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Abstract: Quantum Molecular Dynamics simulations of
protactinium (V) fluoro and oxofluoro complexes in solu-
tion were undertaken using density functional theory with
generalised gradient approximation (and the ABINIT soft-
ware package). The complexes were studied in the gas
phase (at 0 K) and in solution (at 298 K) with water mole-
cules as the solvent. We characterised all of the systems,
taking into account their structures, dissociation energies,
bond lengths and formation enthalpies in solution, and
explained their relative stabilities. At ambient tempera-
ture, the hydrated species PaFs, PaF;, PaOFg’, PaOF; and
PaOF; were found to be the most stable (and to exhibit
similar stabilities). The calculated formation enthalpies of
the complexes are in close agreement with measurements
made elsewhere.

Keywords: fluorides; protactinium chemistry; quantum
molecular dynamics; thermodynamics.

PACS: numbers: 64.30.-t; 52.38.—r 62.50.-p.

1 Introduction

Protactinium is currently experiencing a renewal of in-
terest, because the isotopes 2*Pa and *'Pa are involved
in nuclear reactions that occur in the thorium nuclear
fuel cycle in reactors that use molten salts (lithium and
beryllium fluorides) [1]. The peculiar coordination
chemistry of protactinium must be carefully investigated
in order to predict its behaviour, not only throughout the
entire spent fuel reprocessing procedure, but also in the
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environment in the event of an accidental release. In
particular, the interaction of Pa with fluoride ions, which
are ubiquitous in soil and groundwater, requires a
thorough understanding due to the fact that the forma-
tion of soluble complexes could favour the migration of
Pa within the geosphere [2].

Protactinium is located between thorium and uranium
in the actinide series [3, 4], and its most stable oxidation
state in solution and at solid state is V with the formal 5f°
electronic configuration. That said, Pa(V) exhibits signifi-
cantly different chemical behaviour compared to the other
light actinides, even though some analogies have been
observed with its pentavalent transition-metal homo-
logues niobium and tantalum.

In aqueous solution, protactinium (V) exhibits a
strong tendency towards hydrolysis and polymerisation.
Fluoride anions have often been used to bypass the
instability of Pa(V) solutions, regardless of metal con-
centration. Fluoro complexes are indeed thermody-
namically stable with respect to hydrolysis at moderate
pH values [5].

The chemistry of pentavalent protactinium with fluo-
ride anions is rich: several species have been identified or
proposed in the literature. Moreover, the speciation of
Pa(V) depends strongly on free protons and free fluoride
concentrations. The PaFZ~ complex has been proved to
predominate over a wide range of hydrofluoric acid
concentration (from 10> M to 4-8 M) [4]. This complex
was unambiguously characterised for the first time in
solids and in aqueous solutions [4, 6, 7]. The existence of a
fluoro complex with maximum stoichiometry PaF;~ has
been demonstrated through the conductimetric titration of
hydrated protactinium pentoxide with 0.55 N hydrofluoric
acid [7]. At low HF concentration, i.e., <10~> M, less fluori-
nated complexes are present, but their domain of existence
is very narrow.

The successive stepwise constants K; to Kg were
determined by potentiometry [7]. However, it was postu-
lated that hydroxo complexes could be present for F/Pa
ratios lower than three in the determination of K; to K; [7].
According to Bonnet et al., oxofluoro complexes are formed
from PaOOH* in acidic media of 1 < [H"] < 3 M up to
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[F'] = 10™ M; above this concentration, the main species is
HPaF; [8]. The formation of complexes of low stoichiom-
etry has been investigated using a solvent extraction
method with thenoyltrifluoroacetone (TTA) as the extrac-
tant [9, 10]. The stability constants K; to K; relative to the
formation of cationic fluoro complexes were determined [9,
10], but the formulation of the species differs from one
author to another. At low fluoride concentration (<107° M)
and high acidity (1 < [H"] < 3 M), Guillaumont identified
three oxofluoro complexes of composition PaF{>™* (x =1,
2 or 3), whereas Kolarich et al. identified three pure fluoro
complexes, i.e., PaF)f 50+ To summarise the knowledge
acquired in the 1960s, two species (PaF2~ and PaF;") pre-
dominate in well-defined domains, whereas several other
fluoro complexes (PaF,, PaFs and PaF;) coexist due to
their narrow domain of existence [11]. There is still no in-
formation about the relative stabilities of PaF}, PaF;" and
PaF3+ compared to the oxofluoro complexes PaOF*,
PaOF; and PaOFs;, but it is acknowledged that homoleptic
fluoro complexes (PaFi] ,
complexes (PaOFf:’li_3) at low fluoride concentration.
There is also no available information regarding the
higher oxofluoro complexes such as PaOF,, PaOF?~ and
PaOF?". It is worth noting that the presence of the PaOF2-
species has been postulated as an explanation for the
distribution curves of Pa(V) in 0.35-0.5 N HF by trilaur-
ylamine [12], whereas Ferreira de Miranda and Muxart
assigned to this complex an absorption band at 223 nm
from a solution of 0.68 107> M PaFs - 2H,0 dissolved in
water at pH 3.4 [13].

More recently, X-ray absorption spectroscopy mea-
surements have confirmed the existence of homoleptic
fluoro complexes [14-17]. Nonetheless, only a few
theoretical studies of protactinium complexes have been
performed [18-21]. Although structural simulations
have already been conducted at 0 K on some of these
fluoro complexes [7, 16, 22], no quantum molecular dy-
namics (QMD) results have been published. The relative
stabilities of the species under ambient conditions have
also not been determined. In QMD simulations, the
complexes are free to evolve in water at finite tempera-
ture, making it possible to assess other properties such
as the structure, the degree of hydration and the relative
stability of the different species. Today, QMD-based
density functional theory (DFT) codes coupled with
actual high-performance computers enable the treat-
ment of ions or molecules in a real water environment

) are replaced by oxofluoro
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and may, to some extent, mimic the behaviour of species
in solution.

We present herein a full theoretical investigation of the
structural and thermodynamic properties of the protac-
tinium fluoro and oxofluoro series in ambient conditions
using DFT and the ABINIT software package [23].

2 DFT calculations

DFT calculations of protactinium fluoro and oxofluoro sys-
tems were performed with quantum molecular dynamics
(QMD) using the ABINIT software package and the projector
augmented-wave (PAW) formalism [24]. The pseudopoten-
tials of protactinium, oxygen and fluorine were generated
for the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [25] using the ATOMPAW code [26]. Inclusion of
scalar relativistic effects in the computations is mandatory.
For a heavy metal such as Pa, relativistic effects cause the
valence orbitals to be shielded from the nuclear charge.
Spin—orbit coupling is also taken into account [27], but it has
been shown that this phenomenon creates only minor
changes in energies, as would be expected for a closed-shell
system such as Pa’* [28]. An adequately kinetic energy cut-
off of 762 eV was chosen to ensure fully converged total
energies for all systems. Calculations on periodic systems of
charged ions involve electrostatic interactions between im-
ages. The total energies were corrected and only the first
order corrections were taken into account. First of all,
atomic relaxations at 0 K without water molecules were
performed in the gas phase. Next, QMD simulations were
performed using 96 water molecules in a cubic simulation
box with periodic boundary conditions. All simulations
were carried out in the isokinetic ensemble at 298 K at the
density of water, i.e., 1 g cm>, The ionic temperature was
controlled during the QMD simulations using a velocity
scaling procedure. All simulations were carried out at the I
point of the Brillouin zone. In the first step, all of the systems
were allowed to relax and to pre-equilibrate for a duration of
1ps (2000 steps, At = 0.5 fs) until the energy reached a steady
state on average. In the second step, the dynamics were
extended over a longer time period of 3 ps (6000 steps) [29,
30]. Longer simulation times would not have changed the
results, but would have been very costly in terms of CPU
time. From the results obtained at equilibrium, thermody-
namic functions were extracted and the formation en-
thalpies calculated according to the following equations:
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AyHyo8 (PaOyFm,xH,0) = ApH)og (PaOyFr,xH,0)

1
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with ArHyos (X) representing the enthalpy of each compo-
nent calculated in the same conditions at 298 K.

ArHyog (PaOyFr,xH30) = Ay Hyog (PaOyFry,xH0)
1
2
1 0
"EmAsz% (Fl(g))

+Ang9s (Pas)+ ”Ang% (0yg))

Xty Hy g (Hx01ap) @
ArHyo5 (Pa0y,Fin,xH,0) = Ay Hyos (PaOy,Frn,xH,0)

3
+XAng98 (H,04g))

with AfH(Z)QS ( OZ(g)):Ang% (FZ(g)):Ang% (Pas)=0
and AfH%g (H20 (4q)) = —68.38 keal mol ™ [31]

The tetragonal solid phase of protactinium, molec-
ular diatomic oxygen gas, molecular diatomic fluorine
gas and liquid water at 298 K were considered for the
elemental enthalpies and calculated in the same condi-
tions as for the fluorides. In the case of crystalline prot-
actinium (SG: I4/mmm), we used 10 x 10 x 10 points in
the Brillouin zone and found cell parameters of
a=b=3.922 & and ¢ = 3.210 A, which are values close to
those obtained from a similar GGA + SOC calculation
(3.930 A, 3.196 A) [32].

3 Results of the relaxations at 0 K

Gas-phase structures were first relaxed and determined at
0 K. The dissociation energies or enthalpies (P = 0) are
obtained by subtracting energies of elements in their
atomic form (gaseous) from the total energy of a complex
calculated under the same conditions.

AaHo (PaOyFing)) = Eo (PaOnFm(g)) — Eo (Pag))

—nEo (O() —mEo (Fg)  (4)

By taking into account the formation of Pa ), O(¢) and
F from their stable state, the formation enthalpy
ArHo (PaOnFp(g)) can be written:
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ArHo (Pa0nF(g)) = DaHo (PaOyFr(g)) + AsHy (Pa )
+nArHQ (0 g) + mAHQ (Fgy)  (5)

The comparison with experimental measurements
requires formation enthalpies at 298 K. With no available
data dealing with the variation of standard formation en-
thalpies with temperature for protactinium compounds, we
examined the behaviour of other actinide complexes and
found no significant variations (less than 0.5 kcal mol™)
between 0 and 298 K; this was also the case for O and F.
Assuming, therefore, that there is also no such variation for
protactinium complexes:

AgH2s (PaOyFy(g)) = AgHo (PaOyFpy(g))
AfHoog (PaOyFin(g)) = AgHo (Pa0,Fin(g))
+ ArHog (Pag) + ndyHyeg (Og) - (7)
+ mArHog (Fg)

(6)

with ArH, (0 (g)) = 59.6239 kcal. mol ™ [31],

AHYY, (F o)) = 18.994 keal. mol™
AHY (Pag)) = 145 kecal.mol™

These data are presented in Figure 1, along with the
corresponding Pa-F and Pa-O bond lengths (0 K). The
systems are classified according to the decreasing number
of fluorine atoms and increasing number of oxygen atoms
in the coordination sphere of Pa. This ordering allows for
the easy comparison of the properties of these fluoro and
oxofluoro complexes.
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Figure 1: Bond lengths and formation enthalpies of fluoro and
oxofluoro complexes of Pa(V). Hollow circles and triangles represent
experimental values [16,34-37].
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For PaFs, we found that a trigonal bipyramidal (D3y)
structure was more stable (=1 kcal mol™) than a tetragonal
pyramidal (C,,) structure, in agreement with [34]. The
calculated geometries and bond lengths for PaF3~, PaF:
and PaF, are consistent with literature data [16, 22]. These
results validate the simulations performed in this work.

Over the course of the simulation, the PaF. ;" complex loses
one fluorine anion, transforming into PaFg’. The fluorides
PaF2* and PaF;*, as well as the oxofluoro complex PaOsF®~
located at the end of the third series, present high positive
formation enthalpies and are unstable in the gas phase.

In each series, there is one complex (namely, PaF%‘,
PaOF?} and PaO;F*") whose formation enthalpy exhibits a
minimum value; these three values are fairly comparable.
These are the most stable complexes, even though a slight
loss of stability can be observed as one move from the
first series to the third. The last complex of the second
series, PaOF**, forms an unstable system. The formation
enthalpies are summarised in Table 1.

To the best of our knowledge, the formation enthalpies
were previously measured in the 1960s for only PaFs, PaF;
and PaOF; [34]. The reported values of —500 kcal mol™,
~465.3 kcal mol™ and -462 kcal mol™, respectively, are
very close to our calculations (Table 1). For PaF; a more
recent measurement [35] gave —387.6 kcal mol™, which is
also in good agreement with our result. Finally, a DFT
study led to a result of -509 kcal mol™* for PaF; [36].

Table 1: Bond lengths and formation enthalpies of protactinium
fluorides.

Complex Bond lengths (A) Formation enthalpy (kcal.mol ™)
Pa-F/Pa-0O

PaFy~ / +406.9
PaFg~ 2.249 -334.2
PaF72’ 2.182 -779.1
PaFg 2.117 -779.0
PaFs 2.064 -620.1, -509 [36]
PaFj 2.008 -323.1

-465.3 [34], -387.6 [35]
PaFZ* 1.946 +386.9
PaF3* 1.874 +813.9
PaOFg’ 2.300/1.913 -569.5
PaOFSZ’ 2.216/1.900 -686.5
PaOF; 2.154/1.872 -659.5
PaOF; 2.094/1.830 —511.4, -462 [34]
PaOFz+ 2.009/1.777 -219.4
PaOF?+ 1.937/1.764 +219.6
PaO,F 2.120/1.816 -378.8
Pa0sF%~ 2.327/1.987 -477.1
PaO,F4 2.449/2.030 +3.5
PaOsFé~ 2.684/2.053 +815.1
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In the first series (from PaFy- to PaF;*) the Pa-F bond
length decreases in a nearly linear fashion as the prot-
actinium coordination number decreases, in agreement
with [16]. This phenomenon could be related to the vari-
ation of the ionic radii of Pa’* published by Shannon [38],
which increase with coordination number (CN) from
0.92 A (CN 6) to 1.09 A (CN 9). This fact also implies a
redistribution of charges between Pa and F inside the ion.
In order to assess this observation, the Hirschfeld [39]
charges carried by the fluorine ions were calculated.
Although there is not only one valid way to define charges
on the atoms in molecules (AIM), the Hirschfeld parti-
tioning of electron density distributions can be particu-
larly convenient. Because these charges are known to be
underestimated, we compared our results to the charge
borne by fluorine in PaFs. Figure 2 shows the linear
relationship between the Pa-F bond lengths and the
Hirschfeld charges. Starting from the highest possible
coordination number, the subtraction of one fluoride
anion from the molecule leads to a redistribution of
charges inside the fluoride and to a strengthening of the
Pa-F bond. This can be related to a decrease in bond
lengths (Figure 1).

The average Pa-F and Pa-O bond lengths follow the
same trend in the second series (oxofluoro complexes with
one oxygen atom) after a jump in the Pa-F distance values
between the two series. The octahedral PaOF2~ anion re-
flects a weakening of Pa-F bonds with F as a cis ligand
(2.224 A) compared to the trans F ligand (2.186 A). The
resulting mean value of the <O-Pa-F > angle is 93.54°,
which is close to the value of 93.0° calculated by O'Grady
et al. for PaOF? [37]. This <O-Pa-F;s> angle is different
from those observed in the analogous transition-metal
systems NbOFZ™ and TaOFZ, in which this angle is be-
tween 96° and 102° [28], and a regular trans influence is
observed. This effect is explained by the difference be-
tween d- and f-block systems [37].

To characterise this effect, the same authors defined a
simple parameter named ITI (Inverse Trans Influence):

r(Pa - Xtrans)

ITI =100.
r(Pa - Xcis)

(8)

In this study, the ITI value is equal to 98.3%, which is
practically identical to the value of 98.5% calculated by
Wilson et al. [28].

The third series (oxofluoro complexes with one fluorine
atom) also showed a decrease in bond lengths with an
increasing number of oxygen atoms in the coordination
sphere of Pa. The same effect of charge distribution between
the Pa cation and F (O) anions is assumed to some extent.
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Figure 2: Hirschfeld charges on fluorine in fluoro complexes of Pa(V)
for coordination numbers from 4 to 8.

The PaO,F complex is a cis-Type bending structure of
non-planar C,, symmetry. The O-Pa-O angle is 162°. With the
intention of finding new species, Straka et al. [40] carried out
a theoretical investigation of some possible actinyl oxofluoro
complexes including PaO-F. They found a C,, symmetry that
was identical to that of UO,F* but higher than the C; sym-
metry of isoelectronic ThO,F . Their <O-Pa-O> bending angle
of about 160° was close to our value. They also determined
bond lengths for Pa-O (1.85 A) and Pa-F (2.13 A) that were very
close to our results, i.e., 1.83 A and 2.12 A (Figure 1).

4 Results from quantum molecular
dynamics at 298 K

Static DFT studies performed by Siboulet et al. [22, 41] have
shown that it is mandatory to explicitly include at least the
first and second hydration spheres in the simulations in
order to obtain representative properties of protactinium
and uranium aqua complexes. They used as many as 21
water molecules in their calculations. Unlike these au-
thors, we are not formulating any hypothesis regarding the
structure of water molecules around the complexes. We
placed all fluorides and oxofluoride complexes in 96 water
molecules in order to mimic the solvent, with each ion
being free to move during the QMD investigations. After
equilibration, the enthalpies of formation were calculated
and each structure was examined (Figure 3). Table 2 pre-
sents the number of water molecules in the first and second
coordination spheres obtained from the QMD simulations
along with formation enthalpies.

B. Siberchicot et al.: Quantum molecular dynamics investigations of protactinium —— 5

400 | §
< o
© | |
g 200
©
8]
X
T o -
S Q °
© -
g-zoof .
5 1. 2 o
4004 9 e e .
£ ‘o 0.0 9
W 400 o 1
-800 T T T T T T T T T T T T T
40 0 0 0 0 0 0 O O O
Q,§<‘°Q,§< RV X QAT AT AT QT 2T 2 2 (tMQ@m

R
LG &6 R/ IR/aY 5 s &L & .
0% LY O O &% k7
QT QY B o o Q,DO &8 Qq,o beo Qq}o%

Figure 3: Enthalpies of formation of fluoro and oxofluoro complexes
of Pa(V).

For PaFs, PaF; and PaOF;, the number of water
molecules in the first coordination sphere is in agreement
with the literature data: PaFs - H,0, PaF; - 3H,0, PaOFs; -
3H,0 [16].

Fluoro complexes of protactinium are highly charged in
aqueous solution. Some of them cannot be stable as simple
ions in water and may exist in hydrolysed forms. The general
effect of solvation is to reduce the difference in formation
enthalpies in solution as compared to the gas phase. Similar
formation enthalpies for oxofluoro complexes PaOF, explain
their simultaneous presence in aqueous solution as observed
in the log[F]-pH diagram [42].

Pentavalent protactinium exhibits a maximal coordi-
nation number of eight in water. Depending on the sys-
tems, lower values may be obtained. As expected, anions
are less surrounded by water molecules than by cations in
the first coordination sphere.

Our calculations preclude the presence of water mol-
ecules in the first coordination sphere of Pa for the com-
plexes PaF;~ and PaF?-, which confirms the conclusion
made by [14, 22] regarding PaF? .

At the beginning of the calculation, PaF; possesses
three water molecules, but as the simulation progresses,
one hydrogen atom from water leaves the complex, thereby
forming an H50" ion through the reaction:

PaF; - 3H,0 = PaF,0H’ - 2H,0 + H50" )

The hydroxide thus formed consists of a plane con-
taining three fluorine atoms and two H,0 around the
protactinium atom. The other fluorine atom and the hy-
droxyl ion are positioned perpendicularly to this plane.
One can notice that two additional water molecules
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Table 2: Protactinium fluorides and oxofluorides - number of water
molecules in the first coordination sphere of Pa, Pa coordination
number, number of water molecules in the second coordination
sphere of Pa, formation enthalpies.

Complex H,O First Pa coordination H,0 Sec- Formation
sphere number ond enthalpy

sphere (kcal.mol™?)

PaF83’ 0 8 12 -377.80
PaF72’ 0 7 12 -503.76
Pafg 1 7 10 -577.47
PaFs 1 6 12 -484.55
PaF,,+ 3 7 7 -477.13
PaOF%~ 1 7 10 -418.15
PaoOF; 1 6 9 -423.78
PaOF, 3 7 7 -480.07
PaOF;r p 5 11 -267.52
PaOF** 2 5 11 -71.76
PaO,F 2 5 11 —-289.26
PaO3F*~ 2 6 8 -55.76
Pa0,F* 2 7 11 +287.62

complete the coordination. Their hydrogen atoms point
toward protactinium, as observed in anions.

In the third series, PaOF?*" is first surrounded by two
water molecules, but then evolves towards PaO(OH)F' and
later to the stable oxofluoro complex PaO.F.

PaOF?*" - 2H,0 = PaOFOH" - H;0" (10)

PaOFOH" = PaO,F° + H;0" (1)

PaOs;F* and PaO,F* present negative dissociation
energies and are unstable in water. As previously, PaOsF?~
is unstable in solution and leads to the formation of PaO-F.

PaO;F* + H,0 + 2H" = PaO,F° - 2H,0 (12)

In this series, the oxofluoride PaO,F - 2H,0 is found to
have a negative formation enthalpy. This complex is stable
over a lengthy simulation time. To our knowledge, this
particular ion featuring an PaO, entity has never been
observed in solution. However, in the solid state, the com-
pound PaO,F has been synthesised and characterised [43].

The initial postulate suggesting the existence of dioxo
protactinium cations has never been demonstrated. It is
known today that pentavalent protactinium, when asso-
ciated with oxygen, exists only as a monooxo species,
which is stable in aqueous media. Unlike other actinides,
which are found as dioxo actinyl cations (UO3", NpO3, etc.),
Pa0; has never been observed in aqueous solution [14].

Toraishi et al. [44] have shown that 6d,, and 6d,,, or-
bitals contribute to some PaO®>" bonds, in contrast to the
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UO* bond involving only the 5f orbitals. The 6d,. and 6d,,
orbitals formed antibonding orbitals with the 2p orbitals of
oxygen and destabilised the trans-O bond. In such a case,
the Pa-O triple bond in Pa0®* should be formed from the 6d
orbitals instead of the 5f orbitals, leading to a weakened
Pa-O bond. In PaO,F - 2H,0 one can suppose that the
fluoride ion in the cis position modifies the chemical bond
in such a way that the dioxo ion may then become similar to
Uo%.

Moreover, Siboulet et al. [22] have shown that the
negative charge on the oxygen atoms in Pa0Oj is higher
than the charge found in the corresponding ion UO;. Two
important consequences could result: the formation of very
short hydrogen bonds to the yl oxygens in aqueous solu-
tion, and a very energetically favourable deprotonation.
The two O, atoms can interact with water molecules,
forming what are referred to as apical interactions. The
distance between 0,, and the apical Hy,0 is close to 1.55 A,
which is an unusually short hydrogen bond length dis-
tance indicating a strong apical link, whereas in hydrated
UO; these authors found a distance of 1.92 A separating 0y
and the apical Hy,o. Aqueous Pa(V) monocations can be
found as Pa0** or PaOOH**. In the case of PaO,F - 2H,0, we
calculated a distance of 1.81 A, which is the typical value
for a water—water hydrogen bond. This finding supports
the existence and stability of this oxofluoride in aqueous
solution. PaO-F -2H,0 seems to be comparable to
UO,F, - 2H,0.

To summarise, in our thermodynamic conditions and on
the basis of enthalpy calculations, some oxo and oxofluoro
complexes can exist. The most stable of these are the hy-
drated PaFgspecies ; there also exist PaFs, PaF, PaOF?’,
PaOF;, and PaOF; with lower (and similar) stabilities.

5 Conclusions

We performed Quantum Molecular Dynamics simulations
on protactinium (V) fluoro and oxofluoro complexes in the
gas phase and in solution using density functional theory
with generalised gradient approximation (and the ABINIT
software package). We showed that the most stable struc-
ture in solution is not necessarily the most stable one in the
gas phase. Although stable at 0 K, the Pa0,F*?" family
undergoes dissociation to form hydroxides. Solvent effects
change the relative thermodynamic stability of some of the
ions. The solvation process reduces the differences in
formation enthalpies as compared to the gas phase.
Finally, according to our QMD simulations, the protactinyl
hydrated complex PaO-F - 2H,0 appears to be stable.
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