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Structural investigation of Na3NpO4 and Na3PuO4
using X-ray diﬀraction and 237Np Mössbauer
spectroscopy†
A. L. Smith,*a,b P. E. Raison,*a A. Hen,a D. Bykov,a E. Colineau,a J.-P. Sanchez,c,d
R. J. M. Koningsa and A. K. Cheethamb
α-Na3NpO4 and α-Na3PuO4 exhibit an orthorhombic structure (Z = 8), in space group Fmmm, with lattice
parameters a = 13.352(2) Å, b = 9.629(2) Å, and c = 6.673(2) Å for the neptunium compound, and a =
13.302(2) Å, b = 9.634(2) Å, and c = 6.651(2) Å for the plutonium analogue. The corresponding structure
has been solved ab initio as no structural analogue could be found in the literature. The pentavalent state
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of neptunium has moreover been conﬁrmed by 237Np Mössbauer spectroscopy, and the local structural
properties inferred from the X-ray Rietveld reﬁnement have been related to the ﬁtted quadrupole coupling
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constant and asymmetry parameters. The existence of a low temperature metastable m phase of
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Na3NpO4 and Na3PuO4, of the NaCl type, has also been suggested.

1.

Introduction

The long-term storage of high-level radioactive waste,
especially of the long lived actinides (Np, Am, Cm) generated
during the irradiation process in conventional nuclear reactors, is a subject of primary concern for the nuclear industry
with respect to the public. One solution to reduce the waste’s
radiotoxic inventory is to recover the long-lived isotopes from
the spent fuel and re-irradiate them in a fast reactor to transmute them into less radioactive elements with shorter halflives.1,2 Operating in a closed fuel cycle and with a fast neutron
spectrum, Sodium-cooled Fast Reactors (SFR) are currently
considered as one of the most advanced options in terms of
management of the actinides.3,4 Moreover, SFRs present
appealing advantages over the current second generation reactors, especially because of their improved energy eﬃciency.
The sodium metallic coolant allows a significant margin to
overheating due to its high heat capacity, and its boiling point
a
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(1156 K) which is much higher than the reactor’s operating
temperature.
A safety concern for these reactors comes, however, from
the potential interaction of the (U, Pu)O2 mixed oxide fuel with
the metallic sodium coolant in the event of a breach of the
stainless steel cladding. The reaction between sodium and
urania–plutonia solid solution leads to the formation of
Na3(U, Pu)O4, a compound with lower density and thermal
conductivity than the mixed oxide fuel.5–7 The introduction of
minor actinides into the fuel, i.e. (U, Np, Pu, Am)O2, will introduce a much more complex chemistry for which many data are
still missing.
Keller and coworkers pioneered the study of the interaction
between minor actinides (Np, Am) and alkali metals.8,9 As part
of our program of research, we have recently revisited the
structural properties of the Na–Np–O10,11 and Na–Pu–O
systems,12 and confirmed the formation of the hexavalent and
heptavalent compounds Na2NpO4, Na4AnO5, Na2An2O7, and
Na5AnO6 (An = Np, Pu). The present study focuses on the pentavalent composition Na3AnO4, as this product is more likely to
form under the oxygen potential conditions of the reactor.
Keller et al. reported in 1965 the existence of Na3AnO4 (An =
Np, Pu, Am). They suggested Na3AmO4 had a pure NaCl type of
structure with cell parameter a = 4.75 Å, while Na3NpO4 and
Na3PuO4 adopted a NaCl-type superlattice structure.9,13,14 The
cell parameters for Na3PuO4 were reported as a = 4.88 Å,6,15
and a = 4.86 Å.16 In 1989, Pillon suggested for the same compound indexing on the basis of a rhombohedral lattice with
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a = 4.678 Å and α = 60.40°,17 as well as the existence of two
phase transitions for this compound at 623 K and 1048 K,
respectively. The literature is quite confusing with respect to
the Na3AnO4 (An = Np, Pu, Am) composition, and a detailed
crystal structure analysis is lacking. The ionic radii of pentavalent uranium, neptunium, and plutonium being very close
(0.76, 0.75 and 0.74 Å, respectively, for 6-fold coordination),18
one could expect the corresponding Na3AnO4 structures to be
similar. There are some indications in the reported data that
this is not the case, however.
In the present work, the structures of α-Na3NpO4 and
α-Na3PuO4 have been solved using room temperature X-ray
diﬀraction. The pentavalent state of the neptunium cation
has moreover been confirmed by 237Np Mössbauer spectroscopy, and the local structural properties inferred from
the X-ray refinement have been related to the fitted Mössbauer parameters, i.e. quadrupole coupling constant and
asymmetry parameters. The existence of a low temperature
cubic phase of Na3NpO4 and Na3PuO4 has finally been
revealed.

2. Experimental section
2.1.

Raw materials and solid state synthesis

α-Na3NpO4 was prepared by grinding together neptunium
dioxide (237NpO2 from ORNL, Oak Ridge) with sodium oxide
(Na2O 82.1% + Na2O2 14.8%, ABCR GmbH & Co, i.e. Na2O1.14(1))
in a (NpO2 : Na2O1.14(1)) = (1 : 2.4) ratio in an argon filled
dry glove box. Sodium oxide was carefully stored in the dry
atmosphere of the glove box because of its hygroscopic nature.
The (NpO2 : Na2O1.14(1)) mixture was introduced into a
stainless steel container that was tightly closed under the purified argon atmosphere of the glove box, and heated in a
tubular furnace at 1123 K for 24 hours. No secondary phases
were detected by X-ray diﬀraction, and the prepared sample
was subsequently used for the Mössbauer measurement
(section 4).
The existence of a metastable cubic disordered phase of
Na3NpO4 (m phase) was also investigated by mixing neptunium dioxide with sodium oxide in the same (1 : 2.4) ratio, and
heating the mixture for 12 hours under argon flow at successively 673 and 873 K. The latter material was also measured by
Mössbauer spectroscopy, as detailed in section 5.
The application of the aforementioned synthesis route to
plutonium dioxide (239PuO2 from ITU-JRC stocks) did not lead
to the formation of α-Na3PuO4, but to Na2PuO3,12 which is a
monoclinic phase, in space group C2/c. α-Na3PuO4 was nevertheless obtained by mixing plutonium dioxide with sodium
carbonate (Na2CO3 99.95%, Sigma) in a (1 : 2) ratio, and
heating the mixture under a flow of argon in a tubular furnace
at 1093 K for 80 hours with intermediate regrinding steps. The
α-Na3NpO4 phase was also obtained with this method, but
with small admixtures of Na4NpO5 and unreacted NpO2. The
latter material was used for the high temperature X-ray diﬀraction study reported in the ESI.†
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2.2.

Powder X-ray diﬀraction

The samples were characterized at room temperature by X-ray
diﬀraction using a Bruker D8 X-ray diﬀractometer mounted in
the Bragg–Brentano configuration with a curved Ge monochromator (111), and a ceramic copper tube (40 kV, 40 mA)
equipped with a LinxEye position sensitive detector. The data
were collected by step scanning in the angle range 10° ≤ 2θ ≤
120°, with an integration time of about 8 h, a count step of
0.02° (2θ), and a dwell of 5 s per step. Structural analysis was
performed by the Rietveld method with the Fullprof2k suite.19
2.3.

Mössbauer spectroscopy

The 237Np Mössbauer spectroscopy measurements were
carried out in transmission, using an 241Am metal source with
a sinusoidal driving mode. The eﬀect was measured with a
photon energy of 59.54 keV. The powder samples, encapsulated in 3 concentric aluminium containers, were probed in
the temperature range 4.2–20 K, while the source was kept at a
constant temperature of 4.2 K inside an independent chamber
in the stainless steel cryostat. The velocity scale was moreover
calibrated with respect to NpAl2.

3. Structural reﬁnement
3.1.

α-Na3NpO4

A brand new phase, for which there is no report in the literature and no structural analogue, was synthesized by reaction at
1123 K between neptunium dioxide and sodium oxide as
described in the Experimental section (Fig. 1).
An orthorhombic cell, in space group Fmmm (No. 69), was
determined using the program NTREOR implemented in
EXPO2013.20 The crystallographic structure was then solved by
the heavy-atom method, which consists in determining first
the position of the heaviest atoms in the compound (here neptunium). This technique is particularly well suited for compounds containing both heavy atoms and much lighter ones,
as in the present case. Based on the volume of the unit cell
(858.1 Å3), only eight Na3NpO4 molecules can reasonably fit.
Besides, only nine Wyckoﬀ positions are possible for the
Fmmm space group: two with a multiplicity of 4, six with a multiplicity of 8, and one with a multiplicity of 16. Accordingly,
various combinations were tested, taking into account that
only 8 neptunium atoms should be found in the unit cell.
Eventually, one neptunium on the Wyckoﬀ position (8g), i.e.
(x, 0, 0), reproduced reasonably well the experimental X-ray
diﬀraction pattern with an arbitrary value for the fractional
coordinate x = 0.1. The latter value was refined by Rietveld analysis. The positions of the lighter atoms – Na and O – were subsequently determined by 3D Fourier diﬀerences (using the
program GFourier (Version 04.06) of the Fullprof2k suite19),
which show the residual electronic density in the unit cell. The
final atomic positions were refined by the Rietveld method.
The cell parameters were determined as a = 13.353(2) Å,
b = 9.629(2) Å, and c = 6.673(2) Å. Refined atomic positions are
listed in Table 1.

Dalton Trans., 2015, 44, 18370–18377 | 18371

View Article Online

Open Access Article. Published on 08 September 2015. Downloaded on 1/8/2023 5:00:26 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Paper

Dalton Transactions

Fig. 1 Comparison between the observed (Yobs, in red) and calculated (Ycalc, in black) X-ray diﬀraction patterns of α-Na3NpO4. Yobs − Ycalc, in blue is
the diﬀerence between the experimental and calculated intensities. The Bragg reﬂections are marked in green. Measurement at λ = Cu-Kα1.

Table 1 Reﬁned atomic positions in α-Na3NpO4. Rwp = 16.3, Rexp =
7.81, χ2 = 4.33

Atom

Ox. state

Wyckoﬀ

x

y

z

B0 (Å2)

Np
Na1
Na2
Na3
O1
O2
O3

+5
+1
+1
+1
−2
−2
−2

8g
8g
8c
8f
8i
8d
16o

0.1314(1)
0.1145(6)
0
0.25
0
0.25
0.1300(8)

0
0.5
0.25
0.25
0.5
0
0.2146(6)

0
0
0.25
0.25
0.251(1)
0.25
0

0.25(1)
0.36(5)
0.36(5)
0.36(5)
1.02(8)
1.02(8)
1.02(8)

Table 2 Selected bond lengths and bond angles for α-Na3NpO4 and
α-Na3 PuO4 (An = Np, Pu). N is the number of atoms in each coordination shell

Bond length (Å)

Na3NpO4 is suggested to form according to the probable
reaction (1). The sodium peroxide impurity present in the commercial sodium oxide starting material is acting as an oxidizing agent allowing the formation of this new pentavalent
phase.
NpO2 ðsÞþ 2:064Na2 OðsÞ þ 0:336Na2 O2 ðsÞ
! Na3 NpO4 ðsÞ þ 1:8NaðgÞ þ 0:368O2 ðgÞ

ð1Þ

The structure is made of distorted NpO6 octahedra with
minimum and maximum bond lengths 2.066(6) and 2.417(6) Å,
respectively (Table 2). The O(3)–Np–O(3) bond, pointing
along the b direction, is not strictly linear, but has an angle of
179.0°, while the O(1)–Np–O(2) bonds in the equatorial plane
form angles of 177.0°. The distortion is also pronounced in
the NaO6 octahedra (from 2.267(8) to 2.756(6) Å). As shown in
Fig. 2, the NpO6 octahedra are connected to each other via one
edge and two corners in the (ac) plane, and form layers
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Bond

N

α-Na3NpO4

α-Na3PuO4

An–O(1)
An–O(2)
An–O(3)
Na(1)–O(1)
Na(1)–O(2)
Na(1)–O(3)
Na(2)–O(1)
Na(2)–O(3)
Na(3)–O(2)
Na(3)–O(3)

2
2
2
2
2
2
2
4
2
4

2.417(6)
2.300(6)
2.066(6)
2.267(8)
2.461(6)
2.756(6)
2.407(2)
2.432(8)
2.407(2)
2.338(7)

2.41(2)
2.29(1)
2.29(2)
2.25(3)
2.46(2)
2.60(2)
2.41(1)
2.61(2)
2.41(1)
2.12(1)

Bond angle (°)
Bond

α-Na3NpO4

α-Na3PuO4

O(1)–An–O(2)
O(3)–An–O(3)
O(1)–An–O(1)
O(2)–An–O(2)
O(3)–An–O(1)
O(3)–An–O(2)

177.0(1)
179.0(3)
87.0(1)
93.0(1)
89.6(2)
90.4(1)

177.0(2)
166.8(4)
87.1(3)
93.1(2)
94.8(3)
85.2(2)

perpendicular to the b direction. The Na1 atoms are located
within the layers, while the Na2 and Na3 atoms are located in
between the layers and bind them together. Na2 and Na3 alternate in rows along the c direction.
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Fig. 2 Sketch of the α-Na3NpO4 structure (NpO6 octahedra atoms in
grey, Na atoms in yellow, O atoms in red) showing: (a) the arrangement
in layers perpendicular to the b axis, (b) the corner and edge sharing of
the NpO6 octahedra within the layers.

3.2.

α-Na3PuO4

α-Na3PuO4 is isostructural with its neptunium analogue. The
refinement yielded in this case lattice parameters as a = 13.302
(2) Å, b = 9.634(2) Å, and c = 6.651(2) Å. The unit cell volumes
of the neptunium (858.1 Å3) and plutonium (852.3 Å3) compounds are consistent with the ionic radii of Np5+ and Pu5+
(0.75 and 0.74 Å, respectively18). The refined atomic positions
are presented in Table 3. The corresponding distances and
angles are listed in Table 2. The X-ray diﬀraction pattern is
shown in Fig. 3.
3.3. The Na3AnO4 structure along the series of the actinide
elements (An = U, Np, Pu)
The mean Np–O distance, obtained after refinement of the
Na3NpO4 structure, is consistent with the ones obtained for
hexavalent (Na2NpO4, Na4NpO5, Na2Np2O7) and heptavalent
(Na5NpO6) sodium neptunate compositions,10 where neptunium is also 6-fold coordinated. As shown in Fig. 4, this distance decreases when the valence state of neptunium
increases. The same trend is verified for the 6-fold coordinated
PuO6 octahedra. The mean Pu–O distance in Na3PuO4 (2.33(2)
Å) is moreover consistent with the one reported for pentavalent
Na5PuO5 (2.28(1) Å).12
Although the ionic radii of Np5+ and Pu5+ are very close
(0.75 and 0.74 Å, respectively, in 6-fold coordination) to that of

Table 3 Reﬁned atomic positions in α-Na3PuO4. Rwp a = 26.6, Rexp =
21.42, χ2 = 1.54

Atom

Ox. state

Wyckoﬀ

x

y

z

B0 (Å2)

Pu
Na1
Na2
Na3
O1
O2
O3

+5
+1
+1
+1
−2
−2
−2

8g
8g
8c
8f
8i
8d
16o

0.1315(3)
0.114(2)
0
0.25
0
0.25
0.151(2)

0
0.5
0.25
0.25
0.5
0
0.236(2)

0
0
0.25
0.25
0.250(4)
0.25
0

0.41(1)
0.40(5)
0.40(5)
0.40(5)
1.08(8)
1.08(8)
1.08(8)

a

The rather large value of Rwp is related to the experimental
constraints for the plutonium compound: small amount of material,
and encapsulation for the X-ray measurement in glue resulting in a
high background level and rather poor signal to background ratio.

This journal is © The Royal Society of Chemistry 2015

U5+ (0.76 Å),18 the Na3NpO4 and Na3PuO4 structures diﬀer
from the corresponding phase of uranium. The structure of
the trisodium uranate Na3(U1−x,Nax)O4 (0 < x < 0.16(2)) was
recently investigated21 and shown to exhibit three polymorphs:
a low temperature metastable NaCl type of structure (m
phase), a stable α monoclinic phase, in space group P21, and a
ˉm.21 It was
high temperature β cubic phase, in space group Fd3
also shown that the α phase can accommodate excess sodium
on the uranium site up to the composition Na3(U0.84(2)Na0.16(2))
O4. The charge balance is then realized by the uranium cation,
which adopts a mixed valence state with (76 ± 12%) U(VI) and
(24 ± 12%) U(V).
Following the trend shown in Fig. 4, one would expect an
orthorhombic α-Na3U(V)O4 phase with a mean U–O distance
around 2.23 Å., i.e. slightly higher than the mean U–O distance
in pentavalent NaU(V)O3 compound (2.15 Å). However, we did
not succeed in synthesizing this phase either with sodium
oxide or sodium carbonate, suggesting that orthorhombic
Na3UO4 cannot form as a stable phase. The compound adopts
instead a monoclinic or cubic phase, with mixed valence state
composition Na3(U1−x,Nax)O4 (0 < x < 0.16(2)), and a mean
U–O distance around 2.18(1) Å.

4. Mössbauer spectroscopy studies
of α-Na3NpO4
The Mössbauer spectrum of α-Na3NpO4 recorded at 4.2 K is
shown in Fig. 5. It consists of a single quadrupolar split
pattern centred at −17.3 mm s−1, which corresponds to an
isomer shift of δIS = −30.9(3) mm s−1 relative to the standard
NpAl2 absorber. The latter value lies in the range −11.0 < δIS <
−37.5 mm s−1, which confirms the Np(V) charge state, corresponding to a [Rn]5f 2 electronic configuration, as displayed in
the correlation diagram in Fig. 6. The pure Np(V) valence state
derived herein is a proof that a mechanism of incorporation of
Na on the neptunium site (and charge compensation by the
neptunium cation) does not occur, by contrast with the
uranium phase.21 It is suggested that this is also the case for
the plutonium phase, but X-ray Absorption Near-Edge Structure spectroscopy or 23Na Magic Angle Spinning Nuclear Magnetic Resonance measurements would be needed to confirm
this hypothesis.
The spectral shape remains the same between 4.2 and 20 K,
except for a slight decrease in overall eﬀect with increasing
temperature, which is attributed to the temperature dependance of the Lamb–Mössbauer factor. The occurrence of a
phase transition (either crystallographic or magnetic) within
the probed temperature range is therefore excluded.
The existence of a quadrupole coupling constant |e2qQ| =
48.6(3) mm s−1, and non vanishing asymmetry parameter η =
0.68(3), indicates a lower symmetry than Oh in α-Na3NpO4.
These results are in good agreement with the local symmetry
around the neptunium ion as determined by X-ray diﬀraction,
i.e. rather strongly distorted NpO6 octahedra. It is interesting
to compare the quadrupole coupling constant measured here
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Fig. 3 Comparison between the observed (Yobs, in red) and calculated (Ycalc, in black) X-ray diﬀraction patterns of α-Na3PuO4. Yobs − Ycalc, in blue is
the diﬀerence between the experimental and calculated intensities. The Bragg reﬂections are marked in green. Measurement at λ = Cu-Kα1. The
excluded regions correspond to the reﬂections of the glue used for encapsulation of the material and sample holder.

Fig. 4 Mean An–O distances (An = U, Np, Pu) in the AnO6 octahedra of
various sodium uranate, neptunate, and plutonate compositions as a
function of the ionic radius of the actinide ion after the data of
Shannon18 ( , Δ, ). The squares ( , ■, ) – and their associated error
bars – show the average distance for a given actinide, and a given
valence state. The dashed lines are linear trends of average distances for
a given actinide. H-Na3UO4 is an hypothetical phase, orthorhombic, in
space group Fmmm.

with the values for other pentavalent compounds, in particular
(NpO2)2SO4, 2H2O (|e2qQ| = 82.4(1.0) mm s−1), and Na4(NpO2)2C12O12·8H2O (|e2qQ| = 94.0(1.0) mm s−1).23 Those compounds both present (NpO2)+ neptunyl type of ions, i.e. with
two close oxygen neighbours in the axial direction, which

18374 | Dalton Trans., 2015, 44, 18370–18377

Fig. 5 Mössbauer spectrum of α-Na3NpO4 recorded at 4.2 K and ﬁtted
to the model (see text).

leads to much higher values of the quadrupole coupling constants (around 100 mm s−1). The same observation was made
for hexavalent phases.23

5. A low temperature metastable
NaCl type of structure
Literature dating back to the sixties and seventies suggests
a NaCl type of structure for Na3AnO4 (An = U, Np, Pu,

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Isomer shifts versus NpAl2 of Np(IV), Np(V), Np(VI), and Np(VII) compounds after (ref. 22). The present result for Na3NpO4 is shown in red
together with Na4NpO5 (green) and Na5NpO6 (blue) reported in (ref. 11).

Am).9,13,14,24 The existence of such a phase for neptunium was
re-investigated in the present work by reaction between neptunium dioxide and sodium oxide at low temperatures (673 K)
under argon flow. This led to the formation of a poorly crystallized cubic product “X”, with cell parameter a = 4.746(5) Å,
similar to the one reported for Na3AmO4 (a = 4.75 Å).9
Mössbauer spectroscopy measurements were performed so
as to determine the exact oxidation state and chemical composition of product “X”. Under the assumption that there are no
magnetic phases in “X”, the measured Mössbauer spectrum
(Fig. 7) revealed two distinct sites (A and B) with isomer shifts
(with respect to NpAl2 standard) at δIS,A = −32.2(3) mm s−1
(47.5% for A) and δIS,B = −52.7(3) mm s−1 (52.5% for B), corresponding to Np(V) and Np(VI), respectively. The existence of two
valence states shows there must be oxygen vacancies within
the lattice and explains the observed disordered structure of

Fig. 7 Mössbauer spectrum of the cubic phase “X” recorded at 4.2 K
and ﬁtted to the model (see text).

This journal is © The Royal Society of Chemistry 2015

product “X”. The local symmetry is therefore not perfectly
cubic. The shape of the experimental spectrum is adequately
described by taking into account that the quadrupolar interactions acting at both A and B sites are distributed. Symmetric
distributions of the quadrupole coupling constants around
their mean values |e2qQ|A = 67.2(5) mm s−1 and |e2qQ|B = 36.2
(5) mm s−1 are assumed. The standard deviations of the distributions are found to be σA,B = 18.7 mm s−1.
Under those synthesis conditions, one can reasonably
expect to form tetravalent (Na2NpO3uNa2/3Np1/3O), pentavalent (Na3NpO4uNa3/4Np1/4O), or hexavalent (Na4NpO5uNa4/5Np1/5O) compounds, which can be written with the more
general formula Na1−xNpxO with x = {1/5–1/3}. The synthesized
product “X”, with an average valence of 5.525, corresponds to
the chemical composition Na0.779Np0.221O or Na3.525NpO4.525,
according to the ratio of the relative areas of the sub-spectra of
Np(V) and Np(VI). There again, the sodium peroxide impurity
present in the starting synthesis materials is acting as an oxidizing agent during the solid state reaction. The final product
corresponds either to a solid solution between the two endmembers m-Na3NpO4 and m-Na4NpO5, or to a mixture of
these same phases whose lattice parameters are too close to be
distinguished in the present X-ray diﬀraction pattern showing
very broad X-ray reflections. The existence of the m-Na4NpO5
cubic phase was reported in the literature with a cell parameter
as 4.739 Å,8 but is subject of controversy.14,17 A more detailed
study of the possible reactions products forming at low temperatures (T < 873 K) depending on the oxygen potential conditions would be needed to clarify this point, and discard one
of these two hypotheses.
The compound “X” was furthermore heated up to 1473 K
under argon flow. The X-ray analysis performed on the sample
after cooling down to room temperature revealed β-Na4NpO5 as
the major phase, and α-Na3NpO4 as a secondary phase. Supposing that m-Na4NpO5 and m-Na3NpO4 form a solid solution
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at low temperatures, the heating treatment up to 1473 K leads
to phase separation (demixing) into the two equilibrium
phases.
Bykov et al., who recently revisited the Na–Pu–O system,
performed an exhaustive study of the various reaction products
forming at low temperatures by reaction between plutonium
dioxide and sodium oxide.12 The authors reported the formation, after heating at 673 K for 24 hours under oxygen flow,
of a cubic phase of cell parameter (a = 4.73 Å) ( phase c.p. I),
when mixing PuO2 and Na2O in (1 : 1.8), (1 : 3.6), and (1 : 4.8)
ratios. Under argon flow, the mixing of PuO2 and Na2O in
(1 : 1.2), (1 : 1.8), (1 : 2.4), and (1 : 3.6) ratios, led to the formation of a cubic phase of cell parameter (a = 4.77 Å) ( phase
c.p. II). Slow heating of the phase c.p. II up to 1073 K under
argon flow moreover led to the formation of α-Na3PuO4
together with small unidentified impurities. It is suggested
that the phase c.p. I corresponds to Pu(VI), while c.p. II is
closer to Pu(V). It could be either pure Pu(V), or a mixed
valence state compound Pu(V)/Pu(VI) such as product “X”. This
is consistent with the smaller ionic radius of Pu6+ (0.71 Å),
compared to Pu5+ (0.74 Å) according to Shannon’s tabulated
data.18

6. Conclusion
The structures of Na3NpO4 and Na3PuO4 have been determined in the present work for the first time. The compounds
were shown to exhibit a completely disordered NaCl type of
structure at low temperatures (T < 873 K), corresponding to a
metastable m phase, that transforms to the equilibrium
ordered α phase (with orthorhombic symmetry, in space group
Fmmm), when heated at higher temperatures (T > 1093 K). The
α structures have been refined by the Rietveld method. The
pentavalent state of neptunium has been confirmed from the
isomer shift value obtained by Mössbauer spectroscopy
δIS(Na3NpO4) = −30.9(3) mm s−1. The quadrupole coupling
constant, |e2qQ| = 48.6(3) mm s−1, and rather high asymmetry
parameter, η = 0.68(3), have been related to the distortion of
the NpO6 octahedra in this structure, which show Np–O bond
lengths between 2.066(6) and 2.417(6) Å, and non linear O(3)–
Np–O(3) (179.0°) and O(1)–Np–O(2) (177.0°) bonds. Interestingly, Na3NpO4 and Na3PuO4 do not adopt the same monoclinic structure as Na3(U1−x,Nax)O4 (0 < x < 0.16(2)) despite
having very close ionic radii. It is suggested that orthorhombic
Na3UO4 cannot form as a stable phase.
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