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ABSTRACT. The structure of MOF3 (M = Nb, Ta) compounds was precisely modeled by 

combining powder X-ray diffraction, solid-state NMR spectroscopy and semi-empirical dispersion 

corrected DFT calculations. It consists of stacked ∞(MOF3) layers along the 𝑐 direction formed by 

heteroleptic corner-connected MX6 (X = O, F) octahedra. 19F NMR resonance assignments and 

occupancy rates of the anionic crystallographic sites have been revised. The bridging site is shared 

equally by the anions and the terminal site is occupied by F only. An O/F correlated disorder is 

expected since cis-MO2F4 octahedra are favored, resulting in one-dimensional ‒F‒M‒O‒M‒ 

strings along the <100> and <010> directions. Ten different 2×2×1 supercells per compound, 

fulfilling these characteristics, were built. Using DFT calculations and the GIPAW approach, the 

supercells were relaxed and the 19F isotropic chemical shift values were determined. The 

agreement between the experimental and calculated 19F spectra is excellent for TaOF3. The 1H and 

19F experimental NMR spectra revealed that some of the bridging F atoms are substituted by OH 

groups, especially in NbOF3. New supercells involving OH groups were generated. Remarkably, 

the best agreement is obtained for the supercells with the composition closest to that estimated 

from the 19F NMR spectra, i.e., NbOF2.85(OH)0.15. 
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1. Introduction 

Heteroanionic materials, such as oxyhalides, offer opportunities for developing new materials 

with targeted functionalities.1 Understanding their properties requires a complete structural 

characterization. When these materials contain anions with similar X-ray or neutron scattering 

factors, such as oxides and fluorides, diffraction data alone is often insufficient to fully predict the 

anionic substructure. In these cases, if the anions are well-ordered, a complete structural model 

may be proposed by combining long-range diffraction data with bond-valence sum analysis. 

However, for those in which the different anions have joint occupancy of equivalent 

crystallographic sites, the structure cannot be fully described using a single unit cell, even if it does 

not necessarily imply a random distribution of the anions. Indeed, between the limits of fully 

ordered and randomly disordered anions, there are many cases of intermediate anion orders with 

local clustering or extended correlations that may give rise to non-random site occupancies in the 

averaged crystal structure.1,2  

Pentavalent (Nb,Ta)-based inorganic oxyfluorides represent a rich family of compounds, 3 

synthesized and structurally characterized from the 1950s to the 2000s, including NbO2F,4–7 

TaO2F,4,8 Nb3O7F,5,9,10 Ta3O7F,8,11 Nb5O12F,9 Nb17O42F and Nb31O77F,12,13 Nb3O5F5,14 and NbOF3 

and TaOF3.15 They exhibit interesting physical properties such as photocatalytic activity (MO2F 

(M = Nb,16,17 Ta18,19) and M3O7F (M = Ta,19 Nb17,20,21)), electrochromism (NbO2F),22 almost zero 

thermal expansion (TaO2F),23–25 and Li+ intercalation (NbO2F,7,26,27 Nb3O7F27,28). Except in 

Nb17O42F13 and MOF3 (M = Nb, Ta)15 crystal structures, O2- and F- are randomly distributed on all 

anion sites.4,6,7,9–11,13,14 In Nb17O42F, O2- and F- are randomly distributed on only two of the anion 

sites, and in MOF3, O2- and F- are preferentially distributed. 
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In disordered oxyfluorides, the short-range structures must deviate from the average crystal 

structures to accommodate the different M−O and M−F bond lengths. This has been indeed shown 

for MO2F (M = Nb, Ta) and Nb3O5F5 in four studies using various techniques: electron diffraction 

study of NbO2F29 and Nb3O5F5
30 and variable-temperature neutron diffraction23 and total X-ray 

scattering25 studies of TaO2F.  

NbO2F and TaO2F both adopt an average cubic ReO3-type structure. Brink et al.29 have shown 

the coexistence in NbO2F of (i) uncorrelated with each other one-dimensional O/F-ordered strings 

of atoms, −Nb−O−Nb−O−Nb−F−, with significant displacements of Nb from the ideal cation site, 

along the three ⟨001⟩ directions, and (ii) correlated rigid unit model (RUM) rotation of NbX6 

octahedra. It was suggested that the high transverse anisotropic displacement parameters, 

evidenced in TaO2F, likely result from the static tilting of the TaO4F2 octahedra and Ta−(O/F)−Ta 

angles inferior to 180°.23 In addition, Morelock et al.25 demonstrated that a cubic 3×3×3 supercell 

model featuring −Ta−O−Ta−O−Ta−F− chains along the three ⟨001⟩ directions, with different 

Ta−O and Ta−F distances and O/F off-axis displacements, gave much better agreement with PDFs. 

Finally, the structural modeling of NbO2F and TaO2F by DFT geometry optimized supercells, 

supported by the very good agreement between experimental and calculated 19F δiso values, leads 

to realistic disordered structures.31  

Nb3O5F5
14 is the n = 3 member of an NbnO2n-1Fn+2 (1 ≤ n ≤ ∞) homologous series of oxyfluoride 

compounds. Their average structure consists of two-dimensional slabs regularly stacked along the 

c direction and shifted one from another by (1/2 a + 1/2 b). The thickness of each slab is formed 

by n octahedral layers of corner-linked Nb(O,F)6 octahedra. The continuous planes of diffuse 

intensity observed by electron diffraction imply the existence of strings of ordered oxygen and 

fluorine atoms for equatorial anion sites along [100] and [010] albeit without correlation from one 
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such string to the next, and octahedral rotation RUM modes of distortion, analogous to those 

observed in NbO2F.30 Additionally, a bond valence sum (BVS) argument has been used to derive 

a plausible site occupation model for the remaining apical and median anion sites. 

MOF3 (M = Nb, Ta), the n = 1 members of the MnO2n-1Fn+2 series, then adopt the SnF4 type 

structure (tetragonal system, SG: I4/mmm (139)). The slabs consist of one octahedral layer formed 

by MX14/2X22 corner-linked octahedra, and are stacked, via van der Waals (vdW) interactions, 

along the 𝑐 direction. According to Rietveld refinements of the powder X-Ray diffraction (PXRD) 

data, O and F atoms are distributed on both the bridging (X1) and the terminal (X2) sites with site 

occupancies significantly different for the two compounds : 0.725 F/0.275 O for X1 and 0.775 

F/0.225 O for X2 in NbOF3 and 0.90 F/0.10 O for X1 and 0.60 F/0.40 O for X2 in TaOF3.15 

Furthermore, based on BVS calculations,32,33 the authors conclude that F atoms should 

preferentially occupy the X2 site for both compounds. In contrast, their analysis of the 19F NMR 

spectrum of TaOF3 led them to conclude that the X2 site is preferentially occupied by O atoms. 

On the other hand, and in agreement with previous BVS calculations, Brink et al. predict that, in 

NbOF3, the apical (terminal) X2 anion site is overwhelmingly occupied by F rather than O (0.523 

F/0.477 O for X1 and 0.977 F/0.023 O for X2) along with a RUM rotation angle equal to 7.8°.30 

To capture structural features of complex materials on various length scales and generate 

realistic models, the combination of complementary quantitative experimental measurements is 

crucial.34 Both intermediate-range chemical disorder and short-range geometrical disorder give rise 

in local spectroscopies such as NMR to distributions of resonance frequencies. The prediction of 

the spectroscopic responses by means of electronic structure calculations therefore plays an 

essential role not only to assign the different spectral contributions, but also to understand the 

structural origins of the experimental parameter distributions.35–39 This has been successfully 
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exploited in numerous studies of disordered inorganic crystalline materials by coupling solid-state 

NMR and DFT calculations on supercells.31,40–62  

Herein, we describe the structural modeling of NbOF3 and TaOF3. Based on BVS calculations,33 

and on experimental δiso and relative intensity values extracted from the 19F NMR spectra, 

assignment of the resonances and occupancy rates of the two anion crystallographic sites have 

been revised.  

The average structures issued from PXRD refinements were used to construct 2×2×1 supercells 

fulfilling the expected O/F correlated disorder. Three arrangements of O and F in the (𝑎,𝑏⃗⃗) planes 

are possible and combining them results in ten possible models for each compound. All models 

were geometry optimized and magnetic shielding values were calculated using the GIPAW63,64 

approach, converted to chemical shifts and then compared to the experimental data. Despite the 

MOF3 compounds being prepared using solid-state synthesis, the 1H and 19F experimental NMR 

spectra revealed that some of the bridging F1 atoms are substituted by OH groups, leading to the 

general formulation MOF1-x(OH)xF2. Due to the higher OH group content in NbOF3, a satisfactory 

agreement between experimental and calculated 19F spectra could not be obtained without 

introducing OH groups in the models. Then, new models were built considering different OH 

substitution rates, and their influence on the calculated 1H and 19F spectra is evidenced.   
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2. Experimental details 

2.1 Synthesis. NbOF3 has been known since the second half of the 19th century.65 A hundred 

years later its presence as a by-product was mentioned in two studies on NbO2F66 and NbF3,67 and 

then in the gas state as a product of the decomposition of NbO2F.5 MOF3 (M = Nb, Ta) have been 

previously synthesized by Nieder-Vahrenholz et al.,68 by reaction of MF5 with oxide glass or M2O5 

and by Köhler et al.15 by reaction of MF5 with MO2F. The aqueous solution synthesis proposed by 

Frevel and Rinn,4 which was used by Köhler et al. leads to compounds that both contain hydroxyl 

defects and metal vacancies.31,68 Consequently, in the present work, MO2F were prepared by solid-

state synthesis from a mixture of MF5 (Alfa Aesar, 99.9% and 99% for TaF5 and NbF5, 

respectively) and M2O5 (Alfa Aesar, 99.85% and 99.9% for Ta2O5 and Nb2O5, respectively) with 

an excess of MF5 (5% and 10% for NbF5 and TaF5, respectively) relative to the ideal 2:1 molar 

ratio. M2O5 compounds were dried under secondary vacuum at 150 °C for 9 h with heating and 

cooling rates of 2 °C.min-1, and then kept under nitrogen atmosphere inside a glove box before 

use. Considering the moisture sensitivity of MF5, the steps of weighing, mixing and grinding were 

carried under nitrogen atmosphere using a glove box. The mixtures were then put inside platinum 

tubes, sealed and heated up to 210 °C for 18 h with a heating rate of 5 °C.min-1 and then quenched 

in water at room temperature. MOF3 were prepared from a mixture of MF5 and MO2F. The steps 

of weighing, mixing and grinding were carried under nitrogen atmosphere inside a glove box. The 

mixtures were then loaded in platinum tubes, sealed and heated at 210°C for 18 h with heating and 

cooling rates of 5 °C.min-1. An excess of 10% of MF5 relative to the molar 1:1 ratio is required to 

avoid the presence of unreacted MO2F. The final products are sensitive to moisture. 
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2.2 Characterization techniques. 

2.2.1 Powder X-ray diffraction. The PXRD patterns were recorded at room temperature with a 

PANalytical EMPYREAN diffractometer equipped with a PIXcel1D X-ray detector using 

monochromatic Cu Kα radiation (λ = 1.5406 Å). The samples were loaded in a domed sample 

holder using a glove box under nitrogen atmosphere. The patterns were measured in a 2θ range of 

5° to ~120° with a 0.0131° step size. The recording time was approximately 6 h. 

2.2.2 Solid-state NMR spectroscopy. Magic Angle Spinning (MAS) NMR spectra of 19F and 1H 

(I = 
1

2
) were recorded with a Bruker Avance III spectrometer functioning at 4.7 T (19F and 1H 

Larmor frequencies of 188.3 MHz and 200 MHz, respectively) using a 1.3 mm CP-MAS probe-

head. The Hahn echo sequence was used with an interpulse delay of one rotor period and a recycle 

delay of 10 s and 5 s for 19F and 1H, respectively. For both nuclei, the 90° pulse was set to 1.5 μs, 

corresponding to a 167 kHz RF field. 19F and 1H spectra are referenced to CFCl3 and 

tetramethylsilane, respectively. The 19F chemical shift anisotropies were determined from the 

spinning sideband intensities according to Herzfeld and Berger.70 19F “infinite spinning frequency” 

MAS spectra were obtained from the full projection (onto the frequency dimension) of a Two-

dimensional One Pulse (TOP) spectrum issued from the stacking of subspectra shifted by the 

spinning frequency from the conventional MAS spectrum.71 These “infinite spinning frequency” 

isotropic spectra allow a direct quantification of the inequivalent fluorine sites (environments) in 

the structure and represent an alternative to the simulation of the spinning sideband manifolds. The 

reconstructions of the one-dimensional MAS (including spinning sidebands) and the TOP 

processing spectra were performed with the DMFit software.72  
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3. Ab initio calculations 

3.1 Definitions. The calculated magnetic shielding parameters are defined by the Haeberlen 

convention.73 The isotropic magnetic shielding (σiso), the anisotropy of the magnetic shielding 

(σCSA) and the asymmetry parameter (ηCSA), are respectively defined as σiso = (σxx + σyy + σzz)/3, 

σCSA = σzz - σiso and ηCSA = (σyy – σxx)/σCSA, with the magnetic shielding tensor components σii 

defined in the sequence |σzz – σiso| ≥ |σxx – σiso| ≥ |σyy – σiso|. The chemical shift tensor is also 

defined by three parameters, the isotropic chemical shift (δiso), the anisotropy of the chemical shift 

(δCSA) and the asymmetry parameter (ηCSA), which are given by δiso = (δxx
 + δyy

 + δzz)/3, δCSA = δzz 

- δiso and ηCSA = (δyy – δxx)/δCSA, with the chemical shift tensor components defined in the sequence 

|δzz – δiso| ≥ |δxx – δiso| ≥ |δyy – δiso|. The relation between the isotropic magnetic shielding and the 

isotropic chemical shift is δiso ≈ σref – σiso. 

3.2 DFT calculations. Solid-state DFT calculations with periodic boundary conditions were 

performed on 2×2×1 supercells (from 40 to 42 atoms). The ground state electronic structure was 

obtained by the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 

(PBE) functional (GGA-PBE).74 The atomic position optimization (APO) and the full optimization 

of the supercells (FO, relaxation of atomic positions and supercell parameters) were performed 

using the VASP package (6.2.1 version).75,76 The projector augmented wave (PAW)77,78 potentials 

used for Ta, Nb, F, O and H are respectively: Ta_sv_GW (5s2 5p6 6s2 5d3), Nb_sv_GW (4s2 4p6 

5s1 4d4), F_GW (2s2 2p5), O_s_GW (2s2 2p6) and H_GW (1s1). The wave functions were expanded 

on a plane-wave basis set with a 550 eV kinetic energy cut-off and (3×3×3) shifted Monkhorst-

Pack k-point mesh. The total energy was converged up to change below 10-8 eV. Terminal F from 

different ∞(MOF3) layers are weakly bonded to each other via vdW interactions. Since this 

interaction is not included in the standard DFT-GGA algorithm, zero damping semi-empirical 
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dispersion correction of Grimme et al.79 called DFT-D3 was included to the calculations. The 

damping function parameters (α6, α8, s6, s8, sR,6 and sR,8) were kept at the default values as well as 

the cut-off radius for pair interactions and the cut-off coordination radius. For both compounds, 

two methods of relaxation were performed, APO and FO, respectively referred in the following as 

APO_DFT-D3 and FO_DFT-D3. 

The GIPAW approach63,64 was used to calculate the magnetic shielding for the different nuclei, 

using the VASP package.75,76 The PAW potentials, plane-wave energy cut-off and shifted 

Monkhorst-Pack k-point mesh were set to the same values as for the geometry optimization. NMR 

parameter calculations were performed on APO_DFT-D3 and FO_DFT-D3 supercells.  

For 19F in inorganic fluorides, several linear relationships between calculated σiso values, using 

the GIPAW approach, and experimental δiso values, δiso = σref – a σiso, have been established to 

convert calculated σiso values into “calculated” δiso values. The absolute values of the slopes depend 

on the metal atom(s) constituting the fluoride(s) and are often significantly less than 1.80–92 Then, 

in this paper, distinct δiso = σref – a σiso, equations determined by linearly correlating the calculated 

σiso values to the experimental δiso values83 of NbF5 and TaF5, are used for NbOF3 and TaOF3, 

respectively, as previously done for NbO2F and TaO2F.31 Since the previous δiso = σref – a σiso 

equations83 have been established using the CASTEP code,93,94 to ensure the consistency of our 

calculations, new linear regressions were determined using the VASP package and keeping the 

conditions used for calculations on MOF3 supercells. These linear regressions are discussed in 

further detail later on in the paper (see 4.5). The 1H δiso calculated values were deduced using the 

equation: δiso (ppm) = − σiso + 31.95  
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4. Results and discussion 

4.1 Structural characterization: solid state NMR. 

For (oxy)fluorides, 19F solid-state NMR is the ideal technique for determining the proportion of 

fluorine atoms in each crystallographic site (in each different environment) through the relative 

intensities of the NMR lines. The 19F MAS NMR spectra of NbOF3 and TaOF3 are presented in 

Figure 1. Their fits, those of the corresponding 19F “infinite spinning frequency” isotropic spectra 

and the corresponding fit parameters are reported in SI (Figures S1-S4 and Tables S1-S4). The 

parameters relevant for the discussion are gathered in Table 1. Both 19F MAS NMR spectra present 

two main resonances, one more intense with higher δiso and δCSA values and one less intense with 

lower δiso and δCSA values, as well as additional low intensity resonances located in between but 

closer to the more intense. For both compounds the less intense 19F main resonance is assigned to 

the X1 (bridging) anion site and the more intense 19F main resonance, as well as the additional low 

intensity resonances, are assigned to the X2 (terminal) anion site (Table 1). These assignments are 

the opposite of those published previously.15 However they are supported by the evolution of the 

19F δiso values with the number of surrounding cations. For a given cation, the higher the 

coordination number, the lower the 19F δiso values,31,96 as observed, for instance, in NbF5 (bridging: 

-42 ppm; terminal: 193 to 268 ppm), TaF5 (bridging: -70 ppm; terminal: 106 to 174 ppm).83 and 

TiF4 (bridging: -2 to 30 ppm; terminal: 422 to 479 ppm).90 These assignment are also supported 

by the higher δCSA values of the resonances assigned to the terminal F atoms, as also observed for 

instance in NbF5, TaF5
83 and TiF4,90 the environment of a terminal F atom being more anisotropic 

than the environment of a bridging F atom surrounded by two identical cations located 

approximately opposite each other. 
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If we assume that the X2 site is fully occupied by F, and thus that the X1 site is half occupied 

by F and O atoms, the relative intensities of the corresponding NMR lines should be 2/3 for the 

terminal F2 NMR line and 1/3 for the bridging F1 one. NbOF3 and TaOF3 being moisture sensitive, 

the most likely hypothesis to explain that the relative intensities of the bridging F1 NMR lines are 

less than 1/3 (Table 1) is the substitution of a part of the F atoms of the bridging X1 site by OH 

groups. 

 

 
Figure 1. 19F MAS NMR (4.7 T) spectra of NbOF3 (60 kHz) and TaOF3 (50 kHz). The stars 

indicate spinning sidebands. The main contributions are assigned and additional resonances, 

assigned to F2 site, are outlined by the dashed rectangles.  
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Table 1. Compound, weighted average experimental 19F δiso, δCSA and ηCSA values (<δiso,exp>, 

<δCSA,exp>, ppm and <ηCSA,exp>), relative intensities (I, %) and corresponding assignments. 

Compound <δiso,exp>  <δCSA,exp> <ηCSA,exp> I Assignment 

NbOF3 -8.2 -162.4 0.51 30.4 F1 

 124.7 n. a. n. a. 3.2 H-bonded F2 

 195.1 -291.6 0.72 66.4 F2 

TaOF3 -54.9 -170.0 0.5 32.3 F1 

 60.6 n. a. n. a. 4.0 H-bonded F2 

 118.1 -283.4 0.1 63.7 F2 

 

To confirm this hypothesis, 1H MAS NMR spectra of NbOF3 and TaOF3 were recorded (Figure 

2) and reconstructed (Figures S5-S6 and Tables S5-S6). They show similar features with two 

main contributions, one with δiso values ranging from 1 to 5 ppm and the other with δiso values 

ranging from 8 to 13 ppm (Table 2). Both are assigned to OH groups coordinated by Nb(Ta) atoms 

but the latter are H-bonded, as evidenced by their higher 1H δiso value (for a X−H···Y hydrogen 

bond, the shorter the H···Y distance, the lower the 1H magnetic shielding and the higher the 1H 

chemical shift97–99). Equivalently, for an X−H···F hydrogen bond, the shorter the H···F distance, 

the higher the 19F magnetic shielding and the lower the 19F chemical shift.100 Therefore, the 

existence of intermediate NMR lines with lower 19F δiso (higher σiso) values is explained by the 

formation of O−H···F2 bonds.  

The substitution of F1 atoms by OH groups leads to the general formulation MOF1-x(OH) xF2. 

From the relative intensities of the 19F MAS NMR lines, the OH substitution rates (x) are estimated 

to be 0.15(2) and 0.05(1) for NbOF3 and TaOF3, respectively (Tables S7-S8). Similarly to NbF5 
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and TaF5, NbOF3 appears to be more hygroscopic than TaOF3, resulting in a higher OH 

substitution rate for these niobium compounds.  

 

Figure 2. 1H MAS NMR spectra of NbOF3 (60 kHz) and TaOF3 (50 kHz). 

Table 2. Compound, weighted average experimental 1H δiso values (<δiso>, ppm) and relative 

intensities (I, %). 

Compound <δiso> I 

NbOF3 3.2 44.6 

 10.3 55.4 

TaOF3 4.4 55.0 

 11.0 45.0 
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4.2 Structural characterization: XRPD. 

The crystal structures of NbOF3 and TaOF3, determined by Köhler et al. (I4/mmm space group 

(no. 139)),15 have been revised. The recorded RT PXRD diagrams have been refined by using the 

Rietveld method101 implemented in the Fullprof software.102 For both compounds, based on 19F 

solid-state NMR, we assumed that the terminal X2 site is fully occupied by F atoms and that the 

bridging X1 site has an occupancy of 0.5 O and 0.5 F and we considered isotropic displacement 

parameters (IDP) for all atoms. The cell parameters, atomic coordinates and IDPs are gathered in 

Table 3. The observed, calculated and intensity difference patterns and reliability factors are given 

as SI (Figures S7 and S8 for NbOF3 and TaOF3, respectively).  

Crystal structures have been deposited via the joint CCDC/FIZ Karlsruhe deposition service. 

CSD103 2260474 and 2260475 (deposition number) contains the supplementary crystallographic 

data for NbOF3 and TaOF3, respectively. These data can be obtained free of charge from FIZ 

Karlsruhe via www.cc dc.cam.ac.uk/structures. 

The BVS calculations32,33 (Table 4), despite slightly high bond valences for Nb and Ta, indicate 

quite clearly an occupation of the X1 sites by O and F and a preferential occupation of the X2 sites 

by F. Perspective views of the unit cell of NbOF3 and of cis- and trans-NbO2F4 octahedra are 

represented on Figure 3(a). 

  

https://www.ccdc.cam.ac.uk/structures/
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(a) (b) 

  

Figure 3. (a) Perspective views of the NbOF3 unit cell (on the left) and of cis-and trans-NbO2F4 

octahedra (on the right). (b) Perspective view of a 2×2×1 supercell. The NbO2F4 octahedra are 

displayed in purple. 

  



 17 

Table 3. Atom, site multiplicity and Wyckoff symbol (Wyck.), site symmetry (Sym.), atomic 

coordinates (x, y, z), site occupancy factor (sof) and isotopic displacement parameters (Uiso, Å2) in 

NbOF3 (a = b = 3.9739(1) Å, c = 8.3612(2) Å) and TaOF3 (a = b = 3.9465(1) Å, c = 8.4454(2) Å). 

Atom Wyck. Sym. x y z sof Uiso 

Nb 2a 4/mmm 0 0 0 1 0.05(8) 

F1 4c mmm 1/2 0 0 0.5 0.04(8) 

O1 4c mmm 1/2 0 0 0.5 0.04(8) 

F2 4e 4mm 0 0 0.2175(2) 1 0.05(8) 

Ta 2a 4/mmm 0 0 0 1 0.03(15) 

F1 4c mmm 1/2 0 0 0.5 0.04(15) 

O1 4c mmm 1/2 0 0 0.5 0.04(15) 

F2 4e 4mm 0 0 0.2159(4) 1 0.04(15) 
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Table 4. Bond valence sum values from the experimental structures (ES) and average bond valence 

sum values (Vi) from the APO_DFT-D3 and FO_DFT-D3 supercells of NbOF3 and TaOF3. The 

BVS values were obtained using the following values of R0 parameters: 1.911 Å, 1.920 Å,32 1.87 

Å and 1.88 Å33 for Nb5+/O2-, Ta5+/O2-, Nb5+/F and Ta5+/F-, respectively, and b = 0.37 Å. 

NbOF3 Vi
Nb Vi

O1  Vi
F1 Vi

F2  

ES 5.385 1.629 1.458 1.149 

APO_DFT-D3 5.176 2.131 1.101 0.972 

FO_DFT-D3 5.183 2.142 1.099 0.971 

TaOF3 Vi
Ta Vi

O1  Vi
F1 Vi

F2  

ES 5.617 1.732 1.554 1.165 

APO_DFT-D3 5.350 2.227 1.186 0.968 

FO_DFT-D3 5.258 2.181 1.130 0.973 

 

4.3 O/F correlated disorder.  

As mentioned in the introduction, O/F correlated disorder has been previously highlighted in 

Nb3O5F5,30 NbO2F29,31 and TaO2F25,31 resulting in one-dimensional O/F-ordered strings of atoms 

and out-of-center displacement of metal cations. For NbOF3, the presence of O/F correlated 

disorder in the ∞(MOF3) layers, along <100> and <010> directions, has been predicted.30 From our 

experimental results, in both MOF3 compounds, the X1 site has an occupancy of 0.5 O and 0.5 F 

and the X2 site occupied only by F leading to either cis- or trans-MO2F4 octahedra (Figure 3(a)). 

The former octahedral units are more favored, particularly when the cation is a d0 transition metal. 

Indeed, having anions with similar Pearson hardness near each other maximizes the π-

hybridization in the M-anion bonds by allowing atomic relaxations toward characteristic bond 
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lengths (i.e., cation displacements toward the less electronegative anion).2 This results in one-

dimensional ‒F‒M‒O‒M‒ chains along <100> and <010> directions. 

4.4 Possible models for NbOF3 and TaOF3 using 2×2×1 supercells 

Considering a 2×2×1 supercell (Figure 3(b)), there are only three ways to construct a ∞(MOF3) 

layer with cis-MO2F4 octahedra corner-connected by two O atoms and two F atoms (Figure 4(a)). 

Since each supercell consists of two stacked ∞(MOF3) layers and excluding all symmetry 

equivalent combinations, ten different 2×2×1 supercells have been built (Figure 4(b)). These ten 

models were then geometry optimized. The structural characteristics of the ten non-optimized, 

APO_DFT-D3 and FO_DFT-D3 optimized supercells, for NbOF3 and TaOF3, are summarized in 

Tables 5 and 6 (details for each model are given as SI in Figure S9 and Tables S9–S22). For 

NbOF3 and TaOF3, each of the ten APO_DFT-D3 and FO_DFT-D3 models exhibits similar 

structural characteristics. 
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Figure 4. (Left) Representation of the three ways to construct a ∞(MOF3) layer with cis-MO2F4 

octahedra corner-connected by two O atoms and two F atoms, labeled as (a) diamond (◊), (b) 

zigzag (>) and (c) diagonal (\). (Right) Illustration of two successive (𝑎, 𝑏⃗⃗) planes, (001) and (002), 

for each of the ten constructed models. The rotational operation around 𝑐 involved for five of the 

models are indicated. 
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Table 5. Average cell parameters (a, b and c, Å), average supercell volume (Å3), average M‒O1, 

M‒F1 and M‒F2 bond lengths (Å) from the ten non-optimized (ES), and APO_DFT-D3 and 

FO_DFT-D3 optimized supercells of NbOF3 and TaOF3. 

Supercell a b c V M‒O1 M‒F1 M‒F2 

 NbOF3      

ES 7.948 7.948 8.361 528.2 1.987 1.987 1.819 

APO_DFT-

D3 

7.948 7.948 8.361 528.2 1.888 2.092 1.881 

FO_DFT-D3 7.945 7.944 8.266 521.7 1.886 2.093 1.881 

 TaOF3      

ES 7.893 7.893 8.445 526.1 1.973 1.973 1.823 

APO_DFT-

D3 

7.893 7.893 8.445 526.1 1.880 2.073 1.892 

FO_DFT-D3 7.945 7.945 8.351 527.1 1.888 2.091 1.890 

 

When the supercells are fully optimized, the cell parameters a and b are more or less constant 

for NbOF3 and increase for TaOF3. For both, c decreases. The cell volume slightly decreases for 

NbOF3 (1.2 %) and remains almost constant for TaOF3 (+ 0.2%) which seems to demonstrate the 

effectiveness of the dispersion correction. We observe, after APO and FO, atomic relaxations 

towards characteristic bond lengths, i.e., metal displacements towards oxygen, the least 

electronegative atom, as shown by the decrease of the average M‒O1 (increase of the average M‒

F1) bond lengths (~ 0.1 Å, Table 5) and the increase of the average O1‒M‒O1 (decrease of the 

average F1‒M‒F1) angles (~ 6°, Table 6 and Figure 5). The M‒F2 bond lengths increase (~ 0.06 

Å, Table 5) and the F2‒M‒F2 angles decrease (from 180° to ~ 163°, Table 6 and Figure 5). From 

the decrease of the F2‒M‒F2 angles, it can be estimated that, in the average structure, the M‒F2 
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bond lengths are underestimated by about 0.02 Å. ∞(MOF3) layers are then getting closer in the 

optimized supercells since the decrease in angle values does not compensate for the increase in 

bond lengths. This is even more pronounced for the full optimized supercells for which the cell 

parameters c are smaller. 

After optimization, the values for bond lengths and bond angles not only deviate from the 

average values determined by diffraction but are, as expected in disordered compounds, 

distributed. 

 

Table 6. Average X−M−X Angles (°) between Adjacent (X1−M−X1) and Opposite (F2−M−F2)) 

M−X Bonds and Average M‒O1‒M and M‒F1‒M angles (°) of the 10 APO_DFT-D3 and 10 

FO_DFT-D3 optimized supercells of NbOF3 and TaOF3. 

Supercells F1‒M‒F1- O1‒M‒O1 F2‒M‒F2 M‒O1‒M M‒F1‒M 

 NbOF3     

APO_DFT-D3 83.6 96.5 162.7 176.9 176.7 

FO_DFT-D3 83.5 96.6 162.8 177.0 176.6 

 TaOF3     

APO_DFT-D3 83.2 96.6 163.7 176.8 176.2 

FO_DFT-D3 83.4 96.6 163.2 176.9 176.8 
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Figure 5. Illustration of the optimization effect on the MO2F4 octahedra (left) and on the thickness 

d1 of the ∞(MOF3) layers as well as the distance d2 between them (right). M, O and F are 

represented in grey, red and green, respectively. 

4.5 δiso = σref – a σiso equations for 19F from NbF5 and TaF5 

The equations used to convert the 19F σiso values into δiso values were established from the two 

isomorph binary pentafluorides NbF5 and TaF5. The calculations were done using the same 

conditions as for NbOF3 and TaOF3, i.e., on APO and FO structures, both including DFT-D3, for 

consistency and because NbF5 and TaF5 consist of tetrameric structural units [M4F20] (M = Nb, 

Ta), built up from MF6 octahedra linked to each other by corners, in a cis-configuration, and held 

together by vdW interactions. They seem perfectly suitable for establishing such predictive 

equations since they present several F crystallographic sites, including, like NbOF3 and TaOF3, 

bridging and terminal F atoms. The linear regressions between the calculated σiso values and 

experimental δiso values83 of 19F (Table S23) are reported in Figure 6. For NbF5, the equations 

are: δiso (ppm) = −1.031(6) σiso + 97.3(8) and δiso (ppm) = −1.034(17) σiso + 96.4(2.3) for 

APO_DFT-D3 and FO_DFT-D3, respectively. For TaF5 the equations are: δiso (ppm) = −0.968(15) 

σiso + 107.4(1.3) and δiso (ppm) = −0.968(7) σiso + 107.9(6) for APO_DFT-D3 and FO_DFT-D3, 
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respectively. The slopes of the TaF5 linear regressions, established using σiso values calculated with 

the VASP code, are closer to the theoretical -1 value in comparison to those (~ -0.78 for APO 

structures) established using σiso values calculated with the CASTEP code.83 In contrast, the slopes 

of the NbF5 linear regressions remain close whatever the code used to calculate the σiso values. 

 

  

Figure 6. Calculated 19F σiso values as function of the experimental 19F δiso values for NbF5 (left) 

and TaF5 (right). The red squares and the black dots correspond respectively to the values 

calculated from the FO_DFT-D3 and APO_DFT-D3 structures. The dash red and black lines 

represent the linear regressions when considering the calculated σiso values from the FO_DFT-D3 

and APO_DFT-D3 structures, respectively. Their equations are given in red and black, 

respectively. 

4.6 Theoretical 19F solid state NMR spectra of NbOF3 and TaOF3 

The structural features of the APO_DFT-D3 and FO_DFT-D3 models being similar for each 

compound, consistently, the calculated 19F σiso, σCSA and ηCSA values are similar as well (Tables 

S24–S35). Using the linear regression equations above (Figure 6), the calculated 19F σiso values 



 25 

were converted into δiso values and the average δiso, σCSA and ηCSA values from each model are 

gathered in Tables 7 and 8. The δiso values of the terminal F2 atoms decrease linearly as the F2–

M bond lengths increase (Figure S10). 

For both compounds, and in agreement with more intense spinning sidebands, the calculated 

σCSA values are higher for F2 atoms compared to F1 atoms. The ηCSA values show good agreement 

for both F1 and F2 atoms in TaOF3, and a less satisfying agreement for F2 atoms in NbOF3 (Tables 

1, 7 and 8). For TaOF3, the agreement between calculated and experimental average 19F δiso values 

is almost perfect for both F1 and F2 atoms. In contrast, for NbOF3, this agreement is less satisfying 

for the F2 atoms. Furthermore, the dispersion of the calculated δiso values for each model is 

consistent with the widths of the NMR signals (Tables S1-S4, and S24, S27, S30 and S33). 

Therefore, since there is no significant difference between the total energy of each model (Table  

S10), there is no reason to rule out any particular model and we assume that they all contribute 

equally to the structural modeling of MOF3. Theoretical 19F NMR spectra were then plotted 

considering the 240 (80 F1 and 160 F2) calculated δiso values. These spectra being similar we 

present only those from the APO_DFT-D3 models (Figure 7). The agreement between the 

experimental and theoretical spectra is excellent for TaOF3, but less satisfactory for NbOF3 in 

particular for the NMR line corresponding to the F2 atoms (Table 9). Assuming that it is related 

to the higher OH group content in NbOF3, we have studied the effect of the substitution of F1 

atoms by OH groups on the structure and on the NMR parameters.  
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Table 7. Average calculated 19F δiso (ppm), σCSA (ppm) and ηCSA values for each APO_DFT-D3 

and FO_DFT-D3 optimized supercells of NbOF3. The equations used to convert the calculated 19F 

σiso values into calculated 19F δiso values are those established from the APO_DFT-D3 and 

FO_DFT-D3 structures of NbF5 (Figure 6). 

 APO_DFT-D3 FO_DFT-D3 

 F1 F2 F1 F2 

Model δiso σCSA ηCSA δiso σCSA ηCSA δiso σCSA ηCSA δiso σCSA ηCSA 

1 -17.6 147.6 0.71 213.9 330.7 0.12 -17.9 147.7 0.71 212.6 329.8 0.12 

2 -17.5 143.3 0.91 209.1 330.1 0.03 -16.3 144.9 0.90 207.7 328.8 0.02 

3 -14.0 141.7 0.79 211.5 327.7 0.29 -12.6 142.3 0.80 210.0 326.2 0.32 

4 -18.1 139.9 0.79 215.5 331.4 0.12 -18.7 139.2 0.80 213.6 330.1 0.12 

5 -7.0 151.2 0.91 212.8 332.2 0.06 -7.4 149.9 0.90 210.0 330 0.07 

6 -17.3 141.4 0.85 211.0 331 0.08 -17.2 141.6 0.84 208.8 329.2 0.08 

7 -17.4 144.9 0.79 211.6 330.7 0.08 -17.2 145.2 0.79 209.9 329.4 0.08 

8 -18.0 143.7 0.73 215.6 331.0 0.11 -18.7 142.9 0.74 213.9 329.9 0.10 

9 -8.6 147.2 0.79 210.7 327.3 0.25 -4.4 150.6 0.74 208.0 324 0.40 

10 -12.2 150.6 0.78 213.7 331.4 0.08 -12.8 149.8 0.79 211.6 329.8 0.08 
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Table 8. Average calculated 19F δiso, σCSA (ppm) and ηCSA values for each APO_DFT-D3 and 

FO_DFT-D3 optimized supercells of TaOF3. The equations used to convert the calculated 19F σiso 

values into calculated 19F δiso values are those established from the APO_DFT-D3 and FO_DFT-

D3 structures of TaF5 (Figure 6). 

 APO_DFT-D3 FO_DFT-D3 

 F1 F2 F1 F2 

Model δiso,cal σCSA ηCSA δiso,cal σCSA ηCSA δiso,cal σCSA ηCSA δiso,cal σCSA ηCSA 

1 -54.7 120.7 0.74 115.5 268.1 0.11 -53.8 123.2 0.75 119.6 272.6 0.11 

2 -54.7 123.4 0.73 112.9 267.8 0.02 -52.8 125.4 0.79 116.8 272.4 0.00 

3 -55.2 115 0.81 115.9 268.9 0.08 -54.2 117.7 0.84 119.2 272.7 0.08 

4 -55.3 114.8 0.77 117.0 269 0.11 -54.7 117.7 0.79 120.3 272.9 0.11 

5 -49.7 122.3 0.78 115.4 269.6 0.04 -48.6 123.5 0.87 118.1 272.8 0.05 

6 -55.2 119.4 0.7 114.3 268.7 0.05 -53.8 120.8 0.78 117.6 272.6 0.05 

7 -54.9 119.7 0.76 114.5 268.4 0.06 -53.5 122.3 0.78 118.1 272.6 0.06 

8 -54.9 114.9 0.83 116.9 268.5 0.10 -54.3 117.8 0.83 120.5 272.7 0.10 

9 -52.4 119 0.79 115.8 269.3 0.07 -51.4 121.4 0.83 118.8 272.8 0.07 

10 -52.1 119.4 0.83 115.8 268.8 0.07 -51.0 122.8 0.84 119.0 272.7 0.07 
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Figure 7. Experimental (blue) and theoretical (green) 19F NMR spectra of NbOF3 and TaOF3. The 

experimental spectra were processed by using the TOP procedure.71 The theoretical spectra were 

built using the calculated 19F δiso values from the APO_DFT-D3 models. 

Table 9. 19F Experimental weighted average δiso,exp, δCSA and ηCSA values, and calculated average 

δiso,cal, σCSA and ηCSA values from APO_DFT-D3 and FO_DFT-D3 models, of F1 and F2 atoms in 

NbOF3 and TaOF3 (ppm). 

 Experimental data APO_DFT-D3 FO_DFT-D3 

F atoms δiso,exp δCSA ηCSA δiso,cal σCSA ηCSA δiso,cal σCSA ηCSA 

NbOF3          

F1 -8.2 -162.4 0.51 -14.8 145.1 0.81 -14.3 145.4 0.80 

F2 194.3 -291.6 0.72 212.5 330.4 0.12 210.6 328.7 0.14 

TaOF3          

F1 -54.6 -170 0.5 -53.9 118.9 0.77 -52.8 121.3 0.81 

F2 118.2 -283.4 0.1 115.4 268.7 0.07 118.8 272.7 0.07 
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4.7 Modeling hydroxylated NbOF3.  

New supercells NbO1F11-x(OH)1xF22 were then built with two different OH substitution rates, 

x = 1/8 and x = 1/4. For each of the ten models, the substitution of one or two F1 atoms by OH 

groups was performed using the “Supercell” program104 and led to multiple possible 

configurations. Testing all possible configurations for all models is beyond the limits of our 

computational hardware. Therefore, only the supercell with the lowest coulomb energy was chosen 

for each NbOF3 model and substitution rate. The atomic positions of the selected supercells were 

then optimized and the structural characteristics are gathered as SI in Tables S36-S43. The NMR 

parameters are then calculated and the 19F σiso converted into 19F δiso values by using the linear 

regression equations established on NbF5 (Tables S44-S49). Average values are gathered in Table  

10 and the two new theoretical 19F NMR spectra are presented in Figure 8. The agreement between 

experimental and theoretical spectra is improved. Substituting F1 atoms by OH groups results in a 

decrease of the average F2 δiso value and thus of the gap between the calculated and experimental 

F2 resonances, without significant variation of the average F1 δiso values. Moreover, some F2 

atoms have significantly lower δiso values (Figure 9 and Table 10) and they are distinguishable 

when plotted against F2–M bond lengths (Figure S11). A combined analysis of the structural data 

and calculated 1H and 19F δiso values shows that each OH groups is involved either in one strong 

O‒H∙∙∙F bond or four O‒H∙∙∙F weak bonds or contacts (Tables 11, S50 and S51). Usually, O–H⋯F 

contacts with angles (°) larger than 115° and H⋯F distances (Å) smaller than the sum of H (1.20 

Å) and F (1.47 Å) van der Waals radii are considered as H-bonds. The 19F δiso values of the F2 

atoms involved in O‒H∙∙∙F weak bonds or contacts are only slightly lower than those of the 

remaining F2 atoms and contribute to the decrease of the δiso value of the main F2 resonance. The 

calculated 1H δiso values of the H atoms forming weak O‒H∙∙∙F bonds or contact are only slightly 



 30 

less than to those of H atoms forming a unique and strong H bond. Overall, the 1H calculated δiso 

values are close to those of the NMR line assigned to H-bonded OH (Table 2). The experimental 

spectrum shows a second contribution assigned to non H-bonded OH. Indeed, at room temperature 

and in the course of time, the rotational movement of OH groups enables the formation and 

breaking of these H-bonds, whereas these effects cannot not be captured by the inherently static 

DFT optimized structure at 0 K. 

 

Table 10. Weighted average 19F experimental δiso values (in italic) and average theoretical δiso 

values for F2, strongly H-bonded F2 and F1 atoms (<δiso>, ppm) and corresponding relative 

intensities (I, %) from the studied sample and NbOF1-x(OH)xF2 models. 

 <δiso>   I  

 F2 H bonded F2 F1 F2 H bonded F2 F1 

NbOF2.85(OH)0.15 194.3 120.3 -8.2 67.2 2.9 29.9 

NbOF3 212.5 n. a. -14.8 66.7 n. a. 33.3 

NbOF0.875(OH)0.125F2 205.1 112.6 -14.8 67.8 1.8 30.4 

NbOF0.75(OH)0.25F2 199.9 97.2 -15.9 67.3 5.4 27.3 
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Figure 8. Experimental (blue) and theoretical (green) 19F NMR spectra of NbOF3 (a), 

NbOF0.875(OH)0.125F2 (b) and NbOF0.75(OH)0.25F2 (c). The experimental spectrum was processed 

by using the TOP procedure.71 The theoretical spectra are constructed with the calculated 19F δiso 

from the APO_DFT-D3 models. 
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Figure 9. Perspective view of the APO_DFT-D3 models 10 (top left) and 1 (bottom left) from 

NbOF0.875(OH)0.125F2. Enlargement showing a strong O‒H∙∙∙F bond (top right) and O‒H∙∙∙F 

contacts (bottom right). 1H and 19F δiso values are indicated. Nb, O, F and H atoms are represented 

in grey, red, green and white, respectively. The MX6 octahedra are represented in purple. 

  



 33 

Table 11. Geometries of the O−H···F contacts (average H−O bond length (Å), H···F distance (Å) 

and O‒H···F angle (°)) and corresponding calculated 1H and 19F δiso values (ppm) for the ten 

supercells NbOF0.875(OH)0.125F2 and NbOF0.75(OH)0.25F2. 

H−O H∙∙∙F O−H∙∙∙F 1H δiso 19F δiso
 

NbOF0.875(OH)0.125F2    

0.999 1.662 174.1 11.8 112.6 

0.985 2.184 111.6 10.0 182.2 

NbOF0.75(OH)0.25F2    

1.000 1.661 172.1 12.0 97.1 

0.988 2.126 113.3 10.5 182.2 
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5. Conclusion 

The average crystal structures of NbOF3 and TaOF3, especially the occupancy rates of the anion 

crystallographic sites based on a correct assignment of the 19F NMR resonances, have been revised. 

The non-bridging site is fully occupied by F while the bridging site has an occupancy of 0.5 O and 

0.5 F. The structure consists of stacked ∞(MOF3) layers along the 𝑐 direction, formed by MO2F4 

octahedra, corner-connected by two F and two O atoms. An O/F correlated disorder is then 

expected since cis-MO2F4 octahedra are favored. Ten different 2×2×1 supercells per compound, 

fulfilling these characteristics, were built and DFT optimized, and the 19F isotropic chemical shift 

values were determined. The agreement between the experimental and theoretical 19F spectra is 

excellent for TaOF3 but less satisfactory for NbOF3 in relation with its higher OH group content. 

New supercells involving OH groups were then generated. A good agreement between the 

experimental and theoretical 19F and 1H calculated δiso values is obtained for the supercells with 

the composition closest to that estimated, i.e., NbOF2.85(OH)0.15. All these results confirm the O/F 

correlated disorder and show that the ten possible 2×2×1 supercells present a good structural model 

of NbOF3 and TaOF3. The short-range structures deviate markedly from the average crystal 

structures to accommodate the different, by ~ 0.2 Å, M−O and M−F bond lengths. The building 

unit of MOF3, the cis-MO2F4 octahedra, are especially distorted with average angle values between 

adjacent and opposite M−X bonds away from the values of the average structure. The values for 

bond lengths and bond angles not only deviate from the average values determined by diffraction 

but are, as expected in disordered compounds, distributed. Finally, the structural modeling of 

hydroxylated NbOF3 highlights that each H atom is either strongly H bonded to one F2 atom or in 

contact with four F2 atoms. This study proves the efficiency of combining theoretical calculations 
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and solid-state NMR to model O/F correlated disorder in oxyfluorides as well as their 

hydroxylation. 
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