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Contrary to the widespread belief that counterion influences stability of charged complexes 
only in poorly solvating media, a dramatic effect of anion was discovered, ebulliometrically, 
in 0·6 molal M+X- - C2 H sOH (M = K, Na, Li; X = SCN, OC2 H s)and in 0·6 molal M+X-­
- H 2 0 (M = K; X = SCN, OH) solution upon complexing with 18-crown-6,J5-crown-5 and 
12-crown-4. Out of the nine crown-MSCN combinations examined in the ethanolic solution, 
seven yielded J: 1 (18-crown-6-KSCN; 18-crown-6-NaSCN, J 5-crown-5- NaSCN, 15-crown­
-5- LiSCN, 12-crown-4-KSCN) or 2: 1 (15-crown-5- KSCN, 12-crown-4- NaSCN) complexes 
quantitatively, whereas the corresponding crown- MOC2 H s combinations did not complex 
at all or the complexation was very incomplete. An analogous situation was found in the aqueou s 
solution, with KSCN complexing 18-crown-6 quantitatively or 15-crown-5 and 12-crown-4 
partly, whereas KOH did not yield complexes with any of the three crowns. Evidence is presented 
that the observed effect of anion does not originate from ion-pairing. 

Although complexation of alkali ions has been subject of immense interest l
-

4 

in the past decade, some important problems still await exploration. The effect 
of counterion is a prominent example, owing to its relevance to such fundamental 
processes as are ion-exchangeS

,6 and ion-transport across membrane7
• It is generally 

assumed that, in a homogeneous solution, the effect of counterion originates from 
ion-pairing. A pronounced operation of the effect is therefore predicted only in poorly 
solvating media. In highly solvating media, as are water or ethanol, no effect of counte­
rion is expected 8

• 

At variance with the simple concept, we report in this paper evidence that stability 
of 18-crown-6-M+X-, 15-crown-5-M+X- and 12-crown-4--M+X- complexes 
in 0·6 molal etbanolic (M = K, Na, Li; X = SCN, OC2 R s) as well as in 0·6 molal 
aqueous (M = K; X = SCN, OR) solution depends critically on the anion. At the 
same time we report evidence that the observed effect does not originate from ion­
-pairing. 
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EXPERIMENTAL 

Material:. : The macrocyclic ligands 18-crown-6, 15-crc wn-5 and 12-crown-4 were prerared 
by sta nd a rd procedure9 - J] and recrystallized from hexane (und er dry-ice cooling) prio r use. 

Lithium thiocyanate: Ammonium thiocyanate (76'1 g; 1 mol) was dissolved in wa ter (':;CO ml), 
treated with hydrated lithium hydroxide (42·9 g; 1 mol) under stirring and the mixture was taken 
to dryness on a rotatory evaporator. The residue was dissolved in ethanol , satura ted with carbon 
dioxide and filte red through a short column of silica. The solvent was taken down in vac uo 
and the residue was dried by a repeated azeotropic distillation with benzene. 

Eblllliometry: Performed in a quartz apparatus anal ogously, as we described in the preceding 
paper] 2. The ebulliometric constants (KE) required for calculation of the theoretical (model 
system) traces were also available from the previous work. 

RESULTS AND DISCUSSION 

As we already pointed out in the preceding paper12
, ebulliometric titration provides. 

a very convenient tool for investigation of alkali ion complexation with crowns, 
particularly in moderately concentrated (O'OS -1·0 molal) solutions. The procedure 
consists of measuring changes in boiling point temperature (Ll T) induced by a gradual 
addition of the macrocyclic ligand to an appropriate alkali salt solution. Since Lf T 
is a coIIigative property depending only on the number of particles present in the 
solution, crown complex formation can be assessed simply from a comparison 
of the experimental ebuIIiometric curve with the theoretical (model system) traces 
calculated for various complexation modes. 

Complexation of Alkali Thiocyanates and Ethoxides in Ethanol 

Fig. 1 records the ebulIiometric curves obtained upon addition of two equivalents 
of 18-crown-6 (18C6), lS-crown-S (1SCS) and 12-crown-4 (12C4) to 0·6 molal 
ethanolic solution of alkali thiocyanate (X = SCN), to 0·6 molal ethanolic solution 
of alkali ethoxide12 (X = OC2 Hs), and to the neat ethanol. Together with the experi­
mental curves are in Fig. 1 recorded the model system traces calculated for a crown 
dissolution (1) and for 1 : 1 (2) and 2: 1 (3) complex formation. 

Let us examine first the ebuIIiometric curves . corresponding to the ccmplexation 
of alkali thiocyanates. A perfect fit is found between the experimental curve and 
the theoretical trace 2 in 18C6-KSCN, 18C6-NaSCN and lSCS-LiSCN combina­
tions indicating a quantitative 1 : 1 crown-alkali salt complex formation. Similarly, 
an excelIent fit is found between the experimental curve and the theoretical trace 3 
in the lSCS-KSCN and 12C4-NaSCN combinations indicating a quantitative 2 : 1 
crown-alkali salt complex formation. In the 12C4-KSCN and lSCS- NaSCN combi­
nations, the experimental curve lies between the theoretical traces 2 and 3, suggesting 
a quantitative 1 : 1 complex formation, followed by an incomplete transformation 
into the 2 : 1 complex upon addition of the second equivalent of the crown. Thus, 
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seven out of the total nine crown-alkali thiocyanate combinations in Fig. 1 yield 
either 1 : 1 or 2 : 1 complex quantitatively. An incomplete complexation is found 
only in the 18C6-LiSCN and 12C4-LiSCN combinations, the experimental curve 
being intermediate between the theoretical trace 1 and 2. 

An entirely different pattern of complexation follows from the examination of the 
ebulliometric curves corresponding to alkali ethoxides. A comparison with the 
theoretical traces 1- 3 shows that none of the crown-alkali ethoxide combinations 
in Fig. 1 leads to a quantitative complex formation. Four combinations (lSCS­

-KOC2H s, 12C4-KOC2H 5 , lSC5- NaOC2Hs and 12C4-NaOC2 H 5) yield a very 
incomplete complexation, whereas the remaining five indicate a complete absence 
of complexation, within limits of the ebulliometric detection. 

A powerful effect of counterion on complexation of alkali salts is thu s demonstrat­
ed in the ethanolic solution. In any of the crown-alkali salt combination examined 
in Fig. 1, a replacement of thiocyanate by ethoxide anion leads to a very marked 
weakening of the complexes. The most dramatic effect is found in the combinations 
that yield quantitatively 1: 1 crown-alkali thiocyanate complexes (18C6-KX, 
18C6-NaX, 15C5-LiX): in these, upon replacement of the thiocyanate by ethoxide 
counterion, complexation virtually disappears. 

Complexation of Potassium Thiocyanate and Hydroxide in Water 

Fig. 2 records the ebulliometric curves obtained upon addition of two equivalents 
of the macrocyclic ligand 18C6, 15C5, and 12C4 to 0·6 molal aqueous solution 
of potassium thiocyanate, to 0·6 molal aqueous solutions of potassium hydroxide, 
and to the neat water. Recorded are also the model system traces calculated for the 
crown dissolution (1) and for the 1 : 1 (2) and 2 : 1 (3) crown-alkali salt complex 
formation. 

Examination of the ebulliometric curves in Fig. 2 shows again that complexation 
of the two compared salts is different. A practically complete complexation of 18C6 
as well as the incomplete, but still significant, complexation of 15C5 and 12C4 
crowns with potassium thiocyanate contrasts with the apparent absence of crown 
complexation with potassium hydroxide. It follows that a strong anion effect on crown 
complex stability operates also in the aqueous solution. 

The Effect of Solvent on Stability and Structure of Crown Complexes 

A cursory comparison between the results from Fig. 1 and Fig. 2 shows, in accord 
with earlier literature evidence13 ,14, that crown complexes are more stable in the 
etbanolic tban in the aqueous solutions. Tbe difference reflects presumably the much 
stronger solvation of tbe alkali ions by water compared with ethanol, with which the 
macrocyclic ligand has to compete in the complex formation 13

• 
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A closer examination however suggests that not only the stability but also the 
structure of crown complexes may be affected by the solvent change. A very strong 
indication in this respect is provided by the comparison between the ebulliometric 
curve for 18C6-KSCN combination and the model system traces 2 and 3 suggesting 
that 1 : 1 complex has been formed in the ethanolic (Fig. 1) whereas 2 : 1 complex 
in the aqueous (Fig. 2) solution. 

Such an eventuality does not appear entirely unreasonable when a possible opera­
tion of the hydrophobic effect is taken into account. We have noted already in the 
preceding paper12 that apparent molecular weights of the ligands 18C6, 15C5 as 
well as 12C4 determined ebuIliometricaIly in the aqueous solution are anomalously 
low (cj. the marked deviation between the experimental curve for the ligand dis­
solution and the theoretical trace 1 in Fig. 2). As an explanation we have proposed 
that the hydrophobic effect forces the molecules of the ligand to flock together. 
In this way, the hydrophobic effect might assist in the 2 : 1 (sandwich) complex 
formation. 

However, as another alternative also hydrophobicity of the thiocyanate anion 
has to be taken into account. It was predicted by Lehn 8 that if anion is markedly 
hydrophobic, it may have a tendency, in aqueous solution, to associate with the 
complexed cation which is much more lipophilic than the free cation. A considera­
tion of the model system traces which we calculated previously for such situations 
(cj. Fig. 4b in refY) shows that the association (yielding ion-paired 1 : 1 complex) 
might also account for the ebulliometric curve for 18C6-KSCN complexation in Fig. 2. 

Does the Anion Effect on Complex Stability Originalesjrom Ion-Pairing? 

In order to assess the role of ion-pairing in the observed effect of anion, we have 
probed the state of ionic association of the alkali salts in ethanolic and aqueous 
solution, first in the absence and then also in the presence of the macrocyclic ligand. 
Pertinent evidence has been drawn from the ebulliometric curves obtained upon 
dissolving potassium salts in the pure solvents (Fig. 3) and in the corresponding 
solutions of 18C6 crown (Fig. 4). 

FIG. 1 

Changes in boiling point temperature, liT (K), induced in 0·6 molal KX-C2 H sOH, 0'6 molal 
NaX-C2 H sOH and 0·6 molal LiX- C2H s OH solution upon a gradual addition of two equivalents 
of crown (l8C6, lSCS, 12C4): Experimental curves (e : X = SCN; 0 : X = OC2H s; dashed line: 
dissolution of crown in the neat ethanol) and theoretical traces 1 for crown dissolution unattended 
by complex formation ; 2 for 1 : 1 crown-alkali salt complex formation ; 3 for 2 : 1 crown- alkali 
salt complex formation; calculated always LInder assumption that state of ionic association 
in the solution does not change upon addition of the ligand 
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Fig. 3a records the ebulliometric curves of dissolving potassium ethoxide and 
thiocyanate in ethanol, together with the theoretical traces calculated for a quantita­
tive dissociation (1) and for a quantitative ion-pairing (2) of the dissolved salt in the 
solution. Corresponding data for dissolving potassium hydroxide and thiocyanate 
in water are recorded in Fig. 3b. In ethanol (Fig. 3a), the ebulliometric curve of. the 
ethoxide as well as that of the thiocyanate lie approximately in the middle between 
the traces 1 and 2 suggesting that roughly same parts (halves) of both salts are free 
ions and ion-pairs. In water (Fig. 3b) the ebulliometric curve of the hydroxide as well 
as of the thiocyanate fits with the trace 1 suggesting a practically complete dissociation 
of both salts. Fig. 4a records the ebulliometric curves obtained on dissolving potas­
sium ethoxide and thiocyanate in 1·2 molal ethanolic solution of 18C6 crown, 
together with the theoretical traces calculated for various complexation modes. 
Corresponding data for dissolving potassium hydroxide and thiocyanate in 1·2 molal 
aqueous solution of 18C6 crown are recorded in Fig. 4b. An excellent agreement is 
found between the experimental curve for potassium ethoxide and the trace 1 io. Fig. 
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Changes in boiling point temperature, ~T (K), induced in 0·6 molal KX-R2 0 solution upon 
a gradual addition of two equivalents of crown (18C6, 15C5, 12C4): Experimental curves (e: 
X = SCN; 0: X = OR, dashed line: dissolution of crown in the neat water) and theoretical 
traces 1 for crown dissolution unattended by complex formation, 2 for 1 : 1 crown-alkali salt 
complex formation and 3 for 2 : 1 crown-alkali salt complex formation calculated always under 
assumption that state of ionic association does not change in the solution upon addition of the 
ligand 
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FIG. 3 

Changes in boiling point temperature, bT(K), induced upon dissolving the potassium sa lt 
K+X- (a) in ethanol and (b) in water; Experimental curves (e; X = SCN; 0 ; X = OC2HS 
in ethanol or OH in water) and theoretical traces calculated 1 for a complete dissociation ; (slope = 
= 2KE) and 2 for a complete ion-pairing (slope = K E) of the salt 
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FIG. 4 

Changes in boiling point temperature, bT (K), induced upon dissolving one equivalent of the 
potassium salt K +X- (a) in 1·2 molal solution of 18C6 in ethanol and (b) in water: Experimental 
curves (e; X = SCN; 0; X = OC2HS in ethanol or X = OH in water) and theoretical model 
system traces calculated 1 for the formation of uncomplexed dissociated ions [K +; X - ]; slope = 
= 2KE, 2 for the formation of the dissociated 1; I complex [K+(l8C6); X-]; slope = K E, 

3 for the formation of the dissociated 2 ; 1 complex [K + (l8C6h; X-] or for the formation of the 
ion-paired 1: 1 complex [K +(18C6) X-]; slope = 0, 4 for the formation of the ion-paired 2 : 1 

complex [K +(l8C6h X-]; slope = -KE 
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4a, and also between the experimental curve for potassium hydroxide and the trace 1 
in Fig. 4b. It allows a straightforward conclusion that the two salts in the 18C6 
solutions exist prevalently as dissociated, uncomplexed, ions. 

Interpretation of the corresponding ebulliometric curves of the complex-forming 
potassium thiocyanate from Fig. 4a and 4b presents a more difficult problem, for, 
as a consideration of the alternative model system traces 1 - 4 suggests, an unambigu­
ous conclusion can be drawn only if stoichiometry of the prevailing complex species 
is known. In the ethanolic solution, an exclusive and quantitative formation of the 
1 : 1 18C6-KSCN complex has been established by the ebulliometric evidence 
in Fig. 1. A correlation between the ebulliometric curve for potassium thiocyanate 
and the model system traces 2 and 3 allows us therefore to estimate that about two 
thirds of the complexed molecules are ion-pairs. In the aqueous solution, the situa­
tion is less certain owing to the possible participation of the 2 : 1 complexes. Ac­
cordingly, only lower and upper limits of ion-pairing in the solution may be reasonably 
assessed. If, as one extreme, the 2 : 1 complex were the main species, the extent 
oLion-pairing would be, as it follows from the correlation between the experimental 
and theoretical traces in Fig. 4b, only slight. However, if, as the other extreme, the 
1 : I complex were the main species, the extent of ion-pairing might approach that 
we found in ethanol (Fig. 4a). 

Summing up, the ebulliometric evidence shows that although ion-pairing may 
increase upon complexing with crown, a substantial part of the complexed salt 
still remains dissociated in the ethanolic as well as in the aqueous solutions. As a corol­
lary it follows that ion-pairing cannot be the main factor which accounts for' the 
observed effect of anion. Some other, stronger, interactions apparently have to be 
involved. Pertinency of the present findings to the theory of strong electrolytes and 
ion-exchangers is being examined. 
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