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ABSTRACT: Single crystals of Np,Se; have been prepared
through the reactions of Np and Se at 1223 K in an Sb,Se; flux.
The structure of Np,Se;, which has been characterized by
single-crystal X-ray diffraction methods, crystallizes in the
tetragonal space group P4,/nmc. The crystallographic unit cell
includes one unique Np and two Se positions. Se(1) atoms
form one-dimensional infinite chains along the a and b axes
with alternating intermediate Se—Se distances of 2.6489 (8)
and 2.7999 (8) A, whereas Se(2) is a discrete Se?” anion. Each
Np is coordinated to 10 Se atoms and every NpSe,
polyhedron shares faces, edges, or vertices with 14 other
identical metal polyhedra to form a complex three-dimensional
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structure. Np Ly-edge X-ray Absorption Near Edge Structure (XANES) measurements show a clear shift in edge position to
higher energies for Np,Se compared to Np;Ses (Np**,Np**Se®~;). Magnetic susceptibility measurements indicate that Np,Ses
undergoes a ferromagnetic-type ordering below 18(1) K. Above the transition temperature, Np,Ses behaves as a paramagnet with
an effective moment of 1.98(5) p5/Np, given by a best fit of susceptibilities to a modified Curie—Weiss law over the temperature

range 50—320 K.

B INTRODUCTION

When compared to the oxides, halides, and pnictides, binary
actinide chalcogenides An,Q, (An = actinide; Q = S, Se, Te)
have a broader chemical composition and structural variety,
exhibiting An:Q ratios between 1:1 and 1:5." Underpinning this
variety are the redox and bonding capabilities of the chalcogens,
which enable the formation of a variety of Q—Q inter-
actions.””” Depending on specifics of the metal (M) sublattice,
these interactions permit the formation of a host of discrete
chalcogenide monomers, finite oligomers, one-dimensional
chains, ribbons, two-dimensional layers, or three-dimensional
networks. This is particularly true for the selenides and
tellurides.” The formation of oligomeric moieties is accom-
panied by the reduction of neutral Q to Q*~ (0 < x < 2) anions.
Depending on the redox potential of the cation, there is an
added potential for variability through in situ redox reactions
with charge transfer between the M and Q substructures.
Actinide compounds display extremely rich chemistry owing
to their partially filled Sf orbitals with varying degrees of
localization that increase across the series.' A long discussed
issue in the field of actinide materials is the bonding or
itinerancy of 5f electrons and the resulting f counts or valences
of the metal ions. Clues to the electron distribution within
chalcogenide compounds can be found in their structural
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details, specifically in the An—Q and Q—Q distances obtained
from single-crystal studies, because these distances are known
to scale with An and Q valences.”® Neptunium (Np) is
particularly important in this regard, as it sits on the border
between tetravalent thorium (Th), uranium (U), and more
lanthanide-like plutonium (Pu), exhibiting an intermediate
behavior in the An,Q, system.” More than half of reported
Np.Q, compounds, including Np;Qs (Q=S5, Se),"° ,B—NpSZ,ll
Np,Qs (Q = S, Se),'" NpQ; (Q = S, Se),"*™'¢ are
isostructural with Th or U analogues, within which Np is
predominantly +4; Np,Q; (Q = S, Se, Te),'"'*!>!7 NpTe,,"”
and NpTe;'” are isostructural with Pu analogues, within which
Np is +3; NpQ (Q = S, Se, Te) are isostructural with both U
and Pu phases adopting the NaCl-type structure at ambient
conditions."® However many of the Np,Q, compounds were
studied a few decades ago using powder samples. As a result,
ambiguities remain about selected crystal structures and
physical properties, and even the existence of some of the
reported phases, owing largely to impurities in the powder

samples and the lack of single-crystal data.™'®
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As part of broader research efforts to understand electron
distributions in redox-active 5f systems we are interested in
clarifying the structures and electron distributions in some
Np,Q, phases. Toward this end we have successfully prepared
large single crystals of mixed-valent Np;Qs (Q = S, Se;
Np**,Np*'Q*”) compounds and characterized their structures
and magnetism.  In the current study, we focus on the series of
An,Qs (An = Th, U, Np; Q = S, Se, Te).lz_M’lg_23 Previous
single-crystal studies have shown that the pseudotetragonal
structure of Th,Ss contains $*~ and S,*” anions and Th*
cations,” whereas the structure of U,Tes consists of infinite
—Te—Te—Te" — chains (0 < x < 2), rendering the valence
state of U ambiguous.m’25 Th,Se;, U,Ss, Np,S;s, and Np,Se;
were considered to be isostructural with Th,S; including the
Q*, Q,*7, and An* ions; however, their X-ray powder
diffraction patterns did not display the split reflections observed
for Th,Ss. The splittings seen in the Th analogue suggest a
symmetry lower than tetragonal.'*** Single-crystal X-ray
diffraction data of Th,Ses have been recently reported, where
a modulated structure was determined, crystallizing in a
monoclinic superspace group.”> Furthermore, the *’Np
Maossbauer spectrum on a powder sample of Np,Ses showed
an isomer shift intermediate to those for the Np** and Np**
chalcogenides.13 To our knowledge, “U,Ses”, “Th,Tes”, and
“Np,Tes” have not yet been reported.”® Considering this
information, together with the different chemistry and ionic
radii observed among An,Q, (An =Th, U, Np; Q =S, Se, Te)
systems, the chemical bonding and structures within U,S;,
Np,Ss, and especially Np,Ses could be different from those of
Th,S;, Th,Ses, and U, Tes.

Herein we report a high-yield synthesis of Np,Se;, its single-
crystal structure, X-ray absorption spectra, and magnetic
properties. The focus of the structural work lies on the Se
sublattice and whether it shows the same Q—Q interactions as
those seen for Th,S; and Th,Se;, which would indirectly
confirm the Np valence state. Our studies show that the
structure of Np,Se; is related to, but deviates from those of
Th,S; and Th,Se;. The implications of this difference are
examined in terms of different Q—Q and An—Q interactions,
and ionic radii. XANES and magnetic susceptibility data are
included to complement the structural findings. Taken
together, our results provide evidence that the valence state
of Np in Np,Se; is greater than +3 and probably less than +4.

B EXPERIMENTAL METHODS
Syntheses. Se (Cerac, 99.999%) and Sb (Aldrich, 99.5%) were

used as received. Brittle »’Np chunks were crushed and used as
provided (ORNL). Sb,Se; was prepared from the direct reaction of the
elements in a sealed fused-silica tube at 1123 K.

Caution! *’Np is an a- and y-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.”” Np
(0.020 g, 0.084 mmol), Se (0.020 g, 0.253 mmol), and Sb,Se; (0.100 g,
0.208 mmol) 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 24 h, then to 1223 K in 24 h,
kept at 1223 K for 48 h, cooled to 1173 K in 24 h, then cooled to 673
K in 150 h, and finally cooled to 298 K in 24 h. The reaction products
included black crystals of Np,Ses and unreacted black lustrous
Sb,Se;*® crystals in the form of large clusters. The separation of the
flux from the products was achieved by slightly tilting the furnace,
which caused the flux to flow to the bottom of the ampules leaving the
products behind, making manual separation with the aid of a
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stereomicroscope feasible. Only diffraction peaks from Np,Ses were
found in the X-ray powder diffraction pattern of the remaining solid.

Structure Determination. Single-crystal X-ray diffraction data for
Np,Ses at 100 K were collected with the use of graphite-
monochromatized MoKa radiation (4 = 0.71073 A) on a Bruker
APEX2 diffractometer.”® The crystal-to-detector distance was 5.106
cm, and data were collected by a scan of 0.3° in @ in groups of 606
frames at @ settings of 0°, 90°, 180°, and 270°. The exposure time was
30 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.* Precession pictures, generated with APEX2 software,
showed only the expected symmetry and systematic absences. There
was no evidence of modulation or of splitting of the high-order
reflections.

Absorption corrections, as well as incident beam and decay
corrections, were performed with the use of the program SADABS.*
The structure was solved with the direct-methods program SHELXS
and refined with the least-squares program SHELXL.*' The final
refinement included anisotropic displacement parameters. The
program STRUCTURE TIDY>” was used to standardize the positional
parameters. Additional experimental details are given in Table 1 and
the Supporting Information.

Table 1. Crystal Data and Structure Refinement for Np,Se;

Fw 868.80
crystal system tetragonal
V4 2

a (A) 5.4488(3)
c (A) 10.6428(7)
V (A% 315.98(3)
T (K) 100(2)
p. (g/em®) 9.131

u (em™) 613.65
R(F)* 0.0188
R,(F2)? 0.0427

“R(F) = YNE,| — IFll/YIF,| for F2 > 26(F2). "R (F2) = {3 [w(F -
133)2]/214}1304}”2 for all data; w™" = 6*(F2) + (qF2)* for F2> 0; w™' =
*(F2) for F% < 0; q = 0.0216.

X-ray Powder Diffraction. X-ray powder diffraction patterns were
collected with a Scintag X1 diffractometer using Cu Ko radiation (1 =
1.5418 A). The powder sample was loaded into an encapsulated
container with Kapton windows, curved to minimize the X-ray
absorption by the Kapton.

X-ray Absorption Near Edge Structure (XANES) Experiments
of Np;Se; and Np,Ses. Approximately 2 mg each of Np;Ses and
Np,Ses were used to prepare samples for XANES measurements.
Neptunium samples were finely ground in a mortar and pestle with an
appropriate amount of inert diluent. Sample mixtures were loaded in
0.8 mm thick polypropylene holders, and these were further contained
by two layers of Kapton tape before being placed into a purpose-built
actinide-sample container for measurements on the synchrotron
beamline. Np Ly-edge X-ray absorption spectra (XAS) were collected
at 298 K at the APS on bending magnet beamline 12-BM-B, which is
equipped with a Si (111) double-crystal monochromator, a flat energy
discriminating 22 keV cutoff mirror, and a toroidal (beam focusing)
Rh-coated Pt mirror. Data were collected in transmission mode. Ion
chambers were filled with Ar gas. The monochromator energy was
calibrated by measuring a Zr metal foil between sample scans and
setting the first inflection point of the derivative spectrum to 17998.0
eV.*® The data were reduced and normalized following standard
procedures.>*

Measured X-ray absorption spectra were pre-edge subtracted and
normalized to unit edge-step using SIXPack,® a graphical user
interface front-end to the IFEFFIT XAS analysis package.*® The
second derivative of the Np absorption edge spectra were numerically
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calculated and smoothed using a binomial smoothing filter to remove
high frequency noise.>’”

Magnetic Susceptibility Measurements. Magnetic susceptibil-
ity data were collected on 6.2 mg of powdered single crystals of
Np,Se; with the use of a Quantum Design MPMS 7 SQUID
magnetometer. The empty sample holder was measured separately,
and the signal was subtracted directly from the magnetic response.
Variable field measurements were performed at 2, 10, 15, 20, 50, and
300 K to a maximum of S T. Variable temperature experiments were
carried out between S and 320 K, under applied fields of 0.01, 0.0S,
0.2, and 0.5 T; these provided the same results within experimental
error.

B RESULTS

Syntheses. Preparations of powder samples of An,Se; (An
= Th, Np) have been previously reported, including direct
reactions between An/AnH, and Se, or thermal decomposition
of AnSe,.'>'*** Single crystals of Np,Ses were first obtained
from the reaction of Np, P,Ses, and Se in a molar ratio of 2:3:20
at 1173 K.*® Rational synthesis of Np,Ses from the elements
was achieved using an Sb,Se; flux (mp 884 K). Excess Se was
added to ensure a complete reaction of Np. Th,Ses has been
synthesized in a similar manner and has been found as a
byproduct in many thorium selenide reactions.””*” In contrast,
numerous attempts to prepare “U,Ses” have failed.> These
observations indicate different stabilities of An,Se; (An = Th,
U, Np), assuming the compound “U,Se;” even exists.

Sb,Se; flux has been successfully employed to synthesize a
number of lanthanide selenlde single crzrstals, including
LnsLuSes (Ln = La, Ce),”® GdysScoosSes " and EuLn,Se,
(Ln = Tb—Lu).*" Recently it was used to prepare a lanthamde/
actinide selenide (U,La,Se,) in a near quantitative yleld
the current study, the Np,Ses was prepared in the same ﬂux
Clearly Sb,Se; flux shows great potential for syntheses of
lanthanide and actinide selenides.

Structure. The structure of szSe5 was examined earlier by
X-ray powder diffraction methods."® The diffraction lines were
indexed in an orthorhombic, pseudotetragonal unit cell (a =
7.725(3) A, b = 7.725(3) A, and ¢ = 10.622(5) A) because
Np,Ses was considered to be isostructural with Th,S;, even
though there was no evidence for a splitting of reflections
similar to that found in Th,S;.'*** In the current single-crystal
X-ray diffraction data of Np25e5 there was no evidence of either
modulation (as in ThZSes) or of splitting of the high order
reflections (as in Th,S;).>' The tetragonal space group P4,/nmc
was determined unambiguously, and the structure was solved in
a straightforward manner.

As shown in Figure 1, the tetragonal structure of Np,Ses
contains one crystallographically unique Np and two Se
positions with the site symmetries of 2mm. (Np),
(Se(1)), and 4m2 (Se(2)). Se(1) atoms form one-dimensional
infinite chains along 4 and b axes with alternating intermediate
Se—Se distances (Figure 1b). Se(2) is an isolated Se*” anion
with closest Se—Se distances of 3.4391(3) A, too long to have
any significant interactions. The Np atom is coordinated to
eight Se(1) and two Se(2) atoms (Figure 2). Each NpSe,
polyhedron shares two Se(1) and one Se(2) vertices with each
of four closest identical neighbors with Np—Np distances of
4.4111(3) A. Furthermore, it shares one Se(1) edge with each
of another eight units and a Se(2) corner with each of two
other units with Np—Np distances ranging from 4.9917(4) to
5.4488(3) A.

Selected interatomic distances for Np,Se; are listed in Table
2. The Np—Se distances range from 2.9284(2) to 3.0686(3) A.
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Figure 1. (a) Tetragonal unit cell of Np,Ses in space group of P4,/
nmec. There are one-dimensional linear selenide chains along the a and
b axes. Se—Se bonds within the chains are highlighted in green and
one of the chains is circled in red; (b) A fragment of an infinite Se(1)
chain with alternating long and short Se—Se distances.

Se(1)

Figure 2. Local coordination environment of Np in Np,Ses.

Table 2. Selected Interatomic Distances (A) for Np,Se;

Np(1)—Se(1) x 2 2.9861(4)
Np(1)—Se(1) x 2 3.0270(4)
Np(1)—Se(1) x 4 3.0686(3)
Np(1)—Se(2) x 2 2.9284(2)
Se(1)—Se(1) 2.6489(8)
Se(1)—Se(1) 2.7999(8)
Np(1)-Np(1)* 44111(3)

“Between two face-shared NpSe,, polyhedra.

Other Np—Se distances reported from single-crystal studies for
both Np** and Np** cations in various coordination environ-
ments are tabulated in Table 3. In the compounds NpCuSe,,**
Np;Ses,'* and NpOSe,** each Np catlon is only coordinated by
isolated Se?~ anions, whereas in NpSe;,'® Np,Ses, and ANp,Se
(A =K, Cs)* some of the Se atoms connecting to the Np atom
engage in additional bonding with each other to form (Se—Se)
dimers. The formal coordlnatlon numbers of Np atoms in
NpSe;,'® Np,Ses, and ANp,Se,** are 8, 10, and 8, respectively;
however if the (Se—Se) dimer is considered as one large ligand
and is replaced with a point at its center, then Np atoms in
these compounds are all six-coordinate. This depiction of the
bonding would render questionable comparisons of Np—Se
distances among Np,Se; and other compounds in Table 3.
Se(1)—Se(1) distances within the infinite chains are 2.6489(8)
and 2.7999(8) A, which are longer than the typlcal values of
approximately 2.36 A for a single Se—Se bond,** but are
significantly shorter than their van der Waals contact (3.88
A).¥ These distances are slightly shorter than the correspond-
ing values found for similar selenide chains in AAn,Ses (A =K,
Rb, Cs; An = Th, U, Np), for example, 2.698(3) and 2.924(3)
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Table 3. Comparison of Interatomic Distances (A) Among Known Neptunium Selenides

Np—Sez_
2.9330(6)—3.1419(6)
2.9922(5)—3.1522(5)
2.7738(5)—2.9770(7)
3.0055(5)—3.077(1)
2.866(2)—2.927(3)

2.8673(9), 2.9443(6)

compound oxidation state coordination number

NpCuSe, +3 7

NpsSes +3 8

Np;Ses +4 7

NpOSe +4 9 (407 + 58e*)

NpSe, +4 8 (4Se”™ + 2(Se—Se))

Np,Ses ? 10 (2Se*™ + 4(Se—Se)) 2.9284(2)
KNp,Seg ? 8 (4Se”™ + 2(Se—Se))

CsNp,Seq ? 8 (4Se”™ + 2(Se—Se))

2.869(2), 2.9367(9)

Np—(Se—Se)

2.859(2), 2.876(2)
2.9861(4)—3.0686(3)
2.9048(7)

2.898(1)

Se—Se around Np

2.340(3)
2.6489(8), 2.7999(8)
2.681(2)
2.647(3)

reference

43
10
10
44
16
this work
45
45

a)

b)

S(2) 5(2) S(1) S(1) S(2) S5(2)
— [ [* —e

Z.II'T{_?.}A 2.988(7) A 2.858(5) A

b = ; ~
_\_‘“ 1 A
&£ ) S(2)
—q S(1)
2 h ]
i S(3)
T =
| L
) y

Figure 3. Orthorhombic unit cell of Th,S; that is twice as large as that of Np,Ses.>' The compound crystallizes in space group Pcnb. S—S bonds are
highlighted in green. One of the S—S chains, which corresponds to the Se(1) chains in Np,Ses, is circled in red. (b) A fragment of a distorted sulfide

chain with discrete S(1)*~ anions and S(2),>~ dimers.

A in CsTh,Seq, 2.698(3) and 2.854(3) A in RbU,Seq, and
2.681(2) and 2.844(2) A in KNp,Se,*

Comparisons of Np,Ses;, Th,S;, and Th,Ses. The
relationship among the tetragonal, orthorhombic, and mono-
clinic structures of Np,Ses, Th,S;, and Th,Se;, respectively, has
been briefly discussed.”>** Although these three structures are
highly related, they have distinct chalcogen—chalcogen (Q—Q)
connectivities. The corresponding Se(1) site that forms linear
chains in the Np,Ses structure splits into two crystallo-
graphically unique S(1) and S(2) positions in the Th,Ss
structure, which results in a lowering of the overall symmetry
(Figures 1 and 3). S(1) atoms exist as discrete S*~ anions with
S—S distances of 2.858(S) and 2.988(7) A with neighboring S
atoms that are too long to have any significant interactions.
S(2) atoms form S,*” dimers with a reasonable S—S single
bond distance of 2.117(7) A (Figure 3).>' The related Th,Ses
structure is modulated and contains Se oligomers with a wide
distribution of Se—Se distances ranging from 2.447 (5) to
2.967(7) A. Therefore Q—Q_connectivities in An,Q; become
increasingly more modular in the order of Np,Ses, Th,Se;, and
Th,Ss. A similar behavior of the chalcogenide sublattice has
been observed in the series of AAn,Q (A = K, Rb, Cs, Tl; An =
La, Th, U, Np; Q = S, Se) depending on the choice of A, An,
and Q.***®* For example, KU,Se4 contains linear Se chains
with two alternating Se—Se distances,™ CsNp,Se, includes a
series of Se oligomers,* and Ky 4, U, 7S¢, which charge balances
with U*, displays S~ and S,” species.” It should be
emphasized that there is no evidence of nonstoichiometry or
modulation in the present study of Np,Se;.

XANES of Nps;Se; and Np,Ses. Figure 4 shows the
comparison between a normalized Np Ly-edge XANES
spectrum, the second derivative of the XANES spectrum for
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Figure 4. Np Ly-edge XANES (normalized absorbance, top; second

derivative, bottom) of Np;Se; and Np,Ses, showing the shift of the
Np,Se; inflection point to higher energy.

Np,Ses, and the reference standard Np,Ses.'® The absorption
edge energies, assigned to the first inflection point of the
XANES spectra, are presented in Table 4, where they are
compared to edge energies from the literature.’*™>”

Previous structural and *’Np Mossbauer spectroscopic
studies have inferred that the Np in Np;Ses is mixed-valent
with cr]ystallographically unique Np** and Np** sites in a ratio
of 2:1."%"" The usual shift in energy between An** and An**
XANES edges are commonly observed to be approximately 4
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Table 4. XANES Edge Positions (Np L;;-edge) for
Neptunium Selenides™”

edge energy energy relative to Np
compound (ev) metal reference
Np,Ses 17608.52 048 this work
(Np. "Np*Sey)
Np,Ses 17609.26 1.22 this work
Np metal 17608.04(5) 0 50,51
Np** in 1 M HCIO, 17613.8(20) 5.76 52

“The edge position is defined as the inflection point of the absorption
edge or the point where the second derivative of the absorption edge
passes through zero. The error in determining the edge energy in this
work is 0.14 €V at the 16 level. “Neptunium edge energies from the
literature are included for comparison.

eV for actinide oxides in solution and the solid state.>>**

However, the neptunium selenide compounds show a
significant shift toward the edge energy of metallic Np when
compared to Np** dissolved in 1 M perchloric acid. Such effects
on the edge energy of plutonium selenides have previously
been observed,>® underscoring the need for appropriate
reference compounds for XANES determinations of valences.
Significant covalent bonding between the Se and the Np may
possibly play a role in shifting the absorption edge for this class
of compounds to lower energies, which are more characteristic
of semiconducting or partially metallic materials.’> XANES
measurements on the two neptunium selenide samples show a
0.7(2) eV shift in edge position to higher energies for the
Np,Ses compound compared to the Np;Ses compound. This
shift in edge position indicates an increase in the valence of the
Np center in Np,Ses as compared to Np;Ses. Furthermore, the
shape of the white-line suggests a rather large bandwidth for the
unoccupied 6d density of states, another signature of
semiconducting or partially metallic materials.’**” We assume
an approximate 4.0 eV shift in edge energies between Np*" and
Np*', consistent with previous measurements>> and similar to
those previously seen in U and Pu.>**® The shift in XANES
edge position of Np,Se; when compared to that of Np;Ses
corresponds to an increase in the Np valence of 0.19(5) units.
If we set the average valence in Np;Ses at 3.33 then we measure
the valence of Np in Np,Se; to be 3.52(S). Despite the
assumptions made to obtain this value and the lack of an
appropriate Np** selenide standard, it is clear from the XANES
measurements that the Np valence in Np,Se; is greater than +3.

Magnetism. The magnetic susceptibility, obtained as a
function of temperature under an applied field of 0.01 T, is
shown in Figure 5. Highlighted in the inset is the sharp rise in
the susceptibility upon cooling that occurs at 18(1) K, a feature
indicative of a ferromagnetic-type ordering of the Np moments.
The presence of soft ferromagnetism at low temperature, with
only a small hysteresis, is supported by the field dependence of
the magnetization at low temperature, as revealed in Figure 6.
The saturation moment, determined at 0.1 T is 0.87(3) ug, a
value that continues to rise linearly with increasing field out to
the highest field measured, 5.0 T, where it has reached 1.0(2)
pg. The origin of this slightly increasing moment after
saturation has not been studied but would be consistent with
a slight canting of the ferromagnetic-moment direction with
respect to the principal crystal-field axes.

Above the ordering temperature, the magnetic response is
consistent with a simple paramagnet. The data can be described
with a modified Curie—Weiss law, appropriate for non-
interacting moments, according to
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Figure 6. Field dependence of the Np,Ses magnetization at 2 K is
consistent with that seen for a soft ferromagnet, as discussed in the
text.
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in which 6, the Weiss constant, considered an indication of the
interaction energy between local spins, is expressed as a
temperature. This attribution to the origins of @ can be vitiated
by changing populations of crystal-field states with different
moments. yrpp represents the temperature-independent para-
magnetism (TIP) that arises from either itinerant electrons
(Pauli paramagnetism) or second-order coupling of crystal-field
states (vanVleck paramagnetism). C is the Curie constant and is
related to the effective magnetic moment by:

){exp + ){TIP

1/2
3kC

N,uB2

M

with k as the Boltzmann constant, N as Avogadro’s number,
and py the units of Bohr magnetons, equal to 0.927 X 1072
erg/Gauss. A plot of the data as 1/y versus T is not rectilinear,
indicating a significant contribution from the TIP term. A plot
of the data as yT versus T is also not rectilinear, indicating that
within this simple model a Weiss constant is also necessary to
reproduce the temperature dependence of the susceptibility.
The best fit to the susceptibility over the temperature range
50—320 K is compared with the data in Figure 7. The Weiss
constant determined from the fitting is 21.3(2) K, a value
consistent with the onset of ferromagnetic ordering at 18 K
suggested by the sharp increase in the susceptibility as the
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Figure 7. Susceptibility of a 6.2 mg sample of Np,Ses obtained under
an applied field of 0.05 T. The result of the best fit to a modified

Curie—Weiss law, shown as the solid line, is C = 0.493(5) emu K/mol,
0 = 21.3(2) K, and yrpp = 0.0014(1) emu/mol.

temperature is lowered in that region. The effective moment
determined by this fitting method is 1.98(S) ug, significantly
reduced from the free-ion moment expected for either Np**
(2.68 pg) or Np** (3.62 ug). The yrpp fit obtained from the data
is 0.0014(1) emu/mol.

These results are consistent with and add to previous studies
on the magnetic susceptibility of Np,Ses,"* notably confirming
the low measured effective moment. The moment could be
reduced by the electrostatic field imposed by the surrounding
ligands (crystal-field effects)* or it could be the result of Np—
Se interactions that result in intermediate-valence behavior, the
latter possibility supported by the larger TIP contribution.**~%*

B DISCUSSION

Valence States. The formula of Th,S; can be written as
(Th*),(8*7),(S,)*” because Th is stable only in its tetravalent
state and the S—S distances are either within the range for a
single bond (S,*”) or too long to be considered to have any
interactions (SZ_). In contrast, the assignment of valence states
in Np,Ses is more challenging from several perspectives. First
among them, Np has two stable valence states in chalcogenide
systems, +3 and +4. Second, the Se—Se distances within the
linear Se chains are 0.3—0.4 A longer than a typical single Se—
Se bond distance, but there is no routine method to quantify
the valence of Se.” Third, there are only a limited number of
Np—Se distances known from single-crystal studies, and the Np
valences are unclear in some of those phases (Table 3). Thus, it
is not possible to perform empirical bond-valence calculations
to estimate valence states.’>**

The *’Np Mdssbauer spectrum obtained from a powder
sample of Np,Se; showed quadrupole splitting with an isomer
shift of 12.7(2) mm s™" relative to NpAl, at 77 K, which is close
to the middle values between those for the Np**-containing and
Np3+-containing chalcogenides. For example, an isomer shift of
—3.2(6) mm s~ and 31.1(3) mm s~' were observed for the
Np** and Np** sites in Np,Ses, respectively.'"* This suggests
that the unique Np in Np,Se; may have an intermediate valence
between +3 and +4, although where the “+3” isomer shift ends
and the “+4” isomer shift begins is not known. Following
common usage, intermediate valence is defined as a noninteger
valence for a crytallographically unique site.®®

XANES results from the current study suggest a higher
valence than +3 for Np. Considering the charge-balance, the
formula can be written as (Np(3+")+)2(8e2_)(Se4)(4+2x)_ (0 <«
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< 1). To obtain a reasonable estimate of x, a close comparison
can be made between CsTh,Ses” and Np,Ses. Similar to
Np,Ses, the structure of CsTh,Ses”” contains two crystallo-
graphically unique Se sites. Se(1) is a discrete Se*” anion and
Se(2) forms infinite linear chains with alternating Se—Se
distances of 2.698(3) and 2.924(3) A. Charge-balance
considerations, based on the formula of CsTh,Ses with an
atomic ratio Se(1):Se(2) of 1:2, lead to an average oxidation
state of —1.25 per Se(2) within the selenide chain. As we
described earlier, the Se—Se distances within the selenide chain
in Np,Ses are slightly shorter than those in CsTh,Se4, which
suggests stronger Se—Se interactions. Distance-valence corre-
lations are interpreted as fewer electrons donated by cations to
the p o* orbitals of Se—Se interactions, giving rise to a higher
oxidation state of Se (>—1.25) for Np,Ses. If we use such a
correlation here, then the valence state of Np would be
between +3 and +3.5 (0 < x < 0.5). Alternatively, if we assume
the difference in Se—Se distances between Np,Ses; and
CsTh,Ses are within the acceptable range for Se™'** anions
(x = 0.5), then the valence state of Np would be close to +3.5,
which is consistent with Mdssbauer and XANES results. In
different chemical environments, Se—Se distances for the same
valence state could vary over an even wider range. Although the
bulk of the data point to an intermediate valent Np, the
possibility of Np being in its more common +4 valence state in
Np,Ses cannot be completely ruled out.

M,Qs. Driven by the requirement for charge neutrality, the
lanthanide and actinide members of the M,Qs series (Ln,Te
(Ln = La—Nd, Sm, Gd—Ho, Dy),°*®" U,Te;**** Np,Ses,
Th,Ses,”® Th,Ss,>! and Np20568) provide an excellent example
of gradually changing electronic structures from metal to
insulator as a function of Q—Q_and M—Q _interactions. The
structure of Ln,Tes (Ln*,(Te*”),(Te;)*”) contains metallic
[Te;]*” two-dimensional sheets where each Te atom connects
to four other Te atoms,”” whereas the telluride layers in U, Tes
are semiconducting, where each Te atom only bonds to two
other Te atoms to form one-dimensional chains.”**** These
telluride chains in U,Te; are similar to the selenide chains in
Np,Ses but with stronger Q—Q interactions. As described
above, the Q—Q_chains in Th,Se; distort into Se oligomers and
further in Th,Sy into discrete S,~ and S*~ species. The
insulator Np,Os contains neptunyl (NpO,*) and O> ions
without any O-O interactions.”*® The Q—Q_interactions
decrease in the order: Ln,Tes > U,Tes > Np,Ses > Th,Ses >
Th,S; > Np,Os, consistent with the general trend observed for
tellurides, selenides, sulfides, and oxides. This difference in the
tendencies among chalcogens to engage in chalcogen—
chalcogen interactions has been mainly attributed to the
different degree of s-p mixing.> Strong s-p mixing for lighter
main-group elements favors a Peierls distortion to form
insulating discrete oligomers and monomers, as in Th,Se;,
Th,Ss, and Np,Os. In contrast, heavier main-group elements
have weaker s-p mixing owing to the contraction of less-
screened s orbitals, which allows the existence of less distorted,
more metallic entities such as linear chains and planar sheets, as
in Ln,Tes, U,Tes, and Np,Ses. The linear chain in Np,Ses can
be considered to result from a minor Peierls distortion of an
equally spaced chalcogenide chain, compared to the more
complete distortion seen in Th,S; and Th,Se;. Alternatively
this effect can be understood from the difference in
chalcogenide basicity and polarizability; the heavier main-
group elements, such as Te, are more basic and softer than the
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light element O. Therefore, the electrons on the Te atoms are
easier to delocalize into neighboring Te atoms.

Both the susceptibility to the Peierls distortion and the extent
of Q—Q bonding depend on the electron count in the anion
entities, which is determined by the redox chemistry between
the metal and chalcogen (M—Q interactions).” The electronic
structures of AAn,Q, compounds have been explained by the
insertion of electrons from metals to the Q p o* orbitals into
the lowest unoccupied molecular orbital (LUMO).** A
similar qualitative argument may provide insight into the
different Q—Q_interactions observed for M,Q; as well. The
relative M*" standard reduction potentials (E°) in aqueous
solutions under acidic conditions decrease in the order of Nd
(+4.9 V) > Np (+0.22(1) V) > U (-0.553(4) V) > Th (—3.8
V) as a result of a delocalization of f electrons.®””® Whereas
these potentials are not expected to be reproduced in the solid-
state chalcogenides discussed here, their trend suggests that
among the M** cations, Ln’" is the least susceptible toward the
loss of electrons whereas Th®" is the most susceptible when
surrounded by the same chalcogen in a similar coordination
environment; the oxidizing abilities of chalcogen increase in the
order of Te < Se < S < O. Therefore, the number of electrons
provided by the metal to the Q p o* orbitals of the
chalcogenide network should increase across the series from
Ln,Te;, U,Tes, Np,Ses, Th,Ses, Th,S;, to Np,Os. As a result,
the chalcogenides sublattices are gradually broken down from a
two-dimensional Te network in Ln,Tes, to one-dimensional
chains in U,Te; and Np,Ses, to Se oligomers in Th,Ses, to S,
dimers and S*” anions in Th,Ss, to discrete O*~ anions in
Np,Os.

Besides the Q—Q and M-—Q_ interactions, it has been
suggested that the size ratio of metal to chalcogen could
influence overall electronic structures of these compounds.®”
The crystal radii for six-coordinate ions are Np*>'= 1.15 A, Np**
=101 A, Th* =1.08 A, Se” = 1.84 A, and $*" = 1.70 A.”" Low
metal:chalcogen radii ratios favor more Q—Q interactions, as
larger cations tend to break the contacts between chalcogen
atoms. Considering the rigid three-dimensional structures of
connected metal polyhedra, steric effects could be significant in
Np,Ses, Th,Ses, and Th,S;. In fact, we are unable to distinguish
definitively the potentially complementary roles played by steric
versus electronic effects when comparing the nonmodulated
structures of Np,Ses and Th,S; to the modulated structure of
Th,Ses.

B CONCLUSIONS

The crystal structure and electronic properties of Np,Se; have
been reinvestigated using single-crystal X-ray diffraction
methods, XANES, and magnetic susceptibility measurements.
Our studies have shown Np,Ses to have a highly related but
different structure from those of Th,S; and Th,Se;. The results
are discussed in terms of a Np valence state between +3 and +4.
The major evidence in support of this interpretation lies in the
chalcogenide sublattice, where the corresponding linear Se
chains in Np,Ses distort into Se oligomers in Th,Se; and
further into discrete S,*~ and S* anions in Th,S;. These
structural and chemical differences have been attributed to
different Q—Q_and M—Q interactions, and size ratios of metal
to chalcogen. Overall, the electronic properties of Np,Se; fit
into the general trend observed for those of the M,Qjs series.
Np,Se; provides an example of the vital role played by Np in
studies of actinide chalcogenide chemistry, the result of its
varying redox chemistry.
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