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ABSTRACT: The complex formation of protactinium(V) with
DTPA was studied at different temperatures (25—50 °C) and ionic
strengths (0.1—1 M) with the element at tracer scale. Irrespective of
the temperature and ionic strength studied, only one neutral
complex with (1:1) stoichiometry was identified from solvent
extraction and capillary electrophoresis coupled to ICP-MS (CE-
ICP-MS) experiments. Density Functional Theory (DFT) calcu-
lations revealed that two complexes can be considered: Pa(DTPA)
and PaO(H,DTPA). The associated formation constants were
determined from solvent extraction data at different ionic strengths
and temperatures and then extrapolated to zero ionic strength by
SIT methodology. These constants are valid, regardless of complex
form, Pa(DTPA) or PaO(H,DTPA). The standard thermodynamic
data determined with these extrapolated constants revealed a very
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stable complex formed energetically by an endothermic contribution which is counter balanced by a strong entropic contribution.
Both, the positive enthalpy and entropy energy terms suggest the formation of an inner sphere complex.

B INTRODUCTION

Protactinium, located in the periodic table between thorium
and uranium, is the first actinide element with 5f electrons and
vacant 5f orbitals involved in the bonding. Its most stable
oxidation state +5 corresponds to the formal -electronic
configuration Sf °. Unlike all other light actinides at oxidation
states +5 that form a linear trans-dioxo moiety, protactinium
species are characterized most commonly by one single Pa—O
oxo bond.' ™ The occurrence of this short mono-oxo bond in
Pa species depends on the medium. The mono-oxo bond has
been observed in highly concentrated sulfuric and oxalic acid as
PaO(SO,);*” and PaO(C,0,);*", but it is absent in hydro-
fluoric acid, where the species PaF,*~ has been identified.”> In
the system Pa(V)—HF, the breaking of the single oxo bond
occurs after the coordination of Pa by 4 or 5 fluoride ions. The
cleavage of Pa=0 is likely to be favored by the decrease in the
partial charge on central atom due to the back-donation of
fluoride. But the formal reaction "PaO* — Pa’*” that occurs
during the complexation of Pa(V) by fluoride has never been
characterized.

Protactinium displays a strong tendency toward hydrolysis
and sorption on any solid support, especially vessel walls.
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Moreover, concentrated solutions of Pa are not stable, except in
the presence of fluoride ions or in concentrated sulfuric acid.
Polymerization of Pa(V) is currently observed in concentrated
HCI with erratic induction time as well as in 4 M H,S0,.'~>°
Thus, thermodynamic data relevant to protactinium chemistry
are rather scarce in the literature and mainly collected with the
element at tracer scale (Cp, < 107" M) using partition or
transport methods. Hydrolysis of Pa(V) has been studied in
that way, and a set of thermodynamic data relative to the
equilibrium between the first (PaO(OH)**) and the second
(PaO(OH),") hydrolyzed species is available in the literature.””
However, the previous step that corresponds to the formation
of PaO(OH)*" by hydrolysis of PaO®" remains unknown.
With the aim to get a better knowledge about the interaction
of actinides, especially protactinium, with organic ligands, this
paper focuses on the complexation of Pa(V) with DTPA
(diethylenetriaminepentaacetic acid). This polyaminopolycar-
boxylic acid via S oxygen and 3 nitrogen atoms is expected to
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form a very stable octadentate complex with Pa, as reported for
actinides(III) and (IV).5~"!

Due to its high affinity toward actinides, DTPA is namely the
reference ligand for decorporation, allowing the efficient
removal of Pu(IV) and Am(III) from the body.'>'* Moreover,
this ligand is used in the separation of An(III) from lanthanides
(Ln) in the TALSPEAK process (Trivalent Actinide
Lanthanide Separation by Phosphorus Extractants and Aqueous
Komplexes)."*

Literature devoted to the behavior of protactinium(V)
toward polyaminopolycarboxylic acids is rather scarce. Only
the system Pa—EDTA has been investigated using ion exchange
chromatosgraphy at pH 2.4—2.7 and solvent extraction at pH
0.5—1.2.">'¢ Variations of the distribution K, of Pa(V) as a
function of Cgpr, were obtained on anion as well as on cation
exchangers. The observed K; values were interpreted by the
author as formation of the complexes (1:1) and (1:2) with
H;EDTA™ and (1:1) with H,EDTA?"."> The dependence of
the complex order on the ligand as well as a defect in the
material balance do not allow one to consider this work as
reliable. The variations of the partition coefficient D as function
of the ligand, protons, and extractant concentrations in a later
study by Shiokawa et al. revealed an anionic (1:1) complex with
an assoc1ated apparent formation constant of log f = 22.1 +

® Shiokawa et al. proposed the species Pa(OH),EDTA",
that corresponds to PaO(EDTA)~ with the Rydberg’s formal-
ism."” However, the initial form of Pa(V) has been written
under the form PaO®" (equivalent to Pa(OH),*") which does
not exist under the acidic conditions of Shiokawa’s work.

The present article reports the formation constants of the
complex Pa(V)—DTPA that are deduced from experiments
involving Pa at tracer scale investigated by solvent extraction
and capillary electrophoresis. The analysis of the formation
constants as a function of ionic strength and temperature allows
one to complete the thermodynamic data with enthalpy and
entropy terms as well as an extrapolation of the complexation
constant to infinite dilution. DFT calculations have been
performed on the most probable complexes in order to identify
the most stable complex structure. This work reports the first
data obtained on the interaction of Pa(V) with DTPA.

B RESULTS AND DISCUSSION

In order to avoid the polymerization of protactinium, that is
known to occur at concentrations of element higher than 107
M, the whole experimental study was performed at tracer scale
(Cp, < 107 M) whatever the isotope, **Pa or **'Pa.

Identification of Complexes. Solvent Extraction. At
tracer scale, solvent extraction leads only to differences in the
properties of the species present in aqueous and organic phases:
the derivation of the mathematical expression of the
distribution coeflicient D with respect to the equilibrium
concentration of extractant or ligand is equal to the differences
between the mean number of extractant or ligand molecules per
metal atom in the complexes present in each phase. The charge
of the complexes in aqueous phase is deduced from the
derivation of D with respect to proton concentration.'®
Moreover, working at constant ionic strength and temperature
ensures that activity coefficients are constant throughout
solvent extraction experiments.

The Pa species involved in the system TTA/toluene/H,0/
NaClO,/HCIO,/H;DTPA have been characterized in the same
way. In Figure 1, the variations of the distribution coefficient D
of Pa(V) are plotted as a function of the total DTPA
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Figure 1. Distribution coefficients of Pa(V) as a function of total
DTPA concentration at gt = 3 M. (Cppa = 0.05 M, Cp, ~ 1070 M, 6 =
50 °C, and [H'] = 025 M).

concentration (Cprps). A D value named D, is obtained in a
media without a complexing agent and represented arbitrarily at
Cprpa = 1078 M. D, values are followed by a plateau. The
absence of a maximum in the extraction curve indicates that
there is no DTPA in the extracted complex."” The subsequent
decrease in D values for Cprpy > 107> M can be correlated with
the formation of Pa(V)—DTPA complexes in aqueous phase.

At constant ionic strength and temperature, the slopes of the
logarithmic variations of D with ligand concentration represent
the mean number of ligands per Pa atom of the predominant
species in aqueous phase. The slope of the curve at Cpppy >
1073 M equals —1 which is consistent with the formation of a
(1:1) Pa(V)—DTPA complex.

A mean value of npry = 4.3 + 0.3 molecules of TTA per Pa
atom in the extracted species was determined for DTPA
concentration lower than 2.107> M when varying the chelatant
concentration from 0.04S to 0.085 M (Figures S1 and S2). A
previous systematic study on the extraction of Pa(V) by TTA
from NaClO,/HCIO, mixed solutions has been performed in
the absence of any ligand in aqueous phase at 25 °C. The
concentration ranges were as follows: 0.1-3 M for ionic
strength, 5.107*—0.1 M for TTA concentration, and between
3.107* M and 0.05 to 0.4 M for proton concentration. This
study revealed an increase of the number of TTA molecules per
Pa atom (nyp,) as acidity increases, reaching 4 for [H*] > 0.2
M in keeping with literature data.>*%*' Moreover, the npp,
value in systems involving Pa(V) extraction with TTA depends
on the acidity and not on the complexing agent.” For instance,
the study of Pa(V) with oxalic acid performed with [H*] = 0.5
M led to nprs = 4, whereas with sulfate and [H*] = 0.1 M, the
npra value was found equal to 3. The nyr, value obtained in the
Pa(V)—DTPA system agrees with previous work.

Under the experimental conditions of Figure 1 ([H*] = 0.25
M) the first hydrolyzed s}z)eaes of Pa(V), PaO(OH)*,
predominates in solution.”***' Since no ligands are present
in the extracted neutral chelate complex, the protactinium
species in the organic phase must be PaO(OH)-
(TTA),(HTTA),. Neutralization of Pa(V) cation occurs via
TTA bidentate molecules, and the coordination is completed
with two undissociated HTTA, leading to the formation of self-
adducts.”>*® At the lowest acidity investigated in this work
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([H'] = 0.01 M), Pa(V) is present as PaAO(OH)*" (~20%) and
PaO(OH)," (80%).”" Both hydrolyzed species are extracted by
TTA: 3 and 4 chelate molecules are involved in the extraction
of PaO(OH)," and PaO(OH)?*, respectively.” The hydrolysis
constant that relates both species has been previously
determined by one of us for different values of temperature
and ionic strength.21 In the following, this value is used to fit
the experimental variations of the distribution ratio.
CE-ICP-MS. The investigated sample presents a ligand-
protactinium ratio of around 10° (with C» ~ 107° M)

corresponding to conditions where the limiting complex is
expected. Figure 2 represents the electropherogram registered
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Figure 2. Electropherogram of Pa(V) ~ 10™* M at u = 1 M, 6 = 25 °C,
[H] = 025 M, and Cppps, = 107> M. The vertical dotted line
corresponds to the position related to the bulk electrolyte velocity.

in anionic mode. The dotted line observed at 674.8 s represents
the time when neutral species appears. The observation of the
Pa(V)—DTPA complex at the same time implies that it is a
neutral complex. Therefore, the complex could be Pa(DTPA),
PaOH(HDTPA), or PaO(H,DTPA).

The loss of the mono-oxo bond, as proposed in the
Pa(DTPA) complex has been observed in fluoro-complexes of
protactinium (PaF¢~, PaF,*", and PaFg*"), otherwise charac-
terized by a §reat stability especially with respect to
hydrolysis.'~>***> Moreover compounds without a mono-oxo
bond at solid state have also been isolated, for instance KPaF,
K,PaF,, and Na,PaFy*>*° In case of chloro and bromo
complexes at solid state, oxy halogeno and pure halogeno
species have been synthesized and characterized, whereas in
concentrated HC], there is a disagreement over the form of
complexes (PaClg*, PaOCl>).>

Complexes with protonated species of DTPA, such as
proposed in the PaO(H,DTPA) complex, have been observed
with trivalent lanthanides and actinides."*”~>° With actinides-
(IV) only the nonprotonated complex has been observed
regardless of the acidity of the solution.**~

Actinides in oxidation state +5 and +6 - except Pa - display
the linear transdioxo moiety O=M=0, which constrains the
coordination to the equatorial plane.33 Thus, the number of
donor atoms of a polydentate ligand that interact with an
actinyl form is limited.*>"*® No structural data on the system
U(VI)—DTPA are available in the literature. However, the
thermodynamic study of Gandolfo et al. indicates the existence
of mono- and diprotonated complexes UO,HDTPA*" and
UO,H,DTPA™.* Protonation on a binding oxygen atom is also
observed in various inorganic U(VI) species like arsenate
complexes.’” Although a direct comparison between Pa(V) and
U(VI) is questionable (the mono-oxo bond in Pa species does
not provide the same steric effect as the actinyl moiety in
U(VI)), the existence of a neutral diprotonated complex
PaO(H,DTPA) has to be considered. In addition, this
assumption is supported by recent calculations on th
Am(III)-DTPA system that involved di-, tri, and tetra-
protonated complexes.>® Finally, the formation of the other
protonated species like Pa(OH)(HDTPA) is doubtful since it
would correspond to a replacement of the strong Pa oxo bond
by the polydentate DTPA ligand, instead of the weaker hydroxo
bond. Moreover, complexes of Pa(V) with a hydroxyl group
that are described in the literature contain also the mono-oxo
bond, for instance PaO(OH)** and PaO(OH)CI*.!~® The Pa—
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Figure 3. Optimized structures of the Pa(DTPA), Pa(DTPA)H,0, and PaO(H,DTPA) complexes obtained by DFT calculations.
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Table 1. Geometrical Parameters Associated with Figure 3 Obtained by DFT Calculations®

distance Pa(DTPA) Pa(DTPA)H,0 PaO(H,DTPA) structure 1 PaO(H,DTPA) structure 2 PaO(H,DTPA) structure 3
Pa—-0O, 2.25 2.22 2.85 3.77 2.80
Pa—-0, 223 2.25 2.37 2.37 2.39
Pa—0; 2.25 2.25 2.30 2.32 2.32
Pa—-0, 2.24 2.24 2.68 3.76 2.61
Pa—Og 2.25 2.25 2.34 2.35 2.34
Pa—O(H,0) 244
Pa—O,, ; . 1.88 1.88 1.89
Pa—N; 2.76 2.76 2.84 2.85 2.82
Pa—N, 2.65 2.65 2.80 2.77 2.79
Pa—Nj; 2.69 2.70 291 2.90 2.92

“All distances are in Angstroms.

O moiety remains stable in the presence of ligands with
moderate strength like sulfate and oxalate, whereas the hydroxyl
disappears.' ™

A structural study would be required for a precise
identification of species. Unfortunately, X-ray Absorption
Spectroscopy (XAS) data registered at ESRF could not be
used, because of too low Pa concentration or the presence of
residual fluoride ions. The strong tendency of Pa(V) to
polymerize and precipitate, especially in the absence of fluoride
ions, makes namely concentrated samples difficult to prepare.
Therefore, spectroscopic techniques like infra-red and Raman
spectroscopy cannot be used, and interferences with DTPA
absorption are expected in UV—vis absorption spectropho-
tometry. Thus, in the following, DFT calculations have been
performed on the two most possible neutral complexes:
Pa(DTPA) and PaO(H,DTPA).

DFT Calculations. In a first step, the structure optimization
of Pa(DTPA) was performed with and without a supple-
mentary water molecule in the first coordination sphere of
protactinium (see Figure 3, structures a and b). In a second
step, as previous studies demonstrated that protonated
carboxylic functions of DTPA could be involved in the
complexation of the metal, geometry optimizations of PaO-
(H,DTPA) were performed by considering successively the
interaction of Pa with OH (protonated carboxylic functions,
structure 1), with oxygen atoms (non protonated carboxylic
functions, structure 3), and the structure 2 where there is no
interaction with the two protonated carboxylic functions.'"***’
Optimized structures of Pa(DTPA), Pa(DTPA)H,O, and
PaO(H,DTPA) are presented in Figure 3, and associated
geometrical parameters are summarized in Table 1.

The structure of Pa(DTPA)H,O was optimized in order to
determine the influence of the water molecule on the
coordination geometry of Pa. The distances, indicated in
Table 1, revealed that the presence of a water molecule in the
inner sphere of Pa(DTPA) does not alter the coordination
geometry around the cation. Therefore, the protactinium
complex Pa(DTPA) appears stable whatever the coordination
number (8 or 9).

For the PaO(H,DTPA) complexes, each optimized structure
is stable whatever the proton position on carboxylic functions
as observed in the literature.'"*® One could notice that the
bonds distances Pa—O and Pa—N are longer in PaO(H,DTPA)
relative to Pa(DTPA) with or without H,0O molecule. The
stronger interaction observed in Pa(DTPA) can be related to
the charge of the metal: Pa(DTPA) and PaO(H,DTPA)
involve the ions “Pa**” and “PaO’"”, respectively. Moreover,
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the presence of the Pa—O mono-oxo bond may induce steric
effects that are also responsible for the distance lengthening.

From the optimized structures of all the complexes we can
deduce the relative stability between Pa(DTPA)H,O and
PaO(H,DTPA) by using the overall energy of each complex
since they are composed of exactly the same atoms. The relative
stability of each complex is calculated according to eq 1 by
using the most stable Pa(DTPA)H,O complex as reference. In
this equation, E[complex] refers to the overall energy of the
complex PaO(H,DTPA) for the three structures. The energy
difference AE is found equal to 82.0, 67.5, and 35.2 kJ-mol™*
for structures 1, 2, and 3, respectively.

AE = E[complex] — E[Pa(DTPA)H,0] €))

The overall energy of the structures 1 and 2 is higher than
the one of structure 3. This tends to indicate that the structure
in which Pa interacts with nonprotonated oxygen atoms is more
stable. This result is similar to the one observed with An(III) in
the literature where theoretical calculations indicate that

protonation occurs more likely on noncoordinating carboxylate
oxygen. 138

Whatever the optimized structure of PaO(H,DTPA), its
overall energy is always higher than that of Pa(DTPA)H,O.
This could be related to a higher stability of Pa(DTPA)H,O.
However, the energy is not high enough to discriminate
definitely between the two structures considering the
limitations of such calculations for ions in aqueous solution
with large solvation effects. However, even if DFT calculations
should be used with caution, they have shown unambiguously
that both complexes are stable. In other words, not only the
nonprotonated form DTPA®™ but also the diprotonated one
H,DTPA®" can be coordinated to a metal ion through the 8
donor atoms. This agrees with the recent DFT calculations of
Bridges et al*®

Thermodynamical Study. Solvent extraction and capillary
experiments have led to the conclusion that Pa(V) forms a
neutral (1:1) complex with DTPA. Moreover, overall energy
differences between Pa(DTPA)H,O and PaO(H,DTPA) are
not significant. Therefore, in the thermodynamic study, the
complex, arbitrarily written as Pa—DTPA, can correspond to
Pa(DTPA) or PaO(H,DTPA) which are equivalent according
to Rydberg’s formalism.'”'®

Determination of Formation Constants. The determi-
nation of stability constant of Pa—DTPA has been conducted in
two steps:

i. Conditional constant f_, 4 is related to eq 2. In this
equation, DTPA stands for the chelating agent regardless of its
chemical form. Charges are therefore omitted. The f,,,4 values
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Table 2. Equilibrium Constants Relative to Successive Dissociation of Hg_[DTPA with 1 <i <7

I (M) T (°C) pK,, PK,,
3 25 215
25 0.80% 1208

37 0.80% 1208

50 0.80% 1208

0.5 25 116" 141"
37 116" 1.41"

50 116" 141"

0.25 25 1.34" 1.52"
37 1.34" 1.52"

50 1.34" 1.52"

0.1 25 1.45° 1.58°
37 1.45° 1.58°

50 1.45° 1.58°

pK,* pK, " pK,© pK,? pK,°
2.19 2.78 4.17 8.37 9.58
213 273 410 8.36 9.52
212 273 417 8.53 9.70
211 274 425 871 9.88
216 2.80 420 8.51 9.71
2.15 2.83 4.25 8.68 9.90
214 2.86 431 8.85 10.10
220 2.89 434 871 9.95
219 291 438 8.86 10.12
218 293 443 9.01 1028
227 3.02 4.54 8.98 10.29
226 3.04 458 9.12 10.44
225 3.08 462 9.26 10.59

“Values of uncertainties at 20: = 0.01. ®Values of uncertainties at 20: = 0.0S. “Values of uncertainties at 20: = 0.0S. “Values of uncertainties at 20: =
0.03. “Values of uncertainties at 26: = 0.02./Values of uncertainties at 26: = 0.04. $Values of uncertainties at 26: = 0.2. *Values of uncertainties at 26:

= 0.25. ‘Values of uncertainties at 20: = 0.15.

are deduced from the variations of (D/Dy,—1) as a function of
the total DTPA concentration for each ionic strength and
temperature investigated. In the case of experiments performed
with [H*] = 0.01 M, hydrolysis of Pa(V), characterized by the
equilibrium constant KzHyd, has been taken into account, and
the slope of the linear variations (Dy/D—1) has been
determined according to eq 3.

B
Pa¥ + DTPA €5 Pa—DTPA 2)
D Ht
—-1= +[ : Hyd "B ona” CoTPA
D [H'] + K, 3)

ii. Apparent formation constant f3,,, related to equilibrium 4
involves free DTPA>™ concentration and is deduced from /.4
according to eq S

ﬁaPP

PaO(OH)** + DTPA~ + 3H' = Pa—DTPA + 2H,0
(4)
_ +1-3
ﬂapp =aX ﬂcond X [H ] (5)

where « stands for the inverse of the molar fraction of DTPA>™
according to eq 6.

CDTPA
[DTPA’"]

1 + 10°[H*] + 10°P5P[H] + .
+ IOPK"‘1+"'+pK“7[H+]7

a

(6)

In eq 4, Pa(V) is written under its predominant form
PaO(OH)?*, whereas the two hydrolyzed species, PaO(OH)>*
and PaO(OH),", are taken into account in the fitting of
extraction curves (eq 3). Moreover, the replacement of
Pa(DTPA) by the species PaO(H,DTPA) would only lead to
a difference in the number of water molecules (PaO(OH)** +
DTPAY + 3H' « Pa(H,DTPA) + H,0). All equations are
therefore valid for both complexes if PAO(OH)?** is considered
as initial species.

Calculation of @ requires values of acid dissociation constants
K, of DTPA (eq 7) at the ionic strength and temperature

investigated.
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LK, .
H, DTPA®™* = H, DTPA*>* + H* @)

The values used in this work are reported in Table 2, whereas
method and models used for their calculations are described in
the Experimental Section.

Figure 4 illustrates the variations of D of Pa(V) as a function
of Cprpa for different temperatures. A decrease in D values with
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Figure 4. Distribution coefficients of Pa(V) as a function of total
DTPA concentration at y = 3 M, Crry = 0.05 M, and [H*] =025 M
for different values of temperature.

increasing temperature is observed with a difference of about 2
orders of magnitude between the upper and the lower
temperature. This effect is similar to the one observed on
Pa(V) complexation in sulfate media.®

The variations of (Dy/D)—1 and the corresponding
adjustment are illustrated in Figure S for @ = 25 °C and y =
0.1 M. The procedure was repeated for different ionic strengths
and temperatures, leading to a set of apparent formation
constants /3, that are listed in Table 3.

It appears that the stability constants related to the formation
of the Pa—DTPA complex increase with the temperature. On
the other hand, these stability constants seem to increase from
p=1Mtopu=01M

Standard Thermodynamic Data. The stability constants
of the formation of Pa—DTPA at = 0 were determined using
eq 8 leading to
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Figure S. Fit example: ((Dy/D)—1) as a function of total DTPA
concentration at 4 = 0.1 M, € = 25 °C, [H*] = 0.01 M, and Cppy =
0.05 M.

log B, = log B, — 32-Dpy(1,) — Ae-, 8)

where Ae = —&(PaO(OH)*,ClO;) — &(Na*,DTPA>) —
3-¢(H",ClO}). e(H, ClO,”) = 0.14 + 0.02 at 25 °C and is
supposed to be constant on the range of temperature studied.*’
£(PaO(OH)*, ClO,”) was determined in a previous study.”>*!
These adjustments lead to the stability constants listed in Table
4 for y = 0.

Standard thermodynamic data were determined with the
stability constants obtained at ¢ = 0. The linear variations of log
/° as a function of 1/T (Figure S3) allow the determination of
the following parameters: AG%qg15x = —179 + 10 kJ-mol ™/,
AH® = 86 + 5 kJ-mol™}, and AS° = 886 + 15 J-mol K.

These values indicate that the complex Pa—DTPA is very
stable, and its formation reaction is endothermic. The
unfavorable enthalpic contribution is counterbalanced by a
strong entropic one. Since complexation involves dehydration
and cation-ligand interactions, the positive enthalpy variation
means, in the case of PAO(H,DTPA) that the cleavage of the
bounds reagents-water (endothermic) prevails over the
formation of metal—ligands bonds (exothermic).**~** If the
complex is Pa(DTPA), the breaking of the mono-oxo bond
takes even more energy that is not fully compensated by the
formation of the new Pa—ligand bonds.

If the complexation of Pa(V) with DTPA occurs without the
breaking of Pa=0, the positive entropic contribution shows
that the disruption of the water structure around cation and
ligand is not counterbalanced by the new structure of water
molecules around the chelate. These values of entropy and
enthalpy, both positive, suggest that dehydration governs the

Table 4. Stability Constants of Pa—DTPA for g = 0 and
Corresponding Ae Parameters at Different Temperatures

25 °C 37 °C 50 °C
log /° 312 £02 319 £ 02 324 +02
Ae —0.65 + 0.04 —1.06 + 0.25 —-1.37 £ 023

complexation.42_44 However, the entropic variation relative to
the formation of Pa—DTPA is three times higher than the ones
relative to the formation of PaO(SO,);* and PaO(C,0,)*.
This high value of AS can be assumed to reflect a higher
disruption caused by the breaking of Pa=O and a different
ordering around “Pa*"”. Unfortunately, there are no thermody-
namic data on the complexation of Pa(V) with fluoride ions
that could allow a comparison with a system involving the
breakage of the mono-oxo bond.

B DISCUSSION

Thermodynamic Data. Since DFT calculations alone
cannot be used to demonstrate unambiguously the structure
of the Pa—DTPA complex, discussion is focused on the two
possible complexes: Pa(DTPA) (with or without additional
water molecule in the Pa coordination sphere) and PaO-
(H,DTPA). Both complexes can be formed according to eq 4.
For tentative comparison purposes, the formation constants of
An—DTPA complexes (involving the form DTPA®") are given
in Table 5. According to the literature, regardless of the
oxidation state, the complexation of actinides by DTPA leads to
the formation of (1:1) complexes.s_l1’27’29_32’34_36’45_54 There
is no evidence of complexes formed with more than one DTPA
molecule, although ternary complexes have been observed with
other polyaminopolycarboxylic acids, especially EDTA."

As reported in Table S, An(IV) and An(III) form very strong
complexes with DTPA: log /3 values are between 27 and 30 for
An(IV)—DTPA complexes and between 21 and 2S5 for
An(II1)-DTPA ones. Moreover, values of stability constants
increase along the actinide series, i.e. with decreasing of the
metal ionic radius. This is in keeping with the predominantly
electrostatic interactions between hard acceptor (An) and hard
donor (O). The stability constants of Np(V) and U(VI) are
smaller than the ones of An(IV) and An(III) by more than 10
orders of magnitude. For a given ligand without steric
constraint, the stability of the complexes follows usually the
order An** > AnO,** > An**> AnO,". This sequence reflects
the variation of the effective charge on the acceptor actinide
atom.>® The strength of complexation by DTPA follows the
order An* > An** > AnO,** > AnO,". This can be related to
steric constraints due to both metal (actinyl moiety) and ligand
(spatial arrangement of donor atoms and size of chelate rings).

With regards to protactinium, it is not possible to make a
direct comparison with values in Table § since the initial form
of Pa(V) is PaO(OH)?*, whereas other actinides are considered
as aquo ions. Moreover, our experimental and theoretical

Table 3. Apparent Formation Constants of the Pa—DTPA Complex at Different Temperatures and Ionic Strengths (in Molar

Scale); [H*] = 0.01 M, Cyps = 0.05 M

u 1M 0.5 M
25 °C 25.34 + 0.12 25.96 + 0.10
37 °C 25.69 + 0.12 2672 + 0.11
50 °C 26.38 + 0.13 2722 + 0.11
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025 M 01 M
26.74 + 0.11 27.79 = 0.10
2745 + 0.12 28.45 + 0.10
27.90 + 0.14 28.84 + 0.12
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Table 5. Stability Constants of An(DTPA) Complexes
Available in the Literature, An(HDTPA) Complexes Are Not
Included

M"™ I (mol-L™%) T (°C) log .y ref
Th* 0.5 20 26.64 + 0.03 8
0.1 KNO; 25 28.80 + 0.10 45
1 NaCl/HCl 25 29.6 + 1.0 52
Ut 1 HNO, 29.90 46
1 NaCl/HCl 25 31.8 + 0.1 52
Np** 1 HCIO,/NH,Cl 29.79 + 0.07 30
1 NaClO, 25 3033 £ 0.12 47
0.5 NaClO, 20 29.29 + 0.02 47
1 HNO, 30.50 46
1 NaCl/HCl 25 323 £0.1 52
Pu** 1 HCIO,/NH,CI 29.38 + 0.1 32
0.5 20 29.49 £ 0.10 9
1 HNO, 314 46
1 NaCl/HCl 25 33.67 + 0.02 52
Pa(V) 0.1 Na/HCIO, 25 27.79 + 0.12 pw.
1 Na/HCIO, 25 25.34 + 0.12 pw.
Pu®* 1 NH,CI 21.20 31
1 KCl 25 2147 + 0.01 48
1 KCl 25 20.58 + 0.04 52
Am** 0.1 NH,ClO, 25 22.92 53
0.1 25 22.74 27
0.1 NH,CIO, 25 24.03 54
0.1 NH,CIO, 25 2423 + 0.51 29
1 NH,CI 21.3 31
0.5 20 22.09 + 0.0S 49
0.1 NaCl 25 2345 £ 0.18 50
0.1 Na/HCl 25 23.1 + 0.7 11
Cm* 0.1 NH,CIO, 25 22.99 s3
0.1 KNO, 25 22.83 27
0.1 NH,CIO, 25 24.32 + 041 29
1 NH,CI 214 31
0.5 20 22.85 + 0.08 51
0.1 NaCl 25 23.53 £ 0.18 50
0.1 Na/HCl 25 23.1 + 0.5 11
Bk 0.1 NH,CIO, 25 22.79 s3
cet 0.1 NH,CIO, 25 22.57 53
0.1 NH,CIO, 25 25.19 + 0.26 29
0.1 NaCl 25 2395 + 0.14 50
0.1 Na/HCl 25 23.7 + 04 11
uo,* 3 NaClO, 25 13.63 + 0.02 36
0.7 NaCl 25 11.80 + 0.01 35
NpO,* 0.05 NH,Cl 10.83 + 0.03 30

studies do not allow for discrimination between PaO-
(H,DTPA) and Pa(DTPA).

If the complex is PaO(H,DTPA), its formation may be
divided in two steps, according to

)2+ Step la(l/KlHYd)
5

PaO(OH PaO**

Step 2a(f*)
_—

PaO(H,DTPA) (9)

Step la corresponds to a dehydration process (inverse
hydrolysis reaction) and step 2a to the complexation with
DTPA such as reactions in Table 5 for the other actinides. The
experimentally determined value f,,, corresponds to the
product of f* and 1/K}¥.

If the complex is Pa(DTPA), then an additional step has to
be considered: the breaking of Pa=0 (Step 2b in eq 10).
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Step 1b(1/KMY)
)2+ Sep DU/ ) pao3t

Step 2b(1/K¢7) past Step 3b(*)
a

PaO(OH
(10)

According to eqs 9 and 10, the initial form PaO(OH)*'
results from the hydrolysis of PaO*" which is assumed to exist
in concentrated perchloric acid. In the first theoretical approach
on Pa(V) species in noncomplexing medium indeed, Toraishi
et al. have shown that mono-oxo cation is more stable than the
dioxo one and that PaO(H,0),** may coexist with PaO(OH)-
(H,0)s*" in strong acidic solution.>> Unfortunately, the
hydrolysis constant of PaO®" is not known as well as that of
Pa*", and they could not be estimated by means of DFT
calculations. Nevertheless, some qualitative information may be
deduced from egs 9, 10, and Table S.

The formation constant of PaO(H,DTPA) from the initial
species PaO* (f*) is expected to be higher than 25—28, since
log #*(PaOH,DTPA) = log Bapp + log Kt (eq 9). This value
is therefore higher than those corresponding to actinide ions
bearing the same global cationic charge +3. With regards to the
complex Pa(DTPA), its formation constant starting from the
hypothetical Pa’* appears to be much higher than those
corresponding to An*" (log #*(PaDTPA) = log Papp + log Kivd
+ log K§¥). Under the assumption that the complex may be
Pa(DTPA), the strength of complexation would follow the
order An** > An*" > An’' in agreement with the strength of
electrostatic interaction.

The stability constant of Pa—DTPA in TableS can be
compared to the formation constant of other Pa complexes
starting from PaO(OH)>*. For instance, the complexation of
Pa(V) by sulfate and oxalate ions has been proved to occur
without the cleavage of the single oxo bond but with the
departure of the hydroxyl. The three successive formation
constants are 7.4—7—S5 and 1.7—2.9—2.6 for oxalate and sulfate
systems, respectively. The cumulative formation constants of
PaO(C,0,);* and PaO(SO,);* equal 19.1 and 7.2, respec-
tively, values much lower than that of Pa—DTPA. The stability
of Pa species could be enhanced by the breaking of the oxo
bond that allows a better availability of coordination sites. In
the system Pa(V)—HF, the breaking of the single oxo bond
occurs after the coordination of Pa by 4 or 5 fluoride ions. The
complexation of Pa(V) by DTPA could occur in the same way:
due to the flexibility of DTPA, the formation of Pa—Opp, and
Pa—Nprps bonds could involve the coordinating atoms of
DTPA successively, leading to a progressive weakening of the
single oxo bond up to its cleavage, but this needs to be
confirmed by attempting new XAS measurements. The
thermodynamic study performed at tracer scale should also
be extended to higher Pa concentration, the formation of
polymer being perhaps favored by the presence of the mono-
oxo bond if present in the complex.

Structural Data. To the best of our knowledge, there is no
experimental structure data of actinides—DTPA complexes
available in the literature. Only structure data on Am and Cm—
DTPA complexes determined by DFT calculations are
available."*® However, crystal structure data on lanthanides—
DTPA (for Eu, Gd, Dy, Ho, Er, and Yb) as well as structure
data in solution (for Gd) or deduced from theoretical
calculations (for Nd and Eu) are available.****°¢~ Although
protonated complexes Ln"™"HDTPA™ and An""HDTPA™ have
been observed, present discussion is limited to nonprotonated
ones.

PaDTPA
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In Ln™DTPA complexes, DTPA coordinates to the
lanthanide ion with S carboxylate oxygen and 3 amine nitrogen
atoms, the inner sphere being completed by another oxygen
atom coming from a water molecule. Based on the literature
available for Gd and Yb, there is no significant influence of the
oxygen completing the inner sphere on the mean values of the
distance Ln—Oppps.>*%° Along the lanthanide series, from Nd
to Yb, the average distance Ln—Opyp, decreases from 2.44 to
2.34 A, and the distance Ln—N decreases from 2.81 to 2.61 A.
Variation of the bond distances Ln—Opp, as a function of the
inverse of ionic radius is illustrated in Figure 6 considering a

2.50 1 L 1 N 1 L Il " 1 L Il 1 1 L 1 L 1 L Il : 1
L]

L Pa’

2.45 4

2.40

2.25 4

2.20

T T T T T T T T T T T T T T T T T T T T T
0.86 0.88 090 092 094 096 098 1.00 102 1.04 1.06
1Ur (A

Figure 6. Values of the M—Opp, distances in Pa(DTPA)H,O,
structure 3 of PaO(H,DTPA), Ln(DTPA)H,0>", Am(DTPA)H,0,
and Cm(DTPA)H,O%" as a function of 1/r where r is the ionic radius
of Pa¥, Ln™, Am™, and Cm™ for a coordination number of nine. a and
b refer to refs 58 and 39, respectively, while 1 and 2 refer to
Pa(DTPA)H,0 and PaO(H,DTPA), respectively.

coordination number equal to 9. The distances available for Am
and Cm have been included as well as calculated Pa—Oprpy
distances in the two possible complexes Pa(DTPA)H,O and
PaO(H,DTPA) (Table 1). Effective ionic radii have been taken
from refs 61 and 62 except for PaO(H,DTPA). In that case, the
ionic radius was calculated by using the mean value of Pa—
Oigana distances observed in Pa0O(C,0,);*” and PaO(S0,);*”
and the ionic radius of O®~ available in the literature.*>*"

One could notice that the mean value of Eu—Opp, obtained
by DFT calculations by Tian et al. differs significantly from the
ones observed in solid state.’**® However, according to the
work of Bénazeth et al. it seems that the distances in
Gd(DTPA)H,0* observed in solution are quite similar to
the ones observed in solid state.® Moreover, the work of
Bridges et al. shows a really good agreement between Nd"'—
Oprpa distances obtained experimentally and by DFT
calculations.®® The discrepancy about the value determined
by Tian et al. could be explained by the fact that DFT
calculations have been performed in the gas phase by using a
different functional.

It appears that the mean Pa—Opyp, distance in Pa(DTPA)-
H,O is in good agreement with Ln—Oprp, ones. Therefore, it
can be assumed that the M—O bond is purely ionic due to the
regular decrease observed as a function of 1/r. On the other
hand, the mean Pa—Oppp, distance from structure 3 of
PaO(H,DTPA) does not fit with the variation of the Ln—
Oprpa ones. This observation could indicate that the most
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probable structure of the Pa(V)—DTPA complex should be
Pa(DTPA)H,0.

B CONCLUSION

In order to bypass the strong tendency of Pa(V) toward
polymerization, the thermodynamic study of the complexation
of Pa(V) by DTPA was performed at tracer scale by using
solvent extraction. Solvent extraction experiments on the Pa—
DTPA system revealed the formation of a complex with (1:1)
stoichiometry. This species is neutral as indicated by capillary
electrophoresis. Data analysis was performed based on the
formation of the neutral Pa(V)—(DTPA) complex from
PaO(OH)>*. In order to determine standard thermodynamic
data, the experimental stability constants were converted to an
ionic strength of 4 = 0 by using the SIT methodology. The
formation of Pa—DTPA was found to be endothermic but
counterbalanced by a strong entropic contribution.

DEFT calculations have been performed in order to determine
the most probable formula of the Pa(V)—DTPA complex,
which could be either Pa(DTPA) or PaO(H,DTPA) including
possibly one water molecule in the coordination sphere. The
DFT calculations revealed that both structures are stable, the
energy difference being not significant to allow one to
discriminate definitely between the two structures, but whatever
the complex form, all the donor atoms of DTPA (5 carboxylic
oxygen and 3 nitrogen atoms) are involved in the coordination
of Pa.

B EXPERIMENTAL SECTION

Samples Preparation. /sotope 231. The 231 isotope of
protactinium comes from a stock available at the Nuclear Physic
Institute of Orsay. Due to the accumulation of the decay products
27Ac, 2"Th, and ***Ra, protactinium was purified from its daughters
by ion-exchange chromatography. The efficiency of purification was
followed by y-spectroscopy, as already described in previous papers.*®

The purified Pa solution was stored in 1 mL HF 1 M/HCI 8 M. For
CE-ICP-MS measurements, aliquots of this solution were evaporated
to dryness in Teflon crucibles, and the residue was taken up in
concentrated HCL. This procedure was conducted at least eight times
in order to ensure the elimination of fluoride ions that behave as
strong ligand toward Pa(V). For capillary electrophoresis, a residue
corresponding to 200 Bq was taken up with 500 uL of 8 M HCIO,. An
aliquot of that freshly prepared solution was then injected in an
aqueous NaClO,/HCIO,/H;DTPA solution leading to final concen-
trations of 0.75 M NaClO,, 0.25 M HCIO,, 107> M HDTPA, and
2.65 X 1077 M Pa(V). That solution was then sent to the CEA of
Bruyeres-le-chatel and analyzed two weeks after sample preparation by
CE-ICP-MS.

Isotope 233. The isotope ***Pa was produced by neutron irradiation
of thorium at the Osiris reactor of CEA Saclay. The whole procedure is
described in a previous article.’

CE-ICP-MS Experiments. The capillary electrophoresis system
(Beckman Coulter P/ACE MDQ), the coupled mass spectrometer
(VG Elemental), and the micronebulizer (Mira Mist CE) are described
elsewhere.®

Background electrolytes (BGE) were prepared from weighted
amounts of H{DTPA (Aldrich, > 99%) dissolved in deionized water
(Millipore, Alpha-Q, 18.2 MQcm) to get a final concentration of 107>
M HDTPA. Samples were prepared by mixing Pa(V) stock solution,
the BGE, and 0.2 uL of DMF (BDH, AnalaR > 99.5%). The
concentration of Pa(V) in the sample was about 107 M.

Before each separation, the capillary was washed with BGE during 5
min at 20 psi. Separations were completed within 15 min. Sample
injections are carried out hydrodynamically at 1 psi during S s. To
avoid clogging, the separations were performed at —3 kV and at
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constant pressure of 0.8 psi. The voltage value is chosen with respect
to the Ohm law.

Solvent Extraction Experiments. The initial aqueous phase
consists of a mixture of three solutions: NaClO,, HCIO,, and the
ligand DTPA introduced in its acid form H;DTPA. Each aqueous
phase is prepared starting from concentrated solutions of the
individual components. Sodium perchlorate salt (Fluka, 99%) as well
as perchloric acid (Aldrich, 70%) and diethylenetriaminepentaacetic
acid (Sigma-Aldrich, >99%) were dissolved/diluted in deionized water
(182 MQcm). Their concentrations were determined by gravimetry
(NaClO,) and by pH titration using NaOH solution (HClIO, and
H;DTPA). The organic phase was prepared according to ref S just
prior to use by dissolving the appropriate amount of chelatant 2-
thenoyltrifluoroacetone (TTA, Aldrich, 99%) in its hydrate form into
toluene (FISHER, 99.99%). Toluene used as diluent was pre-
equilibrated with the corresponding aqueous phase for three days.

The distribution coefficient D of Pa(V) in the system TTA/
toluene/H,0/NaClO,/HCIO,/H;DTPA was calculated according to
eq 11, where A, and A,  refer to the gamma activity of 233Pa in the
organic and aqueous phases, respectively. The corresponding aqueous
and organic phases were measured directly one after another. Since the
time elapsed between the measurement of two phases did not exceed a
few hours, the decay of »**Pa was not taken into account.

Ao

Ay

D=
(11)

Experimental uncertainties have been calculated by taking into
account the systematic uncertainties that may occur when preparing
the solution as well as random uncertainties associated with gamma
activity measurements. It should be noted that any uncertainty
associated with the volume lead to uncertainties in free H'
concentration and may have a strong influence on D, because of
acid—base properties of the extractant and the ligand.

Kinetics of TTA partition between both phases have been proved to
be slow due to the keto—enol equilibria in aqueous and organic
phases.m’64 At 25 °C, the equilibrium is achieved in 26 h (at least 90%
of the distribution equilibrium value) in the absence as well as in the
presence of ligand like sulfate, oxalate, and DTPA in aqueous phase.**'
Kinetics of Pa(V) partition illustrated in Figure S4 confirms that the
rate limiting step is the partition of TTA. Moreover, in order to check
the equilibrium reversibility of Pa(V) distribution, a study was
performed by analyzing direct extraction (Pa(V) initially in aqueous
phase) and back extraction (Pa(V) initially in organic phase) for
different values of DTPA concentration. Coherent values of D
obtained in direct and back extractions (Figure SS) indicate that a
contacting time of 26 h at 25 °C is sufficient to achieve the partition
equilibrium of extractant and aqueous Pa(V).

DFT Calculations. As no structural data on the Pa(V)—DTPA
complexes are available, structure parameters of the well-known
structure of Gd™(DTPA) were used as starting model.*® Structures
were optimized using the density functional theory (DFT) approach as
implemented in the Gaussian03 package.® Calculations were
performed using the hybrid B3LYP functional.®® Energy-adjusted
relativistic effective core potentials (RECPs) developed by Kuchle et
al. were used (60 core electrons for Pa) with its associated basis set to
describe protactinium valence electron density (14s13p10d8f)
contracted in [1039p5d4f].67’68 A 6-31+G* basis set was used for
others. To take into account part of the solvent effect, the solvation
was introduced using a dielectric continuum model of permittivity &, =
80. The conductor-like polarizable continuum model (CPCM)
implemented in Gaussian was used.*”

Acid—Base Equilibria of DTPA. The determination of stability
constants of the complexes Pa/DTPA requires the values of the acid
dissociation constants K, of the ligand DTPA (eq 7) at the ionic
strength and temperature of the investigated system. With 3 amine
groups and S carboxylic groups the ligand DTPA can be involved in 8
equilibria characterized by the constant K, (eq 12).
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[H,_DTPA>*][H]

i [H,_DTPA>] (12)

In the present work, only equilibria from i = 1 to 7 have been taken
into account. Dissociation constants K, to K, are given in the
literature at infinite dilution and were adjusted to our ionic strength
using SIT methodology (eq 13)*07°

pK, = pK, — Az} X Dpy(1,, 0) + Mg, X I,

(13)

where Az’ stands for the stoichiometric difference between the
squared charges of the products and reactants, Ag; stands for the SIT
term, and Dpy stands for the Debye—Hiickel coefficient. The
temperature dependence of Dpy has been taken into account using
OECD tabulated values.”® Values of K,, and K,, are only available at
specific ionic strength and were used at the ionic strength they were
defined "'~

Values of K, and K, are not defined at # = 0.25 M and p = 0.5 M.
Therefore, values at these ionic strength were calculated by
interpolation between y = 0.1 and 1 m assuming a linear variation
of log K, + Az} as a function of the ionic strength in molal unit (SIT
methodology).

Due to the lack of data concerning K, and also the lack of
thermodynamic data available at 3 M, acidity constants of DTPA at
that ionic strength were not used to determine the stability constants
of the formation of the Pa(DTPA) complex.

Enthalpy variations relative to the dissociation constants K, to K,
of DTPA are available in the literature for ionic strength of 0.1 M, 0.5
M, and 1 M6

Due to the lack of thermodynamic values for K, and K, and
assuming that the associated enthalpy variations are close to the ones
of K,, K, and K, were regarded to be independent of temperature
variations. Enthalpy values at g = 0.25 M are not available in the
literature. Thus, acidity constants at that ionic strength were calculated
at each temperature different from 25 °C by interpolation using the
SIT methodology where log K, + Az} as a function of ionic strength is
assumed to behave linearly. Accordingly, the SIT parameters Ae were
assumed to be inde](;))endent of temperature, and the values available at
25 °C were used.*’ The acidity constants at temperatures different
from 25 °C were calculated using the Van’t Hoff equation (eq 14),
where T is the temperature in Kelvin.*’

AI_IZ98.15 ( 1 1 )

log K(T) = log Kygg15 + T
og K(T) = log K,gg 15 R-In(10) \ 298.15

+
T (14)
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