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VI. Stability Constants for the Oxalate Complexes of Ce(III), Eu(III),
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The solubilities of different sparingly soluble oxalates of tervalent
cerium, europium, terbium, and lutetium have been determined at
various oxalate concentrations. The solid phases were M,A;«H,0,
NaMA,-2H,0, and Na,M,A;-2H,0 where A denotes the oxalate ion
and M one of the lanthanoides. Solubility products and stability
constants for four mono-nuclear oxalate complexes of each lanthanoide
were determined from the solubility data. The constants refer to a
temperature of 20.0° and a medium containing 1 M Na*t(ClO,") as
neutral salt.

The lanthanoide complexes for which the most solution chemistry informa-

tion is available contain polydentate carboxylates as ligands. The experi-
ments have shown that all rare earth elements form complexes of the same
type with a given ligand. If the ratios of the stepwise stability constants are
considered, individual differences are noticed. E.g. for the tridentate ligands
oxydiacetate ! and 2,6-pyridino-dicarboxylate 2 one can notice that the ratio
between the second and third stepwise stability constant is increasing rapidly
from erbium to lutetium. In other words, there is an increased difficulty for
the third complex to be formed for the last elements in the lanthanoide series.
This “steric effect’” is probably caused by a combination of a decrease in the
ionic radius of the central ion and the special geometric requirements of the
ligand.

The present work is part of a systematic investigation of lanthanoide
dicarboxylate complexes from which we hope to get a better understanding
of the various factors of importance for complex formation in solution. We
have chosen oxalate as a ligand because it is the simplest of the dicarboxylate
ions and we want to determine:
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94 INGMAR GRENTHE ET AL.

a. The composition and the concentrations of the various oxalate complexes
formed in solution.

X-Ray structure determinations of various rare-earth compounds have
shown that the coordination number of these elements is always larger than
six in the solid state.® Several investigations strongly suggest that this is also
the case in solution. In this connection it is of special interest to investigate
if a fourth oxalate complex is formed in solution.

b. The possible occurrence of individual variations of the stepwise stability
constants which can be interpreted as due to “steric effects’” of the type
discussed before.

Lanthanoide oxalate complexes have been studied by experimental methods
such as solubility,* ¢ ion-exchange,” and solvent-extraction.® All investigators
agree that strong oxalate complexes are formed but the opinions differ about
the maximum number of coordinated oxalate groups.

The most reliable of these investigations is a solvent-extraction study by
Sekine,® whose results will be compared with our own in the discussion.

The results of the solubility measurements published so far are questionable
in two ways:

a. The authors have not used a medium with constant ionic strength.
Therefore the activity coefficients of all the species participating in the equili-
bria have to be determined. The practical impossibility of this task has been
pointed out several times, e.g. by Rossotti and Rossotti.?

b. When interpreting the solubility data the possibility of the formation
of a solid solution or a phase transition must always be kept in mind. Phase
transitions occur (vide ¢nfra p. 101) in the rare earth oxalate systems, a fact
which escaped the earlier investigators.

In this study we have investigated the complex formation in solution
by means of the solubility method, and using in most cases more than one
solid phase. For two elements, europium and terbium, we have also made a
solvent-extraction study of solutions with high oxalate concentrations and in
this way extended the measurements of Sekine.? All measurements have been
performed in a medium with constant sodium-ion concentration, »iz. 1.00 M,
and a temperature of 20.0°C.

SOLUBILITY MEASUREMENTS

The lanthanoide elements form several sparingly soluble oxalates. All of
these can be described by the general formula N M A -xH,0, where N is one
of H, Na, K, or NH,, M is a tervalent lanthanoide and A is oxalate. The best
known compounds have the composition MyA;-2H,0, where the most common
value of x is 10. Solid phases with this general composition are in the following
referred to as phase I. Solids with the general formula NaMA, -2H,0 are referred
to as phase II. In the course of this investigation we have discovered a third
oxalate phase (phase III) of the composition Na,Ce,A;-11H,0.

In contact with an aqueous solution, the various phases are thermodynam-
ically stable in different ranges of oxalate concentrations. Phase I is stable
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at the lowest oxalate concentrations and is in equilibrium with phase II at a
first transition point where the oxalate concentration equals [A),. In the case
of cerium a second transition point, where phase II is in equilibrium with
phase III, occurs at a still higher oxalate concentration, [A],. All solid phases
have constant composition as far as we have been able to judge.

In many cases the phase-transitions are so slow that the solubility of a
phase can be determined even in solutions where the phase is metastable

(¢f. p. 101).

Calculation of stability constants from solubility
data

In the solutions, complexes of the general composition M;A; are formed
between the rare-earth elements and the oxalate ion. The stability constants
are denoted f;; where:

(=120 fro=1) (1)

P = [y

If [M] and [A] refer to the concentration of lanthanoide ion and oxalate ion
in a saturated solution, the solubility, S, and the solubility product, K, may
be written:

8= 'Z 12 1, [MJ [AY (2)
K = [Na}[M[AY @
Hence
=é é tfi KiIQ[Na]—Pi/q[A]i—(ri/q) (@)
i=1 7=0

If the sodium ion concentration is kept constant throughout the series of
measurements we obtain

roJ
- ,.Zl igo ifi; KAy -l (5)

where:
K = K[Nal

It is obvious from eqn. (5) that several sets of 7,5 can give the same value
of the exponent [j—(ri/g)]. Hence it is not possible to distinguish between
mono- and polynuclear complexes from solubility measurements using only
one solid phase. This dilemma disappears if solubility data are available from
at least two solid phases with different values of r/q. Eqn. (5) takes the fol-
lowing forms for the three phases

S[APR-K =14 (B11+ 3fsa-K )[A] -I- (Bra + - )[AR 4+
+ o + (2020 K2 4 4faaK* + - )[ ]_ (6,I)
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n[A]2 Ku—l = (1 -+ ?'ﬂiMI(u2 ) + (ﬁl,l -+ 3ﬂ3.5K112 + )[A] +

+(fr2 + AP + (5,1I)
SIII[A]5/2 KII t=1 + ﬁll + 3/33 GKIII + - )[A] + (ﬂlz + - [A]2
+ o+ (25, me + - )[AT (5,111)

The coefficients for [A} can be determined from these expressions, e.g. by
the extrapolation methods of Leden and Froneeus®? 192 or by some least-
squares method (Letagrop) using a high-speed digital computer. If the various
coefficients turn out to have the same value for different solid phases it has
been proved that the system is mononuclear.

In order to calculate the concentration of free oxalate ions in the saturated
solutions the following method was adopted: The total concentration of ligand,
C,, in equilibrium with the solid phase is equal to

Cy =04 + (rf9)8 (6)

where C,’ is the total ligand concentration before any solid phase has been
added. The oxalate ion is a fairly strong base with protonation constants
d, and J,. Taking the protonated species into account we can write eqn. (6)
for the mononuclear case as

O = [AJ1 + 51+ 6% + 3 JIMA) g

The free oxalate concentration can now be calculated from the relation
’ - r —”
[A] = {C)—(°— E)S}(l + 0,k + 6,h%)72 (8)

obtained from eqns. (6), (7) and the definition of the average ligand number, 7.

# is obtained from the solubility curve (log S vs. log[A]) using the expression

d log 8 .7

TloglA] ~ "7 g ©
An iterative procedure has to be used in the calculation of the free oxalate
concentration. As a first approximation the term (%7—7/q)S may be neglected
in comparison with C,’. A preliminary solubility curve is plotted from which
values of % can be obtained using eqn. (9). Using this set of #-values a new
and more accurate value of [A] is calculated. Further iteration did not improve
this value.

It is necessary to have solubility data at low oxalate concentrations in
order to determine that various solubility products. This is not always possible
for phase IT and III as they are thermodynamically unstable at small oxalate
concentrations. The solubility products must then be calculated from the
experimental values of the oxalate concentration at the phase transition
point and the solubility product of the phase I (resp. II).

The transition I —— II may be described by

M,A,(s) + 2 Nat 4 A% == 2 NaMA,(s)
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At the point of transition where the two solid phases both are in equilibrium
with the solution we have

8; = Sy and KA] 2 = K, [A] 2
i.e. K, = (KAL)} (10)
In the same way we obtain for the phase transition II —— III:
2 NaMA,(s) + 2 Nat + A% === Na,M,A;(s)
and Ky = KAl (11)

Experimental

Chemicals used. Stock solutions of the various lanthanoide perchlorates and sodium
perchlorate were prepared and analysed as described before.!®!! Stock solutions of oxalic
acid and sodium oxalate (Merck p.a.) were analysed by cerimetric titrations. All radio-
active tracers (}!Ce, 152+184Ey, 1%Th, and ""Lu) were obtained from the Radiochemical
Centre, Amersham, U.K.

The rare earth oxalates were prepared in the following way: M,A;-2H,0 were obtained
by precipitating the rare-earth perchlorate solutions with oxalic acid. NaMA,;.2H,0
was prepared by shaking phase I with a 75 mM sodium oxalate solution, with the sodium
concentration equal to 1 M, or by precipitating the rare-earth solution with an excess
of sodium oxalate. In the cerium case the oxalate concentration must be kept smaller
than 14 mM because Na,Ce,A;-11H,0 is formed if higher oxalate concentrations are
used. This phase was prepared by shaking phase IT with a solution containing a sodium
oxalate concentration of 756 mM and a sodium perchlorate concentration of 1.00 M.
Radioactive oxalates were prepared in the same way from lanthanoide stock-solutions
of known specific activity.

Analyses of solid phases. The Eu, Tb, and Lu contents of the various oxalates was
determined by burning the solids in a platinum crucible, dissolving the oxide in hydro-
chloric acid and titrating with EDTA after evaporation of the excess acid. The cerium
contents of the various cerium oxalates was determined by direct oxidation of the oxalates
with peroxodisulphate followed by a titration with Fe(II). The oxalate content was

Table 1. Analyses of the various rare earth oxalate phases.

o)
Solid phase ]antha(r)loide % oxalate 9, sodium 9% carbon 9 hydrogen
exptl. calc. exptl. calc. exptl. cale. exptl. calc. exptl. calc.
Ce,A;3-10H,0 38.7 38.7 363 364 — — 10.2 100 3.3 2.8
NaCeA,;-6H,0 31.1 31.3 39.0 394 5.01 5.14 109 107 3.0 2.7
Na,Ce,A;-11H,0 27.6 27.7 43.3 43.6 9.5 9.1 124 11.9 23 2.2
Eu,A;10H,0 35.0 35.3 40.6 406 — - 9.8 9.6 2.8 2.7
NaEuA,-3.6H,0 42.6 42,5 36.9 36.7 5.52 b5.55
Th,A;-10H,0 34.6 34.6 41.9 41.7 — — 9.6 9.5 29 2.7
NaTbA,-3H,0 43.0 42.7 389 386 561 558 11.9 11.7 1.7 1.5
Lu,A,-7H,0 47.3 473 356 357 — — 100 97 1.8 1.9
NaLuA,-4H,0 38.9 39.2 394 39.5 515 109 108 23 1.8
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Table 2. Experimental data for the determination of the protonation constants of the

oxalate ion. The results are given as Cy,n, (mM); E—FEy (mV); (h—hg) X 10* (M).

The total oxalate concentration is constant, and equal to 50.00 mM. E is the measured
eraf and Ej4 the diffusion potential.’p-210?

Cuar E—Eg, h—hege: 5.00, 125.6, —0.004; 10.00, 100.8, 0.005; 20.00, 59.0, 0.14; 25.40,
28.9, —0.5; 26.95, 19.9, —0.2; 28.05, 14.3, —0.3; 28.90, 10.7, — 1.1; 29.60, 7.3, 0.4; 30.00,
6.1, —1.2; 30.55, 4.4, —2.3; 36.30, —11.9, — 3.2; 40.00, —19.4, 0.00; 45.00, — 27.0, — 0.3;
50.00, —32.9, 0.00.

Table 3. Experimental data for the determination of the protonation constants for the
oxalate ion at different total concentrations. The results are given as Cy (mM), £ —FEy
V), (h—hcac) X 10* (M).

Series 1. Cppa/Cnaa=9:1. Os, E— g, (h—heye) X 10% 5.00, 22.8, —0.6; 10.00, 6.9,
—0.1; 20.00, —8.5, 0.8; 50.00, —27.0, —0.3; 100.0, —39.3, —3.0.
Series 2. Cipa/Cxaga=1:9. Cu, E—Eq, (h—heay) x 108 5.00, 126.9, 0.9; 10.00, 126.6,
—1.0; 20.00, 126.5, —2.5; 50.00, 125.6, —0.4; 100.0, 125.6, —1.0.

determined by cerimetric titrations. Carbon and hydrogen were determined by elemental
analyses, and sodium was analysed using a flame photometer. All phases were also charac-
terised by their X-ray powder patterns. An X-ray structure investigation of the various
solid oxalates is in progress.!? The results of the analyses are collected in Table 1.

Solubility measurements. The solubility was investigated using two different methods.
In the first method a small amount of active lanthanoide oxalate was equilibrated with
20 ml oxalate solution in a 100 ml glass flask. Equilibrium was attained by slow agitation
in a thermostatted bath. The two phases were separated by filtration through a filter
stick and the solubility was determined by measuring the activity of a 5.00 ml sample
of the oxalate solution in a y-scintillation detector (Landis & Gyr, EQP 3.1). Equilibrium
was attained after 10— 30 min but an equilibration time of 24 h was nevertheless used
in most cases.

In the second method we used a solubility column of the Brensted type.’* This is
a more handy method to work with and has been used for obtaining most of our solu-
bility data. The height of the oxalate column was approximately 1 em and equilibrium
was established after one passage of the oxalate solution through the column. The com-
position of the various oxalate solutions used in the solubility experiments are given in
Tables 5 and 6. The sodium ion concentration is constant at 1.00 M in all solutions.

Table 4. Experimental determinations of the various phase transition points. The “best’’
values are given in the last column. The errors are estimated maximum errors.

Type of Graphical Two-phase Determination  “Best’” value of
Metal phase  determination determination  from solubility transition points

transi- prod.

tion
(Al M) [A] (M) (Al M) [A] (M)

Ce T- II (2.5 +0.1)x107*(1.0 +0.1 )x10~* (2.5 +0.1 yx10™*

IT-» IIT(1.4 +0.1)x1072(1.6 +0.2 )x10°? (1.5 +0.1 )x10
Eu I-» II (7.6 +£1.2)x107%(5.9 +0.5 )x10~* (8+2)x107% (6.7 4£0.7 )x10~°
Tb I- II (1.454-0.1)x10~° (1.29+0.06)x 10~° (1.45 +0.25) X 10~° (1.45 4 0.10) x 10~
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Table 5. Experimental values of log S and log[A] for the cerium and lutetium oxalate
systems. logSc. is calculated with the final solubility products and stability constants

of Table 8.

Lu{®), phase I 1,000 mM Ce(m), phase [ = 10.00 mM
dogh  dos(A] oS lg——— & slogh  -loglA]  -legS  log i
Scale Scalc
0.921 5.820 3.608  -0.024 0.24 1.377 4.330 5.128 0.011 0.69
0.921 5.819 3.605  -0.020 0.24 1.377 4.330 5.0 -0.001 0.69
, 1.495 4.180 5.240 0.0 0.81
Lu(m), phese I Cj = 10.00 mM 1.495 4,180 5.249 0.002 0.8)
1.620 4.029 -0.016 0.94
0.495 5.674 3.820 0.016 0.31 1620 4.029 -0.011 0.94
0.495 5.674 380 0.025 0.31 1.770 3.885" 0.005 1.0
0.602 5.493 4.120 0.012 0.42 1.770 3.855 0,005 110
0.602 5.493 ERIT) 0.013 L4z 1.88 © 3.726 0,036 Va2
0.721 5.295 4.431 0.002 0.56 1.886 3.726 ~0.019 1.22
0.721 5.295 4,425 0,008 0.56 1.886 3,728 -0.002 1.22
0.824 5.129 4,668 -0.006 0.69 2.026 3.576 -0.014 1.36
0.824 5.129 671 ~0.,009 0.69 2.026 3.576 ~-0.008 1.36
0.921 4.976 4852 -0.001 0.82 2.026 3:576 0.000 1.36
0.921 4.976 4,853 -0.002 0.82 3.501 5.520  -0.007 1.43
1.000  4.856 4994 -0.007  0.93 3.501 5.509 0.004 143
12000 4.856 4990 -0.003 0.93 3.373 5.553  -0.039 1.55
1.097 4.713 5,127 0.003 1.06 3373 §.517 -0.003 1.5%
1.097 473 5.129 0,001 Vo6 2,398 398 5.524  -0.033 1.72
1160 1504 5239 -0.004 17 2.398 3198 5,509 ~0.018 1.72
1180 4,59 5.246  -0.011 17 2.523 3.078 5.487 0,032 1.04
1268 4474 5336 -0.006 1i2e 2.523 3078 s.472 -0.017 1.84
1.268 1.474 5.324 01001 1.28 2.921 2,725 5.293  =0.015 2.18
2,921 2.725 5.306  -0.028 2.18
1.377 4.330 5.412 0.010 1.42 H Z
I B o B
1,488 4.181 0.012 187 3.222 2.497 5027 0,029 2.41
1485 4.18 0.008 .57 3.222 2.497 5,210 -0.112 2.4
3.856 -0.007 1.88 3.523 2.315 5.024  -0.106 2.59
3.856 -0,007 1.88 3.523 2.315 5.029  -0.111 2.59
-0.003 2.00
5.602  -0,006 2.00 Ce(m, phase I 10,00 mM
5.595  -0.010 2.4
seso7 e o 2,026 3.576 5.524 0,001 1.36
5.582 ~0.009 2.21 N N - o N
MEoss o | MMM 3m
3.373 5.537 0.002 2.32 : . : s :
30373 5.540  -0.001 2.32 ::2; ;;:; :5:: . :;: :;:
3.198 5.45) 0.018 2,48 : : 64 o, :
3.078 74 0.030 2.50 21398 3098 5.713 -0.018 1.72
2.625 5.225 0.003 2.80
5 2 2,523 3.078 5,727 -0.004 1.84
2.025 $.221 0.007 2.80 2.523 3.078 5.730  -0.007 1.84
2.699 5128 -0.007 2.90
: 2.748 2.875 5.733 0.003 2.03
2.608 5.151 -0.029 2.50 2.745 2.875 5.738  -0.002 2,03
Jhoi2 3.0 2,921 2.725 5.718 0.003 2.18
-0.012 3.03 2.921 2.725 5.7 0.000 2.18
3.523 -0.038 .19 3.222 2.497 5.650 0,004 2.41
34551 0.022 .20 3.222 2,497 5.646 0.008 2,41
4.398 2.080 4.358 0.039 3.38 3.523 2,315 5.550 2,013 2,59
i
Lufl), phuse I Cp varying -logh = 6.000 3.523 2.215 5558 0.005 2.59
4.398 2.058 5.371 0.002 2.85
T N 4,398 2,058 5377 -0.004 2.85
1070 ~loa (A] -logs oy a
Scale Ce(M, phase I Gj varying ~logh = 6.000
. 5 s _
14.00 1,859 1.072 0.021 3.52 Cia0* () -logfa]  -legs  log i
23.00 1.561 3,600 0.022 3.70 ale
28.90 1,561 ER S 0,011 3.70
37.50 1.436 3.406 0.000 3.76 14.00 1.856 5.180 0.906 3,05
37.50 11436 3.400 0,005 3.76 14,00 1.856 5.181 0.005 3.05
50:00 1312 3.203  -0.017 3.8 20:00 1.701 5.008 0.004 3.20
50.00 1312 3099 -0l012 3181 20.00 1.701 5.007 0.005 3.20
N 28.00 1.553 4,821 0.007 3.33
Celm, phase I A= 1000 mM 28.00 1.555 1.821 0.007 30
5 T anso 1.423 4.648 0,004 3.43
-logh -log [A) -logs  log g n 37.50 1.428 4.644 0,008 3.43
cale 50.00 1.303 4.475 -0.008 3.53
50.00 1.303 4476 -0.009 3.53
0.921 5.773 3,385 -0.013 0.05
0,921 5.781 3.407 -0.046 0,05 Ce(n, phase I varying ~logh = 6.000
Celm), phase
14,00 1.056 5.180  ~0,003 3.05
. 20.00 1.701 5,074 0.006 3.20
0.485 5.665 3.490 0.03 .06 . .
b ] 3.838  -0.0i8 0.06 20.00 1.708 5.085  -0.005 3.20
R 28.00 1.555 4.963 0.000 3.33
R R T S I R - & I &
0 37.50 1.428 4.850  -0.003 3.43
0.721 4,031 0.020 0.14
0921 3018 PR IRH 37.50 1.428 4.858  -0.001 343
0.721 4.055  -0.005 014 50.00 1.303 4.729 0.005 3.53
0.824 4,279 -0.008 0.19 63.00 1.202 14.620 0,006 3.60
0.824 4.273 0,002 .19 75.00 1027 4.527 0.015 3.65
0.921 1.454 0.0 0.26
0.921 4.457 0,008 0.26 Ce(m, phase I 10.00 mM
1.000 4622 -0.012 0.32 5
1.000 451 -0.001 0.32 s
“logh  -log(A] “logs 1 E
1,097 4.758 0.015 0.40 es () 7  Seatc
1,097 4.760 0l013 0.40
1180 4.891 0.007 0.48 3.222 2.497 5.333 .009 2.41
1180 4805 -0.007 0.48 3.222 2.497 5.3 -0.017 2.4
1.268 5.013 0.001 0.57 3.523 2,315 5.320 0.004 2.59
1.268 5.002 0.012 0.57 1l523 2.315 5.316 0.008 2.59
3.523 2,315 5.324 0.000 2.59
4.398 5.277 2.85
4.391 5276 2.85
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Table 6. Experimental values of log S and log[A] for the europium and terbium oxalate
systems. log Scy is calculated with the final solubility products and stability constants
of Table 8.

Tolm, phosel  Gj = 1.000 (M) Eu@ . phase | = 1.000 (mM)
5 - s -
~logh ~log [A] ~log s log - n ~legh ~log (A] -log § log F n
cale calc
0.32 6.504 2.840 0.002 0.04 0.321 6.631 3,005 0,035 0.02
0321 6.504 21840 0.002 004 0.321 6.637 3,054 0,054 0.02
0.487 5.347 3.065 0.006 0.05 0.487 6.452 3.279 l007 0.04
0.487 §.339 3l051 0.031 0.08 0,487 5454 3282 -0.013 0l04
0.721 6.108 3.4n 0.002 0.09 0.467 6.d61 3.209 <040 0.04
0.721 6.107 3416 -0.002 0.03 0.721 6.183 3,674 -0.012 0.07
0.721 6124 362 -0.070 0109 0.721 6.179 3654 0,011 0.07
0.907 5.895 3714 -0.008 0.16 0.907 5.543 4.005  -0.004 0.
0.907 5.888 31679 0,040 0.16 0.907 5,941 3.983 0.016 ot
0.907 5885 31671 0050 olls 1107 5574 4,346 009 018
1007 5.652 4,056 -0.025 0.22 Va7 51673 4.320 0.046 ons
1107 5.652 4.058 0,027 0.22 a0 €202 640 -0.008 037
Ve 51652 4060 -0.029 022 Hets! ] Hett B 33
1.400 5.283 4474 -0.002 0.45
1.401 5.283 4.476 =0.9004 0.45 Eu(l), phase T Cj = 10.00 (mM)
1,642 4.997 4,807 0,048 0.59
1642 4,997 4803 -0.050 0.59 DoAs7 6.28¢ 2,570 -0.056
1673 4737 4982 -0.013 0.78 0.157 6.286 3.583 0,063
1,873 4.737 5,008 -0.039 0.78 0,321 5.992 3.957  -0.004
2.276 4.317 5.193 0.012 110 0.321 5.992 31965  -0.032
2.276 4317 si247 0,042 1o 0.487 5.607 4335 2.001
2.573 4.031 5.328  -0.042 1.9 0.487 5.697 4388 -0.02
2.573 4,031 5,349 ~0.063 133 0.721 5.287 a8 0.017
2.924 3.723 5.268 0.024 1.63 0.721 5.297 4,803 0.025
21924 31723 $.308 -0.006 163 0,207 4 508 5105 0,035
o HE"
T el el e e 0.907 41998 51090 01050
— e 4.699 5.375 0.015
(R0 -toan s 1o S - 1107 4.693 51382 0,038
< og  Sealc : 1,390 4.313 5.622 0.001
1350 4.3 5.616 0,007
1.642 4.003 5.629 0.102
0.300 3.524 5.245  40.000 1.63
0,300 3.524 5.282  =0.037 1.83 1.642 4.003 5.625 0.106
0.500 3.306 5.148  -0.004 2.09 2.027 3.578 §.737 0.008
0.500 3.306 50199 -0.05§ 2.09 z.027 3.575 §.723 0.022
2,292 3.302 5.666  -0.007
1,000 3.005 4.954  -0.033 2.40 ’
1,000 3.005 4.965  -0.044 2.40 2.292 3.302 5.695  -0.036
3.000 5.483  -0.013
Th(mH), phase I Cj = 1.000 (mM) 3.000 s.a17 0.053
S 2,025 5272 0.044
Cogh -loglA]  -legs  la—— & 2.825 5.247 0.069
Scale 2,699 5,149 0.039 2,58
2,639 5013 0,075 2.58
0.907 5,868 3715 0.017 0.14 2.524 5,027 0,044 2.74
0.907 5.866 3 0.025 014 2,524 51076 -0.093 2174
1107 5.648 4,143 «0.010 0,22 2.524 5.093  -0.110 2.74
1107 51650 4065 -0.036 022 Ea(), phase I Cf = 10.00 (mM)
1.231 5.497 4,400 =0.003 0.29
123 5,498 4428 0,033 029
1.401 5.207 4.743 0.001 0.40 0,27 6.081 3.44 -0.04 0.09
1,401 5.287 4,745 0,002 0.40 0.321 5,977 3.59 -0.08 0.10
1.642 4.999 5,176 0.001 0.59 0.487 5.692 1.0 0.07 0.13
1,642 4.999 §.207  ~0.030 0539 o2 529 wn 0.0 o3t
1.642 4.999 5,123 0.054 0.59 0.721 5.296 4169 0.07 0.34
1.873 4.739 5.520  -0,002 0.78 0.507 4.998 5.186 0.042 0.55
1873 1.739 5.413 0.105 0.78 0.807 4.998 5.170 0,058 055
2,276 1.318 5,975 -0.009 10 1.007 1,699 5.614 0.014 0.76
2,276 4.318 5.359 0.007 10 12107 4,699 5.604 0.024 0.7
2.573 4,031 6.155 0.036 1,33 1.268 4,474 5.894  -0.006 0.92
2.573 4,03 LR 0.050 1.33 11268 4.474 5,895 ~0.007 0.52
z2.924 3.722 6.310 0.042 1.63 1.390 4.313 6.052 0.001 104
2.924 31722 6.253 0.099 1.63 1390 4313 6.056  -0.003 104
= 1.620  4.029 6.293 0.003 1.26
THm, phase T G = 10.00 (mM) 10620 4.029  6.304  -0.008  1.26
1.642 4,003 6,344 -0.028 1.27
1.3%0 4313 6.04 -0.07 110 1642 41003 6,346 -0.030 127
1390 4313 6.0 -0.08 110
1.770 3.856 5.412 0.001 1.3
1.3%0 4.313 6,05 -0.08 1.10 770 3.856 §.411 0.002 1.3
1.642 4.003 6,18 0.05 J.38 2,026 3.576 6.544 0,001 1.67
V.edz 4,008 64 007 1,36 2.026 3576 61531 0.012  1.67
2,007 3575 6.39; 008 oo 1.79 2.222 3.978 s -0.0m 189
2,29 3.302 6.4030.01 0.0 2.09 2222 337 6.644 0,056 .
N 2.398 3.198 6.590 0.003 2,07
2,607 3.000 6177808 0.7 2.40 2.398 3.198 6.587 0.005  2.07
™ 2.523  3.078  6.611  -0.036  2.20
2.803 2824 627508 03 2.57 2,523 3.078 6611 0,036 2.20
009 2,745 2.875 6.506 0.006 2.4
2,053 2609 6495077 0.0 2.68 2.745 2.875 6.502 0,019 242
: § 2.921 2.725 6.434 0.004 2.56
3.184 2.524 6.0 0.00 2.91
3.184 2.524  6.03 olol 2.8 ZJZ; :”9: 2:;7 Zzg; Zj:
3.22 4 .2 -0. .
3,184 2.524 6,05 -0.01 2.8 3.222 2,497 6.281 0.007 2.75
3551 2,301 5.84 0.00 2,98 .
3.551 2,300 5.83 0.01 2.98 3 FRtH HI I R4
31550 2300 5.85 -0.01 2198 . : : . .
4,398 2.058 5.863  =0,003 3.09
4,398 2,059 §.885  -0,005 3209
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Table 6. Continued.

Tb(I), phase I ~log [H'] = 6.00 « Eu(l), phase ¥ ~log[H*] = 6.00
5 i
Scatc

ci10t ) cloolAl g legi— & Ci 0% () -log[A]  logS  log
cale .

0500 .3.303 .52 0088 om 2,09 1,400 7.855 5,634 -0.010 3,23
N t.400 1.855 5.654 =0.010 3,23

=-0.10
1.000 3.002 6.36 gy -C.02 240 2.000 1.701 5.304 0.052 3.34
1.500 2,826 6.2170.07 0.04 2.57 2.000 1700 §.388 0.058 3.3

papes 2,800  1.555 5.232 0.010 3.3
2,000 2o ea2) 9% oo 2.68 200 1.5s5  5.224 0.018 3.45
am e ews o ae |33 1R pE oA 18
5.00 2.303 5,851 -0.008  2.98

. 5.00 1.303 4.857 20,000 3.6
5.00 2.303 5862 -0l018  2.98 5.0 R ST S S
10.00 2.002 5.4 0.08 .18 6.30 1.202 4.632  £0.000 3.67
10,00 2,002 §.38 014 318 HEH HE R+ S 491 iR
+20,00 1,700 5,155 0,021 3.38
20100 70 shez -0.028 338
37.3 1.428  4.735 40,003 3.56
375 1,428 4700 -0l005 358
50.0 1,303 4.532 -0.002 3.64
50.0 1303 4.526 0.00 364
75.0 1027 4.230 0.006  3.72
75.0 1.127 4.217 0.019 3.72

Perchloric acid has to be added to the solutions containing the lowest oxalate concentra-
tions and this will cause small variations in the ionic strength of the solutions. The varia-
tions are usually small and can be calculated from the data in Tables 5 and 6.

Determination of the phase transition points. The phase transition points have been
determined by the following three methods:

a. The point of intersection between the two solubility curves have been determined
graphically. The difference in slope between the two curves was in all cases sufficiently
large for an accurate determination.

b. Approximately 0.2 g of the phases I and II (or II and III) were added to a solution
with an oxalate concentration close to the expected transition point. As equilibrium
was approached the relative amounts of the two phases changed. The oxalate concentra-
tion of the solution in equilibrium with two solid phases present is equal to [A]; resp.
[A]r and was determined by a potentiometric determination of the concentration of
free hydrogen ions, h, followed by a cerimetric determination of the total oxalate con-
centration.

¢. The phase-transition points can also be calculated from the experimental values
of the two solubility products.

Rate of phase transitions. The rate for the transformation phase I ——> phase II is
rather slow, especially in the vicinity of the transition point. The oxalate concentration
can usually be increased by a factor two to three above the value at the transition point
without any noticeable changes in the composition of the solid during an equilibration
time of 1 h. If the oxalate concentration is increased beyond this limit a rapid phase
transition occurs. The phase-transition phase II ——> phase I always proceeds much
faster than the reverse transition and for the determination of the solubility when the
solid was metastable much shorter equilibration times had to be used. In the cerium
and terbium systems the transition II —> I occurred so fast that no solubilities of
phase II could be determined to the left of the first transition point. The transition
phase IT ——» phase III and its reverse are both fairly slow and it is possible to study
the meta-stable phases over a large range of oxalate concentrations.

Determination of the protonation constants for the oxalate ton. The protonation constants
J, and J, were determined by potentiometric h-determinations in different buffers of
oxalic acid and sodium oxalate. The method has been described before.! The galvanic
elements used were of the type:

Ca,a 10.00 mM HCIO,
Cxasa 1.00 M 1=1.00 (M)
Au Au
I=1.00 (M) NaClO, Quinhydrone
Quinhydrone
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Results

Protonation constants of the oxalate ton. The stability constants J, and J,
were determined by standard methods (graphical) from the experimental
material in Table 2. The following values were obtained:

S, = (3.55 4 0.04) x 103 (M)
8y = (3.62 & 0.11) x 10* (M2)

The errors quoted are estimated maximum errors. The acidity constants do
not vary with the total buffer concentration in the range investigated (5
mM—100 mM), ¢f. Table 3.

Values of the various phase-transition points. The experimental values of
the different phase-transition points are given in Table 4. The final values
are given in the last column of the table and have been obtained by taking
into account the results of all the different methods of determination. The
two-phase method gives erroneous results for the first transition point in the
cerium case — a reason for this might be that some other solid phase is formed
in this experiment. In this connection it may be mentioned that Ce,A;-2H,0
has been reported to contain between nine and twelve water molecules.!

Solubility measurements. The solubility data for the various phases of the
investigated rare earths are collected in Tables 5 and 6, the corresponding
solubility curves are shown in Figs. 1 and 2.

T T T T

—~log S //X

a+l | -
/s
/‘ S
a+2 // ]
~log (A]

L 1 L L

1
6 5 4 3 2

Fig. 1. Experimental solubility curves for the cerium and lutetium oxalate systems.

The value of a is equal to 3 for the cerium system (the lower curves) and equal to 4 for

the lutetium system (the upper curve). The full-drawn curves have been calculated with
the final set of solubility products and stability constants given in Table 8.
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In the cerium-oxalate system we could only determine one solubility
product directly from solubility measurements at low oxalate concentrations
and had to determine the other two from the phase-transition points. A direct
determination of the two solubility products was possible for europium and
terbium even if the second solubility product is more uncertain than the first.
The “best” solubility product was also based on the results obtained from the
phase-transition point. For lutetium, NaLuA,-4H,0 was the only stable
solid in the oxalate range investigated.

The constants fi;K'% were determined for each phase and the result
is given in Table 7. The errors quoted are equal to three standard deviations.
From the different values in Table 7 a final “best” set of stability constants,
Bi;i» was chosen and the errors in these constants were estimated from the
3g-values of Table 7. The final values of the various solubility products and
stability constants are given in Table 8.

The full-drawn curves in Figs. 1 and 2 have been calculated using
these sets of constants. The agreement between experimental and calculated
solubility is satisfactory.

The fact that the different phases for each of the investigated systems
give the same stability constants proves that the complexes formed are mono-
nuclear. A maximum of four oxalate groups are coordinated to the various
central ions in the oxalate range investigated, and it is not likely that com-
plexes hlgher than the fourth can be formed in aqueous solutlon (vide the
values of % for Lu in Table 5).

The possible occurrence of acid complexes must also be investigated.
For the europium-oxalate system, we have measured the solubility of phase I
in solutions with the same free oxalate concentration but with different

Table 7. Values of the constants g;,;Ki¢ for the various lanthanoide oxalate phases.
The errors quoted are equal to three standard deviations.

Constant Ce(I1I) Cu(I1I) Thb(III) Lu(11I)
K% x 101 (M*:) 88.5 +3.7 10.1 +0.8 245 1.8
By Ky’ x 10° (M¥s) 2.7240.20 1.3440.22 2.56 +0.40
B.'K ‘/2><105 (M%) 7.1240.74 5.7 +1.7 18.7 +5.4
B K /2>< 102 (M%) 1.2440.30 3.7 +1.1 13.5 +8.1 -
Ky x 101 (M#) 138 410 2.86 +0.30 2.95+0.72 4.60+0.36
By -Kyp X 101 (M3) 39.4 2.1 3.194+0.33 3.45+1.2 8.85--0.66
Ba K x 108 (M2) 1.1240.06 121 +2.1 24.6 +9.6 1.57+£0.12
Bs-Kyr X 10 (M) 2.841+0.17 1.10+0.13 2.20+0.66  25.3 +1.7
By Ky x 108 7.46 4+ 0.82 3.3940.54 74 25 222 4 10
Kypr x 108 (M) 1.6740.15
B Kipr % x 10° (M) 3.35+0.25
By Km/2>< 10* (M?h) 9.7 +1.2
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T T T T T

/

f
e

w/

o
S5t " > R
\ f‘/ / Fig. 2. Experimental solubility curves for
\\ / the europium and terbium oxalate systems.
L % e 1 The upper curve denote the europium
\_/ system and the lower curve the terbium
n ~iog (4] | system. The full-drawn curves have been
, ; L 4 - calculated with the constants in Table 8.

hydrogen ion concentrations. We found that the solubility curve in the range
5.3<pA< 6.3 was independent of the hydrogen-ion concentration and thus
conclude that no acid complexes are formed in our range of measurement.
This conclusion is supported by the investigation of Sekine.?

SOLVENT EXTRACTION MEASUREMENTS

Solvent extraction measurements have only been made for the europium
and terbium oxalate systems in order to confirm the presence of a fourth
complex. For this reason, we have made the largest part of the experimental
distribution measurements at an oxalate range where the highest complexes

Table 8. Final solubility products and stability constants for the investigated lanthanoide
oxalate systems with their estimated maximum errors. The ratio between the various
stepwise stability constants are also given.

Constant Ce(III) Eu(III) Tb(IIT) Lu(IIT) 1
K; x10% (M°) 8 4+ 5 1.174+0.16 5.9 +0.7
Ky X 10 (M*) 138 4 10 2.8 +0.3 2.9 +0.3 4.60--0.05
Kip X 10% (M) 2.8 +0.5
By X 10— (M) 3.1 +0.3 11.0 4+1.5 12.0 +£2.0 19.0 +1.0
B x 1078 (M™?) 0.81+0.10 5.0 +£0.7 7.2 +1.7 34 + 2
By X 1071 (M™3) 0.20+0.02 3.7 +£0.6 7.1 +1.5 556 + 3
By x 10712 (M) 0.56 -+ 0.06 124 +1.6 26 4+ 6 480 + 30
K,[K, 1242 24 46 20+6 11+ 2
K,/K, 11+2 6 14 644 11+ 2
K,/K, 942 22 48 27410 18 + 4
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are present in largest amounts. The experimental method used is the same
as described by Sekine ® using TTA and hexone as extracting agents and
carbon tetrachloride as the solvent.

Notations. The general equations used have been given by Sekine. The
function X can be determined from measurements of the distribution of
metal between organic and aqueous phase and

X = Do/D (12)

where D, is the distribution coefficient when C,=0. The following expression
may be derived from eqn. (12)

d log D

dlog [A] — " (13)

Experimental

Chemicals used. TTA (Columbia Organic Chemical Co) was used without further
purification. Hexone (Merck) and carbon tetrachloride (Merck) were both of analytical
grade. All other solutions were the same as described in the preceeding section.

Distribution measurements. The experimental conditions had to be optimized in order
to get as accurate distribution coefficients as possible (—2 <logD <2). Since the value of
D is dependent on the hydrogen-ion concentration it was practical to keep A as constant
as possible. The hydrogen ion concentration had to be rather low (—log A >4.0) in
order to prevent precipitation of NaHA at the high oxalate concentrations used in this
investigation. The hydrogen-ion concentration changed slightly during the equilibra-
tion with the organic phase and was therefore measured with a Radiometer PhM 4 ¢
pH-meter. All the measured distribution coefficients were then recalculated to a “normal-
ized”’ hydrogen-ion concentration equal to 10~*** M, and were then denoted D.

The distribution coefficients were determined in the following way: 5.00 ml of a
ligand solution and 0.0500—0.300 ml of a radioactive rare-earth solution were equi-
librated with 5.00 ml of an organic phase containing 0.400 M TTA and ten volume percent
hexone. Equilibrium was attained by agitation for two hours at 20.0°C. The total lan-
thanoide concentration in the two phases was then determined by y-activity measurements
as described before (p. 98). The total metal concentration in the aqueous phase was in
all cases so low that no rare earth oxalate could precipitate.

Results

The experimental values of D are given in Table 9 and have been plotted
in Fig. 3 as (log D14 const) versus pA. The slope of this curve is equal to %
and it is obvious from the figure that the slope is larger than three at the
highest oxalate concentrations. The fact that more than three complexes
are formed is more obvious from Fig. 4 where we have used the relation:

b B B 1
DIAF ~ D, "D, AT T
and plotted 1/D[A]* versus 1/[A]. The result is a straight line from which a
value of K, can be determined. The following values were obtained for the
two systems investigated:
extr. Eu(IIl) K, =39 + 4 (M) sol. K,=34+4 5 (M7
Th(III) K, = 41 &+ 5 (M) K, = 37+ 10 (M7)
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L tog D7« a(log x +0.10) /—
of 4

b
[N d A

J
e ~log [A]

1 1 1
6 5 4 3 2

Fig. 3. log D+-const as a function of
—log [A] for the europium and terbium
oxalate system. a equals 5.68 for the
europium system (the lower curve) and
6.91 for the terbium system. The fulldrawn
curves have been calculated from the
values of log X obtained from the solubility

INGMAR GRENTHE ET AL.

T T T T T
! -7 -4

L D[A]‘XIO (M™) A R
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ESA el
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17 [A] (M)
1 1 s 1 1.

25 50 75 100 125

Fig. 4. Graphical evaluation of the constant

K, from solvent-extraction data for the

europium and terbium oxalate systems.

The lower curve refers to the terbium

system where the value of a equals 6 and

the upper curve to the europium system
where a equals 0.

measurements. The circles denote the
values of (log X-+0.10) where log X have
been determined by Sekine.®

These results are in good agreement with the values found from the solubility
data.

We did not make any attempt to determine D, experimentally. This
constant was calculated from eqn. (12) and the values of X obtained from
the solubility data instead. The full-drawn curves in Fig. 3 have been cal-
culated using the final constants given in Table 8. The extraction data are
well described by this curve and we have thus confirmed the existence of a
fourth complex and also the value of the fourth consecutive stability constant.

For the europium-oxalate system, we could directly compare our results
with those of Sekine. His log X-values are systematically lower than ours.
We have therefore in Fig. 3 added 0.10 to Sekines log X-values and denoted
the result with circles. One can now notice a good agreement between the
two sets of extraction data and the values of log X-obtained from the solubility
measurements. The systematic displacement might be caused by a systematic
error in the determination of D,. Some support for this conclusion is given
by the fact that a plot of Sekines values of (X — B,[A]%) wersus [A] gives an
extrapolated value of X=0.84-0.2 when [A]=0, i.e. his value of log D, should
be increased with approximately 0.10 units.

DISCUSSION

This investigation has shown that the lanthanoide ions form stable mono-
nuclear oxalate complexes in solution. A maximum of four oxalate groups
are coordinated to the central ion probably forming a complex with a coordina-
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Table 9. Corresponding values of —-log [A], —log k, log D~ and log D~ for the europium
and terbium oxalate systems.

—log [A] —logh logD™* logD*! —log[A] —logh logD? log D
3.137 3.442 —1.767 —3.91 3.768 3.388 —1.286 —4.18
3.709 3.493 —1.250 —3.83 3.769 3.386 —1.230 —4.13
3.441 3.503 —0.822 —3.38 3.479 3.434 —0.852 —3.61
3.441 3.603 —0.814 —3.37 3.480 3.430 —0.836 —3.61
3.062 3.464 —0.023 —2.69 3.083 3.424 0.001 —2.79
3.055 3.478 —0.039 —2.67 3.083 3.424 0.005 —2.79
2.760 3.607 0.652 —1.89 2.769 3.486 0.685 —1.92
2.760 3.507 0.660 —1.88 2.769 3.486 0.690 —1.92
2.544 3.510 1.210 —1.32 2.330 4.207 —0.516 —0.96
2.540 3.519 1.158 —1.35 2.111 4.233 0.044 —0.32
3.081 3.975 —1.803 —2.94 2.109 4,248 0.028 —0.29
3.081 3.975 —1.800 —2.94 1.852 4.287 0.798 0.60
3.068 4.026 —1.730 —2.71 1.850 4.292 0.792 0.61
2.774 3.995 —1.179 —2.26 1.704 4.321 1.173 1.08
2.768 4.021 —1.226 —2.23 1.704 4.316 1.192 1.08
2.755 4.073 —1.209 —2.05 1.616 4.336 1.419 1.37
2.337 4.170 —0.582 —1.13 1.616 4.334 1.448 1.39
2.337 4.170 —0.578 —1.13 1.446 4.345 2.063 2.04
2.105 4.271 0.002 —0.25 1.445 4.353 2.073 2.07
2.105 4.271 0.006 —0.25 1.328 4.354 2.496 2.50
2.019 4.262 0.122 —0.16 1.328 4.353 2.513 2.61
2.015 4.285 0.041 —0.17 1.329 4.349 2.578 2.566
1.844 4.307 0.684 0.54 1.214 4.358 2.737 2.75
1.841 4.327 0.639 0.56 1.214 4.361 2.770 2.79
1.700 4.320 1.139 1.04 )

1.698 4.330 1.117 1.056
1.612 4.320 1.341 1.24
1.612 4.320 1.349 1.25
1.434 4.344 1.964 1.93
1.434 4.344 1.967 1.93
1.310 4.337 2.432 2.38
1.310 4.337 2.452 2.40
1.193 4.354 2.812 2.81
1.193 4.354 2.830 2.83

tion number of at least eight. Such a high coordination number is not
unexpected 1° because of the high charge and fairly large ionic radius of
the lanthanoide elements.

From the variations of the stepwise stability constants, ¢f. Table 8, one
can see that there is no difficulty for the fourth complex to be formed. This
fact indicates that the steric effects noticed previously for the oxydiacetato
and 2,6-pyridinodicarboxylato ligands, to the largest part are caused by the
geometrical requirements of the ligands.

The results of this investigation are also supported by the work of Sekine.®
The results of the earlier solubility measurements 4® are probably more or
less in error.
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