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ABSTRACT: A massive interest has been generated lately by the improvement of solid-state magic-angle spinning (MAS) NMR
methods for the study of a broad range of paramagnetic organic and inorganic materials. The open-shell cations at the origin of
this paramagnetism can be metals, transition metals, or rare-earth elements. Actinide-bearing compounds and their 5f unpaired
electrons remain elusive in this intensive research area due to their well-known high radiotoxicity. A dedicated effort enabling the
handling of these highly radioactive materials now allows their analysis using high-resolution MAS NMR (>55 kHz). Here, the
study of the local structure of a series of actinide dioxides, namely, ThO2, UO2, NpO2, PuO2, and AmO2, using solid-state

17O
MAS NMR is reported. An important increase of the spectral resolution is found due to the removal of the dipolar broadening
proving the efficiency of this technique for structural analysis. The NMR parameters in these systems with numerous and
unpaired 5f electrons were interpreted using an empirical approach. Single-ion model calculations were performed for the first
time to determine the z component of electron spin on each of the actinide atoms, which is proportional to the shifts. A similar
variation thereof was observed only for the heavier actinides of this study.

■ INTRODUCTION

With about 13% of electrical power generated worldwide from
nuclear reactors,1 qualified performance and safety of nuclear
fuels require a detailed knowledge of actinide oxide chemistry,
which must be backed by high-resolution element-specific
spectroscopies and reinforced by theory.1−3 An atomic-scale
analysis of nuclear fuels (UO2 and mixed oxide (MOX)) and
irradiated fuels is a key to these improvements.1,4−6 The
understanding of nuclear fuel in terms of structural chemistry
and radiation damage has relied in the past on classical
techniques such as X-ray diffraction (XRD), which only provide
part of the understanding needed to fully comprehend the fuel
behavior. Probing the atomic scale with techniques such as X-
ray absorption spectroscopy and now magic-angle spinning
(MAS) NMR allows us even greater insight into these
materials. So far, most of the solid-state NMR studies on
transuranic compounds have been performed under static
conditions,7−10 with their lack of resolution for structural

analysis. MAS NMR is nowadays a method of choice for
atomic-scale studies,11 but its use for highly radioactive
materials has been hampered by safety issues related to their
handling and the contamination risks in the case of a high-
speed rotor crash. The promise of the MAS NMR method has
been demonstrated using a cumbersome triple-containment
rotor system.12,13 A major breakthrough has now been
achieved, and one MAS NMR spectrometer in the world has
been developed for these applications on a routine basis;14 it
can use state-of-the-art probes operating at the technological
cutting edge enabling the highest spectral resolution.15

In paramagnetic compounds, a rigorous interpretation of the
NMR spectra for open-shell cations as metals,16 transition
metals (3d),17 or rare earth (4f)18−20 is enabled by combining
solid-state MAS NMR21,22 with state-of-the-art density func-

Received: April 2, 2014
Published: June 13, 2014

Article

pubs.acs.org/IC

© 2014 American Chemical Society 6928 dx.doi.org/10.1021/ic5007555 | Inorg. Chem. 2014, 53, 6928−6933

pubs.acs.org/IC


tional theory (DFT) calculations.23−26 Though DFT calcu-
lations of actinide-bearing molecules has been used occasionally
for the interpretation of liquid-state NMR,27,28 there are only
two papers on such studies for solid-state NMR, and both are
limited to closed 5f-shell materials.29,30 This absence of such
theoretical studies is due to various difficulties,31 specifically,
number of electrons to deal with, introduction of spin−orbit
coupling, a large number of near-degenerate states close in
energy to the ground state,32,33 and the obvious lack of
experimental data making solid-state NMR calculations not yet
possible in 5f open-shell systems. Recent work by Wall et al.34

and Autillo et al.35 show that it is possible to understand the
paramagnetic shifts in liquid-state NMR of actinide com-
pounds. Nevertheless, the Evans method36 used in these studies
cannot be extended to a high-resolution solid-state NMR study,
mainly due to technical difficulties (i.e., presence of a liquid
internal and external reference to the sample, significant
variation of the probe temperature (from 278 to 323 K34)
during spinning, and incorporation into a radioactive glovebox).
Herein, we report the elucidation of the 17O NMR

parameters (i.e., longitudinal relaxation time T1, line broad-
ening, and shifts) on a series of actinide dioxides, namely, ThO2
(5f0), UO2 (5f2), NpO2 (5f3), PuO2 (5f4), and AmO2 (5f5),
enriched in oxygen-17 using empirical equations. We
demonstrate the capability to acquire MAS NMR spectra at
very high spinning frequencies (up to 55 kHz), with
concomitant highest resolution, on such highly radioactive
compounds (activity of 9.35 × 108 Bq for AmO2). The results
of the single-ion model calculations calculated for the first time
for ⟨Sz⟩ exhibit a similar trend with the shifts for the heavy
actinide dioxides but not for “closed shell” ThO2.

■ EXPERIMENTAL SECTION
All the samples, except for the UO2, were sintered at 1650 °C during 4
h under Ar/H2 to ensure a high crystallinity. As the oxygen-17 isotope
has a natural abundance of 0.037%, all the samples were enriched using
the gas exchange technique,37 which involved thermal treatment at 800
°C during 24 h under an 17O2/Ar atmosphere. In the case of NpO2, it
has been shown that during the cooling, the sample can be oxidized;
therefore, the cooling was performed under Ar. For UO2, to avoid
higher oxidation states, the sample was enriched in 17O by the same
method and then sintered in Ar/H2 to yield the stoichiometric
material.
The purity of all of the samples was checked by powder XRD using

a dedicated Bruker D8 Advance diffractometer (Cu Kα radiation, 40
kV, and 40 mA), implanted 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 to
20 mg of a prepared powder sample. For NpO2, PuO2, and AmO2−x
the powders were loaded in an epoxy resin to fix them and prevent
their dispersion. For ThO2, UO2, NpO2, and PuO2 only one cubic
fluorite (Fm3 ̅m) phase was identified with lattice parameters of 5.5975,
5.4704, 5.4340, and 5.3977 Å, respectively. All are very similar to that
found in the literature.38−41 The case of the AmO2−x sample will be
discussed in the main text.
The 17O NMR experiments were performed on a 9.4 T Bruker

spectrometer at the Larmor frequency of 54.25 MHz. The standard 1.3
mm Bruker MAS NMR probe is located in a radioactive glovebox, as
described in ref 14, allowing the acquisition of high-resolution spectra
of these highly radioactive materials. All the spectra were acquired
using a synchronized Hahn-echo pulse sequence. The pulse durations
were 4 μs (π/2) and 8 μs (π), with an echo delay of 18.2 μs (1 rotor
period). All spectra were calibrated relative to water H2O enriched in
17O (0 ppm). The relaxation time was determined using an inversion−

recovery pulse sequence. All the spectra were analyzed and fitted using
the dmfit software.42

■ RESULTS AND DISCUSSIONS
The 17O static and 55 kHz MAS NMR spectra of the actinide
dioxide series (232Th, 238U, 237Np, 239Pu, 241Am) are presented
in Figure 1. Because of their cubic fluorite structure, the

quadrupolar coupling constant is zero (i.e., there is no second-
order quadrupolar line shape), and a single feature is expected.
The MAS NMR spectrum of ThO2 was acquired for the first
time, and its signal presents a sharp line (3 ppm) at 576 ppm.
This shift is in the typical range expected for metal dioxides
with four-coordinated oxygen (Supporting Information, Figure
S1). A single feature was also detected at 717, 475, and 54 ppm
in the MAS NMR spectra of UO2, NpO2, and PuO2,
respectively (Table 1). The XRD pattern and the MAS NMR

spectrum for the AmO2−x sample are shown in Figure 2. Two
fluorite phases with lattice parameters of 5.3785(1) and
5.3888(2) Å were identified (Figure 2a) and are a consequence
of the sample preparation procedure. According to Lebreton et
al.43 the first phase can be attributed to AmO2.00, and the
second one can be attributed to hypostoichiometric AmO2−x. A
Rietveld refinement indicates that their relative concentrations
are 76% (P1the AmO2 phase) and 24% (P2substoichio-
metric phase) given an uncertainty of 5%. The 17O MAS NMR
spectrum was fitted using Gaussian line shapes and the main
line, and the spinning sidebands, corresponding to the satellite
transitions, were fitted using the “spinning sidebands” option in

Figure 1. 17O static (purple) and 55 kHz (green) MAS NMR spectra
of the five actinide dioxides.

Table 1. 17O NMR Shifts of the Five Actinide Dioxides

compound shifts (ppm)

ThO2 576
UO2 717
NpO2 475
PuO2 54
AmO2 −754
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dmfit. Examination of this spectrum (Figure 2b) reveals a 68%
concentration for the peak at −754 ppm enabling it to be
attributed to the stoichiometric phase (P1 in XRD). Three
additional peaks at −613, −364, and −812 ppm are identified.
The fitting procedure, including peak shape and contributions
from spinning side bands, identifies the feature at −613 ppm as
the contribution of the substoichiometric P2 phase (21% of the
total signal). The remaining two peaks (in total 10% of the
signal) are attributed to oxygen in disordered phases, possibly
caused by self-irradiation damage. In the following discussion,
we consider the main peak (P1 phase) only and designate it
“AmO2.” The static and MAS shifts in the AmO2 spectra differ
by about 100 ppm, which is attributed to the sensitivity of the
paramagnetic shift to the sample temperature (ca. 313 K),
which increases with spinning speed (see correlation in
Supporting Information, Figure S2). Similar temperature-driven
effects have been observed in static investigations performed at
low temperatures.44

The variation of the longitudinal relaxation time (T1) at 55
kHz with the increasing number of 5f electrons in the actinide
dioxides is presented in Figure 3. ThO2 has a long T1 (1015 s),
an attribute of its diamagnetic character. The remaining
samples possess a much shorter T1 (<1s), a characteristic of
paramagnetic samples.45 For PuO2, only one paper refers to its
magnetic susceptibility,46 showing, surprisingly, that it is
constant and positive in all temperature ranges (i.e., Van
Vleck paramagnetism). This fundamental difference to para-
magnetic UO2, NpO2, and AmO2 and diamagnetic ThO2 is also
revealed in the relaxation time measurements presented here.

The variation of the full width at half-maximum (fwhm) of
the five actinide dioxides is presented in Figure 4. A clear

improvement of the spectral resolution (i.e., decrease of the line
width) is observed at a MAS rate of 55 kHz. The remaining line
broadening in AmO2 is likely linked to the presence of two
phases and to a local disorder in the sample due to its
nonstoichiometry, that is, distribution of vacancies in the
AmO2−x phase. Similar effects have been observed in NMR data
of other paramagnetic compounds.47 If the anisotropic shift due
to the electron−nuclear dipolar interaction is the dominant
term in determining the line width, then the fwhm of the static
NMR signal and the square of the effective magnetic moment
(μeff

2) should exhibit a similar behavior. This interaction has an
angular dependence, and for a nucleus at a distance r from the
paramagnetic ion, it is given by48

α θ= −H r(3cos 1)/d
2 3

(1)

with α = μeff
2H0/3kT, where θ is the angle between the

magnetic field (H0) and the axis linking the paramagnetic ion
and the nucleus, k is the Boltzmann constant, and T is the
temperature. Indeed, the fwhm and μeff

2 values, obtained from
refs 49 and 63, exhibit a similar dependence on the f-electron

Figure 2. (a) XRD pattern of americium dioxide sample (blue circle)
with the corresponding Rietvield refinement. The difference between
the experimental and calculated intensities, and the Bragg reflections
are marked in orange for AmO2.00 and in cyan for AmO2−x phases. (b)
17O MAS NMR spectrum of AmO2−x (blue) and its fit (dashed red
line); the peaks are attributed to ordered AmO2.00 (orange) and
AmO2−x (cyan) phases; additional peaks are due to disorder (dark
cyan); spinning sidebands are due to satellite transitions (stars). A
zoom on this spectral region is shown in inset.

Figure 3. Variation of the longitudinal relaxation time, T1, with 5f-
electron occupation in the actinide dioxides.

Figure 4. Variation of the full width at half-maximum (fwhm) and of
the square of the effective magnetic moment (μeff

2) as a function of f-
electron occupation. The dashed line is a guide for the eye linking all
of the μeff

2 data points.
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occupation (see Figure 4), confirming the domination of the
dipolar interaction in the broadening. As ThO2 is diamagnetic
(i.e., μ = 0), the fwhm is very small. The maximum of μeff

2 is
found for NpO2 (5f3), while the fwhm and μeff decrease for
PuO2, with its nonmagnetic ground state, and increase again for
AmO2−x.
The paramagnetic shift is dependent on the bond angle and/

or the cation−anion distances.25 As these dioxide compounds
possess a fluorite structure, the only variable is the actinide−
oxide distance (dAn−O), which is plotted against the shifts in
Supporting Information, Figure S3. The paramagnetic shift
tends to decrease with decreasing An−O distance, that is, along
the actinide series; this representation will be essential for the
interpretation of the NMR data of actinide dioxide solid
solutions (cf. similar studies on the rare-earth-bearing
compounds50). The shifts measured here were compared
with those reported in static conditions by Tokunaga et
al.44,51−53 and Eastman et al.54 For UO2, NpO2, and PuO2, the
results are quite similar. For AmO2, the difference in shift is
probably caused by the differences in the samples themselves
(e.g., stoichiometry and irradiation-induced damage44) and also
by the heating induced by the sample rotation.
Because of the pure cubic symmetry, only the through-bond

(Fermi-contact) interaction between the paramagnetic actinide
nuclei and the 17O nuclei determines the shift.54 In the
lanthanides, this Fermi-contact interaction is characterized by a
single reversal of the sign of the shift across the 4f series.19,55

The change of the 17O shifts in lanthanide sesquioxides
(Ln2O3) and actinide dioxides (AnO2) as a function of the
number of f electrons is presented in Supporting Information,
Figure S4. In contrast to the lanthanides, where the sign change
occurs at gadolinium (5f7),56,55 in the actinides, this
phenomenon occurs already at americium (5f5) for the actinide
dioxides, most likely indicating that f-electron delocalization
plays an important role. This behavior of the shift in the Ln2O3
series has been explained by Golding and Halton, who
calculated the thermal average of the z-component of electron
spin on each Ln atom, ⟨Sz⟩, and found that its variation follows
the shift behavior.56 This parameter, ⟨Sz⟩, is linked to the
effective magnetic field ΔH at the NMR nucleus with the
unpaired 5f electrons by54,55,57

γΔ = ⟨ ⟩H A S h/s z (2)

where As is the electron−nucleus transferred hyperfine coupling
constant, γ is the gyromagnetic ratio of the observed nucleus,
and h is the Planck constant.
In the absence of any other approach to understand these

shifts, we followed the method of Golding and Halton, and we
calculated ⟨Sz⟩ for the first time for each member of the actinide
dioxide family using a single-ion model.58 The full Hamiltonian
representing the 5fn configuration of each tetravalent actinide
ion (n = 2,...,5 for An = U,...,Am) can be written as59

= + +H H H HFI CF Z (3)

where HFI includes the combined effect of the actinide free-ion
terms (such as the Coulomb repulsion and the spin−orbit
interaction). The Hamiltonian of the cubic crystal-field
potential due to the oxygen ligands (values of B4 and B6
given in Supporting Information, Table S1) has the form58

= ⌊ + + ⌋

+ ⌊ − + ⌋
−

−

H B C C C

B C C C

5/14 ( )

7/2 ( )
CF 4 0

(4)
4
(4)

4
(4)

6 0
(6)

4
(6)

4
(6)

(4)

Finally, the Zeeman term associated with the applied magnetic
field H0 is described by the following Hamiltonian:

μ= − +H H L S( 2 )Z B 0 Z Z (5)

The entire Hamiltonian was diagonalized numerically, so that
intermediate coupling and J-mixing effects are taken into
account naturally in the calculations (see Supporting
Information, Table S1). The free-ion and crystal-field
parameters were fixed to those determined by inelastic neutron
scattering for UO2, NpO2, and PuO2

60−62 and by magnetic
susceptibility measurements for AmO2.

63 As covalency effects
are not required to interpret such data, we have not included
them in our calculations. Nevertheless, we did check that
adding a reasonable orbital reduction factor does not
qualitatively change our results. The thermal average ⟨Sz⟩ was
calculated at 340 K, based on the estimates of the sample
heating due to spinning (see Supporting Information, Figure
S2). Although the precise experimental temperature is
undetermined, we checked that the calculated values of kBT⟨Sz⟩
do not vary much (3% for PuO2 and less than 1% for the other
dioxides within a range of ±10 K). Similarly, H0 was fixed at the
experimental value of 9.4 T, but the calculated values of ⟨Sz⟩/
H0 had no significant effect as expected.
We assumed, like Golding and Halton did for the

lanthanides, that the hyperfine coupling constant (As) was
constant through the actinide series. Some previous work on
UO2

9 and NpO2
53 shows that this parameter is negligible, and

as it is not known for PuO2 and AmO2 it was also considered as
very small. The change of −3kBT⟨Sz⟩/μBH0 and of the 17O
paramagnetic shifts is plotted against the 5fn electron
occupation in Figure 5. A very similar trend between the

calculated and measured values holds for the heavier actinide
dioxides of Np, Pu, and Am. For UO2 the value is qualitatively
in line with the predictions. The trend does not hold for ThO2,
however, indicating that the nonmagnetic ground state of ThO2

is more complicated than a simple “empty f shell.”64−67

Furthermore, ⟨Sz⟩ does not change sign at AmO2 (5f5)
implying that the 5f electrons are indeed more complicated
to handle theoretically than the 4f electrons in the lanthanide
series.

Figure 5. Plot of −A ⟨Sz⟩ and the 17O shifts against 5f-electron
occupation. A is a constant equal to −3kT/μBH0.
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■ CONCLUSION

This work demonstrated the first acquisition of high-resolution
MAS NMR spectra for a series of highly radioactive materials.
The 17O spectra of ThO2 acquired for the first time exhibits a
sharp line consistent with its diamagnetic behavior and a shift at
576 ppm. For the AmO2−x sample, we observe a strong
sensitivity of the shift to composition, temperature, and of
course radiation damage in the form of disorder, which is a
particular capability of MAS NMR we are actively pursuing.
The expected sign change in the shifts through the series due to
the Fermi-contact interaction already occurs at americium (5f5)
for the actinide dioxides, while for the lanthanides its occurs at
gadolinium (5f7). On the basis of empirical equations, we
provided an understanding of this variation of the shifts
through the actinide dioxide series. Thus, the shifts correlate
with ⟨Sz⟩, which was calculated for the first time for each
actinide dioxide. While the heavier actinide dioxides exhibit a
similar trend between the shift and ⟨Sz⟩, ThO2 does not,
indicating that it exhibits a more complicated behavior than that
of an empty f shell.
This work clearly demonstrates the importance and potential

of MAS NMR for the understanding of atomic-scale features in
highly radioactive materials and opens new possibilities to
assess fresh and irradiated fuels, nuclear waste forms, and
radioactive contaminated environmental samples. Our next
goals focus on local structure in actinide dioxide solid solutions
and in dedicated irradiation damage studies to reveal the
intricacies of such materials when exposed to extreme
conditions. This study definitely extends the field of para-
magnetic NMR to 5f-electron compounds, which possess
different chemical and physical properties than the other
paramagnetic compounds. Finally, these experiments and their
modeling can also be used in liquid-state NMR, for which
numerous actinide compounds are under study;28,68 as noticed
here, some discrepancies with lanthanides have been observed
too.69,34 Indeed, these calculations and experimental data are
essential for the development of NMR DFT calculations for the
complex 5f electron systems.
Caution! As all these actinide dioxides, especially the 237Np,

239Pu, and 241Am, present considerable radiotoxicity hazards, they
were all handled under carefully controlled dedicated laboratories
at the Institute for Transuranium Elements in Karlsruhe. All steps
were performed in hermetically sealed gloveboxes maintained at an
under pressure with respect to the laboratory.
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