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ABSTRACT 
As shown by survey experiments, 14-crown-4 ethers bearing certain aliphatic substituents 

exhibit strong selectivity for lithium. Both selectivity and overall extraction efficiency depend 
markedly on the type of ring substituents and on the diluent properties. To understand such effects 
in greater detail, extraction of LiCl by the crown ether 2,2,3,3,6,9,9,10,1O-nonamethyl- 14-crown-4 
(NM14C4) was subjected to equilibrium analysis. By use of the program SXLSQI (a solvent- 
extraction modeling program), the extraction behavior as determined by ion chromatography has 
been modeled quantitatively in terms of four equilibria in 1-octanol. The following neutral and ionic 
organic-phase species have been considered: LiCl, Li+, Cl-, LiCECl, and LEE+ (CE = crown ether). 
Parallel measurements of the same system by 7Li NMR techniques agree with the ion- 
chromatography results. The NMR experiment affords the advantage of distinguishing between free 
and bound lithium and thus provides a check on the species indicated by the modeling. Extraction of 
LiCl by NM 14C4 correlates with diluent properties, including the Shmidt-Marcus diluent parameter 
and Reichardt's ET parameter; as diluent polarity increases, LiCl extraction increases steeply. 

INTRODUCTION 
The nature of the diluent strongly influences the strength of extraction of metal salts by 

crown ethers. Thus, the role of solvation and its relationship with speciation must be understood to 
establish a foundation for designing improved crown ethers for ion recognition. We have reported 
that certain highly alkylated members of the 14-crown-4 family of crown ethers (Fig. 1)  extract 
lithium salts with high selectivity in liquid-liquid extraction systems (Sachleben, et al., 1993). A 
striking dependence of the extraction efficiency and selectivity on the nature of the aliphatic 
substituents has led us to examine in more detail the role of solvation and speciation in these 
systems. 2,2,3,3,6,9,9,10,1O-Nonamethyl- 14-crown-4 ether (NM 14C4) was selected as a 
representative 14-crown-4 ether for in-depth investigation. 

EXPERIMENTAL SECTION 
In all extraction experiments, equal volumes of aqueous and organic phases were placed in 

vials, which were subsequently mounted on a vertical disk and rotated at ca. 40 rpm for at least two 
hours at 25 2 1 OC. Good phase separation was ensured by centrifugation at 3000 rpm for 5 minutes. 
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nonamethyl- 14-crown-4 methyl- tetracyclopentano- 14-crown-4 methyl-didecalino- 14-crown-4 
(NM14C4) (MTcP 14C4) (MDD14C4) 

bis(t-octy1benzo)- 14-crown-4 dicyclohexano- 14-crown-4 
(BOB 14C4) (DCH14C4) 

csc (cis,syn,cis) 
cac (cis,anti,cis) 

Figure 1. Structures and abbreviations of substituted 14-crown-4 ethers. 

Aliquots of the organic phase were then stripped by a 10-fold excess of deionized water and 
analyzed by ion chromatography. The small volume changes caused by water solubilization in 
1-octanol were taken into account in data manipulation; volume changes in the other diluents were 
neglected. 

The concentration of lithium in the organic phase employing 1-octanol as the diluent was 
also determined by 7Li NMR. The NMR spectra were obtained on a Bruker MSL-400 NMR 
spectrometer operating at 155.503 MHz. Due to the slow exchange rate of free and complexed 
lithium species, two corresponding lithium peaks were observed. Concentrations were determined 
from integrated peak areas relative to an external standard; relaxation delays were in excess of 5T1  in 
all cases. 

The extraction data from ion-chromatography analyses were fitted with the solvent-extraction 
modeling program SXLSQI, which is a version of SXLSQA (Baes and Moyer, 1988; Baes, et al., 
1990) capable of handling ionic species in the organic phase. SXLSQI calculates ionic activity 
coefficients using either an extended form of the Debye-Huckel equation for the organic phase or the 
Pitzer equations for the aqueous phase; the activity coefficients of neutral species are calculated by 
the Hildebrand-Scott treatment, though they are close to unity here because of the low organic-phase 
solute concentrations. 

RESULTS AND DISCUSSION 
Although metal salts exist predominantly as ion pairs in low-polarity organic solvents, ion- 

pair dissociation becomes increasingly important as the dielectric constant increases. Taking the salt 
extraction by the diluent alone into account, the applicable system of equilibria for the extraction of 
LiCl by crown ether (CE) can be expressed as eqs. 1-4: 



TABLE 1 
Simultaneous extraction of alkali metal chlorides or nitrates with various 14-crown-4 ethers in 
1-octanol at 1:l volume ratio. [CE] = 20 mM, [Li+] = [Na'] = [K+] = [Rb+] = [Cs+] = 0.4 M; 
25 OC. * 

lo@ Li loading 
Crown Ethers Anions Li+ Na+ K+ Rb+ a+ % 

none cl- -2.5 1 -3.07 -3.25 -3.18 -3.1 1 
NO3- -2.35 -2.92 -3.14 -3.14 -3.04 

BOB14C4 cl- -2.38 -2.99 -3.16 -3.12 -3.07 1.7 
NO3- -2.19 -2.82 -3.07 -3.07 -3.02 3 .O 

cacDCH14C4 a- -2.46 -3.06 -3.25 -3.22 -3.13 0.6 
N03- -2.28 -2.95 -3.18 -3.16 -3.08 1.5 

cscDCH14C4 cl- -1.79 -2.95 -3.22 -3.18 -3.1 1 21 
NO3- - 1.57 -2.74 -3.15 -3.13 -3.06 37 

MDD14C4 cl- -1.25 -2.78 -3.22 -3.16 -3.08 87 
NO3- -1.21 -2.67 -3.15 -3.11 -3.04 93 

MTCP14C4 cl- -2.42 -3 .O 1 -3.26 -3.20 -3.12 1 .o 
NO3- -2.3 1 -2.92 -3.16 -3.15 -3.08 0.9 

NM14C4 cl- - 1.53 -2.91 -3.20 -3.12 -3.05 44 
NOS- -1.40 -2.73 -3.10 -3.06 -3.01 59 

* D = [Li]org/&i]aq, where [Lilorg and [Lilaq are respectively the analytical lithium 
concentrations in the organic and aqueous phases at equilibrium. Loading = 100% x ([Lilorg - 
bi]fl)/[CE] total; where [Li]dil is the concentration of Li extracted by 1-octanol alone. Since 
b i ]  a depends slightly on [Lilor (see below), the loading expression only approximately 
represents the degree of saturation o P the crown ether. 

L- Li+ + C1- - LiCl 

L~++cI- - Li+ + CI- 
- -  

a 

(3) 
(4) 

L Li+ + C1- + @ - LiCECl Kex 

Li+ + C1- + - LEE+ + C1- Kexk 
- -  

A 

Overbars indicate species in the organic phase. 
14-Crown-4 ethers are generally good lithium extractants, but their efficiency and selectivity 

can be greatly modified by varying the ring substituents. As shown by Table 1, substituted 
14-crown-4 ethers in 1 -octanol extract lithium selectively from an aqueous solution containing 
sodium and other alkali metals. Among the six 14-crown-4 ethers investigated, MDD14C4 and 
NM14C4 have the highest lithium extraction efficiency and selectivity. Isomers MDD14C4 and 
MTcP14C4 differ markedly in lithium extraction ability, as do the isomers cacDCH14C4 and 
cscDCH14C4. The tested crown ethers in general extract sodium and the other alkali metal ions 
weakly, with little increase over the background extraction by 1-octanol alone. In all cases, the 
observed order is Li+ > Na+ > K+, Rb+, Cs+. Further, nitrate promotes extraction better than 
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initial [NM14C4], M initial Aqueous-Phase [LiCI], M 

Figure 2. The dependence of organic-phase lithium concentration on crown-ether concentrations at 
0.4 M LiCl (A) and on aqueous LiCl concentration at 0.02 M crown ether (B) for LiCl extraction 
with nonamethyl- 14-crown-4 into 1-octanol. Symbols represent data as obtained by ion- 
chromatographic analysis. Solid lines were calculated from the model (eqs. 1-4), where 10gKdil = 
-2.70 & O.W,lOgKdiE = -6.75 k 0.05,lOgKex = 0.25 k O,O2,lOg&d = -3.71 k 0.06. 
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Figure 3. NMR-measured free and complexed lithium concentrations (symbols) compared with the 
SXLSQI model; the logK values used in the model were those determined from the ion- 
chromatography data (Fig. 2). (A): [LiCl] = 0.4 M; (B): [NM14C4] = 0.03 M. 



chloride, which follows from nitrate’s larger size and lower Gibbs energy of transfer from water to 
various diluents (Marcus, 1988). 

To understand the underlying extraction equilibria more clearly, we have conducted a series 
of LiCl extraction studies involving NM14C4 in 1-octanol (analysis by ion chromatography). In this 
case, the usual treatment of ion-pair extraction according to eq. 3 did not yield satisfactory results, 
and nonideality could not explain the systematic deviations. Consideration of ion-pair dissociation 
(eq. 4), however, greatly improved the fitting. Since 1-octanol is known to extract metal salts by 
itself (Westall, et al., 1990), eqs. 1 and 2 were also taken into account. Refinement of logK values 
corresponding to the four equilibra by SXLSQI gave excellent agreement between the calculated and 
experimental results (Fig. 2). Speciation calculations based on the obtained equilibrium constants 
show that dissociated ions can be the dominant species in 1-octanol (and similar polar diluents) at 
low organic-phase electrolyte concentrations. 

Direct 7Li NMR measurements were carried out to test the speciation model given by eqs. 1- 
4 in the extraction of LiCl by NM14C4 in 1-octanol. The 7Li NMR experiments show clearly the 
presence of free and complexed lithium species in 1-octanol, although NMR in this case does not 
distinguish ions from ion pairs. As shown in Fig. 3, the organic-phase concentrations of free lithium 

([ Li+ ] + [LiCl] ) and complexed lithium ([ LiCE’] + [LiCECl] ) determined by NMR are well 
represented by the SXLSQI model based solely on the ion-chromatography data. It may also be 
noted that the NMR results (Fig. 3A) indicate a slight downward trend in the free lithium 
concentration as a function of the crown-ether concentration. This effective suppression of the 
extraction of free lithium by the 1-octanol diluent arises in the model as a consequence of the 
common-ion effect (eqs. 2 and 4); that is, the increasing extraction of LiCl by NM14C4 increases the 
concentration of dissociated C1- anions in the organic phase, thereby driving eq. 2 to the left. 

The extraction of LiCl by NM14C4 increases steeply as the polarity of the diluent increases. 
Diluent polarity may be represented by the Shmidt-Marcus diluent parameter @P) (Shmidt, 1978; 
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Figure 4. The dependence of LiCl distribution ratios on the Shmidt-Marcus diluent parameter (DP) 
(A) and Reichardt ET value (B). Key: DCE = 1,2-dichloroethane, DCB = 1 ,Z-dichlorobenzene, NB 
= nitrobenzene, Oct = 1-octanol, CF = chloroform. 
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Marcus, 1989) or Reichardt’s ET value (Dimroth, et al., 1963; Reichardt, 1990). Distribution ratios 
(D) for LiCl extraction by NM14C4 into six different diluents are shown in Fig. 4, as a function of 
either DP or ET. Only for 1-octanol is extraction by the diluent important (eqs. 1 and 2). It may be 
expected that little or no ion-pair dissociation occurs in 1,2-xylene or chloroform, but ion-pair 
dissociation is important for nitrobenzene and, to a lesser extent, for 1,2-dichloroethane. It may be 
seen that the extraction strength as given by lo@ increases with either of the indices of diluent 
polarity. Dielectric constant gives a poor correlation, whereas lo@ correlates nearly linearly with 
DP or ET. 

CONCLUSIONS 
Compared with other crown ethers, some members of the 14-crown-4 ether family extract 

lithium salts efficiently and selectively. The extraction strength depends upon the type of ring 
substitution and diluent properties. Modeling of LiCl extraction data for the case of NM14C4 
supports extraction via eqs. 1-4. In polar diluents, dissociation of ion pairs must be considered as 
well as the extraction by the diluents alone. NMR experiments support the speciation model and 
directly prove the existence of free and complexed lithium species in 1-octanol. Extraction data 
correlate well with established diluent parameters. 
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