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Abstract – 2-Amino-4,6-di-(pyridin-2-yl)-1,3,5-triazine (Adptz) was considered as a model compound for 
selective aromatic nitrogen extractants (polyazines) of minor actinides. Thermodynamic data (∆G0, ∆H0, 
∆S0) were systematically acquired for the complexation of lanthanide(III) ions as well as yttrium(III) and 
americium(III) in hydro-alcoholic medium. Two complementary experimental approaches were followed. 
Stability constants for the formation of the 1:1 complexes were evaluated from UV-visible 
spectrophotometry titration experiments, whereas enthalpies and entropies of reaction were obtained 
consistently from either temperature dependence experiments or microcalorimetry. The interaction of 
Adptz with lanthanide(III) and yttrium(III) ions was found to be essentially ionic and dependent upon the 
hydration and size of the ion. As for americium(III) ion, stability constant and enthalpy of complexation 
was significantly larger. This was attributed to a partial electronic transfer from the ligand to empty 
orbitals of the cation. DFT calculations support this interpretation.  

 
 

INTRODUCTION 
 
Solvent extraction with polydentate nitrogen 
ligands is one of the few methods capable of 
efficiently separating trivalent actinides from 
trivalent lanthanides in nitric acid solutions [1]. 
The selectivity of these ligands for An(III) 
cations seems to arise from a slightly greater 
degree of covalency in the bonds between the An 
ions and the N-donor atoms of the ligands [2]. 
Indeed, trivalent 4f and 5f ions are known to be 
hard acids in the Pearson classification of acids 
and bases [3]. Although they prefer hard donor 
ligands such as oxygen ligands, it is assumed 
that the trivalent actinides bind softer Lewis 
bases, such as nitrogen or sulphur ligands, more 
strongly than the trivalent lanthanides, leading to 
the creation of bonds with partially covalent 
character. A few evidences of an enhanced 
degree of covalency in the actinide bonds are 
reported in the literature [4-6]. Nevertheless, 
little experimental thermodynamic information is 
available in the literature to support such an 
interpretation. Comparing the complexation of 
actinide(III) and lanthanide(III) ions having 
similar radii and hydration numbers, and 
assuming that the An(III)-N bond is slightly 
more covalent than the Ln(III)-N one, the 
formation of the An-N bond should be more 
exothermic. To our knowledge, no 
thermodynamic data have truly confirmed this 
assumption in homogeneous conditions. The aim 
of the present study is thus to acquire a complete 
set of data on the complexation of actinide(III) 
and lanthanide(III) cations by a soft N-donor 

ligand. To simplify the system and probe the 
metal-ligand interaction, the experimental study 
was conducted in homogeneous water/methanol 
mixture where the cations are primarily solvated 
by water molecules [7]. 2-amino-4,6-di-(pyridin-
2-yl)-1,3,5-triazine (Adptz) was chosen for the 
study because it corresponds to the principal 
moiety of the 4,6-di-(pyridin-2-yl)-2-(3,5,5-
trimethylhexanoylamino)-1,3,5-triazine 
(Tmhadptz), a selective extractant for actinide 
cations [8].  
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Fig. 1. Structures of Adptz and Tmhadptz. 

The thermodynamic parameters (∆G0, ∆H0, ∆S0) 
of the formation of Adptz complexes have been 
measured for all lanthanide cations (except 
promethium), yttrium(III) and americium(III) in 
a 75/25 vol % methanol/water solution. These 
data will help the understanding and the 
modeling of the chemical bonding between 
f-element cations and a N-donor ligand and 
assess possible differences in An(III) and Ln(III) 
bonding to aromatic nitrogen donors. Quantum 
chemistry calculations have been carried out on 
some representative systems in order to probe the 
electronic nature of the metal-ligand bonds and 
understand the electronic origins of the 
selectivity of these ligands for the actinides. 

 



P2-35 

ATALANTE 2004 Nîmes (France) June 21-25, 2004 2 

RESULTS 
 
Lanthanide Complexation 
UV-visible spectrophotometry 
The thermodynamic data (β1, ∆G0, ∆H0 and ∆S0) 
for the complexation by Adptz of all lanthanide 
cations (except promethium) and yttrium(III) 
have been determined by UV-visible 
spectrophotometry in 75/25% methanol/water 
solution. The pH of the samples was maintained 
around 5 which assures nearly complete 
deprotonation of the Adptz ligand (pKa1 = 1.7 
and pKa2 = 3.5). Background electrolytes were 
not added to the solutions to control the ionic 
strength of the solutions. However, given the low 
concentration of the neutral ligand (3.75×10−5 M 
or 5×10−4 M) and of the metal ions (10−5 to 10−2 

M), the ratio of the solute activity coefficients 
was considered constant. The UV absorption 
spectra were fitted over a wavelength range of 
200 to 400 nm by assuming the formation of a 
single 1:1 Ln(III)/Adptz complex and by 
adjusting its stability constant β1 by Modeling 
Factor Analysis. 
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Fig. 2. Spectrophotometric titration of a 
3.8 × 10−5 M Adptz solution with increasing 
concentrations of La3+ in 75/25% MeOH/H2O at 
250C, l = 1cm, 0<[La]/[Adptz]<300. 

Spectra were recorded every 5°C from 5 to 55°C 
and the slope and the Y-intercept of the linear 
plot of logβ1 versus 1/T were used to calculate 
the values for the enthalpy (∆H0) and the entropy 
(∆S0) of complexation, respectively. The 
thermodynamic results measured by this method 
for lanthanide and yttrium(III)-Adptz complexes 
are depicted later. 

 
Microcalorimetry 
Microcalorimetric experiments were carried out 
with three lanthanide cations to confirm the 
values for enthalpy determined by the van’t Hoff 
method. Enthalpies of complexation were 

determined using the heat of complexation 
measured by subtraction of the heat of dilution of 
the metal cation solution (Qdil) from the total heat 
released by the reaction (Qtot).  
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Fig. 3. Microcalorimetric titrations of a 
3.8 × 10-5 M Adptz solution by addition of Ln3+ 
in 75/25% MeOH/H2O at 250C.                 
Total heat measured Qtot (closed symbols) and 
corrected heat measured (Qtot – Qdil) (open 
symbols) (�): La3+ (�), (�) : Eu3+ (�) : Ho3+ 
 
The calorimetrically determined enthalpy values 
are compared in Table I to complexation 
enthalpies measured from temperature 
dependence experiments. 
 

TABLE I. Thermodynamic parameters for 1:1 
lanthanide(III) complexes with Adptz determined both 
by van’t Hoff method and microcalorimetry at 298 K 
in 75/25% methanol/water 

 
Ln3+ log β1 

∆G0 
kJ.mol-1 

∆H0 

kJ.mol-1 
∆S0  

J.K-1.mol-1 

La3+ 3.85 ± 0.02 −22.0 ± 0.1 
−13.5 ± 0.3 
−14.0 ± 3* 

28 ± 1 
27 ± 10# 

Eu3+ 4.51 ± 0.10 −25.7 ± 0.6 
−20.4 ± 0.7 
−22.0 ± 2* 

18 ± 2 
12 ± 7# 

Ho3+ 4.05 ± 0.03 −23.1 ± 0.2   −8.8 ± 0.6 
−11.0 ± 3* 

48 ± 2 
41 ± 10# 

(*) ∆H0 measured by microcalorimetry 
(#) ∆S0 estimated by the Gibbs relation. 

 
The microcalorimetric experiments confirm the 
results obtained by the van’t Hoff method for 
each of the three cations studied (La3+, Eu3+ and 
Ho3+). This agreement between both methods 
clearly shows the absence of secondary 
phenomena that might perturb the determination 
of the thermodynamic parameters.  
 
Americium Complexation 
The stability constant of americium-Adptz 
complex at 25°C was measured by two different 
sets of spectrophotometric experiments by 
following either the absorption of Am(III) at 
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503 nm or the absorption of Adptz in the UV 
domain. Both sets of experiments are consistent 
with a log β = 5,8. Knowing the stability 
constant, the complexation enthalpy was 
measured by microcalorimetry. The formation 
entropy was estimated from the Gibbs equation: 
∆G0 = ∆H0 − T ∆S0.  All the thermodynamic 
parameters determined spectrophotometrically 
relative to lanthanide, yttrium and americium 
cations are depicted in Figure 4. 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 4. Thermodynamics properties of 1:1 
lanthanide, yttrium and actinide complexes with 
Adptz in 75/25% MeOH/H2O at 298 K.           
(�) : ∆G0, (�) : ∆H0, (�) : T∆S0.  

Quantum Chemical Calculations  
Calculations were performed on 
[M(Adptz)(H2O)6]

3+ clusters where M is a 
trivalent cation of the first half of the lanthanides 
(M = La, Nd, Pm, Gd) or actinides (M = Pu, Am, 
Cm) series. The electronical and geometrical 
structures of the complexes have been calculated 
using density functional theory with the ADF 
program package. Relativistic effects were 
considered by the zeroth-order regular 
approximation (ZORA). The mixing of ligand 
and metal orbitals was examined and selected 
bond distances were calculated. 
 
TABLE II. Calculated metal – nitrogen R(M-N), 
metal-oxygen R(M-O) bond distances (Å) in 
[M(Adptz)(H2O)6]

3+ complexes 
M3+ R(M-N1) R(M-N2) R(M-N3) R(M-O) 
La3+ 2.558 2.650 2.647 2.655 
Nd3+ 2.485 2.596 2.594 2.602 
Pm3+ 2.478 2.598 2.595 2.599 
Gd3+ 2.439 2.559 2.563 2.535 
Pu3+ 2.474 2.578 2.578 2.617 
Am3+ 2.486 2.591 2.589 2.612 
Cm3+ 2.467 2.581 2.580 2.591 

DISCUSSION 
  
The Lanthanide(III)/Adptz System 
The stability of the 1:1 LnAdptz complexes does 
not vary monotonically across the series. The 
stability increases from La-Sm, decreases 
between Eu and Dy, then slowly increases from 
Ho to Lu. The same trends are also observed for 
the enthalpy and entropy of complexation, with 
extrema around Eu and Ho. The enthalpies are 
negative as expected for the formation of metal-
nitrogen bonds whereas the entropy values are 
positive which suggests inner sphere 
co-ordination of the ligand accompanied by 
displacement of some of the solvent molecules 
bound to the metal ion to the bulk solvent. The 
increase of ∆S0 from Eu to Ho is often observed, 
and is explained by the well-known change of 
hydration number from 9 to 8. It is 
counterbalanced by a decrease of enthalpy in that 
area, making small changes in the free energy of 
complexation. The regular decrease of the ionic 
radius and the change of hydration number of the 
lanthanide cations from 9 to 8 in the middle of 
the series would mainly influence the variations 
of the thermodynamic parameters from one 
lanthanide to another along the series in these 
highly ionic complexes. For a given co-
ordination site, the addition of these two factors 
might be an explanation for the non regular 
trends of the thermodynamic data. The case of 
yttrium(III) complexation also confirms the great 
influence of steric and hydration factors on the 
thermodynamic of complexation. Similar values 
for entropy were measured between Y3+ and 
Ho3+, cations having the same ionic size and 
hydration number. These thermodynamic results 
seem to show that the interaction of 4f cations 
with a N-donor ligand is still essentially ionic. 
No distinct covalent effect was detected and 
might be hidden by the importance of steric and 
solvation factors in these systems. 

 
The Actinide(III)/Adptz System 
The americium complex is about 20 times more 
stable than the equivalent lanthanide complex. 
According to the thermodynamic data, the 
observed selectivity arises from a difference in 
the enthalpies of complexation. The enthalpic 
term is more exothermic for the formation of the 
actinide complex. Moreover, the reaction is 
driven mainly by enthalpy, characteristic of a 
soft acid-soft base interaction. This behavior is 
consistent with a higher covalent effect in the 
actinide(III)-nitrogen bonds. These data confirm, 
for the first time by a thermodynamic approach, 
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the few evidences of covalency in actinide-soft 
ligand bonds in homogeneous conditions. 
 
DFT calculations  
The structural parameters calculated for 
[M(Adptz)(H2O)6]

3+ complexes change smoothly 
as a function of the trivalent cation across both 
the lanthanide and the actinide cations studied. 
According to the calculations, the three Adptz 
rings are nearly planar with dihedral angles 
between 1 and 2°. The average 
lanthanide-nitrogen distances follow the 
evolution of the ionic radius with  La-N>Nd-
N>Pm-N>Gd-N while a different trend is 
obtained for An-N distances. The calculated 
Pu-N distance is shorter than Am-N whereas the 
ionic radius of Pu3+ ions is ~ 0.02 Å larger than 
Am3+. Also calculated Ln-N distances are 
0.01-0.04 Å shorter than the calculated 
Ln-O(H2O) distances whereas the An-N(Adptz) 
distances are 0.058–0.07 Å shorter than the 
An-O(H2O) distances. Both of these structural 
trends support the idea that An-N bonds are 
slightly stronger than the corresponding Ln-N 
bonds. The calculated orbital occupancies also 
confirm that the bonding between the trivalent 
metal cations and the ligand is mainly ionic for 
both the lanthanides and the actinides and that 
the covalent effects are very small. The bonding 
molecular orbitals correspond to ligand to metal 
donation involving the ligand σ orbital and the 
empty metal orbitals. Among metal orbitals, the 
vacant 5d and 6d are the main contributors to the 
bond. Participation of the empty s orbital is 
found only for the actinides whereas f orbitals 
contribute slightly for Pu3+ and Am3+ with the 
largest contribution for plutonium.  

 
CONCLUSION 
 
This first systematic thermodynamic study of the 
complexation of trivalent lanthanide and actinide 
ions with a tridentate N-donor ligand has 
contributed to elaborate a complete set of data on 
the complexation of f-element with a soft ligand 
in the framework of actinide/lanthanide 
separation processes. The lanthanide study has 
confirmed the strong ionic character of the 
metal-ligand bonding even with a soft donor. 
Even in the case of a N-donor ligand, steric and 
solvation factors seem to be prominent from an 
energetical point of view. Moreover, 
microcalorimetric experiments on representative 
lanthanide systems validated the use of van’t 
Hoff method for the determination of the 
complexation enthalpy. Concerning the actinide 

results, the value of enthalpy is, for the first time 
in homogeneous conditions, consistent with a 
greater degree of covalency in the actinide-
nitrogen bonds as compared with lanthanide-
nitrogen bonds. Complex formation is, for 
americium(III) cation, more exothermic than for 
the corresponding lanthanide complexes, lending 
greater stability to the actinide complex. Overall, 
DFT calculations support the experimental 
results. Orbital population calculations would 
attribute the covalency preferentially to a charge 
transfer from the σ orbitals of the ligand to the 
5d orbitals of the actinide cation. 
 
Structural data on the complexes in solution and 
other studies on similar systems capable of 
probing the electronics of the metal-ligand bond 
may shed additional light on the origins of the 
selectivity of soft donor ligands for the actinide 
ions. 
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