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Abstract. The proton-ionizable crown ethers, 2-[(sym-dibenzo-14-crown-4)oxy]-decanoic acid (1), 2-[sym- 
dibenzo-16-crown-5)oxy]decanoic acid (2), and 2-[sym-dibenzo-19-crown-6)oxy]decanoic acid (3) effi- 
ciently extract Co(II) and Ni(II) ammine cations from highly alkaline aqueous solutions (pH> 10) into 
chloroform. For extractions of the individual metal species, 2 is more efficient than 1 or 3. In competitive 
extraction systems, good selectivity for Co(II) ammine cations over Ni(II) ammine cations is observed. 
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1. Introduction 

The potential of crown ethers (macrocyclic polyethers) as specific metal ion ex- 
tractants [1-3] was markedly enhanced by the introduction of crown ethers which 
bear pendant ionizable groups [4-8]. The combination of ion binding cavities which 
possess fixed dimensions and pendant ionizable groups creates novel bifunctional 
complexing agents. 

A distinct advantage of such ionizable crown ethers compared with the more 
ordinary neutral crown ethers is that transport of a metal cation from the aqueous 
phase into an organic medium does not require simultaneous transfer of an aqueous 
phase anion. 

Ionizable crown ethers have been utilized as mobile carriers of alkali and alkaline 
earth cations in liquid-liquid extraction and liquid membrane permeation processes 
[1,3, 7-24]. In comparison, extraction and transport of transition metal cations by 
ionizable crown ether compounds have received much less attention [15, 25, 26]. 
An investigation of the solvent extraction of Co0I) and Ni(II) cations from aqueous 
phases into chloroform by lipophilic crown carboxylic acids 1-3 has now been under- 
taken to probe the influence of systematic polyether cavity size variation upon the 
complexation of such closely-related transition metal cations. 

2. Experimental 

2.1. MATERIALS AND REAGENTS 

Crown carboxylic acids 1-3 were prepared by the published procedures [8, 23, 27]. 
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Reagent grade dimethylglyoxime, chloroform, NiC12.6H20, CoCI2.H20, hydro- 
chloric acid, ammonium hydroxide, ammonium chloride, ammonium citrate, and 
iodine were obtained from POCh (Gliwice, Poland) and SLX-31 liquid scintillation 
cocktail was obtained from Tesla (Prague, Czechoslovakia). All aqueous solutions 
were prepared using doubly-distilled water. Radioactive isotopes 58C0 and 6BNi (as 
aqueous chlorides) obtained from IBJ (Swierk, Poland) were carrier-free or of suffi- 
ciently high specific radioactivity. 

2.2_ APPARATUS 

Concentrations of cobalt in the aqueous and organic phases were determined radio- 
metrically (58Co) with a Nuclear Data (Model 1200) multichannel gamma radia- 
tion spectrometer and a Canberra Industries (Model 7228) semiconductor probe 
while concentrations of nickel in the organic phases were determined by means of 
a liquid scintillation radiometrical technique (63Ni) with a ZZUJ 'Polon' (Warsaw) 
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single channel counting system. Equilibrium pH measurements in the aqueous phases 
we, e made with an Elpo (Model N512) pH meter and a Energopomiar (Model 
SAgP-209W) glass body combination electrode. Absorption spectra of the organic 
phases were measured with a Hitachi (Model 356) ultraviolet spectrophotometer and 
a Zeiss (Jena) Specord 75 infrared spectrophotometer. 

2,3. PROCEDURE 

Liquid-liquid extractions were conducted at room temperature (20-23 ~ The 
organic phase (5 mL) containing the crown ether carboxylic acid (0.010 M) in chloro- 
form and an aqueous solution (5 mL) of cobalt and/or nickel chlorides (0,0050 M 
each, labeled with 58Co and 63Ni radioisotopes) were placed into a set of separatory 
funnels, To adjust the equilibrium pH of the aqueous phase, NH4CI and NH4OH 
were added at various molar ratios to give a total ammonium salt concentration of 
2,40 M. The separatory funnels were shaken vigorously for 15 min and then allowed 
to stand for 20 h to provide complete separation of the organic and aqueous phases. 
Samples (1.00 mL) of each phase were removed for the y-spectrometric determina- 
tion of cobalt concentrations. Samples (0.025 mL) of each phase were also removed 
for determination of nickel concentrations by liquid scintillation counting. Addi- 
tional samples (0.50 mL) of the aqueous phases were removed to determine the nickel 
concentrations colorimetrically. The absorbance of the organic phase was measured 
at 273-274 nm after dissolving 0.50 mL of the organic phase in 9,50 mL of chloro- 
form. Finally, the equilibrium pH of the aqueous phase was measured, 

3. Results and Discussion 

Crown carboxylic acids 1-3 are a series of closely-related ionizable crown ethers in 
whtch the polyether ring size is systematically varied from [4-crown-4 to 16-crown-5 
to ~9-crow~-6, respectively. 

tn initiaI experiments, 0,010 M aqueous solutions of Co01) or Ni(ll) chlorides 
~o which HC1 or NaOH had been added as a pH regulator were extracted with 0,010 
M solutions of 1 or 2 in chloroform. No metal cation transfer into the organic phase 
from acidic aqueous solutions was noted and stable metal hydroxide precipitates 
formed in the extraction system for neutral and alkaline aqueous solutions. To 
circumvent ~uch problems, aqueous ammonia solutions of Co(ll) and Ni(II) chlorides 
were used as the aqueous phases for subsequent extraction experiments. It has been 
determined [28] that Co(lI) and Ni(II) exist in aqueous ammonia as [M(NH3)~] 2+ 
where n may vary from 1 to 6. Under the experimental conditions which were 
utilized in this study, the concentrations of free Co(II) and Ni(II) cations in the 
aqueous phases would not exceed 2.36 • 10 q~ and 5.54 • 10 -14 M, respectively, 

Results for the extraction of 0.0050 M Ni(lI) ammine cations from aqueous solu- 
tions into 0.010 M chloroform solutions of 1-3 are presented in Figure 1. For all 
three crown carboxylic acids, extraction of Ni(II) into the organic phase is negligible 
until the equilibrium pH of the aqueous phase exceeds 10, The maximum values 
for the fraction of metal cations extracted (R) are influenced by variation of the 
polyether ring size and decrease in the order 2(63%) > 1(43%) > 3(25%)~ 

Analogous data for the extraction of 0.0050 M Co(II) ammine cations are shown in 
Figure 2. The fraction of Co(II) extracted is low in the region of pH = 8 - 1 0  and 
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Fig. 1. %(R) of nickel extracted from aqueous ammonia solutions of 0.0050 M Ni(II) chloride into 
0.010 M solutions &crown carboxylic acids in chloroform vs. the equilibrium pH of the aqueous phase. 

increases rapidly as the pH exceeds 10. Maximal R values are 86, 77 and 74% with 
2, 1 and 3, respectively. 

When the crown carboxylic acids were replaced with octanoic acid or dodecanoic 
acid and the extractions of 0.0050 M Ni(II) or Co(U) ammine cations were attempted 
under the conditions cited above, no metal cation transfer to the organic phase could 
be detected. Hence the essential nature of the polyether portions of ligands 1-3 
is established. 

Results for competitive extractions of Ni(II) and Co(II) ammine cations from 
aqueous solutions in which the initial concentration of each metal chloride was 0.0050 
M by 0.010 M solutions of 1-3 are given in Figures 3a-c, respectively. Substantial 
selectivity for extraction of Co(II) over Ni(II) is readily evident. At an aqueous phase 
pH of 12, the Co(II)/Ni(II) concentration ratios in the organic phases are 7.3, 6.6, and 
5.3 for 1-3, respectively. 

To probe for possible losses of the ionizable crown ether extractants from the 
chloroform phases during extraction, ultraviolet absorption spectra of both media at 
273-274 nm (absorption maxima for the crown carboxylic acids) were measured. 
Organic phase absorptions at this wavelength were constant or increased somewhat 
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%(R) of cobalt extracted from aqueous ammonia solutions of 0.0050 M Co(II) chloride solutions 
into 0.010 M solutions of crown carboxylic acids in chloroform vs. the equilibrium pH of the aqueous 
phase. 

as the organic phase metal ion concentration increased. Aqueous phase absorptions 
were negligible at this wavelength which verified that the extractants were sufficiently 
lipophilic to avoid any measurable loss from the chloroform phase during extraction. 

To obtain insight into the stoichiometry of the extraction complex, single ion 
extractions ofCo(II) ammine cations from 0.010 M aqueous solutions with 0.010 M 
solutions of 1-3 in chloroform were conducted at an equilibrium pH of 12.0. The 
fractions of Co(II) which were transferred into the organic phase increased from 
40% for 2 and 3 to 50% with 1. Since the minimum value of the organic phase 
concentration ratio of crown carboxylic acid to metal cation is 2.0, an extraction 
complex stoichiometry of M(NH3)~ +. 2(crown carboxylate-) is indicated. Presumably 
strong hydration of C1- prevents its participation in the extraction complex. 

Specific complexation behavior of crown ethers towards simple cationic species 
is most commonly rationalized in terms of the cation and polyether cavity ratios 
[29, 30]. From an examination of Corey-Pauling-Kortun (CPK) space filling models, 
the polyether cavity diameters for 1-3 are estimated to be 1.2-1.5, 2.0-2.4 and 
3.0-3.5 A, respectively [18], while the ionic diameter for Co(I1) is 1.48 A and for 
Ni(II) is 1.44 A [31]. Diameters of the Co(II) and Ni(II) ammine cations may be 
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Fig. 3. %(R) of metal extracted into the chloroform phase vs. the equilibrium pH of the aqueous ammonia 
phase for competitive extractions of 0.0050 M Co(II) and 0.0050 M Ni(II) chlorides by 0.010 M crown 
carboxylic acids (ix =- cobalt, �9 = nickel). 

e--stimated using the Co--N (2.00 A) and Co--C1 (2.33 ]k) bond lengths determined 
for the [Co(NH3)6_nCln] (3-n)+ cations [321 and the N- -H (1.10 A) bond length and 
H- -N H bond angle of 106.7 ~ determined for ammonia [33]. Estimated in this 
way, the diameter of the Co(NH3)63§ cation is 5.1 A. Taking into consideration 
the differing ionic diameters for Co(Ill), Co(II) and Ni(II) cations [31], the diameters 
of Co(NH3)62+ and Ni(NH3)~ + cations are estimated to be 5.5 and 5.4 A, respectively. 
Thus, for both the cations themselves and their hexaammino complexes, the Co(II) 
and Ni(II) species are anticipated to have very similar steric dimensions. 

Extraction of Co(II) and Ni(II) from aqueous ammonia solutions into chloroform 
by ligands 1-3 is appreciable only under quite alkaline conditions (pH > 10) for 
which the crown ether carboxylate form would predominate. With an apparent 
extraction complex stoichiometry of M(NH3) 2+. 2(crown carboxylate-), the ionized 
form of the extractant would provide the requisite anions for electroneutrality. 

The presence of Ni(NH3)62+ anamine cations in the organic phase after extraction of 
aqueous ammonia solutions of Ni(II) by chloroform solutions of 1-3 was established 
by the observed infrared absorption maxima at 3330 and 3230 c m  -1 for 1 and 2 
and at 3330 and 3270 cm -1 for 3 [34]. In the cobalt system, absorption maxima 
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were noted at 3280, 3245, and 3158 cm -~ for 1, at 3295, 3198, and 3163 cm -I for 
2 and at 3265 and 3198 cm -1 for 3 which verifies the presence of both Co(NH3) 2+ 
and Co(NH3)63+ cations [34]. Presumably the latter species was formed by facile air 
oxidation of the former in the aqueous ammonia-chloride media [351. 

Structures of several crown ether complexes with transition metal ammine cations 
have been determined by X-ray diffraction [36-40]. In all cases, the crown ether 
second-sphere ligands [40] are hydrogen bonded to ammine tigands in the first coor- 
dination sphere of the transition metal. By analogy with this structural information 
and an apparent stoichiometry of M(NH3)2+.2(crown carboxylate-) in the present 
study, it is proposed that the extraction complex is a sandwich-type complex in 
which the Co(II) or Ni(lI) ammine cation is situated between two crown ether car- 
boxylate anions. Strong hydrogen bonding of the ammine tigands with the cyclic 
polyethers would stabilize the complex. 

In the single ion experiments, crown carboxylic acid 2 provides better extraction of 
Co(If) and Ni(II) from highly alkaline aqueous ammonia solutions than does 1 or 3. 
Examination of CPK space-filling models suggests that three point hydrogen-bonding 
of a coordinated ammine ligand with the polyether ring oxygens of 2 would be more 
favorable than in 1 or 3. 

The observed selectivity for extraction of Co0I) ammine cations in the com- 
petitive experiments indicates that extraction efficiency may depend upon the stereo- 
chemical preference and flexibility of the metal ammine cation. Although Ni(II) ex- 
hibits a strong preference for octahedral coordination, Co(II) readily shifts from 
octahedral to tetrahedral (or intermediate) coordination geometries. Stereochemical 
flexibility within the Co(II) ammine complex could be very helpful in enhancing the 
strength of the hydrogen-bonding interactions of the first-sphere ammine ligands 
with the second-sphere crown ether carboxylate ligands. 
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