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Abstract

The overall extraction constants (K,,) of Na*, K+, Ag*, Sr?*, Ba?+, and Pb2+ as picrate salts
with 15,15-dimethyl-16-crown-5 (DM16C5) have been determined between benzene and water at 25
°C. The K., values have been analyzed into the constituent equilibrium constants such as the
distribution constant of the crown ether, the formation constant of the metal ion—crown ether complex
in water, and the ion-pair extraction constant of the complex cation with the picrate anion. The
substituent effects are discussed by comparing the equilibrium constants of DM16CS with those of
16-crown-5 (16C5) and 15-(2,5-dioxahexyl)-15-methyl-16-crown-5 (L16C5). The K., value for
each metal ion is lower for DM16C5 than for 16C5 and L16C5; this is attributed to the higher
lipophilicity and the lower complexing ability in water of DM16C5. The K., value of DM16C5
decreases in the orders Ag* > Na* > K+ and Pb2+ > Ba?*+ > Sr2+ for the uni- and bivalent metal ions,
‘respectively; the extraction selectivity is governed by the selectivity of the ion-pair extraction rather
than by that of the complex-ion formation in water. The K., orders of DM16C5 are the same as those
observed for 16C5 and L16C5, but DM16C5 generally shows the highest extraction selectivity for

these metal ions.

Keywords: Solvent extraction; Equilibrium constants; Extraction selectivity; Metal picrates;

16-Crown-5 derivatives; Substituent effects




1. Introduction

A number of 16-crown-5 derivatives possessing a variety of substituents have been
synthesized, and their cation-binding abilities have been evaluated by solvent extraction [1-3]. We
previously made a quantitative study of the extraction equilibria between benzene and water of several
uni- and bivalent metal picrates with 16-crown-5 (16C5, Fig. 1) [4] and a 16CS5 lariat, 15-(2,5-
dioxahexyl)-15-methyl-16-crown-5 (L16C5, Fi g. 1) [5], with a view to understanding the substituent
effects from the standpoint of equilibrium. Despite the introduction of a cation-binding side arm, a
decrease in the overall extraction constant from 16C5 to L16C5 was observed for any of the metal
picrates; this was mostly explained in terms of the hi gher lipophilicity of L16C5 compared with
16C5. For further elucidation of this lariat effect, it is needed to evaluate the effect of the methyl
group at the 15-position.

The present work deals with the extraction equilibria between benzene and water of the uni- and
bivalent metal picrates with 15,15-dimethyl-16-crown-5 (DM16CS5, Fig. 1). The overall extraction
constants have been determined and analyzed into the constituent equilibrium constants. Each of the
equilibrium constants is compared with that of 16C5 or L16C5, and the substituent effects are

discussed.

Fi. 1
2. Experimental

2.1. Materials

DM16C5 was prepared by the method reported previously [1]. Analytical-grade benzene was

washed three times with deionized water. Analytical-grade picric acid, NaOH, KOH, AgNOQOs;,
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Sr(NO3),, Ba(OH),-8H,0, and Pb(NO3), were used without further purification; the concentrations
of the metal hydroxides and picric acid in stock solutions were determined by acid-base titrations.

Water was distilled and further purified with a Milli-Q Labo system (Millipore).
2.2. Extraction of metal picrates with DM16C5

Equal volumes (12 cm3 each) of a benzene solution of 9.7x10-5—6.1x10-2 mol dm-3 DM16C5
and an aqueous solution containing (3.2—8.0)x10-3 mol dm-3 picric acid and 3.9x10-3—5.6x10-2
mol dm—3 metal hydroxide or nitrate were placed in a stoppered glass tube, shaken for 2 h at 25+0.2
°C, and centrifuged. The shaking period was confirmed to be sufficient to attain equilibrium. The
equilibrium pH of the aqueous phase measured with a glass electrode was more than 12 for Na+ and
K+, 8.3—09.3 for Ba?* (adjusted with nitric acid), and 2.4—2.6 for Ag*, Sr2+, and Pb2+. For the
extraction of Na*, K+, and Ba?+, a portion (5 cm3) of the benzene phase was transferred into a beaker
and evaporated to dryness; the residue was dissolved in a 0.01 mol dm-3 NaOH aqueous solution (5
cm3); the picrate concentration was determined with a UV-spectrophotometer (A, = 356 nm, ¢ =
1.45x10% dm? mol-! cm™!). For Ag*, Sr2+, and Pb?+, the metals in the benzene phase were back-
extracted into a 0.1 mol dm-3 nitric acid aqueous solution; the metal concentrations were determined
with an atomic absorption spectrophotometer (Hitachi Z-6100). Scarcely any metal picrate was

extracted into benzene in the absence of DM16C5.
2.3. Distribution constant of DM16C5

Equal volumes (12 cm3 each) of benzene and an aqueous solution of 1.4x(104—10-3) mol

dm-3 DM16CS5 in a stoppered glass tube were shaken for 2 h at 25+0.2 °C and centrifuged. The




concentration of DM16CS5 in the aqueous phase was determined by the following method: a portion
(10 cm?3) of the aqueous phase was transferred into another tube where dichloromethane (DCM) and
an aqueous solution saturated with sodium picrate (10 cm3 each) were placed, and the tube was
shaken to completely extract DM16C5 as a DM16C5-sodium picrate 1:1:1 complex into DCM; a
portion (4 cm3) of the DCM phase was transferred into a beaker and evaporated to dryness; the
residﬁe was dissolved in a 0.01 mol dm-3 NaOH aqueous solution (4 cm3), and the picrate
concentration was determined spectrophotometrically. The concentration of DM16C5 in the benzene
phase was calculated by subtracting the concentration in the aqueous phase from the initial
concentration. The distribution constant obtained as the average of 14 measurements is shown in

Table 1.

3. Results

When a neutral 1:1:m complex of a metal ion (M™+), a crown ether (L), and a picrate ion (A-) is

extracted into benzene, the overall extraction equilibrium can be defined as

Mo+ 4 Lo+ m HA, © MLA,, , + m H*;

o LA,
< [M"'][L], [HA]"’

(D

where K, is the overall extraction constant; the subscript 'o’ and the lack of the subscript denote the
species in the organic and aqueous phases, respectively. In this study, we considered that the overall

extraction equilibrium consists of the following equilibria:




(L],

L 2L, KD,L= [L] ° @
- m+
Mm+ 41, : MI_]"'F; KW:%’ (3)
— [MLAIII ]0
ML 4+ m A~ Z MLA,0; Kex,ip=W’ @
H*+A-ZHA; K =‘.““[‘”Hé]‘—’ )
HAT]
_ [HA],
HA Z HA,; KD,HA= [HA] ° ©

where Kp, |, Ky, Keyips Kia» and Kp py are the distribution constant of the crown ether, the
formation constant of a metal ion—crown ether 1:1 complex in water, the ion-pair extraction constant
of the complex cation with the picrate anion, the association constant of picric acid in water, and the
distribution constant of picric acid, respectively. Thus, K., can be expressed as

K, K ' o

ML""ex,ip

Ke X = m
KD,L(KH A KD,H A)

Because of the low dielectric constant of benzene, the dissociation of MLA,, and HA in the
organic phase is negligible. Neglecting the association of M+ and ML+ with A- in the aqueous

phase, the following equations are derived from the mass balance equations:




[M"'+]=([M]|—[MA,7;]O)/(I+KMLKDVL_I[L]°), (8)

[L],=(IL],~ IMLA, 1) /(1 + K, + Ky, K 7' IM™), 9)

n

[A7]=(HA],-m[MLA ] ) /{1+ (KK, + Ky DHD}, (10)

where the subscript 't' denotes the total concentration. The K, values of the DM16C5 complexes
determined by conductometry at 25 °C [6] are shown in Table 1. The values of K5 and K AKpya at
25 °C are 1.95 [7] and 247 [8], respectively. The concentrations, [M7+], [L],, and [A-], were
calculated from Egs. (8)—(10) and employed to obtain the K., values from the equation K, =
MLA,, ]o/IM7+][L]o[A-1"(KyaKp a)”. The Kex’ip value was calculated from Eq. (7) by using the
other known constants. The equilibrium constants obtained for DM16C5 are summarized in Table 1,
together with those for 16C5 [4, 9] and L16CS5 [5, 10].

The distribution ratio (D,,) of the metal is expressed as

A,
M [Mm+]+[MLm+]

_ Kex (KHAKD,HA)'" l]"]o [A_ ] i

-1 (11)
1+K5 K\, [L]
Equation (11) can be transformed into
log{D,,(1 +KI;'LKML[L]°)/[A”]’"}z]og K,  (Ky\Kpy,)" +log(L],. (12)




Plots of log{Dy (1 + Kp ' Kvi [L1Y[A-]"} vs. log [L), are shown in Fi g. 2. Each plot gives a
straight line (correlation coefficient: 0.997 — 1 .000) with a slope of unity (1.00—1.02), as expected

from Eq. (12); this verifies the validity of the analysis.

F;Z.z

Table 1

4. Discussion

The K., value of DM16CS5 decreases in the orders A g* > Na* > K+ for the univalent metal ions
and Pb2+ > Ba2* > Sr2+ for the bivalent ones, which are the same as those observed for 16C5 and
L16CS5; thus the extraction-selectivity orders are not altered by the substituents. The following

sequences are observed for the Ky, and K. . values of DM16C5: Ag* > Na* > K* and Sr2+ > Ba2+ >

ex,ip

Pb2* for K, ; Ag* > Na* > K+ and Pb2+ > Ba2+ > Sr2+ for Keyip- The K.\, K\, and K,

exjp S€Quences

xip"
for the univalent metal ions are identical; however, the difference in log K., between the metal ions is
generally more dependent on the difference in log K., ;,, than that in log Ky, . For the bivalent metal
ions, the sequence of K, is the same as that of K xip but the reverse of that of Ky, . The above results
indicate that the extraction selectivity of DM16C5 for the uni- and bivalent metal ions is governed by
the selectivity of the ion-pair extraction of the metal ion—-DM16C5 complex with the picrate ion rather
than by that of the complex-ion formation in water. The same is true for 16C5 [4] and L16C5 [5].
The log{K,,(DM16C5)/K,,(16C5)} and log{K,(L16C5)/K, (DM16C5)} values for each metal
ion are shown in Table 2. The K., value is always decreased from 16C5 to DM16C5
(log{K,,(DM16C5)/K,,(16C5)} < 0) and unchanged or increased from DM16C5 to L16C5
(log{X.,(L16C5)/K, (DM16C5)} = 0). The absolute values of both log{X.,(DM16C5)/K,,(16C5)}

and log{K,,(L16C5)/K,,(DM16C5)} decrease in the orders K+ > Na* ~ Ag* and Sr2+ > Ba2+ > Pb2+,
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This indicates that the negative effect of the methyl groups of DM16CS5 and the positive one of the
ether side arm (CHsOCH,CH,0-) of L16C5 on log K., are generally greater for the metal ion which
is less extractable. Consequently, for any couple of the uni- or bivalent metal ions, M+ and My"*,
the absolute value of log {K,,(M;")/K,, (M;m+)} is larger for DM16CS5 than for 16C5 and L16C5,
except for the case of Agt/Na+. It can be concluded that, among the three crown ethers, DM16CS5 has
the lowest extraction ability but the highest extraction selectivity for these metal ions. This trend is
more pronounced for the bivalent metal ions than for the univalent ones.

For a given metal ion, the difference in log K., between two crown ethers, L and L,, is

expressed as follows:

K., L) Ky () Konip(hy) Ky, (L))
log =log +log——= ~log———.
Kex(Lz) KML(L2) ‘Ke x,ip (L2) KD,L(L2)

(13)

The values of log{Kx(DM16C5)/Ky(16C5)} and log{Kyx(L16C5)/Kyx(DM16C5)} (Kx = Ky, Key ips
and Kp, ;) are listed in Table 2. Irrespective of the metal ion, the two methyl groups of DM16C5
decrease Ky (log{Ky; (DM16CS5)/Ky,; (16C5)} < 0) and increase K., ;,

(log{K,:,(jp(DM16C5)/Ke (16C5)} > 0). The K, value is larger for DM16C5 than for 16C5, being

X,
due to the higher lipophilicity of the methyl group than the hydrogen atom. It can therefore be seen
from Eq. (13) that the reduced extractability of all the metal ions from 16C5 to DM16CS results from
the reduced stability of the metal ion—crown ether complex in water and the enhanced lipophilicity of
the free crown ether; the contribution of the latter is always greater than that of the former. In contrast
to the methyl groups, the ether side arm of L16C5 generally increases Ky,

(og{Kyy (L16C5)/Kyy (DM16CS)} = 0) and decreases Koy ;, 108{ Koy ip(L16C5)/ K, ; (DM16C5)} =

0). The Kp, value is smaller for L16C5 than for DM16CS, which is due to hydrogen bonding of

Table 2




water to the oxygen atoms in the side arm. The enhanced extractability of K+, Sr2+ and Ba2* from
DM16C5 to L16CS5 is ascribed to the enhanced stability of the complex ion in water and the reduced
lipophilicity of the free crown ether; the contribution of the former is comparable to (K+) or greater

than (Sr2*+ and Ba?+) that of the latter. In the cases of Na*, Ag*, and Pb?*, the contributions of

log{ Ky, (L16C5)/ Ky, (DM16C5)}, log{ K, . (L16C5)/K,, ; (DM16C5)}, and

X,ip X,ip

log{Kp; (L16C5)/Ky,  (DM16CS5)}. cancel one another, leading to the nearly equal log K., values for
DM16C5 and L16C5. The substituent effects on the ion-pair extraction are always opposite to those

on the overall extraction.

The K,

ex,ip Yalue is expressed as a product of the ion-pair formation constant in water (Kyy o =

[MLA,,}/[IML7+][A-]™) and the distribution constant of the ion pair (Kp 4 = [MLA,]o/[MLA,,.]).

The difference in log K., ;, between two crown ethers, L1 and L2, can be written as

X,ip

Ke x,ip(Ll ) KMLA (Ll ) KD.MLA (Ll)
e (L)=10g1{ (L)+logK )
ex,ip\ 2 MLA \™2 D,MLA \'™2

log (14)

Recently, the Ky » and Ky, o Values have been determined for the extraction system of sodium and
potassium picrates with 16C5 and L16C5 into various organic solvents [11,12]; the K, , value is
much smaller for L16C5 than for 16C5, but the reverse is true for the Ky ) o value, resulting in an

increase in the K., ;. value from 16C5 to L16C5. The higher lipophilicity of the MLA complexes for

X,ip

L16C5 than for 16C5 is consistent with the relative lipophilicity of the free crown ethers. For the

DM16C5 systems, the Ky, 4 and K,y 4 Values have not been determined; however, from the fact

that the K

ex,ip

value is always greater for DM16CS5 than for 16CS5 and L16CS5 as is the Kp; value, it

appears that the greater X, ;. value for DM16CS5 largely depends on the higher Ky, 4 value for

X,ip

DM16CS5 caused by the two methy!l groups.
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According to Eq. (13), the difference in log{K,(L, VK x(L,)} between the metal ions is equal to
the sum of the differences in log{ Ky (L1 )/ Ky (Ly)} and ]og{Kex,ip(L,)/KCXJP(LZ)}. The following
discussion is based on the values when (L, L) = (DM16C5, 16C5) and (L16C5, DM16C5) (Table
2). The differences in log{KML(L,)/KML(LQ)} and log{Kex’iP(L,)/Kex,ip(Lg)} between the univalent
metal ions are zero or nearly zero, resulting in the very small variation of the log{Kex(Ll)/Kex(I_q)}
value with the metal ion. For Sr2+ and Ba?+, the absolute values of IOg{Kex,;p(Ll)/Kex,i,,(Lz)} are
obviously larger for the latter lon, whereas the log{ Ky (L1)/ Ky (Ly)} values vary only slightly with
the metal ion. Therefore, the differences in log{K.,(L)/K,,(L,)} between Sr2+ and Ba?* are almost

equal to those in log{X, (L,)/Kex,ip(Lz)}. This indicates that the substituent effects on the ion-pair

X,ip
extraction are responsible for the much greater extraction selectivity of DM16C5 for Ba2+ over Sr2+

compared with 16C5 and L16CS5.

This research was supported in part by a Grant-in-Aid for Scientific Research (No. 11740407)

from the Ministry of Education, Science, Sports and Culture.
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Figure captions:

Fig. 1 Structures of 16C5, DM16C5, and L16CS5.

Fig. 2. Plots of log{Dn (1 + KD‘L-IKMLIALJO)/[AT"} vs. log [L], for extraction of uni- (m = 1) and

bivalent (m = 2) metal picrates with DM16CS into benzene.




