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Overall extraction equilibrium constants (K.x) of various metal picrates (MAm) with benzo-18-crown-6
(B18C6) and distribution constant (Kp,L) of B18C6 were determined at 25 °C between water and chloroform. The
K values were analyzed by constituent equilibria, e.g., Kp, formation constant in water and ion-pair
extraction constant (Kexp) with a picrate anion of the B18C6-metal ion complex. K. orders for univalent and

bivalent metal ions are TI*>KY>Rb*>Ag*>Cs*>Na* and Pb2*>>Sr2+>Ca?*, respectively.

Extraction

selectivities of B18C6 for the alkali and alkaline earth metal ions are consistent with the size-fit concept; namely,
the more closely a cation fits into a crown ether cavity, the more extractable the complex is. For a given
B18C6-M™* system, Kejp value is much larger than values of the other constituent equilibria. Thus, the
magnitude of K.x value is determined largely by that of Kep value. Kexip value of B18C6 for univalent and
bivalent metal ions increases in the order Nat<Ag+<Cs*<K+<Rb*<TIl* and Sr?*<Ca?*<Pb?*, respectively.
Factors governing the magnitude of the K., value were discussed in detail.

Overall extraction equilibrium constant of a crown
ether with a metal picrate consists of several constituent
equilibria. In a series of our solvent-extraction studies
regarding crown ethers,? the overall extraction equi-
librium constants of metal picrates with crown ethers
and some constituent equilibria have been measured,
and the overall extraction equilibrium constants have
been analyzed by the constituent equilibria in order to
clarify factors governing selectivities and extractabili-
ties of crown ethers for metal ions, and, moreover,
obtain information on solute-solvent interactions of
the crown ether complexes.

In this study, the overall extraction equilibrium
constants of various metal picrates with benzo-18-
crown-6 (B18C6) between water and chloroform were
determined at 25 °C and analyzed by constituent equi-
libria. The role of B18C6 in the metal ion-extraction
process was discussed.

Experimental

Materials. Benzo-18-crown-6 was prepared according to
Pedersen.? The product was recrystallized four times from
heptane and, prior to use, dried at 40 °Cin a vacuum oven. Its
purity was checked by melting point, elemental analysis, and
NMR. Chloroform, picric acid, NaOH, KOH, AgNOs,
TINOs, Ca(NOs)z, Sr(NOs)z2, and Pb(NOQOg)2: were analytical
grade reagents. Rubidium and caesium hydroxides were
reagent-grade. Chloroform was washed three times with
distilled water. The other reagents were used without further
purification.

The experimental procedures were almost the same as those
described in previous papers.3:4 Extractions were conducted
at 25+0.2°C. Concentrations of B18C6, metal salts, and
picric acid were 1X10-5—7X10-3 M (1 M=1 mol dm-3), 1X
10-3—5X10—2 M, and (1—>5)X10-3 M, respectively. For hydrox-
ide and nitrate systems, the extractions were performed at
pH 11.2—12.1 and pH 2.4—3.1, respectively. For the Ba
system, turbidity was always found in the interface between
chloroform and water under all experimental conditions.

The Distribution Coefficient of B18C6. A 10 ml portion
of a chloroform solution of B18C6 and an equal volume of
distilled water were placed in a stoppered glass tube (volume
30 ml) and shaken in a thermostated water bath for 2h at
2510.2 °C. The concentration range of B18C6 was from 0.1 M
t0 0.2 M. After centrifugation, the B18C6 concentration of the
aqueous phase was spectrophotometrically determined at
273 nm (¢=2.495X10% cm~1 M-1). The distribution coefficient
value of B18C6 is 371+4, which is the average of twenty
measurements.

Results

In an equilibrium between a chloroform solution of a
crown ether (L) and an aqueous solution of a metal ion
(Mm+) and a picrate ion (A-), the equilibrium constants
are defined as

Kex = [MLAR)[H*+P"/[M™+][L].[HA]™, 1)
KoL = [L}/[L], 2)
K(HA) = [HAJ/[H+][A], (3)
Kwmu = [ML™+)/[M™+][L], “4)
Kex,ip = [MLAm]o/[ML™][A-}, 4

where the subscript “o0” and the lack of subscript denote
the organic and the aqueous phase, respectively. The
overall extraction equilibrium constant (K.x) can be
written as '

Kex = KmiKex,ipKp, L~ Kex(HA)™. (6)
The distribution ratio of the metal is represented by

D = [MLAR}o/([M™+] + [MLm+]). (N
In the case of [Mm+]>>[MLm+], Eq. 7 is transformed into

D = K:Kx(HAY"[L]J[A-]". (8)

For the univalent metal ion system, log (D/[A-]) vs.
log [L]o plot in Fig. 1 shows a straight line with a slope
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of 1 in every case. This indicates that B18C6 forms a
1:1 complex with the univalent metal ion. For the
bivalent metal ion system, log (D/[A-]?) vs. log[L].
plot in Fig. 2 always shows a line with a slope of 1.
This indicates that B18C6 forms a 1:1 complex with
the bivalent metal ion.

From the mass balances, [L],, [M™+], and [HA], are
given by

[L] = ([L}k — [MLAnk)/(a + B(M™]), 9)

[M™*] = ([M]: — [MLAm]o)/(1 + B[L].), (10)

[HA). = ((HA) — m[MLA])/{1 + ((H*]?

+ Kua)Kax(HA)™Y}, (1)
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Fig. 1. Plots of log (D/[A-]) vs. log [L], for B18C6-

univalent metal picrate systems at 25°C.
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where the subscript “t” denotes the total concentra-
tion, «=1+Kp,.-1, and B=KwmLKp,L.-!. The K value
was determined by using the [L], value of Eq. 9, the
[Mm+] value of Eq. 10, and the [HA], value of Eq. 11.
The value of K(HA) was spectrophotometrically
determined as 87.1+0.4 using the association constant
(Kua=1.95 at 25 °CP) of picric acid in water, Kua=[HA})/
[H+][A-]. Equilibrium constants are summarized in
Table 1.
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Fig. 2. Plots of log (D/[A~]) vs. log [L], for B18C6-
bivalent metal picrate systems at 25°C.

Table 1. Summary of Equilibrium Constants at 25°C
Crown ether log KpL Cation Ionic radius (A)” log Kex log KmL log Kex,ip
B18C6 2.56910.005 Nat 1.02 1.081+0.02 1.389 4.21
K+ 1.38 3.1710.02 1.7449 5.94
Rbt 1.49 2.671+0.01 1.159 6.03
Cs* 1.70 1.9010.02 0.889 5.53
Agt 1.15 2.4610.02 1.839 5.14
TI+ 1.50 3.2910.05 1.689 6.12
Ca?t 1.00 1.161+0.03 0.487 7.13
Sr2+ 1.13 2.74+0.03 2.419 6.78
Pb2+ 1.19 5.3010.01 3.199 8.56
18C6 0.78¢2 Na+ 1.539 0.8010 3.46
K+ 4.139 2.0310,1) 4.83
Rb+ 3.719 1.5610 4.88
Cs* 2.689 0.9910 4.42
Sr2+ 5.559 2.7210 7.50
DBI18C6 3.912 Nat 0.1¢!® 1.161® 4.84
K+ 2.6¢13 1.6719 6.83
Rbt 2.2619 1.051® 7.02
Cst 1.241® 0.8310 6.27
Agt 1.3¢12 1.4,10 5.7
T+ 2.7 1.501® 7.10
Sr2+ 1.0219 1.001® 7.8
Pb2+ 2.7518 1.8519 8.62

a) R. D. Shannon and C. T. Prewitt, Acta Crystallogr., Sect. B, 25, 925 (1969).
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Discussion

The contribution of an ether oxygen atom to log Kp,L
(II,) and that of a methylene group to extraction
constants of ion pairs (I1cy,) at 25 °C for the CHCls/
water system are —0.799 and 0.47,1” respectively. The
contribution of a benzo group to log Kp, 1 (/Ic,n,) can be
calculated to be 2.61 from the log Kp,. value of B18C6
by using the values of 17, and Icy, (e =2.57—{0.47X
10+(—0.79X6)}). Values of IIcp, are 2.59 for benzo-15-
crown-5 (B15C5) and 2.44 for dibenzo-18-crown-6
(DB18C6).® They are nearly equal. The Iy, value is
2.54 on the average. From these empirical parameters,
the log Kp,L value of B18C6 at 25 °C between CHCl3
and H20 can be estimated to be 2.5¢. This is consistent
with the experimental log Kp,. value of B18C6 (2.569+
0.005). The same is true for the cases of B15C5
(2.35(calcd), 2.4(exptl)1®) and DB18C6 (4.1o(calcd), 3.9
(exptl)1®),

From Table 1, the order of log K.x of B18C6 for the
univalent metal ions is TI+>K+>Rb+>Ag+>Cs+>Na+.
The extraction selectivity of B18C6 for the alkali metal
ions is in accord with the size-fit concept; namely, the
more closely a cation fits into a crown ether cavity, the
more extractable the crown ether-cation complex is
(cavity radius of 18-crown-6 (18C6)=1.38 A (CPK mod-
e)19). Although log Kmw values of Ag+ and T1+ are the
largest and the third greatest of all the univalent metal
ions, B18C6 shows the third lowest and the highest
extractability for Ag+t and TI+, respectively; this is
attributed completely to the second smallest and the
largest log Kex,ip values of Agt+ and TI+, respectively.
log Kx value sequences of B18C6 for the alkali metal
ions are consistent with log KmL value sequences except
for Nat and log K., value sequences except for K+.
Although log KmL value of Nat and log Kex,;p value of
K+ are the second largest of all the alkali metal ions,
extractabilities of B18C6 for Na+ and K+ are the lowest
and the highest, respectively; this is ascribed to the
smallest log Kcx,ip value of Na+ and the greatest log Kmw
value of K+, respectively.

For the bivalent metal ions, the log K.x value of
B18C6 decreases in the order, Pb2+>>Sr2+>Ca?+ (Table
1). The highest extractability of B18C6 for Pb2+ of all
the metal ions in this study depends on both the greatest
log KmL and log Kex,ip value.

For a given B18C6-Mm+ system, log Kex,ip value is
much larger than log Kmw, log Kp,1, and mlog Kx(HA)
value. Thus, the magnitude of log K« value is deter-
mined largely by that of log Kx,ip value. The same is
true for the cases of 18C6 and DB18C6 (Table 1). The
Kex value of a given metal ion among 18C6, B18C6, and
DB18C6 increases with a decrease in the size of the
crown ether; the same tendency is observed for the KmL
value of a metal ion among the crown ethers except for
the case of a Na+-18C6 complex; but, the reverse is true
for the Kex,ip value except for the cases of Sr2+-B18C6
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and 18C6 complexes. Since the Kp,.~!-value sequence
is in the order DB18C6<B18C6<18C6, the K.-value
sequence of a metal ion among the crown ethers
depends on both the Kp,.~!- and Kmr-value sequence
(Eq. 6).

It can be seen from Table 1 that log Kx,ip value of
B18C6 varies with a cation of the same charge trapped
in the cavity. The same is true for 18C6 and DB18C6.
For alkali metal ions, log Kex,ip value of B18C6 increases
in the order, Nat<Cs*<K+<Rb+ (Table 1). The same
trend is observed for the cases of 18C6 and DB18C6.
This shows that, generally, a crown ether-metal ion
complex, where the metal ion has a suitable size for the
cavity, is more extractable as an ion pair with a picrate
ion. From the structure of the crown ether complex
with the univalent metal ion held in the cavity,
anion- and solvent-contact are possible in respective
directions perpendicular to the plane of the ring. It
thus appears that strength of interaction between the
central univalent metal ion and water molecules is one
of the most important factors in determining the
magnitude of K, value of the univalent metal ion.
Consequently, the lowest Kex,ip value of Nat among all
the alkali metal ions listed in Table 1 is probably
attributed to the strongest interaction of Na+ with water
molecules. Gibbs free energies of hydration (AG:x° /k]
mol-1) of K+, Rb+, and Cs* are —338, —320, and —297,
respectively.29 The interaction of Cs+ with water is
weaker than those of K+ and Rb+. The interaction with
water of Cs* held in the crown ether cavity is expected to
be weaker than those of K+ and Rb+. Association
constant of Cst with a picrate ion in water is larger than
those of K+ and Rb*.2) Association constant with a
picrate ion of Cst+ held in the crown ether cavity is
expected to be greater than those of K+ and Rb+.
However, Kex,ip value of a Cst—crown ether complex is
smaller than those of the corresponding K+- and
Rbt-crown ether complex. Judging from the structure
of a crown ether-univalent metal ion complex. this may
be attributable to negligible effect of water on associa-
tion of the K+- and Rb+-crown ether complex with a
picrate ion and/or very weak interactions with water of
the K+~ and Rb*-complex. The above discussion is
supported by the following data. When L=18CS6,
B18C6, and DBI18C6, differences in the numbers of
water molecules coextracted into nitrobenzene among
ML+ complexes (M=K, Rb, Cs) are small, whereas
those among uncomplexed K*, Rb*, and Cs* are
relatively large.2?

Ionicradii of Rb+and T1+ are nearly identical (Table
1); —AG?, value of TI+ (343 k] mol-1)29 is slightly great-
er than that of Rb*; Ke,ip values of RbL+ and TIL+
complexes (L=B18C6 and DB18C6) are approximately
equal. Thisindicates that strength of interaction with a
picrate ion of the RbL* complex is nearly equal to that
of the corresponding TIL* complex. The sizes of Na*
and Ag* are smaller than those of B18C6- and DB18C6-
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cavity; —AGy° of Ag* (479.1 k] mol-1)20 is greater than
that of Na* (411.3 k] mol-1);29 but, in each case of
B18C6 and DB18C6, K., value of Ag+ is larger than
that of Na+. Since specific interaction between Ag+and
CHCl; is considered to be impossible, the higher Kex,ip
value of Ag* may be caused by stronger association with
a picrate ion and weaker interaction with water of the
Ag+ complex compared with the case of the correspond-
ing Na+ complex.

From the structure of a crown ether-bivalent metal
ion complex, two picrate anion-contacts are possible in
respective directions perpendicular to the plane of the
ring. Sizes of Sr2+ and Pb?+ are almost the same; they are
smaller than the B18C6- and DB18C6-cavity; —AGx°
value of Sr2+ (1447 k] mol-1)29 is nearly equal to that of
Pb2+ (1497 k] mol-1).20 However, in each case of B18C6
and DB18C6, K.x,ip value of Pb2+ is larger than that of
Srz+, This may be ascribed to stronger interaction with
two picrate anions of the Pb2+ complex compared with
the corresponding Sr2+ complex.

Kex,ip value of a univalent metal ion increases with an
increase in the size of crown ether (18C8<B18C6<
DB18C6) (Table 1). However, it does not always hold
for the bivalent metal ions. For a univalent metal ion,
the difference in log Kex,ip values between 18C6 and
B18C6 is 0.75—1.15, which is approximately constant;
that between B18C6 and DB18C6 is 0.6s—0.99, which is
approximately constant; they are roughly equal. This
indicates that an increment of log Kex,ip value per a
benzo group is about 0.9 (on the average).

Kex,is=KmLaKp,mLA, where Kupa=[MLA]/[ML*][A"]
and Kp,m.a=[MLAJo/[MLA). Since Kp,ma is adistribu-
tion constant of a neutral complex MLA between water
and CHCls, an increment of log Kp,mLa per a benzo
group is estimated to be about 2.5 on the basis of I,
value (2.54). From an increment of log K.x,i per abenzo
group (ca. 0.9), a decrement of log KmLa per a benzo
group is calculated to be 1.6. This indicates that the
larger the size of a crown ether-univalent metal ion
complex is, the smaller the log KmLa value is. It is
interesting from a structural point of view that the
two-dimensional increase in the size of the crown
ether-univalent metal ion complex causes the constant
decrease in the log Kmva value.

Since MLA:z is a neutral complex, it seems reasonable
to assume that the Kpwmia, value increases with an
increase in the size of the crown ether (18C6<B18C6<
DB18C6), where Kpmia=[MLAz]o/[MLAz]. Conse-
quently, the K,ip-value sequences of a bivalent metal
ion among the crown ethers may be determined chiefly
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by the Kmia-value sequences, where Kura,=[MLAz2)/
[ML#][A-P.
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