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Abstract 

High-resolution 19F magic angle spinning (MAS) NMR spectra were obtained for the uranium-

bearing solid, uranyl fluoride (UO2F2 ·1.57H2O).  While there are seven distinct crystallographic 

fluorine sites, the 19F NMR spectrum reveals six peaks at -33.3, 9.1, 25.7, 33.0, 39.0, and 48.2 

ppm, with the peak at 33.0 ppm twice the intensity of all the others and therefore corresponding to 

two sites.  To assign the peaks in the experimental spectra to crystallographic sites, 19F chemical 

shifts were calculated by using the GIPAW (Gauge Including Projector Augmented Waves) plane-

wave pseudopotential approach for a DFT-optimized crystal structure.  The peak assignments from 

DFT are consistent with 2D double-quantum (DQ) 19F MAS NMR experiments. 
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1.  Introduction 

Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy has become a 

powerful tool for the interrogation of the local chemical environment of crystalline solids, resulting 

in enhanced structural characterization that complements diffraction-based methods.1 When 

coupled with density functional theory (DFT) methods, assignment of spectral resonances of 

complex inorganic solids can be realized and improved crystal structures are often obtained.1 

While this methodology is successful for interpretation and prediction of the spectral assignments 

for several main group and transition metal solids, applicability to compounds containing heavy 

elements such as the actinides wherein spectral features are caused by relativistic effects on the 

chemical shift tensor is still difficult.2  Schreckenbach and coworkers have extended the theoretical 

calculation of NMR chemical shifts to the actinides for simple molecules, but the methodology 

has not been rigorously tested using DFT methods incorporating periodic boundary conditions.3-4  

However, there have been recent applications of the GIPAW (Gauge Including Projector 

Augmented Waves) plane-wave pseudopotential approach to a variety of solids containing heavy 

elements, e.g. the fluorides TlF5 and LaF3
6, and uranium containing compounds.7-10  

Detailed structural characterization of actinide solids is of particular importance in the nuclear fuel 

cycle and nuclear safeguards.  Uranyl fluoride, for example, is an important intermediate in the 

conversion of UF6 to uranium oxides or metal and has been extensively characterized using bulk 

characterization techniques such as X-ray powder diffraction and Raman spectroscopic methods.11-

12  The crystal structure is highly dependent on the levels of hydration and various related phases 

include: α UO2F2 ·1.5H2O, β UO2F2 ·1.5H2O, and UO2F2 ·2H2O.13-14  Thus far, only the anhydrous 

(UO2F2) and uranyl fluoride sesquihydrate (UO2F2 ·1.57H2O) crystal structures have been 
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characterized by neutron diffraction with the fluorine, oxygen, and uranium atom positions 

determined.15-16  Based on the known structural information and the high abundance of 19F, uranyl 

fluoride sesquihydrate is well-suited for a benchmarking study for a combined MAS NMR and 

GIPAW analysis.     

In this work, we combine high-resolution 19F MAS NMR with the calculation of 19F NMR 

parameters from first principles for the study of uranyl fluoride sesquihydrate (UO2F2 ·1.57H2O) 

to benchmark the methodology for uranium-bearing solids.  In order to achieve high resolution  

19F NMR spectra, high spinning frequencies  (>25 kHz) are required to minimize the broadening 

effects due to the high density of fluorine and resulting strong inter-nuclear couplings of the 

fluorine nuclei.  Fortunately, the high sensitivity of 19F NMR compensates for the use of the small 

volume rotors necessary to achieve high spinning frequencies.  The 19F NMR spectral 

interpretation was aided by the use of the two-dimensional homonuclear correlation technique 2D 

double-quantum (DQ) MAS NMR which probes the spatial proximities of NMR active nuclei via 

through-space homonuclear dipolar couplings.17   

2. Experimental and Computational Details 

Materials and Characterization. Uranyl fluoride sesquihydrate (UO2F2∙1.57H2O) was purchased 

from International Bio-Analytical Industries, Inc. and stored within a desiccating environment to 

prevent further hydrolysis.  A second sample was prepared by Andrew Harter at ORNL that was 

spectrally indistinguishable from commercial material and used to refine the analysis. 

All 19F NMR spectra were obtained using a Varian NMR500 spectrometer operating at a magnetic 

field strength of 11.7 T where the 19F resonance frequency was roughly 470.6 MHz.  A 1.2 mm 
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double resonance UltraFast MAS NMR probe with a 19F RF magnetic field of 250 kHz 

corresponding to a π/2 pulse length of 1 µs was used for all experiments.  Samples were loaded 

into the rotor under a dry nitrogen environment in a glove bag.  For 1D 19F NMR spectra, rotor-

synchronized Hahn spin echoes were used with a typical delay between scans of at least 8 s.  It 

was generally found that suppression of the background 19F NMR signal was accomplished by 

increasing the inter-pulse delay, e.g., for a spinning frequency of 50 kHz where the rotor period, 

Tr, was 20 µs, spectra acquired with an inter-pulse delay of 6Tr=120 µs showed almost no 

background signal.  In the analysis of the peak intensities, corrections due to spin-spin relaxation, 

T2, were used.  The 2D double-quantum (DQ) MAS measurements were performed using a 

spinning frequency of 40 kHz and made use of the back-to-back (BABA) pulse sequence for 

excitation and reconversion, with a typical excitation/reconversion length of 100 µs ( 4 rotor 

periods).18 All 19F NMR spectra were referenced to powdered Teflon (poly(tetrafluoroethylene) 

(PTFE)) at -122 ppm with respect to CFCl3 (trichlorofluoromethane) at 0 ppm. 

Calculations.  Calculations were performed using the CASTEP code in the Materials Studio 

suite of programs.2 The exchange-correlation energy was calculated using Perdew-Burke-

Ernzerhof (PBE) modification to the generalized gradient approximation.19  Previously reported 

crystallographic data were used for calculations of 19F parameters with optimization of the 

hydrogen atom positions in the structure.16 The optimization employed Vanderbilt “ultrasoft” 

pseudopotentials, a planewave cut-off energy of 650 eV, and integrals over the Brillouin zone were 

performed using a k-point spacing of 0.08 Å-1.20  The tolerances of energy and gradient 

convergence were used as their default values.  Hydrogen optimizations were performed on the 

C2/C space group of uranyl fluoride sesquihydrate.  NMR calculations were performed using the 

gauge including projector augmented wave approach (GIPAW) with a cut-off of 700 eV within 
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CASTEP and “on-the-fly” pseudopotentials obtained by Materials Studio, and a k-point spacing 

of 0.04 Å-1. Calculations generate the absolute shielding tensor (σ) and diagonalization of the 

symmetric part of σ yields the three principal components or eigenvalues, σxx, σyy, and σzz.  The 

isotropic shielding, σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, is given by: 

σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1
3
𝑇𝑇𝑇𝑇{𝝈𝝈} (1) 

and the isotropic chemical shift, 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 can be obtained from the isotropic chemical shielding, σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −�σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟� (2) 

where σref is a reference isotropic shielding.  In experiment, this value is obtained by measuring 

the chemical shift of an external reference sample.  For calculations, one option is to perform a 

calculation for the standard reference compound, e.g., CFCl3. Another is to use an average value 

determined by comparing calculated 19F isotropic shieldings and experimental 19F isotropic 

chemical shifts for simple fluorine-containing compounds.  There is limited precedent in the 

literature for comparing NMR parameters with first-principles calculations for uranium solid state 

compounds.3-4, 21  Therefore, the approach in this work, as suggested in the literature for 19F NMR 

of other systems, used a linear scaling of the calculated values to compare to the experimental 19F 

chemical shifts.5-6, 22-32  

From the principal components of the symmetric part of the shielding tensor, the shielding 

anisotropy (∆σ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ), which describes the largest separation from the center of gravity, and 

asymmetry parameter (η), which describes line shape deviation, can be calculated: 
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∆σ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜎𝜎𝑧𝑧𝑧𝑧 −
1
2
�𝜎𝜎𝑥𝑥𝑥𝑥 + 𝜎𝜎𝑦𝑦𝑦𝑦� (3) 

𝜂𝜂 =
�𝜎𝜎𝑦𝑦𝑦𝑦 − 𝜎𝜎𝑥𝑥𝑥𝑥�
(𝜎𝜎𝑧𝑧𝑧𝑧 − 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖) (4) 

The shielding anisotropy is then related to the reduced shielding anisotropy, ζ, by equation 5: 

ζ = 𝜎𝜎𝑧𝑧𝑧𝑧 − 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 =
2
3

∆σ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  

 

(5) 

The reduced chemical shift anisotropy and asymmetry parameters are typically the values reported 

in experiment.  Discussion into the use of a scaling factor for the reduced anisotropy will be 

provided in the text below.  The sign of the anisotropy indicates on which side of the isotropic 

value one can find the largest separation.  For these calculations, the ζ value is reported as the 

absolute value. The principal components of the symmetric shielding tensor are ordered as |σzz ‒ 

σiso| ≥ |σxx ‒ σiso| ≥ |σyy ‒ σiso|.  The raw NMR data generated by CASTEP can be found in in the 

supplemental information.   

3. Results and Discussion 

The structure of uranyl fluoride sesquihydrate can be described as a three-dimensional network of 

corner- and edge-sharing uranyl pentagonal bipyramids. Fluorine atoms are shared within the 

network and water molecules help to complete the coordination sphere around the uranyl group. 

Due to the sharing of each fluorine atom, each pentagonal uranyl building group can be considered 

one UO2F2(H2O) formula unit.  There are seven fluorine atoms in the asymmetric unit, defined in 
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Figure 1.  Outer sphere water molecules reside in large channels and allow for extensive hydrogen 

bonding in the crystal structure.33  

  

Figure 1: Asymmetric unit ball and stick diagram for UO2F2 ·1.57H2O with unique fluorines 

labeled. Uranium (blue), Oxygen (red), Fluorine (Gray), Hydrogen (white).  

The crystallinity and structure of the uranyl fluoride used in the various NMR characterizations 

were verified with powder XRD (SI Figure S1). The peak pattern clearly matches the known 

pattern for (UO2F2*H2O)(H2O)0.571 published by Mikhailov et al. with no observable unaccounted 

peaks.16 After the hydrogen positions were optimized in the calculations, two Rietveld refinements 

were conducted with and without the geometry optimized hydrogens present in the crystal structure 

to measure the fit of the pattern. Indeed, the measure of fit (χ) improved for the structure with 

hydrogen present compared to the structure without from 6.2 to 5.5 (SI Figure S2 and Figure S3). 

Although hydrogen weakly scatters X-rays, particularly relative to the other atoms present the 

decrease in χ demonstrates an increased structural consistency between the optimized structure and 

diffraction measurement. 
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Figure 2 shows a 19F MAS NMR spectrum obtained using the spinning frequency of 50 kHz.  

The six center bands were identified by comparing spectra obtained at 40, 50, and 60 kHz and are 

shown in Figure 2(b).  The small peaks observed near 0, 25, and -45 ppm are assumed to be due 

to impurities.  Chemical shift tensors for each of the six distinct peaks were extracted using the 

following procedure: i) each peak in Figure 2(a) was fit with a simple Gaussian function; ii) each 

of the six sets of peaks was fit by comparison with results from the NMR simulation software 

SIMPSON34; iii) an estimate of the T2 correction was obtained by comparing peak intensities as a 

function of the inter-pulse delay in the Hahn echo; Examples of these fits are shown in the 

Supplemental Information and the results are given in Table 1. Given that the crystal structure of 

uranyl fluoride sesquihydrate used as the starting point for the DFT calculations has seven fluorine 

sites with distinct coordination environments, one of the experimental peaks must correspond to 

two sites, i.e., it must represent the overlap of two peaks with nearly identical shifts.  Taking the 

peak at 33 ppm as corresponding to two sites, the relative intensities of the remaining five peaks 

should be 14%, while the peak at 33.0 ppm should have a relative intensity of 29%.  The 

experimental values in Table 2 are in reasonable agreement with these expectations, although peak 

4 is larger than expected while peak 6 is smaller than expected.  We will return to this issue once 

structural assignments have been made. 

 
-200-1000100200300

ppm

a)



 

 

 

10 

Figure 2: 19F MAS NMR spectra recorded with spinning frequency of 50 kHz a) full spectral 

width revealing sidebands b) expansion of central region showing only center bands. 

Table 1: δiso , δaniso, η, and Relative Intensities deduced from 19F NMR spectra and corresponding 
simulations—see Supporting Information. 

 

Peak δiso (ppm) δaniso (ppm) η Relative 

Intensity (%) 

1 48.2±1.0 260±20 0.3±0.2 15±1 

2 39.0±1.0 260±20 0.3±0.2 14±1 

3 33.0±1.0 170±20 0.8±0.2 29±1 

4 25.7±1.0 170±20 0.8±0.2 17±1 

5 9.1±1.0 230±20 0.5±0.2 13±1 

6 -33.3±1.0 230±20 0.5±0.2 12±1 
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Table 2 Comparisons of experimental 19F chemical shifts (in ppm) with those obtained by 
theoretical calculations. 

δ iso
expt  σ isocalc δ isocalc,a Atom Label 

48.2±1.0 -79.2 45.1 F7 

39.0±1.0 -72.7 41.9 F3 

33.0±1.0 -63.7, -63.1 37.4, 37.1 F2+F6 

25.7±1.0 -31.8 21.5 F1 

9.1±1.0 14.0 -1.3 F4 

-33.0±1.0 61.5 -25.0 F5 

a Calculated chemical shifts are scaled using the equation δisocalc = -k(σisocalc-σref) where σref is 
11.34 ppm and the scaling factor, k, is 0.4988. 

 

To assign the experimental peaks to crystallographic sites, the measured chemical shifts, δiso, expt 

were ordered and plotted against the calculated shieldings, σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐—see Figure 3.    Using the linear 

correlation given in Equation 1, calculated chemical shifts are obtained—see Table 3. 

 

𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −0.4988�𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 11.34�;   R2 = 0.94 (6) 

 

The slope of the correlation between experimental 𝛿𝛿 𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 and calculated σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 deviates 

significantly from a hypothetical m = -1, as shown in Figure 3. For comparison, Zheng et al. 

obtained a slope of -0.86 for metal fluorides,22 Griffin et al. obtained a slope of -0.68 in fluorinated 

hydroxy-silicate23 and Sadoc et al. obtained a slope of =0.80 for alkali, alkaline earth and rare earth 

fluorides.6  The much smaller slope in our case is likely due to a “band gap” problem where there 

is an incorrect coupling between the HOMO and LUMO uranium electronic states.35  The uranyl 
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fluoride uranium atom is nominally in a +6 oxidation state but with covalent bonding character in 

both the oxygen-uranium axial moiety and fluorine-uranium equatorial plane some fraction of the 

[Rn]5f36d17s2 electron configuration is occupied.  The F5 atom is unique in the structure in that it 

is incorporated in F-bridged U atoms in the structure with a relatively small U-F-U angle of roughly 

114° whereas all other fluorine atoms are singly-bridged and their UFU angles range from 143 to 

165°. 

 

 

 

Figure 3: Comparison of experimental 19F isotropic chemical shifts, 𝛿𝛿 𝑖𝑖𝑖𝑖𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, and calculated 19F 

isotropic shieldings, σ 𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, in ppm.  

The other calculated NMR parameters, 𝛿𝛿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and η𝑐𝑐𝑐𝑐𝑐𝑐, are compared to experiment in Table 4.  

When including the scaling factor previously determined from the calculated chemical shifts, the 

agreement is good.  The use of a scaling factor for ζ  has been previously proposed and successfully 

implemented in past work.2 The accuracy of the asymmetry parameter is not consistent for the 
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atoms.  More work needs to be done to determine the calculation accuracy of the asymmetry 

parameter for use in actinide solids.  

Table 3.  Comparisons of experimental 19F chemical shift anisotropy (in ppm) and asymmetry with those 

obtained by theoretical calculations. 

Line 𝛿𝛿 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  η𝑒𝑒𝑒𝑒𝑒𝑒

t |ζcalc| |ζcalc,scaled| ηcalc Atom 

1 260 0.2 420 210 0.7 F7 

2 260 0.2 380 190 0.5 F3 

3 170 0.8 400 200 0.4 F2 

   340 170 0.5 F6 

4 170 0.8 350 180 0.5 F1 

5 240 0.5 360 180 0.4 F4 

6 240 0.5 390 190 0.1 F5 

 

Two-dimensional DQ MAS NMR measurements were made to identify pairs of peaks in the 19F 

NMR spectra corresponding to fluorine nuclei in close spatial proximity and therefore as a check 

on the peak assignments and an example of the results is shown in Figure 4.  The DFT structure 

was used to identify the nearest neighbor fluorine atoms (4 Å cutoff) and their expected dipole-

dipole couplings. The couplings are provided in Table 4. The strongest diagonal peaks are 

predicted for F3 and F5, and while the F5-F5 peak is clearly shown in Figure 4, the F3-F3 peak is 

not observed.  However, the F3 peak also has weak intensity in the 1D projection of Figure 4.  The 

absence of the peaks in the 1D projection is not unusual since typical DQ NMR sequences involve 

multiple imperfect pulses and long evolution times which can lead to signal losses, i.e., the 

effective T2 varies from peak to peak, particularly for dense spin systems where peak intensities 
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are strongly affected by the multitude of interfering couplings.17 In essence the 1D projection in a 

2D DQ MAS experiment is not quantitative but instead provides a qualitative comparison.  Table  

4 also predicts the following cross peaks, F7-F1, F7-F2, F1-F2, and F1-F6, all of which are 

observed.  Therefore, the cross-peaks support the spectral assignments from DFT calculations.  

From the structure, the distances corresponding to the observed cross peaks are: 2.552 Å for F5-

F5, 2.680 Å for F7-F1, 2.737 Å for F7-F2, 2.834 Å for F1-F2, 2.773 Å for F1-F6. These fluorine-

fluorine interatomic distances are consistent with other metal oxyfluoride F-F distances 

characterized successful by 2D 19F DQ-SQ MAS NMR methods.36  

 

Figure 4: 2D 19F DQ MAS spectrum obtained using a spinning frequency of 50 kHz.  The solid 

blue line indicates the diagonal of the 2D spectrum for which the autocorrelation peaks appear.  

The projection of the 2D onto the 19F SQ and DQ dimensions is shown on top and to the left, 

respectively. 
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Table 4: Calculated 19F-19F homonuclear dipolar couplings in kHz as extracted from structure 

obtained from DFT calculation.  Only those pairs whose inter-nuclear distances are less than 4Å 

are listed. 

 F1 F2 F3 F4 F5 F6 F7 

F1  4.67 1.67   4.98 5.52 

F2 4.67  5.11    
5.19 

2.28 

F3 1.67 5.11 6.22    5.32 

F4     4.82 
4.40 

5.24 
 

F5    4.82 6.39   

F6 4.98   
4.40 

5.24 
 1.80  

F7 5.52 
5.19 

2.28 
5.32     

 

4.  Conclusions 

The 19F chemical shifts of crystalline uranyl fluoride (UO2F2 ·1.57H2O) were investigated using 

solid-state NMR.  While seven nonequivalent fluorine sites are found in the structure, the 19F NMR 

spectra contained six peaks with peak shifts at -33.0, 9.1, 25.7, 33.0, 39.0, and 48.2 ppm. The 

calculated isotropic shielding tensors (σiso) for the fluorine sites allowed for assignment of 19F 

NMR spectral features to specific fluorine sites.  The peak at 33.0 ppm is consistent with two 

distinct sites.  2D 19F DQ MAS NMR spectra were generally consistent with the peak assignments.   
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Supporting Information 

The supporting information contains XRD, experimental, and calculation parameters for CASTEP. 
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