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and Jean-Christophe Griveau*

Cite This: J. Phys. Chem. C 2021, 125, 22163−22174 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: With their high chemical and self-irradiation
stability, crystalline monazites are among the most promising
materials for the encapsulation of nuclear wastes. Yet, the local and
magnetic structures of the matrices doped with low-content
actinide cation, depicted as most resistant, are still unclear. This
limits the development of theoretical approaches predicting their
behavior under extreme conditionsself-irradiation and long-term
leaching. Here, we characterize the model matrices La1−xMxPO4 (0
≤ x ≤ 0.10)with M = Sm, 239Pu, 241Amby X-ray diffraction
and solid-state 31P NMR. As an example, we confirm that
La0.96

241Am0.04PO4 has higher self-irradiation resistance compared
to 241AmPO4. Further, computational analyses show that magnetic
properties of the Pu complex are strongly affected by the J-mixing
and the paramagnetic NMR shifts are dominated by the Fermi contact contribution, arising from delocalization of the spin density of
the cation toward the phosphorus through the bonds.

1. INTRODUCTION

In most countries, the lead directives for managing nuclear
wastes are through deep geological disposal in glasses, metals,
and crystalline ceramics.1 Among the ceramics, the physical and
chemical durability of phosphate monazites is proven by the
discovery of a well-crystallized 2-billion-year-old sample;2 their
low alteration to leaching;3 and their high self-healing capacity as
the α-decay produced is sufficient to repair the structure
damaged by the recoil nuclei.4 The optimal actinide content
inserted into the LaPO4-doped matrices was determined to be
under 10 wt %.5 To develop models predicting the effects under
self- or external irradiation, strong experimental data are
necessary. Unfortunately, while the long-range structure is
probed by X-ray diffraction (XRD), due to the low actinide
content, the understanding of the atomic scale structure remains
unknown. Indeed, results on a series of La1−xPuxPO4 using Pu-
LIII extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge spectroscopy (XANES) shows unclear
outputs as the spectra were similar.6 Magic angle spinning
(MAS)-NMR is a good alternative for such atomic scale analyses
as it is sensitive to order, disorder,7 and probing low metal
content.8−10 With the unpaired 5f electrons, MAS-NMR has
also a powerful dual capability: structural and magnetic.
Improving the understanding of magnetism and NMR spectra
combined with computational studies is booming, due to their
technological impact in the analytical characterization of
materials11 and organometallics.12 In this work, we successfully

explain the atomic scale structure and magnetism of
La1−xMxPO4 (0 ≤ x ≤ 0.10)with M = Sm, 239Pu, 241Am
nuclear wastes matrices based on computational analyses.

2. METHODS
2.1. Sample Preparation. Caution! 239Pu (t1/2 = 24 110

years), 241Am (t1/2 = 432 years) and its daughters have high
specific activity α-particle and γ emitting radionuclides, and their
use presents extreme hazards to human health. This research was
conducted in radiological and nuclear facilities with safe
handling and manipulation of these radiotoxic materials.
The La1−xSmxPO4 solid solution (x = 0.01, 0.05, 0.10, and

0.15) was prepared by sol−gel reaction using a procedure
modified from Geisler et al.13 Stoichiometric amounts of La2O3
(Alfa Aesar, 99.99%) and Sm2O3 (Merck, 99.99%) were
dissolved in HNO3 (Merck, 63%). An excess of H3PO4
(Merck, 85%) ((Sm3+ + La3+)/PO4

3− = 1:1.1) was added
dropwise under continuous heating (343.15 K) and stirring; this
initiated the precipitation of a white gel. After 1 h, ammonium
hydroxide solution (Merck, 25%) was added till pH = 5. The
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precipitates were separated from solution by centrifugation and
washed several times with water. After drying in air, the powders
were calcined for 10 h under air in alumina crucibles at 1673.15
K. The La1−xAmxPO4 solid solution was prepared by solid-state
reaction, as in the case of their Pu-containing counterparts (see
ref 6). La2O3 (Aldrich, 99.99%),

241AmO2 (containing about 7%
237Np and 2% 239Pu), and (NH4)2HPO4 (Aldrich, 99.99%) were
used as starting reagents without further purification. La2O3 and
AmO2 in corresponding stoichiometric ratios and (NH4)2HPO4

were mixed and ground in an agate mortar and pressed into
disks. The disks were fired slowly (heating and cooling ramps of
200 °C h−1) under an argon atmosphere (purity: 99.96%,
containing less than 7 ppm H2O): for La0.96Am0.04PO4

composition, 6 h at 1473.15 K.
2.2. X-ray Diffraction. All samples were characterized by

powder XRD using a dedicated Bruker D8 Advance
diffractometer (Cu Kα radiation, 40 kV, and 40 mA), embedded
in a radioactive glovebox, with a Bragg−Brentano θ/2θ
configuration and equipped with a curved Ge monochromator
(1,1,1) and a Lynxeye linear position-sensitive detector. The
powder patterns were recorded using a step size of 0.0197°

across the angular range of 10°≤ 2θ≤ 120° on about 15−20 mg
of a prepared powder sample. The actinide-based monazite
powders were loaded in an epoxy resin to fix them and prevent
their dispersion.

2.3. 31P MAS-NMR. All experiments were performed on a
Bruker AVANCE III 9.4 T spectrometer with an NMR probe
embedded in a nuclear glovebox.14 The spectra were recorded at
50 kHz at a 31P Larmor frequency of 161.976 MHz. Single-pulse
experiments were done using a 90° pulse length of 3 μs, and the
recycling delays were adjusted between∼1500 and 1 s to record
quantitative spectra.

2.4. Magnetic Susceptibility Measurements. They were
recorded using a magnetic property measurement system
(MPMSQuantum Design) in the temperature range of 2−
300 K in applied magnetic fields between 0.5 and 7 T. All
radioactive samples were manipulated following the correspond-
ing regulations.

2.5. Ab Initio Calculations. Calculations were performed
using MOLCAS-7.815 suite of software on the clusters
[MLa9(PO4)7]

9+ (M = Sm3+, Pu3+, Am3+) based on the XRD
structure of LaPO4.

16 The substitution of a La3+ cation by either
Sm3+ or Pu3+ without deforming the coordination sphere was

Table 1. XRD Parameters for LaxM1−xPO4 (M = Sm, Pu, and Am)

name dose (α g−1 day−1) a b c α, γ β V

La0.99Sm0.01PO4 0 6.837449 7.073059 6.508413 90 103.2926 306.32
La0.95Sm0.05PO4 0 6.832399 7.067482 6.503616 90 103.3112 305.61
La0.90Sm0.10PO4 0 6.825891 7.058657 6.498964 90 103.3446 304.68
AmPO4 0 6.753 6.967 6.433 90 103.787 293.9351
La0.96Am0.04PO4 0 6.83766 7.070373 6.510631 90 103.3074 306.3038

8.80495 × 1016 6.84097 7.07343 6.51545 90 103.3352 306.77657
1.1882 × 1017 6.84139 7.07394 6.51637 90 103.3387 306.85563

Figure 1.Monazite crystalline structure with LaPO4 set as an example for the series (a). Schematic 31PMAS-NMR spectrum in the specific case of the
low-content paramagnetic cationM3+ for which three P(OLa)y(OM)1−y species are expected considering a randomly distributed network (RDN). The
31P signal of each species is expressed due to a magnetic inequivalency (b), and for the monazites, to a magnetic and spatial inequivalency (c).
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justified by the close ionic radii for the La, Sm, and Pu trivalent
ions (1.17, 1.10, and 1.14 Å, respectively). Since the substituted

cations are more contracted than the cations of the host crystal,
one can expect the deformation to be negligible. This cluster

Figure 2. 31P MAS-NMR spectra of La0.99Sm0.01PO4 (a), La0.95Sm0.05PO4 (b), and La0.90Sm0.10PO4 (c). The chart boxes correspond to the
experimental and theoretical (RDN) relative intensities of each peak for (d) La0.99Sm0.01PO4, (e) La0.95Sm0.05PO4, and (f) La0.90Sm0.10PO4. For clarity,
we enlarged each chart box for the low relative intensities on the right-hand side. The numbers in parentheses correspond to the number of peaks
overlapping.

Figure 3. 31PMAS-NMR spectra of (a) La0.99Pu0.01PO4, (b) La0.95Pu0.05PO4, and (c) La0.90Pu0.10PO4. The chart boxes correspond to the experimental
and RDN relative intensities of each peak for (d) La0.99Pu0.01PO4, (e) La0.95Pu0.05PO4, and (f) La0.90Pu0.10PO4. For clarity, we enlarged each spectrum
and chart box for the low relative intensities on the right-hand side. Also, we only presented the RDN for peaks that could be properly differentiated.
The numbers in parentheses correspond to the number of peaks overlapping.
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consists of the central M3+ cation and the nine next nearest-
neighbor La3+ cations completed with the neighboring PO4
polyhedra. This cluster was further embedded in a sphere of
point charges of radius 20 Å. The charges were deduced using
LoProp charge analysis17 after a Hartree−Fock (HF) calculation
on [La10(PO4)7]

9+ with ANO-RCC-DZP basis: +2.4, +2.0, and
−1.1 for La, P, and O, respectively. Then, spin−orbit complete
active space self-consistent field (SO-CASSCF) calculations
were performed using relativistically contracted ANO-RCC
basis sets,18 QZP for Pu or Sm and TZP for P and O; the ECP-
LanL2DZ pseudopotential and the corresponding basis set was
used for La atoms.19 First, spin-free complete active space self-
consistent field (SF-CASSCF)20 calculations were performed
with an active space of seven f orbitals (for Sm 4f and for Pu 5f)
and associated electrons, i.e., CAS (n,7). Douglas−Kroll−Hess
transformed Hamiltonian (DKH2) was used to treat the
relativistic effects.21,22 Spin−orbit coupling was calculated as a
state interaction between the SF-CASSCF states with the
restricted active space state interaction (RASSI) code.23 Spin−
orbit integrals were calculated using atomic mean field integrals
(AMFI) approximation.24 g-Values were calculated according to
ref 25, and crystal field parameters (CFPs) were deduced with a
local programwritten inMathematica as described in refs 26 and
27.

3. RESULTS AND DISCUSSION

3.1. Long Range and Local Structure of La1−xMxPO4
Monazites. We synthesized the matrices La1−xSmxPO4 (x =
0.01, 0.05, and 0.10), La1−xPuxPO4 (x = 0.01, 0.05, and 0.10),
and La1−xAmxPO4 (x = 0.04). The rare earth is the electronic

counterpart to the actinideLa1−xEuxPO4 was published in ref
9. They were characterized by XRD and 31P MAS-NMR. The
XRD pattern analyses underline that they are single-phased
(except for La0.96Am0.04PO4 which has∼3% of AmPO4) and that
the lattice volumes (bond length and angles) in the solid
solutions decrease with increasing M content (Table 1, Figure
S1, and ref 6). They crystallize in the monazite (P21/n) space
group; this structure has one M site with a coordination number
of nine and one P site linked as a tetrahedron to four
inequivalent O sites (Figure 1a).
The second analytical technique, MAS-NMR, has the unique

dual ability to probe the atomic scale and to be sensitive to the
cationMmagnetism. Indeed, for a diamagnetic compound,
one crystallographic site corresponds to one NMR peak. In the
simplest casea randomly distributed network (RDN) and a
metal content under ∼10 mol %adding one paramagnetic
cation to the diamagnetic matrix leads to anNMR spectrumwith
three signals of the P sites surrounded by: seven La, six La, one
M, and five La and two M (Figure 1b). They are denoted
P(OLa)m(OM)7−m units (m = 7, 6, 5). Now, for the monazite
structure case,8,9 each P(OLa)m(OM)7−m unit (m < 7) becomes
inequivalent also with the cation spatial position. Thus, the 31P
MAS-NMR spectrum presents (Figure 1c) a main peak for the
P(OLa)7 unit; seven peaks, with the same relative intensities
(RI), for the P(OLa)6(OM)1 units; and 21 peaks, with the same
RI, for the P(OLa)5(OM)2 units. (The reader can find the exact
formula and more details in ref 9.) The NMR shift for the
P(OLa)7 unit is called δdia = δLaPO4

as it is the spectral signature of
P atoms only surrounded by diamagnetic cations and its value is
equal to LaPO4 chemical shift.

Figure 4. (a) 31P MAS-NMR spectrum of La0.96Am0.04PO4. On the right is presented an enlargement of the spectrum showing the low-intensity peaks.
(b) Experimental and RDN relative intensities (an enlargement of the low relative intensities is shown in the inset). The numbers in parentheses
correspond to the number of peaks overlapping. (c) Summary of the paramagnetic shifts of P(OLa)6(OM)1 units obtained for the composition
La0.90Am0.10PO4 (the values for Eu are from ref 9).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03957
J. Phys. Chem. C 2021, 125, 22163−22174

22166

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figures 2 and 3 showrespectivelythe experimental 31P
MAS-NMR spectra of La1−xSmxPO4 and La1−xPuxPO4 with the
same M electronic configuration nf5 (n = 4 or 5). We compared
their experimental and theoretical relative intensities in the plot
charts. For La1−xSmxPO4 (0 < x < 1), the MAS-NMR spectra
were published,28 but, the authors neither reported nor
discussed the P(OLa)m(OM)7−m units. We can see that each
unit is properly identified, and experiment agrees with RDN
(Figure 2 and Table S1). For La1−xPuxPO4, the P(OLa)7 (peak
1) and P(OLa)6(OM)1 (peaks 2−5) species present the main
experimental relative intensities and can be properly defined
good agreement between RDN and experiment (Figure 3 and
Table S2). As the signal of the P(OLa)5(OM)2 units are
overlapping (La1−xMxPO4 with x ≠ 0.01), we did not attribute

them. Our analyses lead to the following metal contents:
La0.988Pu0.012PO4, La0.947Pu0.053PO4, La0.88Pu0.12PO4,
La0.99Sm0.01PO4, La0.962Sm0.038PO4, and La0.922Sm0.078PO4.
These values strengthen the XRD data. Finally, we recorded
the spectrum of La0.96Am0.04PO4 (Figure 4a,b and Table S3) and
determined a composition of La0.957Am0.043PO4 (the uncertainty
is 0.043 ± 0.008). Peak 8 corresponds to AmPO4

29 with an
amount of 2% in agreement with the XRD results. All of the
experimental shifts are reported in Table 2. It is worth
mentioning that while we can properly identify the P-
(OLa)6(OM)1 species, the experimental attribution of each P
site based on their crystalline position can unfortunately not be
done due to the low signal recorded.

Table 2. Experimental 31P NMR Shifts, δexp, for La1−xMxPO4 (M = Sm, Pu, Am); the Uncertainties Are of ±0.2 ppm

La1−xSmxPO4 La1−xPuxPO4 La1−xAmxPO4

peak no. x = 0.01 x = 0.05 x = 0.10 peak no. x = 0.01 x = 0.05 x = 0.10 peak no. x = 0.04

1 −4.3 −4.5 −4.5 1 −4.5 −4.7 −4.6 1 −4.5
2 −0.6 −0.8 −0.8 2 −27.9 −28.5 −28.9 2 22.8
3 1.7 1.7 1.7 3 −31.8 −31.9 −32.2 3 20.1
4 5.5 5.5 4 −48.7 −48.8 −48.6 4 50.4

5 −69.8 −69.9 −69.9 5 78.6
6 −57.0 −57.4 6 43.4
7 −75.9 −76.2 7 106.9
8 −97.1 −96.6 8 280.9
9 −126.3

Figure 5. La0.96Am0.04PO4. (a) Variation under self-irradiation damage of the relative lattice variation (V/V0) extracted fromXRD. The dashed lines are
the corresponding linear fits. (b) Self-irradiation damage observed by 31P MAS-NMR spectra and (c) enlarged 31P MAS-NMR spectra on the low-
intensity peaks. (d) Spin−lattice relaxation time (T1) of the P(Ola)7 units (the purple numbers correspond to the number of days).
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3.2. Self-Irradiation Damages in La0.96Am0.04PO4. We
continued to characterize this sample up to 8 months. XRD
shows that the relative lattice variation is, as expected, increasing
over time due to lattice swelling and creation of defects (Figure
5a and Table 1). The linear fit used for V/V0 is an empirical
approximation for low doseswith no specific model
allowing us to compare straightforwardly AmPO4 and
La0.96Am0.04PO4. A different kind of variation can be expected
when the material reaches higher doses and the well-described
models30 cannot be applied for these low doses. Overall, the V/
V0 parameters of AmPO4

29 are almost twice that of
La0.96Am0.04PO4 for the same dose (Figure 5a). The present
sample is thus more resistant to radiation damage. As the long-
range order is lost for AmPO4 for a dose of 4 × 1018 α g−1, about
23 years will be necessary for La0.96Am0.04PO4. The

31P MAS-
NMR spectra recorded with self-irradiation damages are
presented in Figure 5b,c. After 252 days, there is an overall
broadening of the peaks that is more visible for peaks 2 and 3
now overlapping. The creation of defects is indirectly observed
as the spin−lattice relaxation time (T1) of the P(Ola)7 units
decreases over time (Figure 5d). Our study could be extended to
understand more complex and resistant matrices such as
La0.73

238Pu0.09Ca0.09Th0.09PO4; crystalline for a dose of 7.5 ×
1018 α g−1, while 238PuPO4 is amorphousby XRDat 5 ×
1017 α g−1.31

3.3. NMR Paramagnetic Shifts.While NMR is efficient to
quantitatively identify the P(OLa)m(OM)7−m units and
characterize these low-metal-content nuclear waste matrices,
the analysis of NMR spectra is unfinished without the
understanding of the paramagnetic shifts. Indeed, while the

31P NMR shifts of the P(OLa)6(OM)1 units (peaks 2−5) do not
vary with composition (i.e., bond angle or length, Table 1), they
are dictated by the M cation magnetism as shown in Figures 4c
and S2. The paramagnetic shifts can be determined
experimentally using the formula δp,exp = δexp − δdia. All of the
experimental paramagnetic shifts, δp,exp, are listed in Table S4.
They are in the range of 3−10 ppm for SmIII, −23 to −92 ppm
for PuIII, and 27−285 ppm for AmIII. The classical model to
theoretically calculate the paramagnetic shifts is by summing the
Fermi contact (FCS) and the pseudocontact shifts (PCS): δp,theo
= δPCS + δFCS.

32,33 The former arises from the delocalization of
the spin density of the paramagnetic cation toward the P nucleus
through the bonds (eq S1), and the latter arises from the
through-space dipolar interaction between the electronic
magnetic moment of the magnetic center and the nuclear
magnetic moment of the nucleus (eqs S2−S5).34−37 To
determine and discuss the two contributions independently
based on the components of the magnetic susceptibility tensors,
we delved into the magnetism of each sample combining
experimental magnetic susceptibility and computational calcu-
lations.

3.4. Magnetic Properties. In a first part, it is important to
understand the magnetism of each sample based on
experimental results. We recorded magnetic susceptibility
curves for La1−xSmxPO4 (x = 0.10 and 1), La1−xPuxPO4 (x =
0.10 and 1), and AmPO4. The results are depicted in Figure 6
(Note S3 and Figures S3 and S4). We did not analyze
La0.96Am0.04PO4 because its contribution will overlap with that
of AmPO4. For La1−xSmxPO4 (Figure 6a), the curves were fitted
with a modified Curie−Weiss χ = C/(T− θp) + χ0 (for x = 0.10:

Figure 6. Experimental and computed magnetic susceptibilities of La1−xSmxPO4 (x = 0.01 and 1) (a), PuPO4 (b), and AmPO4 (c). (d) Energy levels
6H5/2 for Pu and Sm compounds and 7F0 and

7F1 for Am compounds. They are determined in the present study using SO-CASSCF for SmIII, AmIII,
PuIII, and a Van Vleck (VV) fit (all of the energy levels are available in Table S6). The energy levels were compared with the literature: PuTp3 from
Magnani et al.49 and Gaggioli and Gagliardi,50 PuPd2Sn

42 and PuCl3.
4343 (e) Total strength parameter S calculated for the MIII clusters.
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C = 0.034, θp =−2.86 K, χ0 = 7.3 × 10−4 emu mol−1; for x = 1: C
= 0.046, θp =−0.3 K, χ0 = 8.8 × 10−4 emu mol−1). The presence
of the χ0 term translates the temperature-independent
susceptibility, arising due to the diamagnetic and Van Vleck
(VV) contributions. For La0.90Pu0.10PO4, while both XRD and
NMR confirm a solid solution, an unexpected ferromagnetic
impurity was detected (Figure S3). Also, there was no magnetic
transition contrary to the previous results reported.38 This is not
surprising as the two compounds differ in volume cell (V =
304.722 Å in the present sample against V = 306.38 Å).6 For
PuPO4, the curve (Figure 6b) was fitted at high temperatures
using a modified Curie−Weiss law χ = χ0 + C/(T − θp) (C =
0.097 emumol−1 K, χ0 = 1.3× 10−4 emumol−1, θp =−12 K) and
there is a clear antiferromagnetic transition at 4 K. Finally,
AmPO4 (Figure 6c) presents a temperature-independent
paramagnetism (TIP) curve, χTIP = 5 emu mol−1, with a low-
temperature upturnreported in numerous 241Am-based
materials but having an unclear nature.39 The deduced
experimental effective moment values are: 1.36 μB for SmPO4
(T = 300 K), 1.40 μB for La0.90Sm0.10PO4 (T = 300 K), and 0.88
μB for PuPO4; they agree with the free-ion values of 1.55 μB

40 for
Sm3+ (T = 300 K) and 0.85 μB for Pu3+.4242 This reflects the
localized nature of the f-electrons.
In a second part, we used model clusters [MLa9(PO4)7]

9+ (M
= Sm3+, Pu3+, Am3+, named MIII later) embedded in a sphere of
point charge41shown in Figure 7to determine the energy
levels based on first-principles spin-free (SF)-CASSCF (equiv-
alent to the LS coupling scheme), spin−orbit (SO) complete
active space self-consistent field (SO-CASSCF), and spin−orbit
complete active space perturbation theory at second-order (SO-
CASPT2) calculations. Tables S5 and S6 show all of the

computed energy levels. The energy levels for the ground state J
= 5/2 manifold (6H5/2) for Sm

III and PuIII and, the J = 0 (7F0)
and (7F1) manifolds for AmIII from SO-CASSCF are shown in
Figure 6d. For SmIII and AmIII, themagnetic susceptibility curves
deduced from the ab initio calculations reproduce well the
experimental data (Figure 6a,c). For PuIII, the ab initio curves
did not agree with the experimental ones (Figure 6b). Using a
[PuCl6]

3− complex, we observed that the splitting of the ground
6H5/2 term is extremely sensitive to the quartets and to
dynamical correlation and a large number of quartet states is
necessary. While the SO-CASSCF reduced to the sextet states
gives a splitting of 223 cm−1, it is reduced to 39 cm−1 with
quartets and doublets and dynamical correlation (Table S7).
Thus, a correct description requires numerous excited states and
dynamical correlation, which is not feasible in the present case.
As a compromise, the curve was fitted with a Van Vleck equation
(eq S6) on the experimental magnetic susceptibility curve
(Figure 6b and Note S3). The energy levels are now in better
agreement with those published for PuPd2Sn

42 and PuCl3
43

(Figure 6d) also having an antiferromagnetic transition. More
details about the fitting procedure, such as the nature of the
states, as characterized by the g factors, can be found in the
Supporting Information (Note S4, Figure S5, and Tables S8 and
S9). Finally, the crystal field parameters (CFPs) and the crystal
field strength were deduced (eq S7 and refs 44 and 45). The
crystal field strength parameter S presented in Figure 6e
translates, qualitatively, the degree of interaction between the f
orbitals and the ligands. At the SF-CASSCF level, S is larger in
PuIII than in SmIII, as a sign of the larger interaction of 5f than the
semicore 4f orbitals with the ligand. However, with the fitted
energies (Figure 6e), the spin−orbit coupling and the large J-

Figure 7. Numbering of the different phosphate groups. Monodentate: P1 (red), P3 (yellow), P4 (green), P7 (brown). Bidentate: P2 (blue), P5
(orange), P6 (purple). Two orientations are proposed.

Table 3. Components of the Magnetic Susceptibility Tensor (in 10−3 cm3 mol−1) from SO-CASSCF for the [AnLa9(PO4)7]
9+

Complexes at 309 Ka

AnIII J χx
L χx

S χx χy
L χy

S χy χz
L χz

S χz χiso

SmIII all 0.77 0.19 1.15 0.80 0.16 1.12 1.41 −0.32 0.78 1.01
5/2−7/2 0.77 0.19 1.14 0.81 0.15 1.11 1.43 −0.33 0.77
5/2 1.44 −0.55 0.33 1.45 −0.58 0.30 1.86 −0.82 0.23

PuIII all 1.37 −0.36 0.64 1.33 −0.35 0.62 1.21 −0.37 0.47 0.58
5/2−7/2 1.38 −0.37 0.64 1.33 −0.36 0.61 1.22 0.37 1.97
5/2 1.61 −0.62 0.36 1.56 −0.61 0.34 1.43 −0.59 0.24

AmIII all −1.23 1.17 1.12 −0.72 0.79 0.87 −0.81 0.83 0.85 0.95
0−1 −1.15 1.17 1.19 −0.77 0.79 0.81 −0.80 0.83 0.85

aL and S denote the orbit and spin contributions. Different spaces for spin−orbit interaction were considered. For the PuIII complex, fitted energy
levels are used.
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mixing lead to the counterintuitive result that the effective
crystal field splitting is smaller in the actinide analogue; this
agrees with the [PuCl6]

3− complex results. The higher-order
counterparts Sk show that, as it is usually the case,45 the second
order is dominant for the lanthanide complex, while the sixth
order is important for the actinide one (Table S10).
3.5. Analysis of the Paramagnetic Shifts. The

pseudocontact shifts can be expressed in terms of the
components of the magnetic susceptibility tensor and the
geometrical factors of the NMR active nucleus (eq S1). The SO-
CASSCF magnetic susceptibility tensors are given in Table 3.
The three principal components, χx, χy, and χz, are similar,
leading to a small anisotropy, which is due to the compactness of
the coordination sphereroughly spherical. The experimental
paramagnetic shifts are shown in Figure 8a. As a consequence of
the small anisotropy of the χ tensor, independently of the
magnetic cation, the pseudocontact shift values range between

±10 ppm (Figure 8b and Table S11) and are slightly larger for
the SmIII and AmIIIwith their larger values for χiso (Table 3).
For the La1−xSmxPO4, the experimental paramagnetic shifts are
of the same order of magnitude as the calculated pseudocontact
shifts, while for the two actinide compounds, the δp,exp values are
much larger (Figure 8). We can deduce that the Fermi contact
contribution is, at most, of the same order of magnitude for
La1−xSmxPO4 but dominant for both La1−xPuxPO4 and
La1−xAmxPO4.
The δFCS contribution, as expressed in eqs S2−S5 and refs 46

and 47, depends on the spin contribution to the magnetic
susceptibility χS from the paramagnetic center and, on the spin
density at the NMR active nucleus KρS(rK). A full theoretical
determination of δFCS was, unfortunately, not possible due to the
difficulty in computing the termK ρS(rK). It is worth mentioning
the successful work done in calculating the FCS using a
multiconfigurational RASSCF method in refs 37 and 46, but it

Figure 8. (a) Experimental paramagnetic shifts (δp,exp) of La0.9M0.1PO4, (b) calculated pseudocontact shifts (δPCS) (the insets show an enlargement of
the δPCS), and (c) orbital (χL) and spin (χS) components of the magnetic susceptibility tensor (χ, in 10−3 cm3 mol−1).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03957
J. Phys. Chem. C 2021, 125, 22163−22174

22170

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03957/suppl_file/jp1c03957_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03957?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was not applicable to the present cluster. Furthermore, as we
cannot experimentally differentiate the P(OLa)6(OM)1 species,
the indirect approach of determining the FCS values using δFCS
= δp,exp − δPCS (assuming δp,theo = δp,exp) was also not possible.
Therefore, we discuss qualitatively δPCS with the spin (χ

S)and
orbit (χL)contribution to the magnetic susceptibility tensor.
Table 3 can be understood as follows. The splitting of the
ground state J = 5/2 manifold is smaller in PuIII (90 cm−1) than
in SmIII (240 cm−1), allowing the three Kramers doublets to be
populated at room temperature (Table S9). In the ground state J
= 5/2 space, for the SmIII and PuIII complexes, the orbit
contribution is large and positive, while the spin contribution is
negative. For AmIII, in the ground state J = 1 space, the orbit
contribution is this time negative and the spin contribution is
positive. These opposite signs between χL and χS agree with the
sign reversal stated by the third Hund’s rule. For SmIII and PuIII,
the effect of the second J-manifold (J = 7/2) has also to be
considered (Table S6). For PuIII, due to the larger spin−orbit
coupling, the effect of the 7/2 manifold is reduced compared to
SmIII, which lies higher in energy (2500 vs 1000 cm−1). As the
effect of the second J-manifold is large for SmIII, this reduces the
orbit contribution and reverses the sign of the spin
contribution48 as previously stated by Bleaney.36 For PuIII, on
the contrary, while both orbit and spin contributions decrease,
there is this time no sign reversal. Thus, for the PuIII complex,
spin and orbit are opposite in sign, leading to a smaller χiso (0.58
× 10−3 cm3 mol−1) than for SmIII (1.01 × 10−3 cm3 mol−1). For
AmIII, the second J-manifold is too high in energy (∼4000 cm−1)
to have an impact. Thanks to this analysis, we show that χS is
positive in SmIII and AmIII, and negative in PuIII similarly to the
sign of the paramagnetic shift (Figure 8a,c). This implies that the
spin density on all of the phosphorus nuclei is positive, in the
three complexes.
We thus analyze qualitatively the delocalization of the spin

density based on Mulliken charges (Table S12). The Mulliken
charges in the s-orbitals of the phosphorus atom (qs(P))
deduced from CASSCF calculations are different for the seven P
atoms. While insignificant (0.0001−0.0003) in the SmIII

complex, it lies in the 0.0001−0.0018 range for the PuIII and
AmIII complexes (Figure 9 and Table S12), as expected from the
larger covalent interaction for SmIII and equivalent for PuIII and
AmIII. All of the P atoms are chemically equivalent in the center
of a phosphate group, thus the delocalization of the spin density
from the paramagnetic center to the phosphate depends on the
bonding scheme. The most shifted peaks are expected to
correspond to P atoms possessing the largest spin density at the
nucleus. There are two types of bonding schemes of the
phosphate ligands with a given Pu center: four of them bind
through one oxygen atom and are monodentate, while the other
three bind through two oxygen atoms and are bidentate (Figure
7). The Pu−O distances vary from 2.48 to 2.78 Å and the Pu−
O−P angles from 94.6 to 144°. Figure 9 presents the
dependence of the spin density in the s-orbital of the P atom
(qs(P)) against the Mulliken spin density on P (q(P)) and
bridging O atoms (q(O)) and, selected crystalline parameters
(Pu−O and Pu−O−P). We must underline that only the spin
delocalization is described by our CASSCF calculations and, a
larger active space should be considered for the description of
the spin polarization. In Figure 9a, qs(P) is compared to the
whole Mulliken spin density on the same P atom q(P). As
expected, they are proportional, but with different proportion-
ality rates for monodentate and bidentate phosphates. While
q(P) is larger for the bidentate, qs(P) is not. The Pu−O distance
is larger for the bidentate, and consequently, theMulliken charge
q(O) of the O bridging atom is smaller. qs(P) seems to increase
with q(O) (Figure 9b). Figure 9c shows that for the
monodentate phosphates, the largest the Pu−O−P angle, the
largest the qs(P) value. For the bidentate, qs(P) is the largest
when the two angles are the same, corresponding to a
symmetrical bonding by the two oxygen atoms. Finally, qs(P)
decreases with the Pu−O distance (Figure 9d). The analysis of
the Mulliken charges supports the impact of the Fermi contact
interaction on the different paramagnetic shifts, especially for
the actinides, despite the unique crystallographic P site.

Figure 9. CASSCF calculations of Mulliken spin density in the s-orbitals of the P atoms (qs(P)) against the Mulliken spin density on P (q(P)) and
bridging O atoms (q(O)), Pu−O−P angles, and Pu−O distances for PuIII. Black: monodentate phosphates; red and blue: bidentate phosphates, with
smaller and larger angles, respectively. Dashed lines represent linear regressions.
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4. CONCLUSIONS
Using XRD, 31P MAS-NMR, and magnetic susceptibility
measurements, we fully characterized a series of crystalline
monazites with a low metal content (0 ≤ x ≤ 0.10): lanthanide
La1−xSmxPO4 and two actinides La1−xPuxPO4 and
La1−xAmxPO4. We successfully characterized the samples by
XRD and extended the view of the local phosphorus
environment in terms of P(OLa)m(OM)7−m units thanks to
NMR sensitivity to magnetism. We also confirmed that
La0.96

241Am0.04PO4 has a higher resistance to self-irradiation
compared to 241AmPO4. We delved deeper to understand the
magnetism of each sample as it dominates the NMR spectra. We
show that the magnetic susceptibility curves can be fitted with
modified Curie−Weiss laws for La1−xSmxPO4 and La1−xPuxPO4
and, for AmPO4 has a temperature-independent paramagnetism.
An antiferromagnetic transition was properly identified atTN = 4
K for PuPO4. The determined effective moments point toward a
localized nature of the 5f electrons. Strengthening by ab initio
calculations, the magnetic susceptibility curves of La1−xSmxPO4
and AmPO4 could be predicted. For PuPO4, the curve was fitted
with a Van Vleck fit. Indeed, we observed indirectly with a
[PuCl6]

3− complex that, as the splitting of the ground state J = 5/
2 was extremely sensitive to the quartets and to dynamical
correlation, many quartet states will be necessary to properly
predict the experimental curve. We then successfully extracted
the energy levels and the crystal field strength parameters.
Finally, we theoretically determined and discussed the para-
magnetic shiftscompared to the experimental valuesin
terms of pseudocontact and Fermi contact shifts. We noticed
that while the pseudocontact shiftsdetermined from the
principal values χi of the magnetic susceptibility tensor and
geometrical factorswere of the same order of magnitude as the
paramagnetic shifts for La1−xSmxPO4, it was not the case for the
actinide counterparts. We then qualitatively show, using the spin
contribution of the magnetic susceptibility tensor χS, that the
paramagnetic shift sign reversalpositive for La1−xSmxPO4 and
La1−xAmxPO4, negative for La1−xPuxPO4was explained by the
Fermi contact interaction. The further qualitative analysis of the
delocalization of the spin density based on Mulliken charges
strengthened this statement. This study is a pivotal stone for a
better interpretation of solid-state paramagnetic NMR in
actinides and opens door for further calculations of the hyperfine
interaction. Our approach can be extended to numerous
magnetic systems and nuclear waste matrices.
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