curves in acetonitrile solution. Fig. 1. 

perchlorate solution in AN, addition of  the crown ethers to the solution caused no 
significant change in the molar conductance of  the salt, even at ligand/silver ion 
mole ratios o f  10. This behavior  is probably a result of  the very strong solvation 
of  Ag + ion by acetonitrile molecules [22-24] which strongly compete with the 
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macrocyclic ligands for the cation resulting in weak Ag+-crown ether interactions. 
Thus it is not surprising to observe no significant change in the conductance of 
silver perchlorate solution in AN during the titration with crowns. 

In all other cases studied, however, addition of crown ethers to the metal ion solu- 
tions causes a rather large and continuous decrease in the molar conductance of the 
solutions, indicating the lower mobility of the complexed cations compared to the 
free ones. As can be seen from Figures I-4, in some metal ion-ligand systems such 
as TI+-I  8C6, TI+-DC 18C6, Tl+-DA 18C6, Ag+-DC 18C6 and Ag+-DA 18C6, in 
all three solvents used, the slope of the corresponding molar conductance-mole ratio 
plots changes sharply at the point where the ligand to cation mole ratio is one and 
further addition of the ligand causes no significant chang e in the molar conduc- 
tance. Such a conductance behavior is indicative of the formation of a fairly stable 
1 : 1 complex in solution. In the other cases, the observed gradual decrease in molar 
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Fig. 5. Computer fit of molar conductance-mole ratio data for Tl+-DB18C6 system in ace- 
tonitrile solution: (x) experimental point; (o) calculated point; (=) experimental and calculated 
points are the same within the resolution of the plot. 

conductance of salt solutions does not exhibit any significant change in slope at a 
mole ratio of about one and, in some cases, the mole ratio plots would not tend 
to level off even at mole ratios of 6, emphasising the formation of weaker 1 : 1 

complexes. 
The stability constants of the resulting 1 : 1 complexes were determined by 

the computer fitting of Equations (3) and (5) to the molar conductance-mole ratio 
data. A sample computer fit of the resulting mole ratio data is shown in Figure 5. 
The assumed 1 : 1 stoichiometry for the resulting complexes seems reasonable 
in the light of the fair agreement between the observed and calculated molar 
conductances. 

It should be noticed that, in the procedure for the calculation of stability con- 
stants, the ion pairing between T1 + and Ag + ions and the bulky C10 4 anion was not 
considered under the highly dilute experimental conditions used (1.0 x 10 - 4  M).  

Furthermore, since the concentration of crown ethers was kept below 1.0 x 10 -3 M 
during the conductometric titrations, the corrections for viscosity changes were also 
neglected. All the calculated formation constants are summarized in Table I. The 
previously reported stability constants are also included. Comparison of the values 
obtained in this study with those reported in the literature (and obtained by different 
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TABLE I. Stability constants of TI + and Ag + complexes with different crown ethers in acetoni- 
trile, acetone and dimethylformamide solutions at 25 ~ C. 

log Ks 
Crown 
ether TI+ Ag+ 

AN AC DMF AC DMF 

12C4 4.01 4- 0.02 3.12 • 0.13 - - - 
B15C5 4.21 4- 0.04 2.90 4- 0.12 < 2 3.50 -t- 0.03 < 2 
18C6 5.39 4- 0.07 4.99 4- 0.14 3.75 -4- 0.03 4.79 4- 0.09 2.64 -t- 0.25 

5.81 a > 5 u 3.73 c 
DB18C6 4.87• 4.73• < 2  4.52• < 2  

4.90 b 

DC18C6 > 6.5 6.23 4- 0.21 3,52 :t= 0,03 5.38 4- 0.14 3.03 4- 0.06 
7.40 a 3.30 ~ 

DA18C6 > 6.5 > 6.5 3.83 4- 0,03 > 6.5 > 6.5 
7.0 a > 5.5 a 3.55 b 9.91 f 

DB21C7 5.28 4- 0.04 5.07 -4- 0.08 - 3.15 q- 0.02 < 2 
> 5 ~ 4.71 ~ 2.93 h 

DB24C8 5.13 4- 0.06 4.90 4- 0.07 - 4.20 4- 0.11 < 2 
4.80 d 4.15 d 1.55 h 

DB30C10 5.66 :t: 0.22 5.39 4- 0.12 - 3.53 4- 0.14 < 2 
5.60 d 1.60 h 

"Ref.  34. b Ref. 35. ~ Ref. 37. d Ref. 36. ~ Ref. 39. f Ref. 38. g Ref. 13. h Ref. 24. 

t echniques)  in mos t  cases  show a sat isfactory agreement .  

Table I immed ia t e ly  shows  that the nature o f  solvents  plays  a very  fundamen-  

tal role in the complexa t i on  reactions.  There  is actual ly an inverse relat ionship 

be tween  the stabilities o f  the c o m p l e x e s  and the solvat ing abilities o f  the solvents,  

as expressed  by  the G u t m a n n  donor  n u m b e r  (DN) [25]. Acetoni t r i le  is the solvent  

with a lower  donic i ty  (DN = 14.1) than ace tone  (DN = 17.0) and d imethyl -  

f o r m a m i d e  (DN = 26.6)  and, therefore,  shows  less compet i t ion  with the c r o w n  

ethers for  T1 + ion which  in turn results in the more  stable T l + - c r o w n  complexes  in 

the series. A similar  solvent  effect  is also observed  for  A g + - c r o w n  ether  complexes  

in A C  and D M F  solutions.  However ,  the silver p e r c h l o r a t e - A N  sys tem shows  an 

excep t iona l  behavior ,  as d i scussed  in the previous  paragraphs,  The  same kind o f  

solvent  effect  on  the complexa t ion  o f  different  metal  ions with macrocyc l i c  l igands 

has been  repor ted  p rev ious ly  [ 10,13,17,26,27].  
As  can be seen f rom Table I, in all three solvents  used,  the stabilities o f  T1 + 

c o m p l e x e s  with different  c r o w n  ethers vary  in the order  D A 1 8 C 6  > D C 1 8 C 6  > 
D B 3 0 C 1 0  > 18C6 > D B 2 1 C 7  > D B 2 4 C 8  > D B 1 8 C 6  > B 1 5 C 5  > 12C4, while 
those  o f  A g  + c o m p l e x e s  in A C  and D M F  solutions decrease  in the order  D A  18C6 

D C 1 8 C 6  > 18C6 > D B 1 8 C 6  > D B 2 4 C 8  > D B 3 0 C 1 0  ~ B 1 5 C 5  > D B 2 1 C 7 .  
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It is well known that the relative size of the cation to crown ether cavity plays 
an important role in the stability and selectivity of the resulting complexes [2,3]. 
From the results, it is obvious that the ionic sizes of Ag + (2.3 A) and, especially, 
TI + (3.0 ,~) [9] match best the cavity size of 18C6 (2.3-3.2 ,~) [28] so that the 
resulting complexes with this ligand and its diaza- and dicyclohexyl substituents 
are the most stable one in the series. However, the T1 + ion seems to have a better 
fit for the cavity of 18-crowns and, therefore, forms more stable complexes with 
these ligands than the Ag + ion. On the other hand, the cavities of 12C4 and B 15C5 
are too small for both cations resulting in much less stable complexes than with 
18-crowns. However, because of a better size matching, the Ag+-B 15C5 complex 
is more stable than TI+-B 15C5 in acetone solution. 

Comparison of the data given in Table I reveals that among the 18-crowns used, 
where the ring frame remains the same, the stabilities of the resulting complexes 
with both TI + and Ag + ions vary in the order DA18C6 > DC18C6 > 18C6 
> DB18C6. The substitution of two oxygen atoms by two nitrogens in the 18C6 
macrocyclic ring increases the stability of the complexes significantly. These results 
are not unexpected since both T1 + and Ag + ions as soft acids [8] would interact 
more strongly with nitrogen atoms of the ring as soft bases. Also the presence 
of two cyclohexyl groups on 18C6 can pump electrons into the ligand ring and 
thus increase the basicity of the donating oxygen atoms, while the flexibility of the 
macrocycle remains more or less the same as 18C6. Thus it is not unexpected to 
observe increased stability of the DC18C6 complexes compared with 18C6. 

The effect of substitution of two benzo groups on the 18C6 ring is to markedly 
lower the stability of T1 + and Ag + complexes. It should be noticed that the intro- 
duction of two electron withdrawing benzo groups reduces the donicity of oxygen 
atoms in the ring and hence reduces the cation-crown interactions. On the other 
hand, DB 18C6 is a more rigid molecule than 18C6, so that the existence of two 
bulky benzo groups on the ring of 18C6 would prevent the macrocyclic molecule 
wrapping itself around the cation. Combination of these two factors causes a drastic 
decrease in the stability of T1 + and Ag + complexes with DB18C6 in comparison 
with corresponding 18C6 complexes. 

It should be noted, however, that the 'ion-in-the-hole' model [2] has limited 
usefulness in predicting the stability of the metal ion complexes with large crown 
ethers (i.e. larger than 18C6). It is well known that large crown ethers are flexible 
enough to twist around a cation of suitable size (e.g. K + ion with DB30C10) and 
form a three-dimensional 'wrap around' structure in which all oxygen atoms of the 
ring participate in bond formation [ 10,13,17,26,29-32]. 

The data obtained in this study show that the stability of large crown complexes 
with T1 + ion vary in the order DB 30C 10 > DB21 C7 > DB 24C8, while that of Ag + -  
large crown complexes decrease in the order DB24C8 > DB30C10 > DB21C7. 
In the case of thallium complexes, the cation is such that it can neither have a 
comfortable fit inside the cavity of DB21C7 and DB24C8 nor form a proper 'wrap 
around' complex with these macrocycles, resulting in weak complexes. However, 
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T1 + ion seem to have a proper size to form a stable 'wrap around' complex with the 
large flexible DB30C10 molecule in which all ten oxygen atoms may participate 
in bond formation with the central cation [17,33]. It is interesting to note that, the 
resulting TI+-DB30C 10 complex is even more stable than TI+-I  8C6 in AN and 
AC solutions. 

On the other hand, in the case of Ag+-DB30C10, with the cationic size smaller 
than the cavity size of the twisted ligand, although the ligand can still form the 
'wrap around' structure, the oxygen atoms of the ring will have to be in close 
proximity and, therefore, the resulting repulsive forces will weaken the complex. 
The case of Ag+-DB21C7 is even worse; the resulting complex could have neither 
a suitable 'ion-in-the-hole' position, nor a complete 'wrap around' structure and, 
hence, the resulting complex is the weakest in the series. The ionic size of Ag + 
seems to be suitable to form a stable three-dimensional structure with DB24C8. 
Evidence for the formation of such a 'wrap around' complex between Na + ion, 
with about the same ionic size as Ag + ion, has been reported in the literature 
[13,40]. 

Acknowledgement 

We gratefully acknowledge the support of this work by the Shiraz University 
Research Council. 

References 

1. C.J. Pedersen: J. Am. Chem. Soc. 89, 7017 (1967). 
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, J.S. Bradshaw, K. Pawlak, R.L. Bruening, and B. Tarbet: Chem. Rev. 92, 1261 (1992). 
5. E.P. Przybylowicz and C.W. Zuelke: Systematic Analytical Chemistry of  Elements: Silver (Trea- 

tise on Analytical Chemistry, Ed. I.M. Kolthoff and P.J. Elving) Part II, Vol. 4, pp. 7-8, Inter- 
science Publishers, New York (1966). 

6, K. Wade and A.J. Banister: 'Aluminium, Gallium, Indium and Thallium' (Comprehensive Inor- 
ganic Chemistry, Eds. J.C. Bailar, H.J. Emeleus, R. Nyholm, and A.E Trotman-Dickenson) 
Vol. 1, Pergamon Press Oxford (1975). 

7. R.J.P. Williams: Quart. Rev. Chem. Soc. 24, 331 (1970). 
8. R.G. Pearson: J. Am. Chem. Soc. 85, 3233 (1963). 
9. R.D. Shannon: Acta Crystallogr. 32A, 751 (1976). 

10. M.K. Amini and M. Shamsipur: J. Solution Chem. 21, 275 (1992). 
11. M.K. Amini and M. Shamsipur: J. Phys. Chem. 95, 9601 (1991). 
12. S. Kashanian and M, Shamsipur: Inorg. Chim. Acta 155, 202 (1989). 
13. M. Shamsipur, G. Rounaghi, and A.I. Popov: J. Solution Chem. 9, 701 (1980). 
14. M.S. Greenberg and A.I. Popov: Spectrochim. Acta 31A, 697 (1975). 
15. A.J. Smetana and A.I. Popov: J. Chem. Thermodyn. 11, 1145 (1979). 
16. K.M. Tawarah and S.A. Mizyed: J. Solution Chem. 18, 387 (1989). 
17. M.K. Amini and M. Shamsipur: Inorg. Chim. Acta 183, 65 (1991). 
18. P. Debye and H. Htickel: Phys. Z. 24, 305 (1928). 
19. Y. Takeda: Bull. Chem. Soc. Jpn. 56, 3600 (1983). 



340 ALl JABBARI ET AL, 

20. D.E Zollinger, E. Bulten, A. Christenhusz, M. Bos, and W.E. Van Der Linden: Anal. Chim. Acta 
198, 207 (1987). 

21. V.A. Nicely and J.L. Dye: J. Chem. Educ. 48, 443 (1971). 
22. G.J. Janz: J. Electroanal. Chem. 29, 107 (1971). 
23. T.G. Chang and D.E. Irish: J. Solution Chem. 3, 161 (1974). 
24. M.K. Chantooni, G. Roland, and I.M. Kolthoff: J. Solution Chem:'17, 175 (1988). 
25. V. Gutmann: The Donor-Acceptor Approach to Molecular Interactions, Plenum, New York 

(1978). 
26. M.B. Gholivand, S. Kashanian, and M. Shamsipur: Polyhedron 6, 535 (t987). 
27. Y. Takeda, I. Fujimaki, S. Ochiai, K. Aoki, Y. Kudo, and H. Matsuda: J. lncl. Phenom. 13, 129 

(1992). 
28. C.J. Pedersen: J. Am. Chem. Soc. 92, 386 (1970). 
29. J. Hasek, K. Huml, and D. Halavata: Acta Crystatlogr. 35B, 330 (1975). 
30. D. Live and S.I. Chan: J. Am. Chem. Soc. 98, 3769 (1976). 
31. M. Shamsipur and A.I. Popov: J. Am. Chem. Soc. 101, 4051 (1979). 
32. M. Shamsipur and A.I. Popov: J. Phys. Chem. 92, 147 (1988). 
33. A, Semnani and M. Shamsipur: Z Electroanal. Chem. 315, 95 (1991). 
34. R.D. Boss and A.I. Popov: Inorg. Chem. 25, 1747 (1986). 
35. Y.C, Lee, J. Allison, and A.I. Popov: Polyhedron 4, 441 (1985). 
36. A. Hafmanova, J. Koryta, M. Berzina, and M.L. Mittal: Inorg. Chim. Acta 28, 73 (1978). 
37. N.O. Okoroafor and A.I. Popov: lnorg. Chim. Acta 148, 91 (1988). 
38. B.G. Cox, P. Firman, and H. Schneider: Polyhedron 2, 343 (1983). 
39. E. Lada, S. Filipek, and M.K. Kalinowski: Aust. J. Chem. 41,437 (1988). 
40. G.W. Buchanan, Y. Lear, and C. Bensimon: Can. J. Chem. 70, 1688 (1992). 


