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The Solvent Extraction of Alkali Metal Picrates by Benzo-15-crown-5
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Benzo-15-crown-5 (B15C5) extracted alkali metal picrates (MA) into benzene by forming M(B15C5)A or
M(B15C5),A complexes and moreover, in the presence of tributyl phosphate (B), B15C5 extracted rubidium and

caesium picrates by forming M(B15C5)BA complexes.

The extractability sequences of the M(B15C5)A, M-

(B15C5),A, and M(B15C5)BA complexes are Nat >K+>Rb*>Lit>Cst, Kt >Rbt+>Cst, and Rb*>Cs+ respec-
tively. The extraction equilibrium constants for these complexes have been determined at 25 °C, and the synergistic
formation constants of the M(B15C5),A and M(B15C5)BA complexes in the benzene solution have been calculated.
The synergistic effects for the alkali metal ions for the BI5C5 system were compared with those for the 15C5 system.

The solvent extractions of alkali metal ions with
various crown ethers have been widely studied.? In
the previous papers,?® it was reported that 15-crown-5
(15C5) extracted alkali metal picrates (MA) into
benzene by forming M(15C5)A or M(15C5),A com-
plexes and moreover, in the presence of tributyl phos-
phate (B), 15C5 extracted rubidium and caesium
picrates by forming M(15C5)BA complexes.

In this paper, the solvent extraction of alkali metal
picrates has been investigated between benzene and
water at 25 °C in the presence of benzo-15-crown-5
(B15C5) or both B15C5 and B in order to compare
with the case of 15C5. The synergistic formation
constants of the M(BI5C5),A and M(BI5C5)BA
complexes in the benzene solution have been calculated.

Experimental

Materials. B15C5 and analytical-grade B were ob-
tained from Merck Japan Ltd. and Wako-Pure Chemicals,
Ltd. respectively. B15C5 was dissolved in heptane, and
filtered while hot. Then it was recrystallized from heptane
three times and, before use, dried at 40 °C in a vacuum oven.
B was used without further purification. The concentrations
of the alkali metal hydroxides and picric acid solutions were
determined by means of acid and basic titrations respectively.
Analytical-grade benzene was washed twice with distilled
water.

Procedure. All the experiments were carried out at
254-0.2°C. The experimental procedures were the same
as those described in the previous papers.®9

The Distribution Coefficient of BI15C5.
procedures were similar to those in the previous paper.®
average value of the distribution coefficient is 20.
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Results

When an aqueous phase of an alkali metal ion (M+)
and a picrate ion (A~), and a benzene phase of a crown
ether (L) or both B and L are equilibrated, the equilib-
rium constants may be defined by the following

equations:
Kz (ML,A) = [ML,A][H*]/[M*][L]HA], (1)
Ko(MLBA) = [MLBAL[H*]/[M*][LL[Bl.[HA],  (2)
KD,L = [L]o/[L] (3)
Ky, = [ML*])/[M*][L] (4)
K{; = [MLA]/[ML*][A"] (5)

Kex(HA) = [HA]/ [H+][A—]’ (6)
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where the subscript “‘o
of a subscript refers to the aqueous phase.
K.x(MLA) can be written as follows:
Kx(MLA) = KMLK;x/KD,LKex(HA)' (7)
The K.(HA) value was spectrophotometrically deter-
mined to be 247.
When the benzene phase contains only BI15C5, the
distribution ratio of the alkali metal may be represented

by

means organic and the lack
Thus,

D = [ML,A],/[M*]. (8)
In the case of m=1, Eq. 8 becomes
D = K,(MLA)K,(HA)[L],[A-]. 9)
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Fig. I. Plots of log(D/[A-]) vs. log[L], for the MLA

system.

The log (D/[A~]) wus. log [L], plot in Fig. 1 shows a
linear relationship with a slope of 1 in every case,
indicating that B15C5 forms the 1 : 1 complex with the
alkali metal ion. The values of [L], and [A~] in Eq. 9
were calculated by means of Egs. 10 and 11 respectively:

(Lo = (L], — [MLAL)/(1 + Kp ™), (10)
[A7] = ((HA], — [MLA],)/
{1 + (Kua + Ko (HA))[H]}, (11)
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where the subscript “t” denotes the total concentration
and Ky is the association constant of picric acid
(Kua=1.949). In the case of m=2, Eq. 8 becomes

D = Kox(MLyA) K (HA) [LI[A"]. (12)

The log (D/[A-]) vs. log [L], plot in Fig. 2 shows a
straight line with a slope of 2 in each case, indicating
that B15C5 forms the 2 : 1 complex with the alkali
metal ion. The values of [L], and [A-] in Eq. 12 were
calculated from Eqs. 13 and 14 respectively:

(L], = ([L], — 2[ML,A])/(1 + Kp 1), (13)
[A-] = [HA], — [ML,A],. (14)
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Fig.2. Plots of log(D/[A~]) vs. log[L], for the ML,A
system.

When the benzene phase contains both B15C5 and B,
D may be represented by

D = [MLBA],/[M*]. (15)
The substitution of Eqs. 2 and 6 into Eq. 15 gives
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Fig. 3. Plots of log(D/[A-]) vs. log[L], for the MLBA
system.
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Fig. 4. Plots of log(D/[A-]) vs. log[B], for the MLBA
system.
D = K(MLBA)K,(HA)[L],[B],[A]. (16)

The log (D/[A-]) vs. log [L], and log [B], plots are
given in Figs. 3 and 4 respectively. It may be seen from
Figs. 3 and 4 that, in each case, the plots of both Rb
and Cs have a slope of 1. Thus, the Kex(MLBA) in this
work can be described by Eq. 2. The value of [B], in
Eq. 16 was supposed to be approximately equal to that
of [B]; under the present experimental conditions, and
those of [L], and [A-] were calculated from Egs. 17
and 18 respectively:

[L]o = ([L], — [MLBA],)/(1 + Kp %), (17)
[A-] = [HA], — [MLBA],. (18)
The extraction equilibrium constants obtained from

these experiments are listed in Table 1, together with
those from the literature.

TaBLE |. EXTRACTION EQUILIBRIUM CONSTANTS AT 25 °C

15C52 BI15C5

Ky 0.154 20
log K, (MLA) Li+ —1.10 —1.13
Na+  1.51 0.90
K+ 0.19 —0.46
Rbt  —0.25 —0.95
Cs+ —0.49 —1.31
log K., (MLBA) Rbt* 0.56 0.37
. Cs+ 0.19 —0.15
log K, (ML,A) K+ — 1.91
Rb+ 2.15 1.22
Cs+ 1.48 0.41
log (Kyy, Kiy) Li+ 0.49 2.56
Na+* 3.10 4.59
K+ 1.78 3.23
Rb+ 1.34 2.74
Cs+ 1.10 2.38

Discussion

The Kp . value of B15C5, which is more bulky than
15C5, is much larger than that of 15C5.

The logK.,(MLA) series for BI5C5 and 15C5 are
given by Nat>K+>Rb+>Lit>Cst and Nat>K+>
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Fig.5. Plots of log K,,(MLA) uvs. crystal ionic radii, 7,,
of alkali metals for the B15C5 and 15C5 systems.
A:B15C5, O: 15C5.

Rb*>Cs*t>Li* respectively (Table 1). The selectivity
tendency of B15C5 (cavity radius: 0.85—1.1 A") for
the alkali metal ions is not much different from that
of 15C5 and agrees with the size-fit concept (Fig. 5).
A possible explanation for the difference in the sequences
of Li+ and Cst is as follows. The extractability of the
crown ether complex with the univalent metal picrate
depends on the interaction of the univalent metal ion
trapped in the crown ether cavity with water mole-
cules.®) Since, for the alkali metal ion in the cavity,
the interaction of the lithium ion with water molecules
seems to be the strongest of all the alkali metal ions,
the hindrance for the hydration of the B15C5 complex
by the benzo group attached to 15C5 may be much more
effective for the case of Li* compared to Cs*. Thus,
in the case of B15C5, Lit is more extractable than Cs*.
The following data may support the above discussion,
though they have been obtained in the nitrobenzene-
water system. The numbers of water molecules coex-
tracted with the Li*-15C5, Li+-B15C5, Cst—15C5, and
Cs+-B15C5 complexes into the nitrobenzene phase are
2.0, 1.4, 0.2, and 0.4 respectively.? For the lithium
complex, the number of water molecules decreases
remarkably on moving from 15C5 to B15C5, while,
for the caesium complex, it increases only slightly.
Equation 7 shows that Kpy, Kuw, and K are
important factors which determine the magnitude of
K. (MLA) for the same alkali metal ion and different
crown ethers. Although the log (Ku.Kix) sequence
of B15C5 and 15C5 for the same alkali metal ion is
B15C5>15C5, the log K. (MLA) value of B15C5 for
Lit+ is nearly equal to that of 15C5 and that of B15C5
for the other alkali metal ion is smaller than that of
15C5. This is entirely attributed to the much greater
Kp . value of BI5C5 compared to 15C5 (Table 1).
The basicity of the aromatic ether oxygen atom is lower
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than that of the aliphatic one. Since B15C5 has two
aromatic ether oxygen atoms, the B15C5 complex
with the same alkali metal ion may be more unstable
than the 15C5 complex. The B15C5 complex with the
same alkali metal ion may be more extractable than
the 15C5 complex because of its larger size compared
to 15C5. The log (KuuKix) value of B15C5 for the same
alkali metal ion is larger than that of 15C5 (Table 1).
It thus appears that the log (KuKix) sequence of
B15C5 and 15C5 depends completely on the Kiy
sequence. By way of example, in the case of K+, the
log Ky values of B15C5 and 15C5 are 0.381 and
0.74,') and the log Ki, values are 2.85 and 1.04,»
respectively.

For the MLA, MLBA, and ML,A systems, Rb+ is
more extractable than Cst, and, for the B15C5-ML,A
system, K+ is the most extractable (Table 1). In the
cases of the MLA, MLBA, and ML,A systems, the
difference in the extractabilities of Rb+ and Cs+ increases
in going from 15C5 to B15C5.

When MLA undergoes further complex formation
with B and L in the organic phase, the equilibria can be
described as Eqs. 19 and 20 respectively:

MLA, + B, = MLBA,,

Kuipa,o = Kox(MLBA)/K,,(MLA)

= [MLBA],/[MLA],[B],, (19)
MLA, + L, = ML,A,,
KML,A,o= ox(ML,A) /K, (MLA)

= [ML;A],/[MLAJ,[L],, (20)

where Kyrpa,, and Kyp.ao are the formation constants
for the MLBA and the ML,A complexes in a benzene
solution respectively; they are summarized in Table 2.

TaBLE 2. COMPLEX-FORMATION CONSTANTS FOR SYNERGISTIC
REACTIONS IN A BENZENE SOLUTION AT 25 °C

K+ Rb+ Cs*

108 Kyroa0 15C5»  — 0.81  0.68
B15C5 — 1.32 1.16

log Kyp,a,0 15C5% — 2.40 1.97
BI15C5 2.37 2.17 1.72

The log Kup.ao values of B15C5 for K+ and Rb+
are approximately identical with those in the literature1
(K+: 2,65 and Rbt: 1.97 in 70 wt%, CH,OH in H,O,
K+: 2.6 in 80 wt9%, CH;OH in H,0).

It is interesting that, in the benzene solution, both
the B15C5 and 15C5 complexes with CsA accept a B
molecule, while the 2-thenoyltrifluoroacetone complex
with Cs* (Cs(TTA)) accepts two B molecules.'® This
may be largely due to that HTTA is a chelating acid,
while B15C5 and 15C5 are neutral ligands.

As can be seen from Table 2, for every crown ether
system, the smaller the size of the alkali metal jon is,
the larger is the complex-formation constant. For the
MLBA system, this may reflect the higher charge
density of Rb* compared to Cst. For the ML,A system,
this is presumably attributable to both the charge
density of the cation and the accommodation of the
cation into the crown ether cavity.
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Since B15C5 has two aromatic ether oxygen atoms,
the electron density in the B15C5 cavity may be lower
than that in the 15C5 cavity. Thus, the apparent charge
density of the exposed part of the alkali metal ion
trapped in the crown ether cavity seems higher for the
case of B15C5 compared to 15C5. Consequently, this
may be the reason why, in each case of Rb+ and Cs*,
the log Kuppa,0o value of B15C5 is larger than that of
15C5 (Table 2). In each case of Rb* and Cst, the
log Kyr.a,0 value of B15C5 is smaller than that of
15C5. This is probably due to two aromatic ether
oxygen atoms of B15C5.

The fact that the crown ether has much more donor
oxygen atoms than B may be the reason why, for both
B15C5 and 15C5, the log Kuvn.a,0 value of the same
alkali metal ion is larger than the log Kuusa,o value
(Table 2).

References

1) I. M. Kolthoff, Anal. Chem., 51, 1R (1979).

Yasuyuki TAKEDA, Yoshimasa WaApA, and Shizuo FujiwAra

[Vol. 54, No. 12

2) Y. Takeda and H. Gotd, Bull. Chem. Soc. Jpn., 52, 1920
(1979).

3) Y. Takeda, Bull. Chem. Soc. Jpn., 54, 526 (1981).

4) Y. Takeda, Bull. Chem. Soc. Jpn., 53, 2393 (1980).

5) Y. Takeda, Bull. Chem. Soc. Jpn., 52, 2501 (1979).

6) ‘“Dissociation Constants of Organic Acids in Aqueous
Solution,” ed by G. Kortiin, W. Vogel, and K. Andrussov,
Butterworths, London (1961).

7) C.J. Pedersen and H. K. Frensdorff, Angew. Chem. Int.
Ed., 11, 16 (1972).

8) Y. Takeda and F. Takahashi, Bull. Chem. Soc. Jpn., 53,
1167 (1980).

9) T. Iwachido, M. Minami, M. Kimura, A. Sadakane,
M. Kawasaki, and K. Toei, Bull. Chem. Soc. Jpn., 53, 703
(1980).

10) R. M. Izatt, R. E. Terry, D. P. Nelson, Y. Chan, D. J.
Eatough, J. S. Bradshaw, L. D. Hansen, and J. J.
Christensen, J. Am. Chem. Soc., 98, 7626 (1976).

11) R.M. Izatt, R. E. Terry, B. L. Haymore, L. D. Hansen,
N. K. Dalley, A. G. Avondet, and J. J. Christensen, J. Am.
Chem. Soc., 98, 7620 (1976).

12) T.V.Healy, J. Inorg. Nucl. Chem., 30, 1025 (1968).






