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’ INTRODUCTION

Actinide elements and their compounds exhibit diverse chemical
and physical properties owing to their accessible and partly filled
5f orbitals.1 The 5f electrons show varying degrees of localization
that range from itinerant band-like for light actinides to com-
pletely localized for elements Am and heavier. U, Np, and Pu are
usually intermediate between these extremes.2,3 For this reason,
these lighter actinides are particularly interesting. U, Np, and Pu
compounds display extremely rich chemistries with a number of
stable oxidation states, even in the same compounds.4�10 For
example, the oxidation states of Np ions range from +3 to +7 in
the redox window accessible in aqueous solutions.11,12 In con-
trast, their chalcogenide chemistries have been much less ex-
plored, especially for Np and Pu.7,10,13�19 In the known
chalcogenide compounds, U is predominantly +4 with a few
examples of +3 and +5.13 Np exhibits stable +3 and +4 oxidation
states in chalgogenides, within which some are isostructural to U
analogues (e.g., AMNpS3 (A =K, Rb, Cs;M=Cu, Ag)14) and the
rest are isostructural to lanthanide analogues (e.g., NpCuSe2

15).
Pu is predominantly +3 in chalcogenides with most compounds
being isostructural to lanthanide analogues.10,19

Lanthanide (Ln) and actinide (An) oxophosphates have been
extensively studied owing to their technological importance.

These include the monazite class of minerals, M(PO4) (M =
trivalent light lanthanides or actinides). Monazite is a promising
host for the incorporation of actinide waste because of its
potentially high actinide content, sintering capability, and stabi-
lity under extreme conditions.20�26 Although the chemistry of
the oxophosphates and chalcophosphates differ because of their
different redox properties and the weaker covalency of P�O
bonds compared to P�Q (Q = S, Se) bonds, they have some
comparative structural chemistry because of their similar anion
geometries. A large number of actinide chalcophosphates, mainly
of Th and U, have been synthesized during the past decade with
the aid of reactive chalcophosphate fluxes.27�37 Th and U chalco-
phosphates have shown an extremely rich structural chemistry
resulting from a combination of various PxQy anions and metals
of high coordination numbers in diverse binding modes. Both Th
and U exhibit a stable +4 oxidation state in structures that range
from three-dimensional frameworks to isolated clusters. Four Pu
chalcophosphates are known, namely K3Pu(PS4)2 and APu-
(P2S7) (A = K, Rb, Cs).19 K3Pu(PS4)2 is isostructural to K3Ln-
(PS4)2 (Ln = Ce, La).38,39 The structure of APu(P2S7) is related
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ABSTRACT: Black crystals of Np(PS4), Np(P2S6)2, K11Np7(PS4)13,
and Rb11Np7(PS4)13 have been synthesized by the reactions of Np,
P2S5, and S at 1173 and 973 K; Np, K2S, P, and S at 773 K; and Np,
Rb2S3, P, and S at 823 K, respectively. The structures of these
compounds have been characterized by single-crystal X-ray diffraction
methods. Np(PS4) adopts a three-dimensional structure with Np
atoms coordinated to eight S atoms from four bidentate PS4

3� ligands
in a distorted square antiprismatic arrangement. Np(PS4) is isostruc-
tural to Ln(PS4) (Ln = La�Nd, Sm, Gd�Er). The structure of
Np(P2S6)2 is constructed from three interpenetrating diamond-
type frameworks with Np atoms coordinated to eight S atoms from
four bidentate P2S6

2� ligands in a distorted square antiprismatic
geometry. The centrosymmetric P2S6

2� anion comprises two PS2
groups connected by two bridging S centers. Np(P2S6)2 is isostructural to U(P2S6)2. A11Np7(PS4)13 (A = K, Rb) adopts a three-
dimensional channel structure built from interlocking [Np7(PS4)13]

11�-screw helices with A cations residing in the channels. The
structure of A11Np7(PS4)13 includes four crystallographically independent Np atoms. Three are connected to eight S atoms in
bicapped trigonal prisms. The other Np atom is connected to nine S atoms in a tricapped trigonal prism. A11Np7(PS4)13 is
isostructural to A11U7(PS4)13. From Np�S bond distances and charge-balance, we infer that Np is trivalent in Np(PS4) and
tetravalent in Np(P2S6)2 and A11Np7(PS4)13. Np exhibits a behavior intermediate betweenU and Pu in its thiophosphate chemistry.
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to that of KSm(P2S7).
40 Thus, Pu thiophosphate chemistry is

more lanthanide-like than that of Th or U. Remarkably, the
chalcophosphate chemistry of Np, which lies between U and Pu,
is unknown. Its position within the light actinide series provides
an opportunity to examine structural systematics as the 5f orbitals
fill and become more localized. Herein we present the syntheses
and characterization of the first examples of Np thiophosphates:
Np(PS4), Np(P2S6)2, and A11Np7(PS4)13 (A = K, Rb).

’EXPERIMENTAL SECTION

Syntheses. K (Cerac, 98%), Rb (Strem, 99%), P2S5 (Aldrich, 99%),
P (Aldrich, 99%), and S (Mallinckrodt, 99.6%) were used as received.
Brittle 237Np chunks were crushed and used as provided (ORNL). K2S
and Rb2S3 were prepared by stoichiometric reactions of the elements in
liquid NH3.

41

Caution! 237Np is a α- and γ-emitting radioisotope and as such is
considered a health risk. Its use requires appropriate infrastructure and
personnel trained in the handling of radioactive materials. The procedures we
use for the syntheses of Np compounds have been described.14

For all the reactions, the reactants were loaded into fused-silica
ampules in an Ar-filled glovebox and then flame-sealed under vacuum.
The reaction mixtures were placed in a computer-controlled furnace and
heated according to a specific temperature profile. The reaction products
were washed with DMF and dried with acetone. Single crystals found in
these reactions were used in the determination of their crystal structures.
Np(PS4). This compound was prepared through the reaction of

Np (0.020 g, 0.084 mmol), P2S5 (0.019 g, 0.086 mmol), and S (0.003 g,
0.094 mmol). The reaction mixture was heated to 1173 K in 32 h, held
at 1173 for 4 days, cooled to 773 K in 4.5 days, held at 773 for 2 days, and
then cooled to 298 K in 6 h. The reaction products included large
clusters of black irregular-shaped crystals of Np(PS4) and Np3S5

7

covered by a yellow powder. Only diffraction peaks from Np(PS4)
and Np3S5 were found in the powder X-ray diffraction pattern of the
product mixture. From the peak heights and areas, the yields of Np(PS4)
and Np3S5 were roughly estimated to be 60% and 40%, respectively,
based on Np.
Np(P2S6)2. The same reaction mixture used for Np(PS4) was heated

to 973 K in 20 h, held at 973 for 7.5 days, cooled to 673 K in 3.5 days,
held at 673 for 10 h, and then cooled to 298 K in 5 h. The reaction
products included large clusters of black irregular-shaped crystals of
Np(P2S6)2, Np(PS4), and Np3S5

7 covered by a yellow powder. Only
diffraction peaks from Np(P2S6)2, Np(PS4), and Np3S5 were found in
the powder X-ray diffraction pattern of the reactionmixture. From the peak
heights and area, the yields of Np(P2S6)2, Np(PS4), and Np3S5 were
roughly estimated to be 30%, 50%, and 20%, respectively, based on Np.
K11Np7(PS4)13. Black parallelepipeds of K11Np7(PS4)13 were ob-

tained through the solid-state reaction of K2S (0.014 g, 0.127 mmol),
Np (0.019 g, 0.080 mmol), P (0.008 g, 0.258 mmol), and S (0.040 g,
1.25 mmol). The reactants were heated to 773 K in 16 h, held at 773 for
7 days, cooled to 373 K in 6 days, and then cooled to 298 K in 5 h. The
products included many crystals of K11Np7(PS4)13 and unidentified
black and yellow powders. The yield of K11Np7(PS4)13 was about 30%
based on Np.
Rb11Np7(PS4)13. Black parallelepipeds of Rb11Np7(PS4)13 were

obtained through the solid-state reaction of Rb2S3 (0.034 g, 0.127 mmol),
Np (0.020 g, 0.080 mmol), P (0.008 g, 0.258 mmol), and S (0.032 g,
0.998 mmol). The reaction mixture was heated to 823 K in 16 h, held at
823 for 6 days, cooled to 423 K in 6 days, and then cooled to 298 K in
5 h. The products included many black crystals of Rb11Np7(PS4)13 and
unidentified black and yellow powders. The yield of Rb11Np7(PS4)13 was
about 20% based on Np.
Structure Determinations. Single-crystal X-ray diffraction data

for Np(PS4) at 296 K and Np(P2S6)2 and A11Np7(PS4)13 (A = K, Rb)

at 100 K were collected with the use of graphite-monochromatized
MoKα radiation (λ = 0.71073 Å) on a Bruker APEX2 diffractometer.42

The crystal-to-detector distance was 5.106 cm. Data were collected by a
scan of 0.3� in ω in groups of 606 frames at j settings of 0�, 90�, 180�,
and 270�. The exposure time was 10 s/frame for Np(PS4), 60 s/frame
for Np(P2S6)2, 20 s/frame for K11Np7(PS4)13, and 30 s/frame for
Rb11Np7(PS4)13. The collection of intensity data as well as cell refine-
ment and data reduction were carried out with the use of the program
APEX2.42 Face-indexed absorption corrections for Np(PS4) and A11Np7-
(PS4)13, and incident beam and decay corrections were performed with
the use of the program SADABS.43 The structures were solved with the
direct-methods program SHELXS and refined with the least-squares
program SHELXL.44

The refinements of the structures of Np(PS4) and Np(P2S6)2 were
straightforward. The refinement of the structure of A11Np7(PS4)13 in-
volved a model for the disorder of the A(7) cation. The program
STRUCTURE TIDY45 was used to standardize the positional para-
meters. Additional experimental details are given in Table 1 and in the
Supporting Information.
Powder X-ray Diffraction. Powder X-ray diffraction patterns

were collected with a Scintag X1 diffractometer with the use of Cu
Kα radiation (λ = 1.5418 Å).
Bond Valence Sum Calculations. Bond valences, V,46 were

calculated from the formula V = ∑j exp[(R0 � Rj/B], where the sum is
over the j atoms in the first coordination sphere, Rj is the bond distance
between the metal center and the jth atom, and R0 and B are bond-
valence parameters. The program Bond Valence Calculator, Version
2.047, was used with B = 0.37.

’RESULTS

Syntheses.Owing to our limited quantity of Np metal and its
radioactivity hazard, numerous uranium thiophosphate reactions
were conducted before we explored the neptunium system. The
compound U(P2S6) [U

4+(S3P
4+

2S3)]
28 was prepared in almost

100% yield from a reaction of U, P2S5, and S in a molar ratio of
1:1:1 at 1173 K.48 A similar reaction of Np to synthesize
Np(P2S6)2 failed. Instead, both Np(PS4) and Np3S5

7 were
obtained. Several attempts to prepare pure Np(PS4) failed. For
example, a stoichiometric reaction of Np, P2S5, and S at 1248 K
resulted in amixture of Np(PS4) andNp3S5.

7 Surprisingly, one of

Table 1. Crystal Data and Structure Refinements for
Np(PS4), Np(P2S6)2, and A11Np7(PS4)13

a

Np(PS4) Np(P2S6)2 K11Np7(PS4)13 Rb11Np7(PS4)13

Fw 396.21 745.60 4158.83 4668.90

space group I41/acd I41/a I42d I42d

Z 16 4 8 8

a, Å 10.8525(6) 12.832(3) 31.937(3) 32.063(1)

c, Å 19.249(1) 9.817(2) 17.269(2) 17.7798(8)

V, Å3 2267.0(2) 1616.6(6) 17614(3) 18279(1)

T (K) 296(2) 100(2) 100(2) 100(2)

Fc, g/cm3 4.643 3.063 3.137 3.393

μ, cm�1 199.29 83.44 101.94 151.43

R(F)b 0.0219 0.0237 0.0376 0.0326

Rw(Fo
2)c 0.0822 0.0425 0.0864 0.0753

a For all structures, tetragonal system, λ = 0.71073 Å. b R(F) = ∑||Fo|�
|Fc||/∑|Fo| for Fo

2 > 2σ(Fo
2). c Rw(Fo

2) = {∑[w(Fo
2� Fc

2)2]/∑wFo
4}1/2

for all data. w�1 = σ2(Fo
2) + (qFo

2)2 for Fo
2g 0;w�1 = σ2(Fo

2) for Fo
2 <

0. q = 0.0198 for Np(PS4), 0.0123 for Np(P2S6)2, 0.0120 for K11Np7-
(PS4)13, and 0.0278 for Rb11Np7(PS4)13.
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the failed reactions to prepare pure Np(PS4) that involved an
excess of thiophosphate flux at 973 K produced Np(P2S6)2
(Np(S2P

5+S2P
5+S2)2). Several variations in stoichiometries and

temperature regimes did not improve the yield of Np(P2S6)2.
Reactions somewhat similar to those used to prepare several
alkali-metal U or Pu thiophosphates around 773 K did afford
modest yields of A11Np7(PS4)13, whereas the U analogues,
A11U

4+
7(PS4)13, were synthesized at 973 K.36 Efforts made to

prepare pure A11Np7(PS4)13 materials were not successful.
Np(PS4), Np(P2S6)2, K11Np7(PS4)13, and Rb11Np7(PS4)13 were
obtained in yields of about 60%, 30%, 30%, and 20%, respectively.
From the many Np reactions that were carried out it is clear

that the solid-state syntheses of Np thiophosphates diverge from
those of the U thiophosphates. This is not surprising because the
redox chemistry of themetals and theirmelting points (U: 1405.3K;
Np: 910 K) differ. The lower melting point of Np metal com-
pared to U allows a relatively lower reaction temperature to be
used to achieve a reasonable diffusion rate of reactants.
Structure of Np(PS4). Np(PS4) crystallizes in the Pr(PS4)

49

structure type in space group I41/acd of the tetragonal system. It
is isostructural to Ln(PS4) (Ln = La�Nd, Sm, Gd�Er).49 The
structure of Np(PS4) includes two crystallographically unique Np
positions (site symmetry of 222 for Np(1) and 4 for Np(2)) and
one P position (site symmetry 2). Both Np centers are surrounded
by eight S atoms from four bidentate tetrahedral PS4

3� groups in
a distorted square antiprismatic arrangement (Figure 1a), whereas
each PS4 tetrahedron shares an edge of S(1) and S(2) with two
Np(1)S8 and two Np(2)S8 square antiprisms (Figure 1b). Each
NpS8 polyhedron shares an edge with two adjacent units in the
fashion �Np(1)S8�Np(2)S8�Np(1)S8�Np(2)S8� to form
one-dimensional chains along [001] (Figure 1a). Furthermore,
each NpS8 polyhedral chain connects to four neighboring chains
by sharing corners between Np(1)S8 and Np(2)S8 polyhedra in
the ab plane to from a three-dimensional framework with open
channels in all three directions (Figures 1b and 1c).
The related U compound U0.75(PS4) is known.33 It also

possesses the Pr(PS4)
49 structure type with the U(2) position

being half occupied. In this structure type, there are no S�S
bonds. Consequently, the formal oxidations states of +3, +5,�2
may be assigned to Np, P, and S in Np(PS4) and +4, +5,�2 to U,
P, and S in U0.75(PS4).

33

Selected interatomic distances for Np(PS4) are listed in
Table 2. All the Np�S and P�S distances are very close to the
corresponding ones in Nd(PS4),

49 which is consistent with Np in
the formal oxidation state +3. For example, the Np(1)�S
distances are 2.9309(5) and 2.9702(5) Å vs Nd(1)�S distances
of 2.934(2) and 2.971(2) Å; the Np(2)�S distances are
2.8839(5) and 3.0419(5) Å vs Nd(2)�S distances of 2.882(2)
and 3.048(2) Å; and the P�S distances are 2.0340(7) and
2.0361(7) Å for Np vs 2.036(2) and 2.035(2) Å for Nd. Np�S
distances are comparable to those found in Np3S5 for the eight-
coordinate Np3+ cations, which are in the range of 2.8652-
(9)�3.024(1) Å.7 The Np(1) 3 3 3Np(2) distances between
two edge-sharing NpS8 polyhedra are 4.8122(3) Å, and the
distances between two corner-sharing NpS8 polyhedra are
5.4262(3) Å.
In U0.75(PS4), U(1)�S distances are 2.863(2) and 2.895(2) Å,

which are notably shorter than those of Np(1)�S.33 If Np(1)
and U(1) were in the same oxidation state, U(1)�S distances

Figure 1. Crystal structure of Np(PS4). (a) Single edge-sharing NpS8 polyhedral chain along the [001] direction; (b) Two single NpS8 polyhedral
chains sharing corners with each other between Np(1)S8 and Np(2)S8 polyhedral on the ab plane; (c) NpS8 polyhedral chain connecting to four
neighboring chains to form the three-dimensional structure of Np(PS4).

Table 2. Selected Interatomic Distances (Å) for Np(PS4) and
Np(P2S6)2

Np(PS4) Np(P2S6)2

Np(1)�S(1) � 4 2.9309(5) Np(1)�S(2) � 4 2.8579(8)

Np(1)�S(2) � 4 2.9702(5) Np(1)�S(3) � 4 2.7997(9)

Np(2)�S(1) � 4 2.8839(5) P(1)�S(1)a 2.107(1)

Np(2)�S(2) � 4 3.0419(5) P(1)�S(1)a 2.115(1)

P(1)�S(1) � 2 2.0340(7) P(1)�S(2) 1.990(1)

P(1)�S(2) � 2 2.0361(7) P(1)�S(3) 1.996(1)

Np(1) 3 3 3Np(2) � 2 4.8122(3) Np(1) 3 3 3Np(1) � 4 6.870(1)

Np(1) 3 3 3Np(2) � 2 5.4262(3) Np(1) 3 3 3Np(1) � 4 9.766(1)
aBridging atom.
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would be expected to be about 0.02 Å longer than those of
Np(1)�S because of the actinide contraction. In contrast, U(2)�S
distances of 2.869(2) and 3.122(2) Å may be compared to
Np(2)�S distances of 2.8839(5) and 3.0419(5) Å. This compar-
ison is complicated because the U(2) position is only half occupied.
Structure of Np(P2S6)2.Np(P2S6)2 is isostructural to U(P2S6)2

and crystallizes in the space group I41/a of the tetragonal
system.32 The structure of Np(P2S6)2 contains one crystallographi-
cally unique Np position (site symmetry 4) and one P and three S
crystallographically unique atoms in general positions. As shown
in Figure 2, each Np atom is surrounded by eight S atoms from
four bidentate P2S6

2� groups in a distorted square antiprism. The
P2S6 moiety comprises S(2)S(3)P units bridged by S(1) atoms
to give a centrosymmetric P2S6

2� anion, which connects to two
Np centers. Each resultant NpS8 polyhedron connects to four
other identical units to form adamantoid cages (Figure 3a). The
structure of Np(P2S6)2 consists of three interpenetrating ada-
mantoid cage networks (Figure 3b). There are no S�S bonds in

the structure of Np(P2S6)2; the formal oxidation states of Np, P,
S may be assigned as +4, +5, �2, respectively.
Selected interatomic distances for Np(P2S6)2 are presented in

Table 2. Np�S distances are 2.8579(8) and 2.7997(9) Å, which
are marginally shorter than the U�S distances of 2.879(1) and
2.812(1) Å in U(P2S6)2, as expected.

32 These Np�S distances
may be compared with other Np�S distances reported for Np4+

systems. For example, from 2.681(2) to 2.754(1) Å for six-
coordinate Np4+ cations in AMNpS3 (A = K, Rb, Cs; M = Cu,
Ag) compounds,14 from 2.6527(9) to 2.852(1) Å for the seven-
coordinate Np4+ cations in Np3S5

7, and 2.889(2) and 2.9067(8)
Å for nine-coordinate Np4+ cations in NpOS.50 In Np(P2S6)2,
the P�S distances are 2.107(1) and 2.115(1) Å (bridging) and
1.990(1) and 1.996(1) Å (terminal), which are not statistically
different from those of 2.107(2), 2.113(2), 1.989(2), and
1.997(2) Å in U(P2S6)2.

32 The Np 3 3 3Np distance between
twometal centers bridged by a P2S6

2� group is 9.766(1) Åwithin
an adamantoid cage and the closest metal distance between two
neighboring cages is 6.870(1) Å.
Structure of A11Np7(PS4)13 (A = K, Rb). A11Np7(PS4)13 is

isostructural to A11U7(PS4)13.
36 The structure comprises seven

crystallographically unique A, four Np, and seven P positions.
Atoms Np(4), P(7), A(5), A(6), and A(7) have site symmetry 2,
and the rest of the atoms are in general positions. Atoms Np(1),
Np(3), and Np(4) are surrounded by eight S atoms from four
bidentate tetrahedral PS4

3� groups in bicapped trigonal pris-
matic arrangements, whereas each Np(2) atom is bound to nine
S atoms from three bidentate and one tridentate tetrahedral
PS4

3� group in a tricapped trigonal prismatic geometry
(Figure 4). Each P(n)S4 (n = 1, 2, 3, 4, 6, 7) tetrahedron connects
to two Np centers, whereas each P(5)S4 unit connects to three
Np atoms. Those NpSx polyhedra connect to each other through
bidentate PS4

3� groups to form a [Np7(PS4)13]
11� helical chain

that propagates along [001] (Figure 5). As shown in Figure 6,
each [Np7(PS4)13]

11� chain further face and edge shares withFigure 2. Coordination environment for the Np atom in Np(P2S6)2.

Figure 3. (a) Diamond-type framework in Np(P2S6)2 constructed from adamantoid cages viewed down the [010] direction; (b) View of the three-
dimensional structure of Np(P2S6)2 down the [010] direction, which includes three interpenetrating diamond-type frameworks.
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five neighboring chains on the ab plane to form a complex three-
dimensional channel structure. The cavities created by
[Np7(PS4)13]

11� chains are filled by the A atoms. There are no
S�S bonds in the structure of A11Np7(PS4)13; charge balance is
achieved with the formal oxidation states of A, Np, P, and S being
assigned as +1, +4, +5, and �2, respectively.
Interatomic distances for A11Np7(PS4)13 may be found in the

Supporting Information. Most of the Np�S and P�S distances
for K11Np7(PS4)13 are within 0.01 Å of the corresponding ones
in Rb11Np7(PS4)13. Only the distances for K11Np7(PS4)13 will

be discussed. Np�S distances range from 2.722(3) to 2.915(3) Å
for eight-coordinate Np atoms and from 2.805(3) to 3.109(3) Å
for the nine-coordinate Np(2) atom. These are generally slightly
shorter than the U�S distances in K11U7(PS4)13 because of the
actinide contraction. The U�S distances range from 2.722(4) to
2.942(4) Å for eight-coordinate U atoms and from 2.821(4) to
3.110(5) Å for the nine-coordinate U cation.36 Np�S distances
for the eight-coordinate Np atoms are in the same range as those
found in Np(P2S6)2, and the values for the nine-coordinate Np
atom are comparable to those found in NpOS.50 Most are longer

Figure 4. Coordination environments for four Np atoms and the connectivities between the neptunium sulfur polyhedra in A11Np7(PS4)13.

Figure 5. Single helical [Np7(PS4)13]
11� chain extending along the [001] direction in A11Np7(PS4)13: (a) view down the b axis ; (b) view down

the c axis.



9693 dx.doi.org/10.1021/ic201493w |Inorg. Chem. 2011, 50, 9688–9695

Inorganic Chemistry ARTICLE

than those for the six-coordinate Np atoms in AMNpS3 (A = K,
Rb, Cs; M = Cu, Ag)14 and the seven-coordinate Np atoms in
Np3S5.

7 The P�S distances are in the range of 1.962(4) and
2.150(5) Å, close to those of 1.936(7) to 2.084(6) Å found in
K11U7(PS4)13.

36 K�S and Rb�S distances are comparable to
those found in A11U7(PS4)13.

36 The Np 3 3 3Np distances between
two neighboring metal centers bridged by a PS4

3� anion within
each helical chain are in the range of 6.906(1)�6.9778(8) Å. The
Np(1) 3 3 3Np(2) distances between two face-sharing neptunium
sulfide polyhedra in neighboring helical chains are 4.1413(6) Å,
and the distances between two edge-sharing NpS8 polyhedra
are 4.4219(8) Å for Np(3) 3 3 3Np(3) and 4.3293(7) Å for
Np(3) 3 3 3Np(4).
Bond-Valence Analysis. Such an empirical analysis, when

based on a multitude of literature data, provides an indication of
the formal oxidation states of metal atoms in a given compound.
However, there are too few Np�S distances available from single-
crystal studies to make such an analysis meaningful. Instead, on
the assumption that Np had a formal oxidation state of +4 in
AMNpS3 (A = K, Rb, Cs; M = Cu, Ag)14 and +3/+4 in Np3S5

7, a
value of the necessary bond-valence parameter R0 of 2.56 was
obtained from the Np�S distances in AMNpS3 and Np3S5.

7

Similar calculations were performed for the present four com-
pounds (Table 3) on the assumption that the formal oxidation

states were +3 in Np(PS4) and +4 in Np(P2S6)2, K11Np7(PS4)13,
and Rb11Np7(PS4)13. The average value of R0 is 2.57 for all ten
compounds. The resulting valencies (Table 3) are reasonable.

’DISCUSSION

The first four Np thiophosphates presented in the current
study illustrate the divergence of Np thiophosphate chemistry
from those of other early actindes. From single-crystal structural
data and charge-balance considerations, Np cations are trivalent
in Np(PS4) and tetravalent in Np(P2S6)2 and A11Np7(PS4)13.
With both stable +3 and +4 oxidation states, the thiophosphate
chemistry of Np sits on the border between that of tetravalent U
and trivalent Pu. Similar behaviors have been observed in their
solution chemistry, which can be understood from a comparison
of their relative An4+ standard reduction potentials (E�) in
aqueous solutions under acidic conditions, �0.553(4) V for U,
+0.22(1) V for Np, and +1.407(4) V for Pu.51 Whereas these
potentials are not expected to be reproduced in the solid-state
sulfides discussed here, their trend often predicts redox stability
in an isostructural series in which the lattice potentials and Fermi
levels remain relatively constant.52,53 From these potentials, it
follows that among the three An3+ cations U3+ is the most
susceptible to oxidation whereas Pu3+ is the least. In addition, the

Figure 6. Each [Np7(PS4)13]
11� chain in A11Np7(PS4)13 shares faces and edges with five identical neighbors to form a three-dimensional channel

structure, within which A+ cations reside. [Np7(PS4)13]
11� chains are circled in red.
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reaction conditions, including the heating temperature and the
presence of anions and other cations, can also affect the oxidation
state of the final product. Np3+(PS4)

3� was synthesized at a
temperature 200 K higher than that of Np4+(P2S6)

2�
2, presum-

ably beyond the temperature necessary to decompose P2S6
2�

anions to PS4
3� anions. It is not surprising that the PS4

3�

anions attract the trivalent Np cations, while two P2S6
2� anions

favor one tetravalent cation to form stable compounds. For the
reactions of A11Np7(PS4)13, electropositive A

+ cations may help
to stabilize the higher valence ofNp,Np4+, owing to the inductive
effect.54 The structural chemistry of Np thiophosphates is ex-
pected to be a combination of those of U4+ or Th4+ and Ln3+,
which is well exemplified here, with Np(PS4) isostructural to
lanthanide analogues and Np(P2S6)2 and A11Np7(PS4)13 iso-
structural to uranium analogues. In addition, compared to lantha-
nides and other lighter actinides, it is more likely for Np compounds
to adopt new structure types containing both trivalent and
tetravalent metal sites, as demonstrated by the mixed-valence
binary compound, (Np3+)2Np

4+S5
7 found under those reaction

conditions.
As noted in the Introduction, monazite (M(PO4) (M =

trivalent light lanthanides or actinides) has been studied for
use as a solid-state matrix in a spent nuclear fuel repository. It is
interesting to compare the structure of M(PS4) with that of
monazite. Similar to M(PS4), the monazite structure contains
interconnecting arrangements of metal polyhedral chains; how-
ever, each chain shares metal polyhedral edges with six neighbor-
ing chains to form a three-dimensional network without open
channels.22 The metal polyhedra in monazite are much more
close packed than those in M(PS4). For example, the calculated
densities from the X-ray structural data for Gd(PO4)

22 and
Gd(PS4)

49 are 6.00 and 3.83 g/cm3, respectively. This large
structural deviation of M(PS4) from that of Ln(PO4) arises, at
least in part, because there is less steric repulsion between the
metal and P atoms for thiophosphates than for oxophosphates.
For example, the Dy 3 3 3 P distance between edge-sharing DyS8
and PS4 polyhedra in Dy(PS4)

49 is 3.591 Å, whereas the Dy 3 3 3P

distance between edge-sharing DyO8 and PO4 polyhedra in
Dy(PO4)

22 is 3.019 Å. As a result, PS4
3� anions most commonly

ligate large metal cations in multidentate modes, as shown here
and in other actinide thiophosphates.19,27,33,35�37 In contrast,
PO4

3� anions more commonly bind large metal cations in a
monodentate mode, as found in low valent actinide phosphates.55

In the structure of M(PS4), each metal center connects to four
bidentate tetrahedral PS4

3� groups, whereas the metal cation in
the monazite structure is coordinated by nine O atoms from
seven PO4

3� groups, two of which are bidentate and the other
five are monodentate.22 Clearly each metal center in the mon-
azite structure binds to more ligands, which gives rise to a more
dense structure than that of M(PS4). One of the merits monazite
has as a potential waste form for actinides is that it can accommodate
most of the actinides without affecting the phase homogeneity.
Trivalent actinide (U, Pu, Am�Bk) cations can readily replace
the lanthanide cation because they have the same charge and
similar radii. However, for substitution of the lanthanide by
tetravalent actinides (Th, U, Np, Pu), charge balance has to be
achieved by substitution mechanisms that involve the use of
divalent cations such as Ca2+ or the SiO4

4� anion.25,26 The
orthothiophosphate structure type, because it can accommodate
Ln3+, Np3+, as well as U4+cations, is potentially superior to
monazite as a waste form in this regard. Future research direc-
tions include syntheses and structural characterization of Th, Pu,
and mixed lanthanide actinide orthothiophosphates as well as
measurements of their electronic and magnetic properties.

’CONCLUSIONS

Np(PS4) is found to be isostructural to lanthanide analogues,
whereas Np(P2S6)2 and A11Np7(PS4)13 are shown to be iso-
structural to uranium analogues. Not only the charge-balance
considerations but also comparisons of metric data indicate that
Np is trivalent in Np(PS4) and tetravalent in Np(P2S6)2 and
A11Np7(PS4)13. Thus, Np exhibits a behavior intermediate
between U and Pu in thiophosphate chemistry. In addition, the
present results have led to an improved bond-valence parameter
R0 for Np and to a better understanding of the change in Np�Q
bond distances with oxidation states.
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Table 3. Bond-Valence Parameter R0 and Bond Valence
Sums

compound atom

coordination

number

assumed

oxidation

statea
derived

R0
b

valence

calculated

from R0 = 2.57

Np(PS4) Np(1) 8 +3 2.59 2.86

Np(2) 8 +3 2.59 2.83

Np(P2S6)2 Np(1) 8 +4 2.57 3.99

K11Np7
(PS4)13

Np(1) 8 +4 2.55 4.24

Np(2) 9 +4 2.57 3.97

Np(3) 8 +4 2.56 4.15

Np(4) 8 +4 2.56 4.12

Rb11Np7
(PS4)13

Np(1) 8 +4 2.55 4.22

Np(2) 9 +4 2.58 3.88

Np(3) 8 +4 2.55 4.19

Np(4) 8 +4 2.56 4.11
a From charge-balance considerations. bThese values average to R0 =
2.57. The average value of 2.57 resulted from incorporation of all derived
R0 values fromAMNpS3 (A = K, Rb, Cs; M =Cu, Ag),14 Np3S5,

7 and the
values above. This average value was used in a bond valence analysis to
afford the tabulated valences.
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