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While the kinetics of the exchange of lanthanide aminopoly-
cérbcxylate complexes with free lanthanide iﬁns have been investigated
for several different aminopolycarboxylate ligands, thé three repcrts
(1,2,3) on analogous exchange reactions with actinide ions have been
concerned only with 2m(III) and EDTA. In this paper we report an
extension of our previous work with the Am(III)/EuEDTA exchange
reaction to include the exchange of EuEDTA with Cm(TII), Bk(III),
and C£(III). The isotopic exchange system Eu(III)/EuEDTA  was also
investigated, so that results for the actinide ard lanthanide ions
could be compared. .

Previously (3) we reported that the exchange of Am(III) with
EuEDTA is a first-order reversible reaction and that the forward

and reverse rate constants each contain an acid-dependent and an

acid-independent term:

- 3+ + ‘
. Eu
kp = ko [H"] [AnEDTA™] + k' [Eu>*] [AmEDTAT] [2]
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The acid-independent terms were found to correlate with a mechanism
in which the free metal ion approaches the complex to form a dinuclear“_
intermediate Eu(EDTA)Am2+. This acid-independent mechanism may be

represented schematically as follows (where EDTA = Y):

ky k k.,
-> +2 +3
EuY + Am . GEuSY-Am ,  Fu=Y=Am ,  Fu-¥ZAm [3]
RIS} k_, k.3
. + ¢+
kg Ky
AnY 4+ Eu

The lines between Y and the cations indicate the number of carboxylate
groups which are bonded to each metal ion (ionic chaxrges have been
omitted). From this treatment the acid-independent rate constants

kB' and k' are given by:

K.k, k

ky' = 172™3 143
k3+k_2
R_,k_.k_

kD. - 47-3"=-2 (5]
k3+k_2

(Ki&:—i-;l{_i::;z:—j;
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For the acid-catalyzed mechanism we have proposed that the first étep |
is a rabid equilibrium in which.;ne of the carboxylate groups of the
EDTA complex is protonated. The slow step is either (1) the dissoci-
ation of a second carboxylate group from the metal ion or (2) the
transfer of a proton from the carboxylate oxygen to the nitrogen.

The ligand is then able to dissociate rapidly from the metal ion.

In either case the free europium and actinide ions compete for the

free protonated EDTA. Schematically this mechanism is given by:



kK 1g kK_op k_3g
-> - > . :
EuY + H ,  HEwY . *HEuY . ©Eu + HY + 2m
k 3 X x
1E 2E 3E
4
K3a ¥ Tk 3a
Kya koa
AmY + H . HAmY . *HAmY (6]
S k

*HEUuEDTA and *BAREDTA represent the intermediates formed. Thn
forward and reverse rate constants by the acid-dependent path.zy are

given by:

k' = K ;R 25X 35¥32%0a (7]
ke =K jak2a (8]

EXPERIMENTAL PROCEDURE

The preparation of the solutions, the procedure for the

kinetics runs, and the measurement of pH were described earlier.3

The radiocactive tracers were 244Cm, 2493k, 252Cf and 152-4Eu

all obtained from Cak Ridge National Laboratory.

The counting was performed on a Packard #3320 Liquid Scintillation

Counter. The scintillation cocktail described earlier3 was used for

- all tracers except the zquk. For ithe low enexgy beta decay of
'32493k Preblended Liquid Scintillation Cocktail 3a40 was used as

- obtained from Research Products International Corporation. For

L‘?52Cf only the alpha peak was counted to avoid contributions from
' 249

?lfission products. For Bk the small alpha contribution from the



249c5 davghter was mcnitored on a sei:zrate channel and subtracted

from the total activity.
RESULTS

Figure 1 indicates that the exchange reaction obeys a first-
ordzx reversihle rate law with respect to each of the tracer ions
stvdied. Thé Am({IIXI) dzta from refex-nce (3) are included for
purroses of comparison. The slonre ¢f£f each of these lines gives the
first-ordcexr rate constant kl (kl = kP + kR). The plots in Figure
2 of kg versus [H+] fcxr each of the tracer ions are linear with
non-zero intercepts indicating that equations [1] and [2] are valid
for :he Cm, Bk and Cf as well as the Eu and Am systems. Calculations
based on these equations are given in Tables 1 and 2 whexre it can
be seen that tﬁe agreement of the resulis for different solution

concentraticns is <ood.

-

DYISCUSSION

Figure 3 is a plot of the logarithms of the rate constants
in Tables 1 and 2 as a function of the reciprocal of the ionic

radii. For Am(IIY), Cm(XII), Bk(XIXII) and C£(IIXI) the estimated

4

radii of Jones and Choppin were aused. Curves 4@ and £ of the

forward reaction rate constants include the values for the Bu(IIIl)

isotope exchange reaction.

Included for comparative purposes are the acid dependent rate

5 HCY

constants for lanthanide-DCTA~ formation (kM ) and dissociation

(kﬁcy) and the rate constants for lanthanide-murexide formations.
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‘Roth k (the rate constant for the acid dependent dissociation of
‘the actinide-EDTA complex) and kyp (the :ate constant for the direct
attack dissociation) follow a 1/xr dependence which parallels the
lanthanide-DCTA dissociation curve. Similarly, the formation razte
constants kaf and kB' show a non-linear pattern resembiing the
patterns of the formation rate constants of the DCTA and murexide
gystems. In an attempt to understand these trends; let us considerxr
. in more deta11 the terms in the forward and reverse rate conztantis
of the EDTA system.

The acid dependent forward sequence has a rate constant kA'
giveg in equation 7. In this egnation K—lEK—23K63E is constant
in all of our exchange reactions since these terms relate to the
dissociation of the EuEDTA complex into Eu3t ana HxBDTA4°x. At
the pH values of our experiments (pH 5-¢) H2EDTA2" is predominant
species of H, BDTA4 X which establishes the relationship

-1
KagF-2e®ae = (K™ fa : 191

where K is the stability constant for EuEDTA and K A and KA
3 4
are the acid dissociation constants for HZEDTA and HEDTA3. Using

tﬁe known values for theee three constants7, we obtain a value of

' '37.2 for K_;gK.opK.3p which from equation 7 gives‘the.values of
e‘log K3 kZAllisted in T&bie 3. From the reactions in [6] we see that
é?xsa_is the equilibrium constant for the reaction between H EDTA4 —X
Qﬂand.hna to £orm.*HAnEDtA while kZA is the rate constant for the
;;conversion of *HANnEDTA to HANEDTA. We can, then, conclude that
Qﬂthe'variation of log kn ' with 1/r must be related to processes

. involving *HANEDTA, HAnEDTA and/or An’*,
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Now consider the reverse rate constant kc for the acid
dependent mechanism. Equation [8] shows that kc is dependent on
K_ 3’ the equilibrium constant for the protonation reaction of
AnEDYA  to form HAnEDTA and on k_,,, the rate constant for the
conversionr of HAnEDTA to *HAnEDTA. Based on data for the analogous

8,9

lanthaiide reactions + the value of K-lA is expected to be

relatively independent of the actinide ionic radii and can be
estimated to have a value of about 350. The values of log k_,.
cbteined by dividing kc by 350 are listed in Table 3. Obviously,

if our assumption of a relatively constant K_,p term is valid,

y:\
log k__2A is inversely related to 1/r. The rate constant k_z

.\
measures the rate of corversion of HAREDTA to *HAnREDTA so it would
seem likely that the rate ccnstant for reverse process, LV would
have a similar depcndence on 1/r. If ¢ .is assumption is valid,
the non-monotonic variation of the iog kA' term reflects the

variation of log K., with 1/r.

3a
For the acid-independent mechanism, log kD‘ follows the 1l/r
relationship. This rate constant involves K_,. k_, and k_,
(since the denominators in equations 4 and 5 are identical, they
cannot be responsible for the different variations with 1/x).
These constants all involve processes in which An~EDTA bonds are
broken to form Eu~EDTA Bonds. éince thé bonding is primarily
ionic, it is reasonable that these processes exhibit a monotonic
1/r dependence. By the same reasoning the pattern exhibited by

the formation rate constant kB' in Figure 3 should not be related

to processes involving replacement of Eu-EDTA bonds by An-EDTA



bonds (k,, and k; tems) since these would also be expected to have a simple 1/r
dependence. Consequently, the dependence of log_kB' on 1/r would

-—ea .. - - - o

seem to reflect the variation of log Kl

To summarlze, then, it would seem that the simple relationship

with 1/r.

‘-,_-.- -
- . - - - =

betwveen 1og k and log k ' with 1/r reflects the ionic nature of

-~ - -

- ec mee s B o

the metal-llgand bonding. This same explanation can explain the

- T - - - - - -

similar pattern for the Ln-DCTA dissociation xrate constants

- - -
_— - - -

By contrast, the formation rate constants show a complex variation
;iih_i/r for both the acxd dependent and acid indep=ncont processes
with EDTa:as well as for the Ln-DCTA and Ln-murexide systems. 1In
the EDTA systems we have seen that this is seemingly related to
the varlatlon of log Kia (for the acid Qependent path) with 1lag Rl
(for the acid 1ndependent path) thh 1l/x.

+3

+3
*
§3A 1nvolves An(aq) and HAnEDTA.whzle Kl involves An(aq) and

Bus EDTA—An. The appearance of An +:q) in both constants and the
aimiiarity of the dependence on 1l/r would suggest the radius effect
is_reiated to the hydrated actinide jon. By analogy the dependency
of the formation rate constants for the Ln-DCTA and Ln-murexide
eyetems.reflect a radius effect due to the hydrated lanthanide ion.
;t hae been suggested preyiously that the hydrated radii of the
frivalent lanthanide®’1l and actinide? jons may not have a simple

inverse relationship to the ionic radii.
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TABLE 1

N Forward Reaction Data

3+

Exchange of EuEDTA . with Cm3+, Bk3+, Cf3+, and Eu
[OAc™] = 0.02M; u = 0.1M; 25°C

meg= Ek%g _ intercept
Metal [Eu3';] [Eu (EDTA) T _eh Slope ka= Fatio Interceje kB [u (EDTA) 7]
00%) (810°)  [ea@m] (i Ys a0 (risao?d  (shao® frlsha0?)

1.20 1.04 1,15 1.57 ¢ 0.01 1.81 ¢+ 0.02  4.80 £ 0.14 4.620 £ 0,131
1.57 1.49 1.05 1.66 £ 0,05 1.74 £ 0.05 6.89 £ 0.78 4,625 ¢+ 0,520

g 8

Average Values .78 ¢+ 0.05 4.623 ¢ 0.003
Bk 1.20 1.04 1.15 1.94 £ 0,06 2,23 £ 0,07 9.53 £ 0,67 9.16 % 0.65
0.10 5,04 £ 0.46  B8.46 % 0,78
0.24 . 8.81 % 0.50

1+

Bk 1.85 0.595 3.11 0.827% 0.03 2,57

I+

Average Values 2.40 L
Ct 1.57 1.49 . 1.05 2,40 £ 0.07 2.52 £ 0.07 12,9 £ 1.1 8.68 % 0.73
Ccf 1.85 0.595 3.11 0.944+ 0,029 2.94 £ 0,09 4.10 £ 0.49 6,90 % 0.82

Average Values 2.73 ¢+ 0,30 7.79 % 1,26

Fu  1.57 1.49  1.05  2.17 £ 0.05  2.28 £ 0.05  6.48 £ 1.00  4.35 % 0.67
am (3) : 1.87 % 0,19 " 4.54 % 0.65



g 8

Bk
Bk

Cf
Cf

Eu
am (3

TABLE 2

Reverse Reaction Data

. Exchange of EuEDTAf.with Cm3+, Bk3+, Cf3+, and Eu3+
[0Ac™) = 0,02M; p = 0.1M; 25°C
3+ ~, Xgslope *p-intercept Jjm dntegeRt
[Eu™ ) [Ea (EDTA) ] (Bu”")
(e10d)  (ma103) Qx’ls'lxl072> | @'lados) @’ls’lxloz )
1.20 1.04 1.22 £ 0.02 3.17 + 0.25 2,64 %+ 0,21
1,57 1.49 1.16 * 0.05 1.38 £ 0.79 2,79 % 0.50
Average Values 1.19 £ 0.04 2,72 £ 0,11
1.20 1.04 0.549% 0,075 1,85 ¢ 0,88 1,54 + 0,73
1.85 0.595 0.582+ 0.028 3.34 £ 0.39 1.80 + 0,21
_Average Values 0.5¢66+ 0,023 1.67 £ 0,18
1.57 - 1.49 0.249% 0,012 1.24 £ 0,19 0.788% 0,122
1.85 0.595 0.259+ 0,013 1.40 & 0,22 0,759+ 0,120
' Average Values 0.254% 0.007 0.774% 0,02
1.57 1.49 2.28 + 0.05 6.83 + 1.05 4.35 £ 0,67
1.39 % 0.13 3.19 £ 0.53



TABLE 3

CATCULATED VALUES OF LOG K k AND k_

3A " 2A 2A

Actinife log K, k, A log k_,,
Cm 0.68 -0.4%
Bk 0.81 -0.79

cf 0.87 -1.14



Figure 2.

Figure'3.

CAPTIONS

N x -
Plots of 1n - fx versus time for exchange of Eu(EDTA)

e t
with am>7, cen3t, BPY, e, ana Eu3t at 2s°C,

u=0.1M and [acetate]=0.02M. Reaction conditions are:

Am--1.20x10 "M Eu>F, 1.04x10 M Bu(EDTA) , 2.51x10"°M H

Cr--1.20%10 M Eu-', 1.04x10™°M Eu(EDTA) , 1. 51x10 =6y
-6

Bk--1.85x10" M Eu>', 5.95x10 M Eu(EDTA)”, 2.09x10 °M H

Cc£--1.57x107°M Eu>¥, 1.49x1073M Bu(epTA)”, 1.78x10" %M EH'

Eu--1.57x10 °M Eu>', 1.49x10™3M Bu(EDTA) , 2.57x10"°M H

Lt + o+

+

i

x, = specific activity of M(EDTA) at equilibrium;

X = specific activity of M(EDTA) at time t.

L 4

- 3+
Plots of k; versus (871 for exchange cf Eu(EDTA)  with ﬁk\,

Cm3+, Bk3+ Cf3+, and Eu3_+ at u=0:01M, [acetate]l=0.02M,

and 25°C. Réaction conditions are: Cm-—l.S?xlO-BM Eu3+,

1.49x1073M Eu(EDTA)™; Bk--1.85x10 M Eu>t, 5.95x10 %M

3y g3t %

Eu(EDTA) ; Cf--1,.85x10 °M Eu~ , 5.95x10 °M Eu(EDTA) ;

Eu--1.57x10 M Eu>¥, 1.49x1073M Eu(EDTA) .

Am--1.27x1073M Eu3Y, 7.14x107%M Eu(EDTA) .

Relationship of the log of rate constants for lanthanide

and actinide complexes and the reciprocal of the ionic.

"radii: a - log kﬁcy, the formation rate constant for

LnDCTA(S); b- log kﬁcy, the acid catalyzed disscciation
rate constant for LnDCTA(s); c~ log of the formation
constant of the lanthanide-murexide complexes;(s) d- lbg N

1, - . e 1, -— L
kA‘ e~ log kc, f- log k;.:; g- log kD.



200

0.50 [/ o

! | |
0 10G0 2000 30]0(

Timets)




- Fle 2




+6.0-

+30-

+2.01

« HOr

ook (b)

é"30 — ' ] ! L ! 1 |

. 090 094 098 102 106 LIO 114 LIB8 22
o_
EE%§W o Yr(A™)




