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ABSTRACT: A low-temperature fluoride route was utilized to (NHa)aNpFs

synthesize neptunium mononitride, NpN. Through the develop- @& <@ . J--" + NHa(g) > 9. ¥
ment of this process, two new neptunium nitride species, NpN, @ ' ) ,‘4'""’3 t'j .
and Np,N;, were identified. The NpN, and Np,N; have crystal @ i ‘ L 3? g. )
structures isomorphous to those of UN, and U,Nj, respectively. 1‘?: g P -NZE-—_' g"“a - Py
NpN, crystallizes in a face-centered cubic CaF,-type structure [ O a - w_ars v
with a space group of Fm3ii and a refined lattice parameter of NpNz Np2N3

5.3236(1) A. The Np,N; adopts the body-centered cubic Mn,O5-
type structure with a space group of Ia3. Its refined lattice
parameter is 10.6513(4) A. The NpN synthesis at temperatures <900 °C using the fluoride route discussed here was also
demonstrated. Previous computational studies of the neptunium nitride system have focused exclusively on the NpN phase
because no evidence was reported experimentally on the presence of NpN, systems. Here, the crystal structures of NpN, and
Np,N; are discussed for the first time, confirming the experimental results by density functional calculations (DFT). These DFT
calculations were performed within the local-density approximation (LDA+U) and the generalized-gradient approximation
(GGA+U) corrected with an effective Hubbard parameter to account for the strong on-site Coulomb repulsion between Np Sf
electrons. The effects of the spin—orbit coupling in the GGA+U calculations have also been investigated for NpN, and NpN.

1. INTRODUCTION Mixed actinide nitride and carbo-nitride matrixes” have also
Nitride fuel matrixes are often considered as alternatives to been considered as target materials for accelerator-driven
oxide fuels for applications where a higher fissile-atom density is subcritical systems (ADS), either as stand alone target materials
required, such as fast reactor systems. For these systems, nitride or in an inert ZrN matrix."® The Japan Atomic Energy Research
fuel matrixes provide a valuable midpoint between the superior Institute (JAERI) considers nitrides to be a top fuel-material
mechanical and thermodynamic fuel properties of the oxides candidate for its accelerator-driven systems for minor actinide
and the low light-atom density and high thermal conductivity of transmutation.'' Minor actinide transmutation is a key
metallic fuels.' > Nitride matrixes also offer superior mutual component of the double-strata fuel cycle proposed by
solubility between the actinides* as compared to metal alloy JAERL" and a nitride fuel form is considered acceptable for
systems,” and the thermodynamic properties of the mixed this purpose. Nitride fuels are ideal for space reactor
actinide nitrides are readily predictable based on those from applications because of their superior performance at high
their constituent binary species.®” Closed fuel cycles based on a burnup and high temperatures.'>'* In particular, nitride fuels
nitride fuel matrix are largely similar to the recycling of oxide

fuels, but with the distinct advantage of easier fuel element Received: October 17, 2011

dissolution.® Published: January 26, 2012
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retain their hardness at high temperatures much better than
their primary alternative, uranium carbide (UC)."

A fluoride-based route was utilized for the synthesis of
UN'®"7 a5 part of previous work examining the actinide nitride
system. As compared to the other synthetic routes available, the
fluoride-based synthetic route for the actinide nitrides offers a
number of potential advantages, primarily the reduction in
processing temperatures and the elimination of carbide
contamination of the product. Synthesis of the mononitride
at low temperatures is the most important advantage of this
route because it minimizes oxide content and completely
eliminates carbide contamination common in fuel made using
the carbothermic reduction process. The most commonly used
method to fabricate actinide mononitrides is the carbothermic
reduction,'® and it has been used to synthesize NpN as well."”
Using carbothermic reduction of NpO,, NpN could be
synthesized after heating to 1550 °C for 10 h. Alternatively,
NpN can be synthesized by reacting Np metal with a N,/
H,(0.5%) gas mixture at 600 °C.*° Sheft and Fried*' reported
the synthesis of NpN using NpH; with NH; vapor at 750—775
°C and reported NpN to be isostructural to UN and PuN. An
attempt to produce NpN by a reaction of NpCl, with NH;(g)
at 350—400 and 1000 °C instead formed NpCl;.

To the best of our knowledge, NpN is the only neptunium
nitride phase identified experimentally so far. This appears
particularly surprising because actinide mononitrides AnN (An
= Ac, Th, Pa, U, Np, Pu, Am) are all isostructural (NaCl-type
structure, space group Fm3i, IT no. 225), and the phase
diagram of the U—N system shows the existence of at least
three additional phases, that is, a-U,N; (body-centered cubic
Mn,O5-type structure, space group Ia3, IT no. 206) and UN,
(face-centered cubic CaF,-type structure, space group Fm3m,
IT no. 225) at temperatures below ca. 1323 °C and f-U,N,
(trigonal La,O;-type structure, space group P3il, IT no. 164)
at higher temperatures; other UN, (« 1.45—1.90)
stoichiometries were also reported.”” Previous computational
studies of the neptunium nitride system have focused
exclusively on the NpN phase™>* because no evidence was
reported experimentally on the presence of NpN, systems.

In this study, we report the existence of two new neptunium
nitride phases, NpN, and Np,Nj, identified in the process of
synthesizing neptunium mononitride using the low-temper-
ature fluoride route. Synthesis of NpN via the fluoride route
will also be briefly discussed as further experimentation is
required to optimize the experimental conditions for the
synthesis of single-phased NpN. The crystal structures of these
phases have been also confirmed by density functional
calculations performed within the local-density approximation
(LDA+U) and the generalized-gradient approximation (GGA
+U) corrected with an effective Hubbard parameter. Exper-
imental and computational methods used in this study are given
in section 2, followed by results in section 3 and a discussion of
our findings and conclusions in section 4.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Synthesis of the Ammonium Neptunium Fluorides:
NH,—Np—F. The ammonium neptunium fluoride starting materials
for the low-temperature fluoride route to synthesize neptunium
nitrides were made by mixing solid neptunium oxide (*’NpO,) with
solid ammonium bifluoride (NH,HF,) in a Teflon bottle at a 4.2:1
NH,HF,:NpO, molar ratio. All of the powder manipulations were
performed inside a glovebox. The solids inside the bottle were then
mixed with a spatula for 10 min. The product NH,—Np—F samples
were used in the next step described in section 2.2. (Caution: Np-237

3112

is a radioactive isotope and should be handled carefully with
appropriate safety measures applied.)

2.2. Ammonolysis of Ammonium Neptunium Fluoride. The
ammonium neptunium fluoride samples in platinum containers/foils
were placed in quartz heating tube. The reactants were enveloped
using Pt sheets to prevent further oxidation of any nitride products
formed during the ammonolysis. Metallic zirconium placed on Pt
containers was used as oxygen getters inside the heating tubes at both
upstream and downstream locations. These sample preparations were
carried out in a similar way as in the case of UN synthesis,” where
more than 97 wt % single-phased nitrides were synthesized.'” Because
of the radiological concerns of the neptunium-bearing samples and the
limited quantities available, a mass less than 30 mg of the NH,—Np—F
sample was used in each of these experiments. The conversion
reactions of the fluorides into nitrides were carried out under ammonia
gas (Grade 4.5) at temperatures from 250 to 1100 °C. Extensive
experimentations were performed at 800 °C because it was found to
be the optimal temperature for other ammonium uranium fluorides
conversion into the nitrides.'® Time of heating was varied from 30 to
120 min. Use of these different experimental conditions is described in
the Results as fitting. NpN, samples were made using closed Pt
containers, while Np,N; samples were made in open Pt containers.
Note that all of the experimental works were carried out at the
University of Nevada, Las Vegas, NV.

2.3. Conversion of Higher Nitrides into the Mononitride.
Further reduction of the higher nitrides synthesized in the
ammonolysis step was carried out under high-purity (99.999%)
argon and/or Ar/H,(4%) atmosphere. These conversions were tested
at three different temperatures, 800, 900, and 1100 °C, and 30—60 min
of heating time.

2.4. Characterization by X-ray Powder Diffraction (XRD).
Chemical phase identification in the synthesized samples was
performed using powder XRD patterns. The as-synthesized samples
were prepared for XRD runs by adding the powder samples onto a
zero-background silicon wafer. The sample holder was then sealed
with a Kapton tape inside a glovebox. All of the XRD patterns were
obtained using a Philips PANalytical X'Pert Pro instrument with a Cu
K, (K, and K,,) target and a Ni filter to filter out K radiation, using
40 mA current and 45 kV voltage. Structure refinements were
performed by the Rietveld method using GSAS.*® The initial estimates
of the structural parameters used as a starting point for the structural
refinements were based on structures available for the uranium nitride
system in the Inorganic Crystal Structure Database (ICSD).
Crystallographic parameters of UN, (ICSD #24222) and U,N,
(ICSD #24221) were used for NpN, and Np,Nj, respectively. Jana
2000 software®' was used to extract the structure factor amplitudes of
the analyzed crystal systems using Le Bail decomposition.* The
electron density maps of the synthesized materials were calculated
using the charge flipping technique (Superflip®®), and UCSF
Chimera®* was used to visualize them.

2.5. Density Functional Theory Calculations. First-principles
total-energy calculations were performed using the spin-polarized
density functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP).>* The exchange-correlation energy
was calculated within the local-density approximation (LDA+U) and
the generalized gradient approximation (GGA+U), with the para-
metrizations of Perdew and Wang (PWC and PW91),>**’ corrected
with an effective Hubbard parameter, U, to account for the strong
on-site Coloumb repulsion between localized Np S5f electrons.
Specifically, the formalism developed by Dudarev et al.*® was used,
which consists of adding a penalty functional to the standard LDA (or
GGA) total-energy functional, E;p,, which forces the on-site
occupancy matrix in the direction of idempotency, that is:

Erpa+u = Erpa + @ I [Tr(p) = Tr(p°p")]

where U and J are the spherically averaged matrix elements of the
screened electron—electron Coulomb and exchange interactions,
respectively, and p” is the density matrix of f electrons with a given
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projection of spin ¢. In Dudarev’s approach, only Ug = U — T is
meaningful; therefore, ] was set to 0.6 eV, a typical value for Np,39 and
only U was allowed to vary in the calculations.

The interaction between valence electrons and ionic cores was
described by the projector augmented wave (PAW) method.***" The
Np (6s,75,6p,6d,5f) and N (2s,2p) electrons were treated explicitly as
valence electrons in the Kohn—Sham (KS) equation, and the
remaining core electrons together with the nuclei were represented
by PAW pseudopotentials. The KS equation was solved using the
blocked Davidson iterative matrix diagonalization scheme followed by
the residual vector minimization method. The plane-wave cutoff
energy for the electronic wave functions was set to a value of 500 eV,
ensuring the total energy of the system to be converged to within 1
meV/atom. Electronic relaxation was performed with the conjugate
gradient method accelerated using the Methfessel—Paxton Fermi-level
smearing®” with a Gaussian width of 0.1 eV. Ionic relaxation was
carried out using the quasi-Newton method, and the Hellmann—
Feynman forces acting on atoms were calculated with a convergence
tolerance set to 0.01 eV/A. In the structural optimization and total-
energy calculations, the Brillouin zone was sampled using the
Monkhorst—-Pack special k-point scheme® with a 9 X 9 X 9 mesh
for NpN and NpN, and a 3 X 3 X 3 mesh for Np,N;. A periodic
supercell approach was used in the calculations with simulations cells
containing 8, 12, and 80 atoms for NpN (Z = 4), NpN, (Z = 4), and
Np,N; (Z = 16), respectively. Ionic and cell relaxations were
performed without symmetry constraints starting from the structures
elucidated experimentally. In all magnetic calculations, the quantiza-
tion axis for magnetization was chosen along the z-axis, coinciding in
this study with the [111] crystallographic direction experimentally
observed for the magnetization axis of NpN.**

Finally, following a computational approach similar to that
described above to obtain collinear magnetic solutions, GGA+U
calculations including the spin—orbit coupling (SOC) were also
performed to investigate possible fully noncollinear magnetic
structures of NpN and NpN,.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of NpN,. Ammo-
nolysis of the reactant ammonium neptunium fluorides, at
temperatures below 800 °C, produced ammonium neptunium
fluorides of different compositions and neptunium fluorides
(Table 1). The absence of any NpO, in these samples also

Table 1. Heating Ammonium Neptunium Fluorides under
NH;(g)

open or
tem] time closed
(°c (min) container products (wt %)
250 60 closed (NH,),NpFq NH,NpF;
(66.73) (33.27)
400 60 closed NH,Np;F 5 NpO, (6.3)
7
500 30 open NpF; (75.0) NpO,
(25.0)
800 60 closed NpF; (3.8) NpNF
(96.2)
800 90 closed NpNF (72.7)  NpN, NpO,
(15.9) (11.4)
800 90 open Np,N; (514)  NpO,
(45.5)
800 120 closed NpN, (81.1) NpO,
(18.9)
1100 75 closed NpN, (23.7) NpO,
(76.3)

confirmed the complete conversion of reactant NpO, into the
corresponding NH,—Np—F, which was used in the ammonol-

ysis. Neptunium fluorides and neptunium nitride fluorides were
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observed at 800 °C for a heating time of 60 min. Formation of a
new neptunium nitride species, NpN,, was identified when the
heating time was increased to 90 min at 800 °C. The majority
of this sample contained unreacted fluorides in the form of
NpN,F,, which indicated a partial conversion reaction at these
conditions. A third phase, NpO,, was also found in this sample.

Another sample was made at 800 °C heating for 120 min in a
closed container. A higher heating time was selected to achieve
a full conversion of fluorides into nitrides. The resulting sample
was primarily the nitride, NpN,, with NpO, as the main
contaminant phase (Table 1). A few other samples were made
at higher temperatures, but a single-phased NpN, could not be
synthesized. This is likely due to the extremely small sample
sizes used for these reactions (approximately 20 mg per
experiment), resulting in even minute quantities of oxygen in
the system producing significant yields of the oxide phases.
However, the XRD powder analysis was not affected by the
presence of the second oxide phase (18.9 wt %) (Figure la)
because the two XRD patterns were well separated, allowing
proper analysis using the Rietveld method (y* = 0.73).

Rietveld analysis of the XRD patterns showed that NpN,
crystal structure is isomorphous to the cubic UN, with a space
group of Fm3ni. The refined lattice parameter and the unit cell
volume of NpN, were 5.3236(1) A and 150.871(5) A3
respectively. A complete set of crystallographic details of the
new compound can be found in Table 2. In its face-centered
cubic unit cell, there are 14 identical lattice points (8 at corners
of the cube and 6 in the centers of the six faces) corresponding
to Np atoms. There are eight more identical lattice points in the
unit cell corresponding to the N atoms (Figure 1b). Within one
unit cell, each of the 6 Np atoms at the 6 face centers forms
bonds with four neighboring N atoms defining 6 coordination
polyhedra at refined Np—N bond distance of 2.30517(4) A and
two N—Np—N angles of 70.5289(2)° and 109.471(1)°. The
calculated electron densities of NpN, using charge flipping
method shown in Figure Ic also correlate well with the atomic
sites of the refined unit cell (Figure 1b).

3.2. Synthesis and Characterization of Np,N;. Because
the ammonium—neptunium fluoride (NH,—Np—F) conversion
at 800 °C and 90 min heating in a closed container produced
NpN, and some unreacted NpN,F), another sample was made
using an open container with the same temperature and time of
heating. By using an open container, it was expected to
influence the reaction kinetics by increasing the level of hot
inert gas flow passing through the sample particle surfaces. In
this sample, all of the fluoride chemical phases converted into
nitrides, forming another novel neptunium nitride, Np,Nj,
instead of NpN,. The possible explanation for the formation of
this low-stoichiometric nitride phase was the influence of the
inert atmosphere on the NH4—Np—F decomposition at the
used temperature. This sample also consisted of a considerable
amount of secondary oxide phase due to the experimental
factors discussed earlier in the case of NpN, synthesis.

XRD powder pattern analysis using Rietveld method was
successfully performed on the Np,N; phase (Figure 2a) with a
2 value of 0.93. It was shown that this compound has crystal
structure isomorphous to that of U,N; (ICSD #24221). The
structure parameters obtained for Np,Nj are given in Table 2.
It crystallizes in a cubic unit cell with Ia3 space group. The
lattice parameter is 10.6513(4) A, and the unit-cell volume is
1208.4(1) A. With a large unit cell, the Np,N; has a complex
atomic coordination system (Figure 2b). There are 44 lattice
points corresponding to two neptunium atom environments,
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Figure 1. (a) Rietveld analysis of the NpN, powder XRD pattern (NpN, = 81.1 wt %, NpO, = 18.9 wt %, and y* = 0.73). The red and green patterns
represent the experimental pattern and the calculated fit, respectively. The pink color pattern at the bottom is the difference between the
experimental and the fitted patterns. The lower tick marks (black) represent reflections corresponding to NpN,, while upper ones are of NpO,. The
large and amorphous-type broad peak at low 26 of the XRD pattern was due to the Kapton tape used to seal the sample. (b) A ball-and-stick model
of the refined NpN, unit cell. (c) Electron density map of NpN, unit cell (level of display = 4.82).

Table 2. Crystallographic Data of NpN,

atom

Np

Np(1)
Np(2)

Np

space group
a (A)

a=pf=y

cell volume (A3)
density (g cm™)

cell formula units (z)

wRp (%)
Rp (%)
XZ
X
0
025
025
—0.0243(2)
0.397(4)
0
0.5

compound
NpN, Np,N; NpN
Fm3in (cubic) Ia3 (cubic) Fm3in (cubic)
5.3236(1) 10.6513(4) 4.8999(1)
90 90 90
150.871(5) 1208.4(1) 117.64(1)
11.692 11.348 14.174
4 16 4
3.72 7.72 5.97
2.82 5.78 3.83
0.73 0.93 2.20
y z frac U,, (A?) site sym multiplicity
NpN,
0 0 1 0.0708(5) m3m 4
025 025 1 0.022(3) —43m 8
Np,N;
025 025 1 0.011(2) —3(111) 8
0 025 1 0.018(1) 2(100) 24
0.144(4) 0.382(5) 1 0.003(9) 1 48
NpN
0 0 1 0.0059(2) m3m 4
0.5 05 1 0.0059(2) m3m 4
3114 dx.doi.org/10.1021/ja209503n | J. Am. Chem. Soc. 2012, 134, 3111-3119
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Figure 2. (a) The Rietveld analysis of the XRD pattern of the products formed after heating (NH,)Np,F, at 800 °C for 90 min using an open
container (Np,N; = 51.4 wt %, NpO, = 48.6 wt %, and y* = 0. 93). The lower tick marks (black) represent reflections corresponding to Np,Nj,
while upper ones are of NpO,. The large and amorphous-type broad peak at low 20 of the XRD pattern was due to the Kapton tape used to seal the
sample. (b) A ball-and-stick model of the refined Np,Nj unit cell. (c) Electron density map of Np,Nj; unit cell (only the Np atomic sites are shown

using a 3.1 level of display).

Np(1) and Np(2), in Table 2. Each of these two neptunium
atoms forms bonds with six nitrogen atoms, resulting in
complexly packed polyhedra. The Np(1)—N bond lengths are
identical to a value of 2.39(7) A, while Np(2)—N bonds consist
of three different bond length values as given in Table 3.

Table 3. Selected Interatomic Distances and Angles for

NpN,
distances (A) angles (deg)
NpN,
Np-N 2305 N-Np-N 705
N-Np—-N 109.5
Np,N,
Np(1)-N 2.39(7) N—Np(1)-N 101.7(9)
Np(2)-N 224(3) N-Np(2)-N 106(3)
Np(2)-N 2.37(4) N-Np(2)-N 75(2)
N-Np(2) 2.19(1) N-Np(2)-N 76(2)
Np(1)-N-Np(2) 102(2)
Np(1)-N-Np(2) 98(2)
Np(2)-N-Np(2) 102(2)
NpN
Np—Np 3.465 N—-Np—N 180.0
Np-N 2.449 Np—N—Np 90

An electron density map of the Np,N; unit cell calculated
using charge flipping method is shown in Figure 2c. Only the
high electron density corresponding to neptunium atomic sites
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is shown in this figure. The well-matched electron densities to
neptunium lattice points represented in Figure 2b confirmed
the Np,Nj crystal structure to be isomorphous to U,N; of 1a3
type crystal system.

3.3. Synthesis and Characterization of NpN. To
minimize the further contamination of the system by oxygen,
the synthesis of NpN was performed in a continuous two-step
reaction. This two-step reaction involved first the ammonolysis
of the ammonium—neptunium fluorides followed by the
reduction of the higher nitrides into mononitride under inert
atmosphere.

The first few attempts of making NpN wusing the
ammonolysis of the reactants at 800 °C followed by the
reduction at 1100 °C produced NpN with a low yield (Table
4). Performing the reduction step at lower temperatures, up to
800 °C, did not produce the expected NpN possibly because
the NH,—Np—F did not convert into higher nitrides (NpN,,).
Ammonolysis followed by reduction at 900 °C produced NpN
of reasonable phase purity. If the time of reduction step was
lowered, even at 900 °C, full reactant conversions into the
nitrides were not observed. At 900 °C, the lowest time of
heating taken for the second step of the reaction was 45 min.
Therefore, the reduction step was carried out up to 1100 °C to
produce considerably higher (90 wt %) phase purity with
acceptable levels of the oxide secondary phase for character-
ization. Given the small amount of reactants used and the high
susceptibility of higher NpN, chemical phases to oxygen, a
single-phased NpN was not able to be produced using these

dx.doi.org/10.1021/ja209503n | J. Am. Chem. Soc. 2012, 134, 3111-3119
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Table 4. Two-Step Conversion of NH,—Np—F

under inert
under NH;(g) atmosphere products (wt %)
temy time tem time
( Cg (min) (°C (min) NpN NpO, other
800 90 800 60 $3.5  NpN, (0.6); NpNF

(45.9)

800 90 1100 30 16.3 83.7
800 60 1100 15 879 NpE, (12.1)
800 90 1100 15 919 NpF, (8.1)
900 30 900 60 26.5 73.5
900 30 900 30 239 37.5 NpNF (38.6)
900 30 900 45 61.9 38.1
900 30 1100 30 90.0 10.0

experimental conditions. The powder XRD analysis using the
Rietveld method of the highest phase purity sample of NpN
produced with the given experimental conditions is shown in
Figure 3. The lattice parameter of the refined unit cell was
4.8999(1) A, and the X-ray volume was 117.64(1) A, These
values were only slightly different (difference <0.1%) from that
of the 62 wt % NpN sample (4.8961(1) A and 117.37(1) A%).
The refined lattice parameter for the synthesized NpN and
unit-cell volume were also matched well with the reported
values of 4.897(2) A and 117.43 A’ (ICSD pattern # 31717),
respectively.

3.4. Characterization of NpN,, Np,N;, and NpN Using
DFT. Total-energy calculations for the NpN,, Np,Nj3, and NpN
cubic phases were carried out from first-principles at the GGA
+U level of theory for nonmagnetic (NM), ferromagnetic
(FM), and antiferromagnetic type-I (AFM-I) solutions. For the
three phases studied, the ground state is found to be FM,
slightly more favorable energetically than the AFM-I and NM
solutions. The total-energy differences Egy; — Eapy and Egy —
Exm per formula unit (fu.) are 0.07 and 0.08 eV for NpN,, 0.50
and 095 eV for Np,N;, and 0.08 and 0.38 eV for NpN,
neglecting the on-site Coulomb repulsion. This appears to be
consistent with the experimental observation of a FM ground
state for NpN at low temperatures.** For the sake of simplicity,

only FM results will be discussed in the rest of this study unless
otherwise stated.

The variations of the lattice parameter, ay, of the NpN,,
Np,N;, and NpN ferromagnetic structures as a function of the
effective Hubbard parameter, Uy, computed at the LDA+U
and GGA+U levels of theory are shown in Figure 4; the
experimental values of a, are also represented for comparison
purpose. Typical of strongly correlated systems, the lattice
parameters calculated with standard DFT within both the LDA
and the GGA (U = 0 eV) largely underestimate experimental
values. Lattice parameters calculated with LDA+U are system-
atically shorter by ca. 0.1 A than with GGA+U, due to the
overbinding character of LDA as compared to GGA. The
agreement between calculated and measured g, improves
steadily as U, increases, with optimal values for GGA+U (LDA
+U) corresponding to ca. 3 eV (S eV) for NpN,, 1 eV (4 V)
for Np,Nj, and 1 eV (2 eV) for NpN. A monotonic decrease of
the optimal U, value from the Np:N stoichiometry 1:2 to 1:1
is observed. Lattice parameters calculated with GGA+U with
the optimal U, values given above are 5.32 A for NpN,, 10.64
A for Np,Nj, and 4.91 A for NpN; these values will be used in
the rest of the study unless otherwise stated.

The effects of the spin—orbit coupling (SOC) in the GGA
+U calculations have also been studied for NpN, and NpN.
The inclusion of SOC does not affect significantly the lattice
parameters, slightly contracted by about 0.01 A to 5.31 A for
NpN, and 490 A for NpN. However, SOC is of crucial
importance, together with on-site U, interaction corrections,
for the accurate determination of the total energy and
electronic and magnetic properties. The GGA+U total energies
of NpN, and NpN calculated with SOC are lowered by 3.11
and 4.20 eV/fu., respectively, as compared to the values
obtained from collinear calculations. The magnetic moments
per Np atom computed including SOC are M = 1.9 and 1.6 i
in NpN, and NpN, respectively, lower than the corresponding
values without SOC, that is, M = 2.0 and 3.4 yp. The magnetic
moment of Np in NpN computed with SOC is in good
agreement with the experimental value of 1.4 + 0.1 pz at S K
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Figure 3. The Rietveld analysis of NpN (NpN = 90.0 wt %, NpO, = 10.0 wt %, and y* = 2.20). This sample was synthesized heating (NH4)prF}, at
900 °C for 30 min under NH;(g) followed by 30 min at 1100 °C in an inert atmosphere. The lower tick marks (black) represent reflections
corresponding to NpN, while upper ones are of NpO,. The large and amorphous-type broad peak at low 26 of the XRD pattern was due to the

Kapton tape used to seal the sample.
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Figure 4. Variations of the lattice parameter, a,, of the ferromagnetic
(a) NpN, (space group Fm3, IT no. 225), (b) Np,N; (space group
Ia3, IT no. 206), and (c) NpN (space group Fm3im, IT no. 225)
structures as a function of the effective Hubbard parameter, Ulg,
computed at the LDA+U/PWC and GGA+U/PWO91 levels of theory.
Experimental values of g, are represented by dashed lines.

and represents a significant improvement over previously
computed results.>>>°

Density-of-states calculations for the equilibrium structures
of NpN, and NpN have also been performed within the
standard GGA, as well as within GGA+U with and without
SOC (cf,, Figure S). For NpN, results are overall reminiscent of
DOSs calculated in previously studies,”>*® with N 2p states
contributing to the total DOS between —6 and —1 eV and Np
Sf character dominating near the Fermi level in the —1 to 4 eV
energy range; other Np (6s,75,6p,6d) and N 2s states do not
appear to contribute significantly near the Fermi level, although
Np 6d and 7s orbitals tend to hybridize with N 2p, and will be
discarded in the rest of the discussion. The DOSs in Figure 5d,e
(Uys = 0 and 1 eV) show that the metallic character of NpN is
due essentially to Np S5f majority spins, which contribute
predominantly between —1 and 1 eV, while Np 5f minority
spins dominate above 1 eV. The introduction of the parameter
U = 1 eV separates further apart the peaks corresponding to
the f manifold. As shown in Figure 5f, the inclusion of the SOC,
which lifts the degeneracy between Np 5f;/, and 5f, ,, results in
strong changes in the DOS; that is, contributions from Np 5f
majority and minority spins become almost equivalent/
symmetrical in the vicinity of the Fermi level. For NpN,,
DOS calculations show a larger degree of delocalization of 5f
states, which extend from ca. —4 to 3 eV, as compared to 5f
states in NpN, which tend to be localized near the Fermi level.
The presence of a larger number of N 2p electrons available in
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NpN, as compared to NpN also leads to a stronger Np 5f—N
2p hybridization responsible for the delocalization of Sf states.
The DOSs in Figure Sab (Ug = 0 and 3 eV) suggest that
NpN, is half-metallic, because only Np Sf majority spins are
present at the Fermi level, while energy gaps of 0.8 (U = 0
eV) and 1.9 eV (U4 = 3 €V) open up for Np Sf minority spins.
However, the DOS calculations including the SOC predict that
NpN, is actually metallic, with both 5f majority and minority
spins contributing almost equally near the Fermi level.

4. DISCUSSION AND CONCLUSIONS

Solid-phase conversion of the ammonium neptunium fluorides
under NH;(g) at different temperatures formed a series of
neptunium compounds together with new species identified for
the first time. At temperatures below 800 °C, ammonium
neptunium fluorides decomposed into other stoichiometric
ammonium neptunium fluorides such as (NH,),NpF; and
NH,Np,F,; (Table 1). At temperatures in excess of 800 °C and
with enough time of heating applied, further decomposition of
the ammonium neptunium fluorides was observed. NpN,F, and
two other novel nitrides (NpN, and Np,N;) were produced
under these experimental conditions. The two new neptunium
nitride compounds, NpN, and Np,N;, were found to be
isomorphous with UN, and U,Nj, respectively, based on the
powder XRD studies.

NpN, crystallizes in a face-centered cubic (Fm3ii) crystal
system with 5.3236(1) A lattice parameter and 150.871(5) A3
unit cell volume. This unit cell consists of 14 lattice points of
Np identical to each other. Eight of them are at unit cell
corners, while the other six are located at the centers of the 6
unit cell faces. Each of these 6 Np atoms forms bonds with 4 N
atoms defining polyhedra within the cell. Eight N atoms in the
unit cell participate in the Np—N bonding. The body-centered
cubic (Ia3) crystal system of the Np,Nj is characterized by a
10.6513(4) A lattice parameter and a 1208.4(1) A® volume.
The large Np,N; unit cell consists of 44 lattice points
corresponding to two different environments of neptunium
atoms. Each of these atoms forms bonds with six nitrogen
atoms.

High and low electron densities in the NpN, unit cell atomic
sites corresponding to the heavy Np and light N atoms,
respectively, were observed by charge flipping calculations.
These electron density maps matched well with the lattice
points of the refined NpN, unit cell, confirming the crystal
structure identified with powder XRD analysis. The electron
densities calculated with charge-flipping also matched the heavy
atomic sites of neptunium in the Np,N; unit cell, confirming
the unit cell symmetry used for Rietveld analysis.

The crystal structures of NpN, and Np,N; were further
confirmed by density functional calculations performed within
the local-density approximation (LDA+U) and the generalized-
gradient approximation (GGA+U) corrected with an effective
Hubbard parameter to account for the strong on-site Coloumb
repulsion between Np Sf electrons. The effects of the spin—
orbit coupling (SOC) in the GGA+U calculations were
investigated for NpN, and NpN; it was found that SOC is
necessary for the calculations of accurate electronic and
magnetic properties in the Np—N system. Density of states
calculations show a larger degree of delocalization of 5f states in
NpN,, as compared to S5f states in NpN, which tend to be
localized near the Fermi level, due to a stronger Np 5f—N 2p
hybridization.
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Synthesis of NpN using this low-temperature fluoride route
was also successful. NpN was synthesized at temperatures from
900 to 1100 °C. In examining the reaction products, it was
hypothesized that the secondary oxide phases were formed
through reactions of the converted nitrides with trace oxygen in
the system at elevated temperatures.

In previous work with the uranium nitride system, sequential
conversion of the ammonium uranium fluoride to the
mononitride through ammonolysis to form UN, followed
immediately by conversion to the mononitride under argon
without cooling the sample between reaction steps produced a
UN product of reasonable purity.'” A similar approach for
synthesizing single-phased NpN was not successful, most likely
due to the small quantities of reactants used. However, even
with the use of small quantities of reactant ammonium
neptunium fluorides, it was demonstrated that phase purity of
the NpN can be increased by lowering the reduction
temperature or the time of heating at high temperatures such
as 1100 °C. The NpN can be synthesized at temperatures <900
°C using the fluoride route discussed in this study. Future study
on the neptunium system is therefore suggested using large
amounts of reactants to optimize the reaction conditions to
synthesize single-phased NpN using the fluoride route. It is also
envisaged that this fluoride route be investigated for trans-
uranium systems having high vapor pressures at elevated
temperatures to synthesize AnN.
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© Supporting Information

Crystallographic information files (CIF) for neptunium
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