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Abstract 

The kinetics of formation of 1 :l lanthanide 
picolinate complexes has been studied at 20 “C in 
aqueous solutions containing 0.5 M tert-butanol 
using the radiation induced pH-jump technique. 
Forward rates of reaction have values in the range 
4.9 X 10s M-’ s-r for La3+ to 15 X lo8 M-r s-r 
for Dy3+. A dissociative interchange mechanism with 
a chelate ring closure as rate-controlling step 
is considered for the interpretation of the data. 
Rates of formation for the lanthanide picolinate 
complexes are compared with rates of formation of 
mixed complexes between picolinate and lanthanide- 
EDTA and with lanthanide systems containing 
ligands with carboxylate groups. 

The present paper reports on a kinetic study of 
the complex formation between some lanthanide(II1) 
ions and the picolinate ligand. The results are com- 
pared with data for other ligand systems and with the 
rates of complex formation between picolinate and 
lanthanide-EDTA complexes [ 113. 

Experimental 

Introduction 

The chemistry of lanthanide(II1) complex forma- 
tion in aqueous solution has been the subject of ex- 
tensive research [l-3]. In order to achieve a clear 
understanding of the nature of the different contribu- 
tions to complex formation (e.g., ligand geometry, 
size of central ion, solvent effects, etc.), kinetic 
data should be considered. Ultra-sound absorption 
studies of lanthanide sulfates and nitrates [4, 5] 
indicate a Diebler-Eigen [6] multistep dissociative 
mechanism with rates of water exchange, k,,, in the 
range 0.6-8.0 X IO8 s-‘, in fair agreement with 
k values determined by oxygen-17 NMR (i.e., 
l?O X 10’ s-r and 2.4 X lOa s-l for Gd3+ and 
Ho3+, respectively [7, 81). For multidentate ligands 
like murexide, anthranilate and tartrate, the ex- 
perimental values [4,9, lO]_for the overall forward 
rate of complex formation, k, are about an order of 
magnitude lower than the values expected in terms of 
a Diebler-Eigen mechanism, a discrepancy that has 
been explained by the introduction of a chelation 
step [9, IO]. 

Lanthanide(II1) perchlorate solutions were pre- 
pared from the oxides (Nucor Corp., Res. Chem., 
99.9%) and perchloric acid (Merck, p.a.). The metal 
content was determined volumetrically with EDTA 
[12]. A sodium perchlorate solution was prepared 
from sodium carbonate (Merck, p.a.) and perchloric 
acid. The salt concentration of this stock solution 
was found by weighing samples dried at 125 “C. 
The acid excess of all perchlorate solutions was 
determined using potentiometric titrations and Gran 
[ 131 plots. Picolinic acid (pyridine-2-carboxylic 
acid, Sigma), tert-butanol, carbon tetrachloride 
(all Merck, p.a.) and Methyl Red (ocarboxybenzene- 
azodimethyl-aniline, Merck) were used as received. 

The proton concentration of the solutions used 
in the kinetic measurements was adjusted with 
diluted NaOH solutions (-5 mM, prepared by 
diluting clear 50% NaOH in nitrogen atmosphere). 
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Details on the radiation induced aqueous pH-jump 
technique are given elsewhere [ 141. The pulse radio- 
lysis set up with optical and conductometric detection 
systems have also been described previously [ 15, 161. 
The solutions were irradiated with 0.2-1.5 ps long 
electron pulses from a 7 MeV microtron accelerator. 
The doses used, as determined by KSCN-dosimetry, 
were in the range 4-20 J kg-’ per pulse, giving rise 
to an increase in proton concentration of l-5.5 X 
10d6 mol dm-‘. The time resolution of the optical 
measurements is limited by the electron pulse width. 
The recovery time of the conductivity detection 
system from overloading by spurious signals due to 
electron beam stopping by the electrodes is -0.5 ~.ls. 

Rate constants of complex formation were ob- 
tained from kinetic data in the form l/r versus F(c) 
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Fig. 1. Kinetic data for the lanthanum(III)-picolinate system 
(0.5 M tert-butanol, -20 “C, conductometiic monitoring). 
The dashed line corresponds to the rate constants given in 
Table I. 

[17] plots (c.f: Fig. I), assuming rapid pre-equilibra- 
tion of the protolytic reactions of the ligand 

7 -’ = ZF(c) t E (1) 

K HL t [L-] 

K HLa+ [H+] + [L-] I (2) a 
where L- and M3+ denote the picolinate anion and 
lanthanide cation, respectively, [ ] denotes equilib- 
rium concentrations, and KaHL is the acid dissocia- 
tion constant of the ligand. The activity coefficient 
product, rrr, was calculated from the ionic strength, 
I, using Davies equation 

logfi=-Aziz[{~/(l + BZ!~~)-O.31] (3) 

where A = 0.56 (at 20 “C, in -3.5% tert-butanol 
aqueous solutions with e = 75), B = 0.33 [18], 
and the ion size parameter a” was set equal to 5 
A. When the ionic strength varies during the relax- 
ation experiment, factors of the general form 

a In nf 

[ 1 1+- 
a In [i] 

must be added to eqn. (2) (see for example p. 75 in 
ref. 19) in order to account for the change of the 
activity coefficients as the reactions proceed. How- 
ever, numerical calculations show that for the 
aqueous solutions used in this study the partial 
derivatives can be neglected. 

The range of concentrations studied was 0.1-3 .O 
mM for the lanthanides, and 0.05-1.5 mM for 
picolinic acid (in order to avoid the formation of 

Yikj)n 3-” complexes with n > 1, [M3+ltot > 2 X 
tot was used in all solutions). The pH values 

varied between 5.6 and 6.0. The experimental values 
of the relaxation times, 7, for reaction (5) were usual- 
ly in the range 2-16 ps (c.jI Fig. l), while for these 
aqueous solutions, the expected relaxation times of 
the fast H+-ligand reactions are -1 ps and could 
not be detected experimentally. 

The kinetic data for each lanthanide cation were 
fitted to eqn. (1) with a standard weighted least 
squares procedure using the constraint 

log(Z/E) = log K&rL 

where the equilibrium constants, KMn, were either 
determined potentiometrically (in 0.5 M tert-butanol 
and 0.1 M NaC104 aqueous solutions at -20 “C) 
or estimated from data available in the literature 
[20] (in 0.1 M KNOs at 25 “C). For kinetic data 
collected with conductometric detection, the KML 
values were extrapolated to zero ionic strength using 
eqn. (3). Figure 1 displays the experimental data 
for the lanthanum(II1) system together with the line 
corresponding to eqn. (1) with the rate constants 
given in Table I. 

The system Gd3+/picolinate was also studied in 
the presence of 0.1 M NaC104 as inert electrolyte. 
The measurement of changes in conductivity to 
monitor the relaxation process is not possible at 
such high concentration levels with the pulsed dc 
technique used. The acid-base indicator Methyl 
Red was used to measure pH changes as a function 
of time. In that case the concentration variable F(c) 
in eqn. (1) is given by [ 171 

rMa+i 
F(c) = [L-l t Ed (4) 

TABLE 1. Bate Constants for the Complex Formation between Lanthanide(II1) Cations and Picolinate. Values obtained by the 
pulse radiolytic pH-jump method at - 20 “C, and 0.5 M tert-butanol 

Metal cation 

Las+ 
Nd3+ 
Gda+ 

Dy3+ 
Lua+ 

Detection system and 
ionic strength 

Conduct. = (I 0) 
Conduct. = (f 0) 
Conduct. = (f 0) 
Optical (2 = 0.1) 
Conduct. (I- 0) 
Conduct. (1~ 0) 

($? a) x 10-a b+ o) x IO-4 log KML 
(M-l s-l) (s-l) 

4.9 i 0.6 1.5 f 1.9 4.5 1 
8.4 i 1.9 1.3 t 5.6 4.83 
9.8 * 2.4 1.0 ?r 8 5.01 
5.3 f 0.9 2.6 f 3 4.30 

14.9 * 1.7 1.2 + 1.9 5.11 
7.6 i 1.3 0.3 + 2.8 5.36 
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a= [H+] 
K H1 t [H+ ] 

[L-] -- a 
K Hr t [H+] $ a [Ind-] 

where Ind- denotes the Methyl Red anion, and 
K Hr is the acid dissociation constant of the pH a 
indicator. 

The slower reaction 

Gd3+ + Ind- e Gd(Ind)?+ 

contributed to the relaxation curves [ 141 which now 
describe the sum of two exponential functions. 
Both relaxation times could be determined (as 
described in pp. 146-147 of ref. 17). The slower 
relaxation times obtained had values expected from 
the rate constants of the Gd(Ind)2+ reaction [ 141. 

Equations (2) and (4) were evaluated with the 
HALTAFALL computer program [21,22 ] (locally 
modified to include activity coefficient corrections 
according to eqn. (3)) from the known total concen- 
trations, pH, and equilibrium constants corrected to 
the actual ionic strength. 

Results and Discussion 

The rate constants obtained for complex forma- 
tion between lanthanide cations and picolinate are 
given in Table I. The salt effect on the x value for a 
0.1 M ionic medium in the Gd3+-picolinate system, 
calculated using eqn. (3), was found to be 0.24, 
which agrees, within the experimental uncertainty, 
with the experimental difference (c.f: Table I). 

The observed kinetic parameters for the overall 
reaction 

M3+ t Pit‘ - 
G 

M(Pic)‘+ (5) 

may be correlated [4,5] to the stepwise Diebler- 
Eigen [6] mechanism 

M(H20),3+ + Pit- F [M(H20),,(Pic)]” 
OS 

[M(H20),(Pic)12+ 2 M(H20),-,(Pic)2+ + Hz0 (6) 

with the relationship 

2 = KoskN 

where K, is the equilibrium constant for the fast 
outer-sphere association (which is usually estimated 
with either the Fuoss or Bjerrum equations [23,24]). 
The rate constant for cation desolvation, kM, should 
be equal to the rate constant for water exchange, 
k 

““The calculated value for K using Fuoss [25] 
equation is 22 It 4 M-’ at 20 $6 (for metal-ligand 

TABLE II. Rate Constants for the Chelate Ring Closure/ 
Opening of 1:l Complexes between Lanthanide(II1) Cations 
and Picolinate 

Metal hT(K34/M-‘) 10&45/s-9 log(k54/s-1) 
cation U-,0) 

La3+ 1.20 6.15 t 0.05 4.2 * 0.4 
Nd3+ 1.41 6.2 + 0.1 4.1 f 0.8 
Gd3+ 1.34 6.3 zt 0.1 4.0* 1 
Dy3+ 1.21 6.62 t 0.05 4.1 f 0.5 
Lu3+ 1.23 6.3 i 0.1 3.5.t 1 

distances of 5-12 A), which together with the 2 
values in Table I gives k,, in the range 2.2-6.8 X 
lo7 s-l. However, k,, values for lanthanide(II1) 
cations are in the range 0.8-11 X 10’ s-’ [4, 5, 
7-91, and therefore the rate determining step must 
be the formation of a chelate ring 

[(H20),-rM-O-R-N] 2+ s 

(here O-R-N represents the bidentate picolinate 

ks4 

[(H2Ojd<>Rj"+H,o (7) 

ligand). In this case we have 

&K, k34k4?-; k43kw x= ___ 
k43 f k45 k43 f k45 

and if the assumption is made that k43 S kb5, then 

7t = KosK34 k45 ; % = ks4 w 
Values for the equilibrium constant of coordina- 

tion of the carboxylic group, K34, were estimated 
from the lanthanide(III)-acetate formation con- 
stants [26], and the equilibrium constant for outer- 
sphere association between acetate and lanthanide 
cations. The rate constants obtained for ring opening/ 
closure, k45 and ks4, are given in Table II. As values 
for log k43 are [9] about 7.8, the assumptions made 
in eqns. (8) are consistent with the results obtained. 

The rate constant for ring closure will depend on 
the strength of the lanthanide-water bond after 
the carboxylate group is coordinated to the aqueous 
metal cation. An examination of the kinetic data 
available in the literature for ligands containing 
carboxylate groups, i.e., tartrate [lo], anthranilate 
[27] (for these two systems, k45 and ks4 were 
calculated as outlined above), malonate [9] and 
dipicolinate [28], as well as for the mixed complex 
formation between lanthanide EDTA and picolinate 
[I l] or .5-sulfosalicylate [29], reveals values of 
log k45 between -8 and -4 (for dipicolinate and 
tartrate, respectively). The values presented here 
for the picolinate system, c.f: Table II, are of the 
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Fig. 2. Rate constants for the lanthanide chelate ring opening 
step, ks4, as a function of the formation equilibrium con- 
stant, KML, for several Iigands with carboxylate groups. 
The line corresponds to eqn. (9) with WI= -39 kJ/mol, 
AGo* = +79 kJ/mol and ks4 = &T/h) exp(-AG*/RT). 

same order of magnitude as those for malonate and 
anthranilate, as well as those for the mixed complexes 
formed between lanthanide EDTA and picolinate. 

On the other hand, the rate of chelate ring opening 
is more affected by the strength of the bond between 
the lanthanide cation and the second coordinating 
group of the ligand. Figure 2 shows a survey of 
chelate ring opening rate constants for ligands con- 
taining carboxylate groups. Data for cyclohexylene- 
diaminetetraacetate (CyDTA) [30,3 I], 1,7-diaza- 
4,10,13-trioxacyclopentadecane-N,N’-diacetate (K- 
21DA) [32,33], diethylenetriaminepentaacetate 
(DTPA) [34,3S] and ethylenediaminetetraacetate 
(EDTA) [36] are also included. As seen, with the 
notable exception of the malonate system, values 
of log k+, generally decrease with increasing strength 
of the metal-ligand bond as expressed by log KML, 
with a ‘Brbnsted’ slope [37] of -0.6, indicating 
that for the chelate ring opening reaction (7) there 
is some degree of bond formation to the entering 
water molecule in the transition state (a fact that 
is not in contradiction with a dissociative interchange 
mechanism for reaction (6)). Using a modified 
Marcus equation [37,38] 

*G+=w.+A.**(I+ 4-) (9) 

i? E. Etiksen et al. 

with the data in Fig. 2, we obtain values of Wr= 
-39 f 30 kJ/mol and AGo* = 79 + 30 kJ/mol 
(where W' is the energy required to bring the reac- 
tants together in the precursor configuration (includ- 
ing solvation energies) and AGo* is the intrinsic 
energy barrier (the free energy of activation when 
the free energy change at equilibrium, AC, is zero)). 
It must be noted, however, that eqn. (9) is deduced 
[37] assuming both that Wr = Wp (where Wp is the 
energy required to make the successor configuration 
from the final products (371) and that W' and AGof 
are constant, which might not necessarily be true for 
all cases shown in Fig. 2. As expected from consider- 
ing reaction (7), the W' term is small as compared 
with the intrinsic energy barrier. 

The discrepancy of the samarium malonate data 
from the general trend in Fig. 2 might be real or an 
artifact resulting from an erroneous value of the 
equilibrium constant, as the KML used in the cal- 
culations for that system [9] is not quite in agree- 
ment with more recent thermodynamic data [39]. 
The formation of acid complexes [40] of type 
M(HL)‘+ at log[H+] > -3 might also have influenced 
the malonate study. It has already been shown 
[IO, 301 that for a given ligand, x decreases with 
the inverse of the lanthanide ionic radii, i.e., it 
decreases with the strength of the predominantly 
ionic metal-ligand bond. 

Supplementary Material 

Tables of experimental relaxation times, T, calcu- 
lated F(c) (c.f: eqns. (2) and (4)) and chemical 
compositions of each aqueous solution studied 
in this investigation, have been stored with the 
Editor-in-Chief in Padua. 
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