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Recent interest in the crystal structure of natrophosphate (Na;FPO4-19H,0) has sought to better under-
stand the propensity of this phase to vary in composition through either alteration of the fluoride/phos-
phate ratio or subspeciation of phosphate (PO,*7) into hydrogen phosphate (H,PO4>™). To address ques-
brought up in the analysis of the solubility of natrophosphate in multicomponent
NaF : NazPO,4 : H,O systems relevant to fundamental studies of select geological deposits and industrial

tions

processes pertinent to radioactive waste, this work deploys X-ray diffraction, scanning electron
microscopy, Raman spectroscopy, Fourier transform infra-red spectroscopy, solid-state multinuclear (*H,
31p 19¢ and 2°Na) Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) spectroscopy and 2*Na
multiple quantum MAS NMR spectroscopy. Scrutiny of the integrated microscopy, diffraction and spec-
troscopy results indicate that the crystalline structure and stoichiometry of natrophosphate are invariant

Received 23rd April 2022, to changes in the fluoride/phosphate ratio of the solution and that formation of hydrogen phosphate can

Accepted 1st July 2022
DOI: 10.1039/d2gi00868h

be neglected. This improved knowledge of the chemical composition of natrophosphate crystallites will
aide in the application of solubility models relevant to geological studies and radioactive waste
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1. Introduction

The local polyhedral coordination and solvation environment
of cations are of fundamental importance in understanding
solution structure and ion-ion assembly,’ but experimental
techniques often measure ensembles of these species in solu-
tion-state systems.* ® One strategy to analyze sub ensembles of
complex electrolyte species such as polyatomic ion aggregates
is to unravel the spectroscopic contributions of distinct indi-
vidual species through the use of model salt hydrates that pre-
serve relevant chemical motifs at the molecular level.”®* Our
group has pioneered this approach for alkali aluminate salts
relevant to nuclear waste processing,”'? and this work
expands the strategy of using model salt hydrates to study
polyatomic ion aggregates of relevance to geochemistry and
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tElectronic supplementary information (ESI) available: SEM-EDS derived com-
positional measurements, additional X-ray diffraction studies, Raman and FTIR
spectra between 100-4000 cm ™' and also tables of regressed line shape para-
meters. See DOI: https://doi.org/10.1039/d2qi00868h

4864 | Inorg. Chem. Front., 2022, 9, 4864-4875

radioactive waste to a new ternary electrolyte compositions by
investigating the crystal structure of natrophosphate
(Na,FPO,-19H,0).

The unit-cell structure of natrophosphate is shown in
Fig. 1A, and the crystal structure contains two unique sodium
ion (Na') sites in which Na’ occurs in two distinct coordi-
nation environments.”**® The first Na" site drawn in Fig. 1B
encapsulates a fluoride ion (F7) in a supramolecular ion
assembly of six, edge linked Na® octahedra comprising the
polyatomic super-octahedral ion aggregate, Nag(H,0),sF>". The
local environment around the Na* within the super-octahedral
ion aggregate is Na(H,0)sF°', where the partial (§) charge on
the ion-pair is due to the association of an F~ ion with 5 other
Na' ions. The second unique site of Na* shown in Fig. 1B is
associated with discrete, monomeric phosphate (PO,*") ions,
and the phosphate ions link the supramolecular Na-F ion
complexes in a complex polyatomic aggregate Na(H,O)
(PO,),>". Note that the tetrahedral Na" in site 2 is partially
occupied with an occupancy factor of 0.5, and water exists in
the unoccupied sites.'® Based on the summation of these ion-
aggregate motifs, the crystal structure of natrophosphate can
be formulized as NagF(H,0);5(NaH,0)(PO,),."®

Beyond the interest in fundamental chemistry of the dispa-
rate environments of Na' ions in this crystal structure, natro-
phosphate is of interest because it occurs in alkaline

This journal is © the Partner Organisations 2022
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Fig. 1 (A) Unit cell of natrophosphate®® and (B) truncated crystal struc-
tures highlighting the local chemical environment of the octahedral Na*
in site 1 and the (C) local chemical environment of the tetrahedral Na* in
site 2. Note that partial occupancy of the oxygens is depicted with par-
tially filled spheres, and that the tetrahedral Na* in site 2 is also partially
occupied.!® Based on the size of the unit cell of natrophosphate, the
complexity of the hydrogen bond network of water, and partial occu-
pancy of sodium, the structure of natrophosphate is quantitively
classified” as structurally very complex based on information-based
parameters.181°

rocks, "% and is present in radioactive waste stored at the

Hanford Site in Richland, WA, United States.’**
Natrophosphate is one of several fluoride or phosphate-con-
taining salts found in the waste. The fluoride ions are parti-
tioned in solid phase salts between natrophosphate, sodium
fluoride (NaF) and kogarkoite (NazFSO,). The quantity of each
salt depends on the relative abundance of PO,*", F~ and
sulfate (SO,%7) in each waste tank.>'* Likewise, PO,>~ are par-
titioned in solid phase salts between natrophosphate, sodium
phosphate dodecahydrate (Na;PO,-0.25NaOH-12H,0) and nas-
trophite (NaSr(P0O,)-9H,0).>*7>°

Previous studies of the solubility of natrophosphate in mul-
ticomponent NaF:Na;PO,: H,O systems have suggested that
the natrophosphate composition changes based on solution
compositions and that the crystalline phase is a solid-solu-
tion.>” Likewise, the composition of natrophosphate has been
hypothesized to be variable due to partial replacement of the
PO, groups in the structure with H,PO,>™* (x = 1 or 2)."*"°
Substitution of hydrogen into phosphates containing mono
and trivalent cations to occurs in other complex phosphates

This journal is © the Partner Organisations 2022
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precipitated from acidic solutions,?® which is explained since
hydrogen phosphate and dihydrogen phosphate are the predo-
minant species at low pH conditions.* If occurring in natro-
phosphate crystals, the formation of the H,PO,>™* would
necessitate a reduction in Na' in site 2 to satisfy the balance of
the charge, specifically resulting in the postulated stoichio-
metry of natrophosphate occurring as Na,_,H,FPO,-19H,0. A
third hypothesis presented regarding the composition of
natrophosphate is that the crystalline structure and stoichio-
metry are invariant with respect to F/H,PO,> ™ ratio and that
formation of hydrogen phosphate can be neglected in compo-
sitionally pure NaF : NazPO, : H,O ternary systems with respect
to changes in solution composition.>® Modeling the solubility
of natrophosphate solubility has been difficult.>* A changing
natrophosphate composition with changing solution compo-
sition would explain this difficulty.

The primary contribution of this paper is to fill the knowl-
edge gap regarding whether natrophosphate is (i) a solid-solu-
tion of NaF and Naz;PO, hydrate (ii) a complex phosphate in
which PO~ ions speciate into H,PO,*>* ions, or (iii) if natro-
phosphate is indeed of a single crystalline form. This is done
through multimodal experimental characterization of natro-
phosphate crystals precipitated at two Na;PO,/NaF compo-
sitions in the NaF:NazPO,:H,O ternary system. The tech-
niques include X-ray diffraction, scanning electron microscopy,
Raman spectroscopy, Fourier transform infra-red spectroscopy,
solid-state multinuclear (*H, *'P, '°F, and **Na) Magic Angle
Spinning Nuclear Magnetic Resonance (MAS-NMR) spec-
troscopy and **Na multiple quantum MAS-NMR spectroscopy.
The microscopy, diffraction and spectroscopy results are con-
sistent with the notion that the chemical composition of
Natrophosphate is independent of the NaF and NaPO; concen-
trations in solution and that formation of H,PO,* ™ ions does
not occur in significant quantities or vary with changes in NaF
and NaPO; concentrations in solution.

2. Experimental methods
2.1 Crystallization of natrophosphate

Natrophosphate was crystallized by cooling sodium fluoride
and sodium phosphate solutions with varied phosphate to flu-
oride ratios. Specifically, to prepare natrophosphate from a
sodium fluoride-rich solution (F-rich, mole ratio of NaF/
NazPO, = 2), a solution of sodium fluoride was prepared by dis-
solving 1.6795 g of sodium fluoride (NaF, >98%, Sigma-
Aldrich) into 40 g of water (18 MQ cm) and a separate solution
of sodium phosphate was prepared by dissolving 3.2788 ¢
sodium phosphate tribasic (NazPO,-12H,0, >96%, Sigma-
Aldrich) into 20 g of deionized water. The solutions were separ-
ately heated on a hotplate to a temperature of 70 °C measured
by thermometer (Thermco® precision ground glass thermo-
meter) and then mixed with vigorous stirring. After mixing for
30 seconds, the stir-bar was removed, and the solution was
stored overnight at 20 °C. To prepare natrophosphate from a
fluoride-poor solution (F-poor, mole ratio of NaF/Na;PO, =

Inorg. Chem. Front,, 2022, 9, 4864-4875 | 4865
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0.25), an NaF solution was prepared by the dissolution of
0.8398 g of NaF salt into 20 g of deionized water and an
Na;PO, solution was prepared by the dissolution of 13.1152 g
of Na;PO,-12H,0 salt in 80 g of deionized water. The solutions
were separately heated on a hotplate to a temperature of 70 °C
measured by thermometer and then mixed with vigorous stir-
ring. After mixing for 30 seconds, the stir-bar was removed,
and the solution was stored for 16 hours at 20 °C. For both
solution compositions, the Natrophosphate crystals were sep-
arated from the solution via vacuum filtration after 16 hours,
and ground with an Agate mortar and pestle (Cole-Parmer)
prior to characterization.

2.2 Powder X-ray diffraction

Powder X-ray diffractograms of natrophosphate synthesized in
F-rich or F-poor solution compositions were acquired on a
Rigaku Smartlab SE instrument, with a Cu sealed anode X-ray
source (4 = 1.54056 angstroms) which was operating at 40 kv
and 44 mA, with a 6-26 goniometer, and a 1-dimensional
semiconductor detector. The acquisition speed was 1.8° min™"
and the step size was 0.01°. Rietveld fits of the powder XRD
patterns were carried out using Topas v6 (Bruker AXS) and the
natrophosphate structure published by Genkina and
Khomyakov®> with the atomic coordinates not refined. Peak
shapes were calculated using the fundamental parameters
approach, with instrumental factors established with patterns
obtained from NIST silicon (SRM 640D) and LaB6 (SRM 660A)
powders. Line broadening from finite crystallite size was
modeled using the double-Voigt approach.?’

2.3 Scanning electron microscopy

Scanning electron micrographs were acquired on a Helios
NanoLab SEM (FEI, Hillsboro, Oregon) by collection of second-
ary electrons with an Everhart-Thornley detector. The dwell
time was 200 ns, the frame rate was 317.4 ms, and 128 frames
were integrated for each micrograph. The electron beam
voltage was 5.0 kV and the current was 0.17 nA. The contrast of
the micrographs was optimized in Image]J (v 1.53c).

2.4 Raman spectroscopy

Raman spectra were acquired with a Horiba LabRam HR
spectrometer installed on an inverted optical microscope
(Nikon Ti-E) with a 632.8 nm HeNe laser light source and a
40x objective. Data was collected via a backscattering geometry
setup in which the scattered light was returned through the
same 40x objective, transmitted through a beam splitter, dis-
persed through a 1800 ¢ mm™" grating and detected by an
EM-CCD detector. The spectral window was between wavenum-
bers of 100-4000 cm™". A select region of the spectrum span-
ning between 350 and 1100 cm™" where diagnostic bands of
PO, vibrations occur was processed via application of a
spline function and then pure Lorentzian line shapes were
used to fit the data. Regression of the Lorentzian line shape
parameters was performed in Excel (Microsoft, version 2108)
using the generalized reduced gradient method through which
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the line shape parameters were optimized to minimize the
sum of the squared residuals between the data and the fit.

2.5 Fourier transform infra-red spectroscopy

FTIR spectra were collected on a Bruker Vertex80 V under the
rough vacuum of the spectrometer with a DTGS detector and a
standard globar source with a multi bounce diamond ATR cell.
The background was the clean diamond cell, and the sample
was the solid was pressed against the diamond. The resolution
was 4 cm™", the number of background scans was 512, and the
number of scans to acquire spectra of the sample was 128. A
select region of the spectrum spanning between 850 and
1100 cm ™" where diagnostic bands of PO,*” vibrations occur
was processed via application of a spline function and then
pure Gaussian line shapes were used to fit the data.
Regression of Gaussian line shape parameters was performed
in Excel.

2.6 Multinuclear MAS NMR spectroscopy

'H, '°F, *'P, and **Na MAS NMR spectroscopy were performed
on an NMR spectrometer (Bruker) energized at a field strength
of 14.0954 T. At 14.0954 T, the Larmor frequencies of 'H, '°F,
31p, and **Na are 600.130, 564.686, 242.938, and 132.294 MHz,
respectively. The solid-state MAS NMR spectra of the natropho-
sphate crystals were acquired with a 2.5 mm HXY probe operat-
ing in double resonance mode. The samples were placed
within 2.5 mm zirconia rotors using Vespel drive and bottom
caps. MAS NMR spectra were then collected with a MAS spin
rate of 32 kHz.

Single pulse, direct excitation 'H MAS NMR spectra of
natrophosphate were acquired using a n/4 pulse width corres-
ponding to a 1.4 ps pulse length (89.3 kHz), which was cali-
brated using a separate sample composed of solid adamantane
(C10H16, 299%, Sigma-Aldrich). The chemical shift of the 'H
resonance of natrophosphate is calibrated to the 'H reso-
nances of the protons of adamantane, which corresponds to
two overlapping resonances and was assigned to § = 1.8 ppm.
The "H MAS NMR spectra were acquired with a sweep width of
793.476 ppm, a collection of 32 transients, an acquisition time
of 24.9858 ms enumerated with 23 796 time domain points,
and a recycle delay between transients (d1) of 10 s. Post-acqui-
sition processing of the 'H NMR spectra was done in
Mestrenova  (version 14.01-23559, released 2019-06-07,
Mestrelab Research S.L.). Exponential line broadening of 5 Hz
was applied. The 'H NMR spectra were fit using a single purely
Lorentzian line shape. Regression of Lorentzian line shape
parameters was performed in Excel.

Single pulse, direct excitation '°F MAS NMR spectra were
measured with a n/4 pulse width (55.6 kHz) corresponding to a
duration of 2.25 ps which was calibrated via a '°F pulse nuta-
tion experiment on a separate reference of sodium fluoride
(NaF, >99%, Sigma-Aldrich). The '°F chemical shift of the
resonance of natrophosphate is referenced to the *°F chemical
shift of the resonance of NaF (§ = —224.2 ppm, with respect to
CFCl; occurring at § = 0 ppm).** ">F MAS NMR spectra were
acquired with a sweep width of 1967.79 ppm, a collection of a

This journal is © the Partner Organisations 2022
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single transient on a fully-relaxed sample, and an acquisition
time of 9.9495 ms enumerated with 22110 time domain
points. Post-acquisition processing of the '’F MAS NMR
spectra was performed in Mestrenova, where the '°F MAS NMR
spectra were zero-filled to 256k points, and then exponential
line broadening of 1 Hz was applied. The '’F NMR spectra
were fit using a single purely Lorentzian line shape.
Regression of Lorentzian line shape parameters was performed
in Excel.

Single pulse, direct excitation *'P MAS NMR spectra were
obtained with a 1.56 ps excitation pulse (80.1 kHz), which was
equivalent to a n/4 pulse width for an aqueous 85 wt% phos-
phoric acid solution (H3PO, in H,O, >99.99% trace metal
basis, Sigma-Aldrich) and the *'P resonance of this solution
was also used as a *'P chemical shift reference (5 = 0 ppm). A
sweep width of 980.072 ppm, an acquisition time of
49.2366 ms enumerated with 23 446 time domain points, a col-
lection of 16 transients, and a d1 of 120 s were used for the
single pulse direct excitation *'P MAS NMR spectra.
Acquisition of a series of spectra in which the d1 time was
varied and subsequent analysis indicated that 120 s was
sufficient to avoid saturation effects. Post-acquisition proces-
sing of the spectra was performed in Mestrenova, where the
spectra were zero-filled to 32k points, and 5 Hz of exponential
line broadening was applied. The *'P NMR spectra were fit
using two purely Lorentzian line shapes. Regression of
Lorentzian line shape parameters was performed in Excel.

Single pulse, direct excitation **Na MAS NMR spectra were
obtained with a 0.45 ps excitation pulse (55.6 kHz), which was
equivalent to a n/20 pulse width for a 1 M sodium chloride
(NaCl, >99%, Sigma-Aldrich) solution prepared in H,O. The
*Na resonance of this solution was also used as the **Na
chemical shift reference (5§ = 0 ppm). A sweep width of
7874.24 ppm, an acquisition time of 17.8992 ms enumerated
with 44 748 time domain points, a collection of 512 transients,
and a d1 of 0.5 s were used for the single pulse direct exci-
tation **Na MAS NMR spectra. Acquisition of a d1 nutation
array and subsequent analysis indicated that 0.5 s was
sufficient to avoid saturation effects. Post-acquisition proces-
sing of the spectra was performed in Mestrenova, where 2 Hz
of exponential line broadening was applied. The **Na MAS
NMR spectra were fit in sSNAKE (v 1.3) using the finite MAS,
quadrupole model, where the quadrupolar line shape para-
meters were regressed by minimizing the residual between the
data and the fit using the Powell minimization method.*®

2.7 Multiple quantum MAS NMR spectroscopy

*>Na MQMAS NMR spectra were acquired at a field strength of
14.1 T using the aforementioned Bruker, 2.5 mm MAS probe
with a z-filter, **Na 3QMAS pulse sequence (mp3qzqf) at a
spinning rate of 32 kHz. For all samples, the power level for
the excitation pulse and conversion pulse was —20 dB, the
power level for the selective pulse was 5.23 dB, the time
between the second and third pulse (D4) was 20 us, the acqui-
sition time was 14.9424 ms and the spectral width for F1 (evol-
ution) dimension was 32 kHz. Pulse widths were optimized

This journal is © the Partner Organisations 2022
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and the P1, P2, and P3 pulse lengths were 4.8, 2.5, and 25.0 ps.
The delay between scans was 0.5 seconds, 108 transients were
collected, with 768 increments. The width in the F2 dimension
was 357.9199 ppm. Acquisition utilized States-Time
Proportional Phase Incrementation (TPPI) processing, and the
number of processed increments was truncated to 350 from
the original 768. The 2D MQMAS spectrum was sheared in
Topspin v(3.5.7).

3. Results and discussion

The results and discussion of this manuscript are organized as
follows. First, X-ray diffraction and scanning electron
microscopy were used to ascertain the purity and analyze the
crystal morphology of the natrophosphate formed from F-rich
or F-poor solution conditions. Then, vibrational spectra of
natrophosphate were acquired with Raman spectroscopy and
FTIR spectroscopy to analyze the vibrational modes of the
PO,>” ion to ascertain the lack of formation of hydrogen phos-
phate or dihydrogen phosphate. Next, the isotope specificity of
multinuclear MAS NMR spectroscopy was leveraged to interro-
gate the bulk resonance from the water in the hydrating salt,
the chemical environment of F~ ions in the NasF*" subunit,
and the PO,~ speciation with 'H, '°F, and *'P MAS NMR spec-
troscopy, respectively. >’Na MAS NMR and *’Na MQMAS NMR
spectroscopy were respectively used to directly quantify the
relative site abundance of Na ions in the two sites of natropho-
sphate and ascertained that the chemical composition of
natrophosphate is across the experimental
conditions.

invariant

3.1 Crystal structure and morphology of natrophosphate
synthesized from F-rich and F-poor conditions

X-ray diffractograms of the natrophosphate crystals syn-
thesized from F-rich and F-poor solution compositions are
shown in Fig. 2A. All significant reflections obtained experi-
mentally can be attributed to the natrophosphate phase, indi-
cating that there are no significant crystalline impurities. The
procedure to refine the XRD diffractogram in TOPAS necessi-
tated the use of preferential orientation to improve the fit of
the diffractogram. Based on the full-width-at-half-maxima of
the reflections, analysis of the refinements conducted in
TOPAS indicates that for natrophosphate crystallized in F-rich
and F-poor conditions that the crystallite sizes are greater than
250 nm. The refined unit cell parameter for the F-rich sample
was a = 27.7757(2) A, and the refined parameter for the F-poor
sample was a = 27.7635(2) A. The small magnitude of the
difference between the two samples is likely due to sample
packing in the XRD cell, which results in some offset in
sample height. The refined unit cell parameter in this work is
in good agreement with a recent study of the natrophosphate
mineral (@ = 27.712(2) A)." A summary of the goodness of fit
and R values for the powder XRD is shown in Table 1. While
Rietveld refinement is a technique to measure site occu-
pancies, many other groups in literature have analyzed natro-

Inorg. Chem. Front,, 2022, 9, 4864-4875 | 4867
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Fig. 2 X-ray diffractograms of natrophosphate synthesized in F-rich
and F-poor conditions and the corresponding Rietveld refinements are
shown. Note that the intensity of the reflections and the residual
between the data and the Rietveld refinement are shown with square
root intensity units. The diffractograms and residuals are vertically offset.
The residual between the data and the fit diffractogram for both
samples is attributed to preferential orientation.

Table 1 X-ray diffraction fitting data

Sample a[angstroms] Size [nm] GOF Bragg-R R, Rwp
F-Poor 27.764 >250 8 10% 9%  13%
F-Rich  27.777 >250 7 9% 8% 12%
phosphate with X-ray diffraction and subsequential
refinements.""%3> Despite this, because the X-ray scattering

contribution of light atoms, such as H+, are low, the conclu-
siveness of refinements of XRD data in discriminating HPO,>~
from PO,>” in the natrophosphate salt is limited.

Note that analysis of subsequent X-ray diffraction experi-
ments of the same batches of natrophosphate after 2 years of
storage at 20 °C in a sealed cryogenic vial (2 mL, Corning,
internal thread/washer/self-stand) under N, in an N,-filled glo-
vebox indicated that the residual could be reduced through
finer homogenization of the sample. The diffractograms are
shown in the ESL{ In addition, inspection of this subsequent
XRD results indicated that after 2 years of storage in an Nj-
filled glovebox, additional reflections were found in trace
amounts, which are attributed to trace amounts of sample
decomposition. While the decomposition of natrophosphate is
outside the scope of this study, the reflections could not be fit
by a single phase of sodium orthophosphate, protonated
sodium phosphate, sodium carbonate, nor sodium fluoride,
nor hydrates of these phases.

4868 | Inorg. Chem. Front, 2022, 9, 4864-4875
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The large crystallite size determined through refinement of
the XRD results was then scrutinized through scanning elec-
tron microscopy. In Fig. 3A-D, representative scanning elec-
tron micrographs of natrophosphate synthesized from F-rich
and F-poor solutions conditions are shown with higher magni-
fication images of select regions outlined in yellow. The crys-
tals of natrophosphate synthesized from either solution con-
dition are observed to be greater than 50 microns in diameter
with euhedral surfaces. Adsorbed to the euhedral surfaces are
smaller crystals of natrophosphate generated from homogeniz-
ing the salt with a mortar and pestle. The XRD and SEM
results indicate that the natrophosphate synthesized from
F-rich and F-poor conditions are similar in that natropho-
sphate is the only crystalline phase and that the produced salt
is euhedral with crystals between 5 and 50 microns in size. As
shown in the ESI,f scanning electron microscopy energy-dis-
persive X-ray spectroscopy analysis of the natrophosphate
samples indicate that the compositions of the samples are
within error of each other and also within error of the nominal
composition of natrophosphate. Therefore, vibrational spec-
troscopy and MAS NMR spectroscopy was performed to define
the molecular structure of the constituents of the natropho-
sphate crystals.

3.2 Molecular level description of natrophosphate
synthesized from F-rich and F-poor conditions

The Raman spectra of natrophosphate synthesized from F-rich
and F-poor sodium phosphate solutions are shown in Fig. 4

Fig. 3 Scanning electron micrograph of natrophosphate synthesized in
(A and C) an F-rich solution composition and (B and D) an F-poor solu-
tion composition. Note that in parts A and B, the region highlighted in
yellow indicates that area selected for imaging at higher magnification.
The micrographs obtained at higher magnification are shown in parts C
and D.

This journal is © the Partner Organisations 2022
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Fig. 4 Raman spectroscopy of natrophosphate crystallized from the (A)
F-rich and (B) F-poor solution conditions. The vibrational modes of the
PO,>" ion are annotated.

over a spectral range of 350 to 1100 cm™". This region contains
a series of diagnostic bands that can be attributed to the
Raman active modes of the phosphate anions in natropho-
sphate. Specifically, the Raman active modes of the phosphate
anion include the symmetric stretching mode of PO,*~ (v,),
the out-of-plane bending mode of PO,*” (v,), the antisym-
metric stretching mode of PO,*>~ (v;), and the in-plane
bending mode of PO,*~ (v,).>*?” The lack of variability in the
phosphate bands as a function of F~ and PO,>~ concentrations
in the mother liquor suggests that variability in phosphate spe-
ciation, such as the production of hydrogen phosphate or dihy-
drogen phosphate anions, does not occur under either of the
synthesis conditions. Formation of hydrogen phosphate is
expected to produce a Raman band of moderate intensity
assigned to v,-POH near 850 cm™" based on hydrated salts that
contain the HPO,>~ motif.>® The full spectral width spanning
between 100-4000 cm™' of the Raman spectra acquired for

Table 2 Raman spectroscopy Lorentzian line shape parameters
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these salts is available in Table 2, and the similarity of the
natrophosphate crystals prepared under F-rich and F-poor con-
ditions extends across the full spectral window. The Raman
spectra acquired from natrophosphate synthesized in F-rich
and F-poor solution compositions are in good agreement both
in the peak maxima of the Raman band, the full-width-at-half-
maxima (fwhm) and the relative intensity as shown in the
ESL.} Avdontceva et al. hypothesized that protonated phos-
phate species formed in their sample, but there is no peak at
850 cm ™" in the Raman spectra they published either.*®

A select region of the FTIR spectra acquired from natropho-
sphate synthesized in either F-rich or F-poor solutions is
shown in Fig. 5. Two FTIR-active modes fall within this region:
(i) the symmetric stretching vibration of PO,*” (v;) near
950 cm ™" and (ii) the asymmetric stretching vibration of PO,>~
(v5) near 1020 cm*.*° The splitting of these two modes into

(A)

Fit
Data
V3 Residual

F-rich

900 950 1000 1050
Wavenumber [cm™']

1100

Fig. 5 FTIR spectroscopy of natrophosphate crystallized from the (A)
F-rich and (B) F-poor solution conditions. The vibrational modes of the
PO,3~ ion are annotated.

F-Poor F-Rich

Wavenumber [cm™] fwhm [ecm™] Intensity [%] Wavenumber [em™] fwhm [em™] Intensity [%] Assignment®®?”
418.8 25.6 15.7 418.8 27.5 16.5 Vo

509.6 23.4 1.1 502.1 40.3 3.6 Vo

549.6 25.7 13.6 549.3 27.8 13.2 Vy

887.7 63.2 8.7 890.2 74.9 10.8 Shoulder of v,
939.6 24.9 53.2 939.1 26.2 48.5 V1

1006.7 259 7.8 1006.0 27.1 7.5 V3
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multiple bands has been attributed to crystalline field
effects,® and at least three Gaussian components are needed
to fit the spectra in this region. The similarity between the
FTIR spectra of the natrophosphate synthesized in either con-
dition is evident both from the total spectrum and the line
shape parameters of the deconvoluted components. If
H,PO,>™ ions were present in significant quantities,
additional FTIR bands at about 1200 cm™ and 860 cm™*
would be expected based on infrared studies of H3;PO, solu-
tions that were titrated with NaOH,*® density functional theory
based calculations of infrared spectra,"’ and Born-
Oppenheimer molecular dynamics simulations followed by
calculation of infrared spectra from trajectories.*” The line
shape parameters of the deconvoluted FTIR spectra are shown
in Table 3.

Multinuclear MAS NMR spectroscopy was conducted to
characterize the local chemical environment of H,O, F~, PO,*~
and Na' ions in natrophosphate crystals grown in F-rich or
F-poor solution conditions via 'H, '°F, *'P and **Na, respect-
ively. The "H MAS NMR spectra of the natrophosphate samples
is shown in Fig. 6A. The 'H resonance of natrophosphate crys-
tallized from either solution condition displays a single reso-
nance, indicating that the protons of water are undergoing
chemical exchange on the millisecond timescale. The resulting
ensemble resonance is well-fit by a single Lorentzian function
with a peak maximum of approximately 6 ppm and a fwhm of
4000 Hz. Both the peak maxima and the fwhm of the 'H reso-
nance are similar between the two samples. Based on the
reported crystal structure of natrophosphate, there are 7
unique water sites. However, a confounding complexity is that
the tetrahedral sodium site has a partial occupancy factor of
0.5. It is likely that the water proximal to the tetrahedral
sodium (versus an unoccupied tetrahedral sodium site) would
have a perturbed chemical shift. Therefore, there are well over
7 proton resonances, with the exact number contributing to
this distribution depending on the extent of effects arising
from the next nearest neighbor of water, and the 2nd nearest
neighbor effects from water, with respect to tetrahedral
sodium site occupancies and vacancies.

F MAS NMR spectra of natrophosphate crystallized in
F-rich and F-poor solution conditions are shown in Fig. 6B. A
single resonance is observed for both samples in the '°F MAS
NMR spectra, which is well-fit by a Lorentzian function centered
at approximately —222.7 ppm and both the location and the
fwhm of the resonance are similar between the two samples.
The fwhm of the '’F MAS NMR resonances of the two samples

Table 3 FTIR spectroscopy Gaussian line shape parameters
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(B)

Data
Residual

Data
Residual

F-rich F-rich

F-poor F-poor

—
40 30 20 10 0 -10 -20 -30
H Chemical Shift [ppm]

-221  -222  -223  -224  -225

19F Chemical Shift [ppm]

(C) (D)

Data
Residual

Data
Residual

F-rich F-rich

F-poor

F-poor

T T T T T T d

15 125 10 756 5 25 0 -25
23Na Chemical Shift [ppm]

1 10 9 8 7 6 5
31P Chemical Shift [ppm]

Fig. 6 Multinuclear single pulse direct excitation MAS NMR of natro-
phosphate synthesized from an F-rich or F-poor solution condition. (A)
IH MAS NMR spectra, (B) °F MAS NMR spectra, (C) and (D) 2*Na MAS
NMR spectra are shown. The line fit parameters are reported in the
Supporting Information.

is about 270 Hz. The presence of a single "°F resonance is in
good agreement with the XRD-derived crystal structure of natro-
phosphate,™® where only a single F~ site was refined.

3P MAS NMR spectra of natrophosphate crystallized in
solutions that were F-rich or F-poor are shown in Fig. 6C. The
3'p MAS NMR spectra of natrophosphate crystallized under
either solution condition exhibits two resonances. The predo-
minant resonance occurs at 8.3 ppm with a second resonance
occurring at about 7.6 ppm. The signal is well-fit by two purely
Lorentzian line shapes, with respective fwhm of about 270 and
140 Hz, respectively. The presence of two resonances in the *'P
MAS NMR spectra is in agreement with the XRD-derived
crystal structure of natrophosphate.”® Notably, the XRD-
derived crystal structure of natrophosphate'® also indicates
that the relative abundance of PO,>” in the two sites are 3 to 1,
and that ratio is in excellent agreement with the relative inte-
grals of the *'P MAS NMR resonances.

Similarly, the >>Na MAS NMR spectra shown in Fig. 6D, of
natrophosphate synthesized in F-rich or F-poor solutions con-

F-Poor F-Rich

Wavenumber [em™] fwhm [em™] Intensity [%)] Wavenumber [cm™] fwhm [em™] Intensity [%)] Assignment®®
964.0 37.4 52.0 965.1 38.0 52.6 vy

968.3 13.5 12.8 966.6 12.0 7.9 V1

1006.0 24.1 35.1 996.8 28.7 39.5 V3
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tains two resonances, which is in agreement with the two sites
present in the XRD-derived crystal structure of natropho-
sphate.'® The relative abundance of sodium in site 1 proximal
to F and site 2 proximal to PO,>” is invariant to perturbation
of F7/PO,* ratio in the mother liquor, and the relative inte-
grated signal intensity of 6 to 1 matches the expected site
abundance based on the XRD-derived crystal structure of
natrophosphate."® Notably, hydrogen phosphate is not present
in appreciable amounts since its presence would necessitate a
reduction in the relative abundance of the resonance at 4 ppm,
attributed to tetrahedral Na* proximal to the PO,*” ion, to
maintain the balance of charge. The isotropic chemical shift
of the ’Na MAS NMR resonance of the predominant line is
about 8 ppm, while the isotropic chemical shift of the minor
resonance is about 4.4 ppm. The quadrupolar coupling coeffi-
cient of the two resonances are 0.9 and 0.4, respectively, for a
fixed asymmetry parameter of a value of 0. As shown in
the ESLf the lack of archetypical quadrupolar line shapes
was also found at 7.05 T, which is consistent with **Na
quadrupolar coupling coefficients with magnitudes less than
1 MHz. The Lorentzian line shape parameters for the "H, *F,
and *'P MAS NMR spectra and the quadrupolar line shape
parameters for the >Na MAS NMR spectra are tabulated in the
ESL+

Formation of H,PO,>™, if present, would be expected to
appear as a separate resonance at a chemical shift near
15 ppm, based on hydrogen phosphate salts with '"H MAS
NMR.*® Note that while it is possible that chemical exchange
in the intermediate time regime relative to the NMR timescale
could lead to 'HPO,>” being undetectable in 'H MAS NMR
spectroscopy, based on the integration of Raman and FTIR
spectroscopy alongside **Na and *'P MAS NMR results, there

(A)

F-rich
- 4
0 6
T
L 8 &
-10
+12
15 10 5 0 B

f2 (ppm)
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is an absence of spectroscopic features that could be attributed
to hydrogen phosphate in the natrophosphate crystals syn-
thesized under either F-rich or F-poor conditions. Note that in
this manuscript, absolute quantification (spin counting) of
spin 1 nuclei was not performed because the two phosphate
and two sodium sites were resolved, and their relative abun-
dances were directly deducible from the spectra. Spin counting
potentially introduces uncertainties due to differences in spin
dynamics (arising from phenomena such as magnetic suscep-
tibility differences, inequivalent reflected and transmitted
powers, and inequivalent relaxation dynamics, etc.) between
the sample of interest and standards.**

To further scrutinize the **Na MAS NMR resonances, >°Na
multiple quantum (MQ)MAS NMR spectroscopy was per-
formed. MQMAS NMR spectroscopy is used to generate NMR
spectra of greater resolution than one dimensional spectra for
quadrupolar nuclei by correlating multiple quantum coher-
ences with their conversion into single-quantum
coherences.*>° Given that relative signal intensity of sites in
MQMAS spectra is dependent on the quadrupolar coupling
parameter of the site,>*® MQMAS spectra are often used quali-
tatively to validate the lack of poorly resolved resonances that
would be overlapping in one dimensional NMR spectra. The
**MQMAS NMR spectra shown in Fig. 7 confirm that only two
Na' sites are present in natrophosphate synthesized with
either F-poor or F-rich solution compositions. The MQMAS
NMR results therefore validate the use of only two resonances
used in Fig. 6D to fit the *’Na MAS NMR spectra. The NMR
results in tandem indicate that the local chemical environ-
ment of H,O, F~, PO,*” and Na' ions are conserved in natro-
phosphate crystals grown in F-rich or F-poor solution
conditions.

(B)

F-poor

(o]
1 (ppm)

12

0 5 0
2 (ppm)

15

Fig. 7 2Na Multiple Quantum (MQ) MAS NMR of natrophosphate synthesized from an (A) F-rich solution composition and an (B) F-poor solution
composition. The f1 and f2 projections are the summation of the Na MQMAS NMR spectrum. Two Na sites are observable, confirming that the

natrophosphate crystal structure contains only two sodium sites.
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4. Implications

Salts have been hypothesized to precipitate most rapidly when
the local chemical structures of the solution state species are
topologically similar to the structures of the solid phase
species.”’ natrophosphate is one of several fluoride or phos-
phate-containing salts found in Hanford nuclear waste. natro-
phosphate competes with sodium fluoride (NaF) and
Kogarkoite (NazFSO,) for fluoride. The quantity of each salt in
different Hanford tanks depends on the relative inventory of
phosphate, fluoride and sulfate.>*** Likewise, natrophosphate
competes  with  sodium  phosphate  dodecahydrate
(Naz(PO,4)-0.25NaOH-12H,0) and  Nastrophite (NaSr
(PO4)-9H,0) for phosphate.”* > Natrophosphate can grow up
to 500 micron-sized crystals in as little as four days.>® Sodium
phosphate dodecahydrate grows even faster, going from a solid
free liquid to a dense gel in literally the blink of an eye as solu-
tions cool on a countertop.’® In one study, sodium phosphate
dodecahydrate precipitated even though natrophosphate was
the stable phase; the sodium phosphate dodecahydrate then
slowly recrystallized into natrophosphate.’® While quantifying
the kinetics of crystallization of natrophosphate as a function
of solution composition and temperature remains an active
area of research, we note that the crystallization of many of
these salts is rapid relative to aluminum hydroxide minerals
also present in the radioactive waste.”>>> Hawthorne has
hypothesized that crystals precipitate most rapidly when the
liquid phase species look most like the solid phase species,>
therefore the local structure around ions in natrophosphate is
compared to solution structures.

The structure of hydrated salts can indicate how water inter-
acts with ions in the salt when they are dissolved in aqueous
solution.®>® There are 19 water molecules in the chemical
formula of natrophosphate, and 1.9 water molecules per ion.
Despite there being many water molecules in natrophosphate,
none of them coordinate fluoride. Fluoride binds water stron-
ger than many other monovalent ions in aqueous solution, but
not so strongly that it irrotationally binds the water molecules.
Others have predicted that inner-sphere ion pairs are formed
in solution between ions with similar hydration energy, even
when both ions individually form strong interactions with
water when the other ion is not present.>’>° Collins Law®*>°
thus predicts that smaller alkali ions like Li' or Na' form
inner-sphere ion-pairs with fluoride. More importantly with
the present study, this is consistent with the observation that
fluoride is not coordinated with water in natrophosphate, NaF
solid, or Kogarkoite (the three fluoride-bearing salts found in
Hanford waste). We hypothesize that Na' and F~ also form
inner-sphere ion-pairs in multicomponent Hanford waste
liquids. Buchner et al.’”*° indicated that only a small amount
of Na" and F~ form inner-sphere ion pairs in dilute aqueous
solution, but Hanford waste has greater than five moles of Na"
per liter, providing ample Na* for ion-pairing.

Hawthorne and Schindler®" developed rules for the location
of water molecules in salts that have water in their crystal
structure. Water molecules incorporate into the structure of

4872 | Inorg. Chem. Front,, 2022, 9, 4864-4875
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solids when there is a large charge density discrepancy
between the cation and anion.®’ Phosphate has four oxygen
and a negative three charge, which means that there is net
negative 0.75 valence units per oxygen. Each phosphate oxygen
is generally bound to about three cations surrounding each
phosphate oxygen, giving an average of 0.25 valence units of
charge donated to each cation.®” The Na* in natrophosphate,
nastrophite, and sodium phosphate dodecahydrate is co-
ordinated by six electronegative elements. With the one posi-
tive charge divided by six there is an average of 0.17 charge
units per ligand. There is thus a relatively large discrepancy
between the ideal charge donated from phosphate to each
cation (0.25 valence units, v.u.) and the ideal charge received
by Na’ per each cation (0.17 v.u.). When there is a large
charge-density discrepancy between electronegative and elec-
tropositive element like this, Hawthorne and Schindler®
noted that water is incorporated into crystals to mediate the
charge density discrepancy because water has high flexibility
in how it accepts and donates charge. This is consistent with
the structure of natrophosphate, Nastrophite, and sodium
phosphate dodecahydrate, where nearly all phosphate-oxygens
are coordinated by water, meaning that water molecules are in-
between the Na” and phosphate ions.*®%%%

5. Conclusion

Despite varying the PO,*” to F~ concentrations in the ternary
NaF : Na;PO,: H,O system, little variation in the molecular
structure of natrophosphate was found with powder X-ray diffr-
action, vibrational spectroscopy, and multinuclear MAS NMR.
The results are consistent with the notion that natrophosphate
is a classical salt of fixed composition. The >*Na MAS NMR
results in particular directly interrogated the relative sites
abundances of Na' ions in Nag(H,0);sF°" and Na(H,O)
(PO,),”~ sites and would have detected, if present, changes in
the F~ to PO,’” ratio and hydrogen phosphate formation. This
improved understanding of the discrete chemical environ-
ments of the ion-ion aggregates in the natrophosphate crystal
structure enables this salt to be used to study ion-ion inter-
actions between fluoride, phosphate and sodium in well-
defined ionic clusters and also enables further study of the
solubility of sodium fluoride and sodium phosphate solutions
pertinent to select geological deposits and radioactive waste
processing.
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