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Abstract: This work presents details of the synthesis, properties and structure of a novel neptunium
carbonate (NH4)[NpO,COs], a member of the M[AnO,CO3] (M =K, (NHy), Rb, Cs) class of com-
pounds. Carbonates play an important role in the migration of actinides in the environment, and thus
are relevant for handling and disposal of radioactive wastes, including spent nuclear fuel and vitrified
raffinates. Knowledge of the crystallographic structure of these compounds is important for models
of the environmental migration behavior based on thermodynamic descriptions of such chemical
processes. (NH4)[NpO,COs] crystals were obtained during long-term hydrothermal treatment of
Np(VI) in aqueous ammonia at 250 °C. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) show that a single-phase sample containing only Np(V) was obtained. Structural features of
(NH4)[NpO,CO3] were elucidated from single crystal X-ray diffraction and confirmed by vibrational
spectroscopy. The results obtained are of interest both for fundamental radiochemistry and for
applied problems of the nuclear fuel cycle.
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1. Introduction

Predicting the behavior of radioactive wastes containing such radiotoxic and long-
lived actinides as neptunium or plutonium is the basis of safety at the final stages of the
nuclear fuel cycle [1]. Modeling the behavior of actinides in the environment, based on
the thermodynamic description of the processes of sorption, dissolution, etc., are among
the most powerful predictive tools [2—4]. Implementation of this approach requires knowl-
edge of the basic thermodynamic (AH®;, AS®) constants characterizing individual actinide
phases. These values can be obtained experimentally from studies of single-phase samples,
or calculated from known crystal structures of the compounds using quantum chemistry
approaches [5]. An alternative approach is the use of non-radioactive chemically similar
elements; however, the validity of extrapolation of the results in this case is limited [6,7].
Thus, synthesis and structural description of actinide phases, which may form during
radioactive waste management, is an important step in creating predictive models. Car-
bonate anions and alkali metal cations are integral components of natural media [8], while
ammonium cations play an important role in a number of nuclear fuel cycle processes [9].
This combination explains the urgency in the identification of new compounds in the
An-CO3-HyO-M (M: NHy, K, Na) system.

Double carbonates of pentavalent actinides and alkali metals/ammonium have been
the subject of research since the 1960s [10-12]. From a technological point of view, this is
explained by the unique properties of pentavalent actinides, namely, the very low solubility
of their carbonate complexes with the outer-sphere cations listed above, compared to car-
bonate complexes of f-elements in oxidation states +3, +4 and +6, which, for example, can
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be used for separation and purification of americium and curium [13]. In addition, double
carbonates of pentavalent actinides are widely used as starting compounds for the synthesis
of compounds with these valence forms, in particular Pu(V). Interest in these compounds
is also related to the high stability of Np(V) under environmental conditions [14,15]. There-
fore, these carbonate complexes are studied by various physicochemical methods, see, for
example, recent studies of the individual complexation of Np(V) [16] and U(V), U(VI) [17],
as well as in their mixture [18] in carbonate solutions in a wide range of experimental con-
ditions by electrochemical and spectroscopic methods. It is thus unexpected that the crystal
structure of many widely occurring Np(V) complexes has not been completely solved until
recently. Only models obtained from powder diffraction patterns are known [10,11]. This
can be explained by the fact that double carbonates of pentavalent actinides and alkali
metals precipitate as extremely fine crystalline powders that do not recrystallize even under
hydrothermal conditions. In this work, we found a synthetic approach that allows one to
obtain (NH4)[NpO,COg] crystals suitable for single crystal X-ray diffraction and refine the
structure of this compound.

2. Materials and Methods
2.1. Synthesis of (NH4)[NpO,CO3] Crystals

Caution! %’ Np is radioactive and dangerous. Therefore, precautions and radiation protection
are required for the experiments. All described operations with radioactive materials were carried
out in accordance with laws of Russian Federation.

Nitric, perchloric acids and ammonia aqueous solution were the reagent grade. 2>’ Np
in the form of NpO, was purchased from Rosatom State Corporation. According to alpha
spectrometry, the radiochemical purity of the substance was higher than 99.9%; 2*Pu was
the only observable impurity. Neptunium stock solution was obtained by dissolving solid
Np(IV) oxalate in 16 mol/L HNOs3 upon heating. Np valence state in all the solutions was
controlled by spectrophotometry—the concentration of Np(V) in all cases was less than
0.2 mass. %. All operations were carried out in an air atmosphere, which was the main
source of CO, during the synthesis.

The basis of the synthesis was hydrothermal treatment of the Np(VI) in the presence
of ammonia solution. To oxidize all neptunium to Np(VI), aliquots of the neptunium stock
solution (0.5 mL of 0.04 mmol solution) were evaporated with concentrated perchloric
acid; solid residues were dissolved in water and then precipitated by adding ammonium.
The precipitates were rinsed with water and dispersed in ~ 0.3 mL of ammonia aqueous
solution with 1.3 mol/L and 13 mol/L concentration. The dispersions were transferred in
PTEFE test tubes with screw caps and placed in glass ampoules with ~0.5 mL of ammonia
aqueous solution (Figure S1). The glass ampoules were sealed with a gas burner and placed
in oven at 250 °C for up to 45 days.

2.2. X-ray Structural Analysis

Single crystal X-ray diffraction experiment was carried out using four-circle diffrac-
tometer KAPPA APEX II (Bruker AXS, Billerica, MA, USA; MoK« radiation) equipped
with a 2D detector. The unit cell constants were refined over the whole dataset. Exper-
imental intensities were corrected for absorption using the SADABS program [19]. The
structures were solved by direct method (SHELXS97 [20]) and refined using the full-matrix
least-squares method (SHELXL-2018/3 [21]) on F? in anisotropic approximation for all
non-hydrogen atoms. Hydrogen atoms were located from a difference Fourier synthesis
and refined with restraints (equal Ujso(H), equal N-H and H ... H distances).

Powder X-ray diffraction (PXRD) measurements were performed using Aeris X-ray
diffractometer (Malvern Panalytical, Almelo, The Netherlands) with CuK« radiation
and PIXcel3D detector. Diffraction patterns were recorded with 20 = 0.011° step in
Bragg-Brentano geometry. Single crystals of (NH4)[NpO,CO3] were milled in a glove
box and measured on a zero-background silicon holder. The lattice parameters were refined
from the powder XRD patterns by Le Bail method [22] using Jana2006 software [23].
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2.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried out according to the generally
accepted method. Spectra were obtained using Axis Ultra DLD spectrometer (Kratos
Analytical, Manchester, UK). Monochromatic Al K« radiation with hv = 1486.6 eV and
power of 150 W was used. The analyzer transmission energies were 160 eV for the overall
spectrum and 40 eV for scans with high energy resolution. Double sided conductive tape
was used for sample mounting. Cls peak at a binding energy of 285.0 eV was used for
energy calibration, excess charge was neutralized by Kratos system.

2.4. Vibrational Spectroscopy

Vibrational spectroscopy details were previously described in [24]. inVia Relfex spec-
trometer (Renishaw, Wotton-under-Edge, UK) was used to obtain Raman spectra. Spectra
acquisition was performed using Peltier-cooled CCD detector, laser with the wavelength
of 532 nm and 100 x objective with NA of 0.8. LaserCheck device (Coherent, Santa Clara,
CA, USA) was used to control laser power that does not exceed 0.2 mW. Silicon sample
and high-quality CVD diamond were used as standards for wavenumber calibration. Laser
spot size varied from 2 to 5 pm.

Infra-red (IR) spectroscopy was carried out using FTIR SpectrumOne spectrometer
(PerkinElmer, Waltham, MA, USA) equipped with an Autolmage microscope. Spectra
registration was performed in the wavelength range of 600-5000 cm ™! with a spectral
resolution of 2 cm~!. Apertures with the size of 50 and 75 um were used.

3. Results

When the resulting suspensions are kept for 5-10 days at 250 °C, the dark brown color
of the initial Np(VI) lightens. This is more pronounced in the case of a dilute ammonia
solution; in the saturated solution, the color change is insignificant. According to PXRD,
the resulting products are poorly crystalline. Based on the data known for U(VI) phase
formation under similar conditions, it can be assumed that the obtained precipitates are
similar to schoepite [25], ammonium polyuranates [26] or framework U—O compound [27]
and contain Np(VI) or Np(V). Increasing the dwell time at the indicated temperature does
not lead to significant changes in a saturated ammonia solution, but in dilute ammonia small
light green crystals were obtained as the only solid component of the reaction mixture after
45 days. A suitable crystal for X-ray structural analysis was selected from the precipitate.

3.1. X-ray Structure Analysis

Details of the single crystal X-ray experiment and main crystallographic data are
given in Table 1; the principal bond lengths in the structure are listed in Table 2. Atomic
coordinates are deposited at the Inorganic Crystal Structure Database, deposit number
CSD 2215934.

The unit cell of (NH4)[NpO,COs3] is shown in Figure 1. All atoms occupy spe-
cial positions: Npl—position 2d, symmetry (—6m2); Ol—position 4f, symmetry (3m.);
Cl—position 2c, symmetry (—6m2); O2—position 6h, symmetry (mm?2); N1—position 24,
symmetry (—3m.); HLA—position 4e, symmetry (3m.); and H1B—position 12k, symmetry
(.m.). The H atoms are disordered by symmetry over two positions.

Each NpO; group is surrounded by three carbonate anions; each anion by three
NpO; groups forming anionic layers (Figure 2). The layers with different orientations
are stacked parallel to the (001) plane at z = § and z = . Ammonium cations are placed
between the anionic layers on c edges at z = 3. The main features of the structure are in
accordance with those described in earlier works [10-12] for M[AnO,COs] compounds
(M =K, (NHy), Rb, Cs).
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Table 1. Crystal data and structure determination details for (NH4)[NpO,COs].

Empirical Formula CH4NNpOs Deale, (g cm™3) 4714
Crystal size 0.04 > 0.04 > 0.03 i, mm~! 21.18
mm
Fw 374.05 Reflections collected 4630
Independent
T(K) 1502) reflections 165
Observed reflections
Crystal system Hexagonal I > 20(D)] 158
Space group P63 /mmc Rint 0.0559
a, (A) 5.0788 (6) Number of 19
parameters
¢, (A) 10.9456 (19) Ry, wRy [I > 26(I)] 0.0102, 0.0234
v, (A3) 24451 (7) Ry, wR; [all data] 0.0114, 0.0237
Z 2 GOOF 1.203
Deate, (g cm™3) 4.714 APmax, APmin, (€-A~3) 0.687, —0.541

Table 2. Selected bond lengths (d, A) in the structure of (NH4)[NpO,CO3].

Bond D
Np1-0O1 2 x 1.815 (5)
Np1-O2 6 x 2.5464 (4)

C1-02 3 x 1.278 (3)
N1-H1A 0.86 (8)
N1-H1B 3 x 0.86 (8)

The coordination polyhedron of the Np atom is a hexagonal bipyramid. The Np-O
distances (Table 2) are typical of Np(V). Hydrogen atoms of ammonium cations participate
in H-bonds with O atoms of the NpO, group and carbonate anion. The H1A forms a “trifur-
cate” H-bond with N1 ... O2 distances of 3.1976(16) A, the H1A ... O2 distances are 2.50(6)
AandN1-H1A ... O2 angles are 138.6(12)°. For the H-bonds N1-H1B ... OltheN1... O1
distance is 3.0736(15) A, the H1B distance is 2.21(8) A and the angle N1-H1B... O1
is 177(2)°.

The PXRD data for the synthesized (NH4)[NpO,COj3] sample agree with the single
crystal experiment (Figure S2), which indicates that the reaction product is a single phase.
A comparison of cell parameters of isostructural M[AnO,CO3] compounds (Table 3) shows
that the a constant (dimensions of anionic layers) is rather stable and the ¢ constant (distance
between anionic layers) varies significantly, mainly depending on the cation size. At the
change of the temperature from 150 to 296 K, slow expansion of the anionic layers and
reduction of the interlayer distance is observed.

3.2. X-ray Photoelectron Spectroscopy

The survey XPS spectrum of (NH4)[NpO,CO3] mainly shows (Figure 3A) neptunium,
carbon and oxygen lines. The Np4f spectrum (Figure 3B) shows a spin—orbit doublet with
the Np4fy,, binding energy of 402.9 eV and pronounced shake-up satellites shifted from
the main lines by 9.4 eV. This shift is typical for Np(V) compounds [28]. The valence band
spectrum (not shown) reveals a contribution from localized Np5f electrons near the Fermi
edge, which also confirms the Np(V) oxidation state. A component in the Cls spectrum at
a binding energy of 289.9 eV testifies to the presence of carbonate species [29]. The N1s line
of NH4* groups strongly overlaps with the intense Np4f;/, component, which precludes
its reliable identification.
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Figure 1. Unit cell of (NH4)[NpO,COs3]. Temperature displacement ellipsoids are shown at 50%
probability level. Dotted lines indicate H-bonds.

Figure 2. Anionic layers in the (NHy)[NpO,COg3] structure. (Left): z = %, (Right): z = %.
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Table 3. Unit cell parameters of M[AnO,COj3] compounds crystallizing in P63 /mmc space group
measured by powder X-ray diffraction.

° o

Compound a A ¢ A Ref.
K[NpO,COs] 5.120 (1) 9.971 (3) [10]
K[PuO,COs3] 5.093 (1) 9.815 (2) [10]
K[PuO,COs3] 5.09 (1) 9.83 (2) [12]
K[AMO,CO3] 5.112 (1) 9.740 (2) [10]

(NH4)[NpO,CO3] 5.09858 (4) 10.89394 (14) This work
(NH4)[PuO,CO3] 5.09 (1) 10.39 (2) [12]
Rb[AMO,CO3] 5.12 (1) 10.46 (4) [12]
Cs[AmO,COs] 5.123 (1) 11.538 (7) [11]
O1s 28,000 | Npdf, ,
24,000
20,000
Np4f e E 16,000
p4 ; e
OKLL Np4d g

12,000

8000

430 420 410 400
Binding energy, eV
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Figure 3. X-ray photoelectron spectra. (A)—Survey XPS spectrum; and (B)—Np4f spectrum of the
(NH4)[NpO2CO3].

3.3. Vibrational Spectroscopy

The Raman spectrum of the (NH,)[NpO,CO3] sample was compared with the spec-
trum of mixed U(VI)-ammonium carbonate (NH4)4[UO,(CO3)3]-4H,0O synthesized accord-
ing to the procedure described in [30]. As shown in Figure 4A, a similar set of spectral lines
is observed for these compounds; this is consistent with related local structures. The Raman
spectrum of (NHy)[NpO,COs] can be divided into three parts: low-frequency region up to
200 cm ™!, containing bending vibrations of NpO,* and CO3%~; stretching vibrations of the
NpO,* cation at 766 cm~1[31,32], and peaks of CO52~ bending and stretching vibrations
at 718 and 1071 cm ™!, respectively [33]. The positions of the peaks of the carbonate group
vibrations are consistent with those in ammonium uranyl carbonate and are within the
characteristic range of the carbonate ion vibrations [34]. The position of the peak of symmet-
ric stretching vibrations v1(NpO;*) is shifted to lower frequencies relative to ammonium
uranyl carbonate, which correlates with an increase in the Np = O bond length (1.82 A) in
the neptunoyl fragment compared to the U = O length (1.79 A) in uranyl [35]. The absence
of splitting of the v3(CO3%™) stretching peak additionally confirms the equivalence of all
carbonate groups in the structure of the compound [36].
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Figure 4. Spectroscopic data for the (NH)[NpO,COs3]. (A)—Raman spectra of the (NH4)[NpO,COs]
(black line) and reference (NHy4)4[UO,(CO3)3]-4H,0O (red line) and (B)—IR absorption spectrum.

Due to the low intensity of the Raman lines corresponding to vibrations in NH,*,
an infra-red absorption spectrum of (NH;)[NpO,CO;3] was recorded (Figure 4B). This
spectrum contains peaks of N-H bond vibrations in NH4* at 1393 and 2900-3300 cm~1 [37]
as well as the peak of the carbonate anion at 1471 cm~!. The CO32~ vibrations over-
lap with the intense peak of the ammonium cation vibrations and contribute to the
broadened shoulder at 10001200 cm ™! [36,38]. Peaks at 2336 and 2360 cm ™! are due to
atmospheric CO,.

4. Discussion

The initial motivation for this work was an attempt to obtain Np(VI) compounds simi-
lar to those formed in the reaction of U(VI) with an ammonia solution. In [27], a framework
compound (NHy)3(H20)2{[(UO2)10010(OH)][(UO4)(H20),]} was made by hydrothermal
synthesis at 220 °C. Despite the fact that the (NH4),CO3 solution served as the source of
ammonium cations, the formation of carbonates was not observed in the case of U(VI). In
our case, the concentration of carbonate ions in the system was much lower, but carbonate
complexes are the main reaction product. Thus, in contrast to U(VI), Np(V) carbonate
complexes are much more stable under experimental conditions and their formation be-
comes preferable over oxyhydroxides. This result is quite unexpected and interesting
in view of the fact that hydroxide complexes of f-elements are usually stronger than the
carbonate complexes. This property is used, in particular, in the purification of actinides
carbonate solutions by hydroxide precipitation. The possibility of the formation of uranium
(V) carbonate complexes under similar conditions seems unlikely. Such compounds are
present in solutions only, while reduction occurs as a result of electrolysis [17].

The reduction of Np(VI) in a solid state by hard-to-remove impurities, such as organic
compounds in the presence of catalytic quantities of transition metals, is common in
hydrothermal synthesis, e.g., at a temperature higher than 200 °C [39]. Probably, both
the slow reduction of Np(VI) and low concentration of carbonate ions in the reaction
mixture contributed to the formation of (NH4)[NpO,CO3] crystals with sizes suitable for
single crystal XRD. These considerations were confirmed by individual experiments on
(NH4)[NpO,CO3] synthesis, in which Np(V) in a carbonate-saturated ammonia solution
was used as a precursor. The hydrothermal treatment of this mixture led to the formation
of a grayish microcrystalline precipitate rather than large crystals.

Thus, in the course of the work, (NH4)[NpO,COs] single crystals were synthesized for
the first time, which made it possible to accurately establish the structure of the compound.
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It has been shown that neptunium (V) carbonate complexes are more stable with respect to
hydroxide complexes in concentrated ammonium solution.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sym14122634/s1, Figure S1: Design of the reactor used in the hy-
drothermal experiment; Figure S2: Le Bail fit of the PXRD data of the synthesized (NH4)[NpO,COs].
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