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ABSTRACT: Because of its sensitivity to the atomic scale
environment, solid-state NMR offers new perspectives in
terms of structural characterization, especially when applied
jointly with first-principles calculations. Particularly, challeng-
ing is the study of actinide-based materials because of the
electronic complexity of the actinide cations and to the
hazards due to their radioactivity. Consequently, very few
studies have been published in this subfield. In the present
paper, we report a joint experimental−theoretical analysis of
thorium tetrafluoride, ThF4, containing a closed-shell actinide
(5f0) cation. Its crystalline structure has been revisited in the
present work using powder neutron diffraction experiments.
The 19F NMR parameters of the seven F crystallographic sites have been modeled using an empirical superposition model,
periodic first-principles calculations, and a cluster-based all-electron approach. On the basis of the atomic position optimized
structure, a complete and unambiguous assignment of the 19F NMR resonances to the F sites has been obtained.

1. INTRODUCTION

As its natural reserves in the Earth’s crust are higher than
uranium and because of the ease to exploit this resource in
many countries, thorium has been considered as a fertile
element in several types of existing reactors1,2 particularly the
molten salt type. In these reactors, fluoride is preferred as a
counterion because 19F is the only stable fluorine isotope and it
does not become radioactive under neutron bombardment.3 A
further advantage of the thorium fluoride salt, ThF4, is its dual
role in the fuel, serving additionally as a primary coolant in
such thorium-based molten salt reactors.4

19F being an NMR-active nucleus, this spectroscopy is well
suited to experimentally characterize ThF4.

5 Indeed, Bessada et
al.6 showed an evolution in LiF−ThF4 melts from free F
originating from LiF, to bridging F between ThFx polyhedra in

melts rich in ThF4. However, although in the melt, the NMR
spectrum was well characterized because of the averaging of
the anisotropic interactions (providing one well-resolved 19F
peak at about 125 ppm), the interpretation of the solid-state
spectrum was incomplete.6 In the solid state, anisotropic
interactions lead to a complex magic-angle spinning (MAS)-
NMR spectrum characterized by the presence of a “group” of
isotropic resonances between 53 and 101 ppm.6 A detailed
assignment of these resonances to the seven F sites of the
crystalline structure determined from single-crystal X-ray
diffraction (SCXRD)7 was not performed. In addition, the
19F spectrum of ThF4 presents an intense pattern of spinning
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sidebands because of strong chemical shift anisotropy (CSA)
as those of isostructural β-ZrF4 and CeF4.

8 We note that
among the few NMR studies done on actinide fluorides,6−12

only two reports high-resolution solid-state NMR.6,12

Fortunately, assistance for the interpretation of NMR
experiments can be obtained from theory. Because of recent
advances in first-principles modeling techniques, particularly in
density functional theory (DFT), it is now possible to calculate
efficiently the NMR parameters in crystalline materials.13−15

The gauge including projector augmented wave (GIPAW)16,17

approach using periodic boundary conditions has been applied
to numerous chemical systems including inorganic fluorides for
the assignment of 19F resonances.18−20 However, hitherto, only
a few studies have been published on the description of the
NMR parameters of actinide-based materials in the solid
state.12,21−24 Their understanding is particularly challenging
because of the numerous electrons involved even in the
simplest cases like the closed-shell uranium cation (5f0). The
complexity only further increases with open-shell cations for
which very recent quantum chemical calculations were
performed on organometallic complexes.25−27

The main goal of the present study is to have a better
understanding of the NMR parameters of ThF4 (5f

0) using a
joint experimental−theoretical analysis. First, the sample was
carefully synthesized with all of the precautions required for
this type of air-sensitive and radioactive material,28,29 and its
crystalline purity was checked by powder X-ray diffraction
(PXRD). A precise refinement of the crystalline structure
parameters was then possible thanks to powder neutron
diffraction (PND) which offers a greater sensitivity than PXRD
for the F atom detection which are much lighter than the
thorium atoms. This step is indeed required to obtain a solid
basis for accurate calculation of NMR parameters and reliable
assignment of the 19F NMR resonances to the crystallographic
sites. Second, the 19F MAS-NMR spectrum of the sample was
recorded at a high spinning rate to avoid overlapping between
the isotropic peaks and the spinning sidebands. Finally, three
approaches were applied to obtain the full assignment of the
19F NMR peaks to the F sites. In the first part, an empirical
calculation of the 19F isotropic chemical shift (δiso) was done
by applying the superposition model (SM)30 which has been
successful for such purpose in β-ZrF4 and CeF4.

8 In the second
part, the 19F shielding tensors (σ) were computed under
periodic boundary conditions using the GIPAW method16,17

implemented in the CASTEP code.31,32 This type of
calculations are currently most widely applied for structural
characterization of solid-state materials. It allows to predict the
19F isotropic shielding values (σiso) as well as the three
orthogonal principal components of the shielding tensor (σ11,
σ22, and σ33). These empirical and first-principles calculations
were carried out on the experimental structure (ES) and
atomic position optimized (APO) PND structure. In the third
and last part, the 19F σiso values were calculated using a cluster
model by means of the Amsterdam density functional (ADF)
package.33,34 Such DFT calculations have been proven to be
efficient to predict the δiso values in fluorine-based materi-
als.35,36 The main advantage of this approach is the possibility
to assess the spin−orbit (SO) effect which is not yet available
in the solid-state codes. This effect was shown to play some
role for σiso of other actinide-based materials.24,37 All of these
approaches provided a consistent interpretation of the thorium
tetrafluoride’s 19F MAS-NMR spectrum.

2. EXPERIMENTAL SECTION
2.1. Synthesis. The preparation of highly pure actinide fluorides is

a challenging procedure as compounds such as ThF4 or UF4 are
moisture- and oxygen-sensitive and are likely to contain oxide and
oxyfluoride impurities. As for PND, the sample needed to be
produced in the gram scale, and the fluorination facility available at
JRC-Karlsruhe was used. The synthesis is based on the solid−gas
reaction involving stoichiometric ThO2 and HF gas: ThO2(s) +
4HF(g) → ThF4(s) + 2H2O(g). The HF gas was flushed through the
fluorination reactor during about 2 h at 873.15 K. More details about
the synthesis are given in the ref 38. The purity of the sample was
checked using the differential scanning calorimetry method for the
identification of melting point (T = 1383 K) which was found to be in
very close agreement with the previously published data.29,39 Powders
from this batch were also used for PXRD and MAS-NMR
characterization.

2.2. Powder X-ray and Neutron Diffraction Character-
ization. The crystal structure of the synthesized compound was
first analyzed by PXRD using a Bruker D8 Advance diffractometer
mounted in a Bragg−Brentano configuration with a curved Ge
monochromator (111), a copper tube (40 kV, 40 mA), and equipped
with a LynxEye position sensitive detector. The data were collected by
step scanning using a step size of 0.0092° in the angle range 10° ≤ 2θ
≤ 120°. The sample preparation for PXRD analysis consisted of
dispersing the powder on the surface of a silicon wafer with 2 or 3
drops of isopropanol.

The PND experiment was performed at 300 K on the instrument
D2B of the Institut Laue Langevin (ILL) with 0.81 g of the material.
The sample was encapsulated under He in a hermetic vanadium
container. The data were collected at a fixed wavelength (λ = 1.594 Å)
in the angle range 0° ≤ 2θ ≤ 160°. Each step corresponded to 0.05°
in 2θ as the 128 detectors are spaced at 1.25° intervals. Structural
analyses were performed with the Rietveld method by means of the
Fullprof2k suite40 using the scattering lengths of the elements (Th:
10.31 fm; F: 5.654 fm). Crystallographic data (excluding structure
factors) for the structure of ThF4 have been deposited at the
Cambridge Crystallographic Data Centre (CCDC 1868671).

2.3. Solid-State NMR Spectroscopy. All 19F MAS NMR spectra
were recorded on a 9.4 T spectrometer with a commercial ultrafast 1.3
mm probe embedded in a radioactive glovebox.41 The one-pulse 19F
MAS-NMR experiments were carried out at two spinning frequencies
(40 and 60 kHz). The 90° pulse length was set to 1.5 μs
(corresponding to a nutation frequency of ∼170 kHz) and the
recycling delay to 1000 s in order to acquire quantitative spectra. All
spectra were referenced to NaF, as a secondary reference to CFCl3,
with a chemical shift at −224.2 ppm.42 Because of air frictional
heating, the sample temperature varies from 321 K at 40 kHz to 336 K
at 60 kHz. The 19F MAS-NMR spectra were fitted using the Dmfit
software.43

2.4. Theoretical Calculations. Diagonalization of the symmetric
part of the shielding tensor (σ) yields three orthogonal principal
components (σii), σ11, σ22, and σ33, defining the isotropic shielding as
σiso = (σ11 + σ22 + σ33)/3 with the σii in the sequence |σ33 − σiso| ≥ |σ11
− σiso| ≥ |σ22 − σiso|.

44−46 The principal components of the chemical
shift tensor (δii), δ11, δ22, and δ33, are related to σ11, σ22, and σ33,
respectively, by the linear relation δii = −σii + σref where σref is the
reference shielding and δiso, defined as δiso = (δ11 + δ22 + δ33)/3, is
related to σiso by the linear relation δiso = −σiso + σref. For

19F, linear
correlations between calculated σiso and experimental δiso values have
been established in most cases by refining both the slope and σref
values.12,18,20,42,47−49 The shielding anisotropy, σcsa, and the
asymmetry parameter, ηcsa, are defined as σcsa = σ33 − σiso and ηcsa
= (σ22 − σ11)/σcsa. The CSA, δcsa, and the asymmetry parameter, ηcsa,
are defined as δcsa = δ33 − δiso and ηcsa = (δ22 − δ11)/δcsa.

Solid-state DFT calculations of the 19F σ were performed using the
CASTEP code31,32 implemented in the Materials Studio 5.0
environment using the GIPAW16,17 method. The Perdew−Burke−
Ernzerhof functional was employed in the generalized gradient
approximation (GGA)50 for the exchange−correlation energy, and the
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core−valence interactions were described by ultrasoft pseudopoten-
tials (USPPs).17 The USPPs were generated using the “on the fly”
generator (OTF_USPP) included in CASTEP. For 19F, a core radius
of 1.4 au was used with 2s and 2p valence orbitals, whereas for Th, a
core radius of 2.0 au was applied with 6s, 6p, 7s, and 6d valence
orbitals. The wave functions were expanded on a plane-wave basis set
with a kinetic energy cutoff of 700 eV. The Brillouin zone was
sampled using a Monkhorst−Pack grid spacing of 0.03 Å−1

(corresponding to a k-point mesh of 4 × 4 × 4 in the primitive
cell). Atomic positions were optimized by minimizing the residual
forces on the atoms down to 10 meV·Å−1 using the Broyden−
Fletcher−Goldfarb−Shanno method51 while keeping symmetry
constraints and fixing cell parameters to the experimentally measured
values.
For the cluster model, 19F σ calculations were performed with the

ADF code.33,34 In these all-electron relativistic DFT calculations, the
scalar (SF) and SO relativistic effects were accounted by utilizing the
zeroth-order regular approximation (ZORA).52 The SAOP ex-
change−correlation potential53,54 was applied, in combination with
an uncontracted set of Slater-type orbitals (STOs). Because of the
large size of the model cluster, the basis set had to be limited to
double-zeta (DZ) quality. The frozen-core approximation was
switched off in order to allow a fully all-electron treatment of the
system. An auxiliary set of s, p, d, f, and g STOs were used to fit the
molecular density and to represent the Coulomb and exchange
potentials accurately in each SCF cycle. The closed-shell system was
treated using the spin-restricted formalism.
To see the effect of the basis set truncation on the 19F σiso values of

ThF4, test calculations were performed with the following basis sets
optimized for use with ZORA:55 DZ, triple-zeta with one polarization
function, triple-zeta with two polarization functions, and quadruple-
zeta with four polarization functions (QZ4P). These test calculations
were carried out on four Th−F distances, viz., 2.12, 2.29, 2.33, and
2.35 Å. The DZ basis set underestimates the 19F δiso values with
respect to QZ4P by ca. 20 ppm. However, the results show systematic
errors in the 19F δiso upon basis set truncation, indicating that for
studies of different interatomic distances within the same model
structure, smaller basis sets can also be used. A graph demonstrating
the dependence of the 19F δiso values on the Th−F distance as well as
on the size of basis set is given in the Supporting Information (Figure
S1).

3. RESULTS AND DISCUSSION
3.1. Crystalline Structure. ThF4 crystallizes in the

monoclinic system with the space group C2/c (no. 15), and
its crystallographic structure has been previously determined
from SCXRD (ICSD56

file number 66009).7 To characterize
our synthesized compound, we first recorded the PXRD
diffraction pattern (Figure S2) and extracted by Rietveld
analysis the cell parameters (Table 1) and the atomic positions.
The b cell parameter slightly differs with the one determined
from SCXRD7 (11.120 Å) by ∼0.1 Å. As the atomic positions
are relatively similar to ours, we highly suspect a typing error.
On the other hand, the obtained cell parameters are in good
agreement with the ones previously determined using PND.57

In the later study,57 atomic positions have not been reported.
We then performed a PND experiment to extract the atomic
position of the F atoms more accurately than it can be done by
PXRD. Indeed, in the presence of heavy elements, atomic
positions of light atoms such as fluorine are not always
accurately determined by PXRD because of the large difference
in the atomic form factors of the light and heavy atoms. The
analyzed PND pattern is presented in Figure 1; the
crystallographic data, the fractional atomic coordinates, and
the F−Th bond lengths are reported in Tables 1, 2, and 3,
respectively. Because of their greatest accuracy, the cell
parameters determined by PXRD have been used for the

analysis of the neutron diffraction data. Because the
combination of our PXRD and PND data gave the most
relevant structural results, they have been used in the following
discussion.
The crystalline structure consists of a three-dimensional

network of corner-sharing ThF8 square antiprisms (SAPs,

Table 1. Crystallographic Data from the Rietveld
Refinement of the PND Pattern of ThF4

a,b

a 13.043(2) Å
b 11.010(2) Å
c 8.534(2) Å
β 126.31(1)°
V 987.56(1) Å3

space group C2/c (no. 15)
Z 2
refined parameters 30
Rwp 10.6%
RP 11.2%
RB 7.01%
Rexp 3.14%
GOF 3.3

aRP = Σ[yi(obs) − yi(calc)]/Σyi(obs); Rwp = {Σwi[yi(obs) −
yi(calc)]

2/Σyi(obs)}1/2. bRB = Σ[Ihkl(obs) − Ihkl(calc)]/ΣIhkl(obs);
GOF = Rwp/Rexp.

Figure 1. Experimental (red dots) and calculated (black line) room-
temperature PND Rietveld refinement patterns of ThF4 (λ = 1.594
Å). The Bragg positions (blue vertical ticks) and the difference curve
between the experimental and calculated data (bottom blue line) are
shown. As a vanadium container was used, the area around 2θ = 150°
was deleted to exclude its Bragg reflexion from the Rietveld
refinement.

Table 2. Wyckoff Position, Fractional Atomic Coordinates
(x,y,z), and Isotropic Displacement Parameters (Biso, Å

2)
from the Rietveld Refinement of the PND Pattern of ThF4

atom Wyckoff x y z Biso

Th1 8f 0.2057(6) 0.4278(6) 0.3323(9) 0.66(6)
Th2 4e 0 0.7869(7) 1/4 0.6(1)
F1 4e 1/2 0.894(1) 1/4 1.9(3)
F2 8f 0.118(1) 0.620(1) 0.282(2) 1.8(2)
F3 8f 0.126(1) 0.846(1) 0.154(1) 1.0(2)
F4 4d 1/4 3/4 0 1.4(3)
F5 8f 0.879(1) 0.948(1) 0.044(2) 1.6(2)
F6 8f 0.891(1) 0.706(1) 0.929(2) 1.2(2)
F7 8f 0.206(1) 0.529(1) 0.098(1) 1.6(2)
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Figure 2). Each F atom is coordinated by two metal atoms.
The structure contains two Th and seven F inequivalent

crystallographic sites. Among these seven F sites, two (F1 and
F4) have a multiplicity of 4 and the remaining five a
multiplicity of 8. Seven resonances among which two with
relative intensities equal to 8.3% and five with relative
intensities equal to 16.7% are then expected in the 19F MAS-
NMR spectra.
For a SAP based on equal edge lengths (hard sphere model)

and all metal−ligand bond lengths equal to d0, α, the angle that
the eight metal−ligand bonds make with the fourfold axis, is
equal to 59.3°, α′, the angle between metal−ligand bonds for
adjacent ligands, is equal to 74.9°, α″, the angle between
metal−ligand bonds for opposite ligands, is equal to 141.6°,
and the edge length is 1.216d0 (Figure 3). However, the
stereochemistry of the SAP calculated by minimization of the

repulsion energy is elongated along the fourfold axis, α = 57.1°,
with a contraction of the square faces.58 This is observed in
ThF4 as shown (Figure 3 and Table 4) by (i) the average F−

Table 3. Individual, Average, and Standard Deviation (σ) Values of F−Th Bond Lengths (Å) from the ES and APO, Difference
between F−Th Bond Lengths from ES and APO Structures (Δ(F−Th)), for Each F Site, Sum of These Differences (ΣΔ(F−
Th)) and, for the Involved F Sites, Absolute Values (with Their Average) of the Difference between Individual F−Th Bond
Lengths (|Δ(F−Th)|) from the ES and APO Structures

F−Th |Δ(F−Th)|

F site Th site count ES APO Δ(F−Th) ΣΔ(F−Th) ES APO

F7 Th1 1× 2.292 2.286 0.006
Th1 1× 2.314 2.328 −0.014 −0.008 0.022 0.042

F6 Th1 1× 2.327 2.336 −0.009
Th2 1× 2.387 2.379 0.009 0.000 0.060 0.043

F5 Th2 1× 2.325 2.321 0.005
Th1 1× 2.331 2.347 −0.015 −0.011 0.006 0.026

F3 Th2 1× 2.311 2.315 −0.003
Th1 1× 2.321 2.328 −0.007 −0.011 0.010 0.014

F2 Th2 1× 2.311 2.315 −0.004
Th1 1× 2.319 2.326 −0.007 −0.011 0.008 0.011

F4 Th1 2× 2.288 2.293 −0.005 −0.010
F1 Th1 2× 2.367 2.354 0.013 0.026

⟨F−Th⟩ 2.324 2.327 ⟨|Δ(F−Th)|⟩ 0.021 0.027
σ(F−Th) 0.027 0.024

Figure 2. Perspective view of the ThF4 structure showing the ThF8
SAPs.

Figure 3. (a) ThF8 SAP based on equal edge lengths. d0 is the Th−F
bond length, α is the angle the eight Th−F bonds made with the
fourfold axis (in blue), α′ and α″ are the angles between Th−F bonds
for adjacent and opposite F atoms, respectively. (b−e) ThF8 SAP
elongated along the fourfold axis. (b) Edges s and 1, joining two
adjacent F atoms belonging to the same square face and to different
square faces, respectively. (c) F−Th−F angles for adjacent (α1) and
for opposite (α3) F atoms belonging to the same square face. (d) F−
Th−F angles for adjacent (α2) and for opposite (α4) F atoms
belonging to different square faces. (e) F−F−F angles for three F
atoms belonging to the same square face (β1) and to the same
triangular face (β2).
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Th−F angles for opposite F atoms belonging to the same
square (α3) equal to 115.5° and 115.2° for Th1F8 and Th2F8
SAP, respectively, (ii) the smaller average lengths for edges (s)
joining two adjacent F atoms belonging to the same square
face (2.781 and 2.793 Å for Th1F8 and Th2F8 SAP,
respectively) than for edges (l) joining two adjacent F atoms
belonging to different square faces (2.891 and 2.920 Å for
Th1F8 and Th2F8 SAP, respectively), and (iii) the smaller
average F−Th−F angles for adjacent F atoms belonging to the
same square face (α1, 73.7° and 73.4° for Th1F8 and Th2F8
SAP, respectively) than to different square faces (α2, 77.2° and
77.3° for Th1F8 and Th2F8 SAP, respectively). Except for the
Th−F bond lengths, the standard deviation values of the
geometrical parameters of the SAP (Table 4) are smaller for
Th2F8 which is then overall less distorted than Th1F8.
3.2. Atomic Position Optimization Effects. As a result

of the high sensitivity of NMR parameters to slight structural
modifications, the structural data, on which basis they are
computed, should be as accurate and strain-free as possible.
Therefore, the crystalline structure is often DFT optimized
prior to the calculation of the NMR parameters, and the
agreement between the calculated and experimental NMR
parameters is usually found to be improved after a DFT

optimization of the geometry.13−15,19,20,59,60 For ThF4, the ES
and APO fractional atomic coordinates are compared and the
corresponding atomic displacements are given in the
Supporting Information (Table S5). In overall, the atomic
displacements are small with average Th and F atomic
displacements, respectively, equal to 0.018 and 0.022 Å,
highlighting the accuracy of the experimental structure and the
sensitivity of PND for the (light) F atoms. The average Th−F
bond length increases for the Th1F8 SAP, whereas it decreases
for the Th2F8 SAP (Table 4). Consequently, the difference
between the average Th−F bond length of Th1F8 and Th2F8
SAP decreases (from 0.020 to 0.007 Å). The average F−Th
bond length slightly increases, and the standard deviation value
slightly decreases (Table 3). It seems then somewhat
surprising that for F sites with two different F−Th distances,
the average of the absolute values of the difference between
individual F−Th bond lengths is larger after APO. The
difference between individual F−Th bond lengths decreases
only for F6 [for which the difference is the largest one (Figure
4)]. The standard deviation values of the s edge lengths slightly

increase or remain constant and those of the l edge lengths
slightly decrease. Among the four types of F−Th−F angles, the
standard deviation values of α1 and α4 (α2 and α3) increase
(decrease). Finally, the standard deviation values of F−F−F
angles slightly decrease. Overall, the ThF8 SAP is then slightly
less distorted after APO.

3.3. 19F MAS-NMR Spectra. The 19F MAS NMR spectra
of ThF4 acquired at 40 and 60 kHz have been fitted with six
19F isotropic peaks (Figure 5 and Table 5). No chemical shift
or line shape variations have been observed in this range of
spinning frequencies or sample temperatures. On the basis of
their relative intensities, peaks 1 and 5 are assigned to F1 or F4.
The relative intensity of peak 3, equal to 31.6%, corresponds to
twice the expected relative intensity for one F site of
multiplicity 8 and therefore accounts for two F sites. The
three other peaks belong accordingly to the three other F sites
with multiplicity 8. An important feature of this spectrum is the
strong spinning sideband pattern from which the δcsa and ηcsa
values (Table 5) were determined on the basis of the spinning
sideband intensities. The δcsa values are comprised between
−237 and −305 ppm. Similar large values were also found for

Table 4. Average and Standard Deviation (σ) Values of the
F−Th Bond Lengths (Å), of Edge Lengths (F−F Distances,
Å) Joining Two Adjacent F Atoms Belonging to the Same
Square Face (s) and to Different Square Faces (l), of F−
Th−F Angles (deg) for Adjacent F Atoms (α1,2) Belonging
to the Same Square Face (α1) and to Different Square Faces
(α2) and for Opposite F Atoms Belonging to the Same
Square Face (α3) and to Different Square Faces (α4) and of
F−F−F Angles (deg) for Three F Atoms Belonging to the
Same Square Face (β1) and to the Same Triangular Face
(β2), for Each ThF8 SAP, from the ES and APO PND
Structuresa

ThF8 SAP Th1F8 Th2F8

structure ES APO ES APO

⟨Th−F⟩ 2.318 2.325 2.338 2.332
σ(Th−F) 0.023 0.022 0.030 0.027
⟨s⟩ 2.781 2.786 2.793 2.793
σ(s) 0.078 0.086 0.065 0.065
⟨l⟩ 2.891 2.903 2.920 2.901
σ(l) 0.134 0.119 0.074 0.060
⟨F−F⟩ 2.836 2.844 2.857 2.847
σ(F−F) 0.123 0.119 0.094 0.083
⟨F−F⟩/⟨Th−F⟩ 1.224 1.224 1.222 1.221
⟨α1⟩ 73.7 73.6 73.4 73.6
σ(α1) 2.2 2.5 1.9 2.1
⟨α2⟩ 77.2 77.3 77.3 76.9
σ(α2) 4.4 3.9 2.4 2.1
⟨α1,2⟩ 75.5 75.5 75.3 75.3
σ(α1,2) 3.9 3.8 3.0 2.7
⟨α3⟩ 115.5 115.4 115.2 115.7
σ(α3) 7.6 7.4 1.2 1.0
⟨α4⟩ 141.8 141.9 142.2 142.1
σ(α4) 4.4 4.5 3.8 3.9
⟨β1⟩ 89.5 89.6 90.0 90.0
σ(β1) 5.2 5.2 2.5 2.4
⟨β2⟩ 60.0 60.0 60.0 60.0
σ(β2) 4.0 3.8 2.3 2.0

aIndividual values are reported in Tables S1−S4. Figure 4. F−Th bond lengths from the ES (black) and APO (red)
structures.
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the isostructural β-ZrF4 (between −160 and −180 ppm) and
CeF4 (between −370 and −410 ppm).8

3.4. Empirical Assignment. The SM developed by Bureau
et al. for ionic fluorides30 and later extended to more complex
systems (β-ZrF4 and CeF4,

8 compounds from the systems
BaF2−AlF3, CaF2−AlF3,61 and NaF−CaF2−AlF359) has been
here applied to assign the 19F NMR peaks to the F sites. It
considers the 19F δiso as a sum of a constant diamagnetic term
(depending on the chemical shift reference) and several
paramagnetic contributions (σ) from the l neighboring cations:
δiso/CFCl3 = −291.3 − ∑lσl with σl = σl0 exp[−αl(d − d0)]. d0
is the characteristic F−M bond length taken equal to the bond
length in the related basic fluoride, and σl0 determines the
order of magnitude of the cationic paramagnetic contribution
to the shielding, deduced from measurements in the related
basic fluoride where δiso/CFCl3 = −291.3 − nσl0.

The initial values of the d0, σl0, and αl parameters were
determined in the following way. The structure of ThF4
containing several distinct crystallographic F sites with
different F−Th bond lengths and δiso values, d0, and σl0 were
calculated considering the weighted average value of the F−Th
bond lengths and δiso values. The αl parameter has been
calculated using its linear relation with, rl, the crystal radius: αl
= −0.806rl + 4.048, with rl = 1.19 Å for Th4+ in eight

coordination.62 The obtained d0, αl, and σl0 initial parameters

for the ES and APO structures are given in Table 6.

As done for β-ZrF4 and CeF4,
8 only the first fluorine

coordination spheres (l = 2) were considered in these
calculations. The δiso values of the seven F sites obtained
with the initial parameters for the ES and APO structures were
compared with the experimental results. Assignments were
performed, having regard for the partial assignment based on
the relative intensities, by minimizing the absolute values of the
differences between calculated (δiso,cal) and experimental
(δiso,exp) isotropic chemical shift values: Δδiso = δiso,exp − δiso,cal.
The standard deviation values of Δδiso are equal to 17.8 and
12.8 ppm for the ES and APO structures, respectively. For the
ES structure, whereas the smallest δiso,exp value corresponds to
an F site with multiplicity 8, the smallest δiso,cal value
corresponds to F1. Then, the three parameters d0, αl, and σl0
were refined in order to minimize the difference between δiso,exp
and δiso,cal values (i.e., the sum S = ∑(δiso,exp − δiso,cal)

2). In the
usual procedure, a new parameter set is obtained, and, if
necessary, the assignments are modified, with respect to the
relative intensities, to minimize the Δδiso differences. Usually,
this process is repeated until the assignments remain
unchanged, but in this study, the assignments remained the
same with the initial and refined parameters. The 19F δiso,cal
values and the peak assignments are collected in Table 7. The

Δδiso standard deviation values decrease drastically, being equal
to 3.4 and 1.2 ppm for the ES and APO structures,
respectively. Despite the discrepancy mentioned above with

Figure 5. Experimental (blue) and fitted (red dashed) 19F MAS NMR
spectra of ThF4 acquired at 40 and 60 kHz. The stars indicate the
spinning sidebands. A zoom on the labeled isotropic peaks of the
spectrum recorded at 60 kHz is presented on the inset. The individual
contributions to the fitted spectrum are shown below. The filled circle
on the inset indicates an impurity.

Table 5. 19F Isotropic Chemical Shifts (δiso,exp, ppm), CSA (δcsa, ppm), Asymmetry Parameter (ηcsa), Principal Components of
the Chemical Shift Tensor (δii, ppm), and Relative Intensity (I, %) of the 19F NMR Resonances of ThF4

peak δiso,exp (±0.5) δcsa (±10) ηcsa (±0.10) δ11 (±10) δ22 (±10) δ33 (±10) I (±2.0)

1 99.6 −305.0 0.00 252.1 252.1 −205.4 8.2
2 91.1 −270.0 0.10 239.6 212.6 −178.9 17.7
3 82.3 −264.0 0.10 227.5 201.1 −181.7 31.6
4 73.2 −259.7 0.20 229.0 177.1 −186.5 16.2
5 66.6 −252.4 0.39 242.0 143.6 −185.8 10.6
6 61.9 −236.7 0.40 227.6 132.9 −174.8 15.7

Table 6. Initial and Refined (in Italic) αl (Å
−1), d0 (Å), and

σl0 (ppm) Parameters for the ES and APO Structure

structure αl d0 σl0

ES 3.089 1.236 2.325 2.326 −185.1 −185.0
APO 3.089 1.524 2.327 2.328 −185.1 −184.8

Table 7. F Sites, 19F δIso Values, Calculated Using the SM,
from the ES (δiso,cal ES, ppm) and the APO Structure (δiso,cal
APO, ppm) and Assignments to the 19F NMR Peaks

F sites δiso,cal ES peak δiso,cal APO peak

F4 96.8 1 99.0 1
F7 89.4 2 90.7 2
F2 83.9 3 82.9 3
F3 83.3 3 82.2 3
F5 77.7 4 75.4 4
F1 60.7 6 64.4 5
F6 65.1 5 62.5 6
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the ES structure [due to overestimated F1−Th bond lengths in
the ES structure as shown by the differences between F1−Th
bond lengths from ES and APO structures (Table 3)], very
good linear correlations are observed between the 19F δiso,cal
and δiso,exp values (Figure 6). Thus, a complete and convincing

assignment of the 19F NMR peaks is obtained. As previously
observed for β-ZrF4 and CeF4,

8 the only sensitive parameter is
αl and it also decreases for ThF4 (Table 6). This decrease of αl,
which describes the behavior of the paramagnetic contribution
with the fluorine−metal distance, may be correlated with the
deviation from the purely ionic model61 for F−Th bonds.
3.5. Modeling 19F δiso Using DFT under Periodic

Boundary Conditions. To confirm the empirical assign-
ments, we performed 19F shielding tensor calculations using
the GIPAW method on both the ES and APO structures. To
assign the 19F resonances to the F sites, the F sites were ranked
in the increasing order of calculated σiso values (σiso,cal), the
same for both the structures, and NMR lines were ranked in
the decreasing order of δiso,exp values. The fine agreement
obtained between the relative intensities of the NMR peaks (1,
2, 2, 2, 2, 1, and 2) and the multiplicities (4, 8, 8, 8, 8, 4, and 8)
of the F sites (Tables 2, 5, and 8) allows to propose a complete
assignment. This assignment perfectly agrees with the

empirical one. Figure 7 presents the plot of the 19F δiso,exp
values against the σiso,cal values. Very good linear correlations

are determined, especially for the APO structure, confirming its
higher accuracy. A strong relationship between 19F σiso values
and accurate F−Th bond lengths is evidenced in ThF4. Indeed,
19F δiso values of the F sites show a strong linear relationship
with the sum of the two APO F−Th bond lengths (Figure S3).
The slope of the linear regression between 19F δiso,exp and σiso,cal
from the APO structure (−0.938) is close to −1.0, that is, to
the theoretical expected value, whereas the slopes of most of
the linear regressions established previously from GIPAW
calculations12,18,20,42,47−49 differ significantly from −1.0. It has
been shown that this is caused by the GGA to the exchange−
correlation functional, and it is related to the well-known band
gap problem.63 The prediction of 19F δiso values remains a
challenge in inorganic fluorides containing atoms sparsely
studied. At last, a scaling factor around −0.72 would be
necessary to properly reproduce the experimental 19F δcsa
values (Table 5) from the calculated 19F σcsa values from the
APO structure (Table 9), as shown by the plot (Figure S4) of
the experimental δii values (Table 5) against the calculated σii
values (Table 9). As in most of the scarce studies where these

Figure 6. Plot of the 19F experimental isotropic chemical shift (δiso,exp)
against the 19F empirically calculated isotropic chemical shift (δiso,cal)
for ThF4. The black circles and red squares represent the calculated
values from ES and APO structure, respectively. The black dashed line
and the red dashed-dotted line represent the linear regressions for the
calculated values from ES and APO structures, respectively.

Table 8. F Site, Calculated 19F σIso Values (σiso,cal, ppm)
Using the GIPAW Method from the ES and APO Structure
and Assignments to the 19F NMR Peaks

σiso,cal

F site ES APO peak

F4 −21.9 −24.5 1
F7 −11.8 −13.6 2
F2 −10.3 −6.1 3
F3 −5.0 −4.5 3
F5 4.3 2.6 4
F1 15.7 9.3 5
F6 18.3 17.9 6

Figure 7. Plot of the experimental 19F isotropic chemical shift (δiso,exp)
against the GIPAW calculated 19F isotropic chemical shielding
(σiso,cal) for ThF4 determined on the basis of the ES or APO
structure. The black circles and red squares represent the calculated
values from ES and APO structures, respectively. The black dashed
line and the red dashed-dotted line represent the linear regressions for
the calculated values from ES and APO structures, respectively.

Table 9. Calculated Principal Components of the Shielding
Tensor (σ11, σ22, and σ33, ppm), Shielding Anisotropy (σcsa,
ppm), and Asymmetry Parameter (ηcsa) on the Basis of the
APO Structure Using the GIPAW Method

F site σ11 σ22 σ33 σcsa ηcsa

F1 −170.4 −167.3 365.7 356.3 0.01
F2 −232.4 −130.0 344.1 350.2 0.29
F3 −225.0 −154.3 365.7 370.2 0.19
F4 −281.4 −170.3 378.3 402.7 0.28
F5 −219.3 −134.2 361.3 358.7 0.24
F6 −184.0 −128.1 365.9 347.9 0.16
F7 −231.1 −159.6 350.0 363.6 0.20
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values are compared, the experimental 19F δcsa values of ThF4
seem then to be underestimated.12,20,64,65 Whereas the same
slopes are expected between σcsa and δcsa and between σiso and
δiso, in some cases such as ThF4 or NbF5,

20 both slopes differ.
It must only be pointed out that δcsa values are not as accurate
as δiso values.
3.6. 19F σiso DFT Cluster Calculations and SO

Relativistic Effects. In both previous methods, the SO
effects are not included. In order to overcome this drawback,
which was shown to be of importance in these 5f systems,25,26

we also performed calculations on a cluster model by using the
ADF code which includes the facility to account for SO effects.
Thus, the ThF4 crystal was modeled by a central ThF8 moiety
and its first coordination sphere consisting of the next-nearest
ThF8 moieties leading to the cluster Th9F59 (Figure 8). Th
being eight-coordinated, the cluster including the second
coordination sphere is very large and calculations were, in our
case, unfortunately not feasible.

The 19F σiso values calculated with the SF and SO relativistic
effects are given in Table 10 and plotted against the 19F δiso,exp
values in Figure 9. As expected given the atomic number of Th
(Z = 90), the relativistic effects are significant36 and these 19F
σiso values are larger than those calculated using the GIPAW
method. For both the SF and SO levels, these calculations led
to σiso,cal values in the same order than those obtained with the
GIPAW method and then to the same assignments. Good

δiso,exp versus σiso,cal linear correlations are obtained (R2 values
equal to 0.971 and 0.989, respectively). The δiso,exp versus σiso,cal
linear regressions have slopes inferior to −1, which is unusual
using the GIPAW method.12,18,48,49 Considering the SO effect
improves the quality of the computed data and leads to a
decrease of the 19F σiso by 6.1−11.0 ppm. The largest effect is
observed for the smallest σiso belonging to F4 (11 ppm), which
has the smallest F−Th bond lengths (Table 3 and Figure 4).
The other F sites change by 6.1−8.4 ppm upon SO. This
relatively small effect on the light atom shielding due to the
influence of the heavy atom SO coupling indicates that SO
coupling in Th is largely quenched and lends support for the
use of the models used above.

4. CONCLUSIONS
The crystalline structure of ThF4 has been revised using PND
experiments. It consists of a three-dimensional network of
corner-sharing ThF8 SAP. The 19F MAS-NMR spectrum
presents six 19F isotropic peaks, ranging within ∼40 ppm,
partially assigned to the seven F crystallographic sites, on the
basis of their relative intensities. Although the effects of the
crystalline structure optimization are small and highlight the
accuracy of the experimental structure, they slightly improve
the linear correlation between δiso,exp and σiso,cal values. All three
approaches (i.e., empirical model, periodic first-principles
calculations, and a cluster-based all-electron approach)
employed for modeling the 19F NMR parameters positively
agree on a single, complete, and convincing assignment of the
19F NMR peaks corresponding to the seven inequivalent F
sites. Indeed, peaks 1, 2, 3, 4, 5, and 6 can be attributed to F4,
F7, F2/F3, F5, F6, and F1, respectively. In addition, we have
shown that there was only a small effect of the SO coupling
which is encouraging for the use of solid-state codes in such
5f0-based materials. The present work is a solid basis to further
study structure−property relations of this actinide-based
material.

Figure 8. Th9F59 cluster model (Cartesian coordinates given in Table
S6) with the central Th1F8 unit indicated with different colors (Th =
blue/purple, F = light blue/green).

Table 10. Calculated 19F σiso Values (σiso,cal, ppm) Using the
Cluster Th9F59 Constructed on the Basis of the APO
Structure and 19F NMR Peak Assignmentsa

σiso,cal

F site SF SO peak

F4 150.5 139.5 1
F7(F7′)b 151.1(152.2) 144.4(145.7) 2
F2 162.1 155.8 3
F3 163.4 156.2 3
F5 170.6 162.0 4
F1 174.8 167.6 5
F6 177.9 171.7 6

aSF and SO acronyms correspond to the scalar and the SO relativistic
effects, respectively. bThe F7 site appears twice in the central ThF8
moiety of the model structures as F7 and F7′ (see Figure 8).

Figure 9. Plot of the experimental 19F isotropic chemical shift (δiso,exp)
against the calculated 19F isotropic chemical shielding (σiso,cal) at the
SAOP/DZ level from the Th9F59 cluster based on the APO structure
of ThF4. The two data sets were obtained accounting for scalar (SF,
purple circles) and in addition for SO (blue triangles) relativistic
effects. The pink dashed-dotted line and the blue dashed line
represent the linear regressions for the calculated values at the SF and
SO relativistic levels, respectively.
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