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A B S T R A C T

31P solid state NMR studies combined with DFT calculations were conducted over a chosen series of rare earth
element phosphates (REEPO4s), selected on the basis of the size and magnetic properties of REEs (La, Sm, Lu and
Yb). PXRD analysis revealed the presence of rhabdophane (La, Sm), monazite (La) and xenotime (Lu, Yb) phases
of these phosphate compounds. The direct excitation and cross-polarization 31P NMR studies together with cal-
culations confirmed the PXRD results for the abovementioned bulk structures, but also revealed presence of
several local phosphorus environments on surfaces. NMR is sensitive to the atomic level local interactions, and we
were able to show that the combination of experimental and theoretical NMR methods can provide information
unavailable with other methods. Due to the distinct coordination of the water molecules to crystal surfaces with
different Miller plane cleavages, we were able to identify from the NMR spectra the surface structures of the
studied minerals. This adds to the knowledge of the bulk structures of REE phosphates and provides preliminary
data for studies on coordination of various ligands on REE phosphate surfaces. This combination of experimental
and computational methods can further be used for studies on surface chemistry, important for applications in
catalysis and extraction of REEs from the minerals.
1. Introduction

In the periodic table, Lanthanide group (Lanthanum through Lute-
tium), along with Scandium and Yttrium, are known as rare earth ele-
ments (REEs) [1]. Unpaired electrons on compact valence 4f-orbitals of
lanthanides give rise to rich magnetic behaviour, while the chemical
bonding arises from the electrons in the outer s and d orbitals [2]. Unique
physicochemical properties of REEs have harnessed them in a wide range
of applications in technology, such as optics, bio-tagging and nuclear
waste deactivators [3,4].

Phosphate minerals are common resource for REEs [5]. REE phos-
phates (REEPO4s) can be formed in different types of crystal structures,
depending on the size of the involved trivalent lanthanide metal atom
and the contribution of water in the establishment of REEPO4s. These
compounds can be found in four types of minerals: rhabdophane,
monazite, churchite and xenotime. The crystal structures of these min-
erals are presented in Fig. 1. Rhabdophane minerals are hydrated phos-
phate compounds of the large but light lanthanides (La–Dy) with
monoclinic (C2) crystal structure. Monazite minerals are anhydrous
REEPO4s with light lanthanides. Crystallographic structure of monazite is
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monoclinic (P21/n). Hydrated phosphate compounds of heavier but
smaller lanthanides (Ho–Lu) as well as Y and Sc have monoclinic (C2/c)
crystal structure and their minerals are called churchite. Corresponding
anhydrous REEPO4s are xenotime minerals with tetragonal (I41/amd)
structure [5–8].

In nature, REEPO4s exist in monazite and xenotime mineral forms in
both rocks and soils as these crystalline phases are more durable even in
aqueous environments. However, they occur in rhabdophane and
churchite forms in acidic soils associated with aluminum and iron
[9–11]. The layer of hydrated REEPO4s formed through aqueous alter-
nation on the surface of xenotime and monazite plays a key role in
immobilization of leached actinides, preventing them to escape from the
anhydrous structures to the environment [3,7,8,12–15]. Information
about the configuration of water molecules in REEPO4s would give
deeper insight into their structures. Water molecules can be located in the
main structure of hydrated rare earth phosphates (rhabdophane or
churchite) or adsorbed on the surfaces of both hydrated as well as
anhydrous structures [16].

In this paper, rare earth phosphates with REEs La, Sm, Lu and Yb were
synthesized in aqueous environment and treated at different tempera-
tures (80, 200 and 850 �C) to vary their water content. The samples were
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Abbreviations

REE rare earth elements
REEPO4 rare earth element phosphate
LaPO4 lanthanum phosphate
SmPO4 samarium phosphate
LuPO4 lutetium phosphate
YbPO4 ytterbium phosphate
TGA thermogravimetric analysis
XRD X-ray diffraction
NMR nuclear magnetic resonance
MAS magic angle spinning
DFT density functional theory
CP cross polarization
SMARTER structure elucidation by combining magnetic

resonance, computational modelling and diffractions
PXRD powder X-ray diffraction

Table 1
Phases of REEPO4s based on Rietveld refinement analysis of PXRD results.

Sample Rhabdophane Monazite Xenotime

La (80 �C) 32% 68% __
La (200 �C) 25% 75%
Sm (80 �C) 100% __ __
Sm (200 �C) 100%
Lu (80 �C) __ __ 100%
Lu (200 �C 100%
Lu (850 �C) 100%
Yb (80 �C) __ __ 100%
Yb (200 �C) 100%
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studied with thermogravimetric analysis (TGA), powder X-ray diffraction
(PXRD), Fourier transform infrared spectroscopy (FTIR) and 31P solid
state nuclear magnetic resonance (NMR) methods. The selection of the
REEs was based on their size and magnetic properties presenting the
variety of features of this large group of elements; La and Sm represent
light and large REEs, whereas Lu and Yb are heavy and small; La and Lu
are diamagnetic, while Sm and Yb are paramagnetic. To our knowledge,
from the chosen REEPO4s, only previously reported 31P chemical shifts
for pure REEPO4s are for La phosphates [17–22] although plots of spectra
with no precise chemical shifts have also been reported for monazite
phase SmPO4 [22,23]. For the first time, the 31P NMR shielding tensors
for all crystal structures of diamagnetic REEPO4s are calculated with
density functional theory (DFT) methods. Computed 31P shielding ten-
sors in LaPO4 and LaPO4.nH2O (monazite and rhabdophane) as well as in
LuPO4 and LuPO4.nH2O (xenotime and churchite) in combination with
modelling of the water on the surfaces are used to assign the peaks in 31P
NMR spectra of all samples. By combining microscopic picture of
modelling with direct excitation and cross polarization (CP) NMR mea-
surements, we can show that the water molecules on La and Lu sample
Fig. 1. Crystal structures of hydrated phases, rhabdophane and churchite (REEPO
crystallographic coordinates abc. Churchite and rhabdophane phases are metasta
temperatures.
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grains affect the local environment of the surface phosphorous atoms,
giving rise to several peaks in 31P NMR spectra, as distinct signals arise
from the bulk and the different surfaces. We can further identify signals
arising from the most common surfaces (Miller planes) of the different
REEPO4 structures and gain insight into water coordination on these
surfaces. Thus, the combination of the PXRD and NMR techniques
together with calculations of 31P chemical shifts of the materials gives a
deeper insight into structures of REEPO4s and provides qualitative in-
formation on the surfaces of both the hydrated and anhydrous phases.
This synthesis of methods is often referred to as SMARTER crystallog-
raphy [24–26] and has been applied recently in several studies of REE
molecular solids [27–30].

2. Results and discussion

Technical details of the sample preparation, PXRD, TGA, FTIR and
NMR experiments as well as DFT calculations can be found in the section
‘4. Methods’.

2.1. Powder XRD (PXRD)

Identified phases based on the PXRD of synthesized REEPO4 samples
treated at different temperatures (80, 200 and 850 �C, see ‘4. Methods’
for sample preparation) are presented in Table 1 and diffractograms are
presented in Electronic Supplementary Information (ESI). According to
the PXRD analysis, the Sm sample obtained pure rhabdophane phase
whereas the La sample formed in both monazite and rhabdophane pha-
ses. The relatively large amount of monazite phase in La samples could be
4.nH2O), as well as anhydrous phases, monazite and xenotime (REEPO4), in
ble and transform to the compact xenotime and monazite phases at higher



Table 2
Total water content (mole per mole of REEPO4) for samples treated at 80 �C.

Samples La Sm Lu Yb

water content 0.69 0.91 1.14 1.58
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due to the mechanical stress caused by long stirring during the synthesis.
The formation of monazite along with the rhabdophane at relatively low
temperatures (120 �C) has previously been reported in the literature
[31]. Lu and Yb samples were identified with xenotime crystal structure
and no reflection of hydrated counterpart of heavy REEPO4s (churchite)
was observed in the PXRD analysis. Heating the samples to 200 (all
REEPO4s) and 850 �C (LuPO4) did not lead to changes in crystal struc-
tures. Treating the LuPO4 sample at high temperature (850 �C) led to
formation of crystalline nanosized (~54 nm) particles. All PXRD results
and analysis based on Rietveld refinement are presented in supporting
information (Figs. S2–S5).

2.2. Thermogravimetric analysis (TGA)

TGA graphs and corresponding derivatives are shown in Fig. 2 and the
water content evaluation of these samples are reported in Table 2 (see ESI
for the analysis).

For the monoclinic rhabdophane, LnPO4.nH2O, n ¼ 0.667 corre-
sponds to fully hydrated structure. All the samples show weight loss in
TGA experiment. La and Sm samples show two clear steps of dehydration
corresponding to rhabdophane transforming from subhydrate (n¼ 0.667
in REEPO4.nH2O) to hemihydrate (n ¼ 0.5) structure and further to
anhydrous rhabdophane. The previously reported transformation tem-
peratures are 140 and 240 �C for LaPO4.nH2O and 80 and 210 �C for
SmPO4.nH2O [7,8], which agree with the current results. For La sample
we observe a third, smaller but a clear step around 400 �C and the same
feature is visible, although much less pronounced, for all the samples.
According to literature this can be attributed to the evaporation of hy-
droxyl groups from the surface [32]. For both La and Sm samples we also
observe more continuous loss of water from the surface and voids be-
tween the grains. This contribution is more pronounced for La sample as
more than half of the sample is in monazite phase with no structural
water. The fact that the La samples are mixtures of monazite and rhab-
dophane also makes it more difficult to interpret the water loss in terms
of structural and/or phase changes. Dehydration temperatures in REE-
PO4.nH2O samples are directly dependent on the ionic radii of REEs,
which results in smaller voids and channels in the minerals of lighter but
larger La in comparison to Sm, which has smaller ionic radii [8].
Therefore, dehydration of LaPO4.nH2O happens at higher temperature.
After the initial dip Lu and Yb samples show a continuous water loss due
the evaporation of water molecules on the surfaces or trapped inside of
the voids between the xenotime grains.

2.3. Infrared spectroscopy (FTIR)

FTIR spectra of Lu samples (80 and 200 �C) are gathered in Fig. 3. The
Fig. 2. TGA (solid lines) and dTGA (dashed lines) graphs for the
REE phosphates.
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spectral regions at 1200 and 500-700 cm�1 are assigned to bending and
stretching modes of PO bond in phosphate groups [15,33]. Recorded
vibrational modes in FTIR visible in regions of 3200–3600 cm�1 and
1600-1700 cm�1 correspond to water stretching and bending modes,
respectively, indicating existence of water in the sample. As Lu samples
are pure xenotime, the water can be concluded to reside on the surfaces
and/or between the xenotime grains.
2.4. NMR spectroscopy

31P NMR spectra of all REEPO4 samples prepared at 80 �C are shown
in Fig. 4. All spectra along with the fitted spectral lines are presented in
ESI. The width of the whole center transition in the diamagnetic samples
(La and Lu) is roughly 1–2 kHz and in the paramagnetic Sm sample ca. 6
kHz. For the paramagnetic Yb sample the width of the static spectrum is
nearly 500 kHz. The anhydrous phases, monazite and xenotime, both
contain a single crystallographic phosphorus site, and these bulk struc-
tures should give rise to one line in the 31P NMR spectra. The number of
inequivalent phosphorus sites in the hydrated structure, rhabdophane,
depends on the hydration level, being three for the subhydrate (n ¼
0.667) and two for the hemihydrate (n ¼ 0.5).

The experimental chemical shifts of La, Lu and Sm (80 �C) samples as
well as the peak intensities of CP experiments versus direct excitations
are listed in Table 3. In addition, the computed chemical shifts for the
monazite and rhabdophane phases for La phosphate as well as the xen-
otime and churchite phases for Lu phosphate are shown, as are the
chemical shift values from the surface modelling on hydrated monazite
and xenotime surfaces. Experimental and computational results of the
diamagnetic La and Lu samples as well as of the paramagnetic Sm and Yb
samples are discussed separately in the following paragraphs. More de-
tails of the analysis of the experimental spectra as well as all the
computed values are presented in ESI.

2.4.1. Lanthanum phosphate; monazite and rhabdophane
The direct excitation and CP 31P NMR spectra of both La samples (80

and 200 �C) together with the computational spectrum are presented in
Fig. 3. FTIR spectra of LuPO4 (80 and 200 �C).



Fig. 4. 31P NMR spectra of REEPO4 samples (80 �C). YbPO4 spectrum is from a
static spin echo experiment (offset �200 ppm) and the rest are from direct
excitation MAS experiments with 7 kHz spinning speed.

Table 3
Experimental and computational 31P NMR chemical shifts (in ppm) for La, Lu and
Sm phosphates.

Sample Labela Calc. Exp. Ib (%) CPc (%)

La M �4.8 �4.8 36 0.4
R – �3.6 49 30
RSH �1.7 – – –

RHH �2.4 – – –

SLP – �1.4 10 16
SHP – �5.8 6 69
MS{010} þ1.6 … þ12.1 – – –

Lu X �5.8 �5.8 48 23
XSHP – �9.5 6 64
XSMP – �1.6 39 37
XSLP – 2.4 6 29
C 9.6 – – –

XS{100} þ0.5 … þ2.3 – – –

XS{110} þ14.2 … þ17.2 – – –

XS{101} �6.8 … �8.2 – – –

Sm RSm – 15 75 20
RSLP – 4 12 27
RSHP – 25 13 51

Labels: M ¼ monazite. R ¼ rhabdophane. RSH, RHH ¼ subhydrate and hemihy-
drate rhabdophane; calculated shifts are weighted averages of the two (RSH) or
three (RHH) computationally distinct phosphorus sites. SLP, SHP ¼ surface sites
with low and high polarization (CP) enhancement. X ¼ bulk xenotime. XSHP,
XSMP, XSLP ¼ xenotime surface sites with high, medium, and low CP enhance-
ments. C ¼ churchite. RSHP, RSLP ¼ rhabdophane surface sites with high and low
CP enhancement. MS{010}, XS{100}, XS{110}, XS{101} ¼ monazite {010} and xen-
otime {100}, {110} and {101} surface sites; range of values from calculations for
few phosphorus closest to the surfaces covered with a layer of water. The
calculated chemical shifts for different crystal structures of La and Lu phosphates
are referenced to experimental bulk monazite (M) and xenotime (X) peaks,
respectively, by aligning the corresponding computational values with them.

a Identified sites in 31P MAS NMR.
b Direct excitation peak intensities in REEPO4 samples treated at 80 �C.
c Cross polarization peak intensity versus direct excitation intensity in REEPO4

samples treated at 80 �C.
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Fig. 5. Experimental spectra contain four peaks; two major peaks at �3.6
ppm and �4.8 ppm and two minor peaks at �5.8, and �1.4 ppm (see
Table 3 and ESI). According to the PXRD results, La sample is a combi-
nation of monazite and rhabdophane phases. The polarization transfer
efficiency in the CP experiment is strongly dependent on the internuclear
distance between the phosphorus and the hydrogen nuclei. Thus, the
peak at �4.8 ppm is assigned to arise from the 31P nuclei in monazite
structure having no structural water, as it does not gain any intensity in
the CP experiments (peakM in Table 3 and Fig. 5). The assignment agrees
well with previously reported phosphorus chemical shifts for monazite
4

phase, LaPO4, ranging from �4.4 to �4.6 ppm [17–21]. Local coordi-
nation of water molecules to the lanthanum atoms in fully hydrated
rhabdophane structure (LaPO4.0.677H2O) categorizes phosphorous
atoms into two types with different local environments (see CIF-files for
rhabdophane crystal structure in ESI). This is manifested by distinct
computational chemical shifts for the two phosphorus. The sites are
labelled as R1 and R2 and they exist in relative amounts of 2:1 (R1:R2).
By setting the computational NMR chemical shift of monazite compound
to the experimental monazite shift at �4.8 ppm, the computational
chemical shifts for the two phosphorous nuclei in rhabdophane appear at
�2.5 ppm (R1) and �0.1 ppm (R2). For the hemihydrate (n ¼ 0.5)
rhabdophane structure calculations reveal three distinct phosphorus sites
in relative amounts of 1:1:1 and with chemical shifts of �1.1 ppm (R1),
�2.5 ppm (R2) and �3.5 ppm (R3) (Table S13 in ESI). The calculations
are for static minimum energy geometries, while experimental results are
averages over fast dynamics of the water molecules inside the rhabdo-
phane channels. Due to the fast exchange, the coordination of the water
molecules at distinct phosphorus site changes during the experiment,
leading to an average observable peak for the phosphorus (RSH and RHH
in Table 3 and Fig. 5). We thus identify the second major peak at �3.6
ppm to originate from the rhabdophane structure (R in Table 3 and
Fig. 5). This is in agreement with reported phosphorus chemical shifts for
rhabdophane phase, LaPO4.nH2O, ranging from �3.2 to �3.8 ppm [17,
32,34]. In the NMR spectra, the relative intensities of the monazite peaks
are lower than the amount of the phase given by the PXRD. This is caused
on one hand by the extremely slow relaxation of the monazite NMR
signal (according to literature T1 ¼ 600… 1714 s for bulk monazite [19,
20], approximated to be in the range of 40–50 s in our systems containing
water, see ESI text above Fig. S14) resulting in non-quantitative NMR
spectrum and, on the other hand, on the fact that the PXRD intensities of
the reflections depend on particle size and morphology of the minerals,
which differ for rhabdophane and monazite [35]. Additionally, possible
amorphous component in La samples could induce discrepancy in the
relative amounts of rhabdophane and monazite observed in the PXRD
and NMR, as NMR is capable to detect amorphous phases and one of the
phases could be more amorphous than the other. According to TGA, La
(80 �C) sample should be subhydrate (n ¼ 0.667) and La (200 �C)
hemihydrate (n ¼ 0.5). As the observed NMR peak is a dynamic coales-
cence of the aforementioned two (subhydrate) or three (hemihydrate)
phosphorus sites, the two rhabdophane samples (80 and 200 �C) should
have slightly different chemical shifts. Differences between the experi-
mental NMR spectra of the two samples (80 and 200 �C) are very small
and the chemical shifts are essentially the same (see Tables S1 and S2 in
ESI). Only the amount of monazite seems to increase for the sample
prepared at higher temperature, as was also observed with PXRD, and the
CP enhancements are larger for the sample prepared at 200 �C. The latter
is likely due to removal of bulk water leading to less exchange of water
molecules between the surface and the bulk water between the grains,
resulting in gain in the polarization transfer efficiency. There are previ-
ous reports of reabsorption of water due to mechanical and thermal stress
caused by the packing and handling of NMR samples [32], thus the water
can adsorb to the surfaces of the grains and also into the rhabdophane
channels, leading to increase in the total water content. It is also possible
that the difference in the chemical shifts for the samples with different
hydration levels is smaller than the detection limit for the broad NMR
peaks. Regardless, from the current NMR data we cannot confirm the
hydration levels of the samples, although it might theoretically be
possible.

The twominor NMR peaks at�1.4 ppm and�5.8 ppm are assigned to
arise from the phosphorus at the surfaces of the particles. Previously
some minor peaks observed in the range of �0.5 to �20 ppm for La
monazite and rhabdophane samples have been assigned to hydro-
phosphate groups on the surface [17,19], although the highly shielded
peak at �20 ppm is more likely to arise from condensed TPP (triphenyl
phosphate) rather than hydrogen phosphate, as metaphosphates are
known to have chemical shifts around that range [36]. Other references



Fig. 5. Spectra of direct excitation (coloured lines/
higher intensities), cross polarization (black lines/
lower intensities) 31P MAS NMR experiments and
computed NMR chemical shifts in diamagnetic sam-
ples; (a) La (80 �C), (b) Lu (80 �C), (c) La (200 �C), (d)
Lu (200 �C), (e) La (Comp.) and (f) Lu (Comp.).
Assigned phosphorus sites in La (80 and 200 �C) are
surface phosphorus (SLP and SHP), bulk monazite (M)
and bulk rhabdophane (R). The four peaks for Lu (80
and 200 �C) samples are the bulk xenotime (X), as
well as three xenotime surface sites (XSHP, XSMP,
XSLP). Peaks are named ‘high’, ‘medium’ and ‘low
polarization’ based on polarization transfer efficiency
in CP. In computational spectra, (e) and (f), RHH and
RSH refer to subhydrate and hemihydrate rhabdo-
phane structures, M to monazite, X to xenotime and C
to churchite.
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report that it is possible to fully remove the adsorbed groups by using
stoichiometric proportions or rinsing the sample with a large excess of
water [3], as was done in the current work. The peak at �5.8 ppm (SHP)
gains the most intensity in the CP experiments, indicating hydrogen
nuclei with slower or no exchange and/or in closer vicinity of these
phosphorus. This peak would be the most obvious candidate for the
signal arising from phosphorus with more tightly bound hydrogen.
However, we assume that after rinsing the sample, the possibly remain-
ing signal from these groups is too small to be observable. The polari-
zation transfer in these systems is rather complicated as the efficiency
depends on the coordination of the water molecules on the surface (i.e.
distance between hydrogen and phosphorus), but also on the dynamics,
which in turn depends on, for example, the size of the voids in between
the particles, the amount of water in these voids and the strength of the
interactions between the water molecules and the surface atoms. The
water coordination differs on different types of surfaces, and this in-
fluences the NMR signals of closeby phosphorus nuclei. Size and direc-
tion of the shift as well as the polarization transfer efficiency then
depends on the location, orientation, and dynamics of the water mole-
cules on each surface. To gain insight into the effect of water coordina-
tion on the 31P chemical shifts, a set of calculations with a layer of surface
water at the most common Miller plane for monazite, {010} [37], were
performed (see ‘4. Methods’ and ESI for details). As the experimentally
observed quantity is an average over the dynamics of the water mole-
cules, the theoretical values are only used to reveal the direction of the
shifts for the observed peaks, not the absolute quantities. Calculations
indicate a positive shift for the phosphorus on hydrated {010} surface
(MS{010} in Table 3 and ESI Table S14). According to the PXRD, both La
samples (80 and 200 �C) contain monazite as the main mineral. Thus, we
conclude that the peak at �1.4 ppm (SLP) is likely to arise from the
phosphorus at the most common monazite surface {010} and the peak at
�5.8 ppm is likely to arise from some of the other common monazite
surfaces ({110}, {121}, {011}) [37] or from the rhabdophane surface.
5

For Sm samples (pure rhabdophane), we observe a bulk peak and two
peaks assigned to surface phosphorus (see “Paramagnetic samples, Sm
and Yb”). If we assume similar rhabdophane surface peaks for La sample,
we should observe two peaks of about 6–8% intensity. Thus, it is possible
that the La peak SHP at �5.8 ppm with 6% total intensity could indeed
arise from one of the rhabdophane surfaces and there could also be a
second rhabdophane surface peak overlapping with the surface peak
assigned to monazite (SLP) and thus not distinguishable. At this point we
cannot identify the rhabdophane surfaces more precisely as we do not
have knowledge of the most common Miller planes for LnPO4.nH2O.

2.4.2. Lutetium phosphate; xenotime
Direct excitation and CP 31P NMR spectra of Lu (80 and 200 �C)

samples together with computed chemical shifts are presented in Fig. 5
and Table 3. Experimental NMR spectra of Lu (80 and 200 �C) samples
can be decomposed into six peaks at �20, �15, �9.5, �5.8, �1.6, and
þ2.5 ppm, of which the peaks at �15 and �20 ppm have less than 1%
intensity in all spectra. According to literature, these peaks might arise
from small polyphosphates, which may form by heating the reagents
during the synthesis [3]. PXRD states the sample as pure xenotime, which
contains no structural water. All the NMR peaks gain some polarization
transferred from surface water protons in the CP experiments, but we
assign the largest peak (intensity 48%) at �5.8 ppm gaining the least
polarization to the phosphorus nuclei in bulk xenotime (X in Table 3 and
Fig. 5).

To confirm the assignment, Lu sample was treated at 850 �C after
which the removal of water was observed by the vanishing signal in the
CP experiment. In the 31P direct excitation MAS spectra of Lu (850 �C)
sample (Fig. 6) only the peak at �5.8 ppm remains, affirming the
assignment. As in the spectra of Lu sample prepared at lower tempera-
tures, there are two minor peaks at �15 and �20 ppm with very small
intensities (1%). Additional minor peaks are observed in the range from
�30 to �45 ppm (4% of total intensity) that could again arise from some



Fig. 6. 31P MAS direct excitation experiment spectra of Lu samples. The broad
feature in addition to the sharper peak at 850 �C likely arises from nanogranule
surfaces and/or susceptibility effects (see Fig. S11 in ESI for more detailed
description).
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polyphosphates. For Lanthanum, for example, phosphorus resonances of
La(PO3)3 have been reported with very similar chemical shifts [18,22,32,
34,38,39]. A general understanding seems to be that in diamagnetic
compounds the chemical shift range is rather independent on the metal
and depends more on the amount of polymerization; phosphorus shifts in
the range of �15 to �20 ppm likely arise from cyclic or long chain pol-
yphosphates whereas signals around �30 to �40 ppm from branched
polymers [40]. According to PXRD the sample contains no churchite
structure and the NMR data affirms that. When the computational
chemical shift in xenotime crystal structure in Lu sample is matched with
the experimental shift at �5.8 ppm, the computational shift of churchite
crystal structure appears at 9.6 ppm. From the computational studies on
the effect of removing structural water from rhabdophane and churchite
(see Tables S9–S12 in ESI) we can deduce that in rhabdophane the effect
due to removal of the water is about 2 ppm upfield and in churchite
similar but even larger ca. 5 ppm deshielding effect is seen. This means
that for partly dehydrated churchite structure the NMR peak should
appear at even higher chemical shift, further away from the observed
range. Thus, the three remaining peaks (at �9.5, �1.6 and 2.5 ppm) in
the spectra from Lu (80 and 200 �C) samples are assigned to phosphorus
nuclei in xenotime in close vicinity to the surface water molecules.
Phosphorus nuclei with the highest CP enhancement shows a downfield
peak at �9.5 ppm (XSHP), the peak at �1.6 ppm gains somewhat less
polarization (XSMP), and the least polarization transfer is observed for the
peak at þ2.4 ppm (XSLP). The effect of the hydrated surfaces was again
studied computationally for the phosphorus at the most common xen-
otime surfaces, {100}, {110}, and {101} [41]. According to calculations
on the most common surface, {100}, there should be a positive shift.
Thus, we assign the most intensive (39%) surface peak at �1.6 ppm
(XSMP) to arise from the phosphorus at {100} surface (XS{100} in Table 3).
The calculations also reveal even larger positive shift for the phosphorus
on the {110} surface leading to assignment of the peak at þ2.4 ppm
(XSLP, 6% intensity) to originate from this site (XS{110}). The low polar-
ization enhancement would indicate that either (a) there is less water on
this surface, (b) the water is less tightly bound or (c) coordinated in such
a way that the proton-phosphorus distance is larger than on the other
surfaces. For the surface {101} the computations predict a negative shift,
leading to a conclusion that the peak at �9.5 ppm (XSHP, 6% intensity)
could arise from that surface (XS{101}). The high polarization transfer
efficiency indicates close contact with the water protons. Polarization
transfer observed for the bulk xenotime signal at �5.8 ppm could arise
from yet another surface peak overlapping with the bulk signal. Another
plausible explanation is that, as the xenotime sample consists of small
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nanogranules (average size 54 nm, obtained from the Rietveld analysis of
the XRD data) with large relative surface area, there is a large amount of
phosphorus nuclei in bulk structure close to surface, and thereby with a
possibility to gain some polarization transfer, either directly or through
spin diffusion. The fact that we do not observe any such effect for LaPO4
(monazite) phase could hint that an overlapping surface peak could be a
more likely explanation. As with La samples, there are no large differ-
ences between the samples prepared at 80 and 200 �C (see Tables S3 and
S4 in ESI); only the relative amount of bulk xenotime signal increases
with the higher temperature, as more water is lost. All the other changes
are within the uncertainty of the fits of the broad NMR peaks.

2.4.3. Paramagnetic samples; Sm and Yb phosphates
The electron-nucleus spin hyperfine interactions caused by the pres-

ence of an unpaired electron in paramagnetic samples has a major impact
on the couplings, chemical shifts and linewidths in NMR spectra [42].
Due to the lower resolution in 31P NMR spectra, the information
obtainable for the paramagnetic REEPO4 samples is lesser in comparison
to the diamagnetic samples.

In Sm samples (80 and 200 �C) the NMR spectra can be divided into
three peaks at 25 (relative intensity 14%), 15 (75%) and 4 (11%) ppm
(see Figs. S12 and S13 at ESI for more detailed spectra). According to
PXRD, Sm sample is pure rhabdophane phase, SmPO4.nH2O, so, as for its
diamagnetic counterpart La, we assign the major peak at 15 ppm to arise
from the bulk rhabdophane and the peaks at 4 and 25 ppm from the
surface phosphorus. To our knowledge there are no previous reports on
NMR chemical shifts for SmPO4.nH2O. For monazite, SmPO4, plots of
spectra, although no precise number of the chemical shift, can be found
in the literature [22,23] and from the figures the chemical shift for
SmPO4 can be estimated to be ca. 17–18 ppm, i.e. slightly larger than the
15 ppm observed for the rhabdophane phase in this work. The chemical
shifts for both samples (80 and 200 �C) are the same within the experi-
mental accuracy. Thus, again, the chemical shifts do not reveal the hy-
dration level of the samples. The CP enhancements are almost doubled
for all the peaks for the sample treated in 200 �C which could again be an
indicator of water being more tightly bound on the surface after removal
of bulk-like water. In the CP spectra of Sm sample, the most deshielded
peak at 25 ppm gains the most polarization transfer from the surface
water protons. With respect to the polarization enhancement, the order
of the chemical shifts is opposite compared to the La sample, where the
most shielded peak at �5.8 ppm gained the most polarization. It would
be tempting to assign these two peaks with distinguishably large CP
enhancements, SHP in La sample and RHP in Sm sample, to arise from the
same rhabdophane surface. The lower absolute CP enhancement for RHP
in La sample in comparison to SHP in Sm sample is likely due to the faster
relaxation induced by the paramagnetic Sm (T1 relaxations times for the
31P bulk rhabdophane peak in La (200 �C) and Sm (200 �C) samples were
measured to be about 40 s and 80 ms, respectively). The reversed
appearance of the peaks in the paramagnetic Sm sample could easily be
explained by the hyperfine interactions with unpaired electrons. Both
negative and positive shifts with respect to diamagnetic peak have been
observed in solid solutions of LaPO4 with paramagnetic LnPO4s [18,21]
and these kinds of effects are often reported in the literature by combined
experimental and computational studies on the paramagnetic systems, in
which the latter has been necessary for correct assignments of the spec-
tral peaks [42–48]. As those works clearly show, due to the sensitivity of
underlying electron paramagnetic resonance (EPR) parameters for elec-
tronic state, relativistic effects, and electron correlation treatment, for
which current periodic methods are unsuitable, more complicated cluster
modelling is necessary for these effects. In addition, proximity of several
paramagnetic REE centres in these systems possesses a challenge for
current theoretical methods to include magnetic coupling effects in both
ground and low-lying excited state multiples in calculations of para-
magnetic NMR parameters [43,49]. Therefore, above experimental as-
signments of SmPO4.nH2O provide challenge for future computational
studies and the present periodic NMR modelling is restricted to
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diamagnetic REEPO4.
Results obtained for the broad spectrum of Yb sample are highly

affected by the magnetic susceptibility effects and fast paramagnetic
relaxation [42,50]. In static spin- and solid-echo experiments for the Yb
sample we observe a very broad peak with non-zero intensity extending
to a region of about 500 kHz (see Fig. 4). Themaximum of the spectrum is
around �330 ppm, but the peak appears slightly asymmetric, hinting
either to multiple overlapping peaks and/or powder line shape. As ac-
cording to PXRD, Yb samples are pure xenotime (YbPO4) and TGA in-
dicates presence of water in both samples (80 and 200 �C), it is
reasonable to expect that there should be peaks arising from the surface
phosphates, similarly to LuPO4. If we assume that, in addition to a major
peak from bulk xenotime, there is a peak with substantial intensity from
the phosphorus at the most common xenotime surface {100}, we can fit
two peaks to the experimental spectra and obtain chemical shifts of about
�350 ppm (bulk) and 700 ppm (surface). It is also plausible, that we only
observe a powder line with a large chemical shift anisotropy and the
surface peaks are masked by the bulk signal. Due to the broadness of the
observed peak, restricted spinning speeds available with the current MAS
hardware and the limited excitation profile of the pulses in the echo
sequences, it is at this point impossible to state more accurate value(s) for
the chemical shift(s).

3. Conclusions

The structural studies of REE phosphate compounds are motivated by
the wide range of applications of these minerals. The bulk of the previous
NMR studies on the REEPO4minerals have been on anhydrous structures,
xenotime and monazite and concentrated on bulk structures instead of
surfaces. Rare earth phosphates synthesized in aqueous environment in
moderate temperatures can form in rhabdophane, churchite, monazite
and xenotime phases, depending on the size of the rare earth elements. It
is important to be able to separate NMR signals arising from the bulk and
the surface, as hydrated minerals are found in the nature. Water coor-
dination on the surface affects both the NMR chemical shift of the
phosphorus and the polarization transfer efficiency. Thereby 31P NMR
can give information on the water inside the structures and adsorbed on
the surfaces and further, in combination with calculations, reveal sur-
faces with distinct Miller planes.

We have studied REEPO4 minerals with REEs La, Sm, Lu and Yb,
treated at different temperatures in aqueous environments, leading to
compounds containing both structural (rhabdophane) and surface
(rhabdophane, monazite, xenotime) water. All the samples were ana-
lysed with PXRD, and TGA and identified to contain xenotime (LuPO4
and YbPO4), rhabdophane (SmPO4.nH2O and LaPO4.nH2O) and mona-
zite (LaPO4) phases. To obtain more localized information on the phos-
phorus sites and water coordination, we used 31P solid state NMR
experiments for all samples in combination with theoretical DFT calcu-
lations for the diamagnetic Lu and La samples. With simple static cal-
culations we were also able to obtain qualitative information on the
chemical shifts for the phosphorus atoms close to hydrated surfaces, and
thereby identify the most common surfaces through the corresponding
dynamically averaged peaks observed in the experiments. We identified
three distinct surfaces for the xenotime LuPO4 (X{100}, X{110}, X
{101}), two surfaces for the rhabdophane SmPO4 and at least one surface
for the monazite LaPO4 (M{010}). An additional surface site was
observed for La samples, but, as those samples were mixtures of monazite
and rhabdophane, we can only speculate on the origin of that surface
peak. For the first time, we also computationally predicted the churchite
chemical shift for LuPO4.nH2O. To gain further insight, calculations
could be developed towards dynamic modelling of exchange dynamics of
water as well as surface chemistry, but that would require development
of methods and models and substantially more computing power. As
other heavy and light REEs form similar phases and, hence, have similar
phosphorus signals, this work also provides basic information for future
studies on other diamagnetic REEPO4s in both hydrous and anhydrous
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environments. This work manifests the strengths of the combination of
solid-state NMR experiments and theoretical calculations, both providing
localized structural information: it was possible to analyse spectra arising
from mixtures of complex minerals, identify sites with varying water
coordination and thereby also gain information on the surfaces. The re-
sults show that 31P NMR together with computational methods is a highly
efficient way to interpret surface hydration and the method can also be
used to investigate other species than water, giving insight into coordi-
nation behavior and preferential crystal surfaces for adsorption.

4. Methods

4.1. Synthesis

REEPO4 samples were prepared in aqueous solution using the pre-
cipitation method developed by Kijkowska [3,51]. Four elements (La,
Sm, Lu, Yb) with different atomic radii and magnetic properties were
used in the experiments. La (diamagnetic) and Sm (paramagnetic)
represent the light series while Lu (diamagnetic) and Yb (paramagnetic)
belong to the heavier rare earth elements. Oxide forms of REEs were used
as starting materials: La2O3 (Sigma Aldrich; 99.99%), Lu2O3 (Alfa Aesar;
99.99%), Sm2O3 (Alfa Aesar; 99.9%), Yb2O3 (Alfa Aesar; 99.9%).
REE2O3s fine powder (0.0020 mol) was added to a round bottomed flask
containing 13.7 mL of 14.6 M H3PO4 (Sigma Aldrich; 85%). The used
mole ratio for reagents, PO4:REE2O3 was 100:1. To avoid agglomeration,
the mixing procedure was under steady magnetic stirring. Stirring
continued until a clear solution formed. The mixtures turned clear in less
than an hour, except for La2O3 and H3PO4, which remained white and
cloudy even after one day of mixing. The solutions were diluted by
adding 100 mL of water and refluxed at ~130 �C for 2 h. The obtained
precipitate was filtered and washed with deionized water. In order to
monitor the H3PO4 residual in precipitate, the acidity of the flushed
water was checked with pH meter paper [52]. The samples were kept in
air overnight to dry and then heated to 80 �C for 1 h. Half of the samples
were weighed and reheated to 200 �C to induce structure water evapo-
ration without structure transformation. The heating procedure was
monitored by weighing the sample every 6 h until two last weights were
equal. To reach stable weight, i.e. complete dehydration, La and Sm
samples were kept almost 48 h in the oven, whilst for Lu and Yb samples
24 h was enough. To verify the assignment of the NMR peaks, Lu sample
was kept in a furnace at 850 �C for 10 h. At 850 �C, all water was removed
as reported in the literature [3] and also confirmed by our NMR exper-
iments. Throughout this article the temperature (80, 200 or 850 �C) in
parenthesis after a sample refers to the temperature used in the sample
preparation phase.

4.2. Powder XRD (PXRD)

All the synthesized REEPO4s were studied with PXRD. Lu, Sm and Yb
(80 �C) samples were measured using a Panalytical Empyrean diffrac-
tometer run in Bragg-Brentano geometry. The X-ray generator was
defined by Cu Kα radiation (λ ¼ 1.5406 Å). The samples were scanned in
the 2θ range of 5–70� with a 2θ step size of 0.0390� and a scan step of
1.00 min per degree. La (80 and 200 �C) and Lu, Sm and Yb (200 �C)
samples were analysed by Rigaku SmartLab 9 kW XRD system. The sys-
tem was set on Bragg-Brentano geometry and used Co Kα radiation (λ ¼
1.7890 Å). The 2θ range of 5–130� with a 2θ step size of 0.0200� and a
scan step of 4.00 min per degree were applied.

4.3. Thermogravimetric analysis (TGA)

To determine the water content of the REEPO4 (80 �C) samples,
thermogravimetric analysis was performed. Netzsch STA 409 PC/PG and
Netzsch STA 449 F3 instruments were used to study hydrated Lu, Sm, Yb
(weight ~1–5 mg) and La (weight ~70 mg) samples. Weight loss of all
four samples were monitored from 30 to 1000 �C at 10 �C/min heating
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rate under Nitrogen atmosphere (20.0 mL/min).

4.4. Infrared spectroscopy (FTIR)

Infrared spectroscopy of LuPO4 powder (80 and 200 �C) were per-
formed with FTIR VERTEX 80v instrument in the 400 to 4000 cm-1 range
with 2 cm-1 resolution. The FTIR experiments were measured using the
DRIFT (Diffuse Reflectance Infrared Fourier Transform) method.

4.5. Solid state NMR spectroscopy

31P NMR spectra of REEPO4 samples were recorded with Bruker
Avance III 300 MHz (9.4 T) NMR spectrometer at ambient temperature.
Magic angle spinning (MAS) 31P spectra of the La, Lu and Sm samples
(80, 200 and 850 �C) were collected with a spinning rate of 7 KHz, using a
single pulse direct excitation as well as cross polarization (CP) experi-
ments. For all the experiments 1024 scans were collected with recycle
times of 20 and 5 s, resulting in experiment times of 5.4 and 1.3 h for the
direct excitation and the CP, respectively. In the CP experiments a ram-
ped polarization transfer with a contact time of 3 ms and a SPINAL-64
decoupling [53] during the acquisition were applied. The 90� pulse
was 3.4 μs. For the diamagnetic La and Lu samples the intensities of the
spinning side bands were very small, but for the paramagnetic Sm sample
with larger spinning side bands the assignment of the isotropic peak was
confirmed by repeating the experiment with several spinning speeds. Due
to the fast paramagnetic relaxation of the NMR signal of Yb samples, 31P
spectra of this sample were measured using spin echo and solid echo
experiments and without MAS as the spinning frequency was too slow for
rotor-synchronized echo sequences for short enough echo times. In these
experiments, the recycle time was 0.3 s, the echo time was 10 μs and
40960 scans were collected for 7 h. As the linewidth of the observed peak
was very large, the echo experiments were repeated with three different
offsets; �2000, �200 and 2000 ppm to cover a larger excitation band-
width. All the 31P NMR chemical shifts are reported with respect to
NH4H2PO4 at 0.8 ppm (referenced to 85% H3PO4 at 0 ppm) [21] For
selected samples, (La (200 �C), Sm (200 �C) and Yb (200 �C)), proton
spectra were also acquired, but these did not provide additional infor-
mation (see ESI Fig. S16 and text above). Saturation recovery experiment
was applied to obtain approximate T1 relaxation times for La (200 �C)
and Sm (200 �C) samples. Continuous wave saturation of 55 kHz was
applied for 2 ms and the spectra were measured for eight recovery delays
ranging from 0.5 to 200 s and from 0.3 to 500 ms for Lu and Sm samples,
respectively. More detailed description on relaxation analysis can be
found from ESI (section ‘Relaxation’ above Fig. S14). All the spectra were
fitted using Bruker TopSpin software with solid NMR models (sola).
Fittings are presented in ESI.

4.6. Computation

For the experimental 31P NMR spectra assignment, NMR shielding
tensor calculations of 31P atom in diamagnetic systems (La and Lu) were
carried out at density functional theory (DFT) level. Depending on the
REE ion size and water presence, two possible crystal structure forms of
each compound, La phosphate (monazite [54], rhabdophane [7]) and Lu
phosphate (xenotime [55], churchite [56]) were studied. Crystal struc-
tures were optimized with plane-wave DFT code CASTEP [57] by
relaxing both atom positions and lattice parameters at ‘fine’ quality level.
All structures were optimized using PBE density functional [58] with
Grimme's D2 dispersion correction [59] with the kinetic energy cut-off of
pseudopotentials fixed to 630 eV. Optimized structures are listed in ESI.
31P NMR shielding tensor calculations were performed with NMR mod-
ule of CASTEP [59] code with PBE functional and on-the-fly-generated
(OTFG) ultrasoft pseudopotentials at ultrafine quality. The kinetic en-
ergy cut-off of pseudopotentials was 630 eV and the k-point sampling at
Brillouin zone was less than 0.03 Å-1. Both geometry optimization and
the GIPAW calculations [60,61] for NMR shielding tensors contain scalar
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relativistic effects at zeroth order regular approximation (SR-ZORA) level
of theory. This chosen method has been shown to provide reasonable
estimates of chemical shifts and their differences in solid state systems
containing heavy elements [26–30]. In addition, the effect of different
hydration levels of hydrated crystal structures (rhabdophane, churchite)
was studied by gradually removing water molecules from voids of the
crystals without further geometry optimization. The surface signals were
modelled by cutting three-unit layer thick slab models from a 2 � 2
supercell of the material. The supercell dimensions perpendicular to the
slab plane was set to provide about 20 Å vacuum between the slabs. Two
water molecules were placed on both sides of the slab to close vicinity of
the surface and then positions of them and atoms on the outermost sur-
face layer were optimized while keeping cell parameters fixed. The ge-
ometry optimizations were carried out with CASTEP code at the same
level of theory as the bulk systems. Structures can be found as cif-files in
ESI. The 31P NMR shielding tensor were then computed at the same level
of theory as in bulk materials.
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