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To explain the difference in the magnitude of synergistic extraction among organic solvents, the water solubility in
hexane, carbon tetrachloride, benzene, and chloroform was measured, and then the residual hydration number of europi-
um(Ill) in the B-diketonato chelate and in their adducts with 1,10-phenanthroline as well as the adduct formation con-
stants were determined. Using the data, the formation constants of the adduct according to a novel definition, in which
the water concentration in the organic phase is treated as one variable, were determined. The constants are approximate-
ly constant irrespective of the organic solvents, although those according to the conventional definition are different
among the solvents. It has been concluded that one of the most important factors controlling the magnitude of synergis-
tic effects is the presence of water, such as the water content dissolved in organic solvents, and the hydration and dehy-
dration of the relevant species, because water molecules compete with a Lewis base in complexation to the metal(Ill) che-

lates in the organic solvents.

A remarkable enhancement of the extraction efficiency of
lanthanoids(Ill) in the extraction with a mixture of a 3-diketone
and a Lewis base, the so-called synergistic effect, is known to
be caused by adduct formation of the Lewis base to lantha-
noid(Ill) B-diketonato chelates.! The extraction efficiency of a
certain lanthanoid(Ill) is different among different organic sol-
vents; the adduct formation constants of tris(thenoyltrifluoro-
acetonato)europium(lll), [Eu(tta);], with trioctylphosphine ox-
ide (TOPO)? and with tributyl phosphate (TBP)* in organic
solvents having larger solubility parameters are smaller than in
those having smaller ones. It has also been reported that the
adduct formation constants of [Eu(tta);] are larger in organic
solvents having lower water solubility.** The magnitude of
adduct formation constants has also been discussed in connec-
tion with the polarity of solvents.’

In solvent-extraction systems, since the organic phase is al-
ways saturated with water, the water should be involved in the
complexation in organic solvents or synergistic effects. Ac-
cordingly, it should be valuable for solution chemistry as well
as separation chemistry to elucidate the effect of water in or-
ganic solvents on the synergistic effects.

The present work was aimed to investigate the involvement
of water molecules in organic solvents in the synergistic effect.

Experimental

Reagents. All reagents were of analytical grade. 1,10-
Phenanthroline (phen) was obtained from Kanto Chemicals (To-
kyo) as monohydrate. Chloroform was washed three times with
deionized water prior to use. The other reagents were used with-
out purification.

1,1,1-Trifluoro-5,5-dimethyl-2,4-hexanedione (pivaloyltrifluo-
roacetone; PTA = Hpta : HA) was obtained from Dojindo Labora-
tories (Kumamoto). Europium(Ill) oxide was obtained from Mit-
suwa Chemicals (Osaka). For Karl Fischer coulometric titration,

HYDRANAL Coulomat AK as the anolyte, serving as a generator
of I,, and HYDRANAL Coulomat CG-K as catholyte were ob-
tained from Riedel-de Haén (Seelze, Germany).

Procedure. Most experiments were performed in a thermo-
stated room at 298 K.

(i) Determination of the Distribution Constant of 1,10-
Phenanthroline. An organic solution (CHCl;, C¢Hg, and CCl,)
of phenat 5 X 107*M (1 M = 1 mol dm™?), 5.0 mL, and 0.1 M
(H, Na)ClOy, 10.0 mL were placed in a stoppered glass tube. The
mixed solutions were vigorously shaken for an hour to attain the
distribution equilibrium. After centrifuging both phases for a few
minutes, the absorbance in the organic phase at 300 nm was mea-
sured to determine the concentration of phen remaining in the or-
ganic phases. The wavelength was not a peak, but was chosen to
avoid any overlapping of the absorbance from the organic sol-
vents. Separately, into a portion of 5 mL taken from the aqueous
phases, 1 mL of sodium hydroxide solution (1 X 107° M) was
added, and the phen was re-extracted into 5 mL of chloroform.
From the absorbance in the organic phase, the concentration of
phen in the aqueous phase was determined. Upon determining the
distribution constant of phen between 0.1 M NaClO, and hexane,
the absorbance in the aqueous phase was directly measured at
264.2 nm after the solution was adjusted to be basic. The concen-
tration of phen in the organic phase was determined by measuring
the absorbance at an absorption maximum wavelength of phen,
271.6 nm, after back-extraction into 0.01 M HCIO, (1 = 0.1).

The concentration ratio between both phases was defined as the
distribution ratio of phen.

(ii) Determination of the Adduct Formation Constants of
[Eu(pta);] with 1,10-Phenanthroline. The procedure was per-
formed in a similar way to that described elsewhere.’ An aqueous
solution containing europium(Ill) (2.0 X 107* M—1.2 X 1073 M)
adjusted the total ion concentration to 0.1 M with a sodium per-
chlorate aqueous solution, 8.0 mL, was shaken with an identical
volume of an organic solution containing PTA (0.05 M-0.2 M)
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Table 1. Distribution Constants and Acid Dissociation Constants of

1,10-Phenanthroline and PTA

CHCl, C¢Hg CCly CeHyy
hen Pk, 477 = 0.02°
p logKy 272*002 0.76*+0.05 0.11 =004 —1.24=*0.01
0 PKa 7.01
PTA log K4 2.51 2.15 2.15 1.87

and phen (< 5.0 X 1073 M). The hydrogen ion concentration in
the aqueous phase was measured potentiometrically using 1.00 X
1072M perchloric acid at 0.1 M (H, Na)CIO, as a standard of pCy
2.00 (pCx = —log[H"]). The europium(Ill) concentration in the
organic phase was measured by ICP-AES (inductively coupled
plasma atomic emission spectrometry; HITACHI P-4000) after
back-extraction into 0.1 M perchloric acid. The concentration of
europium(Ill) in aqueous phases was calculated by subtracting the
concentration of europium(lll) transferred into the organic phase
from the initial concentration in the vial.

(iii) The Residual Hydration Numbers of Europium(I) in
the Pta-Chelate and Its Adducts with Phen.  Tris(pivaloyltri-
fluoroacetonato)europium(Ill) was prepared by two methods, i.e.,
by synthesis and solvent-extraction techniques. The europium(Ill)
chelate was principally prepared in a similar way to that described
elsewhere.”® The obtained crystal was dissolved in organic sol-
vents to be 1.5 X 107> M-2 X 1072 M, and the solution was shak-
en with a 0.1 M NaClO, aqueous solution for 1 h to saturate the
solutions with water. The solvent extraction was performed as fol-
lows: a 0.05 M europium(Ill) perchlorate solution, 6 mL, was
shaken at pCy 5-6 with an identical volume of a solution contain-
ing 0.1 M PTA for 1 hour.

The adduct of [Eu(pta);] with phen was prepared by three
ways: one was performed by mixing 6 mL of an europium(Ill) per-
chlorate aqueous solution (6 X 1073 M) at pCy 5.0-5.5 with an
equal volume of organic solution (C¢Hg or CCly) containing PTA
(1.7 X 1072 M) and phen (7.0 X 1073 M). Upon preparing the ad-
duct in hexane, the hexane containing 4.0 X 107> M PTA and an
aqueous solution containing 2.0 X 10~* M phen and europium(I)
perchlorate solution (1.2 X 107> M-1.7 X 10~* M) were em-
ployed. The second method was performed by directly dissolving
the crystal of [Eu(pta);-phen] in organic solvents. The crystal was
prepared in a similar way to that reported previously.” The third
method was performed by mixing the solution of dissolved
[Eu(pta);] crystal with a phen solution; a solution (CHCl;, C¢Hg,
or CCly) of dissolved [Eu(pta);] crystal (0.01 M-0.015 M) was
mixed with a phen solution (8 X 107° M—1.5 X 1072 M), and the
mixture was shaken with 0.1 M sodium perchlorate aqueous solu-
tion. The hexane solution was prepared by shaking the pta-chelate
(1.5 X 1073 M) solution with a 0.1 M NaClO, aqueous solution
containing 2 X 107* M phen at pCy ca. 5.5.

A portion of the organic phase was transferred into another tube
and the water concentration was measured by Karl Fischer coulo-
metric titration (Hiranuma Sangyo Model AQ-7, Ibaraki, Japan).
The europium(Ill) concentration was also measured by ICP-AES
after back-extraction with 0.1 M perchloric acid.

Results and Discussion

(i) Distribution Constants of 1,10-Phenanthroline.
When log D of phen (B) was plotted against pCy, the plot
showed two asymptotes; one was flat to the X-axis and the oth-

er was a straight line having a slope of one. The distribution
ratio can thus be represented as

_ B,  _ K 0
[B]+[HB"] ]+[H+]’

a

where “0” denotes the organic phases and the lack of “0” de-
notes the aqueous phase. The K, (Ky = [phen],/[phen]) is the
distribution constant of phen. The data were analyzed using
Eq. 1 and pK, (K, = [H'][BV[HB']).® The values of the ob-
tained equilibrium constants are summarized in Table 1 togeth-
er with those for PTA.'°

(ii) The Formation Constants of 1,10-Phenanthroline
Adducts to [Eu(pta);]. The formation constants of the
[Eu(pta);] adduct with 1,10-phenanthroline in the organic solu-
tions were determined in a similar way to that described else-
where.® The total concentration of phen in the vial, By, can be
represented as

Br = [B] + [BH'] + [B], + [Eu"] 1. ()

As reported before,’ because the adduct is very stable,

[EuA;-B], can be regarded as the total Eu™ concentration in
the organic phase, [Eum]o’T. Then, [B], is calculated based on

Br = [Blo{1 + (1 + [H"VK )/Ks} + [Eu"]r. )

Figure 1 shows the enhancement of the distribution ratio of
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Fig. 1. The change in the distribution ratio (D) of europi-
um(Ill) between 0.1 M NaClO, aqueous solution and an or-
ganic solution containing PTA as a function of phen con-
centration at equilibrium: CHCl; @, CsHs O, CCl, A,
C6H14 A.
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Table 2. The Extraction Constants of [Eu(pta);], Adduct Formation Constant of [Eu(pta);] with Phen,
and the Saturated Solubility of Water in the Organic Solvents at 298 K
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CHCl; CeHe CCly CeHy4
log Kex3o 18.13 £ 0.05 18.29 * 0.07 17.58 £ 0.12 16.74 £ 0.14
log B, 7.61 x 0.06 9.40 £ 0.09 10.14 £ 0.15 11.12 £ 0.20

Water solubility
in pure organic
solvents /M

(7.2 +0.2) X 1072

3.8 =0.1) X 1072

85*x03)x10° (B5*x04) x107°

Kezo = [BuAsJ[Eu’]7'[A7]7%, B1= [EuAs-Blo[EuA;], '[B], .

europium(Ill) in the presence of phen. Since the plot gives a
straight line with a slope of 1, the stoichiometry between
[Eu(pta);] and phen can be regarded as 1 : 1, as expected.

Then, the distribution ratio of europium(III) in the phen con-
centration region in Fig. 1 can be represented as

_ [EuAsB], _

- W - ex30[A7]SBl[B]0’ (3)

where
Kexzo = [BuAs][Ew’"]7'[AT] 7, 4
B, = [EuAsB],[EuA;];'[B],', Q)]

and [A™] is calculated from the following equation:
Ar = [HA] + [A™] + [HA], +3[EuA;-B],,
= [ATI{1 + [H'](1 + Ko)/K,} + 3[Eu"],r, (6)

The values of B; were determined according to Eq. 3 using
the data in Fig. 1.

The adduct formation constants obtained are summarized in
Table 2 together with the water solubility in organic solvents.
The order of the formation constants of the adduct also de-
creases inversely to the order of the increase in the water solu-
bility, as pointed out before.*

Although it was reported that [Eu(tta);] coordinated phen of
two molecules as well as one in toluene, benzene, carbon tetra-
chloride, and cyclohexane,5 in the present work the formation

0,00 ! 1 — 1
0.00 0.01 0.02 0.03

[Eu"]or/M

Fig. 2. Correlation between the concentration of water trans-
ferred into benzene (circles) and hexane (triangles), and
the concentration of [Eu(pta);] prepared by synthesis
(closed symbols) and solvent extraction (open symbols).
The solid lines are calculated from [HyOl,r = S + no
[EuA;], where ng is the residual hydration number ob-
tained from the data using [Eu(pta);] prepared by solvent
extraction, and S is the concentration of water saturated in
the pure organic solvents.

Table 3. Residual Hydration Number of Eu" in [Eu(pta)s;]
Obtained by Solvent Extraction and Synthesis

. s 1 i hesi
constant of [Eu(pta);+2phen] could not be determined within - Solvent iXtI‘aCthIl Synt+e515
the experimental accuracy in all of the solvents studied. Sepa- CHCI, 2.40 £ 0.03 250 £ 0.08

. .. . . C¢Hs 2.50 + 0.08 2.46 *+ 0.13

rately, in the absence of phen, the distribution ratio of europi-
um(Ill) was measured with a given concentration of PTA at dif- cCl, 2192003 175 %0.20
CeHyy 2.09 = 0.05 1.59 = 0.24

ferent values of pCy (3.1-4.3), and also with different PTA
concentrations (0.05 M-0.2 M) at a given pCy. When the log
D[H"]® was plotted as a function of log [HA], as well as log D/
[HA],® vs pCy, straight lines having slopes of +3 were ob-
tained. From the data the extraction constants, K30, were de-
termined. The values of K3 are also listed in Table 2.

(iii) The Residual Hydration Number of Europium(I) in
the Pta-Chelate and Its Phen Adduct in Organic Solvents.
As reported before,”® when europium(Ill) is extracted with
PTA, the total water content in the organic phase should con-
sist of water molecules accompanied by PTA, itself, and
[Eu(pta);] as well as the water content dissolved in the pure or-
ganic solvents, [H,Oloy; actually, however, the content of wa-

ter accompanied with PTA would be negligible.® Figure 2
shows the water concentration in benzene and hexane into
which Eu™ was extracted with PTA. As can be seen from Fig.
2, with increasing the concentration of the extracted Eu™, the
concentration of water in the organic phase increases. The wa-
ter concentration at the intercept gives the water solubility in
pure organic solvents. Then, the residual hydration numbers
were obtained by dividing the increment of water content,
[H2OJo1— [H2Olso1v» by the concentration of [Eu(pta);] in the
organic phase at equilibrium.

Since there is uncomplexed PTA in the organic phase in sol-
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Table 4. The Water Content in Benzene Containing [Eu(pta);-phen] and Saturated Water Solubility

a. Prepared by solvent extraction methods

Experimental condition

Concentration at equilibrium

[Eu"/1072M  [PTA]¢/1072M  [phen]/10>M  pCy

[Eu], /1073 M

[H,0],1/10 > M [HyOlcene/10 > M n

1.02; 1.67;5 6.74, 3.7
1.02;5 1.675 6.74, 3.7
1.025 1.675 6.74 3.7,
1.02;5 1.675 6.74, 3.73
1.02;5 1.675 6.74 3.7,
1.025 1.675 6.74 3.7,

5.55¢ 3.715 3.77, —0.11
5.76¢ 3.814 0.07
5716 3.800 0.05
5.83 3.73¢ —0.07
5.935 3.81, 0.06
5.625 3.814 0.07

b. Prepared by mixing [Eu(pta);] solution with phen solution

Experimental condition

Concentration at equilibrium

[Eu™], /1073 M [phen}/107> M

[H,0],7/107> M

[Hzo]csl-l(y/l(r2 M ny

3.99, 6.015
4.02, 6.015
4.06, 6.015
3.885 6.015
3.81¢ 6.015
3.94, 6.015

3.76, 3.756 0.02
3.71, —0.11
3.76¢ 0.02
4.094 4.07, 0.06
4.09 0.07
4.09, 0.06

c. Prepared by dissolving [Eu(pta);-phen] crystal

Experimental condition

Concentration at equilibrium

[Eu™], /1073 M

[H,0],1/102 M

[H2Olcene/107* M n

5.85,
5.93,
5.82,
5.94,
5.86,

3.83y 3.865 —0.04
3.863 0.00
3.86 0.00
3.82; —0.06
3.84¢ —0.03

vent extraction, the residual hydration numbers of pta-chelates
(ng) were more directly reconfirmed using a solution of dis-
solved [Eu(pta);] crystals.

The hydration numbers determined by the two methods are
listed in Table 3. The order of the residual hydration numbers
of the pta-chelates among organic solvents is similar to that of
the water solubility. The values of n, obtained using the
[Eu(pta);] crystal seem to be slightly smaller than those ob-
tained from solvent extraction.

The hydration numbers of [Eu(pta);-phen] were determined
in a similar way to the determination of the residual hydration
number of [Eu(pta)s].

Table 4 gives typical data used to determine the residual hy-
dration number of europium(Ill) in the phen adduct to the pta-
chelate in benzene. Table 4a gives the data obtained using
[Eu(pta);-phen] prepared by the solvent extraction of europi-
um(Ill) with PTA and phen. Tables 4b and 4c give data ob-
tained by using the solutions obtained with mixing the benzene
solution dissolved [Eu(pta);] chelate with the phen solution,
and with the direct dissolution of [Eu(pta);-phen] crystal, re-
spectively. The reproducibility with Karl Fischer coulometric
titration was checked by measuring the concentration of water

saturated in pure organic solvents at each titration run. As can
be seen in Table 4, the water content is not always constant in
each run. However, the increment of the water content, or the
reproducibility of the balance of water content in the presence
of the chelate from that in the absence is quite good. Similar
experiments were performed in chloroform, carbon tetrachlo-
ride, and hexane. All of the procedures were repeated in sever-
al runs.

The hydration numbers of the phen adduct, n;, are summa-
rized in Table 5. In all of the organic solutions, regardless of
the preparation method of the adducts, the hydration numbers
of [Eu(pta);-phen] were almost zero. This may suggest that al-
most all of the hydrated molecules would be released from eu-
ropium(Ill) upon the formation of the adducts.

(iv) A Novel Definition for the Equilibrium Constants in
Organic Solvents Saturated Water. In general, the term of
the water concentration is excluded from the equilibrium con-
stant in complexation in organic solutions, as represented by
Eq. 3, because the involvement of water molecules in organic
solvents has not been treated in the complexation in the organ-
ic phases.

However, more precisely, the equilibrium should be written
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Table 5. Residual Hydration Number of Eu™ in Phen Adduct to Eu(pta)s (1)

Prepared by Three Methods

Solvent extraction ~ Mixing of [Eu(pta);] [Eu(pta);-phen] crystal
method and phen solutions
CHCl, 0.12 = 0.02° 0.02 = 0.16 0.09 = 0.11
CgHg 0.09 = 0.11 0.02 = 0.22 0.00 = 0.05
CCly 0.04 = 0.02 0.07 = 0.05 0.01 = 0.07
CeHyy 0.00 = 0.15 0.00 = 0.01 0.02 = 0.10

Table 6. Formation Constants of Phen Adduct to [Eu(pta)s]
According to Conventional Definition (log ;) and Pro-
posed Definition (log K;)

log K,
CHCl; 4.9 = 0.06
C¢Hg 5.9 +0.10
CCl, 5.6 = 0.15
CeH 4 6.1 =0.20

K = [EuA;°B],[H,0],"0[EuA;+noH,01,”'[B], .
as follows:

Ll’lA3‘n0H20(0) + mL-sto(o)
= LnAs-mL-n,H,0 + (no+ms—n,,)H,O, @)

K. = [LnAsmL-n,H,0],[H,O]g* " )
[LnA;nH,0],[L-sH,0)”

Therefore, the relation between f,, and K,, should be repre-
sented as

K, = B, [H0[" ) ®)

Under the present experimental conditions, the organic
phase is saturated with water. Since it is possible to use the
solubility in organic solvents in the term of water concentra-
tion in Eq. 8, as suggested before,'! and the numbers of “s”®
and “n,,” are almost zero, respectively, the terms of (ny + ms—
n,,) can be regarded as ny, which are listed in Table 3. Table 6
gives the formation constants of phen adducts to the pta-che-
late according to the definition proposed in the present study,
K. Although the number of 3, differs greatly among organic
solvents, the numbers of K are similar to each other.

The present results suggest that the difference in the magni-
tude of the synergistic effect among organic solvents is mainly
caused by the different water solubilities in organic solvents,
because the higher concentration of water should make the ad-
duct formation equilibria move to the left side in Eq. 7.

Regarding chloroform, the constant seems to be a little dif-
ferent from the others. This difference may be caused by the
interaction between CHCI; and phen or the pta-chelate due to
the active hydrogen atom in the chloroform molecule.

It has been reported*!>! that the adduct-formation con-

stants represented by the activity units were independent from
organic solvents, when the activity coefficients of the relevant
species were calculated from the corresponding solubility pa-
rameters based on regular solution theory. Accordingly, the
coincidence of the present results with their conclusion sug-
gests that the change in activities can be explained in terms of
a chemical equilibrium.

In conclusion, it may be derived from the present results that
all of the phenomena observed in solutions which have not yet
been explained stoichiometrically, such as the solvent effects
and the change in the activity coefficients, can be explained in
terms of stoichiometrical equilibria, when all of the relevant
equilibria are analyzed in detail.
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