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Kinetic Studies of Lanthanoid Carboxylate Complexes

I. The Dissociation Rates of Ytterbium, Lanthanum and
Copper EDTA Complexes
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The dissociation rates of the ytterbium, lanthanum, and copper
EDTA complexes in slightly acid media have been investigated.
The rate constants of these dissociations have been determined from
reactions in which the ligand is exchanged between two different metal
ions. The measurements have been made at 25.0°C and at an ionic
strength of 0.5 M, using potassium chloride as neutral salt. The so-
lutions were buffered with 12.5 mM sodium acetate and varying
amounts of acetic acid. The dissociation was found to be catalyzed

by hydrogen ions, according to the equation f=/k,+ k,[Ht]+ k,[H*]?
for the rate constant f.

The lanthanoid ions form strong complexes with many multidentate ligands.
The stability constants of the complexes with ethylenediaminetetraacetate,
EDTA, range from 10> M—! for lanthanum to 102 M for lutetium.!—3

Hoard et al.%,® have found from X-ray studies of salts of lanthanoid EDTA
complexes that the ligand is hexadentate. It is bound to the central ion by
four oxygen and two nitrogen atoms. The ligand is located at one side of the
central ion, whereas the opposite side is occupied by coordinated water mole-
cules. As the radius of the central ion decreases along the lanthanoid series,
the central ion presumably sinks deeper into the ‘“basket’” formed by the
ligand molecule which results in a shortening of the metal-nitrogen distances.

It is also possible that a change of the number of coordinated water mole-
cules occurs. Thermodynamic data ® indicate a change in the coordination
number, possibly from nine to eight, somewhere in the middle of the lanthanoid
series. On thermodynamiec, spectroscopic, and kinetic grounds, Geier and
Karlen 10 have claimed that two kinds of LnEDTA complexes, wviz.
Ln(EDTA)(OH,);” and Ln(EDTA)(OH,),”, are in equilibrium in solution. For
the first members of the series up to samarium, the complex with three water
molecules predominates, whereas after dysprosium, the two-water complex
is favoured.
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Some investigations have been reported on the kinetics of lanthanoid
EDTA complexes.~1® They are based on radioisotope exchange studies in
slightly acid solutions. The ligand exchange of lanthanum and lutetium EDTA
complexes has been studied by NMR line broadening by Merbach and Gnagi.2°
A few studies of mixed EDTA lanthanoid complexes have also been reported.82

Several different rate laws and mechanisms have been suggested in the
investigations cited. Most of the papers give only one reaction path, viz. a
path catalysed by hydrogen ions in such a way, that the rate constant becomes
proportional to the concentration of these ions. Furthermore, a decrease in the
rate constant along the lanthanoid series has been related to the increasing
stability constant.

The aim of the present investigation is to determine the dissociation rates
and possible reaction mechanisms of some lanthanoid EDTA complexes with
methods other than isotope exchange reactions. The suggested existence of
two types of EDTA complexes, containing two or three water molecules, might
be reflected in the rate constants of the dissociation. One would also expect a
hydroxide ion catalysis of the dissociation, since mixed complexes are known
which contain EDTA and hydroxide as ligands. This has not been examined
in the previous studies.

The present investigation will be reported in this and two forthcoming
papers.

THE KINETIC MODEL

This model, which is in accordance with the reactions of EDTA complexes
discussed by Margerum,?® has been developed together with Ekstrom.? It
describes possible reactions of a ligand exchange between two different metal
ions, according to the over-all reaction

LA+M=aL+MA (1)

where A denotes the ligand and L and M the two metal ions. Catalysis by
hydrogen and hydroxide ions has been included in the model. The ligand is
supposed to have a multidentate character. Mixed complexes, e.g. formed by
species used as buffers, are excluded in this short description.

Two different reaction paths are taken into account, viz. (i) a primary
dissociation of the complex LA, followed by an association of the ligand A
to the metal ion M, and (ii) a direct substitution reaction between M and the
complex LA to the products L and MA.

If the metal ion L has a high coordination number compared to the multi-
dentate ligand A, which itself has possibilities to form species of the type HA,
H,A,..H A, there exist several possibilities to form mixed complexes, such
as L(OH)A, LAH, LAH,. The distribution of L over these species depends
on the acidity of the solution. The metal ion M may also have similar possibili-
ties to form mixed complexes. The situation is described in the following
reaction scheme.
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All equilibria in which only hydrogen ions are exchanged are assumed to be
rapid compared to the rates of paths I and II. This assumption will be discussed
in a forthcoming paper. In this scheme, «— denotes a fast equilibrium. f , is
a function of the hydrogen ion concentration and of the rate constants for the
various LA complexes. The corresponding function for the MA complexes is
Jua- fo is a function of the hydrogen ion concentration and of the rate constants
for the direct substitution reaction.

DEDUCTION OF THE RATE LAW

The total rate of disappearance of the LA complex together with species
formed from LA by fast protonations or deprotonations is the sum of the rates
along the parallel paths I and II.

The rate along path I. The following reaction scheme is regarded:

k
L(OH)A — L(OH) A
I k«ox
LA He | L A
k_,
! "
LAH —_— L HA
k_,
{ "
LAH,, = L H,A
— — k—” — —

As mentioned earlier, all species enclosed in the left brackets are supposed
to be in fast equilibrium with each other. Each of them dissociates to a product
within the right brackets. Thus, the rate of disappearance by path I of all
complexes containing both L and A is

_ d([L(OH)A] + [LA] + - + [LAH,]) do,,’
de At

= ko [L(OH)A] — k_g,[L(OH)][A] + ko[LA] — k_[L][A] +

+ -+ kn[LAHn] - k—n[L][HnA]
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where C;," denotes the sum of concentrations of all types of complexes con-
taining both L and A at the time ¢. The following equilibrium constants are
introduced

LAH, L(OH)AJ[H
e = (LT Ko = L] @
_ [LOHNH] , _ [LAl.
Huom =y BT Al
_ [H,A]
™~ [ATHT

The relations between the forward and backward rate constants are then
given by

k Y k K
It n and ot . __TIL(0H) 4
k_, B Kiam, ko Kiomaby, ®
If the hydrogen ion concentration is constant during the reaction, 7.e.
d[H]/dt=0 (5)
eqn. (2) can be written as
(— d[LA]/dt) ¢y = f; o([LA] - B.[L][A]) (6a)
1
where % =1+ K; oma [H] + - Kpam,[HY (6b)
1
and T = FonKaioma il ky + -k, Ky am,[HT" (6¢c)

The rate along path 11. The reaction scheme for this path is

kﬂlD

L(OH)A —c M(OH)A
I k—(uD 1
koD
LA —_— MA
k—(lD
S L
LAH e MAH
! !
knD
LAH, e MAH,
. | k_up [ |

If notations for the equilibrium constants corresponding to those used in path
I are introduced, the rate of disappearance by path II of all complexes con-
taining both L and A is
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- T eo = fotrrain - £ prajy (7a)
where Jfo= kOlDKL(OH)A[_‘;Ij + kop + -+ + kyp Kpan,[H]" (7b)

The complete rate law. The total rate of disappearance of complexes con-
taining both L and A is then given by

S T T R (8)
= fia([LA] — B, [LIAD) + fo([LAIM] — %[MA][L])

In a steady state, the rate of formation of all types of MA complexes is equal
to the rate of disappearance of all types of LA complexes

-0 QG (MA] - BuMITA]) + o((LATM] -
- 4 AL (9
This approximation means that
d[A]/dt =0 (10)
Thus
Jra([LA] = B [LJ[A]) = — fua(IMA] — B\ [M][A]) (11)

where fy, is analogous to f; ,. Combination of eqns. (11) and (8) gives

_d[LA} JraSuaBu
e (fI.A'BL[L] + fuaBulM] * fD) 8 (12)

x ([LA][M] - %[L][MA])

At equilibrium, the total concentration of all species containing both L and
Ais

Cpa=[LAloo, (13)
and the corresponding concentration of all species containing L but not A is
Cp = [L]woy, (14)

where «; , and «; are functions of the hydrogen ion concentration (analogous
to ag). Cya and Oy are defined analogously. At a time ¢, the total concentra-
tions differ from their equilibrium values by a quantity z, defined by

O’ = Cpa + 25 Oy’ = Cyp — ; (15)
C=0C,—x Cf =Cy+x
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Combinations of eqns. (12) to (15) results in

_dw _ Srafua Jo
5 (B D) e hn e ) )

(16)
Cra + Oy Oy, + Cya Bu ( CyClra ))
X + +x 1 - x
(BM X1 a%m & % %na Xp%A OL Oya
This equation is integrated to
Q1 Q2 1+ Qur Ql Q3,1+ Qg
In— 1 In 3" = 17
n Qz Qs "1 + szo Q:— @3 1+ Qg (7
= - ko st
where
k ( J— ,_A_flfé[_fmj_l{/_&__. + f, ) (0 + CLA ﬂL C + OMA) (18)
o fral 1a(Crfog) + [fualBal BN / P %p%ra :BM o %pa
S maBus, = fraProng
= - 19a
2 fMAﬁM“LCM +/ LAABL“MC ( )
oy Oy 2%y — Oty a B, 19b
9 = “MA“LﬁM(C + CLA) + “LA“MBL(C + Cya) ( )
and
Q (fMAﬁMaL - fLAﬁL“M fD (190

A vaPue Oy + SfrafoBron G + frafma%u% Py

When x is small, eqn. (17) reduces to the general relation for a first order reac-
tion:
x

In :L_'(; = — kobst (20)

As already mentioned, all these equations are valid only with the assump-
tion of constant hydrogen ion concentration and a steady state concentration
of the free ligand during the reaction.

Reaction path I consists of two consecutive reactions, viz. the dissociation
of the LA complexes followed by an association of A and M to the MA com-
plexes. If the dissociation is rate determining, then

J1aCLfoq, < (Fya Pral Br) [

and f;, can be determined from eqn. (18). If, on the other hand, the
association is rate determining, then f; ,C|/a; > (fyra Pr/Pr)Cp/oy- In this
case fy,, t.e. the dissociation rate of the MA complexes, can be determined.
When f;, and f,, By/B, are of the same order of magnitude, either f;, or
Sfua can be determined from reaction (1), depending on the relative concentra-
tions of L and M.
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It is convenient to rearrange eqn. (18) in two different ways, depending
on which one of the two reactions along path I is rate determining. When the
dissociation is rate determining, the following relations are useful:

f LA OM)
k= _JLA _  f M) 2la
bs (1 + (fLA/fmA fD oy 2 ( )
where
BLCray
5y = 1 (21b)
' ByOyo,
and
1 ﬁ Cr, + Cypp et
0o = (1 4 LA PL o L | TMATMTLA 21c
B %A ﬂM Oy %1 %A (21e)
When the association is rate determining, the corresponding relations are
C
oy (——IMA ﬁ -L) 1) 223,
ob: 1+ fMA/ IA MfD “L 2 ( )
where
)BMO «
5, = L (22b)
o ﬁL L%
and

1 POy + Opp oz
5o = 14 M4 + FM~-Mm ' “LATL MA) 292¢
B Xnpa ( CL ﬂL 01, *pELA (220)

One set of measurements is carried out to determine kons([H']) for the
dissociation of LA and then another set to determine & ([H™]) for the disso-
ciation of MA. Then it is possible to calculate the rate constants in the func-
tions fi ,, fya, and f;, by an iterative procedure.

EXPERIMENTAL

Chemicals. All chemicals were of anlytical grade. Standard solutions of YbCl;, LaCl,,
and CuCl, were prepared by dissolving the corresponding oxides (from Potash & Chemical
Corp.) in hydrochloric acid. The solutions were standardized with EDTA, using xy-
lenol orange for the lanthanoids and thymol blue for the copper as indicators. Ethylene-
diaminetetraacetic acid was prepared from a solution of the disodium salt, acidified by
hydrochlorie acid. The precipitate was washed and dried. A stock solution was prepared
by dissolving a weighed amount of the acid in a sodium hydroxide solution (cf., e.g.,
Schwarzenbach and Flaschka ?*). Buffer solutions were prepared from acetic acid and
sodium hydroxide. A stock solution of potassium chloride was made by dissolving a
weighed amount of dried salt.

Measurements. All measurements were made at 25.0 + 0.1°C and at the ionic strength
0.5 M. The ionic strength for each of the solutions S and T (see below) was adjusted to
0.5 M by potassium chloride.

The lanthanoid EDTA complexes have a rather marked affinity to hydrogen
ions. The association constants range from 100 M to 1000 M1 To avoid large
concentrations of protonated complexes, the investigation has to be carried out at pH > 3.
In order to achieve controlled pH values in this region, a buffer must be used. A mixture
of 12.5 mM sodium acetate and varying amounts of acetic acid was chosen as buffer.
Such a buffer has only a small effect on the rate of the reaction (p. 3964).
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The reactions were performed by mixing two solutions. As a rule, only one of the
solutions contained the buffer. No differences in the observed rate constants could be
detected, whether the buffer was in only one of the solutions or in both of them before
mixing.

The hydrogen ion concentration of the solutions was determined by measuring the
emf of the cell

0.499 M KCl1 [ [HT] glass

Ag, AgCl

1.0 mM HCl ‘ I=05M electrode

Before and after each determination, a standard solution, containing a known hydrogen
ion concentration around 1 mM, was measured. The diffusion potentials were negligible.

The copper (a) and ytterbium systems. The rates of dissociation of the copper and
ytterbium EDTA complexes were measured by a spectrophotometric method.

Two solutions, S and T, were thermostated at 25.0°C and mixed rapidly. (The mixing
time was less than 5 s.) For the copper system, the two solutions were mixed with two
calibrated syringes directly into a thermostated cuvette, whereas for the lanthanoid sys-
tem the solutions were mixed into a reaction vessel. Samples from this vessel were taken
at different time intervals and measured with a Zeiss PMQ II spectrophotometer, equipped
with a Solatron digital voltmeter LM 142.02, from which the transmittance of the copper
EDTA complex was read.

Because of the small total concentration, it was necessary to perform the measure-
ments in the UV region (wave length 280 — 300 nm), where the molar light absorptivity
is high. In the lanthanoid system, with an excess of copper ions, a marked photocatalytic
effect was observed. It is well known that many copper complexes exhibit photolysis
in the UV region.?® The transmittance of each sample was generally measured after 10 s
in the light path. In order to check that this procedure gave k¢-values unaffected by
the photocatalytic effect, the following procedure was applied for some runs. By means
of a recorder connected to the spectrophotometer, the transmittance for each sample
was followed for about 30 s and extrapolated to zero time, 7.e. the time when the sample
had been placed into the light beam of the spectrophotometer. ks was then evaluated
from extrapolated values.

The same rate constants were obtained with and without this correction. Some
experiments were carried out at both 285 and 600 nm. Those at 600 nm were in the light
path during the entire run. At this wavelength no photocatalytic effect was found. In the
copper system, with an excess of ytterbium 1on, no photocatalytic effect could be observed
either. These runs were therefore carried out in the cuvette.

The rate law has been deduced by assuming a steady state concentration for the
hydrogen ions. The validity of this assumption was tested for some of the reactions in the
ytterbium system by measuring the emf of the cell given above. By this procedure it was
verified that the pH of the solution remained constant during the reaction.

The solutions S and T had the following compositions:
for the ytterbium system

2 01° YbCl, 2 Oy° Cull,
. 2 C,° Na,H,EDTA - buffer
: buffer ' I=0.5 M (KCl)

I=05M (KCl

and for the copper (a) system

2 Oy°  CuCl,
2 O Na,H,EDTA T . YbCl
8: * buffer 201 puffer
I=0.5 M (KCl) I1=0.5 M (KCl)

Equal volumes of the solutions S and T were mixed. The reactions were followed during
approximately three half-lives. The first reading was taken after about one half of a half-
life. In these cases, the rate determining step along path I is the dissociation of the
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Table 1. Rate data for the ytterbium system. L=Yb and M= Cu.

[H+] x 105/ M, kqps x 10%/s71, loo(kobs_ calc)/kmlc’ fLA exp X 10%/s7%

Cr°=2.99x10"" M, Cp,°=2.00x107* M, Cy° 99x 10— M:

4.27, 0.639, —4.3, 0.560; 5.76, 1.02, —11 0901 723 154 6.5, 1.38; 8.75, 1.91, —1.9,
1.73; 10.3, 2.52, 0.6, 2.30; 11.8, 3.49, 11.6, 3.23; 13.3, 3.78, —0.6, 3.51; 15.0, 4.60, —1.1;
4.32; 16.3, 5.56, 4.1, 5.27; 19.2, 7.07, 0.8, 6.80; 22.2, 8.97, C.4 8.77; 25.1, 10.7, —3.3,
10.6; 28.3 13.4, — 0.4, 13.6; 31.4, 15.7, — 2.1, 16.1;

Cr°=2.99 x 10~ M, C,°=2.00 x 10~ M, Cy°=9.97 x 10~ M:
9.90, 1.84, —6.6, 1.78;

Cr°=4.55x10" M, 0,°=4.00x10* M, C°=9.97x 10~ M:
2 4, 0.243, —0.1, 0.214; 18.1, 6.17, — 1.5, 5.98; 30.2, 15.4, 3.7, 15.9;

C1°=17.00x10" M, C,°=2.00x10~* M, Op°=9.97x 107® M:
6. 5 1.07, —4.2, 0.965; 18.5, 6.24, — 3.8, 6.09; 26.8, 12.5, 3.3, 12.8;

C1°=2.99x10"* M, C,°=2.00x10"* M, C\\°=1.50%x 102 M
1.1

, 2.79, 8.1, 2.80;
Cro=4.00x 10" M, C,°=3.00 x 10~ M, Cp°=1.50x 10~ M:
2.01, 0.231, 2.1, 0.215; 14.3, 3.85, — 4.3, 3.86; 22.6, 8.09, — 6.1, 8.44; 30.8, 14.7, 0.2, 15.9;
01°=2.99x10"* M, C,°=2.00x10"* M, Oy°=1.99x10% M:
11:2, 2.73, 5.4, 2.78; 20.0, 7.58, 10.6, 8.05; 26.5, 11.0, 0.1, 12.1; 30.2, 13.2, —4.5, 14.7.

ytterbium and copper EDTA complexes, respectively. The data in Tables 1 and 2 are
averages of three independent measurements.

The copper (b) and lanthanum systems. In order to check the kinetic model, when the
association of the ligand to the central ion is rate determining along path I, the copper
system was used. In this experiment a small amount of copper ions was mixed with a
large amount of both lanthanum ions and lanthanum EDTA complex.

Table 2. Rate data for the copper (a) system. M=Cu and L=Yb.
[H]t X 10°/M, kope X 103571, 100(kgps — kcare) Kcates fara sexp X 10%/s7%;

On°=4.36x10"* M, 0,°=2.02x10™* M, 0;°=5.03x 107 M:
7.05, 0.558, — 1.8, 0.702; 17.1, 1.69, —1.4, 218 27.2, 3.20, — 0.5, 4.38; 37.2, 4.64,
6.70;

Cy°=5.98x 10" M, C,°=1.00 x 10~* M, C;°="7.47 x 10- M:
5.55, 0.432, —0.7, 0.551; 17.0, 1.73, 3.0, 2:26; 33.8, 4.60, 6.4, 6.69; 44.9, 6.46, 0.0, 9.99;
56.0, 9.23, 4.7, 15.4;

Cy°=5.98x10"* M, C,°=1.00x10"* M, C;°=1.01x10"% M:

2,51, 0.216, 1.9, 0.281; 5.46, 0.437, —2. 2 0532 8. 3, 0.738, —2.2, 0.896; 11.6, 1.09,
2.7, 1.35; 14.9, 1.53, 5. 2, 1. 93 17.6, 1.85, 2.3, 2 36; 21.1, 2.24, —-2.9, 2.90; 24.1, 2.60,
—-5.7, 3.43; 29.2, 3. 61 0.2; 4.96; 35. 4, 4.62, —1.7, 6.59; 41.8, 5.70, —4.1, 8.47; 47.2,
6.87, ——2.3, 10.6; 52.8, 8.05, ——2.3; 12.9; 58.7, 9.93, 4.0, 16.5; 64.4, 10.9, 0.2, 18.7;

Cy°=8.02x10"* M, C,°=3.29x10"* M, C1°=1.27x1072 M:
7.03, 0.585, — 0.7, 0.711; 12.0, 1.11, — 0.5 1.37; 22.1, 2.55, 3.6, 3.34; 32.1, 3.93, — 4.6, 5.44;

Op°=2.00x10" M, C,°=2.02x10* M, C;°=1.27x 10" M:
7394, 0.513, —0.2, 0.730; 17.6, 1.69, 4.6, 2.44; 27.9, 3.26, 6.0, 4.96; 38.2, 5.09, 5.5, 8.17.
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Kops /5

20 E

15 J

10 Iig. 1. The observed rate constant, kqe
9 5 for the copper (b) system as a function

of the hydrogen ion concentration. In all

o cases, (,°=2.00x10"* M and C,°=

5| ] 5.00 x 1073 M. The concentration of lantha-

num ions, Cp,° is (1) 8.58x107 M,
(2) 1.00x10~2 M, (3) 1.24x102 M,
(4) 1.50x 10~ M, and (5) 2.50x 102 M.

A . 105

(] x10°/M The fulldrawn curves have been calculated

: A L . from the obtained rate constants of fya,
10 20 20 40 fra, and f. Some experimental points close

to the origin have been omitted for clarity.

From a plot of the observed rate constant vs. the hydrogen ion concentration (Fig. 1),
it is seen that a separate curve is obtained for each lanthanum ion concentration at a
constant concentration of lanthanum complex. At a given pH, the rate decreases for
increasing lanthanum ion concentration. This behaviour is exactly what is expected from
the kinetic model for large J-values.

The measurements on the lanthanum system were performed in such a way that the
dissociation of the complex became rate determining.

The shortest half-lives for the studied reactions of these two systems are in the ms
range. They were studied with a Durrum-Gibson stopped-flow spectrophotometer. The
wavelength range used was 600— 820 nm. To check that no photochemical effects were
present, some runs were studied at different wavelengths and slit widths. No differences
in the observed rate constants could be detected.

The solutions S and T, which were mixed in equal volumes, had the following com-
positions both for the copper (b) and for the lanthanum systems:

2 0;° LaCl, 2 Cy° CuCl,
S: 2 C,° Na,H,EDTA T buffer
) buffer : I=0.5 M (KCl)
I=0.5 M (KCl) l

To remove dissolved air, the solutions were boiled for two minutes at decreased pressure
at room temperature.

The effect of the acetate concentration on the rate was investigated in the copper (b)
system. Some solutions with varying concentrations of acetate at constant pH were
measured. A moderate increase of the observed rate constant with increasing acetate
concentration was found (Table 3). This result is consistent with that of Gientworth
et al. for the cerium system. The rate data are given in Tables 3 and 4 and in Figs. 1
and 2.
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[ fyax10%/s” ]
8_

P S S S

[H*] x10%/M
N P S P RTEE B
1 2 3 4

Fig. 2. The resulting dissociation rate constant of the copper EDTA complex, fya,
from the copper (b) system as a function of the hydrogen ion concentration. The fulldrawn
curve has been calculated from the obtained rate constants.

Table 3. Rate data for the copper (b) system. M=Cu and L=La.

[HT]x 10°/M, kope/s™, 100(kops —Fcate) [Kcarer frra Jexp X 10%/s71, fpexpx 1071572 MY

Cy°=2.00x10"* M, C4°=5.00x 1073 M, 0;°=8.58x 10~ M:

0.830, 0.281, —3.9, 0.572, 0.242; 3.07, 113 —44 2.32, 0.699; 5.93, 2.57, 1.9, 5.37, 4.40;
9.09, 4.35, 1.7, 9.19, 6.78; 12.3, 6.83, 8.1, 146 17.9; 16.4, 988 4.9, 21.3, 19.2; 21.1, 13.5,
0.2, 29.3, 12.9; 26.5, 17.9, —5.8, 39.1, —838'

Cy°=2.00x10"* M, 0,°=5.00x10" M, C;°=1.00x10"* M:

0.338, 0.0892, 2.5, 0.244, 0.241; 0.940, 0.244, — 1.7, 0.667, 0.454; 2.10, 0.559, — 3.4
1.54, 0.799; 3.98, 1.16, — 1.7, 3.22, 1.88; 4.86, 1.36, — 8.4, 3.76, 0.188; 7.90, 2.58, — 3.0,
7.29, 2.89; 11.7, 4.50, 2.2, 12.9, 8.77; 15.6, 6.57, 1.5, 19.1, 11.0; 19.8, 8.96, — 1.3, 26.3
8.91; 24.7, 12.7, 0.8, 37.6, 16.3; 29.8, 15.8, — 5.3, 47.2, — 1.87; 37.7, 23.3, — 2.9, 70.7, 6.75;

Cp°=2.00x10"* M, C4°=5.00x 102 M, C°=1.24x 1072 M:

1.25, 0.242, 1.0, 0.931, 0.774; 4.37, 0.954, 2.5, 3.76, 3.00; 8.56, 2.20, 5.7, 8.89, 7.46; 12.5,
3.46, 2.1, 14.2, 8.73; 16.7, 5.02, 0.8, 20.8, 10.4; 20.6, 7.13, 5.9, 30.1, 20.3; 26.2, 9.78, 2.1,
41.8, 19.3; 32.4, 13.3, 0.7, 57.4, 20.6;

Cp°=2.00x10"* M, C,°=5.00x10"* M, O1°=1.50x% 1072
0.531, 0.0853, 10.1, 0424 0.469; 1.22, 0.193, 54 0.953, 0.912; 2.39, 0.396, 6.1, 1.98, 1.85;
4.62, 0.819, 5.6, 417 3.59; 8.99, 185 7.8, 9.70, 8.02; 13.5, 2.97, 2.7, 158 9.41; 17.8,
4.45, 5.1, 24.2, 14.9; 22.1, 6.04, 5.6, 33.4, 19.6; 27.8, 8.59, 7.2, 48.3, 28.5; 34.6, 11.3, 1.8,
64.6, 24.2;

Cy®=2.00x10"* M, Cp°=5.00x 10 M, C;°=2.50x 10"2 M:

1.82, 0.174, 4.9, 1.47, 1.22; 6.46, 0.654, —2.0, 5.69, 3.45; 12.2, 1.39, —4.6, 12.6, 5.64;
18.0, 2.37, — 1.9, 22.7, 9.41; 23.5, 3.47, — 0.3, 34.4, 13.3; 27.8, 4.63, 4.9, 47.4, 20.6; 37.2,
6.18, —9.2, 63.8, 7.92; 43.7, 8.562, —1.9, 91.2, 21.7;

Ox°=2.00x10"* M, C,°=1.00x 1072 M, C;°=1.50 x 1072 M:
4.90, 2.70, —11.6, 3.65, —0.799;

Cy°=2.00x10"* M, C,°=1.50x10"2 M, C;°=2.02x 1072 M:
5.70, 4.74, —11.2, 440 —0.785.

Variation with acetate concentration:
[Ht]1=0.85x10"° M, Cy°=2.00x 10™* M, C,°=5.00x 10* M, C1°=8 8><103M
[AcT]/mM, k.e/s™h: 12.5, 0.276; 25.0, 0. 284 37 5, 0.293; 50.0, 0. 296 62.5, 0.310

M:
2.
2.
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Table 4. Rate data for the lanthanum system. L=La and M= Cu.
[H*] x 10°/M, kobs x 10/s72, 100(kops — Kearc)/Fcates fLA,exp % 10/s7

01°=2.06x 10" M, C,°=2.00x 10~ M, Cp°=4.99 x 10~ M:
1.95, 0.923, —0.9, 0.932; 3.69, 1.64, 2.7, 1.65; 12.0, 5.15, 5.4, 5.24; 20.8, 9.09, 5.4, 9.32;
33.4, 15.2, 5.6, 15.7;

Cr°=3.26%x10" M, C,°=3.00x10"* M, C,°=9.98x 1073 M:

3.12, 1.46, 6.0, 1.47; 3.83, 1.70, 3.1, 1.72; 54 1.90, —1.3, 1.92; 7.41, 3.29, 7.8, 3.30;
10.6, 4.13, —4.7, 4. 19 13.7, 5. 82 4. l 5. 92 7.07, 0.2, 7.22; 20.5, 8.42, —1.1, 8.62;
23.9, 10.0 0.5, 10.3; 27.4, 11. 3, —2. ‘3 11. 7 33 3, 14.8, 3.4, 15.4; 41.3, 19.4, 6.6, 20.2;
417.3, 21.2, -0.1, 22.3; 55.0, 25.7, 1.8 27.2;

C1°=3.26x10" M, C,°=3.00x10"* M, Cy°=1.50x 10" M:

280, 1.21, —4.1, 1.22;°3.61, 1.51, —3.9, L5 4 12, 1.82, 2.9, 1.83; 5.27, 2.16, —2.6,
2.18; 8.92, 3.59, — 1.8, 3.64; 13.1, 5.15, —41 "5.23; 15.8, 6.12, —5.4, 6.23; 21.6, 8.49,
— 5.7, 8.69; 24.3, 9.91, — 2.5, 10.2; 27.9, 11.8, —0.6, 12.1; 32.1, 13.9, 0.9, 14.4; 38.2, 17.0,
1.8, 17.7; 47.2, 20.7, — 2.1, 21.8; 54.4, 24.0, — 3.7, 25.4; 62.0, 28.5, — 2.0, 30.3.

CALCULATIONS AND RESULTS

The errors in the observed rate constants were approximately +5 9.
The precision of the emf’s was about +0.1 mV, corresponding to an error
of about 1 9%, in the hydrogen ion concentration.

The stability constants used for the lanthanoid EDTA complexes were
those of Betts and Dahlinger.! However, these constants are valid at 25°C
and at an ionic strength of 0.1 M (potassium chloride). The stability constant
for the copper EDTA complex has been determined by Schwarzenbach et al.?
at 20°C and in a 0.1 M potassium chloride medium. The corresponding constant
at 25°C was calculated by using the enthalpy value, given by Case and Stavely.??
However, all measurements in the present work were carried out at the ionic
strength 0.5 M. The 0.1 M medium constants were used in the calculations,
since in most cases the rate constants are rather insensitive to changes of the
stability constants.

The constants for formation of acid complexes were those of Kolat and
Powell 25 for the lanthanoids, and of Schwarzenbach et al.3 for copper. The
constants used are given in Table 5.

The rate constants were evaluated from eqns. (20), (21a — ¢) for the copper
(a), ytterbium, and lanthanum systems, and from eqns. (20), (22a —c) for the

Table 5. Stability constants used in the calculations.

System log B Ref. log Kyay Ref.
Cu (a) 18.68 3 3.0 3
Cu (b) 18.71 — 3.0
La 15.19 1 2.4 25
La-Cu (b) 15.16 - 2.4
Yb 18.99 1 2.7 25
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copper (b) system. In the copper (b) system, a few k, -values were also cal-
culated from eqns. (17) — (19a —¢). The differences in k_ -values obtained from
the two sets of equations were negligible compared with the experimental
errors. The J;-values are in the range 0.03—0.16, whereas J, varies from
1x10% to 9% 103. The resulting values of f,,, and f, then become inversely
proportional to the J§,-values, but they are rather insensitive to J, because J,
in eqn. (22) is multiplied with f,,/f;,. Since the rate of dissociation of the
copper complex is much slower than that of the lanthanum complex, it follows
that 6,fyalfra<<l.

By minor changes of the stability constants, viz. log .. from 18.68
to 18.71 and log f;,, from 15.19 to 15.16, a good agreement of the rate
constants of the dissociation of the copper EDTA complex from the copper
(a) and copper (b) experiments could be obtained (Table 6). This reveals that
the approximation of using stability constants valid at an ionic strength of
0.1 Min a 0.5 M medium is a good one. From the experiments with the copper
(b) system, it was not possible to determine the rate constant in path I for the
uncatalysed dissociation step, owing to its low value. In this experiment, a
hydrogen ion catalysed reaction along path II was also detected. However,
the corresponding rate constant is rather inaccurate, since only a small frac-
tion (in most cases less than 20 9) of the total reaction proceeds along this
path.

Table 6. The obtained rate constants for the dissociation of the EDTA complexes. The
errors are the confidence limits at the 99 9 level.

System kofs™ keyfs™t M™? kepfs™ M2 Ref.
Cu (a) (9.0 +5.1)10°° 6.5+ 1.0 (3.5+0.3)10¢ this
Cu (b) 6.9+ 0.3 (3.3%0.3)10° this
La (2.0+1.0)102 (3.7%0.3)10° (1.9F0.7)10° this

- 7.0%x10% - 11
Yb - 0.76+ 0.08 (1.43 + 0.07)10° this
- 0.70 2.3 x 10* 11

The calculations were performed by a digital computer, using a program
written by Ekstrom and Ryhl.2® In order to check the error limits of the con-
stants, especially of f, the following procedure was used. New values of k
were produced from the experimental values by means of normally distributed
random errors, using o =0.05k,, which corresponds to the accuracy of the
observed rate constants. With these new k& -values, a new set of parameters
in the rate functions was calculated. The results remained within the different
confidence limits, as often as was statistically expected. Hence, the weighting
procedures used seem to have given realistic standard deviations.

The rate constant of the dissociation of the copper, lanthanum, and ytter-
bium EDTA complexes in the media used is given by

J=1o + &, [HY] + ko[H* 2
Acta Chem. Scand. 26 (1972) No. 10
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For the copper (b) system, a direct substitution reaction, path II, was found
together with path I. This corresponds to the reaction

Cu + LaAH -» CuAH + La

with f, =k,,[H'] and k,, = (5.7 + 1.8)105 s~ M~2, The apparent rate constants
k, are products of the rate constants and the corresponding equilibrium con-
stants for the formation of acid complexes (eqn. 6¢). The results, together with
the results of other authors, are given in Table 6.
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