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Lithium-7 NMR measurements were used to determine the stoichiometry and stability of 
Li + complexes with 12-crown-4 (12C4), 15-crown-5 (1 5C5), benzo-15-crown-5 (B15C5), 
18-crown-6 (1 8C6), dicyclohexyl-l8-crown-6 (DCl8C6) and dibenzo-l8crown-6 
(DB 18C6) in various acetonitrile-nitromethane mixtures at 27 "C. In all cases studied, the 
variation in the 'Li chemical shift with the crown/Li+ mol ratio indicated the formation of 
1:1 complexes in solution. The formation constants of the resulting complexes were 
evaluated from computer fitting of the mol ratio data to an equation which relates the 
observed chemical shifts to the formation constant. It was found that, in all solvent 
mixtures used, the stabilities of the resulting complexes vary in the order 
15CS>B15C5>DC18C6>12C4>18C6> DB18C6. There is an inverse relationships be- 
tween log K, of the complexes and the mol fraction of acetonitrile in the solvent mixtures. 

Keywords: 'Li N M R  Li +-crown; acetonitrile-nitromethane mixtures; stability constants. 

INTRODUCTION 

It is well known that several factors influence the formation of crown 
ether complexes of metal ions in solution.'-3 The most emphasized factor 

* Author for correspondence. 

33 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



34 EBRAHIM KARKHANNEL et al. 

is the cavity size-cation diameter ratio although its importance has been 
questioned in the case of large crown ether complex ate^.^-^ Other impor- 
tant factors are the number and the nature of heteroatoms participating 
in cation binding, the nature of substitutent groups on the macrocycle, 
the conformations of the free and complexed crown ethers and, espe- 
cially, properties of the solvent such as solvating ability, dipole moment 
and dielectric constant. Among these parameters, the ability of solvent 
molecules to solvate ions and thus to compete with the crown binding 
sites for the coordination positions around a cation is of fundamental 
importance. Equally important, but often given much less attention, is 
the considerable interaction of some solvents with certain macrocyclic 
l igand~.~  There is an increasing interest in the study of complexation in 
binary mixed solvent systems and their interpretation in terms of solute 
preferential solvation by one of the mixed solvent components.8-' ' 

Among a variety of methods used for the study of metal ion-crown 
ether complexes,',2 it has been found that nuclear magnetic resonance 
spectrometry offers a very sensitive technique for studies of changes in 
the immediate chemical environment of metal ions in ~o lu t ion . '~ , ' ~  In 
the past two decades, we have employed the NMR technique to investi- 
gate the thermodynarnic~~,'~,'~-'~ and the exchange kinetics of a number 
of metal ion-macrocycle complexes in different non-aqueous and mixed 
solvents.' 1316~18-22 In this paper we report the use of lithium-7 NMR for 
the study of Li' ion complexes with six crown ethers (ie., 12C4, 15C5, 
B15C5, 18C6, DC18C6 and DB18C6) in binary acetonitrile- 
nitromethane mixtures at 27.0 * 0.1 "C. 

EXPERIMENTAL 

Crown ethers B15C5, 18C6, DC18C6 ant DB18C6 (all from Merck) 
were purified and dried as described,23324 12C4 and 15C5 (both from 
Merck) were used as received. Lithium perchlorate (Merck) was purified 
and dried using a previously reported method.' Spectroscopic grade 
nitromethane (NM, Reidel) and acetonitrile (AN, Merck) were used to 
prepare the solvent mixtures by weight. 

All nuclear magnetic resonance measurements were made on a JEOL 
FX90 Q FT-NMR Spectrometer with a field strength of 2 1.13 kG. At this 
field, lithium-7 resonates at 33.74 MHz. A 4.0 M aqueous LiCl solution 
was used as external reference and the reported lithium-7 chemical shifts 
refer to this solution. The paramagnetic (downfield) shift from the refer- 
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LITHIUM CROWN ETHER COMPLEXES 35 

ence is designated as being positive. The concentration of all LiC10, 
solutions used was 0.01 M. All chemical shift measurements were carried 
out at a probe temperature of 27.0 f 0.1 "C. 

The formation constants of 1:l complexes were calculated from the 
variation of 7Li chemical shift with the crown/Li + mol ratio. It has been 
shown that, in the cases where there is fast exchange between free and 
complexed metal ions, the observed chemical shift of the resulting single 
NMR signal is given byZ5 

&obs = {[(KfcM - KFL - 1) 
+ (KfZC=' + KfZc,' - ~K:CLCM + 2KfCL + 2 K f c ~  + 
(6, - hd2f(&MvZ) + L L  (1) 

where Kf is the concentration formation constant for the 1: 1 complex, CL 
and C, are the analytical concentration of the crown ether and Li + ion, 
respectively, and 6, and 6ML are the respective chemical shifts of the free 
and complexed lithium ion. A non-linear least-squares curve fitting pro- 
gram, KINFIT,26 was used to evaluate Kf and 6ML values for the 1 :  1 
complexes. 

RESULTS AND DISCUSSION 

Lithium-7 chemical shifts were determined as a function of crown/Li+ 
ion mol ratios in different AN-NM mixtures and sample mol ratio plots 
are shown in Figures 1-3. In all cases studied, only one resonance for the 
Li' ion was observed irrespective of the crown/metal ion mol ratio. In 
general, if the mean lifetime for the exchange of the metal ion between 
the two sites ( ie . ,  free ion in the bulk solution and the complex) is smaller 
than d2/n Av (Av is the difference between the characteristic resonance 
frequencies of the two sites in hertz), only one population-average reso- 
nance is observed. 

As can be seen, in general, the behaviour of the chemical shift as a 
function of the crown/Li + mole ratio can be approximately divided into 
two groups, as follows. 

1. The chemical shift (upfield or downfield) varies linearly with the 
crown concentration until a crown/Li mol ratio of 1: 1 is reached. 
Further addition of the crown ether does not change the 'Li resonance 
frequency. Such behaviour which is observed for almost all crown 
ethers in pure nitromethane (Figure 3) and in the case of 15C5 and 
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FIGURE 1 Lithium-7 chemical shift as a function of crown/Li+ mol ratio for different 
crown ethers in pure acetonitrile: (1) DBl8C6; (2) B15C5; (3) 15C5; (4) 18C6; (5) DC18C6; 
(6) 12C4. 

B 15C5 in other solvents (Figures 1 and 2) is indicative of the forma- 
tion of a stable l : l (Li +-crown) complex in solution. It usually occurs 
in solvents of medium and low d~n ic i ty .~ . '~  

2. An increase in the crown ether concentration gradually shifts the 'Li 
resonance downfield and the chemical shift does not seem to reach a 
limiting value even at mol ratios of about 3.5. Typical examples are 
the behaviour of Li'-12C4 and, especially, Li'-DB18C6 in pure 
acetonitrile (Figure 1) and in 40% acetonitrile (Figure 2) and it is 
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LITHIUM CROWN ETHER COMPLEXES 17 

FIGURE 2 Lithium-7 chemical shift as a function of crown/Li + mol ratio for different 
crown ethers in 40% acetonitrile solution: ( 1 )  15C5; (2) DB18C6; (3) B15C5; (4) 12C4; 
(5) 18C6; (6) DC18C6. 

indicative of the formation of a weak complex. As a rule of thumb, it 
could be concluded that the more curvature exists around mol ratio 1 
in the chemical shift-mol ratio plots, the weaker the resulting 1:l 
complex. 

Formation constants of the resulting 1 : 1 complexes were evaluated 
from the variation of the observed chemical shift with the crowdLi + mol 
ratio, The procedure has been described in previous  publication^.'^,^^ A 
sample computer fit of the 'Li chemical shift-mol ratio data is shown in 
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38 EBRAHIM KARKHANNEL et al. 

FIGURE 3 Lithium-7 chemical shift as a function of crown/Li+ mol ratio for different 
crown ethers in pure nitromethane: (1) 15C5; (2) B15C5; (3) 18C6; (4) DCl8C6; ( 5 )  
DBl8C6. 

Figure 4 and all the calculated log Kf values are summarized in Table I. It 
should be noted that the method generally becomes unreliable for very 
stable complexes (ie., Kf > lo5). It is seen that there is a satisfactory 
agreement between the formation constants obtained for the Li + -crown 
complexes in pure acetonitrile with those previously reported in the 
literature. As is obvious, the method used for the calculation of forma- 
tion constants does not take into account possible ion association in 
LiC104 solutions. The literature indicates that in acetonitrile the ionic 
association of the salt is quite small.27 It is reasonable to expect that 
similar condition will prevail in nitromethane, which has about the same 
dielectric constant as acetonitrile. Thus, at the low concentration of 
lithium perchlorate which were used, it seems unlikely that complex 
formation has significant competition by ion pair f~rmation. '~  

The data given in Table I clearly indicate that, in a given AN-NM 
mixture, the stability of Li' complexes decreases in the order 15C5 > 
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LITHIUM CROWN ETHER COMPLEXES 39 

FIGURE 4 Computer fit of 'Li chemical shift vs 18C6/Li + mol ratio in 40% acetonitrile 
solution: (x) experimental points; (0) calculated points; ( = ) experimental and calculated 
points are the same within the resolution of the plot. 

B 15C5 > DC18C6 > 12C4 > 18C6 > DB18C6. Obviously, the conso- 
nance between the ionic size of Li' ion and the size of the macrocyclic 
ring is an important factor in determining the stabilities of the Li +-crown 
ether complxes. According to Pedersen and Frensdorff2' the cavity sizes 
of 12 C4, 15C5 and 18C6 are 1.2-1.5 A, 1.7-2.2 A and 2.6-3.2 A, 
respectively. They should be nearly the same for the corresponding 
substituted crown ethers. Lithium ion with an ionic diameter of 1.72 A29 
seems to have the best fitting conditions for the cavities of 15C5 and 
B 1 5C5; thus they form the most stable complexes in the series; 12C4 and 
the 18-crowns used have too small and too large cavities for Li' ion, 
respectively. Thus their lithium complexes are much weaker than those 
with 15-crowns. It is interesting to note that, although there are some 
literature reports on the formation of both 1:l and 2:l (sandwich) 
complexes between Li' ion and 12C4,30 no clear cut evidence for the 
formation of the Li+(12C4), complex was observed in this study. We 
also tried to fit the resulting chemical shift-mol ratio data to a model 
which takes into account the formation of both 1: 1 and 2: 1 complexes for 
the Li'-12C4 system, but the resulting computer fit was very inconve- 
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40 EBRAHIM KARKHANNEL et al. 

nient, emphasizing again the predominance of 1 : 1 complex formation in 
solution. 

Table 1 shows that among 18-crowns used, where the ring frame 
remains the same, the formation constants of the resulting Li+ com- 
plexes decrease in the order DC18C6 > 18C6 > DB18C6. The presence 
of two benzo groups in DB 1 8C6 would cause a significant decrease in the 
stability of the resulting lithium complex, compared with Li + -1 8C6. This 
behaviour could be due to some combination of the electron withdrawing 
effect of the benzo groups which weakens the electron-donor ability of the 
ring oxygens and the reduced flexibility of the macrocycle which prevents 
the molecule wrapping itself around the cation. The net result is a much 
weaker cation-crown interaction. A similar argument could be made for 
the diminished stability of Li + -B15C5 in comparison with that of Li + - 
15C5 complex. On the other hand, the existence of two cyclohexyl groups 
in DC18C6 can inductively enhance the electron density of the ligand 
ring and thus increase the basicity of the oxygen atoms, while the 
flexibility of the macrocycle remains more or less the same as for 18C6.24 
Thus it is not unexpected to observe the highest stability for Li+- 
DC 18C6 complex among the 1 8-crowns used. 

A clear anomaly found in Table I is the stability reversal for Li + - 12C4 
and Li+-18C6 complexes; 18C6, with increased number of the ring 
donating oxygen atoms and much higher flexibility, is expected to form a 
more stable Li + complex than 12C4, such as that observed for the case of 
DC18C6. In all solvent mixtures used, the Li+-12C4 complex is more 
stable than Li + - 18C6. Such unexpected behaviour could be most proba- 
bly related to the difference in the specific solvation of the crown ethers 
with the solvent mixture  component^.^^ It is well known that the crown 
ether lSC6 forms relatively stable 1:l complexes with both 

TABLE I Formation constants of Li' complexes with different crown ethers in various 
acetonitrile-nitromethane mixtures at 27'C 

Solvent 
comDosition fwt% log Kl 
acetonitrile 
in nitromethane) 12c4 15C5 B15C5 18C6 DC18C6 DB18C6 

100 

80 
60 
40 
20 
0 

3.12 k0.06 4.8 rt0.2 4.51 rt0.09 2.30rt0.05 3.14k0.05 0.86rt0.08 
3.40" >4b 2.34b 
3.19k0.03 4.9+0.1 4.7k0.2 2.49k0.023.32k0.08 1.18k0.05 
3.36-eO.03 >5 5.2k0.2 2.70k0.023.9k0.2 1.56-eO.04 
3.84k0.04 >5  >5 3.11 +0.034.2+0.1 1.85+0.02 
4.5f0.2 >5 >5 3.87+0.09>5 2.22 f 0.06 
- >5 >5 >5 >5 4.1 k0.3 

aRef. 34. bRef. 30. 
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LITHIUM CROWN ETHER COMPLEXES 41 

a ~ e t o n i t r i l e ~ , ~ ~  and nitromethane molecules.’ It is therefore reasonable to 
assume that there is a considerable interaction between acetonitrile and 
nitromethane and 18C6 which would obviously destabilize the Li + -1 8C6 
complex in the solvent mixtures used. However, more detailed informa- 
tion on the solvation of the crown ethers with the components of the 
AN-NM solvent mixtures is needed to clarify the situation. 

The fundamental importance of solvent properties on the stabilities of 
the Li+-crown ether complexes is very evident from the data given in 
Table I. In general, complex stability decreases with increasing amounts 
of acetonitrile in the solvent mixture. It is well known that the solvating 
ability of the solvent, as expressed by the Gutmann donor number,33 
plays a key role in different complexation Acetonit rile 
and nitromethane are solvents of similar dielectric constant (i.e., 
EAN = 37.5 and E,, = 35.6),33 but of quite different donor numbers (ie., 
D N A N  = 14.1 and D N N M  = 2.7).31 Consequently, with complexation of 
Li + with crown ethers, acetonitrile more strongly competes with crown 
ethers for the metal ion than does nitromethane. Thus it is not surprising 
that addition of nitromethane to acetonitrile will increase the stability of 
Li + -crown ether cornpiexes considerably. 

References 

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

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

[3] A. Jabbari and M. Shamsipur, Spectrosc. Lett., 26, 1715 (1993). 
[4] M. Shamsipur and A.I. Popov, J. Am. Chem. Soc., 101, 4051 (1979). 
[5] D. Live and S.I. Chan, J. Am. Chem. Soc., 98, 3769 (1976). 
[6] M.K. Amini and M. Shamsipur, Inorg. Chim. Acta, 183, 65 (1991). 
[7] P.A. Mosier-Boss and A.I. Popov, J.  Am. Chem. SOC. 107, 6168 (1985). 
[8] W.E. Waghorne, Chem. Suc. Rev., 285 (1993). 
[9] R.M. Izatt and G. Wu, Thermochim. Acta, 154, 131 (1990). 

[ lo] H. Khajesharifi and M. Shamsipur, J. Coord. Chem , 35, 157 (1995). 
[ l  11 A. Rouhollahi, M.K. Amini and M. Shamsipur, J.  Solution Chem., 23, 63 (1994). 
[12] A.I. Popov, in Characterization of Solutes in Nonnqueous Solvents, Edited by A. 

Mclson, (Plenum Press, New York, 1978), Chapter 9. 
[13] A.I. Popov, PureAppl. Chem., 51, 101 (1979). 
[ 141 M. Shamsipur, G. Rounaghi and A.I. Popov, J. Solution Chem., 9, 70 1 (1 980). 
[ 151 M. Shamsipur, and A.I. Popov, Inorg. Chim. Actn, 43, 243 (1980). 
[16] M.K. Amini and M. Shamsipur, J. Phys. Chem., 95, 9601 (1991). 
[ 171 E. Karkhaneei, A. Afkhami and M. Shamsipur, Polyhedron, in press. 
[ 181 B. Strasser, M. Shamsipur and A.I. Popov, J. Phys. Chem., 89, 4822 (1985). 
[19] M. Shamsipur and A.I. Popov, J. Phys. Chem., 90, 5997 (1986). 
[20] M. Shamsipur and A.I. Popov, J. Phys. Chem., 91, 447 (1987). 
[21] P. Szczygiel, M. Shamsipur, K. Hallenga and A.I. Popov, J. Phys. Chem., 91, 1252 

(1987). 
1221 M. Shamsipur and A.I. Popov, J. Phys. Chem., 92, 147 (1988). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



42 EBRAHIM KARKHANNEL et a/. 

[23] S. Kashanian and M. Shamsipur, Znorg. Chim. Acta, 155, 203 (1989). 
[24] A. Semnani and M. Shamsipur, J. Electroanal. Chem., 315, 95 (1991). 
[25] E.T. Roach, P.R. Handy and A.I. Popov, Znorg. Nucl. Chem. Lett., 9, 359 (1973). 
[26] V.A. Nicely and J.L. Dye, J. Chem. Educ., 48, 443 (1971). 
[27] F. Accascina, G. Pistoia and S .  Schiavo, Ric. Sci., 36, 560 (1966). 
[28] C.J. Pedersen and H.K. Frensdorff, Angew. Chem., Znt. Ed. Engl., 11, 16 (1972). 
[29] M.F.C. Ladd, Theoret. Chim. Acta, 12, 332 (1968). 
[30] A.J. Smetana and A.I. Popov, J. Solution Chem., 9, 183 (1980). 
[31] R.M. Izatt, J.S. Bradshaw, K. Pawlak and B.J. Tarbet, Chem. Rev., 92, 1291 (1992). 
[32] G.W. Gokel, D.J. Cram, C.L. Liotta, H.P. Harris and F.L. Cook, J. Org. Chem., 39, 

2445 (1 974). 
[ 331 V. Gutmann, The Donor-Acceptor Approach to Molecular Interactions, (Plenum, New 

York, 1978). 
[34] H. Hopkins and A.B. Norman, J. Phys. Chem., 84, 309 (1980). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


