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Abstract

The extraction of rare earth metals(lll) (RE) with hexafluoroacetylacetone (Hhfa) and 2-thenoyltrifluoroacetone (Htta) was studied
in the presence of some cobalt(lll) chelates such as tris(acetylacetonato)cobalt(lll), tris(4-isopropyltropolonato)cobalt(lll), tris(8-
quinolinolato)cobalt(lll), tris(8-quinolinethiolato)cobalt(lll), and tris(diethyldithiocarbamato)cobalt(lll) in benzene or toluene. The
synergistic enhancement of the extraction of RE, especially of lanthanum(lll) was found in all the systems. Therefore, those cobalt(lll)
chelates act as synergists or complex ligands. The equilibrium analysis and IR spectroscopic study were performed to evaluate the prese
synergistic mechanism. It was found that the REiketone chelates form 1:1 adducts, i.e., binuclear complexes, with the cobalt(lll) chelates
in the organic phase. The formation constagtg)were determined and compared with those reported previously. The spectroscopic studies
demonstrated that adducts have two different structures with inner- and outer-sphere coordination. In the former the cobalt(lll) chelate
directly coordinated to the RE ion and displaced the coordinated water molecules. In the latter the hydrogen-bonding was formed betwee!
the coordinating oxygen or sulfur atoms of cobalt(ll) chelate and hydrogen atoms of the coordinated water molecules ip-tikdréire
chelate. The types of the adducts are mainly due to the steric factors of tiedREetone chelates and the cobalt(lll) chelates.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (Co(ipts) [3], tris(8-quinolinolato)cobalt(lll) (Co(a)
[4], and tris(acetylacetonato)chromium(I[]. This phe-
The synergistic extraction of rare earth metals(lll) (RE) nomenon was explained by the adduct formation between
has been extensively studied using varigdgliketones RE(ttay as a Lewis acid and the cobalt(lll) chelates as
and neutral organic ligands such as phosphates, phosphin@ Lewis base or a complex ligand in the organic phase.
oxides, sulfoxides, pyridines, and quinolines. The synergism Further study on the synergism with othdiketones and
is caused by the formation of adducts of RE, which has complex ligands is necessary to clarify the mechanism and
been considered to be due to the displacement of residualcharacteristic.
coordinated water of the RE chelate by the additional ligand In the present paper, the effect of several cobalt(lIl)
in the organic phase. Recently, we have found that somechelates as a complex ligand on the extraction of RE
metal chelates act as a neutral ligand and bring about theincluding Y with hexafluoroacetylacetone (Hhfa) and
synergistic effect in the extraction of RE wifirdiketones. Htta in toluene was studied. The extraction constant and
RE chelates with 2-thenoyltrifluoroacetone (Htta) were syn- adduct formation constant were determined and discussed,
ergistically extracted with tris(acetylacetonato)cobalt(lll) compared with those reported previously. Furthermore,
(Co(acacy) [1,2], tris(4-isopropyltropolonato)cobalt(lll) a spectrochemical study of the adduct formation was
performed by electronic absorption and IR spectroscopy to
* Corresponding author. Tel.: +81 20 228 8364; fax: +81 20 228 8403, C\arifY the role of coordinated water molecules of the RE
E-mail address: imura@mx.ibaraki.ac.jp (H. Imura). chelates in the adduct formation.
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2. Experimental

2.1. Reagents and apparatus

Hhfa (Aldrich, 98%) was further purified by distilla-
tion in the presence of ®;0. Ligand solutions for
synthesis of cobalt(lll) chelates were appropriately pre-
pared from 4-isopropyltropolone (Wako, biochemical
grade), 8-quinolinethiol hydrochloride (Dojindo), and
sodium diethyldithiocarbamate trihydrate (Wako, GR).
Co(ipt)s, tris(8-quinolinethiolato)cobalt(lll)  (Co(a),
and tris(diethyldithiocarbamato)cobalt(lll)  (Co(ddfk)
were synthesized using the respective
tris(carbonato)cobalt(lll), which was prepared by the
usual method6]. Purification of the cobalt(lll) chelates was
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the REB-diketone chelate solution prepared by the solvent
extraction of 1x 1072M RE with (1-2)x 10-1M Hhfa
in toluene at pH 4.5-4.7. Electronic absorption spectra of
(1.5-3.0)x 10~3M Co(ipt)s were measured in the presence
of varying concentration of RE(ttgRE: Sm and Lu) at
500-700 nm with a JASCO V-560 UV/vis spectrophotometer
at 298 K.

A sample solution for the IR measurement was prepared
by the same manner except that 2.00~2 M Hhfa was used
for (8-10)x 10~3M RE because of the suppression of an
excess of Hhfa in the sample solution. IR spectra of free wa-
ter and the coordinated water of (3-4)10-3M RE(hfak

ligands and(Ln: Smand Lu) in toluene were measured in the presence of

varying concentration of Co(ipt)at 3000—4000 cm! with a
Shimadzu-8200A FT-IR spectrophotometer at 298 K. A de-

thoroughly done by solvent extraction (phase washing with mountable liquid cell with calcium fluoride windows was

NaOH and HCI), column chromatography (silica gel and
alumina), and recrystallization. The identification was done
by the'H NMR and the elemental analysis: Found: C, 65.57;
H, 6.11%. Calcd: C, 65.69; H, 6.06% for Co(iptj-ound: C,
61.98; H, 3.73; N, 7.23. Calcd: C, 60.10; H, 3.36; N, 7.79 for
Co(gtk. Found: C, 35.80; H, 5.59; N, 8.02. Calcd: C, 35.77,;
H, 6.00; N, 8.34 for Co(ddtg) The purity was examined
by HPLC with an ODS column and a multichannel UV/vis
detector. Co(ipp and Co(ddtgy were of high purity at least
more than 99.5%. Co(afontained geometric isomers, mer

and fac, and the purity was 90.4%. RE stock solutions, Htta,

used and the path length was adjusted to 1 mm.

3. Results and discussion
3.1. Extraction of RE with Hhfa

The extraction of RE witl-diketone (HA) in an organic
phase (org) is expressed as:

RE®" + 3HAorg = RE(A)3 org + 3HT

Co(acacy, and other reagents were the same as those used

previously[1,2].
To obtain reproducible results of the extraction of RE with

Hhfa, glasswares such as centrifuge tubes were used after

silanization with 2—5% dimethyldichlorosilane in toluene.
2.2. Extraction procedure

An aqueous solution of (1.0-18)10°M (1M=1
moldm~3) RE was shaken with an equal volume of an
organic solution of (7.8-55)103M B-diketone in
the presence or absence of 2307° to 1.1x 10°2M
cobalt(lll) chelate for 1 h at 298 K. After centrifugation, RE

in the aqueous phase was determined by ICP-AES (Nippon

Jarrell Ash ICAP-575). An aliquot of the organic phase was
shaken with 0.1 M perchloric acid for 1 h to strip RE into

[RE(A)alorgH T
[RE*F][HA] 3,

)

ex =

whereKey is the extraction constant. The distribution ratio of
RE is given by:

_ [RE(A)3]org

= [RE3+] + Z [RE(A)’(13—n)+]
and can be rewritten using distribution constd{i (1a) and

acid-dissociation constankfja) of HA, formation constant
(8,) of RE(A), in the aqueous phase, akigy:

)

Do

_ KbuKedA T
KA1+ ZB,[AT")

®3)

0

the aqueous solution, which was subjected to the ICP-AES The equilibrium concentration of Ain the aqueous phase

determination. The distribution ratio of RE was calculated

was calculated from the total concentraticiyf ) of HA and

from the concentrations in the organic and the aqueous phasepH as follows:

The equilibrium pH was measured just after phase separation

with a Radiometer PHM93 pH meter with a combination

glass electrode. The ionic strength of the aqueous phase was

maintained at 0.10 M with sodium perchlorate.

CHa
1+ (1 + Kp,HA)HT])/KHa

Kp Ha of Hhfa between the toluene and the aqueous phase

[A]=

(4)

was determined to be 1#9 by spectrophotometry in this
work.
The extraction of Y, La, Pr, Sm, Gd, Er, and Lu with dif-
A sample solution containing RE chelate and cobalt(lll) ferent concentrations of Hhfa in toluene was carried out at
chelate for the measurement of electronic absorption wasvarying pH. TheKex and g, values were determined by ap-
prepared by mixing the cobalt(lll) chelate solution with plying a nonlinear least-squares method based or{&do

2.3. Spectroscopic measurements
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Table 1 TheD values of Y, La, Sm, and Lu increased by a factor of
Equilibrium constants in the RE(ll)-Hhfa—toluene system 40, 2500, 630, and 30, respectively. This enhancement can be
RE log([hfa"]/M) log 1 log Kex ascribed to the formation of adduct of RE(hfa)ith Co(ipt)s

Y —2.95t0—2.48 2.26+0.31 —1.534+0.08 in the organic phase. Therefore, the distribution ratio of RE
La —2.581t0-1.87 2 —2.884+0.02 is expressed as follows:

Pr —2.621t0—1.98 2.20£0.12 —2.28+0.06

Sm —3.00 to—2.09 2.47£0.07 —~1.54+0.03 [RE(A)slorg + 3= [RE(A)3(Co(L)3) ] org ©)

Gd —3.11t0-2.43 3.08+£0.36 —1.34+0.25 = 3 3=

Er —2.981t0-2.42 a ~1.76+0.02 [RE®] + Y[RE(A)F ]

Lu —310t0-223 2.21£0.22 —1.11+0.06 The adduct formation reaction in the organic phase is ex-
2Not determined. pressed as:

the plots of the lod against logarithmic concentration of = RE(A)3 org + mC0(L)3 org = RE(A)3(CO(L)3) . org (6)
hfa~ in the aqueous phas€&able 1shows these equilibrium

constants obtained. Th values of La and Er were not de- _ [RE(A)3(Co(L)3)n]org @
termined because of the limited concentration range of hfa *>" [RE(A)3]orglCO(L)3]org

under the given conditions. Tl values of Sm and Lu were ] ) ]
reasonably consistent with those in the Hhfa-benzene systenfVheréfs is the adduct formation constant. The. following
[7]. The Kex and 1 values of Y are close to those of Sm as 'elationship can be derived from Ed8), (5)and(7):
expected from the literature in which the position of Yinthe p

lanthanide (Ln) series is investigated to be on the light to mid- 1, = 1+ ZBsm[Co(L)alorg (8)
dle Ln with respect to the complex formation with relatively ) . )
weak ligands as acetafi#]. Fig. 2 shows the relationship between |84Do) and

Since theDg values calculated by Eq3) usingKex and  109[C0(ipti]org- Since the plots of every RE indicate straight
B1 determined were in good agreement with the experimental lines with a slope of unity, a 1:1 adduct of RE(Rf@nd
plots, these equilibrium constants can be used for the calcu-Co(ipt) is formed in the organic phase. The log-log plots of

lation of D/IDg as shown below. Eq.(8) for Y, La, Sm, and Lu in the Hhfa-Co(acaystem
also gave the straight lines with a slope unity in the higher

3.2. Effect of cobali(Ill) chelates on the extraction of RE concentration region of Co(acac)hese results indicate the

with Hhfa formation of a binuclear complex in the organic phase and are

consistent with our previous results using Hita3]. Thefs 1

Fig. 1shows the significant enhancement of the distribu- values were determined by a nonlinear_least_-squares method
tion ratio of RE by the addition of 3.9 10-3M Co(ipt)s. for those plots based on E@), and are listed ifable 2

2 3.3. Other cobalt(Ill) complex ligand systems

The extraction of La and Eu with 1:010°2M Htta in
toluene was investigated in the presence of 2104 M

log Dy or log D

'
o4}

log (D/Dy)
—_ o w s
\\\
' £ < g g ®

3 2 3 2 0
log ([hfa’] / M)

o

'

= |
]

log ([(‘.o(ipt)f‘]Org /M)

Fig. 1. Distribution ratio of RE in the presence (solid lines) or absence (bro-
ken lines) of 3.0x 10-3 M Co(ipt)3 as a function of the hfaconcentration Fig. 2. logD/Dp) of RE as a function of the Co(ipt)concentration in
in the aqueous phas€jnta = (0.78-5.5)x 1072 M. toluene:Cpnta=3.0x 1072 M, pH 3.1-3.6.
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Table 2
Summary of adduct formation constants (fag) in the RE8-diketone-complex ligand systems
Hhfa Co(aca@) Hhfa Co(ipty Htta Co(qty Htta Co(ddtc} Htta[2] Co(acacy Htta[3] Co(ipt)s Htta[4] Co(qk Hacac[14]
toluene toluene toluene toluene benzene benzene benzene Co(acac)y benzene
La 5.04 6.03 3.67 <2.0 4.64 5.05 4.96 2.59
Ce 4.6 4.97
Pr 6.08 4.59 4.6
Nd 453 4.02
Sm 4.72 54 3.34 3.75
Eu 3.29 <1.6 2.95 3.59 4.56
Gd 4.91 2.87 2.98
Tbh 2.5 2.78
Dy 2.35
Ho 231
Er 4.27 2.09 2.59
m 2.05
Yb 2.07
Lu 3.03 3.88 2.07 2.58 3.97 1.70
Y 341 4.21

Co(qtl or 2.0x 10~3 M Co(ddtc). The enhancement effect
of Co(qgty on the distribution ratio of La was observed and
was larger than that of Eu. Thf 1 values were determined
by assuming the formation of the 1:1 adduct and using Eq.
(8). The values in Hhfa-Co(ddtg)vere also estimated in the
same manner, and these data are summarizéatile 2

The Bs,1 values in Hhfa-Co(ipg, especially those of La
and Pr, are as high as more tharf,1@hich is higher than
Bs,10f La in the Hhfa-2,2bipyridine (bpy)-benzene system,
10°>61[9]. Also the value of La in Htta-Co(ips)is close to
that in Htta-bpy, 1836 [10]. Thus the adducts or binuclear
complexes are very stable and the complexation ability or
Lewis-basicity of Co(ipfy is comparable to the bidentate
ligand like bpy. To understand the adduct formation in the

was observed in Lu(hfg)although the adduct was formed
in the solution. This suggests the weaker bonding between
Lu(hfa)s and the oxygen atoms of Co(ipt)

It is known that RE-diketonate chelates have two or
three coordinated water molecules in the organic phase, e.g.,
Eu(ttak(H20)s in benzeng5]. Hence, some water molecules
can be displaced by the additional ligand in the inner sphere of
RE. On the other hand, when the adduct formation is caused
in the outer sphere of RE, water molecules are not displaced
by the ligand. Such behavior of coordinated water molecules
was studied by IR.

Fig. 4 shows IR absorption spectrum of 4003 M
hydrated Sm(hfa) chelate extracted into toluene (dotted
line) and the mixture with 5.% 10~3M of Co(ipt)z (solid

hfa system, spectroscopic studies using electronic and IRline). The dotted line shows the strong absorption peaks of

absorption were carried out.

3.4. Spectrochemical studies of adduct formation

Electronic absorption spectra of 1x510-3M Co(ipt)s
were measured in the presence of 4.0 4t04.2x 10 3M
Sm(hfay. An absorption band of the d—d transition with
a maximum absorbance at 620nm is gradually shifted to
the shorter wavelength with increase in the concentration
of Sm(hfa}. Fig. 3 shows the relationship between the
wavelength of the d—d transition band and the molar ratio
of Sm(hfa} to Co(iptl in toluene. The plot indicates two
straight lines with a clear intersection at the molar ratio of
unity, which corresponds to the formation of a 1:1 adduct
as expected from the extraction equilibrium analysis. Conse-
quently, the shift of the d—d transition band is induced by the
adduct formation and related to the change in the ligand field
stabilization energy or the structural deformation of Cogipt)
[3]. Therefore, the direct coordination of the oxygen atoms
of Co(ipts toward the Sm ion in Sm(hfg)s expected. On
the other hand, no shift of the d—d transition band of Cofipt)

excess free water at 3595 and 3680¢mvhich are due to
the symmetric and asymmetric O—H stretching vibration of
H,O as well as the shoulders at 3550 and 3640tmnd
broad band at 3300 cd, which are due to the coordinated
water molecules in Sm(hfg)H20), [2,3,5] When Co(ipt}

was added to the Sm(hi{H20), solution, IR absorption
due to the coordinated water molecules decreases with

620

xam/DM

=< 610 F

605 | , L
0 I 2
[Sm(hfa)s]or, / [COlipt)slor

Fig. 3. Relationship between the wavelength at the absorption max-
imum of Co(ipty and the molar ratio of RE(hfg)to Co(ipts:
[Co(ipt)s] = 1.5 x 10~ M; [Sm(hfa)] = (0-4.2)x 10-3 M.
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Fig. 4. IR spectraof hydrated Sm(hfa) the presence or absence of Co@pt)
in toluene. [Sm(hfa)] = 4.0 x 10~3 M. Dotted line, without Co(ip#; solid
line, 5.7x 10~3 M Cof(ipt)s.

increase in the Co(ipf)concentration and almost disappears
at the mole ratio of Sm(hfg}o Co(ipt)s of 1.4. This spectral
change demonstrates that the coordinated water molecule
of Sm(hfa} are displaced by Co(ipt) Therefore, Co(ipt
directly coordinates to the central Sm ion through the
coordinating oxygen atoms of the ipt ligands.

Fig. 5 shows the IR spectra of the hydrated Lu(hfa)
chelate in the presence or absence of Ca{ipkpsorption
corresponding to the coordinated water molecules and an ex

cess of free water are observed. The variation of the spectra oft

Lu by the addition of Co(iptis obviously different from that
of Sm. The absorbance of the two shoulders for the coordi-
nated water molecules decreases, but that of the broad ban
increases with increase in the Co(iptoncentration. This

suggests the formation or enhancement of hydrogen bond of

the coordinated water molecules with Co(itTherefore,
the adduct should be formed by hydrogen bonding between

the hydrogen atoms of coordinated water molecules and the

oxygen atoms of Co(ipt)
3.5. Comparison of the adduct formation constants
The variation of8s 1 in various B-diketone-cobalt(l11)

complex ligand systems is summarizedFig. 6. The s 1
values are plotted against the ionic radius of RE at the

0.3

Absorbance
<
o

o

0.0

T T T T
400 3800 3600 3400 3200

Wavenumber / cm-!

Fig. 5. IR spectra of hydrated Lu(hfgip the presence or absence of Co(ipt)
in toluene. [Lu(hfad] =2.8 x 10~3 M. Dotted line, without Co(ip®; solid
line, 7.2x 10~3M Cof(ipt)s.
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Fig. 6. Variation of the adduct formation constants vs. ionic radius of RE
at the coordination number of 8p) hfa-Co(ipt}; (V) hfa-Co(acag); (@)
tta-Co(qgy; (O) tta-Co(ipty; (O) tta-Co(aca); (a) tta-Co(qt}; (A) acac-
Co(acacy; (W) tta-Co(ddtcy.

coordination number of 8. The plots of Y in the Hhfa-GoL
are positioned on the heavy RE as expected from its ionic

Yadius. This result contrasts with that f@yx in Table 1

and means the importance of the steric factors in the adduct
formation with the complex ligand.

The Bs,1 values increase with increasing the ionic radius
of RE, but there are significant differences between the small
and the large RE ion in the Hhfa and Htta systems with
Co(ipt)z and Co(acag) In the middle to large RE of which
he coordination number is usually nine, the Gomay
act as a terdentate ligand with three coordinating oxygen

toms of the Cok and directly coordinate to the central

E. As the result, the stable adducts are formed. On the
other hand, in the small RE ion, which has the coordination
number of 8, an outer sphere complex is formed because the
Col3 cannot enter the inner sphere of the REdiketone
chelates. These mechanisms of adduct formation are sup-
ported by the results of the electronic and IR absorption
spectroscopy.

The Bs,1 values are strongly influenced Ify+diketones.
The Hhfa systems with Co(iptand Co(acag)as a synergist
have highergs 1 values than otheB-diketone systems. The
similar trend is usually observed in the synergistic extraction
with B-diketones and neutral ligands, e.g., trioctylphosphine
oxide for metal(ll) [11] and bpy for RE[9]. This can
be explained by the higher Lewis acidity of the RE-hfa
chelates, which is derived from the very low basicity of hfa.
The preseniBs 1 values of LuB-diketone chelates should
give the relative acidity or the hydrogen-bond donating
power of coordinated water molecules because the adduct
formation with the complex ligand is due to the outer sphere
hydrogen-bond and is free from the steric effect.

In the Htta system, theSs; values of Lu are in
the following order, Co(@> Co(iptz > Co(acac3, which
is consistent with the order of hydrogen-bond accepting
power (basicity) of the complex ligand42,13] In the
La case, however, thgs 1 values decrease in the order of
Co(ipt)z > Co(gi > Co(acaq). This suggests the steric ef-
fect of bidentate mer-Co(g)4] as a complex ligand on the
adduct formation owing to the inner sphere coordination.
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