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Syntheses, Structures, and Magnetic Properties of Np3S5 and Np3Se5
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Black prisms of Np3Q5 (Q = S, Se) have been synthesized by the stoichiometric reactions between Np and Q at 1173 K
in a CsCl flux. The structures of these compounds were characterized by single-crystal X-ray diffraction methods. The
Np3Q5 compounds are isostructural with U3Q5. The structure of Np3Q5 is constructed from layers of Np(1)Q8 distorted
bicapped trigonal prisms that share faces with each other on bc planes. Each Np(1)Q8 layer further shares Q(2) edges
with two adjacent identical neighbors to form a three-dimensional framework. The space inside each channel within
this framework is filled by one single edge-sharing Np(2)Q7 distorted 7-octahedron chain running along the b axis.
Magnetic susceptibility measurements show that Np3S5 and Np3Se5 have antiferromagnetic orderings at 35(1) and
36(1) K, respectively. Above the magnetic ordering temperatures, both Np3S5 and Np3Se5 behave as typical
Curie-Weiss paramagnets. The effective moments obtained from the fit of the magnetic data to a modified Curie-
Weiss law over the temperature range 70 to 300 K are 2.7(2) μB (Np3S5) and 2.9(2) μB (Np3Se5).

Introduction

Binaryactinide chalcogenidesAnxQy (An=actinide;Q=S,
Se, Te) exist in a variety of crystal structures and chemical
compositions with An/Q ratios between 1:1 and 1:5.1-3 As
a result, they exhibit a wide range of electronic and magnetic
properties.Among these, 20NpxQy compoundswith formulas
of NpQ (Q = S, Se, Te), Np3Q4 (Q = S, Se, Te), Np2Q3

(Q = S, Se, Te), Np3Q5 (Q = S, Se), NpQ2 (Q=S, Te),
Np2Q5 (Q=S, Se), and NpQ3 (Q = S, Se, Te) have been
identified.2,4 Most of these compounds have been character-
ized only by powder X-ray diffraction analyses, and their
physical properties have not been fully studied. It is interest-
ing that binary neptunium chalcogenides exhibit a very rich
structural chemistry compared to binary neptunium oxides,
which comprise only two stable phases, NpO2 and Np2O5.

2

This difference arises in part because of the propensity of

chalcogens to formQ-Q bonds. In these NpxQy compounds
formal oxidation states of þ3 and þ4 are found for Np; in
contrast aqueous species exhibit stable oxidation states for
Np ofþ4,þ5,þ6, and, under very alkaline conditions,þ7.5

The An3Q5 (An=U, Np; Q=S, Se) compounds are of
particular interest because they are borderline between the
metal-like actinide-rich compounds and the semiconducting
chalcogen-rich phases. Both charge balance and crystal
structures suggest that these compounds contain An3þ and
An4þ in a ratio of 2:1, consistent with the interpretation of
X-ray photoelectron spectroscopic measurements on com-
parable U compounds and with 237Np M€ossbauer spectro-
scopic measurements.4,6-12 The chemical formula can thus
be written as (An3þ)2(An4þ)(Q2-)5. U3S5 and U3Se5 have
been extensively studied.6,7,11,13-16 They crystallize in the
space group Pnma with U3þ and U4þ cations occupying the
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Wyckoff positions 8d (site symmetry 1) and 4c (site symme-
try .m.), respectively.6,7 U3S5 is a semiconductor and ferro-
magnet (Tc = 29 K) that displays a large negative magne-
toresistance effect.11,14,16 U3Se5 is also a semiconductor; it
orders ferromagnetically below 24 K.13,15 U3Te5 adopts a
different structure type.17 In contrast, Np3Q5 (Q=S, Se) have
been identified only frompowderX-ray diffractiondata from
which it was deduced that they are isostructural with
U3S5.

4,8-10,12 Electrical resistivity measurements on a cold-
pressed powder pellet have shown that Np3S5 is a semicon-
ductor, whereas Np3Se5 exhibits semimetallic behavior.18

There are no reliable magnetic data for Np3Q5, although
237NpM€ossbauermeasurements at 4.2Khave suggested that
the magnetic moment of Np should order at low temper-
atures.4,12

The syntheses of powder samples of Np3Q5 have included
direct reactions between Np or NpHx and Q, or thermal
decomposition of NpQ3.

4,8,10,12 Here we report the syn-
theses of large single crystals of Np3S5 and Np3Se5 by a
different route. These crystals have enabled us to examine
more thoroughly their structures and magnetic properties.

Experimental Section

Syntheses. S (Alfa-Aesar, 99.99%), Se (Cerac 99.999%), and
CsCl (Strem Chemicals, 99.999%) were used as received. Brittle
pieces of high-purity arc-melted 237Np metal (ORNL) were
crushed and used in these syntheses.

Caution! 237Np and any ingrown daughter products are R- and
β-emitting radioisotopes and as such are 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.19 Np3S5
and Np3Se5 were prepared through the reactions of 0.086 mmol
(0.020 g) of Np, 0.15 mmol (S: 0.005 g, Se: 0.012 g) of Q, and
0.090 g of CsCl flux. The reactants were loaded into fused-silica
ampules in an Ar-filled glovebox and then flame-sealed under
vacuum. The reaction mixtures were heated in a furnace
to 1173 K in 32 h, held at 1173 for 4 days, cooled to 773 K in
5.5 days, held at 773K for 2 days, and then cooled further to 298
K over 6 h. The reaction products were washed with water and
driedwith acetone. Large black prisms ofNp3Q5 up to 0.8mm in
length were the major product. The yields of Np3Q5 were about
90 wt %. A few small black plates of NpOQ were also found.20

Single crystals of Np3Q5 obtained in these reactions were used in
the determination of their crystal structures.Magnetic measure-
ments were performed on ground single crystals.

Structure Determinations. Single-crystal X-ray diffraction
data for Np3S5 and Np3Se5 were collected with the use of
graphite-monochromatized Mo KR radiation (λ = 0.71073 Å)
at 100 K on a Bruker APEX2 diffractometer.21 The crystal-to-
detector distance was 5.106 cm. Data were collected by a scan of
0.3� in ω in groups of 600 frames at j settings of 0�, 90�, 180�,
and 270�. The exposure time was 20 s/frame. The collection of

intensity data as well as cell refinement and data reduction were
carried out with the use of the program APEX2.21 Absorption
corrections for Np3Se5 (face indexed) and Np3S5, as well as
incident beam and decay corrections were performed with the
use of the program SADABS.22 The structures were solved with
the direct-methods program SHELXS and refined with the least-
squares program SHELXL.23 The program STRUCTURE
TIDY24 was used to standardize the positional parameters.
Additional experimental details are given in Table 1 and in the
Supporting Material.

Powder X-ray Diffraction Measurements. Powder X-ray dif-
fraction patterns were collected with a Scintag XGEN-4000
diffractometer with the use of Cu KR radiation (λ= 1.5418 Å).

Magnetic Susceptibility Measurements. The magnetic sus-
ceptibility data were collected with the use of aQuantumDesign
MPMS 7 SQUIDmagnetometer on 2.3 mg of Np3S5 and 3.4 mg
of Np3Se5, encapsulated to comply with safety regulations. To
optimize purity, the samples used for susceptibility measure-
ments were obtained by grinding enough small (∼5 μg) single
crystals to provide adequate signal statistics. The signal from the
empty sample-holder, which accounted for as much as 90% of
the signal at room temperature, was measured separately and
subtracted directly from the total magnetic response. Suscept-
ibility data were subsequently corrected for Langevin dia-
magnetism.25,26 Variable field measurements, performed at 5
and 300 K to a maximum of 2 and 5 T, respectively, appeared
linear over the entire field range thus enabling data acquisition
at higher fields. Field-cooled and zero-field-cooled data showed
no significant evidence for simple ferromagnetic ordering down
to 5 K. Variable temperature experiments were carried out
between 5 and 320 K, under applied fields of 0.0025, 0.01,
0.05, 0.2, 0.5, and 1 T. These data provided the same results
within experimental error, notably after field cycling, thus
confirming the sample stability to orientation effects that can
possibly arise with powdered samples.

Results and Discussion

Syntheses.Stoichiometric reactionsofNpandQresulted
in 90% yields of Np3Q5 (Q=S, Se) and several NpOQ

Table 1. Crystal Data and Structure Refinements for Np3S5 and Np3Se5
a,b

Np3S5 Np3Se5

Fw 871.30 1105.80
a (Å) 11.7435(6) 12.2863(5)
b (Å) 8.0479(4) 8.3499(4)
c (Å) 7.4108(4) 7.7583(3)
V (Å3) 700.40(6) 795.92(6)
Fc (g/cm3) 8.263 9.228
μ (cm-1) 455.51 616.39
R(F)c 0.0183 0.0222
Rw(Fo

2)d 0.0405 0.0474

aForboth structures, orthorhombic system, space group=Pnma,Z=4,
λ = 0.71073 Å, and T = 100(2) K. bFrom room-temperature X-ray
diffraction powder data in refs 9 and 10: a=11.71(2) Å, b=8.07(1) Å,
c= 7.42(1) Å for Np3S5; a= 12.24(2) Å, b= 8.43(1) Å, c= 7.75(1) Å
for Np3Se5. No structural parameters were presented; it was deduced
that these compounds were isostructural with U3S5.

c R(F) =
P

||Fo|- |
Fc||/

P
|Fo| for Fo

2 > 2σ(Fo
2). d Rw(Fo

2) = {
P

w(Fo
2 - Fc

2)2/
P

wFo
4}1/2

for all data.w-1=σ2(Fo
2)þ (qFo

2)2 forFo
2g 0;w-1=σ2(Fo

2) forFo
2<0.

q = 0.0152 for Np3S5, 0.0101 for Np3Se5.
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crystals.20 The oxide layer on the surface of the Np metal
and etching of the silica ampules were possible oxygen
sources.
Np3S5 crystals were first obtained from the reaction of

Np, Fe, and S with a CsCl flux at 1173 K. They were also
found as significant byproducts in other neptunium
sulfide reactions, for example, the reactions of Np with
P2S5 and S at 973, 1173, and 1248 K, respectively.27

This indicates that Np3S5 has a high stability. In contrast,
similar reactions of U, Fe, S, and CsCl at 1173 K28

resulted in β-US2
29 and US3

30as byproducts, both of
which contain U4þ. In fact, they are the most common
binary UxSy compounds found in solid-state reactions
that involve uranium and sulfur. Clearly, the sulfide chem-
istries of Np and U differ significantly.

Structures.Our single-crystal structures for Np3S5 and
Np3Se5 agree with those deduced from powder studies
but are much more precise (Tables 1 and 2). These
compounds are isostructural with U3Q5, crystallizing in
the space group Pnma (Figure 1). The structure includes
two crystallographic unique metal positions, Np(1) at the
Wyckoff position 8d (site symmetry 1) and Np(2) at the
Wyckoff position 4c (site symmetry .m.). Each Np(1)
cation is connected to eight Q anions in a distorted bi-
capped trigonal prism whereas the Np(2) cation is sur-
rounded by seven Q anions in a highly distorted 7-octa-
hedron (Figure 2). Np(1)Q8 polyhedra share faces with
each other along the b and c axes to form two-dimensional
layers (circled in red in Figure 1) and further share Q(2)
edges (circled in purple in Figure 1) to form a three-
dimensional channel structure. The space inside each
channel is filled by one single edge-sharingNp(2)Q7 chain
running down the b axis (circled in black in Figure 1). The
connectivities within each layer of Np(1)Q8 and single
chain of Np(2)Q7 are shown in Figure 2a and Figure 2b,
respectively. The condensed packing pattern of these
Np(1)Q8 bicapped trigonal prisms is not common. Simi-
lar layers ofGd(1)S8 bicapped trigonal prisms occur in the
structure of Gd2S3; however, there are no further connec-

tions between theseGd(1)S8 layers.
31Generally, bicapped

trigonal prisms share trigonal faces to form chains and
then only share edges between them, such as the NpS8
polyhedra inNp2S3

32 and theAnQ8 polyhedra inAnMQ3

(An=U, Th; M=Sc, Fe, Mn; Q=S, Se, Te).33

Selected interatomic distances for Np3S5 and Np3Se5
are listed in Table 2. That the Np(1)-Q distances are
generally longer than theNp(2)-Qdistances is consistent
with Np(1) having a formal oxidation state of þ3 and
Np(2) being þ4. The Np-Q distances are about 0.01-
0.02 Å shorter than those in the corresponding U com-
pounds,6,7 owing to the actinide contraction. For exam-
ple, Np(1)-S distances, which range from 2.8652(9) to
3.024(1) Å, may be compared to those of 2.872(3) to
3.033(3) Å for the U(1)-S distances in U3S5.

6

Figure 2. Depictions of an individual Np(1)Q8 layer (a) and Np(2)Q7

chain (b) viewed down the b axis.

Table 2. Selected Interatomic Distances (Å) for Np3S5 and Np3Se5

distance Np3S5 Np3Se5

Np(1)-Q(1) 2.8652(9) 2.9922(5)
Np(1)-Q(1) 2.9000(9) 3.0214(5)
Np(1)-Q(2) 2.9049(8) 3.0295(5)
Np(1)-Q(2) 2.9230(9) 3.0617(5)
Np(1)-Q(3) 2.9489(9) 3.0761(5)
Np(1)-Q(3) 3.024(1) 3.1522(5)
Np(1)-Q(4) 2.8826(9) 3.0062(5)
Np(1)-Q(4) 2.926(1) 3.0395(5)
Np(2)-Q(1) � 2 2.6527(9) 2.7738(5)
Np(2)-Q(1) � 2 2.7213(9) 2.8415(5)
Np(2)-Q(2) 2.852(1) 2.9770(7)
Np(2)-Q(3) 2.756(1) 2.8895(7)
Np(2)-Q(4) 2.777(1) 2.8964(7)
Np(1) 3 3 3Np(1) 4.0103(3) 4.1660(4)
Np(1) 3 3 3Np(2) 4.1892(3) 4.3674(3)
Np(2) 3 3 3Np(2) 4.1681(2) 4.3331(2)

Figure 1. Structure of Np3S5 and Np3Se5.
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The seven-coordinate Np4þ cations have Np(2)-S
distances that range from 2.6527(9) to 2.852(1) Å; these
are generally longer than those of 2.681(2) to 2.754(1) Å
for the six-coordinate Np4þ cations in AMNpS3 (A=K,
Rb, Cs; M=Cu, Ag)19 and shorter than those of 2.889(2)
and 2.9067(8) Å in the nine-coordinate Np4þ cations in
NpOS.20 Similarly the Np(2)-Se distances range from
2.7738(5) to 2.9770(7) Å; these are shorter than those of
3.0055(5) and 3.077(1) Å found for the nine-coordinate
Np4þ cations in NpOSe.20 The eight-coordinate Np3þ

cations have Np(1)-Se distances that range from
2.9922(5) to 3.1522(5) Å; these are longer than those of
2.9330(6) to 3.1419(6) Å for the seven-coordinate Np3þ

cations in NpCuSe2.
34

The empirical bond-valence analysis has been widely
employed to estimate the formal oxidation states of metal
atoms in a given compound. Such analyses depend on the
availability of a large number of results for a given bond
type. However, there are only a fewNp-S and even fewer
Np-Se distances available from single-crystal studies.
A value of the necessary bond-valence parameter R0 of
2.57was obtained from theNp-S distances inKCuNpS3,
RbCuNpS3, CsCuNpS3, KAgNpS3, and CsAgNpS3;
these compounds contain Np4þ.19 If we take into con-
sideration the present Np(1)3þ-S and Np(2)4þ-S dis-
tances, the new average value of R0 is 2.56 for the six
compounds KCuNpS3, RbCuNpS3, CsCuNpS3,
KAgNpS3, CsAgNpS3, and Np3S5. With this value of
R0 the bond valences ofNp(1) andNp(2) are calculated to
be 3.03 and 4.45, respectively, in Np3S5. Because there are
only three Np-Se distances known from single-crystal
studies (NpCuSe2

34 and the present Np3Se5) it is not
possible to perform similar calculations for Np-Se dis-
tances. Np-Q distances from NpOQ20 compounds are
not included in the current discussion, as they are affected

by the Np-O interactions. Obviously, more Np-Q dis-
tances would be needed to optimize the bond-valence
parameters for Np-Q compounds.

Magnetism.As noted above, the structure of theNp3Q5

compounds contains a Np3þcation at Wyckoff position
8d (site symmetry 1) and a Np4þ cation at Wyckoff posi-
tion 4c (site symmetry .m.). If we assume Russell-
Saunders coupling, then Np3þ, with a 5f4 configuration,
is a non-Kramers ion that, under the reduced site sym-
metry,may have a singlet ground state. In contrast,Np4þ,
with a 5f3 configuration, is a Kramers ion and as such will
have amagnetic ground state irrespective of site symmetry.
Representative susceptibilities of Np3S5 and Np3Se5,

compared as χ versus T in Figure 3, exhibit cusps in their
susceptibilities at 35(1) and 36(1) K, respectively, evi-
dence suggesting long-range magnetic ordering below
those temperatures. With Np 3 3 3Np distances in both
structures longer than 4.0 Å, well in excess of the Hill
limit,35 the observed ordering temperatures are consistent
with the presence of localized moments. Previous studies
on the magnetic susceptibility of Np3Se5 found no evi-
dence for magnetic ordering down to temperatures as low
as 4.2 K;18,36 however, note that the published figure in
the previous study18 does not include data for the tem-
perature range 5 to 30 K, the range over which the cusp is
observed in our data. In addition, a previous 237Np
M€ossbauer study of Np3S5 included spectra obtained at
77 and 4.2K.12 Both spectra indicated the presence of two
distinct Np sites, with the isomer shifts identifying one as
Np3þ and the other as Np4þ. The low-temperature spec-
trum is more complex, showing contributions from both
internal electric and magnetic fields, a result consistent
with but not proof of long-range magnetic order. Similar
magnetic hyperfine fields were found at the two Np sites,
indicating that bothNp3þ andNp4þmay be participating
in the magnetic ordering in Np3S5. In our magnetic
susceptibility data the cusp for Np3S5 is much more
pronounced than that for Np3Se5, which may indicate
only one sublattice is ordering in the latter material. For
comparative interest, NpSe3, which contains only Np4þ,
orders ferromagnetically at 51 K with a second ordering
at 18K.18 In contrast, Np2Se3, which contains exclusively
Np3þ, shows no evidence of magnetic splitting in the
M€ossbauer data obtained at 4.2 K.4 We assume the
Np 3 3 3Np distances in these compounds are comparable
to those in their isostructural uranium analogues.7,37,38

The results from theNp compounds are expected because
the low symmetries of the Np sites should yield singlet
ground states for theNp3þ ions andmagnetic doublets for
the Np4þ Kramers ions. On the basis of these expecta-
tions, ordering in the Np3Q5 compounds should be
largely driven by the Np4þ sublattices.

Figure 3. χ versus T for Np3S5 and Np3Se5 under an applied field of
0.2 T. The solid line through the data above 70K represents the best fit to
the modified Curie-Weiss law. The inset shows 1/χ versus T for Np3S5.
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Plutonium and Other Actinides, Baden Baden, Sept 10-13, 1975; Blank, H.,
Lindner, R., Eds.; North-Holland: Amsterdam, 1976; pp 635-640.
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1984, 299, 617–619.
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Above the magnetic ordering at about 35 K, both
Np3S5 and Np3Se5 behave as classic paramagnets. With
the assumption of non-interacting spins, the data may be
fit to a modified Curie-Weiss law:

χ ¼ C=ðT -θÞþ χ0 ð1Þ
over the temperature range 70 to 300 K, where C is the
Curie constant fromwhich the effectivemoment is related
by μeff = (8C)1/2, θ is the Weiss constant, representing
either magnetic correlations or low-lying crystal-field
states, and χ0 is the temperature-independent paramag-
netism (TIP), a termmeant to account for itineracy (Pauli
paramagnetism) or the influence of low-lying crystal-field
states (van Vleck paramagnetism). The best fits yield the
results shown in Table 3.
The effective moment is defined as μeff = g(J(Jþ1))1/2,

where J is the Russell-Saunders full angular momentum.
Np3þ, with J= 4 ground level, has a free-ion moment of
2.68 μB, whereas Np4þ, with J=9/2 ground level, has a
free-ion moment of 3.62 μB. The effective moments mea-
sured experimentally are slightly smaller than, or of the
same magnitude as the full free-ion moment predicted
from Hund’s rules for a 2:1 ratio of Np3þ/Np4þ. This
result confirms the presence of at least some Np4þ,
because the free-ion moment from Np3þ would not be
sufficient to explain the observed effective moments.39

The observation of a full moment in the paramagnetic
regime is somewhat surprising for a lower-valent, light
actinide 5f ion, given the expected large crystal-field
contribution to the term splittings relative to the spin-
orbit interaction. Consistent with the form of the Curie-
Weiss law expressed in eq 1, the negative Weiss tempera-
tures are consistent with the antiferromagnetic interac-
tions suggested by the cusps in the susceptibilities. The
general magnitudes of the TIP contributions to the
susceptibilities are also within the range expected for
nonmetallic systems. The smaller value of the contribu-
tion measured for Np3S5 compared to Np3Se5 results in
the offset of the two susceptibility curves (Figure 3). An
understanding of the large difference in the χ0 terms

determined for the two samples may lie in published resis-
tivitymeasurements that showNp3S5 to be a semiconduc-
tor whereas Np3Se5 has an order of magnitude lower
resistivity at 298 K and appears to be more semimetallic
than semiconducting.18 This suggests that the larger
temperature-independent paramagnetic term for Np3Se5
results from Pauli paramagnetism, which arises from a
high density of states with a tendency for 5f band forma-
tion. Because the coordination environments for the two
isostructural Np compounds are very similar, the differ-
ence in χ0 is not the result of differences in crystal-field
state energies. The larger (softer) selenide ion would be
expected to have a larger overlap integral with theNp ions
thanwould the sulfide ion. The implication of this result is
the formation of enhanced Np-ligand bonding interac-
tions in the selenide compound.

Conclusions

The compoundsNp3S5 andNp3Se5 are unique examples of
mixed-valent binary neptunium chalcogenides containing
both Np3þ andNp4þ cations. We have successfully prepared
large single crystals of Np3S5 and Np3Se5 utilizing a CsCl
flux. The structures of these isostructural compounds were
redetermined by single-crystal X-ray diffraction methods.
The results confirm those from earlier studies on powders but
provide more accurate Np-S and Np-Se distances. Mag-
netic susceptibility measurements for Np3S5 and Np3Se5,
conducted on crushed single crystals, indicate that both
compounds exhibit evidence for long-range antiferromag-
netic orderings at low temperatures. Above the transition
temperatures, Np3S5 and Np3Se5 behave as typical para-
magnets. Their magnetic susceptibilities have been fit to a
modified Curie-Weiss law with a larger temperature-inde-
pendent paramagnetic contribution for the selenide over the
sulfide.These results,which indicate that theNp-Sebonding
interactions are stronger than are the Np-S interactions, are
consistent with previous 237Np M€ossbauer studies and resis-
tivitymeasurements onNp3S5 andNp3Se5. Furthermore, the
magnetic results for Np3S5 and Np3Se5 clarify their magnetic
properties and provide some understanding of the interac-
tions between magnetic cations in these compounds.
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Table 3. Magnetic Behaviors of Np3S5 and Np3Se5
a

Np3S5 Np3Se5

TN (K) 35(1) 36(1)
μeff (μB) 2.7(2) 2.9(2)
free ion (calc.) μeff (μB) 3.03 3.03
θ (K) -30(5) -15(5)
χ0 (10

-4 emu/mol) 3(3) 10(2)

aThe data presented in Figure 3 were fit to a modified Curie-Weiss
law over the temperature range 70 to 300 K.
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