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Abstract The binding properties of three series of phos-

phorylated calixarene derivatives bearing phosphine oxide

or phosphonate groups either at the wide or the narrow rims

have been investigated towards some representative lan-

thanide and actinide ions using several approaches: (i)

liquid–liquid extraction of europium, americium, thorium

and uranyl ions from nitric acid solutions into the two dil-

uents m-nitrobenzotrifluoride (m-NBTF) or dichlorometh-

ane; (ii) complexation in single media (methanol and

acetonitrile) followed by UV-spectrophotometric and iso-

peribolic (micro)calorimetric titrations (ITC). The latter

technique was found to be very useful for the determination

of the stoichiometries of the complexes formed, in partic-

ular when the complexation did not induce significant

spectral changes. It also provided a full thermodynamic

characterization of these new systems. The influence of

some structural features of the ligands as the nature of the

substituents and the condensation degree of the calixarene

moiety, on the distribution coefficients and on the com-

plexation thermodynamic parameters has been established.

Keywords Calixarenes � Phosphine oxides �
Phosphonates � Lanthanides � Actinides � Extraction �
Complexation

Introduction

Efficient reprocessing of high level nuclear wastes (HLW)

arising from the generation of nuclear energy remains one

of the most crucial problems nowadays [1]. Long lived

radionuclides, especially actinides, are the most hazardous

components of these wastes. The recovery of these elements

from the total waste mass, alone or combined with other

elements like lanthanides and technetium, before disposal

or reprocessing (transmutation), should significantly

enhance the ecological safety and the efficiency of the

nuclear fuel cycle. A number of selective extracting agents

have already been tested to recover these radionuclides, like

monodentate organophosphorus extractants (e. g. trioctyl

phosphine oxide (TOPO)) [2]. However, they possess low

efficiency and insufficient selectivity affording no separa-

tion of hazardous radionuclides from acidic HLW. There-

fore, efforts have been made to find new efficient

extractants. One option was to attach donor phosphoryl

groups to rigid platforms like calixarenes to take advantage

of the proximity of these groups and thus create a syner-

gistic effect enhancing the efficiency and the selectivity

[3–5]. Tetramer derivatives bearing carbamoylmethylphos-

phine oxides (CMPO) at different positions of the calixarenic

moiety have been extensively studied as well as some

calixarenes substituted with phosphine oxides at the narrow

rim [6, 7]. In the continuity of these works we report now on
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the binding properties of novel phosphine oxide and phos-

phonate derivatives of calix[n]arenes (Chart 1) with some

representative lanthanides and actinides. This study is

focusing on (i) the liquid–liquid extraction, from nitric acid

into m-nitrobenzotrifluoride (m-NBTF) or dichloromethane

of some lanthanides and actinides by these ligands and (ii)

the thermodynamic characterization of europium(III) and

uranyl(VI) complexes in methanol and acetonitrile using UV

absorption spectrophotometry and Isoperibolic Titration

Calorimetry (ITC). Comparison between extraction and

complexation results is made, in particular in terms of the

stoichiometries of the complexes formed. Correlations are

also attempted between these data and some structural fea-

tures of these ligands like the nature of the functional groups,

the nature of the substituents and the condensation degree.

Results and discussion

Wide rim phosphine oxide derivatives

Liquid–liquid extraction experiments from nitric acid of

various concentrations (0.1–6 M) into m-NBTF were first

performed as screening tests to evaluate the binding prop-

erties of these compounds toward Eu3?, Am3? and UO2
2?

metal ions (Supplementary materials, Table S1). The

extraction of the three cations followed the same trends but

different behaviors were observed according to the ligand.

When significant extraction levels were observed (i.e. for all

ligands except 1a, 1d and 3b), a more or less pronounced

maximum of the D values is observed for nitric acid con-

centrations between 0.1 and 1 M. For example, for com-

pounds 1, this maximum is shifted towards the highest nitric

acid concentrations when the substituent R2 becomes small

(Fig. 1). This particular behavior was explained by the

remarkable solubility of these ligands (especially 1b

substituted by the small ethyl substituents) in low concen-

trated nitric acid which was confirmed by the determination

of their partition coefficients [8]. For ligands 1c and 1e

substituted with the longer propyl and butyl residues this

trend appears simply as a decrease of D with the increasing

nitric acid concentration which can be ascribed to the

competitive extraction of the proton.

The synergistic or ‘‘co-operative’’ effect due to a syn-

ergism or a ‘‘co-operation’’ induced by the proximity of the

binding arms organized on the calixarene scaffold can be

measured from the comparison of the extraction results

with those obtained with simple phosphine oxides like

TOPO or the monomeric subunit 0c. This effect, evaluated

by the ratio of the distribution coefficients obtained with

both ligands, was found to be 400 for the maximum

extraction of europium by ligand 1e (at 0.1 M nitric acid),

as compared to its monomeric subunit 0e.

The influence of several structural parameters like the

condensation degree or the number of functional groups,

and the length of the alkyl radicals R1 and R2 could be

discussed [7, 9]. It was found that tetramers are better

extractants than hexamers and that, contrary to that of R2,

the nature of R1 has only very little influence of the

extraction properties of these ligands.

The analysis of the slopes of the linear plots log D

versus the logarithm of the concentration of the ligand in

the organic phase allowed the determination of the com-

plex stoichiometry (Table 1). Europium and americium are

extracted as disolvates (1:2 complexes) by the tetramers 1,

as well as by the hexamer 3e, certainly accompanied with a

monosolvate (1:1 complex) with the latter ligand and

europium. In contrast uranyl seems to be always extracted

as a 1:1 complex with most of these ligands.

Extraction of europium and thorium nitrates was also

performed from 1 M nitric acid into dichloromethane

(Fig. 2). It can be seen that the percentage of europium

extracted decreases regularly with the size of the sub-

stituent, contrary to the situation in m-NBTF where 1b

(R2 = Et) is the best extractant from 1 M nitric acid. For

thorium the sequence of extraction is different, showing an

unexpected increase of extraction with 1e. These results

allow comparison with previous data obtained with other

phosphorylated calix[4]arenes and show that these ligands

are less efficient than most of the related wide rim CMPO

calix[4]arenes [5, 10].

Although extraction methods are widely used to assess

the binding ability of a ligand, its affinity for a given cation

is more clearly described by the stability constant of the

complex formed in a single solvent which does not depend

on the lipophilicity of the system. Therefore complexation

was followed in two different solvents: methanol whose

properties are close to those of water and acetonitrile in

which the interactions are expected to be stronger. UV

absorption spectrophotometric titrations were first per-

formed in both solvents but the spectral changes induced

by the complexation were very weak (Electronic materials,

Fig. S1). Different models were used to interpret the

experimental data but in many cases all of them were able

to reproduce the experimental data with more or less the

same accuracy. In these conditions it was difficult to select

the best one. However, some trends could be observed as

the formation of 1:1 complexes with some representative

lanthanides (La3?, Eu3? and Yb3?) and ligands 1d,e and 3e

in both media and 2:1 complexes with uranyl in methanol

with 1d,e.

Since the spectrophotometric results lack reliability,

microcalorimetry (or ITC) was used to investigate the

binding abilities of these ligands. This technique presents

the advantage to provide with a full thermodynamic char-

acterization of the systems studied, i. e. the stability
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constants and the complexation enthalpy (DH) and entropy

(TDS) contributions. We focused our investigations on

europium and uranyl ions with 1c and 1e in methanol and

with 1c, 1e and 1d in acetonitrile.

In methanol, the signals corresponding to the titration of

both cations are exothermic. Examples of thermograms are

given in the electronic material (Fig. S2 and S3). After

correction of the dilution effects, they were slightly endo-

thermic for europium and 1e and still exothermic in the

other cases. They were all interpreted by the formation of

1:1 species (Table 2). But for europium and 1e, the fits

were improved if an additional 2:1 species was considered.

The stability constants found for the europium 1:1 com-

plexes are of the same order of magnitude as those deter-

mined from spectrophotometric titrations (e.g. 4.4 and 4.3,

respectively, with 1e).

In acetonitrile, the thermograms are quite different.

With europium and ligands 1c,d they present highly
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Chart 1 The phosphorylated

calixarenes studied
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exothermic peaks, then becoming endothermic and reach-

ing at the end of the titration the values corresponding to

the dilution, thus suggesting the formation of two com-

plexes (Supplementary materials, Fig. S4). This was

indeed corroborated by the interpretation which showed the

presence of a 1:1 complex accompanied with a 2:1 species

at higher metal concentrations. However, reverse titrations

performed by adding the ligand 1c into the metal solution,

indicated unambiguously the formation of only the 1:1

species. Direct titration of 1e showed the formation of the

1:1 species only. With uranyl ion highly exothermic peaks

are observed (Supplementary materials, Fig. S5). Titrations

of 1c were also performed using the reverse procedure and

the results obtained from both types of experiments show

the formation of a 1:1 complex with log b = 4.20 (direct

procedure) or 4.92 (reverse titration). Ligands 1d and 1e

with bulkier substituents form 1:1 and 2:1 complexes with

very similar thermodynamic parameters. In all cases the

stability of the complexes is higher in acetonitrile than in

methanol.

The calorimetric results show that the main complexes

which form in both solvents with the cations studied are 1:1

complexes sometimes accompanied with 2:1 species. In

these neutral single media there is no evidence for the

formation of 1:2 species with europium as in extraction

from nitric acid solutions. It can be seen that in methanol,

for the europium complexes the entropy term (TDS) is

largely dominant over the enthalpy contribution (-DH),

whereas the reverse situation is observed in acetonitrile.

Desolvation effects prior to complexation may account for

this difference as acetonitrile is less solvating than meth-

anol. The stabilization of the uranyl complexes, in contrast,

is always from enthalpic origin, the entropy contribution

being strongly negative (unfavourable) especially in

acetonitrile.

The comparison of the results obtained in acetonitrile

shows that the nature of the substituent does not lead to

large differences in the thermodynamic parameters of

complexation. The stability of the 1:1 complex of euro-

pium seems, however, to decrease with the length of the

substituent R2 from Pr to Bu. The same trend is observed

with uranyl but in this case the maximum of stability is

observed when R2 = i-Pr (1d), which corresponds to the

least unfavourable entropy term.

Narrow rim phosphine oxide derivatives

Four calix[n]arene derivatives of different degrees of

condensation (n = 4, 5 and 6), all substituted with di-butyl

phosphine oxide groups at the narrow rim were studied

(Chart 1). Two of them are devoid of tert-butyl groups at

the para position (R = H), the other bearing this sub-

stituent on this position. Liquid–liquid extraction experi-

ments of Eu3?, Am3? and UO2
2? metal cations were

carried out from nitric acid solutions into m-NBTF with

these derivatives. The distribution coefficients D (Supple-

mentary materials, Table S2) obtained were shown to

depend on the acidity of the aqueous phase. The shape of

the curves D ¼ f ðCHNO3
Þ differs with the cation and to a

lesser extent with the ligand, as shown in Fig. 3 for euro-

pium and americium and in Fig. 4 for uranyl. The D values

of Am3? and Eu3? present a maximum for a HNO3 con-

centration close to 0.3 M with all ligands except 5b. Those

of uranyl decrease when the nitric acid concentration

increases with all ligands except 6b which shows a maxi-

mum for a HNO3 concentration near 1 M. This behavior is

consistent with a competition between the extraction of the

metal ions and of the proton, as seen classically with

TOPO and phosphorylated extractants in general.

Fig. 1 Distribution coefficients D of 241Am and 152Eu from nitric

acid solutions into m-NBTF containing the wide rim phosphine oxide

calixarenes 1b and 1e (0.01 M), the monomer 0e (0.04 M) and

TOPO (0.04 M)

Table 1 Slopes of the variations log D vs. log (concentration of

ligand) with the wide rim phosphine oxide calixarenes. (0.3 M HNO3,

into m-NBTF, unless otherwise stated)

Ligands Eu3? Am3? UO2
2?

1ba 1.7 1.7 1.2

1cb 1.7 1.8 1.0

1e 1.7 1.8 1.3

2b – – 1.4

2e 0.9 0.9 1.2

3e 1.5 1.8 0.9

a At 1 M HNO3 into dichloroethane
b At 1 M HNO3
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The extractability of all the narrow rim substituted

calixarenes studied depends strongly on the condensation

degree and hence on the number of functional groups

attached to the ligand and on its size and conformation. As

regard europium and americium extraction, the p-tert-

butylcalix[5]arene 6b possesses much greater extraction

efficiency than its tetrameric counterpart 5b. It is also more

efficient than the hexamer 7a but the fact that this

compound is p-dealkylated may also decrease its extract-

ability as observed with the tetramers 5a and 5b. At 1 M

nitric acid, the extractability for uranyl increases with the

condensation degree or with the number of binding sites,

according to the sequence:

0,001

0,01

0,1

1

10

1010,1

D

C (HNO3), mol/L

6b Eu

6b Am

5b Eu

7a Eu

7a Am

TOPO Eu

Fig. 3 Distribution coefficients D of 241Am and 152Eu from nitric

acid solutions into m-NBTF containing the narrow rim phosphine

oxide calix[n]arenes 5b, 6b and 7a (0.01 M) and TOPO (0.04 M)

Fig. 2 Extraction of europium and thorium nitrates (10-4 M) by

wide rim phosphine oxide calix[4]arenes from 1 M nitric acid into

dichloromethane : influence of the length of the alkyl substituent R2

on the percentage extraction Ligand concentration: 10-3 M for

thorium; 10-2 M for europium

Table 2 Stability constants (log b)a and thermodynamic parametersa (kJ mol-1) of europium and uranyl complexes with wide rim phosphine

oxide calixarenes in methanol and acetonitrile, at 25 �C, obtained by microcalorimetry and in brackets by spectrophotometry

Cations Ligands Complexes log b -DG -DH TDS

Methanol

Eu3? 1c 1:1 4.93 ± 0.01(3.9) 28.10 ± 0.06 4 ± 1 24 ± 1

1e 1:1 4.3 ± 0.3(4.4) 25 ± 2 -0.5 ± 0.2 25 ± 2

2:1 6.8 ± 0.5 39 ± 3 -13 ± 2 52 ± 5

UO2
2? 1c 1:1 2.85 ± 0.07 16.3 ± 0.4 40 ± 1 -24 ± 1

1e 1:1 3.56 ± 0.04 20.3 ± 0.2 31 ± 2 -11 ± 2

Acetonitrile

Eu3? 1c 1:1 5.7 ± 0.3 33 ± 2 106 ± 2 -73 ± 4

2:1 8.8 ± 0.5 50 ± 3 91 ± 2 -41 ± 5

1:1b 5.79 ± 0.04 33.0 ± 0.2 106 ± 3 -73 ± 3

1d 1:1 5.8 ± 0.2 33 ± 1 95 ± 10 -62 ± 11

2:1 9.7 ± 0.5 55 ± 3 117 ± 8 -62 ± 11

1e 1:1 5.2 ± 0.1 29.6 ± 0.6 102 ± 4 -72 ± 5

UO2
2? 1c 1:1 4.20 ± 0.06 23.9 ± 0.3 96 ± 6 -72 ± 6

1:1b 4.92 ± 0.04 28.0 ± 0.2 89 ± 9 -61 ± 9

1d 1:1 6.2 ± 0.5 35 ± 3 85.7 ± 0.7 -50 ± 4

2:1 10.6 ± 0.6 60 ± 6 125 ± 7 -65 ± 13

1e 1:1 5.9 ± 0.3 34 ± 2 97 ± 3 -63 ± 5

2:1 10.6 ± 0.6 60 ± 3 105 ± 4 -45 ± 7

a Mean value of at least three independent experiments; confidence interval: ±rn-1, the standard deviation on this mean
b Reverse titration
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5b\5a\6b\7a

Compound 7a with six phosphoryl donor groups in a rather

flexible arrangement is the best extractant for uranyl. This

is consistent with X-ray crystallographic studies which

have established that UO2
2? complexes adopt either a

pseudoplanar penta- or hexacoordinate structure which is

quite different from the coordination structure of the other

metal ions [11, 12].

It is worth noting that only the pentamer 6b extracts

europium and americium much better than TOPO. The

other derivatives have more or less similar performances,

depending on the acidity of the aqueous phase. In the case

of uranyl nitrate extraction, the values of the distribution

coefficients are even smaller than those of TOPO and the

calixarene scaffold does not promote the extraction

efficiency.

The stoichiometry of the extracted complexes into

m-NBTF with the narrow rim substituted calixarenes could

be determined by the slopes of the linear plots log D = f

(ligand concentration) [8] which are summarized in

Table 3. The pentamer 6b extracts europium and ameri-

cium as monosolvates, whereas the tetramer 5a (R = H)

likely extracts the two cations as a mixture of mono- and

disolvates. For uranyl extraction, the stoichiometry of

the extracted complex depends on the ligand: 1:1 with the

p-tert-butyl tetramer 5b and 1:2 for the dealkylated 5a and

for the pentamer 6b. With the hexamer 7a, the results are

consistent with a mixture of two complexes in solution: a

predominant monosolvate (1:1 complex) accompanied by a

disolvate (1:2 complex).

Some extraction experiments were performed using

dichloromethane as diluent (Fig. 5). The percentage

extraction, %E, of europium and thorium nitrates vary with

the condensation degree and the para-substituent R. As in

extraction into m-NBTF, the pentamer 6b is a very good

extractant for europium which is also well extracted by the

p-dealkylated tetramer 5a. 6b is the best extractant of

thorium cation. It is interesting to note that all these ligands

are less efficient extractants than the lower rim CMPO

p-tert-butylcalix[4]arene [13].

As with the wide rim derivatives, spectrophotometric

titrations did not lead to reliable results, due to the weak

spectral changes induced by the complexation. However,

with lanthanides in methanol different models were tested

and could be easily distinguished except with Eu3? and 5b.

The best models imply the formation of 1:1 complexes. In

the other cases it was impossible to select the best models

since all of them fit the experimental data as satisfactorily.

Nevertheless, a 2:1 species was found with uranyl ion and

5b. Therefore microcalorimetric titrations were performed

in methanol and acetonitrile in the case of europium and

uranyl ions. The results are summarized in Table 4.

With the tetramers 5a,b the signals were very weak. In

the beginning of the titration of 5b they were exothermic;

after a metal to ligand concentration ratio of about 0.5 they

became slightly endothermic and eventually exothermic

again as the dilution (Supplementary materials, Fig. S6).

This case was interpreted by the formation of 1:1 and 1:2

Table 3 Slopes of the variations log D vs. log (concentration of

ligand) with the narrow rim phosphine oxide calixarenes. (0.3 M

HNO3, into m-NBTF)

Ligands Eu3? Am3? UO2
2?

5a 1.4 1.5 1.7

5b – – 1.1

6b 1.1 1.1 1.8

7a – – 1.4

Fig. 5 Extraction of europium and thorium nitrates (10-4 M) by

narrow rim phosphine oxide calix[4]arenes from 1 M nitric acid into

dichloromethane Ligand concentration : 10-3 M for thorium; 10-2 M

for europium

Fig. 4 Distribution coefficients D of uranyl from various nitric acid

solutions into m-NBTF containing narrow rim phosphine oxide

calix[n]arenes (0.001 M) and TOPO (0.004 M)
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species. The comparison between the experimental cor-

rected heat effect (Qc) vs. the volume of titrant (metal ion

solution) and the calculated heat effect assuming (a) a 1:1

species and (b) the two 1:1 and 1:2 species showed that the

goodness of the fit is much higher when considering the

two complexes (Supplementary materials, Fig. S7). The

stability of the 1:1 complex found by this technique is

higher than that derived from spectrophotometric titrations

(Table 4).

As regard the pentamer 6b and the hexamer 7a, their

interaction with europium produces exothermic effects.

These effects are not very strong, especially when cor-

rected for the dilution, but enough to propose a 1:1 stoi-

chiometry for the species formed. The stability constant of

the europium complex with the pentamer 6b is, within the

experimental error, of the same order of magnitude as those

found with the tetramers (log b = 4.8 and 4.5, respec-

tively), whereas much smaller (log b = 2.9) with the

hexamer 7a. In contrast, the heat effects produced by

uranyl complexation are strongly exothermic and in all

cases could be interpreted unambiguously by the formation

of 1:1 complexes.

In acetonitrile, microcalorimetric titrations performed

with 5a, 6b and 7a are strongly exothermic (Supplementary

materials, Fig. S8). With europium, the tetramer 5a

(R = H) and the pentamer 6b (R = tert-Bu) form a 1:1

species, accompanied with a 2:1 complex in the case of 6b.

With the hexamer 7a, the complexation of europium gives

rise to very complicated thermograms showing two strong

exothermic heat effects followed by an endothermic step

increasing at the end until it reached values corresponding

to the dilution effect. This shape obviously shows the

existence of at least two phenomena corresponding to the

formation of a very stable 2:1 complex but the thermo-

grams could not be interpreted. This could be due to the

nature of 7a, which is a p-dealkylated hexamer, much more

flexible than the lower oligomers. With uranyl, the ther-

mograms could be interpreted by the formation of 1:1

complexes with 6b and 7a, and of a 2:1 species with 5a.

The calorimetric results showed that the stabilization of

the europium 1:1 complexes in methanol is generally of

entropic origin (TDS [ 0) with negative -DH values,

except with 6b for which it is slightly positive. The absence

or presence of p-tert-butyl group on the tetramer (compare

5a with 5b) has no great influence on the thermodynamic

parameters, but there is a compensation effect between the

enthalpy term (-DH), which increases from the tetramers

to the pentamer 6b, with the entropy term (TDS) which

decreases. In acetonitrile the stabilization is purely

enthalpy driven, these terms being much more important

than in methanol as expected in a less solvating solvent.

As regards uranyl ion in methanol, the higher stability of

its 1:1 complexes with the tetramers is due to favourable

enthalpy and entropy contributions. With the pentamer and

the hexamer there are a strong increase of -DH and a

decrease of TDS becoming negative. This shows that the

enhanced bonding due certainly to the greater number of

binding sites is counterbalanced by conformational

Table 4 Stability constants (log b)a and thermodynamic parametersa (kJ mol-1) of europium and uranyl complexes with 5a, 5b, 6b and 7a in

methanol and acetonitrile, at 25 �C, obtained by microcalorimetry and in brackets by spectrophotometry

Cations Ligands Complexes log b -DG -DH TDS

Methanol

Eu3? 5a 1:1 4.5 ± 0.2(3.8) 26 ± 1 -15 ± 2 41 ± 3

5b 1:1 4.55 ± 0.03(3.9) 25.9 ± 0.2 -10.7 ± 0.3 36.6 ± 0.5

1:2 7.72 ± 0.06 44.0 ± 0.3 1.6 ± 0.1 42.4 ± 0.4

6b 1:1 4.8 ± 0.9 27 ± 5 5 ± 1 22 ± 6

7a 1:1 2.9 ± 0.2 17 ± 1 -6 ± 1 23 ± 2

UO2
2? 5a 1:1 4.7 ± 0.1 26.8 ± 0.6 12 ± 2 15 ± 3

5b 1:1 5.1 ± 0.4 29 ± 2 16.7 ± 0.3 12 ± 2

6b 1:1 2.7 ± 0.1 15.4 ± 0.6 34 ± 3 -19 ± 4

7a 1:1 3.26 ± 0.03 19 ± 2 32 ± 1 -13 ± 3

Acetonitrile

Eu3? 5a 1:1 4.14 ± 0.05 23.6 ± 0.2 76 ± 5 -52 ± 5

6b 1:1 7 ± 1 40 ± 6 82 ± 1 -42 ± 7

2:1 11 ± 2 68 ± 12 111.2 ± 0.5 -48 ± 14

UO2
2? 5a 2:1 10.7 ± 0.1 61.0 ± 0.6 92 ± 1 -31 ± 2

6b 1:1 3.72 ± 0.08 21.2 ± 0.4 135 ± 7 -114 ± 7

7a 1:1 3.6 ± 0.2 21 ± 1 155 ± 18 -134 ± 19

a Mean value of at least three independent experiments. Confidence interval: ±rn-1, the standard deviation on this mean

J Incl Phenom Macrocycl Chem (2010) 66:113–123 119

123



reorganization. In acetonitrile the situation is again char-

acterized by very high enthalpy (-DH) and very negative

entropy (TDS) values.

Wide rim phosphonate derivatives

Liquid–liquid extraction experiments of Eu3? and Am3?

cations were carried out in the same conditions as with the

phosphine oxide derivatives. The values of the distribution

coefficients (Supplementary material, Table S3) with 8c

(R = Pr), which are very high as compared to the other

calixarenes, decrease regularly when the nitric acid con-

centration increases and both cations are extracted with

the same efficiency (Fig. 6). In contrast, the distribution

coefficients with the related linear phosphonate 9c

(R = Pr) increase slightly with the acidity of the medium,

and they are about 106 times lower than those observed

with 8c. This enormous difference in the extraction ability

seems to be a specific behaviour of 8c, since no ‘‘cooper-

ative effect’’ higher than 10 was observed for the other

calixarene phosphonates (compare 8e and 9e, for example).

8d and 8e extract americium ion more efficiently than

europium ion.

No direct correlation was found between the extract-

ability of these compounds and the size of the alkyl sub-

stituents R. 8c (R = Pr) is the most effective compound,

whereas 8e (R = Bu) is the less effective one. The other

derivatives present similar extraction abilities.

The apparent solvate numbers in m-NBTF were deter-

mined for 8b (R = Et) and 8c (R = Pr). There are prac-

tically no significant variations in the stoichiometry

complexes with 8b. Similar values were found for the

slopes of the linear plots log D versus log (ligand con-

centration) for the extraction of europium and americium

ions, 1.7 and 1.6, respectively. They suggest the simulta-

neous formation of two 1:1 and 1:2 complexes. On the

contrary, quite different values of the slopes were found

with 8c. The value of 1.3 estimated for europium suggests

the formation of a ML complex, whereas the value of 2.6

found with americium is more consistent with a ML2

complex. This difference in the stoichiometry of the

extracted complex may be advantageous for further amer-

icium and europium separation.

Extraction experiments of europium and thorium

nitrates from 1 M HNO3 into dichloromethane performed

with 8c and 8e confirmed the better efficiency of the former

ligand: %E values of 60 and 24 were found for europium

and thorium ions, respectively, with the propyl derivative

8c, instead of 5 and 7 with the butyl derivative 8e.

UV-spectrophotometric titrations were performed in

methanol with calixarene phosphonates, and with these

systems also very weak spectral variations were observed.

In these conditions, the interpretations were quite difficult.

With 8c and europium ion, the formation of M2L

(log b = 6.7) led to the best interpretations, whereas with

8e only a 1:1 complex (log b = 3.9) was found. For uranyl

ion complexation with both ligands, the interpretation was

consistent with the formation of a 2:1 complex, slightly

more stable with 8c (log b = 7.53) than with 8e

(log b = 6.60). Changing the solvent from methanol to

acetonitrile did not enhance the spectral variations upon

complexation.

In order to estimate the stoichiometry and the stability

constants of the species, microcalorimetric titrations were

performed in methanol and acetonitrile. With this method,

regarded as much more accurate than spectrophotometry in

this case, we hoped in particular to confirm the behaviour

of compound 8c shown in extraction. Some representative

thermograms corresponding to the titration of europium

and uranyl nitrates with 8c and 8e in methanol and aceto-

nitrile are shown in the supplementary material (Fig. S9–

S12).

In methanol the thermal effects produced by the titration

of the ligands with both cations were found to be exo-

thermic and rather weak. After correction for the dilution

(also exothermic) they were very small and therefore the

interpretation of the data, i. e. the selection of the best

model, was not obvious. The results are summarized in

Table 5. With europium ion and 8c, they showed the for-

mation of a single complex ML2 associated with a small

positive enthalpy change. With 8e the best model corre-

sponded to a 1:1 species (log b = 3.3) but the value of the

complexation enthalpy was determined with a poor accu-

racy, being very close to zero. This stoichiometry and the

Fig. 6 Distribution coefficients D of 241Am and 152Eu from nitric

acid solutions into m-NBTF containing wide rim substituted phos-

phonate calix[4]arenes (0.01 M) solutions and related phosphonate

subunits

120 J Incl Phenom Macrocycl Chem (2010) 66:113–123

123



stability constant value are consistent with the spectro-

photometric result (log b = 3.9). It should be recalled that

the log-log plot analysis suggested that europium was

extracted from 0.3 mol/L nitric acid into m-NBTF as 1:1

and/or 1:2 complexes with ligands 8b and 8c. With uranyl

ion, the effects, after correction of the dilution, are more

important and still exothermic. They can be interpreted

with both ligands by the presence of a 1:2 complex with

small negative (exothermic) enthalpy changes.

In acetonitrile, the thermograms corresponding to the

complexation of europium with ligands 8c and 8e are more

complicated than in methanol. The signals are highly

exothermic until a metal to ligand ratio of c.a. 1. Then, they

become strongly endothermic, with values more positive

than those corresponding to the dilution, before reaching at

the end values close to the dilution. With both ligands the

first part of the thermograms has been well interpreted by

the presence of a 1:1 complex (Table 5). But obviously a

second phenomenon is taking place afterwards, which

could correspond to the formation of 2:1. However, taking

into account such a species was not always satisfactory.

With uranyl ion, the thermograms present exothermic

peaks until a metal to ligand concentration ratio of c.a. 2,

followed by endothermic signals corresponding to the

dilution. An acceptable fit was obtained considering one

M2L species.

The results obtained with phosphonates show the for-

mation of a great variety of complexes depending on the

metal, the solvent and the ligand. For instance europium 8c

forms a 1:2 complex in methanol and a 1:1 complex in

acetonitrile, while the dominant extracted species into

m-NBTF seems to be a 1:1 complex. Concerning the sta-

bilization of the 1:1 complexes the same trends as for

phosphine oxide derivatives are found, i. e. the entropic

contribution becomes unfavourable in acetonitrile as a

consequence of the lower solvation in the latter solvent.

The stabilization of the 1:2 complexes of uranyl with both

ligands in methanol is similar originating from favourable

enthalpy and entropy terms, whereas for the 1:2 complex of

europium with 8c it is only due to the entropy which

overcomes an unfavourable enthalpy term.

Conclusion

In conclusion, liquid–liquid extraction and complexation

experiments have demonstrated the high affinity of new

phosphine oxide and phosphonate calixarene derivatives

towards europium, americium and uranyl cations. In the

absence of significant spectral changes upon complexation

by these ligands, calorimetric titrations have been very

useful to show the formation of different kinds of com-

plexes and to determine their thermodynamic parameters

DG, DH and TDS. Wide rim and narrow rim phosphine

oxide derivatives form generally 1:1 complexes with

europium and uranyl accompanied in some case with 2:1

complexes. These stoichiometries are not necessarily in

agreement with those of the extracted complexes. It has

been shown that the nature of the substituents does not lead

to strong variations of the thermodynamic parameters, in

contrast to the condensation degree which induces more

changes. With the phosphonate derivatives different stoi-

chiometries were shown according to the cation, the sol-

vent and the substituent on the ligand. However, the

complexation data found for the propyl derivative do not

explain the particularly high extractability of this com-

pound for europium as compared to the other derivatives.

The origin of the stabilization of the complexes is quite

different for the two cations and depends on the solvent.

Whereas the entropy terms are generally favorable in

methanol for europium complexes, the entropy contribu-

tions appear to be very negative and hence unfavourable in

Table 5 Stability constants (log b)a and thermodynamic parametersa (kJ mol-1) of europium and uranyl complexes with 8c and 8e in methanol

and acetonitrile, at 25 �C, obtained by microcalorimetry and in brackets by spectrophotometry

Cations Ligands Complexes log b -DG -DH TDS

Methanol

Eu3? 8c 1:2 6.2 ± 0.1 35.3 ± 0.6 -6 ± 1 41 ± 2

8e 1:1 3.30 ± 0.05(3.9) 18.8 ± 0.3 -3 ± 2 22 ± 2

UO2
2? 8c 1:2 6.0 ± 0.2 34 ± 1 18.8 ± 0.7 15 ± 2

8e 1:2 5.77 ± 0.01 32.90 ± 0.06 19 ± 4 14 ± 4

Acetonitrile

Eu3? 8c 1:1 5.46 ± 0.06 31.1 ± 0.3 55.0 ± 0.3 -24 ± 1

8e 1:1 6.5 ± 0.1 37.0 ± 0.6 58 ± 3 -21 ± 4

UO2
2? 8c 2:1 10.0 ± 0.2 57 ± 1 50 ± 3 7 ± 4

8e 2:1 11.7 ± 0.7 67 ± 4 56 ± 1 11 ± 5

a Mean value of at least three independent experiments. Confidence interval: ±rn-1, the standard deviation on this mean
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acetonitrile. This points out the importance of the solva-

tion/desolvation in the complexation processes. In contrast,

the stabilization of the uranyl complexes is mostly enthalpy

driven in both solvents.

Experimental

Materials

The phosphorylated calixarenes under study were synthe-

sized at the Institute of Organic Chemistry of the National

Academy of Sciences of Ukraine, Kiev, Ukraine according

to the already published procedures [14–18]. They have all

been characterized by the classical analytical methods and

are all in the cone conformation (verified by 1H NMR

spectroscopy) except the hexamers which are stereochem-

ically flexible in solution due to the free rotation of the

arene subunits through the large macrocyclic annulus. The

diluents, m-nitrobenzotrifluoride (m-NBTF from Rhodia)

and dichloromethane CH2Cl2, and the solvents, methanol

(Carlo Erba, 99.9%) and acetonitrile (Riedel-deHaën,

analytical reagent), were used without further purification.

The metal salts used were lanthanide, thorium and uranyl

nitrates. They were dried under vacuum for at least 24 h

before use and the concentrations of their stock solutions

were standardized by complexometry using xylenol orange

as coloured indicators [19]. Tetraethylammonium nitrate

(Et4NNO3, Acros) used as supporting-electrolyte in the

spectrophotometric titrations was dried under vacuum at

room temperature.

Liquid–liquid extraction into m-NBTF

The distribution coefficients of Am and Eu were deter-

mined radiometrically from the c-radiation of the corre-

sponding isotopes. The experimental protocol is fully

detailed in [8] and [9]. The distribution ratios of uranium

were obtained according to the following procedure: the

extractant solutions in m-NBTF were contacted with nitric

acid solutions of different concentrations (from 0.1 to

6 M), containing 10-5 M 233U. Extraction was performed

in plastic tubes. The contact time was 3 min and the tem-

perature was set at (23 ± 2) �C. Then the organic and the

aqueous phases were separated and samples (V = 0.2 mL)

were placed on special steel targets to be burned out and

measured under vacuum. The activities of the targets were

determined radiometrically by alpha-radiation of the 233U

isotope. The measurement error did not exceed 15%. The

distribution coefficients were then calculated from the

expression D = Aorg/Aaq, where A is the specific activity of

the radionuclide in the organic and the aqueous phases.

Liquid–liquid extraction into dichloromethane

The percentage extraction of europium and thorium nitrates

(CM = 10-4 M) from a 1 M HNO3 solution into a dichlo-

romethane solution containing the ligand (CL = 10-2

–10-3 M) was determined at 20 �C from the concentration

of the metal ion in the aqueous phase before and after

extraction, monitored spectrophotometrically using Arsenazo

(III) (2,20-[1,8 dihydroxy-3,6-di-sulphonaphthalene-2,7-diyl-

bis(azo)] bis (benzenearsonic acid)) as colored reagent. The

conditions of a standard experiment and the calculation of %E

have been previously reported in detail [5].

Spectrophotometric study

The stability constants b defined as concentration ratios

(e. g. [ML2
n?]/([Mn?][L]2 for a ML2 complex, where

Mn? = cation and L = ligand) were determined in meth-

anol and acetonitrile by UV absorption spectrophotometry,

at 25 �C and constant ionic strength provided by 0.01 M

Et4NNO3 according to the procedure already described

[20]. The spectra were recorded on a Varian Cary 3 spec-

trophotometer. The ligand concentrations were c.a. 10-4

–5 9 10-4 M and the spectra were treated by the program

Specfit [21].

Microcalorimetric study

Microcalorimetric experiments were performed using a

2277 Thermal Activity Monitor Microcalorimeter (Ther-

mometric). Titrations were carried out at 25 �C on 2.7 mL

of c.a. 5 9 10-4–10-3 M of the ligands in methanol or

acetonitrile using a 4 mL glass cell. The heats of formation

of the complexes were measured after addition of

17 9 15 mL aliquots of 5 9 10-3–3 9 10-2 M of euro-

pium or uranyl nitrates in the same solvent. Chemical

calibration was made by determination of the complexation

enthalpy of Ba2? with 18C6 in water or of Rb? with 18C6

in methanol, as recommended [22]. The enthalpy of com-

plexation (DH) and the stability constants were refined

simultaneously from these data using the ligand binding

analysis program DIGITAM version 4.1 [23] and after

correction for the heat of dilution of the metal salt deter-

mined in separate titrations without the ligands. The cor-

responding values of the entropy of complexation (DS)

were then calculated from the expression DG = DH -

TDS, knowing DG = -RT ln b.
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