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Dissociation of the Cerium(IIT)—DOTA Complex*
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The rate of formation of the lanthanide(III)
(Ln*") complexes is in general very high due to the
high water exchange rate of the Ln3*+aq ions. The
complexes of lanthanides with the multidentate
aminopolycarboxylates (e.g. LnEDTA™, LnDTPA?")
are also formed very fast as a result of the flexibility
of these ligands. Recently it has been observed [1]
that the formation of Ln(IIT) complexes with macro-
cyclic polyazapolycarboxylates (e.g. LnDOTA™)
is very slow due to the rigid structure of the
ligands (H4DOTA = 1,4,7,10-tetraazacyclododecane-
N,N',N",N"tetraacetic acid). The dissociation of the
Ln(IIT) aminopolycarboxylates is quite slow [2], but
a much lower dissociation rate can be expected for
the polyazapolycarboxylate complexes. Knowledge
of the kinetic properties of the complexes formed
with non-cyclic and cyclic aminopolycarboxylates is
very important in their recent application in NMR
tomography [3].

Experimental

The chemicals used were of analytical grade.
H,DOTA was prepared and kindly provided by
J. F. Desreux [1]. The concentration of the HyDOTA
and Ce(ClO4); solutions was determined by com-
plexometry. The solution of NaCeDOTA was pre-
pared using equivalent amounts of Ce(ClO4); and
Na,DOTA.

The complex CeDOTA™ is thermodynamically
unstable at pH < 1.5 but the rate of its dissociation is
low and can be studied in the 0.1-2.0 M concentra-
tion range of H' ions. The ionic strength was kept
constant (3 M NaClO, + HCIQ,), the temperature was
25%0.1 C. In the case of the study of formation
reactions a 0.05 M sodium acetate buffer was used.
The H' ion concentration was calculated as before
[2].

The UV spectra of Ce3**+aq and CeDOTA™ differ
considerably, thus the formation and dissociation of
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Fig. 1. Absorption spectra of the reacting mixtures recorded
(50 nm/min) at 0.5 (1), 6 (2), 15 (3), 25 (4), 35 (5) and
55 min (6) after the reaction was started and at equilibrium
(7). [Ce} =2 X 1073 M, [DOTA] =5 X 1074 M, pH="4.45.

the complex was followed by conventional spectro-
photometry, recording the spectra at different times
(Fig. 1) or measuring the change in the absorbance at
319 nm after mixing the solutions.

Results and Discussion

Kinetics of Formation of CeDOTA

The spectra of solutions obtained after mixing
the reactants (NayH,DOTA and Ce(ClO,);) are
shown in Fig. 1. After the reaction starts, an absorp-
tion band appears with a maximum at 297 nm, the
intensity of which decreases with the elapse of time,
while another band appears at 319 nm, characteristic
of the CeDOTA™ ion. The appearance of the band at
297 nm and the decrease of its intensity during the
reaction indicates the fast formation of a relatively
stable intermediate, which slowly transforms to
CeDOTA™. The concentration of the intermediate
can be quite high, particularly at higher pH values and
at higher concentrations of the Ce3* ion.

A study of the spectra and the decrease of pH in
the absence of buffer, using neutral reactant solutions
(pH =~ 6, when the ligand species H,DOTA?™ pre-
dominates) shows that in the first 1—2 min of the
reaction the intermediate is formed in a high con-
centration, while the amount of H" ions evolved is
very low (about 5% of the total amount of H" which
forms in the reaction). On the basis of these ex-
periences we assume that the stable intermediate is
a diprotonated CeH,DOTA" complex, which slowly
deprotonates by the formation of CeDOTA™ ions. It
is very probable that in the intermediate CeH,DOTA"
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the protonation sites are the same as in the free
ligand. Two nitrogen atoms of the macrocycle are
protonated and the four carboxylate groups are
coordinated only. The metal ion can enter into the
cage of the ligand at the same time as the deprotona-
tion of the intermediate.

The formation of the CeDOTA™ ion can be
described as a first-order reaction:

d[CeY]

=k, [Y] (1)

where Y = DOTA and [Y] is the ligand concentra-
tion ([Y]=[CeH,Y] + [CeHY] + [H,Y] + [H3Y] +
[HsY]). The pseudo-first-order rate constants k,
obtained are shown in Table I.

From the data shown in Table I it could be stated
that the rate of the formation of CeDOTA™ is rever-
sely proportional to the H* ion concentration (k, =
k/[H*]). However, k, values increase with increasing
Ce®* concentration, exhibiting a ‘saturation’ be-
haviour. These results can be explained by the follow-
ing rate equation:

d[CeY] = kK [Ce*][Y]

dr [H*] + K[H*][Ce*]
where constant K is the stability constant of the
intermediate CeH,Y (K = [CeH,Y]/[Ce3][H,Y]) and
k, is the rate constant characteristic for the rate-

controlling step of the reaction. This is probably the
loss of the first proton from the intermediate CeH,Y.

)

TABLE 1. First-order Rate Constants Obtained for the
Formation of CeDOTA™

pH? [Ce*1 (M) 10% X kpy (s7HP
1 4.10 1x1072 1.56
2 435 1x1072 3.15
3 461 1x1072 6.24
4 4.81 1x1072 10.5
5 5.09 1x1072 20.9
6 5.34 1x1072 42.1
7 5.59 1x1072 73.7
8 5.17 2x1073 26.6
9 4.70 2x1073 8.33
10 4.45 2x1073 5.90
11 5.01 5x107 8.82
12 4,98 1x1073 12.6
13 497 2x1073 13.6
14 4.98 5x1073 15.1
16 496 1x1072 16.6
17 3.94 5x107% 0.73
18 3.94 1x1073 0.91
19 3.92 2x1073 1.08
20 391 5x1073 1.21
21 3.90 1x1072 1.28

4Corrected pH values from which the H* jon concentrations
were calculated. bThe reproducibility of the kp values
is about +10%.
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For the constants in eqn. (1) the following values
were obtained: K =2.0X10% and k;=1.7X107®
—1
s L

Kinetics of Dissociation of CeDOTA

The dissociation of CeDOTA taking place in
strongly acidic solutions can be described as a first-
order process:

dlCev] _
- - =ko[CeY] 3)

where kg is a pseudo-first-order rate constant.

The kg values obtained in HCIO,4 solutions of
various concentration are shown in Fig. 2. The data
presented in Fig. 2 indicate that the rate of dis-
sociation increases with increasing H* concentration
and the k, values can be expressed by eqn. (4).

ko =ki[H'] + &y [H]? 4

where k,=(8+2)X107%s™! and k;=(2205)X
1073 M~ !s™!, This rate expression is similar to those
obtained for the proton-assisted dissociation of the
aminopolycarboxylate complexes, but the rate of
dissociation of CeDOTA™ is much lower. Equation
(4) also indicates that the competition of protons for
the ligand DOTA and presumably the protonation of
CeDOTA™ plays a predominant role in the dissocia-
tion of the complex.
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Fig. 2. Dependence of the rate of dissociation of CeDOTA on
the H* jon concentration.
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